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Abstract 

Blevins, Lance K 

Streptococcus pneumoniae mediated negative regulation of CD8+ T cell  

effector function 

A dissertation under the direction of Martha A. Alexander-Miller, Ph.D., Professor and Chair 

Department of Microbiology and Immunology 

 

Infection with influenza A virus (IAV) can lead to increased susceptibility to subsequent bacterial 

infection, often with Streptococcus pneumoniae (Spn). Clinical and experimental data indicate 

increased disease severity when a coinfecting agent is present during IAV infection, indicating 

the need to understand how the presence of a coinfecting pathogen can modulate the ongoing 

adaptive CD8+ T cell response to IAV. 

To date there is limited knowledge regarding the role of Spn in the regulation of IAV-specific 

CD8+ T cell responses. Additionally, the studies which have been carried out spent much effort in 

examining the substantial modulation of the lung immune environment by IAV, and how these 

changes predispose the host to IAV-associated bacterial pneumonia. One important open 

question that had not been addressed regarding coinfection is whether presence of Spn can 

modulate, directly or indirectly, the IAV-specific CD8+ T cell response. To address this question 

we developed a murine coinfection model which allowed for the generation of an IAV-specific 

CD8+ T cell response and their subsequent analysis. Our data support the model that the 

presence of Spn during coinfection can negatively regulate the size and composition of the 

ongoing IAV-specific CD8+ T cell response directly.  Consistent with this we did not observe 

changes in the cellular or cytokine components within the lung necessary for production of IFNγ 

and TNFα , as well as cytolytic granule release by IAV-specific CD8+ T cells.  
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Having provided evidence that Spn can modulate IAV-specific T cell responses in vivo, we next 

sought to determine if components of Spn could be directly responsible for modulating T cell 

responses. While Spn has been previously reported to have the capacity to directly kill CD8+ T 

cells through the cholesterol dependent cytotoxin pneumolysin.; no data to date have shown a 

direct capacity of Spn components to modulate CD8+ T cell effector function. Our data 

demonstrate that Spn lysate is capable of directly inhibiting CD8+ T cell effector function and the 

specific component responsible for this effect is Spn aminopeptidase N. We next investigated 

the mechanism through which PepN exerted its effect finding that it inhibited multiple 

molecules in the TCR signaling pathway, i.e.  ZAP-70, ERK1/2, JNK, and p38. These findings 

provide new and important insights with regard to negative regulation of IAV-specific CD8+ T 

cells when a coinfecting pathogen is present. 
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Chapter I 

Introduction 

Lance K. Blevins  
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CD8+ cytotoxic T lymphocytes (CTL) play a critical role in the adaptive immune response to 

infection of the respiratory tract by influenza A virus (IAV). CTL mediate control of viral spread 

through their effector functions associated with the secretion of IFNγ and the direct killing of 

virally infected cells. Unlike other viral pathogens, IAV replication is restricted to the upper and 

lower respiratory tract. In addition to acute infections, the mouse and human respiratory tract is 

transiently infected and/or colonized with a wide array of pathogens, one of which is 

Streptococcus pneumoniae. While much effort has been dedicated to understanding the 

generation, resolution, and contraction of the IAV-specific CTL response, little is known about 

the potential of a coinfecting pathogen (Spn) to affect the ongoing IAV-specific CTL response. 

The work presented in this thesis explores the role of Spn in the modulation of IAV-specific CTL 

response in the context of an in vivo coinfection model. Further, I explore the potential for Spn 

to modulate Ag-specific CTL in vitro, expanding the current understanding of the field in the role 

of Spn in the modulation of the IAV-specific CTL response. 

Generation of IAV-specific CTL following IAV infection Naïve CD8+ T cells begin life in the bone 

marrow as undifferentiated progenitor cells which eventually emigrate from the bone marrow 

and take up residence in the thymus. It is here that they undergo a stepwise, tightly controlled 

process of positive and negative selection ensuring that functional, nonself-reactive naïve CD8+ T 

cells exit into the periphery (Klein et al., 2014). Due to the expression of selectins (L-selectin) 

and chemokine receptors (CCR7), naïve T cells will circulate continuously through the 

lymphatics, secondary lymphoid organs, and tissue associated lymphoid tissues (Bromley et al., 

2005). 

 Following infection with IAV, respiratory dendritic cells (DC) migrate to the draining lymph 

nodes carrying specific viral peptides in complex with MHC molecules (pMHC). TCR recognition 
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of cognate pMHC initiates the first of three signals required for optimal activation of IAV-specific 

CTL (Smith-Garvin et al., 2009). Following the interaction of the TCR with its specific pMHC, CD8 

coreceptor binds pMHC which allows Lck to activate ZAP-70 by phosphorylation (Chakraborty 

and Weiss, 2014). This subsequently leads to the formation of the LAT signaling complex, which 

is ultimately responsible for downstream signal transduction (Abraham and Weiss, 2004; Au-

Yeung et al., 2009).  LAT in turn activates phospholipase C (PLC-ζ) which breaks PIP2 down into 

inositol triphosphate (IP3) and diacylglycerol (DAG).  DAG accumulates intracellularly and leads 

to the phosphorylation and activation of protein kinase C (PKC-θ) which ultimately leads to the 

activation of NF-κB.  The accumulation of DAG also leads to the activation of RAS at the plasma 

membrane, which initiates MAPK signaling, the end of result of which is the activation of ERK 

and the eventual nuclear translocation of the transcription factor dimer, AP-1 (Das et al., 2009). 

IP3, the other product from the breakdown of PIP2, interacts with the IP3R on the ER which 

initiates calcium flux (Berg, 2007; Berg et al., 2005). The oscillation of intracellular calcium stores 

activates the well-studied transcription factor NFAT via the phosphatase activity of calcineurin 

(Marangoni et al., 2013; Martinez et al., 2015). The nuclear translocation of the three 

transcription factors AP-1, NF-κB, and NFAT achieves the primary goals of proliferation, 

differentiation, and effector function (Chan et al., 1994).  

The second signal necessary for the optimal activation of IAV-specific CTL comes in the form of 

costimulation via the interactions of CD80 and CD86 on DC with CD28 expressed on the naïve T 

cell (Greenwald et al., 2005; Sharpe and Freeman, 2002). The result of CD28 signaling is the 

activation of PI3 kinase, which activates the Akt dependent signaling pathway. This further leads 

to the nuclear localization of NF-κB and also leads to the activation of mTOR-dependent 

metabolic programs (Maciolek et al., 2014). TCR signaling in the absence of costimulation can 

lead to functional inactivation of the cell (Jenkins et al., 1987; Quill and Schwartz, 1987). 
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Inflammatory cytokines such as IL-12 or type I IFN serve as the final signal necessary for optimal 

T cell activation.  These cytokines are important for CTL expansion as well as the acquisition of 

effector function (Curtsinger et al., 2003a; Curtsinger et al., 2003b; Curtsinger et al., 1999). 

Following the activation of the naïve T cell, a concerted program of proliferation and alteration 

of cell surface expression of various receptors and integrins occurs. The now activated CTL 

undergoes multiple rounds of cell division in the lymph node, primarily differentiating into 

effector cells capable of secreting IFNγ and/or releasing cytolytic granules.  Markers of 

activation, such as CD69, begin to be expressed at the cell surface upregulation of which has 

been shown to directly correspond to Erk activation (Altan-Bonnet and Germain, 2005; Das et 

al., 2009; Smith-Garvin et al., 2009). Markers of naïve T cells such as CD127, which is the IL-7Rα 

and is responsible for homeostatic proliferation, begin to decrease (Arens and Schoenberger, 

2010). Expression of the lymph node homing chemokine receptor CCR7 also decreases at this 

time, coupled with a marked decrease in CD62L (a selectin responsible for mediating entry of 

the naïve T cell into the lymph node), this allows the now activated CTL to leave the lymph node 

and traffic to the site of infection (Bromley et al., 2005; Smith-Garvin et al., 2009). 
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Figure 1. Schematic representation of the signaling pathways involved in TCR mediated 

activation of naïve CD8+ T cells.  
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Effector mechanisms of IAV-specific CD8+ T cells CTL use two main effector functions to 

facilitate the clearance of IAV; the secretion of effector cytokines and cytotoxicity. CTL 

cytotoxicity is mediated in three known ways; 1) perforin/ granzyme mediated cytolysis, 2) 

apoptosis from Fas/FasL interaction, and 3) apoptosis from the interaction of TRAIL/TRAIL-DR 

(Brincks et al., 2008; Doherty et al., 1997; Topham et al., 1997). With regard to the first, perforin 

is a pore forming protein which can mediate cytotoxicity directly through the disruption of 

cellular osmotic gradients, but also allows entry of proapoptotic proteases called granzymes 

(Doherty et al., 1997; Topham et al., 1997). Once an IAV-specific CD8+ T cell effector has 

detected viral antigen on an infected epithelial cell, the cells tightly associate, allowing for the 

directed release of cytolytic granules onto the target cell, mitigating the possibility of non-

specific killing of other uninfected cells. This allows for the controlled release of the most 

abundant granzyme, granzyme B onto the target cell (Cullen and Martin, 2008). The alternative 

mediators of killing, FasL and TRAIL, are membrane bound TNF family ligands. Engagement of 

these ligands with their receptors (Fas and TRAIL-DR) leads to a signaling cascade within the 

infected cell that ultimately results in apoptosis (Brincks et al., 2008; Ishikawa et al., 2005). 

In addition to direct cell killing, IAV-specific CTL also produce a wide range of cytokines and 

chemokines (e.g. MIP1) that are important for pathogen clearance, but classically IFNγ and TNFα 

are two of the critical effector cytokines produced in response to IAV. IFNγ is a potent antiviral 

cytokine, which like Type I IFN, can drive an antiviral state in non-infected cells. It also serves to 

enhance the cytotoxicity of other immune cells, leads to the activation of phagocytes, and 

promotes B cells isotype class switching (Billiau and Matthys, 2009). TNFα is a proinflammatory 

cytokine which can directly lead to killing of infected cells in a caspase dependent fashion and 

also regulates the effector functions of other immune cells via its interaction with TNFRs 

(Brenner et al., 2015). CTLs have been reported to produce non-classical cytokines in response 
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to IAV infection, the primary of which are IL-4 (Tc2) and IL-17 (Tc17) (Cerwenka et al., 1999). CTL 

producing these cytokines account for a small portion of the overall response. Both Tc2 and 

Tc17 CTL retain cytotoxicity and adoptive transfer of these cells lead to variable levels of 

protection from lethal IAV infection (Cerwenka et al., 1999; Hamada et al., 2013; Hamada et al., 

2009). While non-classical CD8+ T cell effectors can clear IAV as effectively as IFNγ producing Tc1 

cells, their presence has been associated with increased pathology in the IAV infected lung 

(Cerwenka et al., 1999). Together, the production of cytokines and direct killing of infected cells 

mediates viral clearance, which usually occurs by day 10 post IAV infection. This also 

corresponds to the time in which the highest number of virus specific CTL are detected in the 

lung. Once viral antigen has been cleared, this marks the transition to the contraction phase of 

the response begins. 

IAV-specific CD8+ T cell responses in the lung Recent advances in flow cytometry, tetramer 

technologies, and TCR transgenic mouse strains have allowed for a rapid and concerted effort to 

understand the IAV-specific CTL response in the lung environment.  One finding of high 

importance regarding this topic is the identification of subsets of respiratory DC and their role in 

promoting IAV-specific CTL responses in situ. Contrary to the classical activation of naïve T cells, 

we now appreciate the role of subsequent TCR engagement and costimulation within the lung in 

promoting effector function (McGill and Legge, 2009; McGill et al., 2008, 2010). One subset of 

respiratory DC are found within the conducting and terminal airways of the lung, and are 

identified by the expression of CD103 (GeurtsvanKessel et al., 2008) with the other being 

inflammatory DC found primarily in the lung parenchyma and are identified by their expression 

of CD11b and Ly6C (Belz et al., 2004). Depletion using diphtheria toxin to deplete CD103+ DC 

selectively in the lung of mice resulted in a severely diminished anti-viral CTL response and 

antagonized viral clearance (GeurtsvanKessel et al., 2008). Thus, CD103+ DC are one of the most 
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potent and essential respiratory DC subsets for the generation of an anti-viral CTL response 

following lung infection with IAV (Beauchamp et al., 2010; Edelson et al., 2010). This is likely due 

to the continued interaction between CTL and lung resident DC as they continue to interact 

(McGill et al., 2008, 2010; Shen et al., 2010). It has been speculated that this second interaction 

is necessary for an optimal anti-viral response as in vivo depletion of these DC results in 

significantly reduced effector CTL expansion and subsequently led to delayed viral clearance 

(McGill et al., 2008). The continued interactions between IAV-specific CTL and lung resident DC 

can be characterized in two ways, 1) trans-presentation of IL-15 and 2) continued interaction 

with CD28 on effector T cells. 

We now appreciate the critical role of these DC in the survival of lung resident CTL through the 

trans-presentation of IL-15 via the IL-15Rα complex on the surface of the DC (McGill et al., 

2010). Interestingly, Mcgill et al showed that inflammatory, CD11b+ DC were primarily 

responsible for trans-presentation of IL-15 in this context (McGill et al., 2010). Respiratory DC 

have also been implicated in the generation and maintenance of lung CTL effector functions. All 

cells in the host express the MHC class I molecule on the surface of the plasma membrane. This 

allows all cells, which can be infected by viral pathogens, to display viral antigens on their cell 

surface indicating their infected state. This usually leads to killing of the infected cell by CTL via 

perforin and Fas dependent mechanisms (Topham et al., 1997). Hufford et al demonstrated that 

CTL exert differential effector functions when interacting with DC or infected epithelial cells. For 

example, when CTL are engaged in a second round of TCR mediated stimulation by lung APC, the 

interaction of the costimulatory ligands CD80/86 triggers CD28 signaling in effector cells, which 

promotes not only the release of cytolytic granules, but also the production of effector cytokines 

such as IFNγ (Hufford et al., 2011). Conversely, when CTL interact with pMHC on epithelial cells, 

there is no costimulation, and the resulting effector function is limited to the release of cytolytic 
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granules (Hufford et al., 2011). This was further demonstrated by blockade of CD28 during the 

time that CTL would enter into the infected lung during experimental IAV infection. The result of 

this blockade was a significant reduction in the ability of these CTL to produce cytokine during 

acute IAV infection (Hufford et al., 2011). Thus this affords a level of control over the effector 

functions of CTL within the lung, where APC provide stronger costimulatory signals and induce a 

broad array of CTL effecter function, while Ag presentation by infected epithelial cells elicits only 

a cytolytic response (Hufford et al., 2011).  

Lung DC exert a third level of control over the effector activities of IAV-specific CTL in the form 

of cytokine. As mentioned above, cytokines represent an important signal three during the 

initial activation of a naïve T cell, and depending on the cytokine present, drives distinct 

differentiation states of the CTL. The same is true in the context of the IAV-infected lung as well. 

For example, activated CTL in the lymph node readily produce the effector cytokine IFNγ but few 

produce the regulatory cytokine IL-10 (Sun et al., 2009). However, once CTL migrate to the 

infected lung, local APC including DC, macrophage, and even neutrophils produce the cytokine 

IL-27 which drives a regulatory phenotype in CTL and prompts production of IL-10 as well as 

IFNγ (Sun et al., 2011). This likely represents a key example of how CTL function is tuned in the 

lung.  

Contraction of IAV-specific CTL and resolution of viral infection Following the successful 

clearance of viral antigen from the lung, a concerted effort begins in order to limit tissue 

damage and transition the response to a more ‘healing’ phenotype. As stated above, IAV is 

generally cleared from the lung by day 10 post infection, a time which corresponds to the peak 

of the CTL response. Concurrently, there is a steady increase in the expression of suppressive 

cytokines in the lung, two of which are IL-10 and TGFβ. Both of these regulatory cytokines are 
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primarily produced by regulatory T cells which are called into the infected lung by the strong 

inflammatory signals mediated by the immune response. T regulatory cells are a critical 

component of the anti-viral CTL response as they efflux into inflamed tissue in order to shut 

down CTL and limit immunopathology mediated by CTL and their effector functions (Green et 

al., 2003; Rubtsov et al., 2008). T regulatory cells are either generated in the thymus or can be 

induced in the periphery by cytokines and various components (Mills, 2004; Roncarolo et al., 

2006). The presence of increasing numbers of T regulatory cells correlates with increasing 

suppression of CTL and their effector function (Bodor et al., 2001; Rubtsov et al., 2008). As 

mentioned previously, CTL can also be induced to secrete IL-10 via an IL-27 dependent 

mechanism (Sun et al., 2011). T regulatory cells also express high levels of the ligands for 

immunosuppressive receptors such as PD-1, which are upregulated on CTL themselves in 

response to activation and inflammation, providing a direct mechanism for T regulatory cells to 

not only shut down the response, but to also begin inducing the contraction of the response, 

primarily through apoptosis of IAV-specific CTL (Francisco et al., 2010).  

Another important hallmark of the resolution and contraction of the IAV-specific CTL response is 

the generation of lung resident memory cells. CD8+ TRM (Tissue resident memory) cells are 

effector memory cells that remain in the lung for the life of the host (Woodland et al., 2001). 

Not only do they persist with high frequency, but they are capable of rapid effector function 

following antigen reencounter, establishing them as an important mediator of frontline defense 

to reinfection (Dutton et al., 1998; Dutton et al., 1999; Woodland et al., 2001). This allows them 

to quickly and effectively limit pathogen spread and facilitate rapid clearance without the need 

for costimulation or cytokine (Ahmed and Gray, 1996; Dutton et al., 1999). CD8+ TRM often show 

distinct profiles of cytokine production and have been shown to be less susceptible to apoptosis 

due to increased expression of anti-apoptotic transcription factors (Ahmed and Gray, 1996; 
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Dutton et al., 1999). In the context of heterosubtypic infection with IAV (i.e. infection with an 

IAV strain of a different hemagglutin or neuraminidase), these lung resident memory cells can 

limit disease severity and infection, which is highly important in the context of mitigating IAV 

mediated disease (Kreijtz et al., 2007; Kreijtz et al., 2008; O'Neill et al., 2000; Weinfurter et al., 

2011). 

Influenza A virus infection and pathogenesis Influenza A virus belongs to the family 

Orthomyxoviridae and is an enveloped, segmented ssRNA virus. IAV is the major etiological 

agent of epidemics and pandemics in humans, and is also capable of infecting avian, swine, and 

other mammals (Taubenberger and Morens, 2008). In humans, IAV is primarily restricted to the 

respiratory epithelia (Taubenberger and Morens, 2008) which it readily infects due to the 

interactions of viral hemagglutinin with cell surface sialic acid found on the epithelia of the 

upper and lower respiratory tract (Skehel and Wiley, 2000; Wiley and Skehel, 1987). The specific 

nature of the interaction of HA with the α-2,6 bound terminal sialic acid residues leads to the 

restriction of IAV to the respiratory tract where these are abundantly found (Connor et al., 1994; 

Ibricevic et al., 2006; Rogers and D'Souza, 1989; Rogers and Paulson, 1983). Following infection, 

IAV can readily descend into the lower airways and lungs of the human host. IAV causes a 

productive infection of the host epithelia as infectious virions are released from infected cells. 

The release of new virions is mediated by the viral neuraminidase (Gen et al., 2013; Pappas et 

al., 2008; Tumpey et al., 2004). Neuraminidase achieves this through the cleavage of sialic acid 

from glycoprotein carbohydrate chains. Both HA and NA are viral determinants of pathogenesis 

in mice and in humans and as such must coordinate their activities to allow for optimal entry 

and egress of virus from respiratory epithelia. Perturbations of either can prevent viral entry or 

the dissociation of virions from the host cell. Other determinants of IAV pathogenesis include 

the ribonucleoprotein (RNP) complex, which associates with each segment of the viral RNA 
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genome (Chen et al., 2007; Hatta et al., 2001; Li et al., 2009; Maines et al., 2005). Mutations in 

proteins that make up the RNP complex have been shown to increase virulence of IAV in the 

context of murine infection. One example is the reported increase in murine virulence following 

the amino acid substitution of E627K in the PB2 protein subunit of RNP genome (Chen et al., 

2007; Hatta et al., 2001; Li et al., 2009; Maines et al., 2005). Others have shown that this 

mutation makes viral polymerase complexes more active within mammalian cells, indicating it 

may be a mutation that facilitates the jump from an avian/swine hose to human (Subbarao et 

al., 1993). Another important determinant of host pathogenesis following IAV infection is the 

nonstructural protein 1 (NS1) expressed from a transcript from the NS gene segment. NS1 has 

been shown to mediate pathogenesis due to its ability to dampen and even inhibit host innate 

immune responses through species specific interaction with multiple host proteins, such as PKC 

(Donelan et al., 2003; Hale et al., 2008; Rajsbaum et al., 2012).  Finally, the PB1-F2 protein is a 

small gene expressed from an alternative open reading frame of segment 2. Several groups have 

shown that PB1-F2 antagonizes IFN expression, but is not crucial for viral replication (Krumbholz 

et al., 2011). In support of this, expression of PB1-F2 from the 1918 strain of H1N1 IAV in the 

context of PR8 or WSN greatly increased virulence in the context of experimental murine 

infection (Belser et al., 2010; Dudek et al., 2011; Leymarie et al., 2013; McAuley et al., 2007; 

McAuley et al., 2013; Zamarin et al., 2006) . Importantly, the presence of full length PB1-F2 in 

PR8 has been associated with increased susceptibility to bacterial coinfection in mice, which 

may explain why some pandemic strains of IAV drive more bacterial pneumonia than others 

(McAuley et al., 2007).  While IAV does cause viral pneumonia in a minor proportion of cases, it 

is the lethal synergism of the virus with coinfecting respiratory bacteria that drives much of the 

mortality and morbidity associated with IAV infection (McAuley et al., 2007). 
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IAV-associated bacterial pneumonia As stated above, it is now clear that the majority of 

disease, morbidity, and mortality caused by IAV infection is actually due to secondary bacterial 

pneumonia (Dao et al., 2010; Finelli et al., 2008; McCullers, 2006). For example, during the 1918 

“Spanish flu” pandemic, greater than 95% of fatal cases were complicated by bacterial 

pneumonias as evidenced by sputum cultures and lung histology (Morens et al., 2008). Indeed 

data from more recent pandemics have reaffirmed this finding, with as many as 56% of 

hospitalized patients testing positive for IAV-associated bacterial pneumonia during the 2009 

H1N1 pandemic (Centers for Disease and Prevention, 2009; Gill et al., 2010; Palacios et al., 

2009). In both examples, the pathogen Streptococcus pneumoniae (Spn) is the coinfecting 

bacteria in a majority of cases (Centers for Disease and Prevention, 2009; Morens et al., 2008). 

The role of IAV in promoting bacterial pneumonia with Spn has been studied extensively. For 

example, Ghoneim et al demonstrated that IAV infection and subsequent killing of alveolar 

macrophages, one of the critical mediators of bacterial clearance in the alveolar space, 

correlated with increased susceptibility to infection of the lung by Spn (Ghoneim et al., 2013). 

Even in the absence of direct killing of phagocytes within the lung, it has been demonstrated 

that the high levels of proinflammatory cytokines in response to IAV infection, such as IFN, 

reduce the phagocytic potential of macrophage as well as neutrophil, both of which are critical 

mediators of bacterial clearance following lung infection (McNamee and Harmsen, 2006; Sun 

and Metzger, 2008). IAV induced secretion of the suppressive enzyme, indoleamine 2,3 

dioxygenase, further represses innate immune clear bacterial pathogens in the lung (Schmidt 

and Schultze, 2014). 

 IAV infection also mediates several structural changes to the lower respiratory tract which is 

beneficial for the colonization of the lung by Spn. One of the first such changes is the reduction 

in clearance of mucus and bacteria by ciliated cells. Following infection of these cells by IAV, 
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they lose ciliary function on the apical side of the cell which faces the respiratory tract. The 

result of this is severely decreased ciliary beating which is important for the movement of mucus 

trapped bacteria out of the respiratory tract (McCullers, 2006; McCullers and Rehg, 2002). IAV 

infection also leads to the ‘roughing’ of the epithelial cell border. Normally, the epithelia in the 

respiratory tract are smooth and coated with sticky mucus (McCullers, 2006; McCullers and 

Rehg, 2002). Once cells have become infected with IAV, they undergo morphological changes 

which directly lead to the binding and adherence of Spn directly to cell surfaces (Smith et al., 

2013). Further, IAV infection also drives expression of platelet-activating factor receptor to 

which Spn can bind directly, promoting bacterial colonization of the lower airway (Smith et al., 

2013). Finally, it has also been proposed that the direct viral lysis of host cells can facilitate the 

release of Spn specific nutrients in what is termed ‘scavenging’ (Siegel et al., 2014). A study by 

Siegel et al. demonstrated that the cleavage of host cell sialic acid by IAV infection, thereby 

increasing, promoted Spn replication and eventual movement into the lung space (Siegel et al., 

2014). This was likely due to the fact that Spn has a catabolic program that allows it to scavenge 

sialic acid and use it as an important metabolite (Siegel et al., 2014). Thus, the presence of IAV 

facilitates growth, colonization, and persistence of Spn during viral-bacterial coinfection. 

Spn colonization of host respiratory tract and pathogenesis Spn is a leading cause of global 

bacterial disease, especially in the elderly and young (Gray et al., 1980; Hogberg et al., 2007). 

Spn primarily colonizes the upper respiratory tract in humans, with colonization occurring at the 

mucosal surface of the nasopharynx (Gray et al., 1981). This colonization is typically 

asymptomatic and the bacteria persists as part of the nasopharyngeal flora through adulthood 

(Gray et al., 1981; Hogberg et al., 2007). As much as 50% of school aged children are readily 

colonized with Spn, and this colonization can persist through adulthood, where as many as 20% 

of healthy adults are colonized with the bacteria (Gray et al., 1981; Hogberg et al., 2007). In poor 
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countries, these rates can be even higher in resource poor countries where as many as 90% of 

school aged children and 50% of adults are colonized with Spn (Adegbola et al., 2014; Gray et al., 

1980; Huang et al., 2009; Korona-Glowniak and Malm, 2012; Mackenzie et al., 2010; Pebody et 

al., 2009; Revai et al., 2008). The asymptomatic colonization of the host nasopharynx is 

associated with the bacteria persisting in a semi-quiescent state known as a biofilm (Sanchez et 

al., 2011). Biofilms are highly structured communities of bacteria which can be single species or 

polymicrobial in nature (Chao et al., 2014). The primary advantage of the biofilm is its inherent 

antibacterial resistance which it conveys to bacteria located within. This can be facilitated 

passively through the production of β-lactams (which can inactivate antibiotics) or structurally 

where only the bacteria present at the biofilm surface are exposed to antimicrobial mediators. 

While in the biofilm state, Spn produces low levels of virulence factors such as PLY, capsule, and 

SpxB, which limits host inflammation in the nasopharynx and most likely facilitates immune 

evasion (Ramos-Sevillano et al., 2011; Regev-Yochay et al., 2007). However, despite the 

quiescent state of the biofilm, colonization by Spn always precedes more severe pneumococcal 

disease such as pneumonia or meningitis (Simell et al., 2012). While little is known 

experimentally about the transition from the biofilm to a more virulent ‘dispersed’ phenotype, 

clinical and epidemiological data demonstrates a clear association between respiratory viral 

infection and the transition to invasive disease (Bakaletz, 2010; Chertow and Memoli, 2013; 

McCullers, 2006). This is most likely facilitated by mechanisms described in the previous section.   

One of the hallmarks of the transition to invasive disease is the greatly upregulated expression 

by the bacteria of virulence factors such as capsule and PLY. In vivo studies with Spn from 

biofilm and Spn derived from dispersed biofilm have elucidated several key differences between 

bacteria from each of these distinct populations (Chao et al., 2014). Spn dispersed from biofilms 

can colonize as well as Spn residing in a biofilm state, but also disseminated into the lungs and 
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middle ear with a higher frequency (Marks et al., 2013). Trappetti et al demonstrated this could 

be due to the capsule phenotype found in both populations of Spn. Bacteria isolated from 

biofilm typically has a thinner, more transparent capsule while dispersed bacteria express 

thicker, more opaque capsule (Trappetti et al., 2011). It was discovered that the opaque bacteria 

could translocate to the lung and brain much more easily than their transparent counterparts 

(Blanchette-Cain et al., 2013).  Another important mediator of Spn invasion is the 

proinflammatory nature of opaque Spn from dispersed biofilms (Blanchette-Cain et al., 2013). 

Histological data of mice infected with dispersed bacteria showed marked denudation of the 

epithelium (Blanchette-Cain et al., 2013). This was associated with increased infiltration by host 

leukocytes into the infected lung (Blanchette-Cain et al., 2013). Further, when bacteria from 

biofilm were used, they found little inflammation and little to no inflammatory cell infiltration 

indicating a differential capacity to induce inflammation and suggesting the inflammatory 

response may aid invasion (Blanchette-Cain et al., 2013). 

Given the significant disease associated with pneumococcal infection, much work has been 

directed towards identifying and understanding how pneumococcal virulence factors such as 

PLY and capsular polysaccharide influence disease and immune function. These virulence factors 

are either expressed at the bacterial cell surface or intracellularly within the cytosol and usually 

require lysis of the bacterium for release (Kadioglu et al., 2008). PLY has been shown to directly 

lyse immune cells, a property having significant implications in the dampening of T cell 

responses through direct T cell killing and by decreased antigen presentation by dendritic cells 

(Daigneault et al., 2012; Kadioglu et al., 2008). Capsule has also been show to directly regulate 

host inflammatory responses. Exposure of the host lung environment to capsule can to lead to 

the differentiation of T cells into Th2 regulatory subsets, which can dampen inflammatory 

responses through the production of IL-4, IL-10, and tissue growth factor β (TGFβ) as shown in 
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murine asthma models (Preston et al., 2011; Thorburn et al., 2013; Thorburn et al., 2012). 

Furthermore, Spn in the lung has been associated with a number of changes in the immune 

environment, primarily mediated by the entry of phagocytes such as neutrophil and 

macrophage to clear the bacteria. 

Summary statement Given the critical role of IAV-specific CTL in the clearance of virus and 

protection from reinfection by the same pathogen, it is paramount we define factors that have 

the potential to modulate these cells response. Considering the intimate nature of IAV and Spn, 

it is feasible that the presence of Spn in the same space as anti-viral effectors could have serious 

consequences on the ongoing CTL response. There exists the possibility for both direct and 

indirect modulation of CTL response by Spn. As mentioned previously, the entry of Spn into the 

lung is marked by several immunological changes that influence inflammation and could 

indirectly impair the IAV-specific CTL response. For example, increased levels of IL-10 from 

recruited and induced T regulatory cells could have serious consequences on the anti-viral 

response, as these cells dampen and diminish CD8+ T cell responses to viral pathogens. Further, 

the increased expression of the virulence factor PLY, which is cytotoxic to a wide array of host 

cells could seriously impact lung resident DC populations which are critical for the maintenance 

of lung CTL and retention of their effector function. Any perturbation of these cells could have 

serious consequences on the CD8+ T cell response.  

Alternatively, there could be direct effects of the bacteria on the ongoing IAV-specific response. 

For example, lymphocytes have cholesterol rich regions in their plasma membranes that could 

easily be targeted by PLY, leading to direct cell killing. Further, Spn in the host lung is associated 

with Th2 and Th17 cytokines, and given the role of local cytokine exposure on CTL in shaping the 

effector function of these cells, could potentially lead to altered function. While much effort has 



18 
 

been dedicated to exploring the role of IAV modulation of the host lung environment and the 

entry of Spn as a coinfecting agent, little work has been done exploring the role of Spn in the 

modulation of the IAV-specific CTL response. The work presented in this thesis explores the role 

of Spn in modulating IAV-specific CTL responses in a murine model of coinfection.  Our data 

clearly demonstrate the ability of Spn to negatively regulate the ongoing CTL response in the 

coinfected lung. We further push the boundary of the field by identifying Spn aminopeptidase N 

as a bacterial component with the ability to directly inhibit CTL effectors. Taken together, the 

work presented here clearly advances our understanding of pathogen regulation of CD8+ T cells 

during microbial infections of the respiratory tract, and offer potential new targets in the search 

for therapeutics for treating IAV-associated bacterial pneumonia mediated by Spn. 
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ABSTRACT 

Infection with influenza A virus (IAV) can lead to increased susceptibility to subsequent bacterial 

infection, often with Streptococcus pneumoniae. Given the substantial modification of the lung 

environment that occurs’ following pathogen infection, there is significant potential for 

modulation of immune responses. Here we show that coinfection in mice  with influenza virus 

(PR8 strain) followed by the non-invasive EF3030 strain of Streptococcus pneumoniae leads to a 

significant decrease in the size of the virus specific CD8+ T cell response in the lung. Adoptive 

transfer studies suggest the reduction in the virus specific CD8+ T cell response contributes to 

the disease in coinfected animals. Lung effector cells from coinfected animals exhibited 

increased death as well as decreased cytokine production.  Further, cells that retained the ability 

to produce interferon γ exhibited a decreased potential for co-production of tumor necrosis 

factor α.  Reduced cytokine production was directly correlated with a decrease in the level of 

mRNA. While some negative regulation of cells in the mediastinal lymph node (MLN) was 

observed, it was modest compared to that present in the lung, supporting a model of negative 

regulation in the tissue harboring high pathogen burden. These results elucidate a new aspect of 

the immune regulation following entry of a coinfecting pathogen, modulation of ongoing 

adaptive immune responses in the lung. These findings reveal a novel dynamic interplay 

between two concurrent pathogens and the adaptive immune system. 
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INTRODUCTION 

Influenza A virus (IAV) associated bacterial pneumonia is a significant cause of morbidity and 

mortality (Dao et al., 2010; Finelli et al., 2008; McCullers, 2006).  During the 1918 “Spanish flu” 

pandemic, the vast majority (>95%) of fatal cases were complicated by bacterial pneumonias 

(Morens et al., 2008), with Streptococcus pneumoniae (Spn) accounting for the majority of 

bacterial infections. Data from more recent pandemics in 1957, 1968, and 2009 reveal a similar 

phenomenon; for example, in 2009 as many as 56% of patients tested positive for IAV 

associated bacterial pneumonias (Centers for Disease and Prevention, 2009; Gill et al., 2010; 

Palacios et al., 2009; Shieh et al., 2010). 

Given the significant disease associated with influenza virus and pneumococcus infections, 

considerable effort has been directed towards understanding the mechanisms responsible for 

bacterial outgrowth under these circumstances.  These studies have revealed influenza-

mediated alterations in the innate immune system that promote bacterial survival and growth, 

including decreased phagocytosis and loss of alveolar macrophages (Ghoneim et al., 2013; 

McCullers, 2006; McNamee and Harmsen, 2006).  Interestingly, in addition to increased 

bacterial burden, there is evidence that viral load in the lung is augmented following bacterial 

coinfection (McCullers and Rehg, 2002; Smith et al., 2013), suggesting bacteria-mediated 

changes that promote virus infection and/or growth. 

Pneumococcus in the lung is associated with a number of changes in the immune environment 

including the entry of neutrophils and macrophages as well as differentiation of T cells into 

Th17, Th2, and regulatory subsets, the last of which results in increased IL-10 (Jeong et al., 2011; 

Lundgren et al., 2012; McCullers, 2006; Mizrachi-Nebenzahl et al., 2003; Neill et al., 2012; Seki et 

al., 2004; Sluijs et al., 2004; Smith et al., 2007; van der Poll et al., 1996).  In addition, bacterial 
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products have the ability to directly modulate inflammatory responses.  For example, 

pneumococcal components can reduce asthma associated inflammation by regulating effector 

function (Hollams et al., 2010; Preston et al., 2011; Thorburn et al., 2012).  Along with the 

immune modulatory effects on the lung environment that result from Spn infection, there is 

evidence that pneumococcus can directly impact T cell survival.  For example, peripheral blood T 

cells from patients with bacteremia and sepsis exhibit high amounts of death (Hotchkiss et al., 

2001; Unsinger et al., 2006; Unsinger et al., 2009).  Further, in vitro studies show pneumolysin, 

the cholesterol dependent cytolysin produced by Spn, can induce T cell death (Daigneault et al., 

2012).  Based on these findings, we hypothesized that the entry and growth of Spn in the lung 

may impact the ongoing T cell response to influenza virus. 

Clearance of acute influenza virus infection is dependent on the presence of a potent adaptive 

immune response.  In support of this, severe cases of influenza infection in humans have been 

associated with the lack of an effective CD8+ T cell response in the lung (Welliver et al., 2007).   

CD8+ T cells have been shown to mediate viral clearance through secretion of interferon γ (IFNγ) 

as well as cytolytic granule release (Doherty et al., 1997; Topham et al., 1997).  A study 

performed during the 2009–2010 H1N1 pandemic found a strong negative correlation between 

the severity of symptoms and the number of IFNγ+IL-2- CD8+ T cells (Sridhar et al., 2013), 

suggesting an important role for this cytokine in humans in the context of influenza.  

Here we tested the hypothesis that Streptococcus pneumoniae negatively regulates the 

influenza specific CD8+ T cell response. We found a marked decrease in the overall size and 

quality of the influenza-specific CD8+ T cell response in the lung. The decrease in number was 

due, at least in part, to increased lymphocyte death following influenza virus infection. We also 

detected a decrease in the quality of influenza specific CD8+ T cells as evidenced by the reduced 



23 
 

ability to secrete IFNγ and TNFα in response to peptide stimulation. The decrease in cytokine 

producing cells was correlated with an increase in cells which exhibited cytolysis as their sole 

effector function.  The selective inhibition of the production of cytokine was correlated with 

marked decreases in IFNγ mRNA. The altered influenza-specific T cell response appeared to 

contribute to disease in coinfected animals as reconstitution of the response by adoptive 

transfer significantly increased survival. The negative regulation of the influenza-specific T cell 

response observed in our study was not associated with changes in lung DC, but did correlate 

with an increase in Tregs. The changes in effector number and function were manifest 

predominantly in the lung, the primary site of bacterial and viral infection, suggesting high 

pathogen burden is necessary for the negative regulation of the influenza-specific CD8+ T cell 

response.   

MATERIALS AND METHODS 

Ethics Statement. All research performed on mice in this study complied with federal and 

institutional guidelines set forth by the Wake Forest University Animal Care and Use Committee. 

All studies were approved by the Wake Forest University Animal Care and Use Committee. 

Bacterial and viral strains: S. pneumoniae EF3030 is a serotype 19F clinical isolate noted for its 

ability to colonize the nasopharynx for at least 21 days as well as its inability to cause invasive 

disease even when injected intravenously (Briles et al., 1992).  S. pneumoniae was grown in 

Brain-Heart Infusion (Difco) broth supplemented with 10% heat-inactivated horse serum (Gibco) 

and 10% catalase (3 mg/ml) to an OD600 of 0.8, correlating to approximately 1x108 CFU/mL.  

Broth cultures were mixed 1:1 with a 50% glycerol solution and frozen at -80°C for future use.  

For CFU enumeration, S. pneumoniae was grown on tryptic soy agar (TSA) plates made with 
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tryptic soy broth (Becton Dickinson) and 1.5% agar (Becton Dickinson) supplemented with 5% 

defibrinated sheep’s blood (Hemostat) and 4 µg/ mL gentamicin (Sigma-Aldrich).  

Influenza A/PR/8/34 (H1N1).  Virus stocks were grown and titered in fertilized chicken eggs 

(median egg infectious dose (EID50)) essentially as described previously (Klimov et al., 2012).  

Stocks were diluted in PBS, flash frozen, and stored at -80°C. 

Mice:  10-12 week old female BALB/c mice were purchased from The Jackson Laboratories. Mice 

were housed in a biosafety level 2 facility with access to food and water ad libitum.   

Infection with PR8 and EF3030: Mice were anesthetized with Avertin (2,2,2-tribromoethanol) by 

intraperitoneal (i.p.) injection. Virus (103 EID50) or PBS as a control was administered via the 

intranasal (i.n.) route in 50μl of PBS. Four days postinfection, mice were anesthetized with 

Avertin and bacteria (104 CFU) or BHI broth administered intranasally in 20μl. Disease was 

quantified using the following guidelines: 0 - No Disease; 1 - Ruffled Fur; 2 - Ruffled fur, limited 

mobility, slight hunching; 3 - Ruffled fur, ataxia, hunched, hypoxia, dehydration; 4 - Ruffled fur, 

ataxia, hunching, respiratory distress, hypoxia, dehydration. Animals receiving a disease score of 

4 were removed from the study and humanely euthanized.  

Quantification of EF3030 from lungs of infected animals: Aliquots of lung homogenates were 

serially diluted and plated on tryptose blood agar plates. Bacterial colonies were quantified 

following a 20 hour incubation at 37°C. 

Quantification of viral burden: Viral RNA was extracted from lung homogenates using QIAamp 

Viral RNA Mini Kit (Qiagen). cDNA was synthesized from mRNA by reverse transcription using 

Superscript III RT kit (Invitrogen) and random primers (Invitrogen).  For viral quantification, RNA 
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primer-probe sets specific for H1N1 were used (BEI Resources). RT-PCR (qRT-PCR) was 

performed using the Applied Biosystems 7500 real-time PCR system. 

Ex vivo Stimulation of T cells and analysis of effector function and death: At the designated 

days post influenza infection (d8 or d11), perfused lungs and mediastinal lymph nodes were 

isolated.  Lungs were homogenized and incubated for 1hr at 37°C with collagenase D (100µg/ml) 

(Roche).  Mononuclear cells were isolated by passage over a Histopaque gradient. MLN were 

mechanically disrupted and RBC removed by lysis with ACK.  Cells were stimulated ex vivo with 

10-7M NP147-155 peptide in the presence of monensin and brefeldin A (BD Biosciences). Following 

a 5 hour incubation period, cells were stained for flow cytometric analysis. Fluorochrome-

conjugated Ab detection reagents included: anti-mouse CD8α, LFA-1, and CD107a (all from 

Biolegend). APC conjugated NP147-155/Kd tetramer was used to identify IAV specific CD8+ T cells 

(graciously supplied by the NIH tetramer facility). For cells stimulated with peptide, tetramer 

was included during the stimulation.  This allowed tetramer labeling that otherwise may have 

been hampered as a result of TCR downregulation. Unstimulated samples were stained with 

tetramer during the surface stain only to circumvent tetramer induced cytokine production. 

Cells were then fixed and permeabilized (Cytofix/Cytoperm kit, BD Biosciences) followed by 

incubation with antibodies specific for IFNγ and in some cases TNFα.  When 7-AAD (Biolegend) 

was used to determine cell viability, cells were incubated with 7-AAD following antibody 

staining.  Cells were then washed extensively.  For the subsequent detection of active caspase-3, 

cells were fixed and permeabilized (BD Biosciences) following 7-AAD staining. For the detection 

of T regulatory cells, the FoxP3 detection fix/perm kit (Biolegend) was used with PE conjugated 

α-FoxP3 antibody (Biolegend) together with CD4+ and CD25+ staining. Data was acquired using a 

FACS CantoII flow cytometer and analyzed using FacsDiva software. 
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Adoptive transfer: On d7 post influenza infection, mediastinal lymph nodes were harvested and 

stained with APC-conjugated Thy1-speciifc antibody (BD Biosciences). Thy1+ cells were isolated 

using anti-APC beads (Miltenyi Biotec) and MACS columns (Miltenyi Biotec) as per the 

manufacturer’s instructions.  The purification was monitored by flow cytometric analysis.  

Population were 90-95% Thy1.2+. Coinfected animals that were 5.5d post influenza virus 

infection received either PBS or 2.6 x106 isolated Thy1.2+ cells via tail vein injection. 

Quantitation of lung cell subsets: On d8 post virus infection, perfused lungs were homogenized 

and incubated for 1hr at 37°C with collagenase D (100µg/ml) (Roche).  Single cell suspensions 

were passed over a Histopaque gradient to enrich for mononuclear cells.  Recovered cells were 

stained with antibodies specific for CD11c, CD11b, B220, MHC Class II (all from Biolegend), and 

CD103 (BD Bioscience). Data was acquired using a FACS Canto II flow cytometer and analyzed 

using FacsDiva software. 

Quantitation of cellular mRNA levels by real-time PCR: Isolated lymphocytes were stained with 

CD8 and APC conjugated NP147-155/Kd tetramer. Tetramer+ and tetramer- CD8+ lymphocytes 

isolated using a FACSAria cell sorter. Following a 5 hour peptide stimulation ex vivo, lymphocyte 

RNA was isolated by a standard Trizol (Invitrogen) phenol/chloroform extraction. cDNA was 

synthesized from mRNA by reverse transcription using Superscript III RT kit (Invitrogen) and 

random primers (Invitrogen).  For IFNγ, perforin, granzyme B, IL-15, IL-18, TGFβ, and GAPDH 

mRNA analysis, commercially available Taqman primer-probe sets specific for the gene targets 

were used. RT-PCR (qRT-PCR) was performed using the Applied Biosystems 7500 real-time PCR 

system. Raw data values were normalized to GAPDH mRNA levels. 
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RESULTS 

Coinfection with EF3030 and PR8 results in increased morbidity and mortality.  To assess the 

potential for coinfection with Spn to regulate the ongoing anti-PR8 adaptive immune response, 

we developed a model that allowed survival of most animals to d11 postinfection with influenza 

virus.  We used the well characterized mouse adapted influenza A virus A/Puerto Rico/8/34 

[H1N1] (PR8) together with the pneumococcal strain EF3030. This strain is of the 19F serotype 

and is considered to lack the capacity to cause lethal invasive disease in mice (Briles et al., 1992; 

Roche et al., 2007).  

BALB/c mice received either PR8 (3.5x103 EID50) or PBS by the intranasal route (i.n.). Four days 

following PR8 infection, mice were given either 3.5x104 CFU of EF3030 or brain/heart infusion 

media (mock) i.n. as a control (Fig. 1A).  Animals were monitored daily for signs of disease.  

Animals receiving virus alone exhibited mild disease (disease score of 1-1.5) over the course of 

the infection (Fig 1B).  In contrast, coinfected animals exhibited increased morbidity as early as 

d6 post PR8 infection (2 days post EF3030), with severe disease (score of 3 or greater) by d7 (Fig. 

1B). Coinfected animals also exhibited significantly increased mortality, with roughly 50% 

succumbing to the infection by d11 post-PR8 infection (Fig. 1C).  Animals receiving bacteria 

alone did not exhibit disease (Fig. 1B).  While mortality was increased in the presence of 

coinfection, a large percentage of animals survive, thereby allowing assessment of the potential 

for Spn-mediated effects on the adaptive PR8-specific immune response. 
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Figure 1. Coinfection with EF3030+PR8 leads to enhanced disease and mortality. A. Overview 

of experimental design. Animals infected as shown in A (singly infected with PR8, EF3030 or 

coinfected) were monitored for disease (B) and mortality (C). Disease was quantified using an 

adapted version of Tate’s disease scoring criteria which used the following parameters; coat 

ruffling, labored breathing, hypoxia, dehydration, ataxia and lethargy, conjunctivitis, and coat 

hygiene. Animals euthanized because of disease state were excluded from the disease score 

calculation after removal. Dotted line indicates day of bacterial infection. Data are derived from 

26 (PR8), 44 (PR8+EF3030), or 20 (EF3030) animals assessed across 3 experiments.  A Kruskal-

Wallis non-parametric ANOVA with a Dunn’s posttest (B) and a Fischer’s Exact test (C) were used 

to determine significance. **** p<0.0001, *** p<0.0002 
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Coinfection with EF3030 and PR8 results in significant increases in viral and bacterial burden in 

the lungs of coinfected animals.  One potential factor that could contribute to increased disease 

in coinfected animals was an increase in the level of bacteria and/or virus.  To test this 

possibility, bacterial and viral load in the lung was determined on days 5, 8, and 11 post PR8 

infection (d1, d4, and d7 post EF3030). Viral burden was assessed by real time RT-PCR following 

the protocol set forward by the Centers for Disease Control (CDC).  Total RNA from the 

supernatants of lung homogenates was reverse transcribed using random primers to generate a 

cDNA library. Viral RNA was quantified using a primer probe set that targets hemagglutinin (HA) 

of H1N1 IAV.  Using a DNA standard we calculated the viral RNA copy number as a measure of 

total viral burden. As shown in figure 2A, a significant increase in viral RNA was detected at 24 

hours following delivery of the bacteria to PR8 infected animals compared to animals receiving 

PR8 alone.  By days 8 and 11 post PR8 infection, virus was comparable in both groups.  

As shown in figure 2B, on day 5 post PR8 (day 1 post EF3030) we observed an approximately 

three log increase in detectable bacteria in coinfected animals compared to animals receiving 

bacteria alone.  Bacterial counts in coinfected animals remained high through d11 post PR8 

infection.  In contrast to coinfected animals, animals receiving EF3030 alone had begun to clear 

bacteria by d11, with a majority (5/9) of animals having bacterial counts below the limit of 

detection compared to coinfected animals where none (0/12) had cleared bacteria.  Thus, 

coinfection resulted in increases in both bacterial and viral load in the lungs. 
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Figure 2. Coinfection with PR8 and EF3030 leads to significantly increased viral RNA 24 hours 

after coinfection and significantly increased bacterial burden in the lung through d11. Animals 

were infected as described in figure 1. Lungs were harvested for viral and bacterial load analysis 

at the indicated times post influenza infection.  A. Viral RNA was extracted from lung 

homogenates using a QIAamp Viral RNA Mini Kit. cDNA was synthesized from mRNA by reverse 

transcription and subjected to qRT-PCR using primer probes specific for PR8 HA to enumerate 

viral RNA copies per lung.  B. A portion of the lung homogenate was serially diluted and plated 

on tryptose blood agar plates for bacterial quantification.  Data are the average of 24-29 

individually analyzed animals/infection condition assayed over three independent experiments.  

A two-tailed student’s t test was used to determine significance.  * p<0.05, ** p<0.01, *** 

p<0.001**** p<0.0001  

4 6 8 10 12
104

105

106

107

108

PR8

PR8 + EF3030

*

L
o

g
1

0
(V

ir
a
l 

R
N

A
 C

o
p

ie
s
/L

u
n

g
)

4 6 8 10 12
102

103

104

105

106

107

108

***
****

**

Day Post IAV Infection

L
o

g
1

0
 (

C
F

U
/m

L
)

PR8 + EF3030

EF3030

A. 

B. 



31 
 

The number of influenza specific CD8+ IFNγ+ T cells in lungs is highly reduced in coinfected 

animals.  CD8+ T cells play a critical role in the clearance of influenza virus. Given the high 

bacterial counts found in coinfected animals, we postulated that the presence of pneumococcus 

could alter the ongoing anti-influenza CD8+ T cell response.  To assess the CD8+ T cell response 

elicited in these animals, we quantified the presence of IFNγ-producing CD8+ T cells specific for 

the influenza virus immunodominant epitope NP147-155 in the lung and draining mediastinal 

lymph node (MLN).  IFNγ was chosen because it is an important mediator of CD8+ T cell effector 

function in the context of influenza virus infection (Doherty et al., 1997).  By d8 post PR8 

infection, a sizable virus-specific response was detected in the lungs of animals singly infected 

with PR8 (Fig. 3A).  When lungs of animals coinfected with EF3030 were analyzed, a significant 

reduction (10.4-fold) in the total number of PR8-specific IFNγ+ CD8+ T cells in the lungs was 

detected (Fig. 3B).  Assessment of the PR8-specific response in the MLN showed only a modest 

reduction (1.6-fold) in virus-specific cells in coinfected animals. The significant reduction in IFNγ+ 

cells in the lung remained at d11, although the decrease compared to singly infected animals 

was not as pronounced as at d8. The number of cells in the MLN was similar between the two 

groups at this time.  These data suggest a strong negative regulation of the anti-influenza CD8+ T 

cell response at the site of active coinfection, i.e. the lung.   
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Figure 3. Coinfection with PR8 and EF3030 results in a substantial reduction in the number of 

IFN-producing NP-specific CD8+ T cells in the lungs and a modest reduction in the mediastinal 

lymph node.  Mice singly infected with influenza virus or coinfected were euthanized on days 8 

and 11 post influenza virus infection.  Perfused lungs and mediastinal lymph nodes were 

harvested. Isolated cells were stimulated ex vivo with influenza NP147-155 peptide. Data shown 

are pre-gated on CD8+LFA-1hi cells. A. Representative flow plots.  B. Averaged data from 17-18 

(d8) or 8-11 (d11) individually analyzed animals assessed over three independent experiments.  

A two-tailed student’s t test was used to determine significance. * p<0.05, **** p<0.0001 
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Increasing the number of influenza virus-specific T cells significantly increases survival of 

coinfected animals. We hypothesized the dramatic reduction in IFNγ-producing influenza 

specific T cells contributed to the overall disease process during coinfection. To test this 

possibility, Thy 1+ cells were isolated from the MLN of influenza virus infected animals.  Isolated 

cells were adoptively transferred into coinfected animals on d5.5 post influenza virus infection 

(1.5 d following Spn infection).  This timeframe was chosen as it approximated the time at which 

effector cells begin to enter the lung together with a point at which mice remained healthy 

enough to undergo the transfer procedure.  As above, mice were euthanized when they became 

moribund. As shown in figure 4, mice receiving influenza-specific T cells exhibited significantly 

increased survival. At d11 post influenza virus infection (5.5 days following the adoptive 

transfer), 41% of animals who received cells were alive in contrast to 8% of animals that 

received PBS. These data show that increasing the number of influenza virus specific T cells in 

coinfected animals promotes increased survival.  
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Figure 4. Adoptive transfer of influenza-specific T cells into coinfected animals results in 

significantly increased survival. Thy1.2+ cells were isolated from the MLN of influenza infected 

on d7 post infection. Isolated cells were transferred into coinfected recipients on day 5.5 

following influenza virus infection (day 1.5 following Spn infection). Animals were monitored 

and those that reached a disease score of 4 were euthanized. Results represent data from 2 

independent experiments that together assessed a total of 12-13 mice per group. A Fischer’s 

Exact test was used to determine significance. * p<0.05 
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Coinfected animals exhibit a decrease in the number of NP-specific CD8+ T cells.  The decrease 

in cytokine-producing cells could result from either a reduction in the absolute number of NP-

specific CD8+ T cells or alternatively, from negative regulation of function in this population.  To 

test the former possibility, lung and MLN cells from infected animals were stained with NP147-

155/Kd tetramer to quantify antigen-specific cells (Fig. 5A).   While the percentage of tetramer+ 

cells was similar in the CD8+ population on d8 post PR8 infection, the total number of tetramer+ 

cells was significantly reduced (8.8-fold) in the lungs of coinfected animals compared to PR8 

singly infected animals (Fig. 5B).  Thus, the reduced number of IFNγ+ cells can be accounted for, 

in part, by a reduction in the number of NP-specific cells in the lung.  The number of NP147-155-

specific CD8+ T cells in the MLN was not significantly different at this time although there was a 

decrease on average.  Analysis of the response at d11 showed no difference in the number of 

NP-specific cells in either tissue (Fig. 5B).  Given the observed reduction in the number of IFNγ-

producing cells in the lung on day 11 post PR8 infection, there appears to be functional 

inactivation of lung cells at this time.  These findings indicate a decrease in the number of NP-

specific CD8+ T cells makes a significant contribution to the reduced IFNγ+ CD8+ T cell response 

observed in the lungs of coinfected animals.  
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Figure 5. Coinfection with EF3030 results in a substantial reduction in the number of NP-

specific CD8+ T cells in the lung, but not the lung draining mediastinal lymph node.  Lungs and 

mediastinal lymph nodes from influenza virus infected or coinfected mice were isolated on day 8 

and 11 post influenza and processed as previously described.  A. Representative flow plots.  Cells 

were pre-gated on CD8 and LFA-1hi expression.  B. Averaged data from 11-14 (d8) or 8-11 (d11) 

individually analyzed animals assessed over two independent experiments.  A two-tailed 

student’s t test was used to determine significance. **** p<0.0001 
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Coinfection results in increased CD8+ T cell death in the lungs of coinfected animals.  We 

hypothesized that the decrease in the overall size of the NP-specific CD8+ T cell population was 

due to increased death in the coinfected lung environment. To test this possibility, MLN and 

lungs were harvested from PR8 infected or coinfected mice at days 8 and 11 post PR8 infection.  

Isolated cells were stained for CD8 together with NP147-155/Kd tetramer.  We used a modified 

staining approach that allowed concurrent analysis of annexin V, active caspase-3 and 7-

Aminoactinomycin D (7-AAD) to assess CD8+ T cell viability (Raymond et al., 2010).  By day 8 post 

PR8 infection, there was a significant increase in the percentage of tetramer+ CD8+ T cells in the 

lungs of coinfected animals that were positive for 7-AAD (Fig. 6).  There was no significant 

increase in 7-AAD+ cells in the MLN (Fig. 6).  Despite the decreased viability of the NP-specific 

CD8+ T cell population, increases in 7-AAD positivity did not correlate with the increased 

presence of active caspase-3 (Supplemental Fig. 1). This finding suggests death in coinfected 

animals is induced in a caspase-3 independent manner. These data support a model wherein the 

presence of EF3030 in the lungs of PR8 infected animals results in increased death of NP-specific 

CD8+ T cells.  
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Figure 6. Decreases in the NP-specific CD8+ T cell response in the lungs of coinfected animals 

on day 8 post influenza infection correlates with increased cell death. Cells were isolated from 

the lung and MLN of animals infected with influenza virus or coinfected.  Following staining for 

CD8 and tetramer, 7-AAD was added to identify cells that had lost membrane integrity as an 

indicator of cell death. A. Representative flow plots. Cells were pre-gated on CD8 and tetramer. 

B. Averaged data from 2-3 independent experiments assessing a total of 21-22 (d8) or 8-11 (d11) 

mice/infection condition.  A two tailed student’s t test was used to determine significance. **** 

p<0.0001   



39 
 

The remaining NP-specific CD8+ T cell population in the lungs of coinfected animals exhibit an 

altered pattern of effector function.  In addition to the production of IFNγ, effector T cells 

contribute to viral clearance through the production of TNFα as well as cytolysis.  Thus, we 

determined whether the cells from coinfected mice that were incapable of producing IFNγ may 

retain the ability lyse or produce TNFα.  Lymphocytes were isolated from the lung and MLN of 

singly or coinfected animals on days 8 and 11 following PR8 infection.  CD8+ T cells were 

stimulated with peptide in the presence of tetramer to facilitate optimal detection by tetramer 

in subsequent analyses.  IFNγ and TNFα production as well as CD107a at the cell surface, a 

surrogate for cytolysis, were assessed.  This analysis revealed a significant decrease in the 

proportion of NP-specific cells in the lungs of coinfected animals that were polyfunctional 

(IFNγ+TNFα+CD107+) compared to cells isolated from singly infected animals (Fig. 7A).  This 

decrease corresponded to a significant increase in the proportion of cells that exhibited cytolysis 

as their only effector function.  The results in the MLN diverged from the lung, where there was 

no evidence of a shift towards cells that were only cytolytic (Fig. 7A).  These data indicate 

selective regulation in the ability NP-specific CD8+ T cells from coinfected lungs to produce 

cytokine.  By day 11, responses in singly and coinfected animals were similar in both tissues.  

We also determined the extent to which cells that were capable of producing IFNγ co-produced 

TNFα.  We found a significant decrease in the percent of IFNγ producing cells in the lungs of 

coinfected animals that co-produced TNFα on d8 post PR8 infection (Fig. 7B).  Thus TNFα 

production appeared to be most susceptible to the negative regulatory effects of EF3030 in the 

lung, followed by IFNγ.  These data show that cytokine production is more susceptible to 

negative regulation by the presence of EF3030 compared to cytolytic function. 
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Figure 7. Coinfection results in qualitatively diminished CD8+ T cell function as measured by 

reduced polyfunctionality and co-production of IFNγ and TNFα. Cells isolated from the lungs 

and MLN of animals infected with influenza virus or coinfected were stimulated with peptide as 

described previously.  Anti-CD107a antibody was included in the stimulation phase to identify 

cells releasing lytic granules in response to peptide.  Following the stimulation period, cells were 

stained for CD8, tetramer, LFA-1, IFNγ, and TNFα. Averaged data evaluating the distribution of 

the effector function of the influenza specific response is shown in A.  The percent of NP-specific 

IFNγ-producing cells that co-produced TNFα is shown in B.  Data are the average from 2-3 

independent experiments assessing a total of 12-18 (d8) or 10-11 (d11) mice/infection 

condition. A two tailed student’s t test was used to determine significance. ** p<0.01, **** 

p<0.0001   
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IFNγ mRNA is decreased in CD8+ NP-specific T cells isolated from the lungs of coinfected 

animals.  To begin to understand the regulation of cytokine production at a mechanistic level, 

we determined whether the failure to produce cytokine was associated with a decrease in 

cytokine message. On d8 post PR8 infection, NP147-155/Kd tetramer+ lung cells from singly or 

coinfected mice were purified by sorting.   This approach allowed isolation of peptide-specific 

cells regardless of function.  As such, the cells from coinfected animals represented a 

heterogeneous population of IFNγ producing and non-producing cells.  Sorted cells were 

stimulated with NP peptide for 5 hours, RNA isolated and qRT-PCR performed with primer probe 

sets specific for IFNγ, perforin, granzyme B, and GAPDH.   As shown in Figure 8, a significantly 

reduced level of IFNγ mRNA was detected in CD8+ NP+ cells isolated from coinfected compared 

to singly infected animals.  In contrast, no decrease was observed in the level of mRNA for 

perforin or granzyme B, two of the primary components of cytolytic granules.  These results 

mirrored the functional data that showed a population of cells from coinfected animals exhibit 

cytolytic potential in the absence of cytokine producing capability.   These data suggest the lack 

of IFNγ production by NP-specific CD8+ T cells is regulated at a step prior to transcription. 
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Figure 8. The reduction in IFNγ production in NP-specific cells in the lungs of coinfected 

animals is correlated with decreased IFNγ mRNA.  On day 8 post influenza virus infection, 

CD8+tetramer+ and CD8+tetramer- lung cells from singly or coinfected animals were isolated by 

FACS sorting.  The sorted populations were cultured in the presence of NP147-155 peptide for 5h 

to induce cytokine production.  Following stimulation, mRNA was isolated and IFNγ, perforin, 

and granzyme B message quantified by qRT-PCR. Message levels were normalized to GAPDH. In 

all cases, the fold increase compared to the level of each mRNA present in tetramer negative 

CD8+ T cells from PR8 infected animals was calculated. Data are the average from two 

independent experiments assessing a total of 6 influenza or 7 coinfected mice. A two tailed 

student’s t test was used to determine significance.  * p<0.05, ** p<0.01 
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Bypassing the T cell receptor by stimulation with phorbol 12-myristate 13-acetate (PMA) and 

Ionomycin (ION) does not induce IFNγ production in NP-specific CD8+ T cells from coinfected 

animals.  CD8+ T cell responses are initiated upon engagement of the TCR and CD8 with cognate 

peptide antigen presented by MHC. TCR/coreceptor engagement induces signaling through src-

family kinase pathways that eventually lead to transcription factors that drive cytokine 

production (Salmond et al., 2009).  One possibility to explain the lack of cytokine production in 

effectors from coinfected animals was alteration of the TCR signaling cascade such that cells 

could release granules, but not produce cytokine.   We tested whether these cells were unable 

to appropriately initiate TCR signaling by assessing effector function following addition of 

phorbol 12-myristate 13-acetate (PMA) and Ionomycin (ION).  These agents bypass the TCR by 

directly inducing PKC activation and calcium flux, respectively. Mice were singly or coinfected 

and on d8 post PR8 infection lung cells were stimulated with peptide or PMA/ION.  As shown in 

figure 9, PMA/ION stimulation did not increase IFNγ production in the NP-specific cells isolated 

from the lungs of coinfected animals compared to that seen with peptide stimulation. These 

data exclude membrane proximal defects in TCR signaling as a mechanism to account for the 

failure to produce cytokine in cells from coinfected animals. 
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Figure 9. Stimulation with PMA/Ionomycin does not promote increased IFNγ production in 

influenza-specific CD8+ T cells isolated from the lungs of coinfected animals. On d8 post virus 

infection, cells were isolated from the lungs of animals infected with influenza virus or 

coinfected and cultured in the presence of NP147-155 peptide or PMA/ION. IFNγ production in the 

CD8+LFA-1hi, tetramer+ population was determined. Data are the average from two independent 

experiments in which a total of 5 influenza or 8 coinfected mice were individually assessed. ** 

p<0.01 

  

PR8 PR8+EF3030
0

10

20

30

40
Peptide

PMA/ION

%
IF

N


+
/T

e
t+

**



45 
 

Differences in lung resident DC or IL-15 cannot account for the differences in lung effector cell 

function or survival in coinfected animals.  Trans-presentation of IL-15 by lung dendritic cells 

has been shown to be an important signal for survival of effector cells (McGill et al., 2010).  

Thus, a possible contributor to the loss of cells in our model could be a reduction in lung DC 

capable of mediating this signal in coinfected animals.  To determine whether this was the case, 

cells were isolated from the lungs of influenza virus or coinfected animals on day 8 following PR8 

infection.  DC and macrophage subsets in the lung were identified as follows- airway 

macrophages: high SSC CD11c+CD11blo/-, interstitial macrophages: high SSC CD11c+CD11bint, 

recruited inflammatory macrophages: high SSC CD11c+CD11bhi, airway DC: CD11c+CD11b-

CD103+Class IIhi, parenchymal DC: CD11c+CD11b+CD103-Class IIhi, monocyte derived respiratory 

DC: CD11c+CD11b+CD103-Class IIlo/int, plasmacytoid DC: CD11cloB220+Class IIint.  This strategy for 

subset identification is based on previously published results (Ghoneim et al., 2013; Kim and 

Braciale, 2009).  This analysis showed that there was no significant difference in the number of 

any of the DC subsets (Fig. 10A).  Not surprisingly, we did observe a significant reduction in the 

number of airway macrophages in the lungs of coinfected animals (Fig. 10A), consistent with a 

previous report (Ghoneim et al., 2013).   

As noted above, the ability of lung DC to provide survival signals is dependent on trans-

presentation of IL-15 (McGill et al., 2010).  Thus it was possible that DC were present, but did 

not produce IL-15 for presentation to CD8+ effector cells.  To address this, IL-15 mRNA was 

measured in the lungs of coinfected or virus infected animals on d8 post influenza virus 

infection.  No decrease was observed in coinfected lungs.  Instead, surprisingly, there was an 

approximately 2.5 fold increase in the amount of IL-15 mRNA in the lungs of coinfected animals 

(Fig. 10B). Together these findings suggest the increased death in effector cells from the lungs of 

coinfected animals is not the result of DC loss or the absence of IL-15-mediated survival signals.   
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Differences in IL-18 or TGFβ do not account for the differences in lung effector cell function or 

survival in coinfected animals. IL-18 has been shown to provide positive signals for CD8+ T cells 

cytokine production and survival (Gerner et al., 2013; Ingram et al., 2011).  In addition to 

provision of positive signals, cytokines can also inhibit function.  TGFβ is one such well 

characterized inhibitory cytokine (Letterio and Roberts, 1998).  Previous studies have shown 

that TGFβ is induced following infection with Spn (Lim et al., 2012; Neill et al., 2012), making it 

an appealing candidate for negative regulation in the coinfected lung.  IL-18 and TGFβ 

expression in the lung were assessed in singly and coinfected animals at d8 post-influenza virus 

infection.  As shown in figure 10C and D, no difference in the level of mRNA for these cytokines 

was detected.  These data suggest the loss of influenza-specific CD8+ T cells in our model is not 

due to the loss of the supportive cytokine IL-18 or an increase in the inhibitory cytokine TGFβ.  
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Figure 10. Differences in the number of lung dendritic cells or the cytokines IL-15, IL-18, and 

TGFβ cannot account for the negative regulation of effector cells in coinfected animals.  A. 

Lung dendritic cells and macrophages were quantified in virus infected or coinfected animals on 

day 8 post influenza virus infection.  DC and macrophage subsets were identified as follows. Live 

cells were gated on CD11c. Macrophages were identified based on forward/side scatter profile 

and CD11b staining, with recruited inflammatory macrophages defined as high expressers of 

CD11b, interstitial macrophages as intermediate expressers, and alveolar macrophages as low to 

absent expressers. For DC subsets, plasmacytoid DC were identified by intermediate levels of 

MHC class II and B220 positivity. Airway DC were defined by CD103 and MHC Class II positivity. 

Inflammatory monocyte derived respiratory DC (MoRDC) were defined by low to intermediate 

expression of MHC class II and positive staining for CD11b. Parenchymal DC were defined as 

MHC Class IIhi/CD11b positive and CD103 negative. Data shown are the average of 9 influenza 

infected and 7 coinfected mice assessed across two experiments. B-D. Cellular RNA was 

extracted from lung homogenates on d8 following influenza virus infection. cDNA was 

synthesized from mRNA by reverse transcription and subjected to qRT-PCR using primer probes 

specific for IL-15, IL-18, TGFβ, or GAPDH.  Fold changes for each animal were calculated based 

on comparison to the average level of each mRNA detected in PR8 infected animals. Data shown 

are the average of 15 coinfected and 15 influenza virus infected animals assayed across two 

independent experiments. A two tailed student’s t test was used to determine significance. * 

p<0.05 
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The lungs of coinfected animals have an increased number of Treg cells.  Treg cells are another 

potent mediator of negative regulation.  Previous studies have indicated that infection with Spn 

or exposure to pneumococcal components can increase Tregs in the lungs of mice (Preston et al., 

2011; Thorburn et al., 2012).  To determine whether there was differential 

expansion/recruitment of Tregs in coinfected versus influenza virus infected animals, lung cells 

were analyzed for the presence of CD4+CD25+FoxP3+ cells (Fig. 11).  In stark contrast to what was 

observed for CD8+ effector cells, a significant increase (4.2 fold) in the number of Tregs was 

observed in the lungs of coinfected animals.  
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Figure 11. Coinfected animals have a significantly increased number of FoxP3+ T regulatory 

cells. Cells were isolated from the lungs of singly or coinfected mice on d8 post-influenza virus 

infection.  T regulatory cells were detected based on positivity for CD4, CD25, and FoxP3.  Data 

are the average of 9 influenza infected or 7 coinfected mice assessed across two independent 

experiments. A two tailed student’s t test was used to determine significance.  * p<0.05 
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DISCUSSION 

Infectious processes have the potential to significantly alter the lung environment.  This is the 

product of signals resulting from tissue damage, cytokines/regulatory factors produced by 

tissue-resident cells, and innate immune cells that enter as a consequence of the presence of 

pathogen. Influenza virus is known to extensively modulate the lung environment.  For example, 

infection results in the production of numerous inflammatory cytokines (including type I IFN, IL-

6, MCP-1) (Jeisy-Scott et al., 2011), decreases in the ability of monocytes and neutrophils to 

phagocytose pathogens, and reduced mucosal ciliary action (Ghoneim et al., 2013; McCullers, 

2006; McNamee and Harmsen, 2006; Pittet et al., 2010).   

Infection with pneumococcus also induces numerous changes to the lung environment.  A 

robust neutrophilic infiltrate is one hallmark of Spn infection (Garvy and Harmsen, 1996).  Other 

immune modulatory signals present early after infection include the production of the pro-

inflammatory cytokines TNFα, IFNα/β, IL-1β, and IL-6 (Marriott et al., 2012).  In addition, the 

presence of Spn components is associated with the activation of Tregs in the lungs (Thorburn et 

al., 2013).  The complex array of immune signals present in this tissue as well as the direct action 

of bacterial components has the potential to regulate adaptive immune responses.  While much 

attention has been focused on the influenza virus-mediated changes that promote increased 

bacterial outgrowth (Ghoneim et al., 2013; McCullers and Rehg, 2002; McNamee and Harmsen, 

2006; Smith et al., 2013), to our knowledge the studies presented here are the first to address 

the impact of Streptococcus pneumoniae infection on the ongoing influenza-specific adaptive 

immune response.  Investigation of this question led to the novel finding that the presence of 

pneumococcus negatively regulates the ongoing anti-viral CD8+ T cell response in the lung.  Our 

data show that there is a marked decrease in the total number of CD8+ NP-specific T cells as well 
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as a change in the distribution of effector function in these cells, with a pronounced shift away 

from cytokine producing cells to those that are exclusively cytolytic. Our findings suggest these 

changes in the effector population contribute to disease in coinfected animals as adoptive 

transfer of cells from influenza infected animals resulted in increased survival. These data would 

support previously published work demonstrating a strong correlation between the absolute 

number of IFNγ+CD8+ T cells and disease severity during the 2009-10 H1N1 pandemic (Sridhar et 

al., 2013).  As was observed in our studies, no correlation between viral titer and disease was 

found, indicating that overall viral burden does not necessarily predict disease severity or 

outcome in the human population (Sridhar et al., 2013).  

The reduction in effector cell number appears to be in part the result of increased death in cells 

residing in the coinfected lung.  The defect in cytokine production is correlated with a decrease 

in cytokine mRNA.  The failure of PMA/ION to induce cytokine production suggests alteration of 

the membrane proximal TCR signal transduction pathway is not responsible for the lack of 

cytokine production.  This finding would suggest these cells may be inherently incapable of 

producing cytokine.  One possibility is that cells that are exclusively cytolytic preferentially 

survive in the coinfected lung.  Given the death in our model, this is an attractive possibility that 

warrants further investigation.  Alternatively, epigenetic changes induced as a consequence of 

signals present in the coinfected lung environment may have resulted in shut-off of cytokine 

production.  Epigenetic regulation is a well described mechanism for the control of cytokine 

gene expression in T cells (Fitzpatrick et al., 1999; Hirahara et al., 2013; Lim et al., 2013). 

The question arises as to whether the negative regulation of the adaptive immune response is 

due to changes in the immune environment or a direct effect of bacterial components. Certainly 

immune signals in the form of cytokines have been shown to regulate the CD8+ T cell anti-viral 
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response (Gerner et al., 2013; Ingram et al., 2011; McGill et al., 2010).  For example, interleukin-

15 production by lung dendritic cells has been identified as a critical signal for the survival of 

influenza-specific CD8+ effector cells in the lung (McGill et al., 2010).  However, our findings 

would suggest that this is not the case in our model as IL-15 expression in the lungs of 

coinfected animals was higher than that in animals infected only with influenza virus.  IL-18 has 

also been shown to promote generation and sustained presence of functional effector T cells.  

Cells with an ‘exhausted’ phenotype downregulate the IL-18 receptor, fail to produce cytokine, 

and have been implicated in the susceptibility to secondary bacterial infections (Ingram et al., 

2011). However, as was the case for IL-15, IL-18 expression was maintained in the lungs of 

coinfected animals and is thus also unlikely to be involved in the death of effectors or the 

decrease in cytokine production observed in our model.  An opposing factor to the positive 

signals delivered by cytokines is the presence of negative regulators, i.e. TGFβ.  This 

immunomodulatory cytokine is known to be increased following Spn infection (Lim et al., 2012; 

Neill et al., 2012). Interestingly we did not observe any differences in the amount of detectable 

TGFβ in the coinfected versus influenza virus infected lung.   

Finally we evaluated the presence of FoxP3+ Tregs.  In spite of the decrease in influenza-specific 

effectors, there was a significant increase in Tregs in the lungs of coinfected mice.  This was 

somewhat surprising given similar levels of TGFβ detected.  One possibility is that cytokine 

production is impaired in these cells, similar to the reduction in cytokine in virus-specific effector 

cells.  Alternatively, other sources of TGFβ may mask the contribution of Tregs when overall levels 

in the lung are assessed.  Tregs employ a number of mechanisms to negatively regulate T cells, 

including production of adenosine, direct killing through the release of perforin and granzymes, 

and increases in intracellular cyclic AMP (for review see (Sakaguchi et al., 2009)).  Whether these 

cells are directly involved in effector cells death or altered function will require further study.  
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In addition to the possibility for Tregs mediated regulation effectors, there is evidence that 

bacterial components can directly impact T cell function (Hollams et al., 2010).  In vitro studies 

suggest that the pneumococcal cholesterol dependent cytotoxin pneumolysin can lead to 

lymphocyte death in a Fas dependent manner when monocytes are present (Daigneault et al., 

2012).  Although this is an appealing model given the death observed in our system, fas 

mediated death would be expected to result in activation of caspase 3 (Woo et al., 1999), which 

was not detected in lung cells from coinfected animals. However, in the same report a necrotic 

death pathway could be triggered when monocytes were not present.  This possibility is most 

consistent with the absence of active caspase 3 in dying cells observed in our model. The 

potential role of pneumolysin warrants further investigation.  

It is important to note however that despite sustained levels of bacteria at d11, the IAV-specific 

CD8+ T cell response is more comparable in both size and quality to that of animals singly 

infected with PR8. This could be explained in part by the fact that by d11 levels of virus are at 

their lowest. It is feasible that in our model that the increased death and alterations of CD8+ T 

cell effector function are dependent on signals from the presence of both pathogens. 

Alternatively, Spn is known to form biofilms as part of its infectious lifecycle (Drago, 2009). One 

consequence of biofilm formation is the reduction of autolysis that Spn uses to release virulence 

factors to the surrounding environment, such as pneumolysin (Drago, 2009). It is possible that 

EF3030 exists in a biofilm state by d11 as compared to d8 post IAV infection. If this were the 

case, it is possible that the bacteria would no longer be releasing components that could 

potentially modulate the IAV-specific CD8+ T cell response. Alternatively, this could indicate that 

bronchus associated lymphoid tissue (BALT) formation is impaired early by the presence of the 

bacteria. BALT has been shown to be a critical early component for the generation and 

maintenance of adaptive immune responses in the lung (Foo and Phipps, 2010). If inducible 
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BALT formation was inhibited by EF3030 this could lead to fewer IAV-specific CD8+ T cells in the 

lung at d8 post IAV infection. By d11 IAV-specific CD8+ T cells infiltrating the lung from the MLN 

could be reconstituting the IAV-specific CD8+ T cell response in the lung, which would be 

consistent with our data. 

The consequences of Spn coinfection on the influenza-specific response may extend beyond the 

acute CD8+ T cell response studied here.  For example, the reduced number of effectors may 

impact the number of tissue resident CD8+ memory T cells generated at the conclusion of the 

response.  This could be exacerbated if the presence of Spn drove differentiation toward SLEC, 

which are unlikely to survive long term, further decreasing the memory pool.  Spn-mediated 

increases in inflammatory cytokines, which are known to direct differentiation along the SLEC 

pathway (Amoah et al., 2013), is an attractive mechanism for potential altered regulation of 

effector cell differentiation. Specifically, Spn infection subsequent to influenza has been shown 

to synergistically increase the level of type I IFN (Nakamura et al., 2011). In addition, it is 

possible that the regulation of the acute effector pool impacts the quality of the memory cells, 

e.g. their cytokine producing potential.  A reduced or impaired tissue resident memory pool in 

individuals that experienced coinfection would increase their susceptibility to reinfection with 

IAV.  This is currently an area of study.  Finally, our finding of increased cell death in coinfected 

animals raises possibility that established tissue resident memory CD8+ T cells specific to other 

respiratory pathogens that are present in the lung during coinfection may be negatively 

impacted. Our results raise the interesting possibility that coinfection with IAV and 

pneumococcus could potentiate the deletion of already established cellular immunity in the lung 

environment. 
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In summary, our studies provide exciting new insights into polymicrobial disease states. 

Specifically, we show that coinfection with Streptococcus pneumoniae results in a marked 

decrease in the number of NP-specific CD8+ T cells in the lung.  Further, surviving influenza-

specific effectors exhibited altered effector function, i.e. the reduced production of cytokine, at 

the population level.  Importantly, these changes in the influenza-specific response appear to 

contribute to the high mortality observed following coinfection.  The loss of IFNγ production in a 

subset of cells was associated with a decrease in the level of IFNγ mRNA.  The negative effects 

on the influenza-specific effector population were independent of changes in lung DC 

populations and were not associated with decreased IL-15 or IL-18 or increased TGFβ 

expression.  There was however, an association with increased T regulatory cells in the lungs of 

coinfected animals. These studies establish the ability of Spn to modulate the ongoing adaptive 

immune response to an existing pathogen. It is likely that the presence of coinfecting pathogens 

is common in the population and thus there is significant opportunity for cross-regulation of 

immune responses, similar to that reported here. Such cross-regulation is a potential 

contributor to pathogenesis and immunity in vivo.  
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Abstract 

Streptococcus pneumoniae (Spn) causes a variety of disease states including fatal bacterial 

pneumonia. Our previous finding that introduction of Spn into an animal with ongoing influenza 

virus infection resulted in a CD8+ T cell population with reduced effector function gave rise to 

the possibility of direct regulation by pneumococcal components. Here we show that treatment 

of effector T cells with lysate derived from Spn resulted in inhibition of IFNγ and TNFα 

production as well as of cytolytic granule release. Spn aminopeptidase N (PepN) was identified 

as the inhibitory bacterial component and surprisingly, this property was independent of the 

peptidase activity found in this family of proteins.  Inhibitory activity was associated with 

reduced activation of ZAP-70, ERK1/2, JNK, and p38, demonstrating the ability of PepN to 

negatively regulate TCR signaling at multiple points in the cascade. These results reveal a novel 

immune regulatory function for a bacterial aminopeptidase. 

Author Summary 

Streptococcus pneumoniae (Spn) is a clinically important infectious agent that is responsible for 

many diseases and can be fatal in some cases. A potent immune response is a critical 

component for limiting disease following Spn infection.  In our study, we have identified a novel 

immunoregulatory capability of Spn, the ability to actively inhibit the function of responding T 

lymphocytes.  The aminopeptidase produced by Spn (PepN), was identified as the mediator of 

negative regulation of T cells.  Unexpectedly, we found this ability was independent of the 

known peptidase activity of PepN, showing this molecule functions in a new way.  The ability to 

prevent T cell activation was shown to be the result of PepN-mediated inhibition of multiple 

signaling molecules that are necessary for this process.  In summary, our studies identify a 
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previously unknown immunoregulatory activity of a bacterial aminopeptidase and reveal the 

potential for a new mechanism of Spn disruption of the immune response.  
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Introduction 

The gram positive bacterium Streptococcus pneumoniae (Spn) is the among the most common 

causes of fatal bacterial infections globally, with the Centers for Disease Control (CDC) 

estimating that ~900,000 Americans contract pneumococcal pneumonia each year.  These 

infections result in greater than 400,000 hospitalizations with 5-7% of individuals succumbing to 

disease (Atkinson et al., 2012; Huang et al., 2011). At the global level, the World Health 

Organization (WHO) estimates there are ~14 million cases of serious pneumococcal disease and 

more than 1.6 million people die each year from invasive pneumococcal disease (IPD) (WHO). 

Following introduction of the pneumococcal conjugate vaccine, the overall incidence of 

pneumococcal disease decreased (Whitney et al., 2003). However, the prevalence of serotypes 

not covered by current conjugate vaccines is on the rise (Camilli et al., 2013; Kaplan et al., 2013). 

Our ability to effectively treat IPD is further complicated by the reported global rise of antibiotic 

resistant strains (Gertz et al., 2010; Richter et al., 2009). These challenges demonstrate that Spn 

remains a significant human health concern worldwide. 

Spn lives a dichotomous lifestyle within the host.  The bacteria can persist in a typically 

asymptomatic carriage state (Simell et al., 2012), which is critical for transmission as well as the 

initiating event that leads to a more invasive phenotype in which the bacteria can ascend the 

Eustachian tube to take up residence in the inner ear (otitis media), or enter the blood stream 

(bacteremia),  lungs (pneumonia) or meninges (meningitis) (Simell et al., 2012). While the 

nasopharynx of healthy adults is variably colonized with Spn (CDC), younger individuals exhibit 

frequent colonization with up to 60% of school-aged children testing positive (CDC).  

IPD signals the transition of the bacteria from a semi-quiescent, asymptomatic state to one 

marked by rapid growth and dispersion as well as increased disease and mortality (Sanchez et 
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al., 2011). The invasion of a relatively sterile tissue by Spn is marked by increased production of 

virulence factors such as capsule and pneumolysin (PLY) (Sanchez et al., 2011). Further, Spn 

increases autolysis and fratricide of neighboring pneumococci during this time (Ramos-Sevillano 

et al., 2011; Regev-Yochay et al., 2007). This most likely facilitates invasion through increased 

inflammation of the host tissue, due in part to the release of PLY, which can directly stimulate 

the production of the proinflammatory cytokine tumor necrosis factor α (TNFα) through Toll-like 

receptor 4 signaling. Host inflammation is further increased by the release of cell wall that 

occurs during autolysis (Mitchell and Dalziel, 2014; Sanchez et al., 2011).  

The signals that dictate the transition from the carriage state to an invasive phenotype are 

poorly understood and heavily debated. However, clinical, epidemiological, and experimental 

data show that a preceding or concurrent viral infection is highly associated with this transition 

(Bakaletz, 2010; Launes et al., 2012; McCullers, 2006; Pettigrew et al., 2011). A study by 

Heikkinen et al. demonstrated that the presence of a viral infection could be detected with 

highly sensitive PCR based assays in the nasopharyngeal secretions of 90% of children with acute 

otitis media (Heikkinen, 2016). The presence of a respiratory viral pathogen has been associated 

with IPD in both children and adults (Jansen et al., 2008; Peltola et al., 2011).  

In humans and in mice, a significant portion of the antiviral immune response in respiratory 

mucosal spaces is mediated by CD8+ T cells. Effector and memory CD8+ T cells are readily found 

in these sites, e.g. lung airways (Hogan et al., 2001; Woodland et al., 2001) and the 

nasopharyngeal space (Hiroi et al., 1998; Rodriguez-Monroy et al., 2007). Both effector and 

memory CD8+ T cells rely on their ability to produce cytokines and/or kill cells to clear virally 

infected cells and to limit viral spread (Doherty et al., 1997; Topham et al., 1997). Considering 

that studies in multiple mouse strains have reported that both effector and memory T cells 
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retain an activated phenotype in tissues (i.e. CD69+CD25+) (Hogan et al., 2001; Rodriguez-

Monroy et al., 2007), it is important to consider that in the context of either pneumococcal 

carriage or IPD, there are significant opportunities for the colocalization of Spn and CD8+ T cells. 

As such, these cells are potential targets for immune regulation by pneumococcal components. 

Our previous studies of Spn and influenza A virus (IAV) coinfection demonstrated that high levels 

of bacteria were associated with a significant decrease in the overall size of the cytokine-

producing IAV-specific CD8+ T cell response (Blevins et al., 2014). This decrease was the result of 

both increased death and unexpectedly, a lack of IFNγ and TNFα producing capabilities in the 

remaining effectors (Blevins et al., 2014). The failure to produce IFNγ could not be restored by 

phorbol 12-myristate 13-acetate (PMA) and ionomycin (IONO) stimulation, which bypasses the 

membrane proximal steps of T cell receptor signaling (Blevins et al., 2014). These findings 

strongly suggested that in areas where high bacterial burden is present concomitant with CD8+ T 

cells, there is significant potential for adverse effects on the CD8+ T cell response. Based on 

these findings, we hypothesized that Spn may produce unknown factors that have the ability to 

directly modulate CD8+ T lymphocytes through the negative regulation of effector function. 

To directly test the possibility that Spn modulates CD8+ T cell effector function, we established a 

tractable system using peptide restimulation of antigen-specific CD8+ T cells in the presence of 

pneumococcal lysate. We observed active inhibition of cytokine production and release of 

cytolytic granules. No effects on T cell survival were found, demonstrating that functional 

impairment was not due to death induced by PLY. The inhibitory component in the lysate was 

identified as the pneumococcal enzyme aminopeptidase N (PepN). The ability of PepN to 

suppress cytokine production by CD8+ T cells correlated with reduced levels of phosphorylated 

Zeta-chain-associated protein kinase 70 (ZAP-70), extracellular-signal-regulated kinases 1 and 2 
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(ERK1/2), c-Jun N-terminal kinase (JNK), and the p38 mitogen-activated protein kinase. 

Importantly, the ability of PepN to inhibit T cell effector function was independent of its 

enzymatic activity, demonstrating a novel activity for this protein. Our study marks the first 

report of a bacterial aminopeptidase modulating T cell effector function and in addition 

elucidates a novel role for aminopeptidases in immune evasion by bacterial pathogens. 
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Materials and Methods 

Ethics Statement.  All research performed in this study complied with federal and institutional 

guidelines set forth by the Wake Forest School of Medicine (WFSM) Animal Care and Use 

Committee.  The WFSM animal care and use protocol adheres to the U.S. Animal Welfare Act 

and Regulations.  All studies were approved by the WFSM Animal Care and Use Committee 

(A14-057). 

 

Bacterial strains, plasmids, culture conditions and reagents: Bacterial strains and plasmids 

used in this study are listed in Table 1.  S. pneumoniae was grown in Brain-Heart Infusion (Difco) 

broth supplemented with 10% heat-inactivated horse serum (Gibco) and 10% catalase (3 mg/ml) 

to an OD600 of 0.8, correlating to approximately 1x108 CFU/mL.  Broth cultures were mixed 1:1 

with a 50% glycerol solution and frozen at -80ºC for future use.  B. pertussis strains were 

maintained on Bordet–Gengou agar (BG) supplemented with 10% defibrinated sheep blood. 

Liquid cultures were grown in Stainer–Scholte (SS) broth with heptakis (2,6-di-O-methyl-β-

cyclodextrin) (Stainer and Scholte, 1970). E. coli strains were grown in Luria–Bertani medium. As 

necessary, the growth media were supplemented with appropriate antibiotics, chloramphenicol 

(Cm, 10 or 50 μg ml−1), kanamycin (Km, 25 μg ml−1) and streptomycin (Sm, 100 μg ml−1) 

 

Table 1. Bacteria used in study 

Bacteria Description;Serotype Reference or Source 
Streptococcus pneumoniae   

D39 Lab strain; 2 (Avery et al., 1944) 

TIGR4 Lab strain; 4 (Lanie et al., 2007) 

EF3030 Lab strain; 19F (Briles et al., 1992) 

MNZ1113 Clinical isolate; Null (Hiller et al., 2010) 
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BG12740 Clinical isolate; 6A D. Briles, UAB 

EF6796 Clinical isolate; 6A D. Briles, UAB 

L8-2044 Clinical isolate; 15C D. Briles, UAB 

13678 Clinical isolate; 6B R. Dagan, BGU Israel 

10955 Clinical isolate; 15 R. Dagan, BGU Israel 

16654 Clinical isolate; 23F R. Dagan, BGU Israel 

26968 Clinical isolate; 33 R. Dagan, BGU Israel 

   

Bordetella pertussis   
BP536 Lab strain (Relman et al., 1989) 

 

Influenza A/PR/8/34 (H1N1).  Virus stocks were grown and tittered (median egg infectious 

dose (EID50)) in 10 day old fertilized chicken eggs (obtained from a local farm) eggs  as described 

previously (Klimov et al., 2012).  Stocks were diluted in PBS, flash frozen, and stored at -80°C. 

Mice:  8-10 week old female BALB/c mice were purchased from The Jackson Laboratories. Mice 

were housed in a biosafety level 2 facility with ad libitum access to food and water.   

In vivo elicitation of NP-specific CTL and establishment of line. Mice were anesthetized 

with Avertin (2,2,2-tribromoethanol) by intraperitoneal (i.p.) injection. Virus (103 EID50) was 

administered via the intranasal (i.n.) route in 50μl of PBS. Mediastinal lymph nodes were 

harvested 8 days following IAV infection. Cells were isolated and co-cultured in enriched 

medium in the presence of irradiated splenocytes previously pulsed with 10-7M NP147-155 peptide 

at a ratio of 1:10. 10% T-stim (Corning) was added as a source of IL-2. Cultures were 

restimulated weekly. 

Preparation of bacterial lysates. Broth cultures were inoculated with Spn, Bps, or E.coli under 

conditions described above and cultured overnight. 1% w/v choline chloride (Sigma) was added 

to Spn cultures to limit bacterial autolysis. Following the culture period, bacteria were pelleted 
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by centrifugation and washed 3-5X with ice cold PBS. Bacteria were disrupted by passaging 5X 

through a C3 Avestin emulsifier. Crude lysates were centrifuged (12,000Xg) to pellet insoluble 

material. Protein was quantified with a BCA protein kit (Pierce). Lysates were aliquoted and 

stored at -80º C for future use.  

Stimulation of T cells and analysis of effector function and death. On days 6 or 7 post 

weekly stimulation, cells were co-cultured in vitro with 10-6M NP147-155 peptide or PMA + IONO in 

the presence or absence of the indicated amount of lysate or PepN. Monensin and brefeldin A 

(BD Biosciences) were added to inhibit secretion of cytokines. For cells stimulated with peptide, 

BV420 conjugated NP147-155/Kd tetramer (graciously supplied by the NIH tetramer facility) was 

included during the stimulation. This allowed tetramer labeling that otherwise may have been 

hampered as a result of TCR downregulation that occurs with stimulation. Anti-CD107a antibody 

(Biolegend) was also included during the stimulation period to capture granule release. 

Following the 5h stimulation period, samples were stained with anti-mouse CD8α (Biolegend) 

and BV420 conjugated NP147-155/Kd tetramer (necessary to identify antigen specific cells in the 

non-stimulated samples). Cells were then fixed and permeabilized (Cytofix/Cytoperm kit, BD 

Biosciences) followed by incubation with antibodies specific for IFNγ (Biolegend) and in some 

cases TNFα (Biolegend). Where indicated, data were normalized to %inhibition by the following: 

(%IFNγ+ / %IFNγ+(No Lysate/PepN)) x100=%Functional; %Inhibition=100-%Functional.  To 

determine cell viability, cells were incubated with 7-AAD (Biolegend) following antibody staining. 

Cells were then washed extensively. For the analysis of TCR signaling molecules, cells were 

stimulated with peptide or PMA + IONO as indicated for 15 minutes.  For the induction of STAT1 

phosphorylation, CTL were stimulated for 15 minutes with 5000 Units of Universal Type 1 IFN 

(PBL). Following the stimulation period cells were fixed in 2% paraformaldehyde for 10 minutes 

at 37ºC. Cells were then washed, surface stained with anti-CD8 antibody, and 
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fixed/permeabilized with True-Nuclear Transcription Factor Staining kit (Biolegend) per the 

manufacturer’s instructions.  The following antibodies were used: anti-ERK1/2 (Santa Cruz), anti-

phosphorylated ERK1/2 (ebioscience), anti-phosphorylated p38 (ebioscience), anti-

phosphorylated ZAP-70 (BD Biosciences), anti-phosphorylated JNK (BD Biosciences), anti-

phosphorylated STAT1 (BD Biosciences), and anti- phosphorylated mTOR (ebioscience).  

Fractionation of Spn lysates. Anion Exchange chromatography: Spn lysate was filtered and 

NaCl (Sigma) added to a final concentration of 10mM. Lysate was then loaded onto a Q 

sepharose HP column (GE Lifesciences).  Proteins were eluted over an increasing gradient of 

NaCl (10mM – 1M) and fractions collected. Hydroxyapatite chromatography: Fractions from the 

previous step that contained inhibitory activity in our functional assay were pooled. Potassium 

phosphate (KPi, Sigma) was added to pooled fractions to a final concentration of 10mM. These 

fractions were loaded onto a hydroxyapatite column (Macro-Prep ceramic hydroxyapatite resin, 

type 1, 40µM, Bio-Rad). Proteins were eluted over a gradient of 10–500 mM KPi and fractions 

collected and tested for inhibition of T cell effector function.  

PCR, DNA sequencing, and cloning of bacterial aminopeptidase N (pepN). To clone the 

pepN gene, the sequence of Spn strain EF3030 pepN was determined as follows:  genomic DNA 

was subjected to PCR amplification using primers designed based on intergenic identity of 

strains D39, AP200, R6, and TIGR4 (Table 2).  PCR products were purified with a Wizard PCR 

clean-up kit (Promega) and sequencing performed by Eton Bioscience Inc. (San Diego, CA). DNA 

sequences were analyzed with ApE software (Paradis et al., 2004) and the Basic Local Alignment 

Search Tool (BLAST; (http://www.ncbi.nlm.nih.gov/BLAST/). 

 

http://www.ncbi.nlm.nih.gov/BLAST/
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Table 2. Primers used for sequencing pepn. 

Primer Name Sequence 

pepNF1 cagaagtttatcaaaccaacccc 

pepNF2 gaccatccagatcatcttaaac 

pepNF3 cctgaaagcaaggttgttttag 

pepNF4 gacaacatgacagggatttac 

pepNF5 cgcccttcctgacttctc 

pepNF6 ggtttgcacgcctactttg 

pepNF7 gcagacttgcttccagttc 

pepNF8 ctgattacttcttggaaggac 

pepNF9 cggaaatgcataaataagcc 

pepNR1 gggaaccacttttgcagag 

 

Following confirmation of pepN gene sequence (submitted:GenBank KX522575), the gene was 

amplified from genomic DNA using primers to introduce a 5’ BamH1 and a 3’ Xho1 cut site 

(pepNF1-BamH1 (cccggggatccatgcaagcagttgaacat), pepNR1-Xho1 

(cccgggctcgagttatgcatttccgtattg)). PCR products were digested with BamH1 and Xho1 restriction 

enzymes (NEB) and purified to remove excess enzyme. The pepN gene insert was then ligated 

into the pTHC-ΔP expression vector that enables cloning in frame with a His tag (for reference 

see (Nelson et al., 2008)) using T4 DNA ligase (NEB). The resulting mixture was then transformed 

into XL-1 Blue E.coli (Stratagene), plated under selective conditions and colonies screened for 

pepN containing plasmid by double restriction digest with BamH1 and Xho1.  

PepN overexpression and purification. E.coli carrying Spn pepN were grown overnight under 

conditions to induce overexpression of PepN. The following day bacterial lysate was prepared as 

described above with the inclusion of 1mM protease inhibitors (AEBSF, aprotinin, bestatin, E-64, 

leupeptin and pepstatin A) (Pierce). Aliquots of lysate were run on a denaturing Bis-Tris SDS-

PAGE resolving gel consisting of 10% acrylamide (BioRad). Proteins were visualized by overnight 
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staining with GelCode Blue Safe Protein Stain (Thermo) and subsequent de-staining using 

deionized water. His-tagged PepN was purified by passage of lysate over 10mL of Nickel 

sepharose (GE Life Sciences). Bound protein was washed 3X with Tris buffer containing 50mM 

sodium phosphate (Sigma), 10% glycerol (Fischer), 10mM imidazol (Sigma), and 0.25% Tween-20 

(Sigma). Tagged protein was eluted with buffer containing 150mM imidazol. Following 

purification, PepN was dialyzed against PBS overnight at 4°C with PreScission protease (GE Life 

Sciences) to cleave the His-tag and remove any residual buffer components. The following day, 

PepN concentration was determined by BCA (Pierce) and then aliquoted and stored at -80°C for 

later use. 

Quantitation of cellular mRNA levels by real-time PCR. Following a 5 hour peptide 

stimulation in the presence of PepN, lymphocyte RNA was isolated using an RNeasy RNA 

isolation kit (Qiagen). cDNA was synthesized from mRNA by reverse transcription using 

Superscript III RT kit (Invitrogen) and random primers (Promega).  For IFNγ and GAPDH mRNA 

analysis, commercially available Taqman primer-probe sets specific for the gene targets were 

used. RT-PCR (qRT-PCR) was performed using the Applied Biosystems 7500 real-time PCR 

system. Raw data values were normalized to GAPDH mRNA levels. 

Mutagenesis of PepN. The zinc binding domain of PepN was rendered incapable of binding 

zinc by introducing the following mutations: His292Ala, Glu293Ala, and His296Ala. Site directed 

mutagenesis was performed by Genscript as a fee for service. 

Quantification of peptidase activity. To quantify the peptidase activity of PepN and PepNMet-, 

1 µg of each enzyme was incubated with 200 µM of lys-AMC (BACHEM) at 37ºC for 2 hours. 

Following incubation, samples were excited in the 355 nm range and signal was detected in the 
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460 nm range using a 96-well PolarStar plate reader (Omega, BMG LABTECH). 1 µg of Trypsin 

(Gibco) was used as a positive control.  

Statistical analysis. Data analysis was performed using GraphPad Prism (GraphPad Software). 

Significance was determined using either a two tailed student’s t test or a repeated measure 

ANOVA with a Tukey’s post-test as appropriate. 
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Results 

Stimulation of NP-specific CD8+ CTL line in the presence of pneumococcal lysate 

inhibits effector function. To assess the potential for Spn to directly modulate an effector T 

cell response, we employed an in vitro model that allowed for rapid and high throughput 

assessment on CTL function. We produced a lysate from the 19F serotype  strain (EF3030) used 

in our previous in vivo studies (Blevins et al., 2014) by overnight growth and subsequent 

mechanical disruption. To test the ability to regulate T cell function, increasing amounts of 

lysate were added at the time of NP-peptide restimulation of a CD8+ NP-specific CTL line. In the 

absence of lysate over 95% of the cells produced IFNγ and TNFα and were cytolytic as evidenced 

by CD107a positivity (Fig 1A).  However, as the amount of Spn lysate present during peptide 

restimulation increased, we observed a dose dependent inhibition of IFNγ and TNFα production 

as well as cytolytic granule release (Fig 1A representative flow plots at 3 µg, Fig 1B averaged 

data across the dose response). These data demonstrate the potential for bacterial components 

from Spn to directly inhibit CD8+ T cell effector function in a dose dependent manner. 

  



72 
 

 

Figure 1. Treatment of NP-specific CD8+ CTL with EF3030 derived lysate inhibits the 

production of IFNγ and TNFα and the release of cytolytic granules. NP147-155-specific CTL 

were stimulated with peptide in the presence of increasing amounts of Spn lysate. Anti-CD107a 

antibody was included in the stimulation phase to identify cells releasing lytic granules. 

Following stimulation, cells were stained for CD8, IFNγ, and TNFα. Data shown are pre-gated on 

live CD8+ CTL. A. Representative flow plots. B. Averaged data ±SEM from 8 independent 

experiments assessed using 2 independently generated NP-specific CTL lines.  

  



73 
 

Spn lysate inhibits effector function of influenza specific effector CD8+ T cells 

generated in vivo. To extend our results to effectors that had not been subjected to multiple 

cycles of in vitro stimulation, BALB/c mice were infected with the H1N1 influenza virus A/Puerto 

Rico/8/1934 and cells from the lung draining mediastinal lymph nodes (MLN) were restimulated 

ex vivo with peptide in the presence of NP147-155/Kd tetramer (this approach negated any issues 

with adequate tetramer labeling that could result from peptide-mediated TCR internalization). 

Following restimulation, cells were stained with anti-CD8, anti-IFNγ, and tetramer (to identify 

antigen-specific cells in the non-stimulated sample).  As shown in Fig 2A, we detected a robust 

IFNγ response with peptide restimulation that was severely diminished in the presence of lysate. 

On average approximately 47.9% of CD8+Tet+ cells from the MLN of infected mice produced IFNγ 

compared to 4.7% of cells treated with Spn lysate (Fig 2B), representing a 10.2- fold reduction in 

IFNγ-producing cells. One explanation for this effect was that IFNγ production was impaired in 

cells treated with lysate as a result of killing by pneumolysin, the cytotoxin present in Spn 

(Daigneault et al., 2012; Kadioglu et al., 2008). To assess death mediated by the lysate, effectors 

from the MLN of influenza infected mice were stimulated in the presence of lysate and cell 

viability determined by exclusion of 7-AAD.  As shown in figure 2C, cells stimulated with 3µg of 

Spn lysate, a dose that maximally inhibited cytokine production, had similar levels of 7-AAD 

positivity as cells stimulated in the absence of lysate. These data establish that a dose that was 

maximally inhibitory is not toxic to the CD8+ effector cells. To ensure that cells treated with 

lysate were not impaired because they were in the early stages of death, cells were stimulated 

for 18 hours in the presence or absence of Spn lysate. Similar to what we observed with the 5 

hour exposure, there was no difference in death in treated versus non-treated cells (Fig 2D). 

These data rule out the induction of death as a mechanism to explain the lack of effector 

function in cells treated with lysate.  
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Figure 2. EF3030 derived lysate inhibits in vivo generated NP-specific CD8+ T cell 

effectors in the absence of cytotoxicity. Mice infected with influenza virus were euthanized 

on day 8 post infection. Mediastinal lymph nodes (MLN) were harvested and cells stimulated ex 

vivo with influenza NP147-155 peptide for 5 (A-C) or 18 (D) hours. Following stimulation, cells were 

stained for CD8, tetramer, IFNγ, and 7-AAD. Data shown are pre-gated on CD8+ tetramer+ cells. 

A. Representative flow plots. B. Averaged data from 5 independent experiments evaluating IFNγ 

production. Cell viability was assessed after 5 hours (C) or 18 hours (D) of peptide stimulation. 

Averaged data ±SEM from 4 or 5 independent experiments are shown in C and D respectively. 

**p< 0.01 
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Inhibition of CTL function is a property specific to pneumococcal lysates.  Bacterial 

pathogens produce a broad array of bacterial toxins (Krachler et al., 2011). To determine 

whether the inhibitory effect observed following addition of Spn lysate could be attributed to a 

non-specific effect of adding bacterial lysate to T cells during stimulation, we generated lysates 

from lysates from the respiratory pathogen Bordetella pertussis (BP536) and a laboratory strain 

of Escherichia coli (XL-1 Blue). Lysates from overnight cultures of these bacteria were prepared 

in the same manner as the Spn lysate. NP-specific CTL were then restimulated with peptide in 

the presence or absence of these bacterial lysates. While T cells stimulated with peptide in the 

presence of Spn lysate showed 80% inhibition in cytokine production (Fig 3A) stimulation with 

the B.pertussis or E.coli lysate showed minimal inhibition (Fig 3A). These data support the 

hypothesis that the T cell inhibitory activity was not a general property of bacterial lysates, but 

rather was mediated by a pneumococcal product(s).  

Lysates derived from a panel of pneumococcal strains exhibit a range of inhibitory 

potential. We next tested the hypothesis that the ability to inhibit T cell effector function was a 

general property of Spn, i.e. that lysates generated from strains encompassing a variety of 

serotypes exhibited this capability. Spn currently has over 90 known serotypes, which induce a 

disease encompassing a range of severity (Richter et al., 2013). We included in our panel 

pathogenic strains such as TIGR4 or D39 (capsular serotypes 4 and 2 respectively) as well as an 

unencapsulated strain, MNZ1113 (Table 1).  Lysates from all strains were generated in the same 

manner as EF3030 lysates. Influenza-specific CTL were restimulated with peptide in the 

presence or absence of each lysate. As shown in figure 3B, we found that all of the lysates were 

capable of inhibiting IFNγ production. Interestingly, there was divergence with regard to the 

degree of inhibition conferred by lysates from the different strains. The pattern did not correlate 
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with any particular capsular serotype or the pathogenicity of a given strain. These data establish 

the ability of multiple strains of Spn to inhibit CD8+ T cell responses. 
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Figure 3. Inhibition of CTL function is a property of pneumococcal, but not bacterial 

lysates in general. NP-specific CTL were stimulated in vitro in the presence of lysates derived 

from other bacterial species or a panel of Spn strains. Averaged data ±SEM from 3-6 

independent experiments (A) or 2–8 independent experiments (B) are shown. Experiments were 

conducted using a minimum of two independently derived CTL lines. 
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The inhibition of antigen specific CTL effector function is due to the pneumococcal 

aminopeptidase, PepN. To identify the component responsible for the inhibitory activity, we 

subjected the lysate to heat (100ºC) and proteinase K treatment and found both of these 

treatments completely ablated the ability of the Spn lysate to inhibit IFNγ production by CTL 

(data not shown). Based on these results supporting the proteinaceous nature of the 

component, we passed the Spn lysate over an anion exchange column under constant flow. 

Fractions were collected every minute.  Based on the elution pattern of protein, fractions 13-50 

were tested for inhibitory activity in our peptide restimulation assay. Maximal inhibitory activity 

was observed in fractions 31-33 (Fig. 4A). These fractions were pooled and further purified by 

passage over a hydroxyapatite column. The protein-containing fractions (9-14) were tested for 

inhibitory activity. The majority of activity was found in fractions 11-13 with maximal activity in 

fraction 12 (Fig. 4B).   

Fractions 11-13 were run on a denaturing polyacrylamide gel and proteins visualized by 

Coomassie staining.  Each fraction contained multiple proteins, with the majority of protein 

eluting in fraction 11 despite maximal inhibition occurring with fraction 12 (Fig 4C). Upon close 

inspection, the intensity of a band at approximately 100kD (Fig 4C, arrow) was observed to be 

most correlative with inhibitory activity. This band was excised, extracted, and subjected to 

liquid chromatography and mass spectrometry to identify protein candidates, one of which was 

the pneumococcal metalloenzyme Aminopeptidase N (PepN). 
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Figure 4. Purification and identification of the inhibitory protein from Spn lysates. A. 

Proteins from EF3030 derived lysate were purified by anion exchange chromatography and 

protein containing fractions tested for their ability to inhibit IFNγ production. Total lysate served 

as a control. The fractions with the maximal inhibitory capability (denoted with a bar in A) were 

pooled and passed over a hydroxyapatite column. The ability of the collected fractions to inhibit 

IFNγ production by NP-specific CTL is shown in B. In addition to total lysate, the pooled fractions 

from the anion exchange column are shown (Pre-HA). Samples from B were run on a denaturing 

polyacrylamide gel and stained with Coomassie Blue protein stain (C). The protein band with an 

intensity that correlated with the inhibitory activity is identified by an arrow.   
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To determine whether Spn PepN was in fact responsible for the inhibition of CTL effector 

function the protein was produced in E. coli. Aminopeptidase N has been described in other 

closely related bacterial species e.g. Streptococcus thermophiles, but the pneumococcal PepN 

has not been characterized to date. We designed primers flanking the intergenic regions 

surrounding the PepN gene based on genetic alignment of strains of pneumococcus for which 

sequences are available. Following PCR amplification and sequencing to confirm identity, the 

pepn gene was cloned from EF3030 into the E. coli based protein overexpression vector pTHC-

Δp. This vector is engineered to add a sequence encoding a 6X His tag to the N terminus of the 

cloned gene. Following transformation, E. coli positive for the pepn containing vector were 

selected and cultured under conditions that induced the production of PepN.   

As a first step, we determined whether the lysate prepared from E.coli expressing PepN 

exhibited inhibitory activity. NP-specific CTL were stimulated with peptide in the presence of 

lysates from Spn, empty vector transformed E.coli, or E.coli expressing PepN-His. As expected, 

the lysate derived from E.coli transformed with the empty vector induced minimal inhibition of 

IFNγ (Fig 5A). In agreement with our previous results, significant inhibition of IFNγ production 

was observed following treatment with Spn lysate (Fig 5A, black bar).  Addition of lysate 

prepared from E.coli expressing PepN also resulted in robust inhibition of cytokine production 

(Fig 5A, hatched bar), supporting the hypothesis that PepN mediates inhibition of CD8+ CTL 

effector function.  

Given the evidence of PepN inhibitory activity in the lysate of E. coli transformed with the PepN 

vector, PepN was purified by passage over a nickel column.  The His tag was subsequently 

cleaved.  The purified proteins were assessed by gel electrophoresis (Fig 5B). The difference in 
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mobility between the His-tagged protein (PepN-His) and the cleaved protein (PepN) indicated 

successful removal of the tag. 
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Figure 5. Lysate derived from PepN-His expressing E.coli inhibits effector function. NP-

specific CTL were stimulated with peptide in the presence of 3µg of lysate derived from E. coli 

transformed with either empty vector or the vector expressing PepN or with Spn lysate. A. 

Percent inhibition of IFNγ production by E.coli or Spn lysates (mean +/- SEM). Data are from at 

least 3 independent experiments. A repeated measure ANOVA with a Tukey’s post-test was 

used to determine significance. **p<0.01.  B. Polyacrylamide gel depicting Spn lysate, column 

purified PepN-His and PepN with His tag removed. 
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Purified Spn Aminopeptidase N inhibits NP-specific CTL effector function. In order to 

establish that PepN from Spn was sufficient for mediating the inhibition of CTL effector function, 

we added titrated amounts of purified PepN versus Spn lysate during stimulation. To control for 

non-specific effects of adding purified E.coli-expressed protein, we used Bacillus anthracis 

coenzyme A-disulfide reductase (BACoADR) and L-α-glycerophosphate oxidase (GlpO), which 

were purified in a similar manner to PepN. As shown in figure 6A, increasing amounts of Spn 

lysate resulted in a corresponding increase in inhibition of IFNγ production following peptide 

stimulation. The Spn lysate was capable of inhibiting approximately 50% of the response with 

0.75μg. In contrast, the purified PepN exhibited 50% inhibition of IFNγ production at 0.025μg of 

PepN, which corresponds to an approximately 33-fold increase in the activity compared to the 

lysate. Inhibition was not a non-specific effect as the addition of 3µg of BACoADR or GlpO did 

not alter the production of IFNγ (Fig 6A). The loss of IFNγ production was associated with a 

failure to produce IFNγ mRNA (Fig 6B).  While peptide stimulation resulted in a 349-fold 

increase, message levels increased by only 9.6-fold when PepN was present, supporting 

regulation at the level of transcription.  

To determine if PepN treatment had cytotoxic effects in our T cell function assay, cells were 

stained with 7-AAD as previously described. As shown in figure 6C, PepN did not induce a 

significant increase in 7-AAD positivity at any of the concentrations tested. These data show 

PepN-mediated inhibition occurs in the absence of cell death. 
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Figure 6. Purified PepN shows enhanced T cell inhibitory activity relative to Spn lysate 

and this effect is independent of toxicity. NP-specific CTL were stimulated with peptide in 

the presence of increasing amounts of EF3030 derived lysate or purified PepN. Following 

stimulation, cells were stained with anti-CD8 and anti-IFNγ antibodies. 7-AAD was used to assess 

cell viability. A. Mean±SEM for PepN inhibition of CTL effector function. B. Mean±SEM of IFNγ 

mRNA following treatment of CTL with PepN. C. Cell viability data are represented as the 

mean±SEM.  Data are from 3 independent experiments using at least 2 independently generated 

NP-specific CTL lines.  
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PepN mediated inhibition of IFNγ production is independent of the peptidase activity 

of PepN. We hypothesized the ability of PepN to inhibit IFNγ was dependent on its known 

enzymatic activity. Like other metalloproteases, PepN activity relies on metal ion interaction 

with the binding pocket in the enzymatic domain of the protein (Chavagnat et al., 1999). In 

order to test the dependence on peptidase activity, we generated a mutant PepN that was 

incapable of binding zinc as a result of mutation of His292Ala, Glu293Ala, and His296Ala 

(PepNMet-) (Pham et al., 2007). Following generation of the PepN mutant, we tested enzymatic 

activity by measuring the cleavage of lysine from an aminomethylcoumarin (AMC) substrate. 

Trypsin served as a positive control. As shown in Figure 7A, trypsin treatment resulted in robust 

hydrolysis of lysine. Purified PepN also hydrolyzed the lysine-AMC substrate. In contrast, 

PepNMet- failed to hydrolyze the substrate (Fig 7A). When normalized to the relative activity of 

wildtype PepN, the metal negative mutant exhibited only 0.3% activity (Fig 7B) confirming that 

the mutations in the zinc binding domain rendered PepN enzymatically inactive.  

To test the inhibitory activity of the PepN mutant, CTL were stimulated in the presence or 

absence of PepNMet- and IFNγ production was measured. As expected, PepN inhibited nearly all 

IFNγ production induced by peptide stimulation (Fig 7C). Surprisingly the enzymatically inactive 

PepN exhibited similar inhibitory activity. Thus, the ability of PepN to inhibit CTL effector 

responses is not dependent on its aminopeptidase activity, demonstrating a novel function of 

this protein. 
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Figure 7. The ability of Spn PepN to inhibit NP-specific CTL effector function is 

independent of its enzymatic activity. The enzymatic activity of wildtype PepN and PepNMet- 

was tested by incubation with lys-AMC. Raw absorbance values from 3 independent 

experiments are shown in A. The average of values normalized to the level of activity observed 

using wildtype PepN (plotted as % relative activity) is shown in B. In C, NP-specific CTL were 

stimulated in the presence of PepN or PepNMet-. Cells were stained with anti-CD8 and anti-IFNγ 

antibodies following the stimulation period. Averaged data ±SEM from 3 independent 

experiments assessing the inhibitory activity of each protein is shown. **p<0.01, ***p<0.001  
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Treatment with PepN inhibits the initiation of TCR signaling. Given the failure to produce 

IFNγ, we determined whether PepN treatment impaired signaling through the TCR. One of the 

earliest events to occur following TCR engagement is phosphorylation of the kinase ZAP-70 (for 

review see (Smith-Garvin et al., 2010)). To assess activation of ZAP-70, CTL were stimulated with 

peptide-pulsed splenocytes for 15 minutes in the presence or absence of PepN at which point 

cells were fixed. Peptide stimulation induced a robust increase in the MFI of phospho-ZAP-70 

which was inhibited in the presence of PepN (Fig 8A,B), indicating PepN treatment prevents 

initiation of TCR signaling. 

Given the early nature of this signaling defect, we hypothesized that we could restore function 

through direct stimulation of downstream mediators of T cell activation using PMA and 

ionomycin (IONO). PMA and IONO directly activate protein kinase C-θ and induce Ca+ flux, 

respectively. Figure 8C shows that PMA+IONO stimulation induced a robust IFNγ response in 

effector cells that was blocked by the presence of PepN. The inability of PMA+IONO treatment 

to promote IFNγ production in the presence of PepN suggested this immunoregulatory protein 

also inhibited distal molecules in the TCR signaling pathway.  
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Figure 8. NP-specific CTL treated with purified PepN show diminished ZAP-70 
phosphorylation following peptide stimulation which cannot be restored by 
stimulation with PMA and ionomycin. NP-specific CTL were stimulated with splenocytes 
pulsed with 10-6M NP147-155 peptide in the presence or absence of PepN. Following stimulation, 
cells were fixed with 2% paraformaldehyde to halt TCR signaling. Permeabilized cells were 
stained with anti-p-ZAP-70 antibody. Representative histograms (A) and averaged data from 4 
independent experiments (B) are shown. C. NP-specific CTL were stimulated with PMA and 
ionomycin in the presence or absence of PepN.  IFNγ production under each condition is shown. 
Data shown are the mean±SEM from 4-7 independent experiments utilizing at least 2 
independently generated CTL lines. *p<0.05, **p<0.01, ***p<0.001.  
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Phospho-ERK1/2, phospho-JNK, and phospho-p38 are significantly reduced following 

PepN treatment. Given the failure of PMA +IONO to overcome the negative effects of PepN, 

we evaluated the signaling mediators distal to the targets of PMA and IONO action, i.e. ERK1/2, 

JNK and the p38 mitogen-activated protein kinase (Smith-Garvin et al., 2010). Phosphorylation 

of these molecules mediates the activation and nuclear translocation of transcription factors 

where they promote production of mRNA. We hypothesized that PepN treatment impaired 

activation of these molecules. To test this, CTL were stimulated with PMA and IONO in the 

presence or absence of PepN, followed by staining with anti-phosphoERK1/2, anti-phospho-JNK, 

and anti-phospho-p38 antibodies. We observed increases in the level of p-ERK1/2, p-p38, and p-

JNK following 15 minutes of stimulation with PMA and IONO (representative data shown in 

figure 9A and averaged data in Fig 9B-D). In contrast, CTL treated with PepN showed significantly 

reduced levels of these phosphorylated molecules. Interestingly, the amount of phospho-

ERK1/2 in PepN treated cells was significantly below that in non-stimulated cells (approximately 

3-fold) (Fig 9E), suggesting the ability of PepN to modulate basal levels of p-ERK1/2. To 

determine whether the reduced level of phosphorylated protein was the result of protein 

degradation, we evaluated total ERK1/2 as a representative signaling molecule. No decrease was 

observed following PepN treatment (Fig 9E). Together these data show that PepN regulates T 

cell effector function by inhibiting phosphorylation of the TCR signaling cascade at multiple 

steps. This raised the interesting possibility that signaling was generally inhibited by PepN 

treatment. 

mTOR phosphorylation is unaffected by PepN treatment. The Akt pathway is activated 

downstream of signaling through TCR, and is responsible for regulation of cellular metabolism.  

This pathway operates via the global regulator mammalian target of rapamycin (mTOR). When 



90 
 

CD8+ T cells are activated, they are placed under metabolically intensive conditions. Glycolysis, 

amino acid uptake, and protein synthesis must all increase in order to facilitate appropriate 

effector function (Maciolek et al., 2014). Thus, regulation of this pathway has a profound impact 

on the cell. To assess mTOR activation, NP-specific CTL were stimulated for 15 minutes with 

PMA and IONO in the presence or absence of PepN as above. Following stimulation, a rapid 

increase in the levels of phospho-mTOR was observed (Fig 9F,G). In stark contrast to the 

previous signaling molecules analyzed, there was no effect of PepN treatment on mTOR 

phosphorylation (Fig 9F,G). These data argue that the effect on TCR signaling by PepN is not 

global in nature, but instead impacts selected molecules/arms of the pathway.  

PepN treatment can inhibit non-TCR signaling pathways. We were interested in 

determining whether the negative effects on signaling extended beyond the TCR signal 

transduction pathway. To test this hypothesis we examined signaling through the type I IFN 

receptor by assessing STAT1 phosphorylation (for review see (Rawlings et al., 2004)). Treatment 

with Type 1 IFN resulted in an increase in the level of phospho-STAT1 that was significantly 

inhibited by PepN (Fig 9H and I). Thus, regulation of effector cells by PepN is not limited to the 

TCR signaling pathway.  
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Figure 9. PepN treatment significantly impairs many, but not all molecules in the TCR 

signaling pathway. For analysis of TCR signaling, NP-specific CTL were stimulated for 15 

minutes with PMA+IONO in the presence or absence of PepN followed by staining with anti-CD8 

and antibody for the indicated signaling molecule. Representative histograms showing levels of 

phosphorylated ERK, p38, and JNK are presented in (A). The mean MFI±SEM are shown for the 

level of phospho-ERK (B), phospho-p38 (C), phospho-JNK (D) and total ERK protein (E). 

Representative histograms (F) and mean MFI±SEM (G) showing levels of phosphorylated mTOR. 

For the analysis of STAT1 activation, NP-specific CTL were stimulated for 15 minutes with type 1 

IFN followed by staining with anti-phospho STAT1 antibody. Representative histograms are 

shown in (H) and mean MFI±SEM in (I). All data are from 3-4 independent experiments. *p<0.05, 

**p<0.01, ***p<0.001 

  



92 
 

Discussion 

In this study we demonstrate the novel and unexpected ability of Spn aminopeptidase N to 

inhibit antigen-induced effector function (cytokine production and cytolytic granule release) in T 

cells.  To our knowledge, the ability of a bacterial aminopeptidase to inhibit T cell function has 

not been previously reported.  Importantly, this regulatory capability was independent of its 

known peptidase activity. The finding that peptidase activity was not required, coupled with the 

inability of PMA and ionomycin to restore function, obviates the possibility that degradation of 

peptide plays a role in the inhibitory effects of PepN.  Analysis of effector T cells treated with 

PepN revealed that the failure to produce cytokine correlated with a robust decrease in the 

activation of numerous molecules involved in TCR signal transduction, i.e. ZAP-70, ERK1/2, JNK, 

and p38.   

Many bacterial species directly suppress immune signaling pathways in order to evade detection 

by host immune responses (Coombes et al., 2004; Krachler et al., 2011). A common target of 

suppression is the MAP kinase pathway. This pathway is relatively conserved in nature, where 

organisms ranging from yeast to man use phosphorylation by protein kinases to transmit signals 

inter- and intracellularly. It has been estimated that ~30% of all cellular proteins can be modified 

by protein kinase activity (Manning et al., 2002). High reliance on this evolutionarily well 

conserved signaling pathway provides ample targets for bacterial pathogens to modulate and 

suppress immune signaling within the host environment. 

One strategy employed by pathogens to inhibit host cell signaling is to directly block activation 

through binding to MAP kinases (Coombes et al., 2004; Orth et al., 1999). A well characterized 

example of a bacterial effector protein that specifically targets TCR signaling by blocking a kinase 

is the Yersinia pestis YopJ protein. YopJ is a member of the Yersinia outer protein (Yop) family 
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and is an acetyltransferase that directly binds to MAP-kinase-kinases (MKKs), blocking both 

phosphorylation and subsequent activation (Coombes et al., 2004). The result of this block is 

reduced levels of activated ERK, p38, and JNK and their associated signaling pathways 

(Mukherjee et al., 2006). Salmonella typhimurium AvrA and Bacillus anthracis Lethal Factor (LF) 

employ similar strategies (Duesbery et al., 1998; Jones et al., 2008).  

Another mechanism for bacterial toxins to inhibit host cell signaling is by dephosphorylation of 

host cell signaling molecules. The Y. pestis YopH protein is a potent phosphatase that was shown 

to inhibit T cell activation through binding and inhibition of the adaptor molecules linker for 

activation (LAT) and the SH2-domain-containing leukocyte protein of 76 kD (SLP-76), resulting in 

inhibition of T cell signaling (Gerke et al., 2005). Similarly, Salmonella SpvC and Shigella flexneri 

OspF proteins are phosphothreonine lyases that target phosphorylated threonine residues on 

ERK and p38 leading to their inactivation (Li et al., 2007; Mazurkiewicz et al., 2008). While 

unknown, phosphatase activity would be an attractive hypothesis for the described inhibition of 

TCR signaling with PepN treatment.  

Together, these examples lend credence to the model that pathogenic bacteria can target 

evolutionarily conserved signaling pathways, especially in immune cells. With that said, Spn 

PepN is the first example of a bacterial aminopeptidase with this activity. Interestingly, Spn has 

no described mechanism for actively delivering proteins to the host cell cytoplasm. Instead, Spn 

is known to undergo autolysis at stationary phase as a result of the action of lytA (Sanchez-

Puelles et al., 1986), which  allows access of Spn proteins to the extracellular environment. 

Passive import of a protein that can inhibit host cell signaling has been reported for Helicobacter 

pylori vacuolating toxin (VacA), which can be internalized directly into the cytoplasm of host T 

cells through interaction with lipid rafts and cell surface receptors (Boncristiano et al., 2003). 
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The mechanism used by VacA to gain entry into the host T cell presents an appealing model. 

Such access would allow for regulation of molecules at proximal and distal steps of the pathway. 

An additional possibility is that PepN exerts its inhibitory effect through binding to an 

extracellular receptor, although it is more difficult to imagine how such an interaction regulates 

multiple signaling components, i.e. ERK, JNK, and p38.  

It is intriguing that activated T cells express a membrane bound aminopeptidase (CD13) 

(Lendeckel et al., 1996; Mina-Osorio, 2008). Treatment of T lymphocytes with inhibitors of CD13 

activity results in inhibition of proliferation and cytokine production (Ansorge et al., 2009).  

Whether the Spn PepN can act as a competitor for a CD13 binding partner and thereby reduce 

CD13 function merits further exploration. 

The newly described function of Spn PepN reported here has important implications for carriage 

and IPD.  Previous work from our laboratory showed that in the context of influenza virus and 

Spn coinfection, effector cells demonstrated a reduced ability to produce IFNγ and TNFα (Blevins 

et al., 2014).  During coinfection of the lung, it is highly likely that antiviral T cells would be 

found in the same tissue space as invading Spn, allowing for potential regulation by PepN.  

Regulation of effector functions by Spn PepN could also have important consequences for 

bacterial clearance. CD4+ T cells are crucial mediators of the anti-Spn response (Malley et al., 

2005; Zhang et al., 2007). Preliminary data suggest CD4+ T cells also exhibit susceptibility to 

inhibition by PepN.  Finally, it is possible that Spn may not only curtail ongoing immune 

responses, but also negatively impact tissue resident memory T cells in the lung and 

nasopharynx. At present we do not know whether PepN exposed cells can recover function. If 

not, modulation of tissue resident memory cell function as a result of nasopharyngeal 

colonization or invasion of the respiratory tract by Spn, could leave the host with increased 
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susceptibility to infection following pathogen reencounter as these immune cells are critical for 

protection (Woodland et al., 2001). 

Alternatively, during carriage it is possible that low level release of PepN into the host 

environment could modulate the inflammatory nature of the immune environment. MAP kinase 

signaling is not unique to T cells; many host cells utilize this type of signaling network to produce 

a variety of cytokines (Coombes et al., 2004; Krachler et al., 2011). This opens the possibility that 

Spn PepN modulates the inflammatory environment in the nasopharynx where the bacteria 

typically colonize in the absence of disease, leading to modulation of the innate response to the 

bacteria. Thus, the action of PepN could be broad with regard to immune regulation.  Additional 

studies are necessary to understand the full potential of this protein in the context of Spn 

infection. 

In summary, we report a novel activity for the Spn bacterial aminopeptidase PepN, i.e. inhibition 

of cytokine production and cytolytic granule release by effector T cells. Unexpectedly, inhibition 

was independent of the described peptidase activity of PepN. Further, the failure of T cells to 

produce cytokine and release cytolytic granules in the presence of PepN was associated with a 

robust reduction in the activation of multiple components of the TCR signaling cascade, 

including ZAP-70, ERK, JNK, and p38. The findings presented here elucidate a novel mechanism 

by which Spn can directly modulate host T cell effector function and may play an important role 

in pneumococcal disease. 
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Chapter IV 

Discussion 

Lance K. Blevins 

  



97 
 

The role of Spn in modulating IAV-specific CD8+ T cell responses during viral/bacterial coinfection 

has been unexplored.  In the body of work encompassing this thesis, I have demonstrated a role 

for Spn in the negative regulation of the IAV-specific CTL response during coinfection. This is 

mediated in large part by enhanced death of antiviral effector cells in the coinfected lung. This 

effect was apparent in the tissue that harbored high levels of both pathogens as the lung 

draining MLN showed no evidence of increased death of IAV-specific effector cells. Further, the 

presence of the bacteria corresponded to a reduction in IFNγ secretion by the cells that 

remained.  We expanded on this latter finding by testing the hypothesis that Spn could directly 

inhibit CTL effector function through the establishment of a highly tractable ICCS system testing 

the in vitro effects of Spn lysate. The results presented in this thesis demonstrate that Spn lysate 

is sufficient for inhibiting IFNγ production by primary CTL. Using a biochemical approach, we 

identified the Spn peptidase, PepN as being sufficient in mediating this inhibition. We 

determined that PepN treatment of CTL inhibited effector function by disrupting TCR signaling 

at both proximal and distal steps in the signaling cascade and that this inhibition was a novel 

function of Spn PepN independent of its enzymatic activity. These findings greatly extend our 

knowledge of the role of Spn in modulating anti-viral CTL responses in an in vivo coinfection 

model as well as providing evidence for the direct regulation of CD8+ T cells by the bacteria. The 

implications of these findings will be explored below.  

Spn mediated regulation of the lung immune environment following coinfection. The 

generation of the IAV-specific CTL response found in the lung following IAV infection has been 

studied extensively, but recently our understanding of the role of secondary stimuli in the 

survival and maintenance of an optimal CTL response has increased substantially. Upon entering 

the IAV infected lung, virus specific CTL encounter infected epithelial cells displaying viral 

antigens on the cell surface via class I MHC. Further, CD103+ and CD11b+ DC within the infected 
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lung continue to present antigen to virus specific CTL. In the context of virally infected cells, the 

interaction of the TCR with cognate pMHC in the absence of costimulation results in the 

targeted release of cytolytic granules which facilitate the removal of virally infected cells 

(Hufford et al., 2011). However during CTL interaction with respiratory DC, IAV-specific CTL also 

receive costimulation through CD80/86 and CD28 on the effector cell. It has been indicated that 

these further interactions between costimulatory ligands and CD28 promotes and induces full 

CTL effector function i.e. the ability to secrete cytokine as well as release cytolytic granules 

(Hufford et al., 2011). Due to the critical role of the lung immune environment in the 

maintenance of an optimal IAV- specific CTL response, we hypothesized that the presence of Spn 

during coinfection could potentially alter the number of respiratory DC in the lung. This was an 

attractive hypothesis as not only do respiratory DC contribute to CTL effector function, they also 

promote survival of IAV-specific CTL through the trans presentation of IL-15 (McGill et al., 2010). 

Any perturbation in the number of respiratory DC could potentially impact the survival and 

functionality of the IAV-specific CTL response during coinfection. 

 Our data indicate that at 8d p.i. the relative numbers of CD103+ DC and CD11b+ DC in the 

coinfected lung are comparable to those found in mice infected with IAV only.  These data 

would argue against an alteration in the relative size of respiratory DC populations as being 

responsible for the negative regulation of the IAV-specific CTL response observed in our model. 

Further, when we examined mRNA associated with IL-15 expression isolated from total lung 

tissue in IAV infected and coinfected animals, we surprisingly found a substantial increase in the 

relative expression of IL-15 in coinfected lungs compared to those infected with IAV alone. The 

finding that IL-15 expression was increased in the coinfected lung was interesting, however not 

surprising. Studies have indicated that the expression of IL-15 is tightly controlled with 

inflammation as one of the stimuli responsible for driving its expression (Fehniger and Caligiuri, 
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2001). As previously mentioned, coinfection with IAV and Spn results in increased inflammatory 

cytokine production (Smith et al., 2013). The increase of inflammatory molecules could 

potentially explain the increased expression of IL-15 in our model. The role of IL-15 in disease 

processes can differ depending on the context in which it is being expressed. For example, 

Ishimitsu et al. showed that in an OVA-sensitized transgenic mouse model, overexpression of IL-

15 actually protected from lung inflammation following OVA inhalation (Ishimitsu et al., 2001). 

However, the overexpression of IL-15 has been implicated in exacerbating autoimmune 

disorders such as Celiacs disease and rheumatoid arthritis (Fehniger and Caligiuri, 2001). 

Interestingly though, a study by Carson et al. determined that coadministration of IL-15 with IL-

12 resulted in lethal cytokine-induced shock in mice similar to that of coadministration of IL-2 

and IL-12 (Carson et al., 1999). This raises the interesting possibility that the overexpression of 

IL-15 in the coinfected lung could be potentiating negative disease outcomes through synergy 

with other proinflammatory cytokines such as IL-12. While these data support the notion that 

negative regulation of respiratory DC or their expression of IL-15 is not responsible for 

negatively regulating IAV-specific CTL during coinfection, we do concede that we did not directly 

test the capability of DC isolated from coinfected lungs to trans present IL-15 to CTL, as this 

direct interaction is required for IL-15 signaling (McGill et al., 2010). However, this is unlikely, as 

any failure in the ability of DC to appropriately present IL-15 to CTL would result in death of CTL 

via apoptosis. When we examined the role of active caspase-3 in the death of IAV-specific CTL in 

the coinfected lung, we could not detect increased activation of caspase 3 in CTL isolated from 

coinfected lungs. This coupled with the loss of membrane permeability, as evidenced by 7-AAD 

positivity, strongly argue that the death observed in our model is necrotic.  

Another consideration in interpreting the equivalent number of lung DC between IAV-infected 

and coinfected mice is the expression of CD80 and CD86. While the relative numbers were the 
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same, it is possible that DC isolated from coinfected lungs express less CD80 and CD86. This 

could explain the loss of the ability to secrete cytokine while retaining the ability to release 

cytolytic granules given what we know about the role of costimulation during the acute 

response (Hufford et al., 2011). However, this mechanism for Spn to modulate the effector 

function of IAV-specific CTL would not result in irreversible negative regulation of CTL, and we 

would predict that cells would regain function as the expression of costimulatory ligands 

returned. This actually presents an interesting possibility as I did observe increased IAV-specific 

effector function by day 11 post infection, which in this model would be consistent with normal 

expression of CD80/86 by lung DC at this time. However, I did not directly test for cell surface 

expression of costimulatory molecules by respiratory DC. Preliminary data with Spn lysate 

treatment of DC2.4 cells stimulated with in vitro LPS and the subsequent upregulation of 

costimulatory molecules were inconclusive, indicating either no or a limited role for Spn to 

modulate the expression of costimulatory molecules on DC. Further, the lack of CD80/86 

expression on respiratory DC would only describe the in vivo generation of a cytokine response. 

Given that IAV-specific CTL do produce IFNγ following ex vivo stimulation with peptide, it would 

follow that if the lack of costimulation was responsible for the inability to produce cytokine, we 

would see cytokine produced during peptide stimulation, making the expression of 

costimulatory molecules an unlikely explanation for the inhibition of IFNγ during in vivo 

coinfection.  Based on these data, we conclude that alteration of respiratory DC populations or 

their effector functions is likely not contributing to the negative effect of Spn on the IAV-specific 

CTL response during coinfection of the lung. 

Spn associated increase in the number of lung resident Tregulatory cells.  Tregs serve a critical role in 

the conclusion of the IAV-specific CTL response. Tregs are responsible for limiting inflammation 

and immune mediated pathology associated with a potent CTL response (Haeryfar et al., 2005). 
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Tregs use multiple mechanisms to inhibit CTL effector function and to induce CTL death, which 

subsequently leads to contraction of the response. These mechanisms include the production of 

inhibitory cytokines, such as TGFβ (Green et al., 2003), expression of inhibitory molecules such 

as CTLA-4 which can inhibit upregulation of CD80/86 by DC (Misra et al., 2004), and through 

perforin and granzyme mediated killing of DC and IAV-specific CTL (Boissonnas et al., 2010; Cao 

et al., 2007; Grossman et al., 2004). Spn has also been reported to induce differentiation of CD4+ 

T cells into regulatory subsets (Preston et al., 2011; Thorburn et al., 2013; Thorburn et al., 2012) 

and that these cells are sufficient for limiting lung inflammation in a murine model of induced 

asthma (Preston et al., 2011; Thorburn et al., 2013; Thorburn et al., 2012). This leads to the 

hypothesis that Tregs associated with the presence of Spn in the coinfected lung are mediating 

the negative regulation of the IAV-specific CTL response observed in our model. 

To address this possibility we examined the number of Tregs in the lungs of IAV infected and 

coinfected mice 8dpi. Unsurprisingly, we found an approximately four fold increase in the 

number of FoxP3+ CD25+ Tregs in the lungs of coinfected animals compared to those infected with 

IAV alone. This increase would support the hypothesis that Tregs associated with Spn coinfection 

could be responsible for the decreased IAV-specific CTL response. Tregs are generally represented 

by two distinct subsets determined by the tissue in which they were differentiated. Natural Tregs 

differentiate in the thymus and are identified by their expression of FoxP3 and CD25 (Mills, 

2004). Inducible Tregs generally describes subsets of Tregs induced to a regulatory phenotype, one 

example of these being the IL-10 induced T regulatory 1 cells (TR1) (Roncarolo et al., 2006). I 

used FoxP3 and CD25 expression to classify my Treg population, characterizing them as natural 

Tregs as opposed to induced. It is important to point out that in my analysis of lung Treg cells, I did 

not directly examine induced Tregs. The increased number of natural Treg in the coinfected lung is 

likely explained by the increased inflammation associated with the coinfected lung environment. 
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It has been demonstrated that entry of Spn into the IAV infected lung results in dramatic 

increases of inflammatory cytokines such as type 1 IFN and IL-6 (Seki et al., 2004; Smith et al., 

2013; Smith et al., 2007). Given the role of Tregs in the control of inflammation, one of the signals 

that calls Tregs into the infected tissue is the high levels of inflammation (Mills, 2004), suggesting 

the increased inflammation in the coinfected lung could disproportionately recruit natural Tregs 

into the lung.  

One of the primary mechanisms that Tregs use to suppress IAV-specific CTL responses is direct 

killing of those cells. Much like perforin and granzyme mediated mechanisms used by 

conventional CTL effectors, Tregs also use perforin and granzyme to specifically target and kill 

activated CTL effectors (Cao et al., 2007; Grossman et al., 2004). This results in the activation of 

apoptotic pathways in CTL, which is characterized by caspase 3 activation as mentioned 

previously. Our data did not indicate a role for a caspase mediated pathway of CTL death in our 

model. This would argue against the direct role of Tregs in the diminished size of the IAV-specific 

CTL response in the coinfected lung. While it is possible these cells could be using alternative 

means to induce death of IAV-specific CTL such as sequestration of IL-2 (Pandiyan et al., 2007), 

this would still result in apoptotic death of IAV-specific CTL, which calls into question the role of  

Tregs in diminished CTL number. 

 Curiously, we also did not detect significantly increased levels of the suppressive cytokine TGFβ 

when we analyzed total lung mRNA expression. This raises the interesting possibility that Tregs 

present in the coinfected lung may also be functionally inhibited. If this were true, it would not 

seem less likely that Tregs were suppressing IAV-specific CTL effector function in the coinfected 

lung, despite increased number. However, it is possible that by examining TGFβ mRNA 

expression in whole lung tissue, that other sources of the cytokine could be masking Treg specific 
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production of TGFβ or alternatively Tregs may be impacting effector cells through production of 

other mediators, e.g. IL-10. The data presented leave open the possibility of a role for Tregs in the 

negative regulation of the IAV-specific CTL response, but more effort will be needed to fully 

characterize the role of these cells in coinfection. 

The direct role for Spn in the negative regulation of IAV-specific CTL effector function  While 

the ability of Spn to modulate the lung inflammatory environment has been explored, there is 

also evidence that Spn can directly affect T cells in order to modulate adaptive immune 

responses. One example of this is the direct effect of PLY on T cells and its ability to directly 

induce death in these cells (Daigneault et al., 2012). This leads to the interesting hypothesis that 

Spn can directly modulate CTL responses in the context of coinfection. 

While the ability of the cholesterol dependent cytotoxin PLY to kill T cells directly was not tested 

in the body of this work, there are published examples in which PLY has been shown to directly 

kill T cells (Daigneault et al., 2012) as well as work from our lab (Grayson et al. manuscript in 

preparation). We speculated that the death apparent in the in vivo coinfection model could be 

potentially mediated by PLY. As Spn transitions from a nasopharyngeal biofilm and descends 

into the lung, the increased temperature and availability of nutrients leads to increased 

expression of Spn virulence factors such as PLY (Ramos-Sevillano et al., 2011). In support of this 

hypothesis, we only observed significant death of IAV-specific effectors in the coinfected lung 

(high pathogen burden), not in the lung draining MLN (low pathogen burden). This would 

support a model in which colocalization of IAV-specific CTL in the same space as Spn is required 

and facilitates CTL exposure to Spn components, e.g. PLY.  Interestingly, by 11dpi the relative 

numbers if IAV-specific CTL were similar in the lungs of IAV infected and coinfected animals. This 

may seem to argue against a role of Spn PLY in the killing of IAV-specific CTL as we could still 
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detect significant bacterial burden in the lungs of coinfected animals. However, this discrepancy 

could be explained by a transition to a biofilm state by the bacteria. Spn biofilm formation has 

been extensively studied in the nasopharynx but it is important to note that the bacteria can 

also form a biofilm in the lung (Domenech et al., 2012). As stated previously, one of the 

hallmarks of biofilm formation is decreased expression of PLY, which would result in decreased 

cell killing of IAV-specific CTL 11dpi if this were the case. Further,  in data not shown, when we 

increased the amount of Spn lysate used ten-fold compared to the inhibitory dose of 3 µg and 

examined loss of cell viability, we found that there was a significant increase in the percentage 

of cells that stained positive for the cell viability dye, 7-AAD. In support of this notion, further 

work from our laboratory has demonstrated that Spn lysate leads to the death of isolated 

human PBMC, and this effect is dependent on PLY, as treatment with lysate generated from a 

Spn strain incapable of producing functional PLY elicited death comparable to levels seen in 

untreated cells (Grayson et al., manuscript in preparation).  

The prediction that PLY is mediating the increased death observed during coinfection would 

disagree with a recent study by Daigneault et al. In their model, they found that T cells treated 

with PLY died in a Fas dependent manner, resulting in apoptosis, when macrophages were not 

present (Daigneault et al., 2012). When macrophage were present however, they described a 

necrotic death associated with T cell treatment with PLY (Daigneault et al., 2012), which more 

closely resembled our observations regarding T cell death in the coinfected lung. Fas mediated 

apoptosis would require the activation of caspase 3 (Woo et al., 1999), which we did not 

observe (Supplemental Figure1). Given that within the lung coinfected lung, we detected robust 

number of macrophages, we would have predicted that T cells death associated with local PLY 

release would be correlated with active caspase 3 and appear apoptotic. However, in our model 

we observed what appeared to be necrotic death as the loss of membrane integrity was the only 
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hallmark of cell death we could detect experimentally. One possibility for this inconsistency is 

the difference in the tissues examined. For their study, Daigneault et al. examined the effect of 

Spn produced PLY on splenic T cells using a bacteremic model of serotype 4 Spn infection 

(Daigneault et al., 2012). The reported difference in expression of FasL on monocyte derived 

macrophages compared to monocytes (Kiener et al., 1997) could potentially account for this. It 

is possible that the downregulation of FasL is a hallmark of the transition from a monocyte to a 

differentiated macrophage and these differences could be even greater between macrophages 

isolated from the spleen versus those from the lung.  Regardless, data presented within this 

thesis and from our laboratory suggest a role for PLY in mediating the death of IAV-specific CTL 

in the coinfected lung.  

We tested the possibility that Spn could be playing a direct role in the inhibition of IFNγ 

production by IAV-specific CTL. We found that treating IAV-specific CTL with Spn lysate during 

peptide stimulation resulted in complete inhibition of cytokine production in the absence of cell 

killing. Further, we identified the Spn aminopeptidase, PepN, as sufficient for mediating this 

effect. In support of this, we demonstrated that lysate derived from E.coli was incapable of 

inhibiting cytokine production by CTL, however, when E.coli was transformed with a PepN 

expressing plasmid, lysate generated from these bacteria gained the ability to inhibit IFNγ 

production by CTL. Further, we also demonstrated that purified Spn PepN expressed in E.coli 

inhibited IFNγ production more effectively than Spn lysate, corresponding to a 33-fold increase 

in the specific activity of the purified protein.  

The ability of PepN to inhibit CTL effector function correlated with defects in the ability of 

treated CTL to effectively initiate cell signaling. When CTL were treated with PepN and 

stimulated with peptide pulsed splenocytes for 15 minutes, we observed significantly decreased 
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levels of the phosphorylated form of ZAP-70, one of the initial steps in TCR signaling. To our 

surprise, bypassing the TCR by stimulating with PMA and IONO did not correct this defect. We 

then determined that PepN treatment also inhibited multiple distal steps in TCR signaling, such 

as the activation of ERK, JNK, and p38. However, AKT dependent activation of mTOR as a result 

of TCR signaling was not affected by PepN treatment, indicating some selectivity in the 

pathways targeted by PepN.  

These results strongly support the hypothesis that Spn can directly mediate negative immune 

regulation of the IAV-specific CTL response. While we did not directly test the role of PepN in 

our in vivo coinfection model, one can appreciate the likelihood that IAV-specific CTL would be 

exposed to PepN in an in vivo coinfection setting given the probability that Spn would be in close 

proximity to activated CTL effectors. As mentioned previously, Spn in the coinfected lung 

undergo rapid turnover through autolysis or bacterial fratricide, which would facilitate the 

release of intracellular proteins into the lung environment. The exact role of Spn PepN in the 

pathogenesis of Spn infection and coinfection will require more detailed examination to fully 

appreciate their relationship. 

Model for Spn mediated negative regulation of IAV-specific CTL during coinfection. Based on 

the data presented in this thesis, we hypothesize that the negative regulation of the IAV-specific 

CTL response is primarily due to the direct effects of Spn PepN and PLY with potential 

contributions of the indirect influx of Tregs on virus specific CTL during coinfection. In support of 

this model is the observation that the negative regulation of IAV-specific CTL is tissue specific i.e. 

the lung, as analysis of lung draining MLN revealed no impact on CTL effector function and we 

did not detect increased death of IAV-specific CTL compared to CTL isolated from MLN of IAV 

infected mice. Given that Spn transition from colonization in the nasopharynx to pneumonia in 
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the lung is characterized by increased expression of virulence factors (Ramos-Sevillano et al., 

2011), we propose that upon entry into the coinfected lung, the colocalization of Spn with IAV-

specific CTL in the lung, specifically in the airways, will lead to the exposure of those cells to 

PepN and PLY released by Spn undergoing autolysis. The proposed consequence of this exposure 

would be the induction of necrosis like death of the IAV-specific CTL and reduced capability for 

cytokine production in the cells that remain. In support of this we point to the similarities 

between IAV-specific CTL from coinfected mice and those exposed to lysate and PepN in vitro. In 

both scenarios, necrotic death can be induced either in the context of the natural infection or by 

addition of high concentrations (30 µg) of lysate. Further, stimulation of CTL from coinfected 

lungs or CTL treated with PepN with PMA and IONO can’t be induced to produce IFNγ. These 

data suggest that CTL from both conditions may be functionally inhibited in similar ways. There 

is also the important question of whether the inhibition mediated by PepN is permanent, or if 

given enough time, cytokine secretion returns. Our in vivo data suggest the latter might be true, 

as by day 11 post infection, we saw CTL function that was more representative of what was seen 

in IAV infected mice, suggesting the effect may be transient. Alternatively, this could be 

explained by turnover of IAV-specific cells in the coinfected lung. For example, as IAV-specific 

CTL die and are removed from the lung, new cells would be generated in the MLN, and at the 

time of entry into the coinfected lung, they would retain the full range of effector function. To 

test whether Spn mediated inhibition of effector function is permanent, CTL treated with PepN 

could be cultured in our in vitro culture system for 7-14 days. If, over time, the cells regained the 

ability to produce IFNγ, it would suggest that effector function can be restored. If the CTL 

treated with PepN could not regain function, the consequences of Spn infection could extend 

past the acute immune response and would have negative implications for memory cell 
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generation, memory responses, as well as effector T cell responses to other viral and bacterial 

pathogens.  These possibilities will be discussed later. 

The consequence of the loss of IFNγ secreting cells in the context of coinfection has not been 

elucidated, however our data would suggest that it exacerbates disease based on our 

observation that adoptive transfer of functional IAV-specific CTL into coinfected animals 

increases survival compared to that observed in coinfected animals receiving mock PBS transfer. 

Given the limited role for CTL in the Spn specific immune response and unaltered viral clearance 

kinetics at days 8 and 11 post infection, we propose that the loss of IFNγ secreting cells in the 

coinfected lung drives pathology. In support of this notion, Wiley et al. demonstrated that 

during IAV infection, mice that received Tc2 polarized CTL (CD8+ T cells that secrete Th2 

cytokines such as IL-4) demonstrated increased lung pathology associated with the anti-IAV 

immune response (Wiley et al., 2001a). This observation was independent of differential 

clearance of the virus, suggesting a role for the particular cytokine milieu in the IAV infected 

lung. Further, the increase of lung pathology corresponded to an eosinophil influx into the virally 

infected lung and decreased lung function as evidenced by respiration and blood oxygenation 

(Wiley et al., 2001a). These data suggest a role for IFNγ in IAV-associated lung immune 

pathology as transfer of either Tc1 or Tc2 polarized T cells that were unable to produce IFNγ 

resulted in enhanced inflammation and lung pathology following IAV infection (Wiley et al., 

2001a). It raises the possibility that during coinfection, the loss of IFNγ production by the IAV-

specific CD8+ T cell response leads to increased immunopathology within the lung consistent 

with the observations of Wiley et al. of the role of IFNγ in limiting lung damage and maintaining 

lung function during experimental IAV infection (Wiley et al., 2001a).  This presents a potential 

model for the increased disease and mortality we observed in our coinfection model. 
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Finally, the increased inflammation associated with the coinfection could recruit natural Tregs into 

the coinfected lung in higher number than found in the context of IAV infection. Our data 

support this possibility as we detected significantly more natural Treg in the coinfected lung 

compared to animals infected with IAV alone. The presence of these Treg could be contributing 

to the observed functional impairment of IAV-specific CTL isolated from coinfected lung tissue, 

however the extent of their contribution is not fully known.  These data indicate that production 

of virulence factors PLY and PepN by Spn and the increased number of Treg cells in the lung 

during in vivo coinfection has the potential to modulate the ongoing IAV-specific CTL responses 

directly. The consequences of these effects will be discussed below.  
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Figure 1. Negative regulation of IAV-specific CD8+ T cells by Spn in the coinfected lung – A 

model  
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Physiological relevance to an in vivo immune response  

Spn-specific T cell immunity. While not explored in the work presented here and not previously 

studied, our work suggests the potential for Spn in negatively modulating Spn-specific T cell 

responses. The adaptive immune response to Spn is primarily mediated by the production of 

protective antibodies and the influx of phagocytic cells into the infected tissue (Lundgren et al., 

2012; Mizrachi-Nebenzahl et al., 2003). CD4+ T cells play an important role in the optimal 

generation of Ag-specific antibody responses as well in recruiting neutrophils into the infected 

tissue through Th17 helper subset dependent secretion of IL-17 (Lundgren et al., 2012). Given 

the biological similarity between CD8+ and CD4+ T cells, we speculate that CD4+ T cells could also 

be negatively regulated by Spn. In support of this, we made the preliminary observation that 

TCR-transgenic DO11.10 Ova specific CD4+ T cells are inhibited in their ability to produce 

cytokine by Spn lysate, although to a lesser degree (data not shown).  If this occurs in vivo, it 

could have severe consequences for the Spn-specific immune response. 

While the role of CD4+ T cells in the lung during coinfection is poorly understood compared to 

CD4+ T cell responses following infection with IAV alone, we would hypothesize that CD4+ T cells 

present in the coinfected lung would be subject to the same negative regulators as IAV-specific 

CTL. This could ultimately impact recovery from IAV-Spn coinfection in two ways: 1) it could 

negatively impact the generation of a protective antibody response to IAV and 2) it could lead to 

delayed bacterial clearance. While we did not interrogate the production of IAV-specific 

antibody in the work presented here, other groups have. In one such study, Wolf et al. found 

that in the context of IAV-Spn coinfection that there was an increased number of HA-specific 

antibody secreting cells in the MLN of coinfected animals at 10dpi ((Wolf et al., 2014a). This 

corresponded to significantly increased virus-specific antibody titers >30dpi (Wolf et al., 2014a). 
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Their data would seem to argue against the possibility of negative regulation of CD4+ T cells in 

impacting the generation of a protective antibody response. This may reflect where CD4+ cells 

support antibody production, i.e. the MLN. The analysis of CD4+ T cell subsets with regard to the 

generation of germinal centers and B cell activation were all carried out in the MLN. Our data 

would argue that the MLN is not representative of the negative inhibition observed in the lung 

tissue. This could lead to their observation, as the cells within the MLN would be spared the fate 

of T cells in the lungs due to differences in the bacterial burden found in each tissue.  The 

possibility remains that there is an important effect of Spn mediated regulation of CD4+ cells in 

the lung. 

As mentioned previously, another important role of Spn-specific CD4+ T cells is the secretion of 

IL-17 by Th17 cells. IL-17 is a potent homing cytokine for neutrophil, which leads to their influx 

and accumulation in tissues harboring bacterial pathogens. Any perturbation of the ability to 

produce IL-17 by CD4+ T cells could ultimately lead to delayed clearance of Spn. Out data lend 

credence to this model at 11dpi, all of the coinfected animals had detectable bacteria in their 

lungs, while >50% of animals receiving Spn alone had undetectable levels of bacteria. Further, 

compared to the level of bacteria in mice infected with Spn that had not cleared bacteria at this 

time, coinfected mice had significantly increased bacterial burden, on the order of 1,000 fold. 

Given the litany of known mechanisms which allow for Spn outgrowth in the IAV infected lung, 

e.g. inhibition of phagocytosis by IFN, IDO production in the IAV infected lung, disruption of 

epithelial cell barriers, etc, Spn mediated inhibition of bacteria specific CD4+ T cell responses 

could serve to further delay the clearance of Spn from the coinfected lung, even beyond IAV-

associated mechanisms regarding the outgrowth of Spn. Further, one could speculate that the 

prolonged presence of Spn in the coinfected lung would continue to have serious consequences 

for any lung resident CD8+ T cells, and could possibly impact the generation of IAV-specific 
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memory T cells, which will be discussed below.  The ability of Spn to negatively modulate CD4+ T 

cells could represent a significant impairment not only to the IAV-specific immune response, but 

would have serious repercussions on the Spn-specific response as well. 

Role of Spn nasopharyngeal carriage in the initiation of respiratory disease. The work 

presented in this thesis leads to a model for the direct regulation of CD8+ T cell responses in the 

lung following IAV-Spn coinfection; however, we propose that this model can be extended to 

immune responses in the nasopharynx as well. The nasopharynx of adults, and to a higher 

degree, children is readily colonized by Spn (CDC, 2015; Simell et al., 2012). In the nasopharynx, 

Spn persists in a semi-quiescent state known as a biofilm. Spn in biofilm is correlated with 

decreased expression of virulence factors (Sanchez et al., 2011) and low bacterial cell turn over 

through limited autolysis and Spn-mediated killing of neighboring Spn referred to as fratricide 

(Ramos-Sevillano et al., 2011; Regev-Yochay et al., 2007).  

Many viral pathogens that infect the respiratory tract initiate infection in the upper respiratory 

tract, specifically the nasopharynx as it is the portal of entry for viruses like IAV. The 

nasopharynx also represents one of the most readily colonized tissues by Spn. This raises the 

interesting possibility that prior colonization with Spn could actually promote viral infections of 

the lung and upper airways. CD8+ T cells are readily isolated from the nasopharynx of mice, and 

these cells not only have a phenotype consistent with activated effectors (CD69+CD25+) but they 

have also been shown to spontaneously secrete the cytokine IFNγ, likely controlling pathogen 

replication in the nasopharynx (Hiroi et al., 1998; Rodriguez-Monroy et al., 2007). This raises the 

interesting possibility that the presence of an Spn biofilm in the nasopharyngeal space could 

lead to negative regulation of these cells, the end result of which being increased susceptibility 

to viral infection of the lung. The ability of IAV to infect the lower respiratory tract has been 
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positively associated with disease severity in human infections (Matrosovich et al., 2004; van 

Riel et al., 2006, 2007). Impaired inflammatory responses to IAV in the nasopharynx could 

subsequently allow the virus to more easily disseminate into the lower airway and lung, greatly 

increasing disease severity.  

The role of prior Spn colonization in modulating disease outcome in subsequent IAV infection 

has not been well characterized, although it is generally accepted that Spn colonization of the 

nasopharynx precedes the transition to pneumonia (Simell et al., 2012). One group did seek to 

test the effects of prior Spn infection on the outcome of IAV disease severity. A study by Wolf et 

al. demonstrated that intranasal inoculation of a colonizing strain of Spn ten days prior to IAV 

infection resulted in protection from IAV induced disease (Wolf et al., 2014b) and that this 

protection was dependent on the expression of PLY in the lung (Wolf et al., 2014b). The 

reported results in this study would argue against a role for prior Spn colonization in 

exacerbating IAV associated lung infections, however their study, while insightful, has multiple 

caveats that must be taken into consideration. Firstly, in their study, Wolf et al. do not 

demonstrate that Spn is present in the lung or the nasopharynx at the time in which they 

administer IAV as there was no direct measurement of bacteria in either site at this time. It 

seems likely that bacteria are cleared quickly as published studies have demonstrated that 

alveolar macrophage are capable of phagocytizing and clearing Spn almost immediately upon 

entry into the airway (Ghoneim et al., 2013). As such, it is possible that after delivery of a 

colonizing strain of Spn into the lung, that by 10dpi the bacteria have been essentially cleared. 

However, while for humans the exact order or timing of pathogen encounter in IAV-Spn 

coinfections has not been determined, based on available experimental and clinical data, one 

can appreciate the likelihood that Spn residing in the nasopharynx during IAV exposure would 

not be present in the lung prior to IAV infection. Given the role of IAV infection in the transition 
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to pneumonia (McCullers, 2006) we would hypothesize that following entry of the virus into the 

lung, Spn would then disperse from a biofilm state due to increased nutrient availability, 

temperature, and decreased antimicrobial clearance and then subsequently enter into the lung. 

Indeed, in the same study Wolf et al. demonstrated that if Spn was delivered into the lung at any 

time after infection with IAV, the end result was increased disease severity and mortality, 

consistent with our published observations (Blevins et al., 2014) as well as clinical observations 

(Gill et al., 2010; Palacios et al., 2009). If Spn is readily isolated from human lung tissue in the 

absence of disease, then the described protective effect is most likely valid, however, consistent 

with published observations, Spn entry into the lung most likely follows IAV infection, thus 

leaving the possibility that Spn colonization could increase susceptibility to lung infection by IAV. 

A role for Spn in modulating innate anti-viral immunity While the adaptive immune response is 

a critical mediator of viral clearance during infection, an extended period of time is required to 

generate anti-viral adaptive immune responses within the infected tissue, with 7 days post 

infection corresponding to the time virus-specific T cells can be readily found infiltrating the IAV 

infected lung. Innate lymphoid cells comprise a population of lymphocytes that exert many of 

the same effector functions as CTL in the context of pathogen clearance, however they are 

capable of responding quickly and do not have the same temporal requirements for generation 

as CTL do. Natural Killer cells which belong to the type 1 innate lymphoid like cell family, are 

potent mediators of viral clearance (Trinchieri, 1989). They mediate viral clearance through 

potent release of cytolytic granules and production of effector cytokines such as IFNγ and TNFα 

(Trinchieri, 1989). In my in vivo coinfection studies, I made the observation that viral titers were 

significantly increased 24 hours following delivery of the bacteria into the IAV infected lung, but 

did not differ at any other time point. This was a curious finding because at day 5 post IAV 

infection, one would expect a limited role for virus-specific CTL in the lung at this time due to 
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the early nature of such a time point. This raises the interesting possibility that PepN release at 

early time points by Spn could be negatively regulating natural killer cell effector functions, 

resulting in increased viral titers. In support of this notion, Stein-Streilein et al. found that 

antibody depletion of lung resident NK cells before IAV infection resulted in increased IAV 

induced morbidity and mortality in a murine model of infection (Stein-Streilein and Guffee, 

1986). This observation was recapitulated by Gazit et al. as they demonstrated that infection of 

mice which lack natural cytotoxicity receptors with IAV showed similar increases in IAV-

mediated morbidity and mortality, and adoptive transfer of wildtype NK cells rescued this effect 

(Gazit et al., 2006). Given the critical nature of NK cells in the early control of IAV replication, the 

ability of PepN to negatively regulate the effector functions of multiple lymphocyte populations, 

including NK cells could have far reaching consequences for the host during IAV-Spn coinfection. 

It could also indicate a failure to control early IAV-replication in the upper respiratory tract, 

which could lead to more severe disease if IAV were able to infect lower respiratory tissues, 

which can dictate IAV disease severity. Future studies will be needed to fully explore this 

possibility.  

A role for Spn in modulating tissue resident memory T cell responses Following infection with 

respiratory pathogens, memory CD8+ T cells are readily found in the lung months to years after 

the resolution of the acute infection (Hogan et al., 2001; Wiley et al., 2001b; Woodland et al., 

2001; Woodland and Kohlmeier, 2009). These cells serve as a first line of defense against 

pathogen reinfection. Their presence in the lung tissue concurrently with Spn during coinfection 

could have severe consequences beyond the initial coinfection. Further, high growth of Spn in 

other tissues during single infection with Spn has the potential to modulate CD8+ TRM in those 

sites as well. 
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 In the context of the coinfecting IAV strain, the negative regulation of IAV-specific CTL could 

manifest in memory cells. Our data are unclear on whether the negative effects of Spn on 

cytokine production are reversible. If cells exposed to PepN can’t recover the ability to secrete 

cytokine over time, one can appreciate the negative impact this could have on a subsequent 

memory response to the same strain of IAV present during the acute coinfection. This could 

potentially result in the generation of non-protective memory cells within the lung following 

coinfection. Given the high percentage of Spn coinfection associated with IAV infection, this 

could have severe implications in that individuals would be left susceptible to reinfection. This 

could also have implications for heterosubtypic immune responses as well, given that IAV-

specific CTL are often specific for viral proteins that are relatively well conserved between 

antigenically diverse viral strains. 

Further, memory T cells specific for other respiratory pathogens encountered over the life of the 

host are also found in the lung (Selin et al., 1998). The entry and subsequent outgrowth of Spn 

during coinfection could potentially result in decreased numbers and functionality of these cells 

present in the lung. Studies have demonstrated that memory T cells can be called into the 

airway in a non-specific manner following inflammatory responses in the host lung (Ely et al., 

2003; Ely et al., 2006). This could lead to the interesting possibility that these cells would be 

exposed to both PepN and PLY during the course of IAV-Spn coinfection, resulting in functional 

inactivation of these cells and/or a reduction in the overall size of the memory pool via PLY 

mediated cell killing. This possibility would be of a serious consequence to human disease as we 

depend on tissue resident memory T cells as a first line of defense for protection of sensitive 

tissues such as the lung. The ability of Spn to leave the host susceptible to reinfection by 

pathogens encountered earlier in life could result in further episodes of disease caused by the 

same pathogen later in life, which would be even more significant if the host was aged, given 
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the ability to elicit new immune responses can diminish with age. Further, it also raises issues 

associated with vaccination, especially with the live attenuated Influenza vaccine (LAIV), as it is 

administered directly to the nasopharynx. The presence of Spn in this tissue could potentially 

negatively impact the ability of the host to generate a protective immune response following 

vaccination. This would be dependent on the ability of Spn mediated inhibition of T cell function 

to cause differential inhibition based on the level of bacteria present. For example, the low level 

of release of PepN in the nasopharynx could result in diminished cytokine production as 

opposed to a complete shut off. This could lead to a suboptimal immune response to the LAIV. 

In support of this notion, in data not shown, we observed that in both cells treated with PepN 

and CTL isolated from coinfected lungs, that in the few IFNγ+ cells we could detect, the mean 

fluorescence intensity of the positive population was diminished compared to untreated cells, or 

CTL isolated from IAV infected animals. This would support a model where low levels of 

exposure to Spn by CTL results in reduced function as opposed to blocked function.  

In contrast to tissue resident memory T cells, we would not predict that circulating memory cells 

would be impacted similarly as there is lower probability of colocalization of these cells with Spn 

in infected tissues. Our data already suggest that lymphoid tissue such as the MLN are spared 

many of the negative regulatory events described in the coinfected lung. Our findings raise 

serious concerns with regard to the potential for Spn to negatively modulate memory T cell 

responses. This possibility requires further work to elucidate the extent to which Spn can impact 

these cells. 

Aminopeptidase N and immune cell regulation One of the curious findings from this work was 

the identification of Spn PepN as a negative regulator of CTL effector function. Interestingly, 

PepN is a ubiquitous enzyme found in most organisms and cell types. In mice and humans, PepN 
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is a membrane bound ectopeptidase termed CD13 (Miller et al., 1994). CD13 is primarily 

responsible for the processing of various host peptides, which can activate peptides or lead to 

signal termination via the hydrolysis of signaling peptide chains (Miller et al., 1994). Given the 

significant advances made in understanding how peptidases are involved in immune responses, 

this presents attractive possibilities for the molecular mechanism responsible for Spn PepN 

mediated inhibition of CTL effector function. One such possibility is the potential for the 

inhibition of host CD13 by bacterial PepN. Recently, several studies have indicated that 

inhibition of CD13 on immune cells results in dysfunctional immune signaling and suppresses 

immune cell activation and effector functions (Ansorge et al., 2009; Biton et al., 2006; Reinhold 

et al., 2007; Thielitz et al., 2007). In particular, inhibition of CD13 in T cells results in the 

inhibition of lymphocyte proliferation, decreased cytokine production, and increased 

immunosuppressive cytokine production (Ansorge et al., 2009). This is an attractive explanation 

for the observed inhibition of CTL effector function following PepN treatment. One could 

appreciate the potential for Spn PepN to inhibit the ectopeptidase activity of CD13 either 

through direct interaction or indirect. If Spn PepN could inhibit host cell CD13, this could result 

in CTL inhibition similar to what I observed in vitro. How PepN could be inhibiting CD13 on the 

cell surface is still unexplained and would require further study. 

An alternative possibility to direct PepN mediated inhibition of host cell CD13 is the regulation 

of CD13 enzymatic activity. For example, CD13 is highly expressed on neuronal tissue, and one 

of its primary functions is the hydrolysis of the penta-peptide methionine enkephalin (MENK). 

MENK is thought to be involved in the regulatory loop between the neuroendocrine system and 

the immune system. MENK is capable of binding the µ, δ, and κ opioid receptors on T cells. This 

interaction has been shown to lead to increased T cell proliferation, increased T cell cytotoxicity, 

and increased IFNγ production (Li et al., 2014). The positive effect of MENK on CTL is thought to 
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be due to the calcium dependent nuclear translocation of NFAT via the activation of calmodulin 

(Li et al., 2014). Interestingly, CD13 on CD8+ and CD4+ T cells has been shown to exclusively 

hydrolyze MENK, facilitating its removal and the termination of MENK mediated signaling (Miller 

et al., 1994). This raises the interesting possibility that Spn PepN could have specificities for 

similar host substrates, such as MENK. One can predict that when Spn PepN is high in 

concentration, the possibility exists that PepN hydrolyzes host signaling peptides, which may be 

necessary for the generation of optimal CTL responses. Thus, Spn PepN could mediate its 

inhibitory effect by degrading host cell signaling mediators such as MENK. However, one would 

predict that such a mechanism would rely on the enzymatic activity of the protein and my 

studies of Spn PepN show that its ability to inhibit CTL effector function is independent of its 

peptidase activity suggesting alternative enzymatic activities of Spn derived PepN. Future study 

will be required to fully elucidate the molecular mechanism of PepN mediated inhibition of CTL 

and its interaction with host cell CD13. 

Conclusion 

The goal of this thesis work was to determine the effects of Spn on the ongoing IAV-specific CTL 

response during IAV-Spn coinfection. Our results support a model for direct regulation of IAV-

specific CTL by Spn. Following coinfection, we observed a robust decrease in the number of IAV-

specific CTL in the coinfected lung but not the lung draining MLN. Further, of the cells that 

remained, they showed a preferential loss in the ability to secrete cytokine. When we examined 

the role of Spn in modulating the lung immune environment, we found that the relative number 

of respiratory DC populations in singly and coinfected animals did not differ. Further, whole lung 

analysis of supportive cytokines, such as IL-15, did not show decreased expression, suggesting 

that this was most likely not mediating the observed effect. While we did detect increased 
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numbers of natural Treg within the coinfected lung, their role in mediating the negative 

regulation of the IAV-specific CTL response is unclear as whole lung analysis of TGFβ expression 

did not demonstrate increases relative to the level detected in the lungs of mice infected with 

IAV alone.  

The other key finding from the work presented in this thesis is that Spn PepN is sufficient for 

mediating the functional inactivation of IAV-specific CTL. We demonstrated that PepN cloned 

from Spn confers inhibitory properties to lysate generated from non-inhibitory bacteria i.e. E.coli 

and that the purified PepN inhibits CTL function by impairing TCR signaling at both membrane 

proximal and distal signaling steps. This finding greatly supports the model that Spn can directly 

regulate CTL during coinfection, as PepN would most likely be released along with other 

cytosolic virulence factors such as PLY. Studies exploring the direct role of PepN in the inhibition 

of in vivo CTL responses would provide crucial information that could provide insights into new 

antimicrobial targets for treatment of IAV-Spn coinfections as well as offer new vaccine targets 

for limiting Spn associated disease. 
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APPENDIX 

 

 Supplemental Figure 1. Increases in cell death as measured by 7-AAD positivity do not 

correlate to increased levels of active caspase 3. Cells were isolated from the lung and MLN of 

animals infected with influenza virus or coinfected. Following staining for cell surface markers, 

7-AAD was added to identify cells that had lost membrane integrity as an indicator of cell death. 

Following 4 stringent washes, cells were fixed and permeabilized and subsequently stained with 

antibodies for active caspase-3. Cells were pre-gated on CD8 and tetramer. Representative data 

assessing a total of 4-6 mice/infection condition. Decreases in the percent of cells that stain 

positive for active caspase 3 in coinfected mice are likely an effect of dilution of this population 

by the increase in cells undergoing death by a non-caspase 3 mediated pathway. A two tailed 

student’s t test was used to determine significance. ** p<0.01 
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