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Abstract 

The mammalian immune response is an intricately regulated, dynamic process providing 

the host with protection from the vast number of pathogenic microorganisms. Herein, 

these studies identified the impacts of regulating host defense by immune suppressive 

mechanisms, following infection with the bacterial pathogen Listeria monocytogenes. 

These investigations identified that changes in the inflammatory signals present during 

Listeria infection resulted in drastically different outcomes in the priming of protective T 

cells, when these cells were stimulated by either the immune suppressive molcules 

Cytotoxic T Lymphocyte Antigen (CTLA)-4 or Program Death Ligand (PDL)-1. 

 

Due to these findings, whereby changes in the immunologic environment altered the 

function of suppressive molecules, we examined whether physiologic changes in the 

immune system would impact host defense to infection. The natural expansion of the 

immune suppressive regulatory T cell (Tregs), while essential for sustaining pregnancy, 

resulted in increased maternal susceptibility to Listeria infection. Morevoer, Listeria 

entry into the host cell cytoplasmic compartment was suffient to reduce Treg suppressive 

potency and fracture Treg-mediated maternal tolerance. Lastly, we identified that the 

expansion of Tregs during pregnancy was primed by fetal-specific antigens and resulted 

in a long-lived population of cells, which provide “regulatory” memory. This is the first 

demonstration of Tregs with the ability to re-expand following a secondary antigen 

challenge (either fetal or pathogen-derived) and should spark future investigation into the 

role of regulatory memory. 
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Chapter 1 

  

Introduction† 

                                                
† Reprinted in part from Immunology. Jared H. Rowe, James M. Ertelt, and Sing Sing 
Way. “Foxp3+ regulatory T cells, immune-stimulation and host defense against 
infection.” © Wiley-Blackwell Publishing. Originally published in Immunology. 2012. 
136(1):1-10. 
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Immune Activation and Inhibition 

  

The fluid balance between immune activation required for optimal host defense against 

infection and immune suppression that maintains tolerance by averting autoimmunity is 

stringently regulated. This allows immune effectors with the potential to cause 

catastrophic damage to host tissues to be actively silenced during homeostasis, but also 

rapidly unleashed in response to infection. Accordingly, the cell-associated and cytokine 

signals that stimulate the activation of immune effectors have been intensely investigated 

for developing new therapeutic strategies for boosting desired immune responses during 

infection or immunization. On the other hand, understanding how ubiquitous immune 

suppression signals are selectively silenced during immune activation, and the extent they 

limit optimal host defense against infection has lagged behind. 

  

The mammalian immune system contains multiple intricately regulated networks of 

opposing activation and inhibition signals. The balance between these contradicting 

signals provides instructions for the immune system to both mobilize protective antigen-

specific responses during infections, but also quickly silence these effector cells once the 

infection is cleared thus minimizing immune-mediated injury to the host. The critical 

effector cell required to mediate protection against intracellular pathogens is the T cell 

subset of immune cells. Initial control of T cell-activation is controlled in part by CD28 

and CTLA-4 (CD152), homologous receptors, that provide opposing activating and 

inhibitory roles, respectively (Kearney et al., 1995). The CTLA-4-mediated suppressive 
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effects on pathogen-specific T cell-activation have been demonstrated primarily in 

models of chronic bacterial, viral, and parasitic infection using monoclonal antibodies 

that specifically block CTLA-4 (Anderson et al., 2006; Furze et al., 2006; Jacobs et al., 

2002; Kirman et al., 1999; Lepenies et al., 2007; Martins et al., 2004; McCoy et al., 1997; 

Taylor et al., 2007; Walsh et al., 2007). However, the role of CTLA-4 in inhibiting the 

activation and subsequent memory formation of effector T cells during acute infections is 

less well defined. 

  

In addition to the profound control of T cell activation mediated by CTLA-4, other 

molecules immune inhibitory molecules have been demonstrated to play critical roles 

limiting T cell responses in specific immunological contexts. For example, Programmed 

death ligand-1 (PDL-1, B7-H1) belongs to a growing list of co-stimulation molecules 

within the B7 family that regulate T cell activation (Brown et al., 2010; Keir et al., 2007; 

Odorizzi and Wherry, 2012; Sharpe et al., 2007). After infection with Lymphocytic 

choriomeningitis virus (LCMV) and other persistent viral infections, PDL-1 sustains 

functional exhaustion for viral-specific CD8+ T cells limiting their protection (Barber et 

al., 2006). Moreover, interrupting PDL-1 mediated signals using monoclonal antibodies 

during persistent infection or with therapeutic vaccination reinvigorates the activation of 

LCMV-specific CD8+ T cells and accelerates pathogen eradication (Ha et al., 2008). 

Importantly, PDL-1-mediated immune suppressive properties initially described in mouse 

infection models extend to functional T cell exhaustion for humans infected with viruses 

that predominantly cause persistent infection. For example, CD8+ T cells with specificity 
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to hepatitis C or human immune-deficiency virus each up-regulate the PDL-1 binding 

partner, PD-1, with progressively worsening infection (Day et al., 2006; Petrovas et al., 

2006; Trautmann et al., 2006; Urbani et al., 2006). Furthermore, for rabies virus that 

primarily cause acute instead of persistent infection, targeted defects in PDL-1 also 

protects against lethal infection (Lafon et al., 2008). Taken together, these findings 

indicate PDL-1 compromises host defense against viral pathogens. However, the effects 

of PDL-1 signaling on protective T cell responses during intracellular bacterial pathogens 

remain unknown. 
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Regulatory T Cells and Immune Suppression 

  

In addition to T cell-intrinsic molecules of inhibition, the identification of a distinct CD4+ 

T cell subset with immune suppressive properties called Regulatory T cells (Tregs) was 

demonstrated to dictate dominant function over T cell activation (Sakaguchi, 2004; 

Sakaguchi et al., 1995; Suri-Payer et al., 1998). Although Tregs were initially identified 

as the CD4+ T cell subset that constitutively express the IL-2 receptor, CD25, subsequent 

landmark studies have since established the lineage-defining and master regulator for 

Tregs is dictated by expression of the forkhead box P3 transcription factor, Foxp3 

(Fontenot et al., 2003; Hori et al., 2003; Khattri et al., 2003). Infants who develop a fatal 

rare constellation of clinical features that includes refractory eczema, diabetes, thyroditis, 

colitis, infection susceptibility, and generalized wasting called the IPEX 

(Immunodysregulation polyendocrinopathy enteropathy X-linked) syndrome have 

mutations in either the foxp3 promoter or coding sequence resulting in defective Tregs 

(Bennett et al., 2001; Ochs et al., 2007; Wildin et al., 2001). Similarly, mice with 

naturally occurring or targeted defects in foxp3 develop similar clinical features (lympho 

proliferation, colitis, weight loss, diabetes, and ruffled hair) associated with systemic 

autoimmunity, and become moribund within 20-25 days of life (Brunkow et al., 2001; 

Khattri et al., 2003; Wildin et al., 2001). Accordingly, Foxp3+ Tregs are essential for 

maintaining peripheral immune tolerance in humans and mice, and these parallels in 

clinical features with Treg deficiency illustrate the usefulness of mouse models to 

investigate how Tregs may control other facets of the immune response. 
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In this regard, shortly after their identification as a distinct CD4+ T cell lineage, numerous 

studies using various representative mouse models of parasitic, viral, and bacterial 

infection have described an important role for CD25+ CD4 T cells in compromising host 

defense by suppressing the activation of protective immune components (Belkaid et al., 

2002; Fulton et al., ; Kaparakis et al., 2006; Kursar et al., 2007; Netea et al., 2004; Suvas 

et al., 2004; Suvas et al., 2003; Taylor et al., 2006; Taylor et al., 2007; Zelinskyy et al., 

2006). Since the ablation of CD25 expressing cells almost uniformly augmented 

resistance with reduced recoverable in vivo pathogen burden, Tregs were appropriately 

described as “a dangerous necessity” based on their detrimental roles in host defense and 

essential roles in sustaining immune tolerance (Belkaid, 2007). However with the 

subsequent identification of Foxp3 as the lineage-defining marker for Tregs, and the up-

regulation of CD25 expression on activated T cells that occurs after infection, the 

conclusions of initial studies using CD25 expression as a surrogate marker for Tregs 

deserve critical re-evaluation using experimental strategies that identify and manipulate 

these cells based on Foxp3 expression. 

  



 

 7 

Regulatory T Cells and Acute Infections 

  

Pathogens that cause acute infection stimulate the activation of protective immune 

components almost immediately after infection. When the pathogen dose or initial rate of 

pathogen replication are below a preset threshold (lethal dose), innate immune 

components keep the infection at bay until pathogen-specific adaptive immune effectors 

that more efficiently mediate pathogen eradication are expanded and mobilized. On the 

other hand with higher inocula, these normally protective responses are overwhelmed and 

the host succumbs to infection. It is in this later context that initial studies using 

Foxp3DTR transgenic mice that co-express the high-affinity human diphtheria toxin (DT) 

receptor with Foxp3, allowing Foxp3+ Tregs to be selectively ablated with low dose DT, 

first uncovered somewhat paradoxical protective roles for these cells in host defense. For 

example, the ablation of Foxp3+ cells prior to intra-vaginal infection with herpes simplex 

virus (HSV)-2 caused accelerated mortality that was associated with delayed recruitment 

of protective immune cells into the vaginal tract and draining lymph nodes, and more 

recoverable virus at the site of infection (Lund et al., 2008). These protective effects were 

not limited only to mucosal infection with this pathogen because mice ablated of Foxp3+ 

cells also contained increased titers of lymphocytic choriomeningitis virus after systemic 

infection that was associated with reduced lymph node chemokine levels (Lund et al., 

2008). Similarly, Foxp3+ Treg ablation prior to West Nile virus infection in mice caused 

increased mortality, worse clinical disease scores, and accelerated weight loss that were 

each associated with higher viral loads in the brain and spinal cord (Lanteri et al., 2009). 
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These results also parallel the lower frequency of Tregs in humans with symptomatic 

West Nile virus infection, and increased ratio of Treg to effector T cells in patients with 

mild compared with severe Dengue virus infection (Lanteri et al., 2009; Luhn et al., 

2007). Accordingly, these first studies investigating infection susceptibility using 

Foxp3DTR mice to ablate Tregs based on Foxp3-expression established protective roles 

for these cells in host defense against specific viral pathogens.  

  

In this regard, although Treg ablation using anti-CD25 antibody had been described to 

exacerbate inflammatory lesions in HSV-1 induced stromal keratitis, manipulating Tregs 

in this manner also accelerated the eradication of this virus (Suvas et al., 2004; Suvas et 

al., 2003). Therefore, despite the potential for other inherent differences in these more 

recent studies where Tregs were ablated based on Foxp3 compared with CD25 

expression, these findings suggest differences in how Tregs are manipulated can lead to 

discordant conclusions. In particular, since CD25 expression is up-regulated by effector T 

cells upon activation, experimental approaches that exclusively identify and manipulate 

Tregs based on this surrogate marker do not discriminate between activated effector T 

cells stimulated by infection and bona fide Tregs. Therefore, initial conclusions regarding 

the role of Tregs in host defense for each specific pathogen using strategies that 

manipulate these cells based on CD25 expression should be interpreted with caution, and 

re-investigated using Foxp3-specific reagents for experimentally manipulating Tregs. 
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Consistent with these newfound beneficial roles for Foxp3+ Tregs in host defense after 

viral infection, similar protective roles for Foxp3+ cells have also been described for other 

types of pathogens. For example after infection with Plasmodium berghei in a mouse 

model of cerebral malaria, the expansion of Tregs using IL-2 cytokine antibody 

complexes confers protection against severe disease that is associated with reduced 

parasite burden (Haque et al.). These protective effects were due to expanded Foxp3+ 

cells because their ablation in infected mice where Tregs are ablated with DT eliminated 

the impacts of IL-2 cytokine antibody complex treatment (Haque et al.). On the other 

hand for malaria infection in humans, Treg cell frequency appears to correlate more 

directly with parasite biomass and disease severity that illustrates more complex roles for 

Tregs, immune stimulation, and immune-related disease sequelae for human malaria 

infection in humans that are not recapitulated in mice (Hansen and Schofield, 2010; 

Minigo et al., 2009; Torcia et al., 2008; Walther et al., 2009; Walther et al., 2005). 

Interestingly, despite the increasing established importance of Tregs in Plasmodium 

infection, the experimental ablation of Tregs from baseline levels using Foxp3-specific 

reagents did not significantly impact infection susceptibility (Haque et al., ; Steeg et al., 

2009). These findings illustrate the potential importance of Tregs in host defense for 

some infections are better appreciated using gain-of-function experimental approaches. 

Similarly, Treg expansion with IL-2 cytokine antibody complexes also averts the natural 

collapse in Foxp3+ cells after Toxoplasma gondii infection and rescues mice from fatal 

immune pathology triggered by this infection (Oldenhove et al., 2009). Furthermore, 

Foxp3+ Tregs also synergize with Th17 effector CD4+ T cells in eradicating Candida 
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albicans after oral infection (Pandiyan et al.). Taken together, these findings indicated 

Foxp3+ Tregs play more generalizable protective roles that extend to host defense against 

parasitic and fungal pathogens. 
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Regulatory T cells and Persistent Antigen Stimulation 

  

By contrast to acute infection where the expansion of pathogen-specific adaptive immune 

effectors generally coincides with pathogen eradication, pathogens that cause persistent 

infection have developed strategies to evade and co-exist with pathogen-specific immune 

components. On the other hand, allowing pathogen persistence by dampening immune 

activation may also be beneficial when immune-mediated collateral damage to the host 

outweighs injury caused by pathogen persistence. In this regard, Tregs play important 

roles in counterbalancing immune effectors during persistent infection. This was first 

described 10 years ago for Leishmania major infection where immune suppression by 

CD25+ CD4+ Tregs was found to promote pathogen persistence in the skin after intra-

dermal infection (Belkaid et al., 2002).  

  

More recently, these findings have been recapitulated for other persistent infections using 

more refined strategies that allow Treg manipulation based on Foxp3-expression. For 

example, the ablation of Foxp3+ cells based on selective expression of the Thy1.1 

congenic marker in mixed bone marrow chimera mice prior to pulmonary infection with 

Mycobacterium tuberculosis stimulates more robust effector CD4+ T cell IFN-γ 

production and reduced pathogen burden at the site of infection (Scott-Browne et al., 

2007). Similarly, Foxp3+ Tregs provide a similar protective role in a model typhoid fever 

caused by persistent Salmonella infection in Nramp1-resistant mice (Johanns et al., 

2010b). At early time points following infection when the activation of effector T cells is 
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blunted and progressively increasing Salmonella bacterial burden occurs, Treg ablation in 

Foxp3DTR mice accelerates the activation of effector T cells with significant reductions in 

recoverable bacteria (Johanns et al., 2010b). In turn at later time points during persistent 

Salmonella infection when effector T cells are already activated and progressive 

reductions in pathogen burden naturally occur, the impacts of Foxp3+ cell ablation are 

marginalized with only modest incremental augmentation of effector T cell activation and 

no significant changes in pathogen burden (Johanns et al., 2010b). Thus, Foxp3+ Tregs 

blunt effector T cell activation that impedes pathogen eradication, and the significance of 

Treg-mediated immune suppression can shift and dictate the tempo of some persistent 

infections. Although these results suggest Tregs play detrimental roles in host defense by 

preventing pathogen eradication, the reduced susceptibility against secondary infection 

related to low-level pathogen persistence for other pathogens (e.g. Leishmania and 

Plasmodium) illustrates Tregs may in fact provide protection against severe disseminated 

infection with potentially more fatal consequences (Hansen and Schofield, ; Mendez et 

al., 2004; Uzonna et al., 2001). It will be interesting to investigate if these Treg-mediated 

protective activities against secondary infection are more broadly applicable for other 

pathogens that cause persistent infection.  

  

In addition to the persistence of antigen determinants during chronic infections, 

pregnancy represents a unique physiologic condition requiring immunologic tolerance to 

persistent paternal allo-antigens carried by the fetus. Consistent with this notion, 

circulating maternal Foxp3+ Tregs expand during pregnancy peaking mid-gestation at 
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approximately 50% increased levels in human pregnancy (Santner-Nanan et al., 2009; 

Somerset et al., 2004). Reciprocally, defects in Treg expansion are associated with 

pregnancy complications (preeclampsia or spontaneous miscarriage), which could 

represent maternal immunological intolerance to the developing fetus (Prins et al., 2009; 

Santner-Nanan et al., 2009; Sasaki et al., 2004). These associations between maternal 

Tregs and pregnancy outcomes have also been explored experimentally in mouse models 

where CD25+CD4+ cells are essential in maintaining viable pregnancies (Aluvihare et al., 

2004; Kahn and Baltimore, 2010). However, these previous approaches caused the 

complete ablation of these cells preventing the importance of the sustained expansion of 

Tregs, from pre-pregnancy levels, to be addressed. Similarly, since CD25 expression 

does not discriminate between bona fide Tregs and activated effector T cells, the actual 

requirement for expanded maternal Foxp3+ Tregs during pregnancy remains undefined. 

More importantly, given the balance between immune suppression and activation 

controlled by Tregs, Foxp3+ cell expansion during pregnancy may create holes in host 

defense mechanisms that confer susceptibility to prenatal pathogens. Therefore, while the 

effects of Treg ablation on susceptibility to parasitic, bacterial, fungal, and viral infection 

(Belkaid, 2007; Suvas and Rouse, 2006) have been described, the impacts from the 

physiological expansion of these cells during pregnancy remain undefined. 

  

In summary, the immune system is intricately regulated allowing potent effectors to 

expand and become rapidly mobilized after infection, while simultaneously silencing 

potentially detrimental responses that averts immune-mediated damage to host tissues. 
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This relies in large part on the delicate interplay between immune suppressive regulatory 

CD4+ T cells (Tregs) and immune effectors that without active suppression by Tregs 

cause systemic and organ-specific autoimmunity. Although these beneficial roles have 

classically been described to be counter-balanced by impaired host defense against 

infection, newfound protective roles for Tregs against specific viral pathogens (e.g. 

Herpes simplex-2, Lymphocytic choriomeningitis, West Nile virus) have been uncovered 

using transgenic mice that allow in vivo Treg-ablation based on Foxp3-expression. In 

turn, Foxp3+ Tregs also provide protection against some parasitic (Plasmodium sp., 

Toxoplasma gondii) and fungal (Candida albicans) pathogens. By contrast for bacterial 

and mycobacterial infections (e.g. Listeria monocytogenes, Salmonella enterica, 

Mycobacterium tuberculosis), experimental manipulation of Foxp3+ cells continue to 

indicate detrimental roles for Tregs in host defense. Furthermore, during pregnancy when 

the expansion of immunological tolerance against paternal allo-antigens is critical for 

maintaining maternal-fetal tolerance, Tregs appear essential in mediating these beneficial 

effects. These discordances are likely related to functional plasticity in Treg suppression 

that shifts in response to different form of antigenic stimulation.  
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Chapter 2 

 

CTLA-4 blockade augments the T cell response primed by attenuated 

Listeria monocytogenes resulting in more rapid clearance of virulent 

bacterial challenge‡ 

                                                
‡ Reprinted from Immunology. Jared H. Rowe, Tanner M. Johanns, James M. Ertelt, 
Joseph C. Lai, and Sing Sing Way. “CTLA-4 blockade augments the T cell response 
primed by attenuated Listeria monocytogenes resulting in more rapid bacterial 
clearance.” © Wiley-Blackwell Publishing. Originally published in Immunology. 
2009. 128(1):e471-e478. 
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SUMMARY 

 

CTLA-4 uniformly suppresses antigen-specific T cells during chronic infection with 

bacterial, parasitic, or viral pathogens. However, the importance of CTLA-4 in 

controlling the T cell response during acute infection or after priming with live attenuated 

vaccine vectors has not been well characterized.  Since strategies aimed at blocking 

CTLA-4 are being actively developed to therapeutically augment T cell-mediated 

immunity, the effects of CTLA-4 blockade on T cell-activation during these conditions 

need to be more clearly defined. Herein, we examined the role of CTLA-4 in a prime-

challenge model of acute bacterial infection using both attenuated and virulent strains of 

the intracellular bacterium Listeria monocytogenes (Lm). Although Foxp3+CD4+ T cells 

are the predominant CTLA-4 expressing cell type in naïve mice, antigen-specific Foxp3- 

CD4+ cells up-regulate CTLA-4 expression after primary Lm infection. CTLA-4 

blockade results in increased numbers of Lm-specific CD4 and CD8 T cells after primary 

infection with attenuated Lm, and confers more rapid bacterial clearance after secondary 

challenge with virulent Lm. Accordingly, CTLA-4 plays an important suppressive role in 

T cell priming and protective immunity in a prime-challenge model of acute bacterial 

infection. 
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INTRODUCTION 

 

The mammalian immune system contains multiple intricately regulated networks of 

opposing stimulatory and inhibitory signals that allow protective antigen-specific 

responses to be rapidly generated and mobilized during infection, and quickly silenced 

once infection resolves to minimize immune-mediated injury to the host. For example T 

cell-activation is controlled in part by a pair of homologous receptors, CD28 and CTLA-4 

(CD152), that play stimulatory and suppressive roles, respectively (Kearney et al., 1995). 

The CTLA-4-mediated suppressive effects on pathogen-specific T cell-activation have 

been experimentally demonstrated primarily with in vivo models of chronic bacterial, 

viral, and parasitic infection using monoclonal antibodies that specifically block CTLA-4 

(Anderson et al., 2006; Furze et al., 2006; Jacobs et al., 2002; Kirman et al., 1999; 

Lepenies et al., 2007; Martins et al., 2004; McCoy et al., 1997; Taylor et al., 2007; Walsh 

et al., 2007). CTLA-4 blockade in each of these experimental models of chronic infection 

uniformly augments the pathogen-specific T cell response magnitude, and in most cases 

is associated with reductions in pathogen burden. Accordingly, in vivo CTLA-4 blockade 

is actively being evaluated as therapies for chronic infection and in other settings where 

increased antigen-specific T cell immunity is desired (Hodi et al., 2008; Shrikant et al., 

1999; Weber, 2007). Especially intriguing is the direct correlation between increased 

CTLA-4 expression on virus specific T cells and disease progression during ongoing HIV 

infection (Kaufmann et al., 2007). These results suggest CTLA-4 blockade may 

therapeutically bolster T cell immunity against HIV. Paradoxically however after simian 
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immunodeficiency virus (SIV) infection in non-human primates, CTLA-4 blockade 

caused increases in both T cell activation and viral replication (Cecchinato et al., 2008). 

Similarly in murine models of Plasmodium infection, the augmented T cell response 

attributable to CTLA-4 blockade lead to increased immune-mediated pathology (Jacobs 

et al., 2002; Lepenies et al., 2007). Therefore the effects of CTLA-4 blockade on 

infection outcome are context dependent and varies with each specific infection 

condition. Interestingly and in striking contrast to the uniformly described CTLA-4-

mediated suppressive effects on T cell activation, a recent study revealed that CTLA-4 

blockade during acute infection with Lymphocytic choriomeningitis virus (LCMV) in 

some settings can dampen the virus-specific T cell response resulting in increased 

circulating levels of virus within the first 8 days after infection (Raue and Slifka, 2007). 

Whether these apparent T cell stimulation roles for CTLA-4 are specific to the 

experimental conditions of acute LCMV infection or more broadly reflect a T cell 

stimulatory role for CTLA-4 during infection with pathogens that primarily cause acute 

infection is unclear.  

 

Listeria monocytogenes (Lm) is an intracellular Gram-positive bacterium that primarily 

causes acute localized infections in the gastrointestinal tract in immune-competent 

individuals, and more severe systemic infections in immune-compromised individuals. 

Lm infection primes a robust antigen-specific CD8+ and CD4+ T cell response, and 

represents a widely used infection model whereby antigen-specific T cell priming, and 

the protective effects of these T cells can be evaluated (Pamer, 2004). Moreover the 
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existence of highly attenuated yet immunogenic mutant Lm make recombinant strains 

expressing heterologous antigens a promising class of live attenuated vaccine vectors 

(Frankel, 2005; Jiang et al., 2007; Orr et al., 2007; Paterson and Johnson, 2004). 

Accordingly in this study, the role of CTLA-4 in T cell priming and immunity was 

investigated using a prime-challenge model of Lm infection. We first characterized the 

kinetics whereby CTLA-4 is expressed on T cells after primary infection with the 

attenuated Lm ΔactA mutant that triggers a robust Lm-specific T cell response, but does 

not cause a productive infection due to defects in both intracellular and intercellular 

spread (Brundage et al., 1993). This Lm mutant is rapidly cleared after infection even in 

neonatal mice or adult mice with targeted defects in critical components of innate host 

defense (Harty and Bevan, 1995; Way et al., 2007; Way et al., 2003). We then 

determined the effects of CTLA-4 blockade on antigen-specific T cell response 

magnitude after primary Lm ΔactA infection, and the kinetics whereby virulent Lm is 

cleared after secondary challenge. 
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MATERIALS AND METHODS 

 

Mice. C57BL/6 (H-2b) female mice were purchased from the National Cancer Institute 

and used at 6-8 weeks of age. OT-II TCR transgenic mice were intercrossed with CD90.1 

mice and maintained on a RAG-1-deficient background (Foulds et al., 2002). All 

experiments were performed under University of Minnesota IACUC approved protocols.         

 

Bacterial infections. Lm-OVA, and Lm-OVA ΔactA derived from Lm-OVA through 

targeted disruption of the actA gene were used allowing for the immune response to the 

surrogate Lm-specific antigens H-2Kb OVA257-264 and I-Ab OVA323-339 to be more 

precisely characterized (Foulds et al., 2002; Way et al., 2007). For infections, Lm was 

grown to early log phase (OD600 0.1) in brain heart infusion media at 37oC, washed, and 

diluted with saline to 200 µl and injected IV. At the indicated time points after infection, 

the number of recoverable Lm CFUs in the spleen of infected mice were quantified by 

homogenization in saline containing Triton X (0.05%), and plating serial dilutions of the 

organ homogenate on brain heart infusion agar plates (Rowe et al., 2008; Way et al., 

2007). 

 

Reagents, in vitro cultures, cell staining, and adoptive transfer. For in vivo CTLA-4 

blockade, purified hamster anti-mouse CD152 (CTLA-4) (clone UC10-4F10) IgG or 

hamster IgG control antibodies were purchased from BioXCell (West Lebanon, NH), and 

injected IP in the following manner: one day prior to primary infection (500 µg per 
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mouse), days 4 and 8 after primary infection and day 1 prior to rechallenge (250 µg per 

mouse). For in vivo T cell depletion, 500 µg anti-mouse CD8 (clone 2.43) was inoculated 

IP one day prior to virulent Lm challenge as described (Orgun et al., 2008). Antibodies 

and other reagents for cell surface and intracellular staining were purchased from BD 

Biosciences or eBioscience. For in vitro culture, splenocytes were plated in 96-well round 

bottom plates (5 x 106 cells/ml), and stimulated with the indicated peptides (10-6 M) with 

Brefeldin-A (BD GolgiPlug reagent) for 5 hours as described (Rowe et al., 2008; Way et 

al., 2007). For adoptive transfer, 105 CD4+ T cells from OT-II (CD90.1+) were 

transferred intravenously into recipient (CD90.2+) mice one day prior to Lm-OVA 

infection. 

 

Statistics. The differences in number and percent T cells, and geometric mean CFUs 

between groups of mice were evaluated by using the Student's t test with P < 0.05 taken 

as statistically significant (Graph Pad, Prism software).   
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RESULTS 

 

CTLA-4 expression by CD4+ T cells after Lm-ΔactA infection. 

Our initial studies examined the level and kinetics whereby CTLA-4 is expressed after 

primary Lm ΔactA infection. For both CD4+ and CD8+ T cells, increased levels of 

CTLA-4 were detected by staining cells before and after permeabilization compared with 

cell surface staining alone, and are in agreement with other studies reporting maximal 

CTLA-4 detection after intracellular staining (Raue and Slifka, 2007; Takahashi et al., 

2000). Using this technique, we found dramatically lower levels of CTLA-4 expression 

by CD8+ compared with CD4+ T cells prior to and at each time point after infection 

(Figure 2.1A,B). In naïve mice, CTLA-4 expression by ~7% of all CD4 T cells is 

consistent with the expected percentage (5-10%) of Foxp3+ regulatory T cells known to 

constitutively express CTLA-4 (Read et al., 2006; Read et al., 2000; Takahashi et al., 

2000). After Lm ΔactA infection, an increased percentage of CD4+ T cells expressed 

CTLA-4 reaching maximal levels day 5 where an ~2-fold increased percentage of CTLA-

4+ cells among all CD4+ T cells was observed (16% compared with 7%) (Figure 2.1B). 

This increased percentage of CTLA-4+ cells among CD4+ T cells also reflected an 

increase in absolute numbers of CTLA-4+ CD4+ cells among splenocytes reaching 

maximal levels day 5 after infection (Figure 2.1C). Comparatively, neither the percent 

nor total number of CTLA-4+ CD8+ T cells changed significantly from baseline levels 

during the same time period after infection. These results indicate that within the first 
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week after Lm ΔactA infection, CTLA-4 expression by CD4+ T cells is dynamically 

regulated.  

 

To determine if increased CTLA-4 expression among CD4+ cells after Lm ΔactA 

infection reflects expansion of Foxp3+CTLA-4+ cells or induced CTLA-4 expression by 

Foxp3-CD4+ cells, we examined CTLA-4 expression among Foxp3+ and Foxp3- cells 

(Figure 2.2A). These studies revealed most CTLA-4+ CD4 cells were Foxp3+ prior to 

infection, and the percentage of this cell population did not change significantly after 

infection. In contrast, CTLA-4 expression among Foxp3- CD4+ T cells compared with 

naive mice was increased at each time point after infection, reaching maximal levels at 

day 5 (Figure 2.2A). Thus while Foxp3+CD25+CD4+ cells comprise the majority of 

CTLA-4+ cells before infection, Foxp3-CD25-CD4+ T cells upregulate CTLA-4 

expression in response to Lm ΔactA infection.   

 

To more precisely characterize the level and kinetics whereby CTLA-4 is expressed by 

CD4+ T cells after infection, we examined CTLA-4 expression among congenically 

marked (CD90.1+) antigen-specific CD4+ T cells from TCR transgenic (OT-II) mice 

after adoptive transfer and at various time points after Lm-OVA ΔactA infection. CD4 T 

cells from OT-II mice have specificity to the OVA323-339 class II peptide contained within 

Lm-OVA ΔactA used in these experiments. 105 purified CD4+ T cells from OT-II mice 

(CD90.1+) were transferred intravenously into naïve recipient B6 (CD90.2+) mice one 

day prior to infection, and tracked ex vivo by staining for CD90.1+CD4+ cells. After Lm-
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OVA ΔactA infection, CTLA-4 levels increased significantly on these adoptively 

transferred OVA323-339-specific CD4+ T cells, and with similar kinetics whereby Lm 

infection induces CTLA-4 expression on all CD4 T cells reaching maximal levels day 5 

after infection (Figure 2.2B). These results demonstrate that CTLA-4 expression is 

dynamically regulated by antigen-specific CD4+ T cells during the first week after 

primary Lm infection. Moreover by eliminating potentially self-reactive components of 

adaptive immunity through intercrossing these OT-II mice with RAG1-/- mice, greater 

than 99% of these OVA323-339 -specific (CD90.1+) CD4+ T cells are Foxp3- both directly 

ex-vivo prior to adoptive transfer and at each time point within the first week after 

infection. Together these results demonstrate both constitutive CTLA-4 expression by 

Foxp3+ CD4 cells and induced CTLA-4 expression among antigen-specific Foxp3- CD4 

cells after primary Lm infection.  

 

CTLA-4 blockade increases the antigen-specific T cell response magnitude 

CTLA-4 in experimental models of chronic bacterial, parasitic, and viral infection 

suppresses the antigen-specific T cell response because CTLA-4 blockade uniformly 

augments the antigen-specific T cell response magnitude (Anderson et al., 2006; Furze et 

al., 2006; Jacobs et al., 2002; Kirman et al., 1999; Lepenies et al., 2007; Martins et al., 

2004; McCoy et al., 1997; Taylor et al., 2007; Walsh et al., 2007). In contrast, CTLA-4 

blockade during defined conditions after acute LCMV infection inhibits virus-specific T 

cell expansion resulting in increased levels of circulating virus (Raue and Slifka, 2007). 

To evaluate if these discordant roles for CTLA-4 are caused by inherent differences in 
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co-stimulation signals required for optimal T cell activation after acute and chronic 

infection, we examine the effects of CTLA-4 blockade on the antigen-specific T cell 

response after primary Lm ΔactA infection. For these experiments, mice were treated 

with either anti-mouse CTLA-4 monoclonal antibody (UC10-4F10) used previously by 

other investigators for in vivo CTLA-4 blockade or hamster IgG isotype control antibody 

beginning one day prior to infection and throughout the experiment (Anderson et al., 

2006; Furze et al., 2006; Jacobs et al., 2002; Kirman et al., 1999; Lepenies et al., 2007; 

Martins et al., 2004; McCoy et al., 1997; Taylor et al., 2007; Walsh et al., 2007). Eight 

days after primary Lm ΔactA infection, mice treated with CTLA-4 blocking compared 

with control antibody had ~2.5-fold increased (P < 0.05) percentage and total numbers of 

both antigen-specific CD8+ and CD4+ T cells enumerated by intracellular cytokine 

staining after stimulation with the Lm-OVA specific MHC class I OVA257-264 or class II 

LLO189-201 peptides, respectively (Figure 2.3A). Similarly by day 30 after infection, and 

despite a significantly reduced magnitude response compared with day 8, increased 

percentage and total numbers of antigen-specific T cells were maintained for CTLA-4 

blocking compared with control antibody treated mice (Figure 2.3B). These results 

demonstrate that CTLA-4 blockade increases the antigen-specific T cell response 

magnitude at both early (day 8) and memory (day 30) time points after primary Lm 

ΔactA infection. 

 

Since Lm antigen load quantified by the number of recoverable CFUs 24 hours after 

infection directly correlates with the Lm-specific T cell response magnitude (Mercado et 
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al., 2000), we evaluated the possibility that the increased magnitude antigen-specific T 

cell response attributable to CTLA-4 blockade could result from differences in Lm ΔactA 

antigen load at early time points after infection between CTLA-4 blocking and control 

antibody treated mice. Consistent with our previous results characterizing the kinetics of 

Lm ΔactA clearance in other mice (Rowe et al., 2008; Way et al., 2007), only ~10% of 

the initial Lm ΔactA inoculum is recovered after 24 hours, and the infection is completely 

cleared by 72 hours for most mice treated with either CTLA-4 blocking or control 

antibody (Figure 2.4). Importantly no significant differences in bacterial counts between 

CTLA-4 blocking and isotype control antibody treated mice were detected after Lm 

ΔactA infection (Figure 2.4). These results indicate that differences in Lm antigen load at 

early time points after infection do not account for the increased magnitude antigen-

specific T cell response in mice treated with CTLA-4 blocking antibody.   

 

CTLA-4 blockade increases the kinetics of bacterial clearance after virulent Lm 

challenge  

Lastly we evaluated how increased magnitude antigen-specific T cell response conferred 

by CTLA-4 blockade after priming with Lm ΔactA would alter the kinetics of bacterial 

clearance after challenge with virulent Lm. In our recent studies, suppressing the antigen-

specific T cell response magnitude with anti-PDL-1 blocking antibody delays the kinetics 

whereby virulent Lm is cleared (Rowe et al., 2008). Accordingly we hypothesized that 

CTLA-4 blockade resulting in increased antigen-specific response magnitude would 

increase the clearance kinetics of virulent Lm after secondary challenge. To test this 
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hypothesis, groups of naïve or mice initially primed with Lm ΔactA each treated with 

either CTLA-4 blocking or control antibody were challenged with an inoculum of 

virulent Lm normally lethal for naïve mice (1 LD50). Within the first 72 hours after 

virulent Lm challenge, both CTLA-4 blocking or control antibody treated naïve mice had 

progressively increasing numbers of Lm CFUs, became moribund and were euthanized 

(Figure 2.5). Importantly there were no significant differences in numbers of recoverable 

Lm CFUs between naive CTLA-4 blocking and control antibody treated mice indicating 

CTLA-4 does not play an important role in innate host defense to virulent Lm. Consistent 

with the highly efficient nature whereby antigen-specific T cells primed with Lm ΔactA 

confer protection to virulent Lm challenge, greater than 100-fold decreased Lm CFUs 

were present for control antibody treated Lm ΔactA primed compared with naïve mice 

beginning 24 hours after challenge (Figure 2.5).  Remarkably, the rate of bacterial 

clearance was further enhanced for CTLA-4 blocking antibody treated mice since an 

additional ~10-fold reduction (P < 0.05) in recoverable Lm CFUs was present for Lm 

ΔactA primed CTLA-4 blocking antibody treated compared with control antibody treated 

mice 24 hours after Lm challenge (Figure 2.5).  By 72 hours post-challenge, virulent Lm 

was cleared for the majority of Lm-ΔactA primed mice regardless of CTLA-4 blockade 

while increased numbers of Lm CFUs were found for both groups of naïve control mice 

(Figure 2.5). Thus, CTLA-4 blockade increases the kinetics whereby virulent Lm 

challenge is eradicated in Lm ΔactA primed mice.  
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Since CD8 T cells are the adaptive immune effectors that mediate protective immunity to 

Lm infection as demonstrated in various mice with unique targeted immune defects 

(Harty and Bevan, 1995; Orgun et al., 2008; Way et al., 2003), we sought to examine if 

CD8 T cells were responsible for the increased kinetics of virulent Lm clearance 

attributable to CTLA-4 blockade in Lm ΔactA primed mice. Accordingly, we quantified 

the effects of CD8 T cell depletion prior to challenge with virulent Lm in groups of Lm 

ΔactA primed mice treated with either anti-CTLA-4 or control antibody. Beginning at 

day 1 post-challenge, dramatically more Lm CFUs were recovered from both anti-CTLA-

4 and control antibody treated mice depleted of CD8 T cells (Figure 2.5). Importantly, 

CD8 T cell depletion eliminated the difference in kinetics of virulent Lm clearance 

between anti-CTLA-4 and control antibody treated mice (Figure 2.5).  Thus after CTLA-

4 blockade, CD8 T cells are the primary mediators of protective immunity to virulent Lm 

infection. Taken together, these results demonstrate CTLA-4 suppresses the Lm-specific 

CD8 T cell response during primary Lm ΔactA infection resulting in delayed protective 

immunity after secondary virulent Lm challenge.  



 

 29 

DISCUSSION 

 

In this report we demonstrate using a prime-challenge model of attenuated followed by 

virulent Lm infection that CTLA-4 plays a suppressive role in antigen-specific T cell 

activation. These results are consistent with other studies that have characterized the role 

of CTLA-4 in antigen-specific T cell activation after infection that together uniformly 

indicate a T cell suppressive role for CTLA-4 (Anderson et al., 2006; Furze et al., 2006; 

Jacobs et al., 2002; Kearney et al., 1995; Kirman et al., 1999; Lepenies et al., 2007; 

Martins et al., 2004; McCoy et al., 1997; Shrikant et al., 1999; Taylor et al., 2007; Walsh 

et al., 2007). In each of these studies and the results presented here, CTLA-4 blockade 

augments the T cell response magnitude. Although antigen-specific T cells play 

important roles in host protection during infection, increased magnitude T cell activation 

conferred by CTLA-4 blockade can either improve or worsen infection outcome. For 

example, CTLA-4 blockade in some models of chronic bacterial and parasitic infection 

results in more rapid pathogen clearance and protective immunity (Anderson et al., 2006; 

Furze et al., 2006; Martins et al., 2004; McCoy et al., 1997; Taylor et al., 2007; Walsh et 

al., 2007), while in other infections the benefits of more rapid pathogen clearance are 

outweighed by immune mediated host tissue injury caused by CTLA-4 blockade (Jacobs 

et al., 2002; Lepenies et al., 2007). Interestingly for viruses such as SIV capable to 

establishing latent infection within T cells, CTLA-4 blockade causing non-specific T cell 

activation increases viral replication levels (Cecchinato et al., 2008; Doherty et al., 1999; 

Scanga et al., 2007). These results may be directly related to increased transcription of 
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latent viral genes after non-specific immune activation triggered by Mycobacterium 

tuberculosis or Mycobacterium avium infection in transgenic mice containing intergrated 

copies of the HIV genome (Cecchinato et al., 2008; Doherty et al., 1999; Scanga et al., 

2007). Nevertheless, these studies together with the data we present here clearly indicate 

that CTLA-4 confers important suppressive effects on T cell activation and expansion 

during infection.  

 

It remains unclear why CTLA-4 does not play a suppressive role in T cell-activation 

following acute LCMV or vaccinia virus infection, and in the setting of CD28-deficiency 

after acute LCMV infection appears to play an important stimulatory role in priming 

virus-specific CD8+ T cells. Although protective immunity to both LCMV and Lm 

infection is mediated primarily by pathogen-specific CD8+ T cells, a striking difference 

between our results and the data reported for acute LCMV infection is the dramatically 

increased CTLA-4 expression by CD8+ T cells after LCMV infection that does not occur 

after primary Lm ΔactA infection. Whether differences in CTLA-4 expression by CD8+ 

T cells triggered by LCMV compared with Lm alone account for the discordant roles for 

CTLA-4 in T cell activation and expansion between these infection models is unclear. 

Although CTLA-4 was not upregulated to any appreciable extent on CD8 T cells after 

Lm infection, our results indicate that in addition to constitutive expression on Foxp3+ 

regulatory T cells, CTLA-4 is also transiently upregulated on newly activated antigen-

specific CD4 T cells. However, using our current experimental conditions, we cannot 

distinguish if the augmented Lm-specific CD8 and CD4 T cell response after anti-CTLA-
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4 antibody is attributable to CTLA-4 blockade on Foxp3+ and/or Foxp3- CD4 T cells. 

Since others have demonstrated CTLA-4 blockade also blocks the suppressive function 

of Tregs that results in autoimmunity, the augmented Lm-specific CD8 and CD4 T cell 

response after CTLA-4 blockade could be consistent with overall blockade of Tregs 

(Read et al., 2006; Read et al., 2000; Takahashi et al., 2000). However, since these 

studies did not specially prime conditions where CTLA-4 is upregulated on non-Tregs 

CD4 cells, the potential role for CTLA-4 expression on these cells cannot be excluded. 

Our ongoing studies are designed to more specifically characterize how CTLA-4 and 

CD4 T cells control protective immunity during Lm and other infections.  
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Figure 2.1 - CTLA-4 expression among CD8+ T cells (A) and CD4+ T cells (B) at the 

indicated time points after infection with 106 Lm-OVA ΔactA. CTLA-4 expression was 

measured by staining with anti-CTLA-4 (open histograms) or isotype control (shaded 

histograms) antibody either before cell permeabilization (surface), or staining before and 

after permeabilization (surface  + intracellular). The numbers indicate percent CTLA-4+ 

cells compared with isotype control antibody. C. Absolute number of CTLA-4+ CD8 and 

CD4 T cells among splenocytes at the indicated time points after Lm-OVA ΔactA 

infection. These data are representative of 4 to 6 mice per time point from two 

independent experiments with similar results. Bar, standard error. 
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Figure 2.2 - A. CTLA-4 expression determined by both cell surface and intracellular 

staining compared with Foxp3 expression among CD4+ T cells at the indicated time 

points after infection with 106 Lm-OVA ΔactA. The numbers indicate the percentage 

CD4+ cells in each gate and are representative of 4 mice per time point from two 

independent experiments.  B. Histogram plots indicating CTLA-4 expression among OT-

II CD90.1+ OVA323-339-specific CD4+ T cells at the indicated time points after infection. 

CTLA-4 expression was measured by staining with anti-CTLA-4 (open histograms) or 

isotype control (shaded histograms) antibody either before cell permeabilization 

(surface), or staining before and after permeabilization (surface  + intracellular).  The 

numbers indicate percent CTLA-4+ cells compared with isotype control antibody, and is 

representative of 4 to 6 mice per time point from two independent experiments with 

similar results.  
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Figure 2.3 - A. Percent and total number IFN-γ producing CD8+ (top) and CD4+ 

(bottom) T cells among splenocytes from hamster isotype control (h-IgG) or CTLA-4 

blocking antibody treated mice day 8 after infection with 106 Lm-OVA ΔactA and 

stimulation with OVA257-264 peptide (MHC class I), LLO189-201 peptide (MHC class II), or 

no stimulation. B. Percent and total number IFN-γ producing CD8+ (top) and CD4+ 

(bottom) T cells among splenocytes from hamster isotype control (h-IgG) or CTLA-4 

blocking antibody treated mice day 30 after infection with 106 Lm-OVA ΔactA and 

stimulation with OVA257-264 peptide (MHC class I), LLO189-201 peptide (MHC class II),  

or no stimulation. These data are representative of 6 mice per experimental group from 

two independent experiments with similar results. Bar, standard error. * P < 0.05. 
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Figure 2.4 - Number of recoverable Lm CFUs (log 10) per spleen for CTLA-4 blocking 

(circle symbol, gray line) or hamster isotype control (h-IgG, square symbol, black line) 

antibody treated mice 24 hours (D1) or 72 hours (D3) after infection with 106 Lm-OVA 

ΔactA. These data are representative of 4 mice per experimental group. Bar, standard 

error. 
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Figure 2.5 - Number of recoverable Lm CFUs (log 10) per spleen at the indicated time 

point after infection with 105 Lm-OVA for naïve mice (left-sided panel), mice primed 30 

days previously with 106 Lm-OVA ΔactA (middle panel), and Lm-OVA ΔactA primed 

mice depleted of CD8 T cells one day prior to challenge (right-sided panel) each treated 

with CTLA-4 blocking (circle symbol, gray line) or hamster isotype control (h-IgG, 

square symbol, black line) antibody. These data are representative of 6 to 8 mice per 

experimental group from two independent experiments with similar results. Bar, standard 

error. * P < 0.05.  
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Chapter 3 

 

PDL-1 blockade impedes T cell expansion and protective immunity 

primed by attenuated Listeria monocytogenes§ 

                                                
§ Reprinted from The Journal of Immunology. Jared H. Rowe, Tanner M. Johanns, James 
M. Ertelt, and Sing Sing Way. “PDL-1 blockade impedes T cell expansion and protective 
immunity primed by attenuated Listeria monocytogenes.” © The American Association 
of Immunologists. Originally published in The Journal of Immunology. 2008. 
180(11):7553-7557. 
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 SUMMARY 

 

Infection with attenuated Listeria monocytogenes (Lm) is a robust in vivo model for 

examining how antigen-specific T cells are primed, and subsequent challenge with 

virulent Lm allows for the protective effects of T cell priming to be quantified.  Herein, 

we investigated the role of PDL-1 in T cell priming and immunity conferred after primary 

infection with Lm ΔactA followed by virulent Lm challenge.  In striking contrast to the 

inhibitory role of PDL-1 on T cell immunity in other infection models, marked reductions 

in the magnitude of T cell expansion and the kinetics of T cell proliferation were 

observed with PDL-1 blockade after primary Lm ΔactA infection.  More importantly 

PDL-1 blockade beginning before primary infection and maintained throughout the 

experiment resulted in delayed bacterial clearance and T cell expansion after secondary 

challenge with virulent Lm.  These results indicate that for immunity to intracellular 

bacterial infection, PDL-1 plays an important stimulatory role for priming and expansion 

of protective T cells. 
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INTRODUCTION 

 

PDL-1 (B7-H1) belongs to the B7 family of co-stimulatory molecules that also includes 

B7-1 (CD80), B7-2 (CD86), and B7-DC (CD273 or PDL-2) (Keir et al., 2007; Sharpe et 

al., 2007).  T cell engagement with each of these co-stimulatory receptors can confer both 

stimulatory or inhibitory signals, and the overall magnitude of the antigen-specific T cell 

response after immunization or infection is controlled by multiple T cell activation and 

suppression signals.  Therefore, understanding how these various opposing signals 

together control antigen-specific T cell activation is required for the more rational design 

of vaccines that aim to target T cell-mediated immunity.  Although PDL-1 can provide 

both T cell inhibitory and activation signals examined with both in vitro models of T cell 

activation or in vivo models of autoimmune disease, functional studies with in vivo 

infection models have uniformly demonstrated that T cell stimulation by PDL-1 

suppresses T cell proliferation and effector function (Barber et al., 2006; Day et al., 2006; 

Dong et al., 1999; Jun et al., 2005; Kanai et al., 2003; Latchman et al., 2004; Maier et al., 

2007; Petrovas et al., 2006; Subudhi et al., 2004; Trautmann et al., 2006; Urbani et al., 

2006). For example during chronic LCMV infection, in vivo PDL-1 blockade restores 

proliferation and cytolytic function to virus-specific "exhausted" CD8 T cells and results 

in viral clearance (Barber et al., 2006). Similarly, PDL-1 blockade restores activation and 

proliferation to virus-specific T cells during both chronic hepatitis B and acute herpes 

simplex virus in mouse infection models (Jun et al., 2005; Maier et al., 2007), and 

proliferation and cytolytic function for HIV-specific or hepatitis C virus-specific CD8 T 
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cells from human patients with these chronic infections (Day et al., 2006; Petrovas et al., 

2006; Trautmann et al., 2006).  Accordingly, reinvigorating viral T cells through PDL-1 

blockade has been proposed as a novel therapeutic intervention for treatment of chronic 

viral infection.  

 

Listeria monocytogenes (Lm) is an intracellular Gram-positive bacterium that primarily 

causes localized infections in the gastrointestinal tract in immune-competent individuals, 

and more severe systemic infections in immune-compromised individuals.  During 

infection, Lm primes a robust antigen-specific CD8 and CD4 T cell response, and 

accordingly Lm infection is a widely used experimental model whereby priming and 

activation of antigen-specific T cells, and the protective effects these T cells are 

examined (Pamer, 2004).  Furthermore because of the relative ease by which recombinant 

Lm strains can be generated, and the existence of many highly attenuated and 

immunogenic Lm mutant strains, recombinant Lm expressing protective antigen from 

other pathogens are being explored as a new class of live attenuated vaccine vectors 

(Frankel et al., 1995; Orr et al., 2007; Zhao et al., 2006).  In this study we examined the 

effects of PDL-1 blockade on T cell priming and expansion after primary infection with 

Lm ΔactA, and protective immunity following secondary challenge with virulent Lm.  

The highly attenuated nature of Lm ΔactA compared with WT Lm normalizes antigen 

load after primary infection thereby bypassing potential difference in innate susceptibility 

between groups of mice allowing for a more accurate comparison of the resulting T cell 

response (Harty and Bevan, 1995; Mercado et al., 2000; Way et al., 2007; Way et al., 
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2003).  In this report, we first demonstrate that PDL-1 expression is markedly 

upregulated during Lm ΔactA primary infection, and PDL-1 blockade does not alter 

antigen load or the kinetics of bacterial clearance following infection with this attenuated 

Lm strain.  Additional studies using Lm ΔactA primary infection to normalize initial 

antigen load between anti-PDL-1 antibody and control antibody treated mice demonstrate 

that PDL-1 blockade delays the kinetics of T cell priming and reduces the magnitude of T 

cell expansion after primary Lm ΔactA infection. Importantly, PDL-1 blockade beginning 

prior to T cell priming and maintained throughout secondary challenge reveals an 

important role for PDL-1 in optimal bacterial clearance and secondary T cell expansion 

after challenge with virulent Lm. 
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MATERIALS AND METHODS 

 

Mice. C57B6 (H-2Kb) female mice were purchased from the National Cancer Institute 

and used at 6-8 weeks of age.  OT-1 TCR transgenic mice have been described and were 

intercrossed with CD90.1 mice and maintained on a RAG-1-deficient background 

(Foulds et al., 2002).  All experiments were performed under University of Minnesota 

IACUC approved protocols.         

 

Listeria monocytogenes. The recombinant Lm strain Lm-OVA and Lm-OVA ΔactA 

derived through targeted deletion in the actA gene were used allowing for an analysis of 

the immune response to the surrogate Lm-specific H-2Kb OVA257-264 antigen as described 

(Foulds et al., 2002; Way et al., 2007).  For infections, Lm were grown to early log phase 

(OD600 0.1) in brain heart infusion media at 37oC, washed, and diluted with saline to 200 

µl final volume and injected IV.  At the indicated time points after infection, the number 

of recoverable bacteria in the organs of infected mice were quantified by homogenization 

in saline containing Triton X (0.05%), and plating serial dilutions of the homogenate on 

brain heart infusion plates as described (Edelson and Unanue, 2002; Way et al., 2003).     

 

Reagents, in vitro cultures, cell staining, and adoptive transfer. For in vivo PDL-1 

blockade, anti-mouse PDL-1 (clone 10F.9G2) or rat IgG2b isotype control (clone LTF-2) 

antibodies (Barber et al., 2006; Maier et al., 2007) were purchased from Bio Express, and 

injected IP in the following manner: one day prior to primary infection (500 µg per 
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mouse), days 4 and 8 after primary infection and day 1 prior to rechallenge (250 µg per 

mouse).  The CD8 T cell response to OVA257-264 was examined with H-2Kb dimer X 

loaded with OVA257-264 peptide according to the manufacturer's instructions (BD 

Biosciences).  Antibodies for cell surface staining, reagents for intracellular cytokine and 

Annexin V staining were purchased from BD Biosciences and used according to 

manufacturer's recommendations.  For in vitro culture, splenocytes were plated into 96-

well round bottom plates (5 x 106 cells/ml), and stimulated with the indicated peptides 

(10-6 M) with Brefeldin-A (BD GolgiPlug reagent) for 5 hours as described (20).  For 

adoptive transfer, 105 CD8 T cells from OT-1 (CD90.1) mice were CFSE labeled (5 µM 

final concentration) and transferred intravenously into recipient mice one day prior to Lm 

infection.    

 

Statistics. The differences in number and percentage of antigen-specific cells, and 

geometric mean CFUs between groups of mice were evaluated by using the Student's t 

test with P < 0.05 taken as statistically significant (Graph Pad, Prism software).   
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RESULTS 

 

PDL-1 expression after primary Lm-ΔactA infection 

Although expressed constitutively on most lymphoid cells, PDL-1 expression is 

upregulated on virtually all splenocytes during chronic viral infection (Barber et al., 

2006).  Functionally, PDL-1 expression during chronic viral infection actively suppresses 

virus-specific CD8 T cells since PDL-1 blockade restores the function of virus-specific 

"exhausted" T cells into "effector" cells capable of viral clearance (Barber et al., 2006).  

To gain insight into how and when PDL-1 may alter T cell priming during acute bacterial 

infection, we examined the kinetics of PDL-1 expression on splenocytes after primary 

Lm infection.  Remarkably, beginning 24 hours after infection with 106 CFUs of Lm 

ΔactA, PDL-1 was upregulated on the majority of all splenocytes (Figure 3.1).  At this 

time point, the level of PDL-1 expression was highest among the CD11c+ splenocyte 

population consistent with the important role this subset of antigen presenting cells plays 

in T cell priming after Lm infection (Jung et al., 2002a).  PDL-1 was also dramatically 

upregulated on other splenocyte subpopulations including CD11b+, B220+, CD4+ and 

CD8+ cells.  PDL-1 upregulation in response to Lm ΔactA infection was maintained 

through day 3, dramatically reduced by day 6, and returned to levels present in naive 

mice day 14 after infection.  The kinetics for PDL-1 upregulation and return to baseline 

on CD11c+ cells was similar to the expression kinetics of other molecules important for 

T cell priming such as CD80, CD86, MHC class I (H-2Kb) and class II (I-Ab) (Figure 3.1 

and data not shown).  
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PDL-1 blockade reduces antigen-specific T cell expansion after primary Lm-ΔactA 

infection 

To evaluate the overall role of PDL-1 in T cell priming accommodating the brisk nature 

whereby PDL-1 is upregulated during Lm infection, we pretreated mice with either anti-

PDL-1 blocking or isotype control antibody beginning one day prior to infection.  

Remarkably, in vivo PDL-1 blockade effectively blocked access to both constitutive 

levels of cell-surface PDL-1 and the increased expression levels present after infection 

since only background levels of PDL-1 staining could be detected in anti-PDL-1 treated 

mice (Figure 3.2A).  These reductions were specific to PDL-1 since anti-PDL-1 blockade 

did not alter the cell-surface expression of other costimulation molecules in response to 

Lm infection (Figure 3.2A).  Other experiments indicate that PDL-1 blockade does not 

alter the antigen load or kinetics of bacterial clearance after Lm-OVA ΔactA infection 

since the numbers of recoverable CFUs is virtually identical at early time points (24, 48, 

and 72 hours) after infection between anti-PDL-1 treated and control mice (Figure 3.2B).  

In this experimental model beginning day 5 after Lm ΔactA infection, a ~70% reduction 

in the antigen-specific CD8 T cell response enumerated by OVA257-264 dimer staining was 

present for anti-PDL-1 treated compared with control mice (P < 0.001) (Figure 3.3A).  

This reduced magnitude antigen-specific CD8 T cell response was maintained through 

the peak (day 8) and contraction phase (days 15 to 30) of the T cell response.  Similarly 

during the peak T cell response, there was a ~70% reduction in number of antigen-

specific CD8 T cells in splenocytes from anti-PDL-1 treated compared with control mice 
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(Figure 3.3B).  Moreover, 50 to 70% reductions in both the percentage and total number 

of cytokine producing CD8 and CD4 T cells among splenocytes were present after 

stimulation with the MHC class I peptide OVA257-264 or class II peptide LLO189-201, 

respectively (Figure 3.3C,D).  These results indicate that PDL-1 blockade impedes 

antigen-specific T cell expansion after primary Lm ΔactA infection. 

 

PDL-1 blockade impedes antigen-specific T cell priming 

Early priming events after Lm infection play critical roles regulating both the kinetics and 

magnitude of the antigen-specific T cell response (Mercado et al., 2000).  To determine if 

reductions in T cell expansion resulting from PDL-1 blockade are due to defects in early 

T cell priming, we examined the degree of proliferation and magnitude of expansion in 

adoptively transferred antigen-specific T cells in the first few days following Lm ΔactA 

infection.  Beginning at 48 hours after infection adoptively transferred antigen-specific 

OT-1 CD8 (CD90.1) T cells could be readily detected, and at this early time point 

consistent reductions in both cell number and degree of CFSE dilution among antigen-

specific T cells adoptively transferred into anti-PDL-1 compared with control mice were 

present (Figure 3.4A).  Reduced levels of CFSE dilution and expansion among antigen-

specific T cells in anti-PDL-1 antibody treated compared with control mice became more 

pronounced by day 3 after infection (Figure 3.4A).  By day 4 after infection when CFSE 

was fully dilute among transferred cells in both groups of mice, significant reductions in 

both percentage and total numbers of antigen-specific OT-1 cells in mice treated with 

anti-PDL-1 compared with control antibody were still present (Figure 3.4B).  In similar 
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experiments we evaluated the possibility that reduced numbers of antigen-specific T cells 

present in anti-PDL-1 treated compared with control mice were the result of increased 

apoptotic cell death since in other systems, direct stimulation of activated human T cells 

with immobilized anti-PDL-1 antibody in vitro can lead to increased rates of apoptotic 

cell death (25). These experiments revealed no difference in annexin V staining among 

antigen-specific OT-1 cells recovered from anti-PDL-1 treated and control mice (Figure 

3.4C), and indicate that potential differences in the rate of apoptotic cell death 

attributable to anti-PDL-1 antibody in other systems does not contribute significantly to 

observed reductions in number of antigen specific T cells primed after Lm infection.  

Together, these results indicate that after primary Lm-ΔactA infection, PDL-1 blockade 

interferes with early events in T cell priming resulting in reduced proliferation and 

expansion of antigen-specific T cells. 

 

PDL-1 blockade delays bacterial clearance after challenge with virulent Lm 

To evaluate the overall impact PDL-1 plays in protective immunity primed by attenuated 

Lm infection we examined the susceptibility of anti-PDL-1 antibody treated and control 

mice to challenge with an inocula of virulent Lm lethal for naïve mice (1 LD50).  

Consistent with other studies demonstrating the remarkable efficiency whereby prior 

infection with Lm-ΔactA primes protective T cell immunity allowing virulent Lm to be 

rapidly cleared after challenge (Harty and Bevan, 1995), there were ~ 4 log-fold 

reductions in recoverable Lm CFUs in the livers by day 3 after challenge for Lm ΔactA 

primed compared with naive control mice each treated with isotype control antibody 
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(Figure 3.5A).  However the degree of protection primed with Lm ΔactA was 

significantly reduced by PDL-1 blockade since ~2 log-fold increased numbers of Lm 

were present for anti-PDL-1 antibody treated compared with control mice (P = 0.001).  

Moreover, this is likely an under-representation of the true difference between these 

groups since 4 of 7 control mice (rat IgG2b treated) had Lm CFUs below the limits of 

detection, while Lm CFUs were present for all anti-PDL-1 treated mice (7 total).  To 

evaluate if the increased susceptibility to virulent Lm challenge for anti-PDL-1 compared 

with control mice reflects either a failure or delay in bacterial clearance, Lm CFUs were 

also examined at additional later time points.  By day 5 after challenge, the number of 

recoverable Lm for both anti-PDL-1 antibody treated and control mice were below the 

limits of detection (Figure 3.5A).  These results indicate that PDL-1 blockade delays 

bacterial clearance after secondary challenge with virulent Lm. 

 

Lastly we examined the role of PDL-1 in antigen-specific T cell expansion after 

secondary infection by enumerating the antigen-specific T cell response to OVA257-264 

prior to challenge (day 30 after Lm ΔactA primary infection), and days 3 and 5 after 

secondary challenge with virulent Lm (Figure 3.5B).  Consistent with the marked 

reductions in T cell expansion after primary infection with Lm ΔactA attributable to 

PDL-1 blockade, significantly delayed kinetics and reductions in overall magnitude of T 

cell expansion after secondary challenge with virulent Lm was observed for anti-PDL-1 

antibody treated compared with control mice.  Taken together, these results indicate that 
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PDL-1 blockade impedes antigen-specific T cell priming and protective immunity during 

Lm infection. 
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DISCUSSION 

 

PDL-1 T stimulation uniformly results in suppression of pathogen-specific T cell 

proliferation and effector function after evaluation in various in vivo infection models 

(Barber et al., 2006; Day et al., 2006; Jun et al., 2005; Maier et al., 2007; Petrovas et al., 

2006; Trautmann et al., 2006; Urbani et al., 2006). However, whether PDL-1 mediated 

suppression of antigen-specific T cell proliferation is beneficial or detrimental for the 

host appears to be pathogen and context dependent.  For LCMV clone 13 and other 

viruses that cause chronic infection, active T cell inhibition through PDL-1 results in 

antigen-specific T cells that are phenotypcially "exhausted" and cannot eradicate virus 

resulting in chronic infection (Barber et al., 2006; Day et al., 2006; Maier et al., 2007; 

Petrovas et al., 2006; Trautmann et al., 2006; Urbani et al., 2006).  On the other hand for 

acute HSV-1 infection causing stromal keratitis, PDL-1 mediated suppression of virus-

specific T cell priming and apoptosis limits the severity of disease caused by activated T 

cells (Jun et al., 2005).  Herein we report experimental data demonstrating a stimulatory 

role for PDL-1 in T cell proliferation and expansion, and a protective role for PDL-1 

using an in vivo model of priming model of protective immunity to Lm infection. 

 

First we demonstrate the marked upregulation of PDL-1 expression from baseline levels 

on virtually all immune cells after Lm infection, with CD11c+ having the highest levels 

of expression.  The role of PDL-1 expression in priming T cell immunity after Lm 

infection was examined treating mice with either anti-PDL-1 blocking or control 
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antibody prior to and during infection.  To bypass potential roles PDL-1 may play in 

innate resistance to virulent Lm infection leading to differences in Lm antigen load, 

infection with the ΔactA Lm mutant was used.  This highly attenuated Lm lacks the 

bacterial virulence protein necessary for actin recruitment and intracellular and 

intercellular spread and therefore is rapidly cleared even in mice lacking key components 

of innate resistance (Harty and Bevan, 1995; Way et al., 2007; Way et al., 2003).  

Similarly we now demonstrate that infection with Lm ΔactA normalize antigen load in 

anti-PDL-1 treated and control mice at early time points when potential differences can 

critically impact the immune response magnitude (Mercado et al., 2000).  Using this in 

vivo model to prime Lm specific T cells, we demonstrate consistent ~70% reductions in 

the antigen-specific T cell response for anti-PDL-1 antibody treated compared with 

control mice quantified using both MHC multimer and intracellular cytokine staining 

techniques.  Additional experiments using adoptively transferred antigen-specific T cells 

from TCR transgenic mice indicate that PDL-1 plays an important role in early T cell 

priming since cells recovered from anti-PDL-1 compared with control mice had delayed 

CFSE dilution and decreased overall expansion.  Importantly after challenge with virulent 

Lm in mice primed with Lm ΔactA, PDL-1 blockade throughout the experiment lead to 

delayed bacterial clearance and secondary expansion of antigen-specific T cells. 

 

Therefore during Lm infection, unlike the other previously described in vivo infection 

models, PDL-1 is required for optimal T cell proliferation and expansion. These results 

are consistent with the stimulatory role for PDL-1 previously described in other non-
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infectious in vivo and in vitro models of T cell activation (Dong et al., 1999; Kanai et al., 

2003; Subudhi et al., 2004).  Our results demonstrating PDL-1 stimulates T cell immunity 

after primary infection with Lm-ΔactA are also consistent with a recent study describing 

a defect in Lm-specific CD8 T cell expansion after infection with WT Lm using a 

different anti-PDL-1 blocking antibody and a different mouse strain (Seo et al., 2007).  In 

this study, the increased susceptibility conferred by PDL-1 blockade to primary WT Lm 

infection was also demonstrated underscoring the importance of using attenuated Lm for 

primary infection to normalize antigen load at early time points when the resulting 

adaptive T cell response is being evaluated.  This critical difference or potentially other 

intrinsic differences between the two experimental systems lead these authors to miss the 

important functional consequence of PDL-1 blockade resulting in delayed bacterial 

clearance after re-challenge with virulent Lm that we now report.  These results 

collectively challenge the dogma that T cell stimulation through PDL-1 during infection 

results in decreased proliferation and suppression of effector function, and instead 

demonstrates that the role of PDL-1 in T cell immunity is context dependent and varies 

with the type of infection. Determining the molecular basis for how T cell stimulation 

through PDL-1 and other co-stimulation signals can result in such drastic differences in 

proliferation and functional capacity during specific infections is an important area for 

future investigation. 
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Figure 3.1 - PDL-1, CD80, and CD86 expression among all splenocytes or specific 

splenocyte cell subsets at the indicated time points after infection with 106 Lm ΔactA 

(open histograms) compared with no infection mice (shaded histograms).  These data are 

from 2 mice per experimental group per time point, and representative of three 

independent experiments with similar results.  
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Figure 3.2 - A. PDL-1 and CD80 expression among all splenocytes (top) or CD11c+ 

splenocyte cells (bottom) from mice 3 days after infection with 106 Lm ΔactA (open 

histograms) or no infection (shaded histograms) treated with either rat IgG2b isotype 

control or anti-PDL-1 antibody prior to infection.  These data are from 2 mice per 

experimental group per time point, and representative of three independent experiments.  

B. Number of recoverable Lm CFUs per spleen in rat IgG2b control (shaded bars) or anti-

PDL-1 antibody (open bars) treated mice at the indicated time points after infection.  

These data are from 4 to 5 mice per group, reflective of two independent experiments.  

Bar, one standard error.   
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Figure 3.3 - A. Percent antigen-specific CD8 T cells among PBMCs in anti-PDL-1 

antibody treated and control mice at the indicated time points after infection with 106 Lm 

ΔactA quantified by H-2Kb OVA257-264 dimer staining.  B. Number of H-2Kb OVA257-264 

dimer+ CD8 T cells among splenocytes day 8 post-infection.  C. Percent and number of 

IFN-γ producing CD8 T cells among splenocytes after stimulation with OVA257-264 

peptide or no stimulation day 8 post-infection.  D. Percent and number of IFN-γ 

producing CD4 T cells among splenocytes after LLO189-201 peptide stimulation day 8 

post-infection.  These data represent 7 to 12 mice per experimental group and is 

representative of three independent determinations.  Bar, standard error.  * P < 0.05.  
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Figure 3.4. - A. Expansion and CFSE dilution in adoptively transferred OT-I 

(CD90.1+CD8+) cells at the indicated time points after infection with 106 Lm ΔactA in 

anti-PDL-1 antibody treated (gray histograms), control rat IgG2b treated (open 

histograms), or no infection control mice (black histograms).  The numbers in the upper 

left quadrant indicate percentage of gated cells among total splenocytes.  B. Number of 

OT-I (CD90.1+CD8+) per mouse spleen prior to infection and day 4 after infection in 

anti-PDL-1 antibody (circle) or rat IgG2b antibody (square) treated mice.  C. Annexin V 

staining among OT-1 (CD90.1+CD8+) cells day 3 after infection in either anti-PDL-1 

treated (gray histograms) or control IgG2b treated (open histograms) mice. These data 

represent 5-7 mice for each experimental group combined from two independent 

experiments.  Bar, standard error.   
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Figure 3.5 - A. Numbers of recoverable Lm CFUs in the liver days 3 and 5 after 

challenge with 105 virulent Lm for the indicated groups of naive mice (solid bar), or mice 

previously inoculated with Lm ΔactA 30 days prior to challenge (shaded and striped 

bars).  For these experiments, mice were treated with either anti-PDL-1 or control 

antibody prior to primary infection, and throughout the experiment as described in the 

Materials and Methods.  B. Number of IFN-γ producing CD8 T cells after stimulation 

with OVA257-264 peptide among splenocytes prior to challenge (day 30 after Lm ΔactA 

infection), and days 3 and 5 after challenge with virulent Lm.   These data represent 7 

mice for each experimental group combined from two independent experiments.  Bar, 

standard error.  * P < 0.05. 
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Chapter 4 

 

Innate IFN-γ  is essential for programmed death ligand-1-mediated T 

cell stimulation following Listeria monocytogenes infection** 

 

                                                
** Reprinted from The Journal of Immunology. Jared H. Rowe, James M. Ertelt, and Sing 
Sing Way. “Innate IFN-γ is essential for program death ligand-1 mediated T cell 
stimulation following Listeria monocytogenes infection.” © The American Association 
of Immunologists. Originally published in The Journal of Immunology. 2012. 
189:000-000 
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 SUMMARY 

 

Although best characterized for sustaining T cell exhaustion during persistent viral 

infection, Programmed death ligand (PDL)-1 also stimulates the expansion of protective 

T cells after infection with intracellular bacterial pathogens. Therefore, establishing the 

molecular signals that control whether PDL-1 stimulates immune suppression or 

activation is important as immune modulation therapies based on manipulating PDL-1 

are being developed. Herein, the requirement for PDL-1 blockade initiated before 

infection with the intracellular bacterium Listeria monocytogenes (Lm) in reducing 

pathogen-specific T cell expansion is demonstrated. In turn, the role of proinflammatory 

cytokines triggered early after Lm infection in controlling PDL-1-mediated T cell 

stimulation was investigated using mice with targeted defects in specific cytokines or 

cytokine receptors. These experiments illustrate an essential role for IL-12 or type I IFNs 

in PDL-1-mediated expansion of pathogen-specific CD8+ T cells. Unexpectedly, direct 

stimulation by neither IL-12 nor type I IFNs on pathogen-specific CD8+ cells was 

essential for PDL-1-mediated expansion. Instead, the absence of early innate IFN-γ 

production in mice with combined defects in both IL-12 and type I IFN receptor negated 

the impacts of PDL-1 blockade. In turn, IFN-γ ablation using neutralizing antibodies or in 

mice with targeted defects in IFN-γ receptor each eliminated the PDL-1-mediated 

stimulatory impacts on pathogen-specific T cell expansion. Thus, innate IFN-γ is 

essential for PDL-1-mediated T cell stimulation. 
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INTRODUCTION 

 

Programmed death ligand-1 (PDL-1, B7-H1) belongs to a growing list of co-stimulation 

molecules within the B7 family that regulate T cell activation (Brown et al., 2010; Keir et 

al., 2007; Odorizzi and Wherry, 2012; Sharpe et al., 2007). Best characterized after 

infection with Lymphocytic choriomeningitis virus (LCMV) and other viral pathogens 

that cause persistent infection, stimulation via PDL-1 sustains functional exhaustion for 

otherwise protective viral-specific CD8+ T cells (Barber et al., 2006). In turn, PDL-1 

blockade using monoclonal antibodies during persistent infection or with therapeutic 

vaccination reinvigorates the activation of LCMV-specific CD8+ T cells and accelerates 

pathogen eradication (Ha et al., 2008). Similarly during hepatitis B or herpes simplex 

virus infection, PDL-1 neutralization stimulates the activation and IFN-γ production by 

virus-specific T cells (Jun et al., 2005; Maier et al., 2007). These PDL-1-mediated 

immune suppressive properties initially described in mouse infection models extend to 

functional T cell exhaustion for humans infected with viruses that predominantly cause 

persistent infection. For example, CD8+ T cells with specificity to hepatitis C or human 

immune-deficiency virus each up-regulate the PDL-1 binding partner, PD-1, with 

progressively worsening infection (Day et al., 2006; Petrovas et al., 2006; Trautmann et 

al., 2006; Urbani et al., 2006). Reciprocally, PDL-1 blockade directly ex vivo reverses the 

functional exhaustion, and stimulates proliferation and cytokine production by virus-

specific human CD8+ T cells. Furthermore, for rabies virus that primarily cause acute 

instead of persistent infection, targeted defects in PDL-1 also protects against lethal 
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infection (Lafon et al., 2008). Taken together, these findings indicate PDL-1 

compromises host defense against viral pathogens, and PDL-1 blockade may represent a 

promising strategy for boosting immunity against these infections. 

 

Interestingly and in striking contrast to immune suppression that occurs during infection 

with viruses, the interaction between PDL-1 and PD-1 can also stimulate T cell activation 

and expansion that augments host defense against non-viral pathogens. For example, 

PDL-1 blockade impairs resistance and impedes the priming of protective CD8+ T cells 

after infection with the intracellular bacterium Listeria monocytogenes (Lm) (Rowe et al., 

2008; Seo et al., 2008). In particular, expansion defects for Lm-specific T cells with 

PDL-1 blockade were apparent throughout primary infection and were associated with 

delayed re-expansion after secondary infection (Rowe et al., 2008). Similarly, mice with 

defects in either PDL-1 or PD-1 have blunted expansion and activation of protective 

CD4+ T cells, and are more susceptible to other intracellular pathogens such as 

Salmonella enterica or Mycobacterium tuberculosis (Barber et al., 2011; Lazar-Molnar et 

al., 2010; Lee et al., 2010). A stimulatory role for PDL-1/PD-1 is further supported by the 

observation that most PD-1hi CD8+ T cells in healthy humans have an effector memory 

rather than exhausted phenotype (Duraiswamy et al., 2011). These findings illustrate that 

depending on the type of infection, the interaction between PDL-1 and PD-1 can provide 

either immune activation or suppression signals that each play important roles in 

controlling infection susceptibility. Therefore, establishing the specific infection-induced 

signals that dictate whether PDL-1 stimulates immune activation or suppression is 



 

 62 

important as immune modulation therapies based on manipulating PDL-1 are being 

developed. 

 

In this study, we investigate how inflammatory cytokines induced by bacterial infection 

control PDL-1-mediated T cell stimulation. Given the interplay between the cytokines IL-

12 and type I IFNs that each control PDL-1/PD-1 expression after infection with viral 

pathogens (Boasso et al., 2008; Lafon et al., 2008; Ma et al., 2011; Schreiner et al., 2004; 

Zhang et al., 2011), together with the efficiency whereby the intracellular bacterial 

pathogen Lm induces the production of these cytokines after infection (O'Connell et al., 

2004; O'Riordan et al., 2002; Way et al., 2007), we initially focused on the role of IL-12 

and type I IFNs in PDL-1-mediated stimulation of pathogen-specific T cells. Using mice 

with targeted individual or combined defects in these specific cytokines or their 

respective receptors, an essential role for either IL-12 or type I IFNs in PDL-1-mediated 

expansion of Lm-specific T cells is revealed. Unexpectedly however, the requirement for 

IL-12 and type I IFNs did not require direct stimulation by these cytokines on pathogen-

specific T cells, but were instead indirectly mediated by the absence of early IFN-γ 

production after Lm infection in mice with combined defects in both IL-12 and type I 

IFN receptor. Together, these results uncover an essential role for innate IFN-γ in PDL-1-

mediated T cell stimulation. 
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MATERIALS AND METHODS 

 

Mice. C57BL/6 (B6) (CD45.2+ CD90.2+; H-2Kb), Ly5.2 (CD45.1+ CD90.2+; H-2Kb), and 

CD90.1 (CD45.2+ CD90.1+; H-2Kb) mice were purchased from Jackson Laboratory or 

National Cancer Institute, and used between 6-8 weeks of age. Mice with targeted defects 

in PD-1, IL-12p40, type I IFN receptor, IL-12 receptor, and IFN-γ receptor, and mice 

with combined defects in IL-12p40 and type I IFN receptor each on the B6 background 

have been described (Cousens et al., 1999; Huang et al., 1993; Muller et al., 1994; 

Nishimura et al., 1998; Way et al., 2007; Wu et al., 1997). OT-1 TCR transgenic mice 

containing CD8+ cells with specificity to the OVA257-264 H-2Kb peptide were intercrossed 

with WT mice (CD90.1), mice with combined defects in both IL-12 receptor and type I 

IFN receptor (CD90.2), or mice with targeted defects in IFN-γ receptor (CD90.2) 

(Hogquist et al., 1994; Xiao et al., 2009). All experiments were performed under 

University of Minnesota IACUC approved protocols. 

 

Listeria infection. Recombinant Lm-OVA stably expresses OVA protein allowing the 

immune response to this surrogate Lm antigen to be tracked using established cellular 

immunology tools (Foulds et al., 2002). To bypass differences in susceptibility to virulent 

Lm-OVA for mice with defects in PDL-1, specific cytokines and/or cytokine receptors, 

an attenuated Lm-OVA strain containing targeted defects in ΔactA that prevents 

intracellular and intercellular spread was used (Auerbuch et al., 2004; Brombacher et al., 

1999; Carrero et al., 2004; O'Connell et al., 2004; Orgun et al., 2008; Pearce and Shen, 



 

 64 

2007; Rowe et al., 2008; Seo et al., 2008; Way et al., 2007). The highly attenuated nature 

of ΔactA Lm results in a non-productive infection that is rapidly eliminated even in mice 

lacking cytokines such as IL-12 and IFN-γ required for innate resistance against virulent 

Lm, and normalizes the pathogen burden in IL-12 and type I IFN receptor-deficient mice 

where even relatively high inocula are eliminated with similar kinetics compared with 

control mice (Ertelt et al., 2010; Harty and Bevan, 1995; Orgun et al., 2008; Way et al., 

2007). Similarly for anti-PDL-1 antibody treated mice, ΔactA Lm is eliminated within the 

first 72 hours after infection with kinetics identical to mice treated with isotype control 

antibody (Rowe et al., 2008). For infection, Lm-OVA ΔactA was grown to early log 

phase (OD600 0.1) in brain heart infusion media at 37°C, washed, and diluted with saline 

to a concentration of 106 CFUs per 200 µl, and this inoculum was used for intravenous 

injection as described (Rowe et al., 2008). 

 

Antibodies and flow cytometry. Fluorophore-conjugated antibodies and other reagents for 

flow cytometry were purchased from BD Bioscience (San Jose, CA) or eBioscience (San 

Diego, CA). For PDL-1 blockade, anti-mouse PDL-1 (10F.9G2) or rat IgG2b (LTF-2) 

antibodies were purchased from BioXCell (West Lebanon, NH) and injected 

intraperitoneally one day before (500 µg/mouse) and four days after infection (250 

µg/mouse), or in separate mice beginning only four days after infection (500 µg/mouse) 

(Barber et al., 2006; Rowe et al., 2008). For IFN-γ neutralization, anti-mouse IFN-γ 

(XMG1.2) or rat IgG1 (HRPN) antibodies (BioXCell) were injected intraperitoneally one 

day prior to infection (1.0 mg/mouse). Lm-OVA specific CD8+ T cells were identified 
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among endogenous splenocytes by staining with H-2Kb dimer X (BD Biosciences) 

loaded with OVA257–264 peptide as described (Orgun et al., 2008; Rowe et al., 2008). For 

cytokine production by antigen-specific CD8+ cells, splenocytes isolated directly ex vivo 

were cultured in 96-well round-bottom plates (5 x 106 cells/ml) and stimulated with either 

OVA257-264 peptide (10–6 M) or no stimulation in media supplemented with brefeldin A 

(GolgiPlug, BD Biosciences) at 37ºC for 5 hours as described (Orgun et al., 2008; Rowe 

et al., 2008; Way et al., 2007). For innate cytokine production, splenocytes isolated 

directly ex-vivo within the first 12, 24, and 48 hours after infection were stained using 

anti-IFN-γ antibody without additional stimulation. For enumerating PDL-1 and PD-1 

expression, splenocytes re-suspended in saline supplemented with albumin (1%) and Fc-

block (anti-CD16/32), were cell surface stained using anti-CD11c (clone N418), and anti-

CD8 (clone 53.6.7), anti-PDL-1 (clones MIH5 and 1-111A) and anti-PD-1 (clone J43) 

antibodies. 

 

Adoptive cell transfer. For cell transfers, 1 x 105 CD8+ cells from donor WT OT-1 

(CD45.2+ CD90.1+) mice were mixed at a 1:1 ratio with CD8+ cells from either IL-12 

receptor-, type I IFN receptor-deficient OT-1 (CD45.2+ CD90.2+), or IFN-γ receptor-

deficient OT-1 (CD45.2+ CD90.2+) TCR transgenic mice, and intravenously transferred 

into recipient (CD45.1+) mice one day prior to infection. For tracking the expansion of 

endogenous OVA-specific T cells, one mouse equivalent of CD8+ cells (~107 cells) 

purified by negative selection from PD-1 deficient (CD90.2) mice were adoptively 

transferred into WT CD90.1 recipient mice treated with anti-PDL-1 or isotype control 
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antibodies, and infected with Lm-OVA ΔactA the following day.  

 

Statistics. The number and percent cells were first analyzed and found to be normally 

distributed, and thereafter differences between groups were evaluated using the Student's 

t test with p < 0.05 taken as statistical significance (GraphPad, Prism software). 
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RESULTS 

 

PDL-1 blockade initiated prior to infection blunts pathogen-specific CD8+ T cell 

expansion 

Given the discordance between PDL-1 blockade prior to, compared with after, in vivo 

stimulation on CD8+ cell expansion recently demonstrated for purified protein 

administered with poly(I:C) (Pulko et al., 2011), we investigated how the timing of PDL-

1 blockade would impact the expansion of pathogen-specific T cells after recombinant 

Lm infection. Consistent with the results of other studies (Rowe et al., 2008; Seo et al., 

2008), PDL-1 blockade initiated prior to Lm-OVA infection (day -1) triggered sharp 

reductions in the overall expansion of OVA-specific CD8+ T cells. Seven days after 

infection which corresponds to the peak expansion of endogenous OVA-specific CD8+ T 

cells, ~70% reductions in OVA-specific CD8+ T cells were identified both by staining 

with OVA257-264 loaded H-2Kb MHC dimer or intracellular cytokine staining after 

stimulation with OVA257-264 peptide for anti-PDL-1 compared with isotype antibody 

treated mice (Figure 4.1A-D). Furthermore, this reduction in Lm-specific CD8+ T cell 

expansion with PDL-1 blockade required PD-1, because the impacts of PDL-1 blockade 

were eliminated for mice with targeted defects in PD-1 in all cells or among PD-1-

deficient CD8+ cells after adoptive transfer into PD-1-sufficient recipients (Figure 4.2). 

Interestingly however, when anti-PDL-1 antibody was administered later after infection 

(day +4), the impacts of PDL-1 blockade were reversed as OVA-specific CD8+ T cells 

expanded ~2.5 fold more in anti-PDL-1 compared with isotype control antibody treated 
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mice (Figure 4.1A-D). Together, these results suggest the stimulatory effects of PDL-1 

are controlled by signals triggered within the first few days after Lm infection.  

 

IL-12 or type I IFNs are required for PDL-1-mediated T cell stimulation 

Given the efficiency whereby Lm induces IL-12 and type I IFN production (O'Connell et 

al., 2004; O'Riordan et al., 2002; Way et al., 2007), and the importance of these cytokines 

in regulating PDL-1/PD-1 expression during viral infections (Boasso et al., 2008; Lafon 

et al., 2008; Ma et al., ; Schreiner et al., 2004; Zhang et al., 2011), the requirement for IL-

12 or type I IFNs in PDL-1-mediated T cell stimulation were investigated with Lm 

infection. We found PDL-1 blockade in mice with individual defects in either IL-12 or 

type I IFN receptor caused significant reductions the expansion of Lm-OVA specific 

CD8+ T cells identified by staining with either OVA257-264 loaded H-2Kb MHC dimer or 

based on IFN-γ production after in vitro stimulation with cognate peptide similar to that 

observed in B6 control mice (Figure 4.3A-D). On the other hand and in sharp contrast to 

these reductions in Lm-OVA specific CD8+ T cell expansion in B6 or mice with 

individual defects in IL-12 or type I IFN receptor, the impacts of PDL-1 blockade were 

eliminated in mice with combined defects in both IL-12 and type I IFN receptor (Figure 

4.3A-D). Specifically, OVA257-264-specific CD8+ T cells identified using either OVA257-

264 H-2Kb dimer or intracellular cytokine staining each expanded to a similar extent in 

anti-PDL-1 or isotype antibody treated mice lacking both IL-12 production and type I 

IFN responsiveness. These findings illustrate the T cell stimulatory effects of PDL-1 
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during Lm infection require either IL-12 or type I IFNs, while the combined absence of 

both extinguishes PDL-1-mediated pathogen-specific T cell expansion. 

 

Given the potential for IL-12 and type I IFNs in controlling PDL-1/PD-1 expression 

(Boasso et al., 2008; Lafon et al., 2008; Ma et al., 2011; Schreiner et al., 2004; Zhang et 

al.), we also investigated the possibility that the muted impacts of PDL-1 blockade in 

mice with combined defects in both IL-12 and type I IFN receptor were due to 

differences in infection-induced PDL-1 expression. We focused initially on shifts in 

PDL-1 expression by CD11c+ dendritic cells because these antigen-presenting cells are 

essential for the priming and expansion of pathogen-specific CD8+ T cells after Lm 

infection (Jung et al., 2002b). We found although the background level of PDL-1 

expression and the kinetics whereby Lm stimulates the up-regulation of PDL-1 

expression by CD11c+ cells each did not differ significantly in mice with individual or 

combined defects in IL-12 and/or type I IFN receptor compared with B6 control mice, the 

proportion of dendritic cells which up-regulated PDL-1 expression was reduced by ~30% 

in mice lacking both IL-12 production and type I IFN responsiveness (Figure 4.4). 

Comparatively, the expression of both PD-1 and PDL-1 were enriched for Lm OVA-

specific T cells compared with bulk non-specific CD8+ cells, and the relative expression 

of each on OVA dimer+ CD8+ cells in mice with individual or combined defects in IL-12 

and type I IFN receptor did not differ significantly from B6 control mice (Figure 4.5). 

Nevertheless, in vivo treatment with anti-PDL-1 antibody clone 10F.9G2 efficiently 

blocked PDL-1 availability because the level of staining with other anti-PDL-1 clones 
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(MIH5 and 1-111A) was sharply reduced for OVA-specific T cells in anti-PDL-1 

compared with isotype antibody treated mice (Figure 4.6). Therefore although the blunted 

up-regulation of PDL-1 expression by dendritic cells in mice with combined defects in 

IL-12 and type I IFN receptor may contribute to the negated impacts of PDL-1 blockade, 

the sharp up-regulation of PDL-1/PD-1 expression from background levels induced by 

Lm infection in mice with combined defects in both IL-12 and type I IFN receptor may 

also indicate important non-redundant roles for these cytokines in stimulating PDL-1-

mediated pathogen-specific CD8+ T cell expansion. 

 

Cell-intrinsic stimulation by neither IL-12 nor type I IFNs are essential for PDL-1-

mediated T cell expansion 

Related experiments explored how IL-12 and type I IFNs may control the stimulatory 

effects of PDL-1. Given the potency whereby IL-12 and type I IFNs can directly 

stimulate T cell activation (Carrero et al., 2006; Curtsinger and Mescher, 2010; 

Curtsinger et al., 2005; Haring et al., 2006), we first investigated the requirement for cell-

intrinsic stimulation with IL-12 and type I IFNs on antigen-specific T cells in overriding 

PDL-1-mediated T cell expansion. Specifically, we compared the impacts of PDL-1 

blockade initiated one day before Lm-OVA ΔactA infection on the subsequent expansion 

of antigen-specific CD8+ T cells from IL-12 receptor, type I IFN receptor double 

deficient (that cannot respond to direct cell-intrinsic stimulation by these cytokines, 

CD45.2+ CD90.2+) and WT (CD45.2+ CD90.1+) OT-1 TCR transgenic mice each after 

adoptive transfer into CD45.1+ recipient mice. The discordant expression of CD90.1/90.2 
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congenic markers allows these two subsets of adoptively transferred antigen-specific 

CD8+ T cells to be discriminated from each other, and expression of the CD45.2 marker 

allows both subsets of donor cells to be identified among recipient cells (Figure 4.7A). 

Using this approach if cell-intrinsic stimulation via either IL-12 or type I IFNs on OVA-

specific CD8+ T cells is essential for PDL-1-mediated expansion, the effects of PDL-1 

blockade would be eliminated for cells with combined defects in receptors for both IL-12 

and type I IFNs, but preserved for WT cells that can respond to stimulation with each of 

these cytokines. Interestingly and in sharp contrast to this prediction, PDL-1 blockade 

caused reductions in expansion for both subsets of adoptively transferred antigen-specific 

CD8+ cells each to a similar extent (~ 50%) (Figure 4.7B,C). Furthermore, the magnitude 

of these reductions among both subsets of OVA-specific T cells each paralleled the 

expansion defects among endogenous OVA-specific CD8+ cells with PDL-1 blockade in 

B6 and mice with individual defects in IL-12 and type I IFN receptor (Figure 4.1 and 4.3) 

(Rowe et al., 2008; Seo et al., 2008). Together, these results demonstrate the negated 

impacts of PDL-1 blockade in mice with combined defects both IL-12 and type I IFN 

receptor are not due to defects in cell-intrinsic stimulation by IL-12 or type I IFNs on 

CD8+ T cells. Instead, other environmental differences resulting from the combined 

absence of both IL-12 and type I IFNs override the immune stimulatory effects of PDL-1 

following Lm infection. 

 

Lm-induced IFN-γ  production drives PDL-1-mediated T cell expansion 
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Since direct T cell stimulation by IL-12 and type I IFNs are jointly non-essential for 

PDL-1-mediated expansion of Lm-specific T cells, we investigated the role other 

cytokines such as IFN-γ known to be stimulated by IL-12 and type I IFNs have in 

controlling the T cell stimulatory impacts of PDL-1 (Lieberman and Hunter, 2002; 

Magram et al., 1996; Nomura et al., 2002). Consistent with the results of our prior studies 

(Orgun et al., 2008), innate IFN-γ production by T and NK cells among bulk splenocytes 

that peaks within the first 12 hours after Lm-OVA ΔactA infection in B6 mice was 

completely abolished in mice with combined defects in both IL-12 and type I IFN 

receptor (Figure 4.8). On the other hand, although early IFN-γ production in IL-12 

deficient mice was extinguished more rapidly from peak levels compared with B6 mice, 

Lm-OVA ΔactA induced indistinguishable levels of IFN-γ production within the first 12 

hours after infection in mice with individual defects in IL-12 or type I IFN receptor each 

compared with B6 mice (Figure 4.8). Moreover, PDL-1 blockade did not significantly 

impact the magnitude or kinetics of Lm-OVA ΔactA infection-induced IFN-γ production 

in mice with individual or combined defects in IL-12 or type I IFN receptor each 

compared with B6 mice (data not shown). Thus, overriding PDL-1-mediated T cell 

stimulation in mice with combined defects in both IL-12 and type I IFN receptor may 

reflect differences in production of immune modulatory cytokines such as IFN-γ. 

        

To investigate the requirement for IFN-γ in PDL-1-mediated T cell stimulation, the 

impacts of IFN-γ neutralization combined with PDL-1 blockade on pathogen-specific 

CD8+ T cell expansion were enumerated. Remarkably, anti-IFN-γ neutralization 
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efficiently eliminated the defects in Lm-OVA CD8+ T cell expansion associated with 

PDL-1 blockade. Specifically, the reductions in OVA-specific T cell expansion tracked 

using OVA257-264 H-2Kb dimer or intracellular cytokine staining associated with PDL-1 

blockade were eliminated in mice treated with anti-IFN-γ neutralizing but preserved in 

mice treated with each respective isotype antibody (Figure 4.9A-D). In a similar fashion, 

the impacts of PDL-1 blockade on pathogen-specific CD8+ T cell expansion were also 

eliminated in mice with targeted defects in the IFN-γ receptor, but preserved in IFN-γ 

receptor sufficient control mice (Figure 4.10A-D). Therefore, although specific cytokine-

antibody complexes have the potential to stabilize the biological activity of some 

cytokines in vivo (Boyman et al., 2006; Kamimura and Bevan, 2007; Rubinstein et al., 

2006), the paralleled elimination of PDL-1 stimulation using anti-IFN-γ neutralizing 

antibody and in IFN-γ receptor-deficient mice demonstrates an essential role for IFN-γ in 

PDL-1-mediated pathogen-specific CD8+ T cell expansion after Lm infection. Together 

with the absence of IFN-γ production in mice with combined defects in IL-12 and type I 

IFN receptor (Figure 4.8) (Orgun et al., 2008), these findings suggest IFN-γ produced 

through either IL-12 or type I IFN-dependent pathways early after Lm infection dictates 

PDL-1-mediated expansion of pathogen-specific CD8+ T cells. 

 

Given the potential contribution of blunted PDL-1 up-regulation in negating the impacts 

of PDL-1 blockade in mice with combined defects in IL-12 and type I IFN receptor 

(Figure 4.4), Lm infection-induced shifts in PDL-1 expression by CD11c+ dendritic cells 

in IFN-γ receptor-deficient mice were also investigated. We found Lm-OVA ΔactA 
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triggered sharply increased levels of PDL-1 expression by CD11c+ dendritic cells that 

peaked 24 hours after infection in IFN-γ receptor deficient mice, and the overall 

magnitude and tempo of these shifts in PDL-1 expression were identical compared with 

B6 control mice (Figure 4.11). Similarly, expanded Lm-OVA-specific CD8+ T cells in 

both IFN-γ receptor deficient and B6 control mice were enriched for PD-1 and PDL-1 

expression compared with bulk non-specific CD8+ cells (Figure 4.12). Thus, the muted 

impacts of PDL-1 blockade on antigen-specific CD8+ T cell expansion in IFN-γ receptor 

deficient mice are not explained by differences in infection induced PDL-1/PD-1 

expression.  

 

Cell-intrinsic stimulation by IFN-γ  is non-essential for PDL-1-mediated T cell 

expansion 

The requirement for IFN-γ in PDL-1-mediated expansion of antigen-specific CD8+ T 

cells following Lm infection led us to further investigate the importance of IFN-γ 

responsiveness by CD8+ T cells, and how PDL-1 blockade may control the expansion of 

these cells. Using a similar adoptive transfer strategy for investigating the requirement for 

cell intrinsic IL-12 and type I IFN stimulation on OVA-specific CD8+ cell expansion 

(Figure 4.7), the impact of PDL-1 blockade initiated one day before Lm-OVA ΔactA 

infection on the subsequent expansion of antigen-specific CD8+ T cells from IFN-γ-

receptor-deficient (CD45.2+ CD90.2+) compared with WT (CD45.2+ CD90.1+) OT-1 TCR 

transgenic mice each after adoptive transfer into CD45.1 recipient mice was evaluated. 

We found PDL-1 blockade in recipient mice prior to Lm-OVA ΔactA infection caused 
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reductions in the expansion for both subsets of adoptively transferred OT-1 CD8+ T cells 

each to a similar extent (Figure 4.13A-C). Furthermore, the overall magnitude of these 

reductions (~ 50%) were similar to the reductions among endogenous OVA specific 

CD8+ T cells and among adoptively transferred CD8+ cells from TCR transgenic mice 

with defects in the receptors for both IL-12 and type I IFNs (Figures 4.3 and 4.7). Taken 

together, these results indicate that although IFN-γ produced early after Lm infection is 

essential for PDL-1-mediated CD8+ T cell expansion, and direct cell intrinsic IFN-γ 

stimulation on effector T cells has been described to be important for their expansion in 

other infections (Sercan et al., 2006; Sercan et al., 2010; Whitmire et al., 2005a; 

Whitmire et al., 2005b), IFN-γ stimulation on CD8+ T cells is non-essential for their 

expansion following Lm infection. 
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DISCUSSION 

 

The balance between immune stimulation and suppression signals that together control T 

cell activation and expansion is intricately regulated. Although PDL-1 has been mostly 

characterized to mediate suppression and functional T cell exhaustion during persistent 

viral infections (Barber et al., 2006; Day et al., 2006; Petrovas et al., 2006; Trautmann et 

al., 2006; Urbani et al., 2006), the interaction between PDL-1 and PD-1 can also 

stimulate T cell activation most notably after infection with intracellular bacterial 

pathogens. For example, PD-1-deficient mice have increased pathogen burden and 

readily succumb to even relatively low inocula of aerosol MTb (Lazar-Molnar et al., 

2010). Moreover during MTb infection, PD-1 expression marks highly proliferative 

pathogen-specific T cell precursors that replenish protective cytokine producing effector 

CD4+ cells (Lazar-Molnar et al., 2010; Reiley et al., 2010). Similarly, PDL-1 disruption 

using mice with targeted defects in this molecule or blocking antibodies administered 

prior to infection, augments infection susceptibility and impedes the expansion of 

pathogen-specific T cells after infection with other intracellular bacterial pathogens such 

as Salmonella enterica and Listeria monocytogenes (Lee et al., 2010; Rowe et al., 2008; 

Seo et al., 2008). Accordingly, PDL-1 stimulation has the potential to provide either 

immune activation or suppression signals, and these discordant roles are most likely 

controlled by differences in the cytokine milieu or other infection-induced environmental 

differences between intracellular bacterial compared with viral pathogens. Our finding 

that PDL-1-mediated T cell stimulation that occurs with PDL-1 blockade initiated before 
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Lm infection is reversed with blockade initiated four days after infection (Fig. 1) further 

illustrates discordant roles for PDL-1 at early and later time points within the same 

infection. These results are consistent with the discordant impacts resulting from PDL-1 

blockade initiated before compared with after in vivo stimulation with purified protein 

plus poly(I:C) on T cell expansion (Pulko et al., 2011), and together reinforce the 

potential importance of the cytokine milieu that shifts dramatically within the first few 

days after acute infection or immunization on the ensuing immune response through 

PDL-1.  

 

By initiating PDL-1 blockade prior to infection in mice with targeted defects in cytokines 

such as IL-12 and type I IFNs that are readily induced by Lm and other intracellular 

bacterial pathogens, we sought to identify how PDL-1-mediated T cell stimulation is 

controlled. Although IL-12 and type I IFNs have each been described to control PDL-

1/PD-1 expression in various other contexts (Boasso et al., 2008; Lafon et al., 2008; Ma 

et al., ; Schreiner et al., 2004; Zhang et al., 2011), we found mice with individual defects 

in each cytokine (or cytokine receptor) showed no significant differences in PDL-1 

expression by CD11c+ antigen presenting cells or PD-1/PDL-1 expression by antigen-

specific CD8+ T cells (Figures 4.3 and 4.5). Interestingly however, Lm infection-induced 

up-regulation of PDL-1 expression was blunted in mice with combined defects in both 

IL-12 and type I IFNs. Although the reduced levels of PDL-1 expression in mice lacking 

both IL-12 production and type I IFN receptor may contribute to the negated impacts of 

PDL-1 blockade, the requirement for IFN-γ in PDL-1-mediated T cell expansion of Lm-
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OVA specific CD8+ T cells suggests these results are more likely explained by the 

absence of IFN-γ triggered early after Lm infection in these mice. In turn, the comparable 

magnitude and tempo whereby PDL-1 expression is up-regulated in IFN-γ receptor-

deficient and control mice indicates the requirement for IFN-γ in PDL-1-mediated T cell 

expansion are not simply due to differences in PDL-1 expression. Instead, other IFN-γ-

induced molecules such as nitric oxide that are up-regulated with PDL-1 blockade and 

suppress T cell proliferation may explain the requirement for IFN-γ in PDL-1-mediated T 

cell stimulation (Beckerman et al., 1993; Yamazaki et al., 2005). This notion is supported 

by the sharp up-regulation of reactive nitrogen intermediates after Lm infection that 

occurs in an IFN-γ−dependent fashion (Beckerman et al., 1993; Boockvar et al., 1994), 

and suggest establishing how PDL-1 controls nitric oxide production after in vivo 

infection are important areas for future investigation. 

 

The requirement for IFN-γ in PDL-1-mediated T cell expansion during infection with 

intracellular bacterial pathogens is consistent with the essential role this cytokine plays in 

host defense against these infections (Flynn et al., 1993; Harty and Bevan, 1995; Hess et 

al., 1996). Our results suggest that during infection with these pathogens, early IFN-γ, in 

addition to activating innate host defense, also promotes the expansion of protective 

pathogen-specific T cells via PDL-1. This association between intracellular pathogens 

that stimulate a Tc1/Th1-dominated response and the reversal of PDL-1 from immune 

suppression to activation signals are also consistent with T-bet-mediated repression of 

PD-1 expression that stimulates the activation of viral specific CD8+ T cells (Kao et al., 
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2011). Reciprocally, for other pathogens like LCMV clone 13 or M. bovis BCG that 

cause persistent infection and where early IFN-γ is less critical for innate host defense, 

PDL-1 stimulates T cell suppression instead of activation signals (Barber et al., 2006; 

Kamijo et al., 1993; Ou et al., 2001; Sakai et al., 2010). A notable exception here is 

Toxoplasma gondii infection where IFN-γ is critically required for innate protection, and 

yet PDL-1 actively inhibits protective CD8+ T cell responses (Bhadra et al., 2011; Suzuki 

et al., 1988). Whether this is unique for Toxoplasma or more generalizable for other 

parasitic pathogens remains undefined, but also represent important areas for future 

investigation. Finally, given the discordant roles in host defense resulting from PDL-

1/PD-1 disruption, developing PDL-1 blockade for therapeutically boosting immunity 

against some infections need to be carefully weighed against the potential for increased 

susceptibility to infection with other types of pathogens. The finding that early IFN-γ is 

essential for PDL-1-mediated T cell stimulation suggests PDL-1 disruption will most 

severely impede host defense against infections where IFN-γ is produced early and 

presumably essential for innate resistance. Our ongoing studies are aimed at further 

investigating the interplay between PDL-1 and IFN-γ in stimulating pathogen-specific 

adaptive responses using other models of experimental infection, and dissecting the 

molecular basis whereby IFN-γ redirects PDL-1 stimulation into T cell activation signals. 
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Figure 4.1 - PDL-1 blockade initiated prior to infection blunts pathogen-specific 

CD8+ T cell expansion. A. Percent OVA-specific CD8+ splenocytes identified by H-2Kb 

OVA257–264 dimer staining seven days after Lm-OVA ΔactA infection for B6 mice treated 

with anti-PDL-1 or isotype control (IgG2b) antibody initiated either one day before (day -

1) or four days after (day +4) infection. B. Total number (top) and ratio (bottom) of OVA 

dimer+ CD8+ T cells for the mice described in panel A. C. Percent IFN-γ producing CD8+ 

splenocytes seven days after Lm-OVA ΔactA infection, and OVA257–264 peptide 

stimulation (top) or no stimulation controls (bottom) for B6 mice treated with anti-PDL-1 

or isotype control antibody initiated either one day before (day -1) or four days after (day 

+4) infection. D. Total number (top) and ratio (bottom) of IFN-γ producing CD8+ T cells 

for the mice described in panel C. These data reflect 7-12 mice from three independent 

experiments each with similar results. Bar, one standard deviation. * p < 0.05.  
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Figure 4.2 - Reductions in antigen-specific CD8+ T cell expansion with PDL-1 

blockade are eliminated in PD-1-deficient mice. A. Percent OVA-specific CD8+ 

splenocytes identified by staining with H-2Kb OVA257–264 dimer seven days after Lm-

OVA ΔactA infection for B6 (WT) or PD-1-deficient mice each treated with anti-PDL-1 

or rat IgG2b isotype control antibody one day prior to infection. B. Total number (top) 

and ratio (bottom) of OVA dimer+ CD8+ cells for the mice described in panel A. C. 

Percent IFN-γ producing CD8+ splenocytes seven days after Lm-OVA ΔactA infection, 

and stimulation in vitro with OVA257–264 peptide (top) or no stimulation controls (bottom) 

for B6 (WT) or PD-1-deficient mice treated with anti-PDL-1 or isotype control antibody 

one day before infection. D. Total number (top) and ratio (bottom) of IFN-γ producing 

CD8+ T cells for the mice described in panel C. E. Total number (top) and ratio (bottom) 

of WT and PD-1-deficient OVA-Dimer+ CD8+ splenocytes seven days after Lm-OVA 

ΔactA infection in CD90.1 recipient mice adoptively transferred PD-1 deficient (CD90.2) 

CD8+ cells treated with anti-PDL-1 or rat IgG2b isotype control antibody one day prior to 

infection. These data reflect 7-12 mice per group from two to three independent 

experiments each with similar results. Bar, one standard deviation. * p < 0.05.
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Figure 4.3 - IL-12 or type I IFN receptor is required for PDL-1-mediated expansion 

of pathogen-specific CD8+ T cells. A. Percent OVA-specific CD8+ splenocytes 

identified by H-2Kb OVA257–264 dimer staining seven days after Lm-OVA ΔactA 

infection for each group of mice treated with either anti-PDL-1 or isotype control 

(IgG2b) antibody one day prior to infection. B. Total number (top) and ratio (bottom) of 

OVA-specific dimer+ CD8+ T cells for the mice described in panel A. C. Percent IFN-γ 

producing CD8+ splenocytes seven days after Lm-OVA ΔactA infection, and OVA257–264 

peptide stimulation (top) or no stimulation controls (bottom) for each group of mice 

treated with either anti-PDL-1 or isotype antibody one day prior to infection. D. Total 

number (top) and ratio (bottom) of IFN-γ producing CD8+ T cells for the mice described 

in panel C. These data reflect 7-12 mice per group from three independent experiments 

each with similar results. Bar, one standard deviation, * p < 0.05. 
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Figure 4.4 - Infection-induced shifts in PDL-1 expression by CD11c+ antigen 

presenting cells. Representative plots (top) and composite data (bottom) illustrating 

PDL-1 expression by CD11c+ splenocytes for each group of mice at the indicated time 

points after Lm-OVA ΔactA infection (line histogram) compared with uninfected 

controls (shaded histogram). These data reflect 6-8 mice per group from three 

independent experiments each with similar results. Bar, one standard deviation. 
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Figure 4.5 - Infection-induced PD-1 and PDL-1 expression among CD8+ cells in mice 

with individual or combined defects in IL-12 or type I IFN receptor compared with 

B6 control mice. A. PD-1 expression on bulk CD8+ splenocytes for each group of mice 

at the indicated time points after infection with 106 Lm-OVA ΔactA (line histogram) 

compared with uninfected controls (shaded histogram). B. PD-1 and PDL-1 expression 

by H-2Kb OVA257–264 dimer+ (line histogram) compared with bulk CD8+ T cells (shaded 

histogram) for each group of mice seven days after Lm-OVA ΔactA infection. These data 

reflect 6-8 mice per group from three independent experiments each with similar results. 

Bar, one standard deviation. 



 

 85 

 
Figure 4.6 - PDL-1 blockade with anti-PDL-1 clone 10F.9G2 in vivo eliminates the 

availability of PDL-1 on antigen-specific CD8+ T cells. Relative intensity of PDL-1 

staining using other anti-PDL-1 clones (line histograms, MIH5 or 1-111A) compared 

with staining using isotype control antibody (shaded histograms, IgG2a) on H-2Kb 

OVA257–264 dimer+ CD8+ T cells seven days after infection with 106 Lm-OVA ΔactA. 

These data reflect 6 mice per group from two independent experiments each with similar 

results. 
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Figure 4.7 - T cell-intrinsic stimulation by neither IL-12 nor type I IFNs are 

essential for PDL-1-mediated pathogen-specific CD8+ T cell expansion. A. Percent 

donor (CD45.2+) CD8+ cells among either WT (CD90.1+) or IL-12 receptor, type I IFN-

receptor DKO (CD90.2+) OT-1 cells three days after Lm-OVA ΔactA infection, for cells 

adoptively transferred into CD45.1 recipient mice treated with either anti-PDL-1 or 

isotype control (IgG2b) antibody one day before infection. Total number (B) and ratio 

(C) of adoptively transferred OVA-specific CD8+ T cells from WT or IL-12 receptor, 

type I IFN-receptor DKO OT-1 transgenic mice for the mice described in panel A. These 

data reflect 6-8 mice per group from three independent experiments. Bar, one standard 

deviation. 
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Figure 4.8 - IL-12 or type I IFNs are essential for innate IFN-γ  production after Lm 

infection. Representative FACS plots illustrating percent (top) and composite data 

demonstrating total number (bottom) of IFN-γ producing splenocytes for each group of 

mice at the indicated time points after Lm-OVA ΔactA infection. These data reflect 6-8 

mice per group from three independent experiments each with similar results. Bar, one 

standard deviation. 
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Figure 4.9 - IFN-γ  neutralization eliminates PDL-1-mediated expansion defects for 

pathogen-specific CD8+ T cells. A. Percent OVA-specific CD8+ splenocytes identified 

by H-2Kb OVA257–264 dimer staining seven days after Lm-OVA ΔactA infection for B6 

mice treated with anti-PDL-1, and/or anti-IFN-γ, or each respective isotype control 

antibody one day prior to infection. B. Total number (top) and ratio (bottom) of OVA 

dimer+ CD8+ T cells for the mice described in panel A. C. Percent IFN-γ producing CD8+ 

splenocytes seven days after Lm-OVA ΔactA infection, and OVA257–264 peptide 

stimulation (top) or no stimulation controls (bottom) for each group of mice, treated with 

anti-PDL-1, and/or anti-IFN-γ, or each respective isotype control antibody one day prior 

to infection. D. Total number (top) and ratio (bottom) of IFN-γ producing CD8+ T cells 

for the mice described in panel C. These data reflect 7-12 mice per group from three 

independent experiments each with similar results. Bar, one standard deviation. * p < 

0.05.  
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Figure 4.10 - Expansion defects for pathogen-specific CD8+ T cells with PDL-1 

blockade are eliminated in IFN-γ  receptor-deficient mice. A. Percent OVA-specific 

CD8+ splenocytes identified by H-2Kb OVA257–264 dimer staining seven days after Lm-

OVA ΔactA infection for B6 (WT) or IFN-γ-receptor-deficient mice treated with either 

anti-PDL-1 or isotype control (IgG2b) antibody one day prior to infection. B. Total 

number (top) and ratio (bottom) of OVA dimer+ CD8+ T cells for the mice described in 

panel A. C. Percent IFN-γ producing CD8+ splenocytes seven days after Lm-OVA ΔactA 

infection, and OVA257–264 peptide stimulation (top) or no stimulation controls (bottom) 

for each group of mice treated with anti-PDL-1 or isotype (IgG2b) antibody one day prior 

to infection. D. Total number (top) and ratio (bottom) of IFN-γ producing CD8+ T cells 

for the mice described in panel C. These data reflect 7-10 mice per group from three 

independent experiments each with similar results. Bar, one standard deviation. * p < 

0.05.  
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Figure 4.11 - IFN-γ receptor plays non-essential roles for infection-induced up-

regulation of PDL-1 expression. Representative plots (top) and composite data (bottom) 

illustrating PDL-1 expression by CD11c+ splenocytes for each group mice at the 

indicated time points after Lm-OVA ΔactA infection (line histogram) compared with 

uninfected controls (shaded histogram). These data reflect 6-8 mice per group from three 

independent experiments each with similar results. Bar, one standard deviation.  
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Figure 4.12 - Infection-induced PD-1 and PDL-1 expression among CD8+ cells in 

IFN-γ  receptor-deficient compared with B6 control mice. A. PD-1 expression by bulk 

CD8+ splenocytes for each group of mice at the indicated time points after infection with 

106 Lm-OVA ΔactA (line histogram) compared with uninfected controls (shaded 

histogram). B. PD-1 and PDL-1 expression by H-2Kb OVA257–264 dimer+ (line histogram) 

compared with bulk CD8+ T cells (shaded histogram) for each group of mice seven days 

after Lm-OVA ΔactA infection. These data reflect 6-8 mice per group from three 

independent experiments each with similar results. Bar, one standard deviation. 
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Figure 4.13 - T cell-intrinsic stimulation by IFN-γ  is non-essential for PDL-1-

mediated expansion of pathogen-specific CD8+ T cells. A. Percent donor (CD45.2+) 

CD8+ T cells among WT (CD90.1+) or IFN-γ receptor-deficient (CD90.2+) OT-1 cells 

three days after Lm-OVA ΔactA infection, for cells adoptively transferred into CD45.1 

recipient mice treated with either anti-PDL-1 or isotype control (IgG2b) antibody one day 

before infection. Total number (B) and ratio (C) of adoptively transferred OVA-specific 

CD8+ T cells from WT or IFN-γ receptor-deficient OT-1 transgenic mice for the mice 

described in panel A. These data reflect 6 mice per group from three independent 

experiments each with similar results. Bar, one standard deviation. 
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Chapter 5 

 

Foxp3+ regulatory T cell expansion required for sustaining pregnancy 

compromises host defense against prenatal bacterial pathogens†† 

 

                                                
†† Reprinted from Cell Host & Microbe. Jared H. Rowe, James M. Ertelt, Marijo N. 
Aguilera, Michael A. Farrar, and Sing Sing Way. “Foxp3+ regulatory T cell expansion 
required for sustaining pregnancy comprimises host defense against prenatal bacterial 
pathogens.” © Elsevier Inc. Originally published in Cell Host & Microbe. 2011. 
10(1):54-64. 
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 SUMMARY 

 

Although pregnancy confers unique susceptibility to infection, the pregnancy-associated 

immune defects that erode host defense remain largely undefined. Herein, we 

demonstrate the expansion of immune-suppressive Foxp3+ regulatory T cells (Tregs) that 

occurs physiologically during pregnancy or when experimentally induced in transgenic 

mice each caused enhanced susceptibility to prenatal pathogens including Listeria and 

Salmonella species. Reciprocally, infection susceptibility was uniformly reduced with 

Treg-ablation. Importantly however, the sustained expansion of maternal Tregs was 

essential for maintaining immune tolerance to the developing fetus because even partial 

transient ablation of Foxp3-expressing cells fractured maternal tolerance to fetal antigen 

and triggered fetal resorption. Interestingly, Foxp3 cell-intrinsic defects in the immune 

suppressive cytokine IL-10 alone were sufficient to override Treg-mediated infection 

susceptibility, while IL-10 was non-essential for sustaining pregnancy. Thus, maternal 

Treg expansion required for sustaining pregnancy creates naturally occurring holes in 

host defense that confers prenatal infection susceptibility. 



 

 95 

INTRODUCTION 

 

The pregnancy-associated susceptibility to intracellular pathogens has been classically 

attributed to a shift in helper T cell differentiation from a Th1 to Th2-dominated response 

required for maintaining pregnancy (Krishnan et al., 1996; Piccinni et al., 1998; 

Wegmann et al., 1993). However, the more recent identification other distinct CD4+ T 

cell lineages has blurred the dichotomy between Th2 responses that sustain pregnancy, 

and Th1 cells that promote rejection of the developing fetus by activating cellular 

immunity (Saito et al., 2010). These include Th17 cells that provide protection against 

extracellular pathogens by promoting inflammation, and immune-suppressive regulatory 

T cells (Tregs) that maintain peripheral tolerance by restraining the activation of self-

reactive immune cells (Curtis and Way, 2009; Littman and Rudensky, 2010). In parallel 

with the identification of these additional T cell subsets, the requirement for expanded 

immune tolerance during pregnancy has become more specifically linked with the 

expansion of maternal Tregs. For example, circulating maternal Foxp3+ Tregs expand 

and peak mid-gestation to approximately 50% increased levels in human pregnancy 

(Santner-Nanan et al., 2009; Somerset et al., 2004). Reciprocally, defects in Treg 

expansion are associated with specific pregnancy complications such as preeclampsia or 

spontaneous abortion each related to maternal intolerance to the developing fetus (Prins 

et al., 2009; Santner-Nanan et al., 2009; Sasaki et al., 2004).  

 

This association between maternal Tregs and pregnancy outcomes has also been 
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experimentally explored in mouse models where CD25+CD4+ cells are required for 

maintaining healthy pregnancy (Aluvihare et al., 2004; Kahn and Baltimore, 2010). 

However, since previously employed approaches that cause the near complete ablation of 

these cells do not allow the importance of expanded Tregs from steady state pre-

pregnancy levels in sustaining pregnancy to be addressed, and CD25 expression does not 

discriminate between bona fide Tregs and activated T cells, the actual requirement for 

expanded maternal Foxp3+ Tregs during pregnancy remains undefined. More 

importantly, given the fluid balance between immune suppression and stimulation 

controlled by Tregs, the expansion of Foxp3+ cells during pregnancy may also create 

holes in host defense that confers susceptibility to pathogens with a predilection for 

prenatal infection. In this regard, while the effects of Treg ablation on infection 

susceptibility have been investigated in numerous models of parasitic, bacterial, fungal, 

and viral infection (Belkaid, 2007; Suvas and Rouse, 2006), the impacts on host defense 

resulting from the more physiological expansion of these cells remain undefined. 

 

Foxp3+ Tregs can use numerous molecules to mediate context specific immune 

suppression (Sakaguchi et al., 2009; Shevach, 2009; Vignali et al., 2008). For example, 

Tregs are enriched for CTLA-4 expression, and sustained CTLA-4 ablation in Foxp3+ 

cells causes non-specific T cell activation and systemic autoimmunity (Friedline et al., 

2009; Wing et al., 2008). Interestingly, while CTLA-4 ablation in Foxp3+ cells 

reproduces some features of Treg deficiency, it does not recapitulate the more rapid onset 

of fatal systemic autoimmunity in mice with naturally-occurring or targeted defects in all 
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Tregs due to Foxp3 deficiency (Fontenot et al., 2003; Khattri et al., 2003). 

Comparatively, ablation of IL-10 in Foxp3+ Tregs results in minimal systemic 

autoimmunity, but instead causes inflammation limited to sites with contact to the 

external environment (Rubtsov et al., 2008). This discordance in phenotype after 

sustained ablation of specific molecules in Foxp3-expressing cells illustrates unique, non-

overlapping and specialized roles for individual Treg-expressed molecules. Accordingly, 

identifying how Foxp3+ cells mediate suppression in each context opens up the exciting 

possibility of dissociating the beneficial and harmful impacts of Tregs. Specifically, 

given the parallels between maternal Treg expansion and healthy uncomplicated 

pregnancy, together with the detrimental role Tregs play in host defense against infection, 

dissociating the Treg-associated molecules required for each may unlock therapeutic 

approaches that boost immunity against infection without compromising immune 

tolerance required for sustaining pregnancy. 

 

To address these questions, we established a pregnancy model using mice with divergent 

MHC that recapitulates the natural variation between maternal and fetal antigen, and 

progressive expansion of maternal Foxp3+ Tregs during human pregnancy. Using this 

model, we demonstrate maternal Tregs impair host defense causing susceptibility to 

pathogens including Listeria and Salmonella species with a defined predilection for 

prenatal infection. In turn, the sustained expansion of maternal Foxp3+ Tregs was also 

essential for maintaining healthy pregnancy because even partial transient ablation to 

levels found in non-pregnant controls triggered sharply increased rates of fetal resorption 
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and fractured tolerance to fetal antigen. Using mice containing Tregs with targeted 

defects in defined molecules implicated in suppression, we further demonstrate an 

essential role for Treg IL-10 in suppressing host defense against infection, while maternal 

IL-10 is non-essential for maintaining pregnancy. These results illustrate naturally 

occurring holes in host defense associated with physiological shifts in maternal Tregs, 

and identify Treg-associated molecules that dissociate the detrimental impacts of 

expanded Tregs on infection susceptibility from those required for sustaining pregnancy. 
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MATERIALS AND METHODS 

 

Mice. B6, Balb/c, SJL CD45.1+, IL-10-deficient (Kuhn et al., 1993), and IFN-γ receptor-

deficient (Huang et al., 1993) mice were each purchased from The Jackson Laboratory. 

Foxp3DTR and Foxp3GFP mice were generously provided by Dr. Alexander Rudensky  

(Fontenot et al., 2005b; Kim et al., 2007). Foxp3DTR mice were backcrossed > 15 

generations to B6 mice, and intercrossed with CD45.1+ mice. Actin-OVA mice (Ehst et 

al., 2003) were backcrossed > 10 generations to Balb/c mice. OT-1 and OT-II TCR 

transgenic mice were maintained on a Rag1-deficient CD90.1 (B6) background. CA-

STAT5b mice (Burchill et al., 2003) were intercrossed with Foxp3DTR mice to generate 

CA-STAT5b Foxp3DTR mice. CTLA-4-deficient mice have been described (Tivol et al., 

1995; Waterhouse et al., 1995). Mice with combined defects in IL-10 and CTLA-4 were 

generated by intercrossing mice with individual defects (Figure S5). For Treg ablation, 

mice were treated with an initial dose of DT (25 µg/kg) followed by subsequent daily 

doses of 5 µg/kg. All experiments were performed using University of Minnesota IACUC 

approved protocols. 

 

Antibodies and flow cytometry. Fluorophore-conjugated antibodies and other reagents for 

cell surface, intracellular, and intranuclear staining were purchased from eBioscience or 

BD-Biosciences. Intracellular cytokine staining was performed for bulk ex vivo 

splenocytes (containing OVA-specific CD8+ T cells and antigen presenting cells) after 

stimulation with OVA257-264 peptide or no stimulation control in media containing 
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GolgiPlug (BD Biosciences). Antibodies for IL-10 receptor  neutralization (1B1.3A) 

(Brooks et al., 2006; Ejrnaes et al., 2006) and rat IgG1 isotype control were purchased 

form BioXcell, and inoculated intraperitoneally (1 mg/mouse) into pregnant mice at mid-

gestation.   

  

Cell transfers. Purified CD8+ T cells (105) from OT-I or CD4+ T cells (106) from OT-II 

TCR transgenic mice were adoptively transferred into Foxp3WT/WT, Foxp3DTR/DTR, or 

Foxp3DTR/WT females impregnated with Actin-OVA or non-OVA-expressing Balb/c 

males at mid-gestation (E10.5) with the initiation of DT. To measure cytotoxicity, 

splenocytes from congenic (CD45.2+) mice were stained with either high (1 µM) or low 

(50 nM) CFSE, pulsed with OVA257-264 peptide (50 nM CFSE) or no peptide control (1 

µM CFSE), mixed at a 1:1 ratio, adoptively transferred into pregnant mice four days after 

the initiation of DT at mid-gestation, and harvested 8 hours after transfer. 

 

Listeria and Salmonella Infections. Lm strain 10403s (Portnoy et al., 1988) and ST 

strain SL1344 (Johanns et al., 2010a) were each grown to early log phase (OD600 0.1) in 

brain heart infusion media at 37°C, washed and diluted with saline to 200 µl, and injected 

intravenously (5 x 103 CFUs for Lm, and 1 x 102 CFUs for ST). For enumerating 

susceptibility, the number of recoverable bacteria in the spleen or liver three days after 

infection were quantified by organ homogenization, and plating serial dilutions onto agar 

plates as described (Rowe et al., 2008). For enumerating fetal invasion, each placental-

fetal unit was individually dissected, homogenized in saline, and cultured on agar plates. 
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Bone marrow chimera and Treg reconstitutions. Bone marrow cells were harvested 

from the tibias and femurs from donor mice, intravenously transferred into sub-lethally 

irradiated (725 rads) Foxp3DTR mice, and allowed to reconstitute for 8-10 weeks. 

Thereafter, mice were treated with DT for 10 days, then infected with Lm to evaluate 

infection susceptibility. For reconstituting Foxp3+ cells in non-irradiated Foxp3DTR mice, 

donor Tregs from B6, CA-STAT5b, or IL-10-deficient mice were adoptively transferred 

into Foxp3DTR mice (5 x 105 donor Foxp3+ CD4+ cells per mouse) with the initiation of 

daily DT, and infected with Lm 15 days later. 

 

Statistical analysis. The number and percent live pups, resorbed concepti, cell numbers, 

and recoverable log10 bacterial CFUs were first analyzed and found to be normally 

distributed. Thereafter, differences between each group were analyzed using the unpaired 

Student’s t-test (Prism, GraphPad) with p < 0.05 taken as statistical significance. 
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RESULTS 

 

Expanded maternal Foxp3+ Tregs dictate infection susceptibility during pregnancy   

To reproduce the heterogeneity between maternal and fetal antigens during human 

pregnancy, we established synchronized matings between MHC mis-matched strains of 

inbred mice (Balb/c H-2d males with B6 H-2b females) that more fully recapitulates the 

expanded repertoire of non-self fetal antigen encountered by the maternal immune 

system. In this model, Foxp3+ Tregs expand in a synchronized fashion to ~50% increased 

levels by mid-gestation compared with non-pregnant controls or after syngeneic mating 

(Figure 5.1A). This magnitude of maternal Treg expansion is consistent with that 

reported in human and other models of mouse allogeneic pregnancy, and increased 

compared with syngeneic pregnancy where the only source of antigen-heterogeneity are 

those encoded by the Y-chromosome (Aluvihare et al., 2004; Santner-Nanan et al., 2009; 

Somerset et al., 2004). Interestingly, the expansion of maternal Tregs is not due to IFN-γ 

production against the allogeneic fetus because Foxp3+ cell expansion is also primed to a 

similar magnitude in IFN-γ receptor-deficient mice (12.2±0.3% Foxp3+ cells in non-

pregnant compared with 17.0±0.6% at mid-gestation). These direct parallels between the 

magnitude of maternal Foxp3+ cell expansion and the degree of heterogeneity between 

maternal and fetal antigen suggest expanded Tregs play an important role in maintaining 

immune tolerance to the developing fetus during pregnancy. 
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Given the pivotal role Foxp3+ Tregs play in controlling the balance between immune 

suppression that maintains peripheral tolerance and immune activation required for 

optimal host defense against infection (Belkaid, 2007; Suvas and Rouse, 2006), we 

speculated the expansion of immune suppressive Tregs during pregnancy may also confer 

susceptibility to infection. In turn, this host defense defect would likely be exploited by 

pathogens that have a defined predisposition for infection during pregnancy. Among 

human pathogens, the intracellular bacterium Listeria monocytogenes (Lm) has a striking 

predilection for disseminated infection in pregnant women (Gellin et al., 1991; 

Mylonakis et al., 2002). Consistent with these epidemiological features, pregnant mice at 

mid-gestation compared with non-pregnant controls were markedly more susceptible to 

Lm infection (Figure 5.1B). To investigate the contribution of maternal Tregs on 

infection susceptibility, female Foxp3DTR mice on the B6 background were substituted for 

mating with Balb/c males. These transgenic mice co-express with Foxp3 the high-affinity 

human diphtheria toxin (DT) receptor allowing targeted ablation of maternal Foxp3-

expressing cells with low-dose DT (Kim et al., 2007). We found the elimination of 

maternal Tregs beginning mid-gestation reversed the pregnancy-associated susceptibility 

to Lm infection (Figure 5.1B). This Treg-mediated defect in host defense was not limited 

only to Lm because susceptibility to Salmonella typhimurium (ST) during pregnancy was 

similarly reversed by the ablation of maternal Foxp3+ cells (Pejcic-Karapetrovic et al., 

2007) (Figure 5.1C). Together, these results indicate maternal Foxp3+ Tregs contribute to 

pregnancy-associated infection susceptibility. 
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Foxp3+ Tregs impair host defense against infection 

Given the expansion of fetal tissue that occurs in parallel with maternal Foxp3+ Tregs, 

infection susceptibility during pregnancy may also reflect more target tissue susceptible 

to direct invasion by Listeria and Salmonella species (Bakardjiev et al., 2006; Le 

Monnier et al., 2007; Pejcic-Karapetrovic et al., 2007). In agreement, we found Lm 

infection mid-gestation caused dose dependent increased rates of fetal invasion (Figure 

5.2). Moreover, since the products of conception are not resorbed immediately after 

Foxp3+ cell-ablation, the precise impacts of expanded Tregs on infection susceptibility 

cannot be investigated exclusively using pregnant mice. Accordingly, to more 

definitively interrogate the impacts of Foxp3+ Tregs on host defense, we compared 

infection susceptibility of non-pregnant mice after Treg manipulation using 

complementary gain- and loss- of function approaches. 

 

Foxp3 expression in T cells is stimulated by STAT5b promoter binding, and mice 

containing a constitutively active isoform of STAT5b (CA-STAT5b) have expanded 

Foxp3+ Tregs (Burchill et al., 2003) (Figure 5.3, 5.4A). Consistent with the notion that 

expanded Tregs promote infection susceptibility, significantly more recoverable CFUs 

were found in CA-STAT5b compared with B6 control mice after Lm infection (Figure 

5.4B). Since aberrations in other immune cells (e.g. CD8+ T and CD19+ B cells) in CA-

STAT5b mice may also contribute to infection susceptibility, related experiments more 

specifically investigated the contribution of expanded Foxp3+ Tregs in these mice. First, 

CA-STAT5b mice were intercrossed with Foxp3DTR mice allowing for the ablation of 
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expanded Foxp3+ Tregs with DT. We found DT treatment in CA-STAT5b Foxp3DTR 

mice efficiently ablated expanded Foxp3+ cells and restored resistance to levels 

comparable to Treg un-manipulated controls (Figure 5.4A,B). In turn, DT treatment in 

Foxp3DTR compared with Foxp3WT mice also caused significant reductions in recoverable 

Lm CFUs congruent with the effects of Treg-ablation on infection susceptibility for 

pregnant mice. As a complementary approach, we exploited the efficiency whereby 

adoptively transferred Tregs not susceptible to DT repopulates this ablated cell 

compartment by using Tregs from CA-STAT5b or control mice to reconstitute Treg-

ablated Foxp3DTR mice sustained on low-dose DT. We found Treg-ablated mice 

reconstituted with CA-STAT5b compared with WT Tregs contained ~2-fold increased 

Foxp3+ cells (23% compared with 11%) due to cell-intrinsic STAT5b stimulation that 

drives Foxp3+ cell expansion (Figure 5.C). Foxp3+ CD4+ cells in mice reconstituted with 

CA-STAT5b or WT Tregs were each > 99% donor derived, while < 1% Foxp3- cells 

were donor derived based on expression of the CD45.2 congenic marker. After Lm 

infection, Treg-ablated Foxp3DTR mice reconstituted with expanded CA-STAT5b 

compared with WT Tregs contained significantly more recoverable CFUs that paralleled 

the increased susceptibility of CA-STAT5b mice (Figure 5.4D). Thus, expanded Foxp3+ 

Tregs impair host defense and confer susceptibility to disseminated Lm infection. 

 

Sustained expansion of maternal Foxp3+ Tregs is required for maintaining 

pregnancy 
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The infection susceptibility associated with the physiological expansion of maternal 

Foxp3+ cells during allogeneic pregnancy suggests the proposed role these cells play in 

facilitating antigenic diversity is more important for species survival outweighing 

transient defects in host defense against infection. In this regard, although the importance 

of maternal Tregs during pregnancy has been described using strategies that cause the 

near complete ablation of these cells based on CD25 expression (Aluvihare et al., 2004; 

Kahn and Baltimore, 2010), the specific requirement for maternal Foxp3+ cells expanded 

from steady state levels found in non-pregnant controls in maintaining pregnancy remains 

undefined. To investigate this question, we exploited the X-linked inheritance of foxp3 

where random chromosome inactivation in Foxp3DTR/WT heterozygous females results in 

distinct Foxp3DTR and Foxp3WT Treg subsets. We found the initiation of DT beginning 

mid-gestation in Foxp3DTR/WT mice caused more modest (~35%) reductions in Foxp3+ 

Tregs, compared with the expected 50%, that closely approximates the level found in 

non-pregnant controls (Figure 5.5A and 5.1A). Even with sustained DT, these reductions 

were transient as Foxp3+ cells rapidly rebounded to levels found in pregnant Foxp3WT/WT 

controls. These findings are each consistent with the continuous refilling of this partially 

depleted compartment with Foxp3WT Tregs that are not susceptible to ablation in 

Foxp3DTR/WT mice (Kim et al., 2007). Interestingly, these partial transient reductions in 

maternal Tregs achieved with DT in Foxp3DTR/WT mice were nevertheless sufficient to 

trigger sharply increased rates of fetal resorption (10-fold, p < 0.001) with reciprocal 

reductions in the number of live pups born (70% reduction, p < 0.001) each compared 

with Treg-sufficient pregnancies (Figure 5.5B,C). By extension, DT treatment in 
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pregnant Foxp3DTR/DTR mice caused the sustained near-complete ablation of Tregs, and 

more profound rates of fetal resorption with reciprocal elimination of live pups born 

(Figure 5.5A-C). 

 

Importantly, these detrimental pregnancy outcomes were not due to non-specific effects 

related to DT because each group of mice received the same dosing of this reagent 

beginning mid-gestation; nor were they caused by inherent defects in Foxp3DTR/DTR or 

Foxp3DTR/WT mice because without DT, the number of live pups born for each was 

indistinguishable from Treg-sufficient controls (Figure 5.5C). Furthermore, given the 

potential for DT-mediated ablation of fetal Foxp3+ cells in Foxp3DTR pregnancies, we 

examined Foxp3 expression in E10.5 to E16.5 embryos using both anti-Foxp3 antibody 

and Foxp3GFP reporter mice (Fontenot et al., 2005b). In each method, no detectable 

Foxp3 expression in utero above background levels was observed (Figure 5.6). The 

absence of in utero Foxp3 expression is consistent with the birth of males hemizygous for 

defects in Foxp3 at the expected Mendelian ratios (Brunkow et al., 2001), the ability of 

donor Tregs adoptively transferred after birth to rescue Foxp3-deficient mice from 

systemic autoimmunity (Fontenot et al., 2003), and the very minuscule levels of Foxp3 

expression in one day old mice (Fontenot et al., 2005a). Moreover, the observed rates of 

in utero fetal resorption triggered by DT in Foxp3DTR/WT (57%) and Foxp3DTR/DTR (90%) 

pregnancies significantly exceed the expected percentage of Foxp3DTR pups after 

allogeneic mating with Foxp3WT/WT males. Accordingly, the effects of DT treatment in 

Foxp3DTR/WT and Foxp3DTR/DTR pregnancies most likely reflect the manipulation of 
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maternal and not fetal Tregs. Since the majority of expanded Foxp3+ Tregs during 

pregnancy are also CD25+ (Figure 5.1A), these results are consistent with the importance 

of CD25+ CD4+ T cells in maintaining pregnancy (Aluvihare et al., 2004; Kahn and 

Baltimore, 2010). However, our use of reagents that manipulate Tregs based on Foxp3-

expression and cause the partial ablation of these cells to pre-pregnancy levels more 

specifically establishes the importance of sustained maternal Treg expansion during 

pregnancy. 

 
 
Expanded maternal Tregs sustain tolerance to fetal antigen 

The requirement for sustained expansion of Foxp3+ cells during pregnancy suggests these 

cells provide uninterrupted active immune tolerance to the developing fetus. To 

investigate this hypothesis, the impacts of Treg ablation on the priming and activation of 

maternal T cells with specificity to the fetus were enumerated. To more precisely track 

the response to fetal antigen, we substituted mice where ovalbumin (OVA) is expressed 

in all cells on the Balb/c background for mating with non OVA-expressing females on the 

B6 background (Ehst et al., 2003). This strategy allows T cells among maternal immune 

cells with specificity to defined peptides within the surrogate fetal-(OVA) antigen to be 

tracked using well-characterized immunological tools (Erlebacher et al., 2007). We found 

Treg-ablation beginning mid-gestation triggered similar increased rates of fetal resorption 

in Foxp3DTR/WT (57%) and Foxp3DTR/DTR (96%) pregnancies that was associated with 

robust expansion of OVA-specific CD4+ and CD8+ T cells compared with Foxp3WT/WT 

pregnancies (Figure 5.7A). Importantly, the expansion of these OVA-specific T cells was 
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specific to the developing fetus and not caused by non-specific effects related to Foxp3+ 

cell manipulation because only background levels were found in Treg-ablated females 

impregnated with non-OVA expressing males (Figure 5.8). Furthermore, maternal Tregs 

also suppress the activation of fetal-(OVA)-specific T cells because CD8+ T cells from 

pregnancies with partial (Foxp3DTR/WT) or near complete (Foxp3DTR/DTR) Treg ablation 

produce significantly more IFN-γ after OVA257-264 peptide stimulation, and eliminated 

adoptively transferred OVA257-264 peptide-coated target cells more efficiently each 

compared with Treg-sufficient (Foxp3WT/WT) pregnancies (Figure 5.7B,C). Thus, fetal 

resorption and fractured tolerance to fetal antigen triggered by even partial reductions in 

maternal Foxp3+ Tregs in mice recapitulates human pregnancy complications related to 

fetal intolerance (e.g. spontaneous abortion, preeclampsia) each associated with blunted 

expansion of maternal Tregs (Prins et al., 2009; Santner-Nanan et al., 2009; Sasaki et al., 

2004). 

 

Treg cell-intrinsic IL-10 confers infection susceptibility 

Given the divergent roles for expanded maternal Tregs that are on one hand required for 

sustaining pregnancy, but also impair host defense that confers infection susceptibility, 

we explored if targeted ablation of individual Treg-associated molecules would allow 

these protective and harmful effects to be dissociated. In this regard, although numerous 

Treg-associated molecules that can each mediate immune suppression in vitro have been 

identified (Sakaguchi et al., 2009; Shevach, 2009; Vignali et al., 2008), the relative 

importance for each in dictating the multi-faceted role Foxp3+ cells play in vivo remain 
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incompletely defined. We focused initially on CTLA-4 and IL-10 because each play 

dominant roles for Treg suppression in other in vivo contexts (Asseman et al., 1999; 

Belkaid et al., 2002; Friedline et al., 2009; Rubtsov et al., 2008; Wing et al., 2008). To 

evaluate the requirement for Treg expression of each molecule, bone marrow cells from 

CTLA-4-deficient, IL-10-deficient or WT mice were adoptively transferred into sub-

lethally irradiated Foxp3DTR CD45.1+ recipient mice. After reconstitution and before DT 

treatment, these mixed chimera mice contain Tregs with targeted defects in either CTLA-

4 or IL-10 each derived from donor bone marrow cells and WT Tregs from Foxp3DTR 

recipient mice. However, after DT treatment, Tregs derived from recipient Foxp3DTR 

mice are eliminated leaving behind only those derived from donor CD45.2+ bone marrow 

cells that rapidly expand to refill this partially ablated compartment (Figure 5.9A). Using 

this approach that allows the more synchronized ablation of each Treg-associated 

molecule, mice containing only CTLA-4-deficient compared with WT Tregs were found 

to have expanded Foxp3+ cells consistent with the role of CTLA-4 in limiting Treg 

proliferation (Kolar et al., 2009; Tang et al., 2008). In turn, mice with expanded CTLA-4 

deficient compared with WT Tregs were also more susceptible to Lm infection (Figure 

5.9B). Comparatively, while IL-10-deficient and WT Tregs each expand to a similar 

extent in irradiated Foxp3DTR mice, those containing only IL-10-deficient Tregs 

compared with mice containing either WT or CTLA-4-deficient Tregs were markedly 

more resistant to Lm infection (Figure 5.9A,B). 
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To further investigate the requirement for IL-10 and CTLA-4 expression by Tregs in host 

defense against infection, mixed chimera mice containing Foxp3+ cells with targeted 

defects in both molecules were generated by using bone marrow cells from mice with 

combined defects in both IL-10 and CTLA-4 (DKO) for reconstituting sub-lethally 

irradiated Foxp3DTR mice. Although the rate of recombination between these two genes 

separated by 39.8 centi-Morgan on chromosome 1 was somewhat lower than expected 

(Figure 5.10A), mice with defects in both IL-10 and CTLA-4 could be generated, and 

began to appear runty with a “scurfy” phenotype beginning 23 to 27 days of life that was 

indistinguishable from CTLA-4-deficient mice (Tivol et al., 1995; Waterhouse et al., 

1995). After adoptive transfer into irradiated Foxp3DTR mice, bone marrow cells from 

these DKO mice led to expanded levels of Foxp3+ Tregs comparable to reconstitution 

with bone marrow from CTLA-4-deficient mice (Figure 5.9A). However, despite the 

expansion of Foxp3+ Tregs due to cell-intrinsic defects in CTLA-4, these mice were 

significantly more resistant to Lm infection with significantly reduced CFUs compared 

with mice containing CTLA-4-deficient (IL-10-sufficient) Tregs (Figure 5.9B). 

Importantly, these impacts on infection susceptibility are not explained by potential 

differences in non-specific immune activation because donor bone marrow derived Tregs 

from each group of mice compared with Treg-ablated mice without donor bone marrow 

suppressed activation (percent CD44hiCD62Llo) among bulk T cells to the same extent 

(Figure 5.10B). Together, these results indicate that while CTLA-4 controls host defense 

against Lm indirectly by limiting Treg-expansion, ablation of IL-10 overrides the 
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infection susceptibility associated with both expanded CTLA-4-deficient and normal 

levels of WT Tregs. 

 

Related experiments sought to investigate whether resistance against Lm infection in 

mice containing exclusively IL-10-deficient Tregs could be attributed to the mixed 

population of WT and IL-10 deficient non-Treg cells derived from donor bone marrow in 

irradiated Foxp3DTR mice. Donor Tregs from IL-10-deficient or B6 control mice were 

used to repopulate non-irradiated Foxp3-cell ablated Foxp3DTR mice; and with sustained 

DT for seven to ten days, >99% of Foxp3+ Tregs and <1% non-Tregs were donor derived 

based on CD45.2 expression (Figure 5.11A). After Lm infection, mice reconstituted with 

IL-10-deficient compared with WT Tregs were more resistant containing significantly 

reduced numbers of recoverable CFUs (Figure 5.11B). Similar to reconstituted Tregs in 

irradiated mice, adoptively transferred IL-10 and WT Tregs each suppressed non-specific 

T cell activation to a similar extent compared with Treg-ablated mice without donor cells 

(Figure 5.12). Taken together, these results demonstrate a critical role for Foxp3+ Tregs 

and IL-10 production by these cells in suppressing host defense against Lm infection. 

 

IL-10 is dispensable for sustaining pregnancy, but impairs host defense against 

prenatal infection 

Given the requirement for maternal Foxp3+ Tregs in sustaining pregnancy, we examined 

whether parallel requirements exist for maternal IL-10 by enumerating pregnancy 

outcomes in IL-10-deficient compared with B6 control mice after allogeneic mating with 
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Balb/c males. In sharp contrast to pregnancy loss that occurs with even partial transient 

Treg ablation, IL-10-deficient compared with IL-10-sufficient pregnancies had 

indistinguishable normal numbers of live pups born at term (Figure 5.13A). The non-

essential role for maternal IL-10 in sustaining allogeneic pregnancy together with the 

importance of Treg IL-10 in promoting susceptibility to Lm infection suggest IL-10 

neutralization may be used for boosting immunity against infection without 

compromising pregnancy outcomes. Consistent with this hypothesis, we found pregnant 

IL-10-deficient compared with pregnant B6 controls were significantly less susceptible to 

Lm infection (Figure 5.13B). These results are in agreement with the increased resistance 

against Lm for IL-10-deficient non-pregnant mice (Dai et al., 1997), and extend the 

importance of this cytokine to infection susceptibility during pregnancy. As a 

complementary approach, we enumerated the impacts of IL-10 receptor neutralization on 

pregnancy outcomes and resistance to Lm infection. Similar to findings using IL-10-

deficient mice, anti-IL-10 receptor compared with isotype control antibody treatment at 

mid-gestation had no significant impacts on the number of live births after allogeneic 

pregnancy, but caused sharp reductions in the number of recoverable Lm CFUs after 

infection (Figure 5.13C,D). Together, these results establish that although IL-10 is 

dispensable for sustaining pregnancy, it impairs host defense against prenatal Lm 

infection. 
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DISCUSSION 

 

Regulatory T cells control the fluid balance between immune suppression that maintains 

peripheral tolerance and immune stimulation required for optimal host defense against 

infection. Herein, we demonstrate pregnancy triggers the physiological expansion of 

Foxp3+ Tregs that shifts this balance allowing maternal tolerance to the developing fetus 

to be maintained. Using tools that manipulate Tregs based on Foxp3 expression and cause 

the partial ablation of these cells, the blunted expansion of maternal Tregs observed in 

human pregnancy complications such as spontaneous abortion or preeclampsia where 

these cells are reduced to pre-pregnancy levels, but not eliminated is more closely 

recapitulated (Prins et al., 2009; Santner-Nanan et al., 2009; Sasaki et al., 2004). We find 

the sustained expansion of Foxp3+ Tregs was imperative because even transient partial 

ablation to levels found in non-pregnant mice was sufficient to cause sharply increased 

rates of fetal resorption, reductions in the number of live pups born, and the expansion 

and activation of maternal T cells with specificity to the fetus. Given the parallel 

requirements for tryptophan catabolism through indoleamine 2,3-dioxygenase (IDO) in 

sustaining pregnancy, and the potency whereby Tregs stimulate tryptophan catabolism 

(Fallarino et al., 2003; Munn et al., 1998), blunted expansion or transient ablation of 

maternal Tregs may complicate pregnancy by disrupting this pathway. This is consistent 

with the up-regulation of IDO during uncomplicated human pregnancy compared with 

spontaneous abortion cases (Miwa et al., 2005). Our ongoing studies are aimed at 

dissecting the molecular basis for how maternal Tregs sustain pregnancy, and the 
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pregnancy-associated signals that drive the expansion of maternal Tregs. In this regard, 

while maternal Tregs suppress IFN-γ production by fetal-specific T cells and IFN-γ is a 

potent inducer of IDO expression (Taylor and Feng, 1991), IFN-γ responsiveness was 

non-essential for Treg expansion illustrating other unidentified signals stimulate shifts in 

maternal Foxp3+ cells during allogeneic pregnancy. 

 

The physiological expansion of Tregs during pregnancy and non-antigen-specific fashion 

whereby these cells mediate suppression suggest other detrimental or potentially 

protective immune responses may be suppressed as well. For example for patients with 

rheumatoid arthritis or autoimmune hepatitis, reduction in disease severity or disease 

remission occurs during pregnancy (Buchel et al., 2002; Ostensen and Villiger, 2007). On 

the other hand, given the intricately regulated balance between immune stimulation and 

suppression, sustained expansion of immune tolerance during pregnancy may also cause 

defects in host defense especially against pathogens such as Listeria monocytogenes and 

Salmonella typhimurium with a predilection for prenatal infection (Gellin et al., 1991; 

Mylonakis et al., 2002; Pejcic-Karapetrovic et al., 2007). Accordingly, we investigated 

the impacts of expanded Tregs on infection susceptibility in complementary in vivo 

models that include allogeneic pregnancy, CA-STAT5b transgenic mice, and mice with 

Treg-intrinsic defects in CTLA-4. In each condition where Tregs are expanded, increased 

infection susceptibility was uniformly identified. Furthermore, in each model of 

expanded Tregs where host defense against infection is impaired, secondary defects that 

include the ablation of expanded Tregs or specific Treg-intrinsic molecules were used to 
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confirm the overall importance of Tregs, or to identify Treg-associated molecules that 

mediate infection susceptibility. Although our experiments were not designed to evaluate 

the additional incremental impacts whereby direct invasion into the products of 

conception cause susceptibility to disseminated Lm infection (Bakardjiev et al., 2006; Le 

Monnier et al., 2007), the direct links between Tregs manipulated using these 

complementary gain- and loss-of function approaches in pregnant and non-pregnant mice 

on susceptibility to Lm infection establish that expanded Tregs required for sustaining 

pregnancy also impair host defense against this important prenatal pathogen. These 

findings suggest the expansion of maternal Tregs that facilitates increased genetic 

diversity between maternal and paternal antigen is more important for species survival 

outweighing transient defects in host defense. 

 

The deleterious impacts of expanded Tregs on host defense against Lm is consistent with 

the accelerated pathogen eradication caused by ablation of CD25+ or Foxp3+ Tregs 

during infection with an increasingly wide assortment of other pathogens (Belkaid, 2007; 

Johanns et al., 2010a; Suvas and Rouse, 2006). However, while prior studies have 

primarily used loss-of-function approaches for investigating the role of Tregs in host 

defense, this study uses complementary approaches that mimic the physiological prenatal 

expansion of these cells to demonstrate how increased Foxp3+ Tregs dictates infection 

susceptibility during pregnancy. An important area for future investigation is to explore if 

similar impacts on host defense are found after infection with other pathogens using gain-

of-function approaches for Foxp3+ Tregs. In this regard, although the number of 
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pathogens where Tregs have been implicated to suppress host defense far exceeds the 

limited number with defined predilection for prenatal infection, the results of these 

studies will likely have boarder implications for understanding infection susceptibility in 

aging and other contexts where the physiological expansion of Tregs also occurs (Gregg 

et al., 2005). 

 

Numerous Foxp3+ cell-associated molecules have been shown to mediate the suppressive 

properties of Tregs (Sakaguchi et al., 2009; Shevach, 2009; Vignali et al., 2008). 

Recently, intercrossing mice where the Cre-recombinase and foxp3 are co-expressed with 

other mice where each Treg-associated molecule of interest is flanked by loxP sites have 

revealed unique and discordant roles for defined Treg-associated molecules in controlling 

specific aspects of peripheral tolerance (Rubtsov et al., 2008; Wing et al., 2008). 

Although ideal for identifying Treg-associated molecules that with sustained ablation 

cause autoimmunity, this strategy that results in the ablation of each molecule in Foxp3+ 

cells throughout development is not suitable for interrogating their role in host defense 

against infection where the synchronized ablation of each molecule in Tregs is required. 

Accordingly, for interrogating the relative importance of Treg-associated molecules in 

controlling host defense against Lm infection, we exploited the efficiency whereby donor 

Tregs from mice with targeted defects in each Treg-associated suppression molecule 

expands to fill the partially ablated cellular compartment in mixed chimera mice, or 

completely empty compartment in Treg-ablated mice. These approaches that allow more 

synchronized ablation of specific Treg-associated molecules in Foxp3+ cells identified 
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important roles for Treg IL-10 in suppressing host defense against Lm infection. 

Interestingly however, elimination of Treg IL-10 in neither non-irradiated Treg-

reconstituted mice nor irradiated mice containing expanded CTLA-4-deficient Tregs 

restored resistance to levels found in Treg-ablated mice. These findings indicate other 

Treg-associated molecules likely play functionally redundant roles and/or act 

synergistically with IL-10 in impairing host defense against Lm infection. 

     

The importance of IL-10 in suppressing immunity against Lm infection during pregnancy 

is in agreement with the previously reported importance of this cytokine in promoting 

susceptibility to other pathogens (Belkaid et al., 2002; Brooks et al., 2006; Ejrnaes et al., 

2006). Together with controlling inflammation at mucosal surfaces (Asseman et al., 

1999; Rubtsov et al., 2008), our results extend the context specific role of Treg IL-10 to 

include suppressing host defense components after acute pathogenic infection during 

pregnancy. Given the non-essential roles for maternal IL-10 in maintaining pregnancy 

even after allogeneic mating, these results demonstrate IL-10 can dissociate the 

detrimental impacts of expanded Tregs on infection susceptibility from the beneficial 

effects required for sustaining pregnancy. Accordingly, it is tantalizing to consider that 

the benefits of transiently neutralizing IL-10 for boosting host defense during 

complicated prenatal infections would not be harmful for pregnancy, and may therefore 

outweigh the potentially detrimental impacts on peripheral tolerance. 
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Figure 5.1 - Expanded maternal Foxp3+ Tregs dictate infection susceptibility during 

pregnancy. (A) Percent and total number Foxp3+ among CD4+ splenocytes in male, 

virgin female, or pregnant B6 (H-2b) females at mid-gestation after allogeneic mating 

with Balb/c (H-2d) or syngeneic mating with B6 males. (B, C) Recoverable CFUs three 

days after infection in non-pregnant, pregnant Treg-sufficient, or pregnant Treg-abated 

Foxp3DTR/DTR females after allogeneic mating, and initiated on DT beginning mid-

gestation and infected with Listeria monocytogenes (B) or Salmonella typhimurium (C) 

one day later. 
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Figure 5.2 - Dose-dependent rates of in-utero fetal invasion after virulent Lm 

infection during allogeneic pregnancy. Percent fetus with recoverable Lm five days 

after infection with escalating inocula beginning mid-gestation (E10.5) for B6 females 

after mating with Balb/c males. 
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Figure 5.3 - Number of Foxp3+ Tregs among splenocytes in B6 (WT), Foxp3DTR, CA-

STAT5b, and CA-STAT5b Foxp3DTR mice one day after DT treatment. Each symbol 

represents an individual mouse for results combined from three independent experiments. 
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Figure 5.4 - Expanded Foxp3+ Tregs impair host defense against Lm infection. (A) 

Percent Foxp3+ among CD4+ splenocytes after DT treatment in B6 (WT), Foxp3DTR, CA-

STAT5b, or CA-STAT5b Foxp3DTR mice. (B) Recoverable CFUs three days after Lm 

infection for each group of mice initiated on DT treatment one day prior to infection. (C) 

Percent Foxp3+ Tregs day 14 after the initiation of sustained DT in Foxp3DTR CD45.1+ 

mice reconstituted with donor Tregs (CD45.2+) from WT or CA-STAT5b mice (top). 

CD45.2 expression by Foxp3+ (line) or Foxp3- (shaded) CD4+ T cells (bottom). (D) 

Recoverable CFUs three days after Lm infection for the mice described in (C). 
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Figure 5.5 - Sustained expansion of maternal Foxp3+ Tregs is required for 

maintaining pregnancy. (A) Percent Foxp3+ among CD4+ splenocytes during allogeneic 

pregnancy in Foxp3WT/WT, Foxp3DTR/WT, or Foxp3DTR/DTR mice after the initiation of DT 

treatment beginning mid-gestation (E10.5). Bar, one standard error. (B) Percent live or 

resorbed fetuses among total placental-fetus in individual pregnancies for each group of 

mice day 5 after the initiation of DT beginning mid-gestation. Bar, mean and 95% 

confidence interval. (C) Number of live pups born after allogeneic mating for each group 

of female mice either treated with DT for four consecutive days beginning mid-gestation 

(filled) or without DT treatment (open).  



 

 124 

 
Figure 5.6 - Lack of Foxp3-expression among E16.5 mouse embryos. FACS plots 

illustrate the gating strategy used to analyze nucleated cells from E16.5 embryos or 

splenocytes from adult mice. First based on expression of the hematopoietic marker 

(CD45), and then Foxp3-expression after staining with anti-Foxp3 antibody compared 

with isotpye (rat IgG2a) control (A) or using Foxp3GFP reporter compared with Foxp3WT 

control mice (B). For staining, mouse embryos were individually dissected, digested with 

collagenase (2.5 mg/ml, 40 minutes 37ºC), and individual cells separated through a 

Percoll gradient (mononuclear cells isolated between 40 and 60%). This analysis depicts 

106 events per sample representative of 6-8 mouse embryos from three separate 

experiments. 
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Figure 5.7 - Expanded maternal Tregs sustain tolerance to fetal antigen. (A) Percent 

and number of adoptively transferred CD90.1+ fetal (OVA323-339)-specific CD4+ (top) or 

(OVA257-264)-specific CD8+ (bottom) cells among splenocytes in Foxp3WT/WT, 

Foxp3DTR/DTR, or Foxp3DTR/WT females impregnated by Actin-OVA transgenic males five 

days after the initiation of DT beginning mid-gestation (E10.5). (B) Percent and number 

of IFN-γ-producing CD90.1+ CD8+ T cells after in vitro OVA257-264 peptide stimulation 

(line) or un-stimulated controls (shaded). (C) Percent OVA257-264 peptide-pulsed (CFSElo) 

relative to untreated control cells (CFSEhi) pre-transfer, or after adoptive transfer into 

each group of females impregnated by Actin-OVA males initiated on DT treatment 

beginning mid-gestation. 
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Figure 5.8 - Expansion of OVA-specific CD4+ and CD8+ T cells during pregnancy 

requires fetal-(OVA) antigen. (A) Percent and number of adoptively transferred 

CD90.1+ fetal (OVA323-339)-specific CD4+ (top) or (OVA257-264)-specific CD8+ (bottom) 

cells among splenocytes in Foxp3WT/WT, Foxp3DTR/DTR, or Foxp3DTR/WT mice impregnated 

by non-OVA expressing Balb/c males five days after the initiation of DT treatment 

beginning mid-gestation (E10.5). (B) Percent and number of IFN-γ-producing CD90.1+ 

CD8+ T cells after OVA257-264 peptide stimulation (line) or un-stimulated controls 

(shaded) for cells recovered from each group of mice. 
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Figure 5.9 - Treg-mediated infection susceptibility requires cell-intrinsic IL-10. (A) 

Percent Foxp3+ among CD4+ splenocytes day 10 after the initiation of sustained DT in 

irradiated Foxp3DTR CD45.1+ mice without donor bone marrow, or reconstituted with 

bone marrow from WT, IL-10-deficient, CTLA-4-deficient mice, or mice with combined 

defects in both IL-10 and CTLA-4 (DKO) (top). CD45.2 expression by Foxp3+ (line) or 

Foxp3- (shaded) CD4+ cells (bottom). (B) Recoverable CFUs three days after Lm 

infection for the mice described in (A). 
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Figure 5.10 - Foxp3+ cells derived from donor bone marrow suppress non-specific T 

cell activation in Treg-ablated mice. A. Generation of mice with combined deficiency 

in both IL-10 and CTLA-4. Mating strategy demonstrating expected versus observed 

frequencies of homologous recombination between the genes encoding IL-10 and CTLA-

4 on mouse chromosome 1 (top). FACS plots indicate percent Foxp3+ among CD4+ 

splenocytes from B6 (WT), IL-10-deficient, CTLA-4-deficient, and mice with combined 

defects in both IL-10 and CTLA-4 (DKO). CTLA-4 expression in Foxp3+ (line) and 

Foxp3- CD4+ cells (shaded) for each mouse strain (bottom). B. Percent activated (CD44hi 

CD62Llo) CD8+ T cells in sub-lethally irradiated Foxp3DTR mice reconstituted with bone 

marrow cells from B6 (WT), IL-10-deficient, CTLA-4-deficient mice, or mice with 

targeted defects in both IL-10 and CTLA-4 (DKO), or no donor bone marrow each with 

sustained DT treatment for 12 days. 
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Figure 5.11 - Treg IL-10 impairs resistance against Lm infection. (A) Percent Foxp3+ 

among CD4+ splenocytes day 12 after the initiation of sustained DT in non-irradiated 

Foxp3DTR CD45.1+ mice without donor Tregs, or reconstituted with donor Tregs from 

WT or IL-10-deficient mice (top). CD45.2 expression by Foxp3+ (line) or Foxp3- 

(shaded) CD4+ cells (bottom). (B) Recoverable CFUs three days after Lm infection for 

the mice described in (A).  



 

 130 

 

Figure 5.12 - Adoptively transferred Tregs suppress non-specific T cell activation in 

Treg-ablated mice. FACS plots (top) and composite analysis (bottom) illustrating 

percent activated (CD44hi CD62Llo) CD8+ T cells in Foxp3DTR mice with sustained DT 

treatment for 12 days without donor Tregs (no transfer) or reconstituted Tregs from B6 

(WT) or IL-10-deficient mice.  
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Figure 5.13 - Maternal IL-10 is dispensable for sustaining pregnancy, but impairs 

host defense against prenatal Lm infection. (A) Number of live pups born for IL-10-

deficient or B6 (WT) mice after allogeneic mating with Balb/c males. (B) Recoverable 

CFUs three days after Lm infection at mid-gestation (E10.5) for IL-10-deficient or B6 

(WT) pregnant mice. (C) Number of live pups born for B6 mice after allogeneic mating 

with Balb/c males treated with anti-IL-10 receptor or isotype control (rat IgG1) antibody 

beginning mid-gestation. (D) Recoverable CFUs in pregnant B6 mice three days after Lm 

infection and treatment with anti-IL-10 receptor or isotype control antibody at mid-

gestation. 
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Chapter 6 

 

Listeria monocytogenes cytoplasmic entry induces fetal wastage by 

disrupting maternal Foxp3+ regulatory T cell-sustained fetal tolerance 
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SUMMARY 

 

Although the intracellular bacterium Listeria monocytogenes has an established 

predilection for disseminated infection during pregnancy that often results in spontaneous 

abortion or stillbirth, the specific host-pathogen interaction that dictate these disastrous 

complications remain poorly defined. Herein, we demonstrate systemic maternal Listeria 

infection during pregnancy fractures fetal tolerance and triggers fetal wastage in a dose-

dependent fashion. Listeria was recovered from the majority of concepti after high-dose 

infection illustrating the potential for in utero invasion. Interestingly with reduced 

inocula, fetal wastage occurred without in utero invasion, and instead paralleled 

reductions in maternal Foxp3+ regulatory T cell suppression with reciprocal expansion 

and activation of effector T cells with fetal-specificity. Using mutants lacking virulence 

determinants required for in utero invasion, we establish Listeria cytoplasmic entry is 

essential for disrupting fetal tolerance that triggers maternal T cell-mediated fetal 

resorption. Thus, infection-induced reductions in maternal Foxp3+ regulatory T cell 

suppression with ensuing disruptions in fetal tolerance play critical roles in pathogenesis 

of immune-mediated fetal wastage. 
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 INTRODUCTION 

  

Listeria monocytogenes (Lm) is a ubiquitous human pathogen with a unique 

predisposition for invasive infection during pregnancy that represents an important cause 

of spontaneous abortion, stillbirth, and neonatal infection (Gellin and Broome, 1989; 

Schuchat et al., 1991). Although many Lm-specific proteins required for cell entry and 

maintaining residence within infected cells have been identified, and some play important 

roles in placental cell invasion (Cossart, 2011; Portnoy et al., 2002), the interplay 

between Lm and maternal immune cells that sustain fetal tolerance in the pathogenesis of 

infection-induced fetal injury has not been well-characterized. Recently, the 

physiological accumulation of immune suppressive maternal Foxp3+ regulatory T cells 

(Tregs) during gestation was shown to compromise host defense against Lm and other 

pathogens that cause prenatal infection (Rowe et al., 2011). Nevertheless, despite 

increased infection susceptibility, the sustained expansion of maternal Tregs was more 

essential because even transient partial ablation to baseline levels was sufficient to disrupt 

fetal tolerance and trigger fetal resorption. These findings in mice recapitulate the blunted 

expansion of maternal Tregs with spontaneous abortion and other complications 

associated with fractured fetal tolerance in human pregnancy (Guerin et al., 2009; 

Santner-Nanan et al., 2009; Sasaki et al., 2007; Sasaki et al., 2004; Yang et al., 2008). 

Thus, healthy pregnancy requires the sustained accumulation of immune-suppressive 

maternal Tregs that maintains tolerance to the developing fetus. 
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In addition to these quantitative changes, fluctuations in Treg suppressive potency also 

occur. These shifts fine-tune the delicate fluid balance between immune stimulation and 

suppression. In particular within the first few days after infection in non-pregnant mice 

with Lm or other pathogens that primarily cause acute infection, progressive reductions 

in either Treg number or their suppressive potency have each been described (Ertelt et al., 

2011b; Kastenmuller et al., 2011b). In turn, infection-induced reductions in Treg 

suppression unleash the activation of immune effectors that efficiently eradicate infection 

(Rowe et al., 2012). Importantly however, how pregnancy-expanded Tregs impact 

infection-induced shifts in suppression, and reciprocally how infection-induced shifts in 

maternal Treg suppression impact fetal tolerance are each undefined. Given the 

substantial overlap in pregnancy complications (e.g. spontaneous abortion, stillbirth) 

associated with prenatal Lm infection and defects in fetal tolerance induced by 

experimental or naturally-occurring defects in maternal Treg accumulation, we sought to 

investigate if infection-induced reductions in maternal Treg suppression might disrupt 

fetal tolerance and cause fetal wastage. Immune-mediated fetal injury that may occur 

without in utero pathogen invasion could explain the only modest fraction of concepti 

with recoverable Lm born to mothers with invasive infection (Mylonakis et al., 2002), 

and spur new approaches for improving pregnancy outcomes. 

  

To address these questions, we investigated maternal Tregs and the maintenance of fetal 

tolerance using escalating dosages of virulent Lm for infection during pregnancy. 

Foxp3GFP reporter mice allowed maternal Tregs to be purified based on their lineage-
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defining marker (Fontenot et al., 2005b), and a mating strategy using ovalbumin (OVA)-

expressing males allowed the maternal response to this surrogate fetal antigen to be 

precisely characterized (Ehst et al., 2003; Erlebacher et al., 2007; Rowe et al., 2011). To 

more specifically evaluate the contribution of immune-mediated fetal wastage in 

isolation, pregnancy outcomes, maternal Tregs, and fetal tolerance were also compared 

using Lm mutants lacking defined virulence determinants required for in utero invasion. 

Together, these experiments demonstrate Lm entry into the cell cytoplasm disrupts fetal 

tolerance sustained by maternal Foxp3+ Tregs that triggers immune-mediated fetal 

wastage. 
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MATERIALS AND METHODS 

  

Ethics statement. All experiments involving the use of animals were performed using 

University of Minnesota IACUC-approved protocols. 

  

Mice. C57BL/6 (B6, H-2b), Balb/c (H-2d), and B6.PL-Thy1 (CD90.1) mice were 

purchased from The National Cancer Institute or The Jackson Laboratory. Foxp3GFP mice 

backcrossed to B6 mice, OVA-expressing backcrossed to Balb/c mice, and OT-I TCR 

transgenic mice maintained on a CD90.1 background have been described (Ehst et al., 

2003; Erlebacher et al., 2007; Fontenot et al., 2005b; Hogquist et al., 1994). The timing 

of pregnancy was determined by visualization of a copulation plug (embryonic day 0.5) 

after introducing virgin female with male mice.  

  

Listeria Infections. Lm strains 10403s (WT), 1942 (ΔactA), and 2319 (ΔLLOΔPLC) 

were each grown to early log phase (OD600 0.1) in brain heart infusion media at 37 °C, 

washed and diluted with saline to 200 µl, and injected intravenously via the lateral tail 

vein (Curtis et al., 2010; O'Riordan et al., 2002; Orgun and Way, 2008). The inoculum 

was verified for each infection by plating serial dilutions onto agar plates. For 

enumerating invasion, each placental-fetal unit or the liver was individually dissected, 

homogenized in saline containing 0.05% Triton X and cultured onto agar plates as 

described (Rowe et al., 2011). 
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Antibodies, Flow Cytometry, and Cell Transfer. Fluorophore-conjugated antibodies and 

other reagents for cell surface, intracellular cytokine, and intranuclear Foxp3 staining 

were purchased from eBioscience or BD Biosciences. Cytokine production was evaluated 

for OVA-specific CD8 T cells after stimulating splenocytes with OVA257-264 peptide in 

media containing GolgiPlug (BD Biosciences). For cell transfers, purified CD8+ cells 

(105) isolated from OT-I TCR transgenic (CD90.1) mice were injected intravenously into 

recipient (CD90.2) mice one day prior to Lm infection at midgestation as described 

(Rowe et al., 2011). For T cell depletion, purified anti-mouse CD4 (GK1.5) and anti-

mouse CD8 (2.43) antibodies (BioXcell) were administered intraperitoneally (500 µg 

each antibody per mouse) one day prior to LmΔactA infection at midgestation. 

  

Treg suppression assay. For enumerating Treg suppressive potency, CD4 cells were first 

enriched by negative selection (Miltenyi Biotec) from Foxp3GFP reporter mice, followed 

by sorting for the GFP+ CD4 subset (Fontenot et al., 2005b). In each experiment, GFP+ 

Tregs were verified to be >98% pure by staining for Foxp3 expression. Responder CD8+ 

T cells isolated from naïve CD90.1 mice were labeled with CFSE (5 µM for 10 min at 

room temperature), and co-cultured in triplicate in 96-well round bottom plates (1 x 104 

responder cells per well) with purified GFP+ Tregs at the indicated ratios. The relative 

suppressive potency of Tregs in each experiment was calculated by comparing responder 

cell proliferation (CFSE dilution) after co-culture with GFP+ Tregs from uninfected 

control mice as described (Ertelt et al., 2011b; Johanns et al., 2010a). 
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Statistical Analysis. The number of live pups, resorbed concepti, cell numbers, and 

percent cytokine producing cells were first analyzed and found to be normally 

distributed. Thereafter, differences between groups were analyzed using an unpaired 

Student’s t test (Prism, Graph Pad) with p < 0.05 taken as statistical significance. 
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RESULTS 

  

Listeria infection induces dose-dependent fetal resorption  

To investigate the pathogenesis of prenatal listeriosis, pregnancy outcomes after infection 

with escalating dosages of virulent Lm beginning midgestation were evaluated. In this 

regard, although Lm has been described to stimulate fetal resorption and in utero invasion 

during syngeneic pregnancy (Barber et al., 2005; Krishnan et al., 2010; Le Monnier et al., 

2007; Poulsen et al., 2011), this mating scheme does not recapitulate the natural 

heterogeneity between maternal and paternal antigens, and more pronounced expansion 

of maternal Tregs (Aluvihare et al., 2004; Kahn and Baltimore, 2010; Rowe et al., 2011). 

To bypass these limitations, pregnancy outcomes using MHC mismatched strains of 

inbred mice (Balb/c H-2d males with B6 H-2b females) were enumerated. We found Lm 

infection midgestation (E10.5) caused dose-dependent reductions in the number of live 

pups born at term ~10 days thereafter (Figure 1A). Compared with uninfected 

pregnancies (8.0 ± 0.6 live pups), the number of live pups was reduced by 54% and 88% 

[3.7 ± 0.9 (103 CFUs); 1.0 ± 0.5 (104 CFUs)] for mice infected with each respective Lm 

dosage (Figure 6.1A). Furthermore, no live pups were born for the majority of pregnant 

mice (9 of 13) infected with 104 Lm. Thus, Lm infection during allogeneic pregnancy 

triggers fetal loss. 

  

To more comprehensively evaluate infection-induced fetal injury, the rates of in utero 

fetal resorption in pregnant mice at an earlier time point after infection (day 5 post-
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infection, E15.5) were enumerated. Consistent with dose-dependent reductions in number 

of live pups born at term, progressively increased rates of fetal wastage were found with 

escalating dosages of Lm used for infection (Figure 6.1B). Interestingly, by culturing 

each individual resorbed placental-fetal unit, dose-dependent increased rates of in utero 

Lm invasion that were distinct from the overall resorption frequencies were also 

identified. In particular, while the majority of resorbed fetuses (87%) contained 

recoverable Lm after infection with the highest inocula (104 CFUs), the recovery of 

bacteria among resorbed fetuses declined sharply with reduced inocula (14% for 103 

CFUs, and 0% for 102 CFUs) (Figure 6.1C). Together, these results demonstrate although 

Lm has the potential for in utero invasion especially after high-dose infection, infection-

induced fetal injury can also occur without direct in utero pathogen invasion. 

  

Listeria blunts maternal Treg suppression and disrupts fetal tolerance 

Given the importance of expanded maternal Foxp3+ Tregs in maintaining pregnancy 

(Aluvihare et al., 2004; Kahn and Baltimore, 2010; Rowe et al., 2011), and infection-

induced reductions in Treg suppression that unleash immune activation in non-pregnant 

mice (Ertelt et al., 2011b; Kastenmuller et al., 2011b; Rowe et al., 2012), we investigated 

if similar reductions in maternal Treg suppression occur with infection during pregnancy. 

We found Lm infection at midgestation did not significantly impact either the number or 

percent Foxp3+ among CD4 cells, suggesting quantitative reductions in maternal Tregs 

do not occur in this context (Figure 6.2). Next, to investigate the potential for infection-

induced qualitative shifts in maternal Treg suppressive potency, Foxp3GFP reporter mice 
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on the B6 background were substituted for mating with Balb/c males so that maternal 

Foxp3+ Tregs could be purified by FACS directly ex vivo. Consistent with prior studies in 

non-pregnant mice (Ertelt et al., 2011b; Fontenot et al., 2005b), maternal Tregs were 

isolated from pregnant mice with equally high purity by sorting for GFP+ CD4 cells 

(Figure 6.3A). By enumerating the efficiency whereby these GFP+ Tregs suppress the 

proliferation of responder cells in co-culture, no significant difference in suppressive 

potency were found for Tregs recovered from pregnant compared with non-pregnant 

control mice (Figure 6.4).  

  

By contrast with escalating Lm dosages used for infection beginning midgestation, 

progressive reductions in maternal Treg suppressive potency were identified because the 

proliferation of responder T cells isolated from naïve mice was more pronounced after 

co-culture with maternal GFP+ Tregs from infected compared with uninfected control 

mice (Figure 6.3B). To evaluate the magnitude of these infection-induced reductions in 

Treg suppressive potency, we titrated the ratio of GFP+ Tregs to responder cells in co-

culture and found two-fold increased ratios of Tregs were required from pregnant mice 

infected with 103 Lm to achieve the same level of suppression as Tregs cells recovered 

from uninfected mice (Figure 6.3B). Comparatively, GFP+ Tregs recovered from mice 

infected with 104 Lm suppressed responder cell proliferation even less efficiently; 

requiring two- to four-fold more Tregs to achieve the same level of suppression 

compared with GFP+ Tregs recovered from uninfected controls, while Tregs recovered 

from mice infected with 102 Lm suppressed responder cell proliferation to an 
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intermediate degree compared with Tregs isolated from uninfected mice and those 

infected with increased Lm inocula (Figure 6.3B). Thus, Lm infection during pregnancy 

stimulates dose-dependent reductions in maternal Treg suppressive potency which are 

comparable to reductions in Foxp3+ cell suppressive potency with Lm infection in non-

pregnant mice (Ertelt et al., 2011b).    

  

Since the sustained expansion of maternal Foxp3+ Tregs are essential for maintaining 

tolerance to paternal antigens expressed by the developing fetus (Aluvihare et al., 2004; 

Rowe et al., 2011), we further investigated how these infection-induced reductions in 

maternal Treg suppressive potency might impact fetal tolerance. To identify maternal 

cells with fetal specificity, transgenic male mice engineered to express OVA in all cells 

behind the β-actin promoter were substituted for mating with B6 females so that maternal 

T cells responsive to peptides within the surrogate fetal-OVA antigen can be tracked 

using established immunological tools (Ehst et al., 2003; Erlebacher et al., 2007; Rowe et 

al., 2011). Following Lm infection at midgestation, we found maternal CD8 T cells with 

fetal-OVA specificity became activated in a dose-dependent fashion (Figure 6.5). 

Specifically, compared with the few OVA-specific cells recovered from uninfected 

pregnant mice that produced only background levels of IFN-γ, fetal-OVA-specific T cells 

expanded over 50-fold and efficiently produced IFN-γ in pregnant mice infected with 104 

Lm (Figure 6.5). Although the degree of expansion and cytokine production each 

progressively diminished with reduced Lm inocula, both remained significantly elevated 

compared with background levels found in uninfected pregnant mice. Together, these 
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results demonstrate Lm infection during pregnancy blunts maternal Treg suppression and 

disrupts fetal tolerance. Furthermore, since even transient partial reductions in maternal 

Treg numbers cause fetal wastage and disrupt tolerance (Rowe et al., 2011), fetal 

resorption that occurs without in utero invasion with lower Lm inocula are likely 

triggered by infection-induced reductions in maternal Treg suppressive potency. 

  

Cytoplasmic entry is essential for Listeria-induced fetal resorption 

To more specifically investigate the pathogenesis of immune-mediated fetal injury, we 

compared pregnancy outcomes after infection with attenuated Lm containing defects in 

defined virulence determinants required for productive infection that do not cause fetal 

invasion (Cossart, 2011; Le Monnier et al., 2007; Portnoy et al., 2002). These include 

LmΔLLOΔPLC that cannot escape from the endocytic vacuole and enter into the cell 

cytoplasm; and LmΔactA that enters the cell cytoplasm, but cannot recruit actin required 

for intra- and inter-cellular spread (O'Riordan et al., 2002). In particular, these mutants 

were chosen because their ability to stimulate protective T cells in vivo that requires 

overriding Treg suppression is drastically discordant; LmΔactA readily primes the 

expansion of protective T cells, whereas LmΔLLOΔPLC does not (Bahjat et al., 2006; 

Curtis et al., 2010; Orgun and Way, 2008). Consistent with robust immune activation that 

occurs with Lm entry into the cell cytoplasm (Brzoza et al., 2004), LmΔactA infection 

midgestation caused sharp reductions in the number of live pups with reciprocal 

increased rates of fetal resorption compared with uninfected controls (Figure 6.6). By 

contrast, the number of live pups and frequency of fetal resorption did not differ 
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significantly between pregnant mice infected with LmΔLLOΔPLC and non-infected 

controls (Figure 6.6). Importantly, these differences in pregnancy outcomes could not be 

attributed to potential differences in relative attenuation because more LmΔLLOΔPLC 

compared with LmΔactA was recovered from the liver representing another tissue 

susceptible to Lm invasion (Figure 6.7). Thus, cytoplasmic entry is essential for Lm-

induced fetal wastage.  

  

Listeria cytoplasmic entry blunts maternal Treg suppression and disrupts fetal 

tolerance 

Given the reductions in Treg suppressive potency associated with fetal resorption and 

fractured fetal tolerance after virulent Lm infection (Figures 6.1, 6.3, and 6.5), we 

investigated if differences in fetal wastage induced by LmΔactA and LmΔLLOΔPLC also 

paralleled discordance efficiencies in dampening maternal Treg suppression and 

disrupting fetal tolerance. We found Tregs could be purified after LmΔactA and 

LmΔLLOΔPLC infection in pregnant Foxp3GFP reporter mice similar to WT Lm or 

uninfected control mice (Figure 6.8A compared with Figure 6.3A). Using purified GFP+ 

Tregs, we found LmΔactA infection midgestation triggered ~2-fold reductions in 

suppressive potency for maternal Tregs compared with GFP+ cells recovered from 

uninfected pregnant controls (Figure 6.8B). Interestingly, the magnitude of these 

reductions in Treg suppressive potency were almost identical to cells recovered from 

mice infected with low or intermediate WT Lm dosages that induce fetal resorption 

without apparent in utero invasion. By contrast, the suppressive potency for maternal 
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GFP+ Tregs after LmΔLLOΔPLC infection did not differ significantly compared with 

cells from uninfected controls (Figure 6.8B). Thus, reductions in maternal Treg 

suppressive potency directly parallel fetal wastage induced by LmΔactA and 

LmΔLLOΔPLC.  

  

To further establish how these reductions in maternal Treg suppression induced by 

attenuated Lm impact fetal tolerance, the activation of maternal T cells with specificity to 

the surrogate fetal-OVA antigen were also enumerated after infection in pregnant B6 

mice mated with OVA-expressing Balb/c males. Similar to WT Lm, LmΔactA inoculated 

midgestation primed the robust expansion and IFN-γ production by fetal-OVA specific 

CD8 T cells (Figure 6.9). Comparatively, LmΔLLOΔPLC failed to stimulate expansion 

and IFN-γ production above background levels found in uninfected control mice. These 

findings directly parallel the relative efficiency whereby each attenuated Lm dampens 

maternal Treg suppressive potency and induces fetal wastage (Figures 6.6 and 6.8). 

Lastly, to more definitively establish infection-induced immune-mediated fetal injury, the 

impacts of maternal CD4 and CD8 T cell depletion prior to Lm infection on pregnancy 

outcomes were evaluated. These experiments exploited the highly attenuated nature of 

LmΔactA that is eliminated even in immune-compromised mice to investigate how 

depletion of effector and regulatory T cells together impact infection-induced fetal 

wastage. Remarkably, we found the rate of LmΔactA-induced fetal wastage was sharply 

reduced in T cell-depleted compared with T cell-sufficient pregnancies [11.2 ± 3.5% 

resorption in T cell depleted mice (n=9); 62.7 ± 9.5% resorption in T cell-sufficient mice 
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(n=15), P = 0.0005]. Taken together, these results demonstrate Lm cytoplasmic entry is 

essential for disrupting fetal tolerance that triggers maternal T cell-mediated fetal 

resorption. 
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DISCUSSION 

  

The intracellular bacterium Lm represents an important infectious cause of pregnancy 

loss and stillbirth (Gellin and Broome, 1989; Schuchat et al., 1991). Herein, we 

investigate the host pathogen interaction that triggers these unfortunate outcomes, with 

particular focus on how prenatal infection impacts fetal tolerance sustained by expanded 

maternal Foxp3+ Tregs. Our results demonstrate infection-induced dampening Treg 

suppression that unleashes immune activation required for optimal host defense (Rowe et 

al., 2012), in the context of prenatal infection when sustained tolerance to fetal antigen is 

essential, plays a pivotal role in the pathogenesis of fetal wastage. The importance of 

immune-mediated fetal injury is shown by the increased frequency of fetal resorption 

with reciprocal reduction in the number of live pups following infection with low or 

intermediate doses of virulent Lm where bacteria are not found in the majority of 

resorbed fetuses. Similarly for attenuated Lm that do not cause fetal invasion (Le 

Monnier et al., 2007), fetal wastage and disrupted fetal tolerance occurs only for strains 

that retain the ability to prime protective T cells through entry into the cell cytoplasm and 

dampen maternal Treg suppressive potency. Furthermore, depletion of effector T cells 

along with Tregs prior to cytoplasmic Lm infection prevents infection-induced fetal 

wastage. Together with fetal injury that is induced by systemic treatment with various 

TLR ligands [e.g. LPS, poly(I:C)] (de Fougerolles and Baines, 1987; Gendron et al., 

1990) shown to modulate Treg suppression in vitro or after in vivo stimulation in non-

pregnant mice (Caramalho et al., 2003; de Fougerolles and Baines, 1987; Gendron et al., 
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1990; Kubo et al., 2004; Pasare and Medzhitov, 2003; Sakaguchi, 2003), these results 

establish the importance of infection or inflammation- induced disruption of maternal 

Treg suppression in the pathogenesis of fetal wastage. Although we used intravenous 

inoculation to recapitulate disseminated infection that occurs with Lm during pregnancy, 

crucial next steps based on these results are to evaluate if systemic disruption of fetal 

tolerance is essential, or if local disruption induced by pathogens that primarily reside in 

the vaginal or cervical (e.g. bacterial vaginosis, Ureaplasma and Chlamydia sp.) mucosa 

are also sufficient to trigger fetal injury. 

  

On the other hand, since Lm and other prenatal pathogens can cause in utero fetal 

invasion, immune-mediated fetal injury alone does not fully address the pathogenesis of 

these infections. In this regard, an important clue from our results is that although virulent 

Lm-induced fetal resorption and invasion are each dose-dependent, these processes can 

be readily dissociated based on the inocula of Lm used for infection. Accordingly, we 

propose a model whereby low-dose maternal infection dampens Treg suppression that 

unleash the immune activation enough to rapidly eliminate the pathogen so that immune-

mediated fetal injury occurs almost exclusively (Figure 6.10). Comparatively, with 

higher-dose infection, blunted maternal Treg suppression that promotes immune 

activation does not eradicate infection as efficiently. In turn with ongoing disruptions in 

fetal tolerance, remaining pathogen drawn to inflammation at the uterine-placental 

interface promotes invasion into the placental-fetal unit. Although clearly an over-

simplification, this model suggests overriding maternal Treg suppression is the pivotal 
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step in dictating whether fetal wastage occurs regardless of in utero pathogen invasion. 

Therefore, important areas for further investigation are to identify the cellular receptors 

and cytokines that specifically respond to cytoplasmic Lm and other inflammatory 

stimuli that dictate reductions in maternal Treg suppression.  

  

Finally, given the increasingly established heterogeneity and functional specialization 

among Foxp3+ cells that utilize distinct cell-associated and secreted molecules to mediate 

context specific immune suppression (Shevach, 2009; Vignali et al., 2008; Wing and 

Sakaguchi, 2010), establishing the Treg-associated molecule(s) that sustain fetal 

tolerance and distinguishing them from those required for host defense against infection 

have direct implications for developing therapies for dissociating the beneficial and 

detrimental impacts of expanded maternal Tregs. In this regard, while IL-10 is non-

essential for sustaining fetal tolerance under non-inflammatory conditions, it likely plays 

important roles in maintaining pregnancy under inflammatory conditions known to 

trigger fetal wastage (Gendron et al., 1990; Robertson et al., 2007; White et al., 2004). 

Accordingly, our ongoing studies are aimed at establishing the importance of other Treg-

associated molecules in maintaining fetal tolerance and sustaining pregnancy. Given the 

sharply increased rates of fetal wastage and pregnancy loss that occurs with prenatal Lm 

infection, the specific Treg-associated molecules essential for maintaining pregnancy 

may overlap with those required for optimal protection against prenatal infection. 

Nevertheless, given the importance of maternal Tregs in both sustaining fetal tolerance 

and host defense against prenatal infection, we propose establishing how these cells work 



 

 151 

in each context represent critical next steps towards new therapeutic approaches for 

improving pregnancy outcomes. 
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Figure 6.1 - Listeria monocytogenes infection during allogeneic pregnancy triggers 

dose-dependent rates of fetal wastage. (A) Number of live pups born with WT Lm 

inoculated midgestation (E10.5) at the indicated dosages for pregnant B6 females mated 

with Balb/c males. (B) Percent viable and resorbed fetuses five days after Lm WT 

infection at midgestation. (C) Percent viable and resorbed fetuses with recoverable Lm 

for the mice described in B. Each point represents results from an individual mouse 

combined from three independent experiments each with similar results. 
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Figure 6.2 - Listeria infection during pregnancy does not induce quantitative 

changes in maternal Foxp3+ regulatory CD4 T cells. Absolute number (top) and 

percent Foxp3+ among CD4 T cells (bottom) three days after WT Lm infection at 

midgestation in B6 females mated with Balb/c males. Each point represents results from 

an individual mouse combined from two independent experiments each with similar 

results. 
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Figure 6.3 - Listeria monocytogenes infection during pregnancy dampens maternal 

Foxp3+ regulatory cell suppressive potency. (A) Percent GFP+ or Foxp3+ among CD4 

cells in virgin, pregnant mice midgestation without infection, or three days after infection 

with 104 WT Lm. (B) Representative plots demonstrating proliferation (CFSE dilution) 

among responder (Tresp) CD8+ CD90.1+ cells after co-culture with each ratio of GFP+ 

Tregs isolated from Lm-infected mice and stimulation with anti-CD3 antibody (black 

line), compared with no Treg (gray filled) or no stimulation (black filled) controls (top). 

Relative suppression of responder cell proliferation (CFSE dilution) after co-culture with 

GFP+ Tregs for the mice described above normalized to suppression by GFP+ cells from 

uninfected controls at a 1:1 Treg:Tresp ratio (bottom). These data reflect six to eight mice 

per group representative of three independent experiments each with similar results.  
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Figure 6.4. Pregnancy does not induce shifts in maternal regulatory T cell 

suppressive potency. Representative plots demonstrating proliferation (CFSE dilution) 

among responder CD90.1+ CD8+ cells (Tresp) after co-culture with each ratio of GFP+ 

Tregs isolated from virgin or pregnant B6 mice midgestation after mating with Balb/c 

males, and stimulation with anti-CD3 antibody (black line), compared with no Treg (gray 

filled) or no stimulation (black filled) controls (top). Relative suppression of responder 

cell proliferation (CFSE dilution) after co-culture with GFP+ Tregs for the mice described 

above normalized to suppression by GFP+ cells from non-pregnant controls at a 1:1 

Treg:Tresp ratio (bottom). 
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Figure 6.5 - Listeria monocytogenes infection during pregnancy disrupts fetal 

tolerance. Representative FACS plots (top) and composite data (bottom) illustrating 

expansion and IFN-γ production by fetal-OVA-specific CD8+ T cells among maternal 

splenocytes in mice impregnated by Actin-OVA males five days after Lm infection at 

midgestation. For IFN-γ production, cells were stimulated with OVA257-264 peptide (black 

line) or no peptide controls (gray filled). Each point represents results from an individual 

mouse combined from three independent experiments each with similar results. 
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Figure 6.6 - Cytoplasmic entry is essential for Listeria infection-induced fetal 

wastage. (A) Number of live pups born with LmΔactA (107 CFUs) or LmΔLLOΔPLC 

(108 CFUs) infection at midgestation (E10.5) in B6 females mated with Balb/c males. (B) 

Percent viable and resorbed fetuses five days after LmΔactA (107 CFUs) or 

LmΔLLOΔPLC (108 CFUs) infection at midgestation. Each point represents results from 

an individual mouse combined from three independent experiments each with similar 

results. 
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Figure 6.7 - Comparable in vivo bacterial burden after LmΔactA and 

LmΔLLOΔPLC infection. Number of recoverable CFUs in the liver one day after 

infection with 107 LmΔactA compared with 108 LmΔLLOΔPLC. 	  

  



 

 159 

	  
Figure 6.8 Listeria cytoplasmic entry dampens maternal Treg suppressive potency. 

(A) Percent GFP+ or Foxp3+ among CD4 cells in pregnant mice midgestation after 

infection with LmΔactA (107 CFUs) or LmΔLLOΔPLC (108 CFUs). (B) Representative 

plots demonstrating proliferation (CFSE dilution) among responder (Tresp) CD8+ 

CD90.1+ cells after co-culture with each ratio of GFP+ Tregs isolated from LmΔactA (107 

CFUs) or LmΔLLOΔPLC (108 CFUs) infected mice, and stimulation with anti-CD3 

antibody (black line), compared with no Treg (gray filled) or no stimulation (black filled) 

controls (top). Relative suppression of responder cell proliferation (CFSE dilution) after 

co-culture with GFP+ Tregs for cells from mice described above normalized to 

suppression by GFP+ cells from uninfected controls at a 1:1 Treg:Tresp ratio (bottom). 

These data reflect six to eight mice per group representative of three independent 

experiments each with similar results.  
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Figure 6.9 Listeria cytoplasmic entry disrupts fetal tolerance with infection during 

pregnancy. Representative FACS plots (top) and composite data (bottom) illustrating 

expansion and IFN-γ production by fetal-OVA-specific CD8+ T cells among maternal 

splenocytes in mice impregnated by Actin-OVA males five days after LmΔactA (107 

CFUs) or LmΔLLOΔPLC (108 CFUs) infection at midgestation. For IFN-γ production, 

cells were stimulated with OVA257-264 peptide (black line) or no peptide controls (gray 

filled). Each point represents results from an individual mouse combined from three 

independent experiments each with similar results. 
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Figure 6.10 - Proposed model for immune-mediated fetal wastage and in utero 

pathogen invasion with maternal infection during pregnancy. After low dose 

infection, reductions in maternal regulatory T cell suppressive potency unleash immune 

activation enough to rapidly eliminate the pathogen. However, given the requirement for 

sustained regulatory T cell suppression, these reductions in suppressive potency also 

disrupt fetal tolerance that results in immune-mediated fetal wastage. By comparison with 

relatively higher dose infection, blunted maternal regulatory T cell suppression that 

promotes immune activation does not eradicate infection as efficiently. In turn with 

ongoing disruptions in fetal tolerance, remaining pathogen drawn to inflammation at the 

uterine-placental interface promotes invasion into the placental-fetal unit. 
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Chapter 7 

 

Pregnancy imprints regulatory memory that sustains tolerance to fetal 

antigen 
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SUMMARY 

 

Pregnancy results in the expansion of maternal regulatory T cells (Tregs) throughout the 

course of pregnancy that are specific for fetal-derived peptides. The accumulation of 

fetal-specific Foxp3+ Tregs throughout gestation is driven by both the expansion of pre-

existing “natural” Tregs (nTregs and the peripheral induction of naïve CD4+ T cells into 

Foxp3-expressing Tregs (iTregs). We find that each of these populations contribute to 

about half of the expanded pool of maternal Tregs specific for the fetus. Interestingly, 

following parturition and removal of fetal antigens, the pool of expanded CD4+ T cells 

specific for the fetus was maintained and Foxp3+ nTregs and iTregs were enriched by 2-

fold. These fetal-specific “memory” Foxp3+ Tregs were able to re-expand more 

efficiently than naïve fetal-specific Tregs during secondary pregnancies. Furthermore, 

this memory population of Foxp3+ Tregs restricted the function of fetal-specific effector 

cells following infection with Listeria monocytogenes expressing the same antigen as the 

fetus. These results suggest that pregnancy primes the fetal-specific expansion and 

subsequent memory formation of highly functional immune suppressive Tregs. 
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INTRODUCTION 

 

Pregnancy is an intricately orchestrated process where immune effectors with fetal 

specificity are selectively silenced. This requires the sustained expansion of immune 

suppressive maternal Foxp3+ regulatory T cells (Tregs), because even transient partial 

ablation triggers fetal-specific T cell activation and pregnancy loss (Aluvihare et al., 

2004; Kahn and Baltimore, 2010; Rowe et al., 2011). In turn, many idiopathic pregnancy 

complications including preeclampsia proposed to stem from disrupted fetal tolerance are 

associated with blunted maternal Treg expansion (Prins et al., 2009; Santner-Nanan et al., 

2009; Sasaki et al., 2004). Importantly however, the antigen-specificity and cellular 

origin of maternal Tregs remain undefined. Here we show maternal CD4 cells with fetal-

specificity become highly enriched (>50%) for Foxp3+ expression by parturition using 

tetramer-based enrichment that allows the identification of rare endogenous T cells 

(Moon et al., 2007). Interestingly after delivery, fetal-specific Tregs persisted at elevated 

levels, maintained tolerance to pre-existing fetal antigen, and rapidly re-accumulated 

during secondary pregnancy. Furthermore, although induction of Foxp3 expression and 

proliferation of pre-existing Foxp3+ cells each contributed to Treg expansion during 

primary pregnancy, accelerated fetal-specific Treg accumulation during secondary 

pregnancy was driven almost exclusively by proliferation of Foxp3+ cells retained from 

prior pregnancy. Thus, pregnancy imprints antigen-specific Foxp3+ CD4 cells that sustain 

regulatory memory to fetal antigen. These findings establish the scientific basis for 

reduced rates of preeclampsia and other complications in secondary compared with 
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primary pregnancy that is partner-specific, and eliminated with a new partner in 

subsequent pregnancy (Trupin et al., 1996). We anticipate these results will spark further 

investigation on maternal regulatory T cell antigen-specificity that unlocks new strategies 

for improving pregnancy outcomes. 

 

The accumulation of maternal Tregs during pregnancy parallels the need for expanded 

peripheral tolerance to encompass “non-self” paternal antigens expressed by the fetus 

(Aluvihare et al., 2004; Kahn and Baltimore, 2010; Prins et al., 2009; Santner-Nanan et 

al., 2009; Sasaki et al., 2004). However, one consequence of sustained Foxp3+ cell 

expansion is impaired host defense and susceptibility to pathogens causing prenatal 

infections (Rowe et al., 2011). Given the increasingly recognized importance of Treg 

specificity in regulating the fluid balance between immune activation that maintains host 

defense and immune suppression that prevents autoimmunity (Hsieh et al., 2012; 

Josefowicz et al., 2012; Lathrop et al., 2011; Shafiani et al., 2010; Suffia et al., 2006; 

Wing and Sakaguchi, 2010), we reasoned establishing maternal Foxp3+ cell specificity to 

fetal antigen could unravel ways to dissociate beneficial from detrimental impacts of 

expanded Tregs. Furthermore, extending this analysis for maternal Tregs with fetal-

specificity after delivery to investigate the potential for regulatory memory recently 

demonstrated for Foxp3+ cells responsive to an induced self antigen could reveal why 

rates of preeclampsia and other complications are increased during first pregnancies, and 

the partner-specific beneficial effect successful pregnancy imparts on subsequent 

pregnancies (Rosenblum et al., 2011; Trupin et al., 1996). To address these questions, we 
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developed an allogeneic mating strategy where the I-Ab 2W1S52-68 peptide becomes a 

surrogate fetal antigen using male mice (H-2d; Balb/c) engineered to co-express this 

peptide with β-actin to impregnate non-2W1S-expressing females (H-2b; C57Bl/6) 

(Moon et al., 2011). The high precursor frequency of CD4 cells with specificity for 

2W1S52-68 peptide in C57Bl/6 mice allows even relatively rare endogenous maternal 

Tregs to this surrogate fetal antigen to be identified using MHC class II tetramer 

enrichment techniques (Moon et al., 2007). 
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MATERIAL AND METHODS 

 

Mice. Balb/c (H-2d), C57Bl/6 (H-2b), and CD45.1 and CD90.1 mice each on the C57Bl/6 

background were purchased from The Jackson Laboratory. 2W1S-expressing and 

Foxp3DTR/DTR mice have each been described (Kim et al., 2007; Moon et al., 2011). 

2W1S males were backcrossed 5 generations onto the Balb/c background and verified 

before use to be H-2d/d. Foxp3DTR/DTR mice on the C57Bl/6 background were intercrossed 

with CD45.1 mice. Males were introduced to virgin or postpartum females for 24 hours, 

and mated mice visualized by a copulation plug representing E0.5. Pups were removed 

within 24 hours after delivery to prevent the potential transfer of fetal antigen through 

breast-feeding. For sterilization, female mice were sub-lethally irradiated (100 rads). For 

infection, mice were intravenously inoculated with recombinant Listeria monocytogenes 

engineered to stably express 2W1S52-68 peptide, Lm-2W1S (104 CFUs per mouse) (Ertelt 

et al., 2009), and harvested 5 days thereafter. All mice were used in accordance with 

University of Minnesota IACUC approved protocols. 

 

Tetramer enrichment and flow cytometry. PE or APC conjugated MHC class II I-Ab 

2W1S52-68 tetramer, and their use with anti-fluorophore conjugated beads for enrichment 

have been described (Moon et al., 2007; Moon et al., 2011). For enumerating total 

2W1S+ cells per mouse, all nucleated cells from the spleen and lymph nodes (axillary, 

brachial, cervical, inguinal, mesenteric, pancreatic, and para-aortic/uterine) were 

collected, enriched using I-Ab 2W1S52-68 tetramer, and stained for cell-surface CD4, 
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CD8α, CD25, CD45.1, CD45.2, CD44, CD11b, CD11c, B220, F4/80, intracellular IFN-γ, 

or intranuclear Foxp3, Helios, Ki67, or Tbet expression using fluorophore-conjugated 

antibodies and permeabilization reagents (BD PharMingen or eBioscience). For 

stimulation, cells were cultured with PMA and ionomycin for 5 hours in media 

supplemented with Brefeldin A before tetramer staining.  

 

Cell transfer and ablation. CD4 cells in the spleen and lymph nodes were purified by 

negative selection (Miltenyi Biotech), and one mouse equivalent of donor cells was 

intravenously transferred into recipient mice. For ablation of donor Foxp3+ cells derived 

from Foxp3DTR/DTR mice, recipient Foxp3WT/WT mice were treated with purified DT (two 

doses 8 hours apart, 0.5 µg/dose). For Foxp3+ cell reconstitution requiring sustained Treg 

ablation in Foxp3DTR/DTR recipient mice, DT was administered daily (0.5 µg first dose, 

followed by 0.1 µg/dose thereafter) following transfer of purified donor CD4 cells as 

described (Rowe et al., 2011).   

 

Statistics. The number and percent cells were first analyzed and found to be normally 

distributed, and the difference between separate groups of mice were analyzed using an 

unpaired Student’s t test, and the difference between individual cell subsets within the 

same mouse were analyzed using the paired Student’s t test each with P < 0.05 taken as 

statistical significance. 
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RESULTS 

 

Using this approach, fetal I-Ab 2W1S-specific maternal CD4 cells (2W1S+) were found to 

sharply up-regulate CD44 expression, progressively accumulate throughout pregnancy, 

and persist at ~10-fold increased levels through day 30 post partum each compared with 

non-pregnant controls (Figure 7.1A). The expansion of 2W1S+ cells was specific to 

mating with 2W1S-expressing males because they did not accumulate in females 

impregnated by non-2W1S-expressing males (Figure 7.2). Since seminal fluid also 

contains cells of paternal origin (Robertson, 2010), 2W1S+cells in female mice rendered 

infertile with low-dose irradiation before mating were also evaluated. We found although 

mating without pregnancy stimulated modest 2W1S+ cell expansion and CD44 up-

regulation in an antigen-specific fashion, the magnitude was sharply reduced compared 

with impregnated females (Figure 7.2). Thus, the expansion of maternal 2W1S+ cells 

during pregnancy reflects an antigen-specific response to cells of fetal origin.  

  

Given the importance of maternal Tregs in maintaining fetal tolerance (Aluvihare et al., 

2004; Munoz-Suano et al., 2011), Foxp3 expression among fetal 2W1S-specific cells was 

evaluated. We found 2W1S+ compared with 2W1S- CD4 cells became significantly 

enriched for Foxp3 expression beginning midgestation that persisted through day 30 after 

parturition (Figure 7.1A,B). Most notably, ~50% of 2W1S+ cells were Foxp3+ compared 

with ~16% among 2W1S- CD4 cells late gestation through the first 48 hours post-partum 

(E18.5 to PP2) (Figure 7.1B). Furthermore, 2W1S+Foxp3+ cells, and to a lesser extent 



 

 170 

2W1S+Foxp3- cells, up-regulated the proliferation marker Ki67 that paralleled increasing 

mass of fetal cells throughout pregnancy (Figure 7.1C). Reciprocally at later time points 

after expulsion of the fetus and other products of conception (PP14 to PP30), Ki67 

expression among both 2W1S+Foxp3+ and 2W1S+Foxp3- cells was reduced (Figure 

7.1C). Interestingly despite decreased Ki67 expression, 2W1S+Foxp3+ cells persisted 

>30-fold and Foxp3 expression was sustained at ~20% (Figure 7.1A,B). Thus, maternal 

Tregs with specificity to fetal antigen accumulate during pregnancy and persist following 

parturition. 

 

To investigate the origin of fetal-specific Tregs, Helios expression that marks natural 

Tregs programmed in the thymus from those peripherally induced from Foxp3- CD4 cells 

was enumerated (Thornton et al., 2010). We found 2W1S+Foxp3+ cells in pregnant mice 

progressively down-regulated Helios that nadired to ~40% Helioshi Tregs at late gestation 

compared with the few 2W1S+Foxp3+ cells in non-pregnant mice that were uniformly 

Helioshi (Figure 7.1D). Comparatively, Helios expression among 2W1S-Foxp3+ cells did 

not shift significantly suggesting CD4 cells with fetal specificity become induced Foxp3+ 

cells (Figure 7.1D). However, since some peripherally induced Foxp3+ Tregs can also 

express Helios (Gottschalk et al., 2012), we more specifically investigated whether 

Foxp3- cells convert into Foxp3+ Tregs by tracking adoptively transferred CD4 cells from 

Foxp3DTR/DTR donors ablated of Tregs with diphtheria toxin (DT) in Foxp3WT/WT recipient 

mice (Figure 7.1E) (Kim et al., 2007). At midgestation after mating with 2W1S-

expressing males, 2W1S+Foxp3+ cells were maintained among Treg-ablated donor 
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Foxp3DTR/DTR cells indicating conversion of fetal-specific Foxp3- cells into Foxp3+ cells 

occurs during pregnancy (Figure 7.1E). This conversion was pregnancy-specific and not 

due to incomplete ablation among donor cells because Foxp3+ cells were undetectable 

among Treg-ablated donor cells in unmated control mice (Figure 7.3). Interestingly 

however, the percentage of Foxp3+ cells among Treg-ablated donor cells was 

significantly reduced (by ~50%) compared with 2W1S+Foxp3+ cells among Treg-

sufficient donor cells in control mice without DT treatment or among cells not 

susceptible to DT in recipient mice (Figure 7.1E). Therefore, Foxp3 induction among 

Foxp3- precursors and proliferation of pre-existing Foxp3+ cells both contribute to the 

accumulation of fetal-specific Tregs during pregnancy. 

 

To determine the significance of Tregs with specificity for pre-existing fetal antigen that 

persist postpartum, we measured their response during secondary pregnancy. Postpartum 

mice impregnated 14 days after delivery a second time with 2W1S-expressing males up-

regulated Foxp3 expression with accelerated kinetics compared with primary pregnancy 

(Figure 7.4A). This acceleration in fetal-specific Treg expansion in separate groups of 

mice was recapitulated within the same mouse by measuring 2W1S+ Treg accumulation 

among donor cells from postpartum mice (secondary expansion) adoptively transferred 

prior to mating, compared with cells in virgin recipient mice (primary expansion) (Figure 

7.4B). By substituting cells from postpartum Foxp3DTR/DTR mice for adoptive transfer and 

using DT to eliminate donor Tregs prior to mating, we also evaluated whether this more 

vigorous secondary expansion of fetal-specific Tregs reflects Foxp3 induction in Foxp3- 
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cells or proliferation of pre-existing Foxp3+ cells. In sharp contrast to primary pregnancy, 

the ablation of adoptively transferred Tregs from postpartum Foxp3DTR/DTR mice almost 

uniformly eliminated the subsequent expansion of Foxp3+ Tregs (Figures 7.4C and 7.1E). 

Thus, recurrent pregnancy primes the accelerated accumulation of fetal-specific Foxp3+ 

cells that expand from pre-existing Tregs retained after primary pregnancy. 

  

Expanding this model, that allows the identification of endogenous maternal T cells with 

fetal specificity, functional anergy among fetal 2W1S-specific cells was investigated. 

2W1S+ cells recovered from mice midgestation or postpartum each compared with non-

pregnant controls did not produce appreciable IFN-γ after in vitro stimulation, and these 

results are consistent with the hypo-responsiveness for fetal-specific T cells in Treg-

sufficient mice (Figure 7.5) (Erlebacher et al., 2007; Rowe et al., 2011). Therefore, to 

more fully evaluate the degree of functional anergy for fetal 2W1S+ cells, we measured 

their response to infection with recombinant Listeria monocytogenes engineered to 

express 2W1S52-68 peptide (Lm-2W1S) that potently stimulates CD4 Th1-differentiation 

and IFN-γ production (Ertelt et al., 2009; Pepper et al., 2010). We found 2W1S+ cells 

expanded in an antigen specific fashion after Lm-2W1S infection even in mice 

impregnated by 2W1S-expressing males (Figure 7.6). However, 2W1S+ cells in pregnant 

mice where 2W1S represents a fetal antigen remained anergic and produced only 

background levels of IFN-γ (Figure 7.7A). By contrast, >15% of 2W1S+ cells in Lm-

2W1S infected virgin female mice were IFN-γ+ (Figure 7.7A). This hypo-responsiveness 

was unique to CD4 cells recognizing fetal antigen because mice impregnated with non-
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2W1S-expressing males contained similar elevated levels of 2W1S+IFN-γ+ cells (Figure 

7.7A). Given the sustained enrichment of fetal-specific Tregs after delivery (Figure 

7.1A,B), these experiments were extended to investigate whether diminished IFN-γ 

production among fetal-specific CD4 cells was similarly sustained. Remarkably, IFN-γ 

production remained anemic in mice previously exposed to 2W1S as a fetal antigen, 

while postpartum mice without prior fetal 2W1S exposure produced IFN-γ comparable to 

non-pregnant controls (Figure 7.7B). Therefore, pregnancy imprints functional anergy for 

fetal-specific CD4 cells that is sustained postpartum. 

 

To dissociate whether pregnancy induced anergy for fetal-specific CD4 cells was cell-

intrinsic or imposed by features associated with the postpartum environment, IFN-γ 

production among adoptively transferred CD4 cells from postpartum mice in virgin 

recipient mice was evaluated (Figure 7.7C). We found 2W1S+ cells among adoptively 

transferred postpartum and naïve recipient mice each produced similar elevated levels of 

IFN-γ that were sharply increased compared with 2W1S+ cells in unmanipulated 

postpartum mice (Figure 7.7B,C). Thus, anergy among CD4 cells with specificity to pre-

existing fetal antigen is not cell-intrinsic, but maintained by the postpartum environment.  

 

Lastly, to investigate the importance of Foxp3+ Tregs in sustaining anergy to CD4 cells 

with specificity to pre-existing fetal antigen, we interrogated how replacing the entire 

Treg compartment in postpartum mice previously exposed to 2W1S as a fetal antigen 

with naïve Foxp3+ cells from virgin mice would impact 2W1S+ cell cytokine production. 
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Consistent with our prior studies using adoptively transferred CD4 cells to refill the 

empty cellular compartment in Foxp3DTR/DTR mice sustained on low-dose DT (Rowe et 

al., 2011), Tregs from naïve mice efficiently reconstituted Treg-ablated Foxp3DTR/DTR 

postpartum mice within 7 days (Figure 7.8A). Using this approach, we found replacing 

Foxp3+ cells in postpartum mice with Tregs from naïve mice restored IFN-γ production 

for 2W1S+ cells following Lm-2W1S infection (Figure 7.8B). Furthermore, while only 

rare Foxp3+Helioshi among 2W1S+ cells were found among postpartum mice 

reconstituted with naïve Tregs, a significant proportion (~20%) of 2W1S+ cells that 

expanded in response to Lm-2W1S infection in intact post partum mice remained Foxp3+ 

and Helioslo (Figure 7.8B). Thus, the muted expansion of Foxp3+ CD4 cells after Lm 

infection in naïve mice (Ertelt et al., 2009), and among naïve Tregs is restored by 

pregnancy-induced Treg activation.   
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DISCUSSION 

 

These findings establish a model whereby fetal-specific Foxp3+ Tregs selectively expand 

during pregnancy (Figure 7.9). In this regard while maternal Tregs have been reported to 

expand 1-2-fold when examined in a non-antigen specific manner (Prins et al., 2009; 

Rowe et al., 2011; Santner-Nanan et al., 2009; Sasaki et al., 2004), our results 

enumerating fetal specific Foxp3+ cells demonstrate those responsive to fetal antigen 

expand 50-100-fold through parturition when the mass of fetal cells is greatest (Figure 

7.1A). After delivery, fetal-specific Tregs are sustained at enriched levels, and are 

functionally distinct from “naïve” Tregs as they re-accumulate with accelerated kinetics 

and outcompete naïve Tregs during secondary pregnancy. Similar to the distinct 

characteristics of naïve and memory effector T cells (Wakim and Bevan, 2010), these 

findings reveal the exciting possibility of exploiting memory Tregs in an antigen-specific 

fashion to dissociate detrimental from beneficial immune responses. Applied to human 

pregnancy, these results reinforce the need to discriminate the specificity of maternal 

Tregs especially in rare cases of preeclampsia where their expansion appears normal 

(Paeschke et al., 2005). Finally, although these studies were extended for 30 days 

postpartum that represents a significant duration relative to the estrous cycle and 

gestational period in mice, longer-term studies are needed to establish when pregnancy 

induced regulatory memory wanes. Given the increased risks of preeclampsia in recurrent 

human pregnancy when the interpregnancy interval is significantly extended, an eventual 
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decay back to baseline levels similar to other CD4 subsets is expected (Conde-Agudelo 

and Belizan, 2000; Pepper et al., 2010). 
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Figure 7.1 - Expansion and proliferation of fetal-specific CD4 and Foxp3+ Tregs 

throughout pregnancy.  A. Number of total 2W1S+ or 2W1S+Foxp3+ CD4 cells per 

mouse at the indicated pregnancy time point after mating 2W1S-expressing Balb/c males 

with WT C57Bl/6 females. B. Percentage Foxp3+ among 2W1S+ or 2W1S- CD4 cells. C. 

Percentage Ki67+ among 2W1S+Foxp3+ and 2W1S+Foxp3- CD4 cells. D. Percentage 

Helioshi among 2W1S+Foxp3+or 2W1S-Foxp3+ CD4 cells. E. Percentage Foxp3+ among 

Treg-ablated (top) or Treg-sufficient (bottom) donor CD45.1+ or recipient CD45.2+ 

2W1S+ CD4 cells midgestation (E11.5). Purified CD4 cells (40 x 106) from CD45.1+ 

Foxp3DTR/DTR mice were transferred into CD45.2+ females that were either treated with 

DT (two 0.5 µg/dose) (top) or no DT controls (bottom), and mated with 2W1S-

expressing males four days thereafter. All data are representative of three or more 

experiments each with similar results. * P < 0.05. 



 

 178 

 
Figure 7.2 - Expansion of fetal 2W1S+ CD4 cells is specific to mating with 2W1S-

expressing males. Representative FACS plots (top) and cumulative data illustrating the 

accumulation of 2W1S tetramer positive CD4 cells in virgin, non-irradiated C57Bl/6 

females midgestation (E11.5) after mating with 2W1S-expressing Balb/c or control 

Balb/c males, or irradiated (100 rads) non-pregnant C57Bl/6 females after continuous 

mating with 2W1S-expressing Balb/c or control Balb/c males. These data are 

representative of two independent experiments each with similar results. 
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Figure 7.3 - Adoptively transferred Tregs are efficiently eliminated among 

Foxp3DTR/DTR donor cells. Representative FACS plots illustrating the percent Foxp3+ 

Tregs among each subset of CD4 cells twelve days after adoptive transfer. Purified CD4 

cells from CD45.1+ Foxp3DTR/DTR mice were adoptively transferred into naïve CD45.2+ 

recipients that were administered diphtheria toxin (two 0.5 µg doses 8 hours apart) (top) 

or no DT controls (bottom). 
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Figure 7.4 - Accelerated expansion of Treg with fetal-specificity during secondary 

pregnancy from pre-existing Foxp3+ cells retained after primary pregnancy.  A. 

Percentage Foxp3+ among virgin (top, primary pregnancy) or day 14 postpartum (bottom, 

secondary pregnancy) females before mating or midgestation (E11.5) after mating with 

2W1S-expressing males. B. Percentage Foxp3+ among postpartum donor (CD45.1) or 

recipient (CD45.2) 2W1S+ CD4 cells midgestation (E11.5). Purified CD4 cells (40 x 106) 

from postpartum CD45.1+ Foxp3WT/WT mice were transferred into virgin CD45.2+ 

females, and mated with 2W1S-expressing males. C. Percentage Foxp3+ among 

postpartum Foxp3DTR/DTR donor (CD45.1) or naïve recipient (CD45.2) 2W1S+ CD4 cells 

midgestation (E11.5). Purified CD4 cells (40 x 106) from CD45.1+ day 30 post-partum 

Foxp3DTR/DTR mice were transferred into virgin CD45.2+ females that were treated with 

DT (two doses 8 hours apart, 0.5 µg/dose), and mated with 2W1S-expressing males four 

days thereafter. All data are representative of three or more experiments. 
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Figure 7.5 - 2W1S+ CD4 cells in naïve, pregnant, and postpartum mice do not 

produce IFN-γ  after stimulation directly ex vivo. Representative FACS plots (top) and 

cumulative data illustrating percentage of IFN-γ producing 2W1S tetramer positive CD4 

cells after stimulation with PMA/Ionomycin for five hours in culture supplemented with 

brefeldin A. 
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Figure 7.6 - Lm-2W1S primes the selective expansion of 2W1S+ CD4 cells to a 

similar degree in naïve virgin, or pregnant mice mated with 2W1S-expressing or 

control Balb/c males. Representative FACS plots (top) and cumulative data illustrating 

number of 2W1S+ CD4 cells before infection (black circles) or five days after Lm 

infection (red circles) for each group of mice. 
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Figure 7.7 - CD4 cells with specificity to fetal or pre-existing fetal antigen are 

anergic.  A. Percentage IFN-γ producing 2W1S+ CD4 cells five days after Lm-2W1S 

infection in virgin, or pregnant mice midgestation after mating with 2W1S-expressing 

(Balb/c-2W1S) or control (Balb/c) males. B. Percentage IFN-γ producing 2W1S+ CD4 

cells five days after Lm-2W1S infection in postpartum mice impregnated by 2W1S-

expressing (Balb/c-2W1S) or control (Balb/c) males. C. Percentage IFN-γ producing 

postpartum donor (CD45.2) or virgin recipient (CD45.1) CD4 cells five days after Lm-

2W1S infection. Cytokine production was assayed after stimulation with 

PMA/Ionomycin for 5 hours. All data are representative of two or more experiments. 
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Figure 7.8 - Treg reconstitution reverses anergy among fetal-specific CD4 cells.  A. 

FACS plots illustrating the majority (>95%) of Foxp3+ cells are derived from adoptively 

transferred donor CD4 cells that repopulate the empty Treg compartment in Foxp3DTR/DTR 

mice.  B. Percentage IFN-γ producing 2W1S+ cells, accumulation of 2W1S+Foxp3+ cells, 

and Helios expression among 2W1S+Foxp3+ Tregs  for each group of mice five days after 

Lm-2W1S infection. Cytokine production was assayed for cells after stimulation with 

PMA/Ionomycin for 5 hours. All data are representative of two or more experiments each 

with similar results. 
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Figure 7.9 - Models comparing maternal Treg expansion. In model 1, pregnancy 

primes the non-specific expansion of maternal Foxp3+ Tregs that is supported by data 

before investigation using antigen-specific tools.  In model 2, maternal Tregs with 

specificity for fetal antigen selectively expand and accumulate during pregnancy. This 

model is supported by data presented in this paper where maternal Tregs of a single 

specificity are found to expand 50 to 100-fold while Foxp3-expression among bulk 

maternal CD4 cells are only elevated 1 to 2-fold . Furthermore, we show pregnany-

activated maternal Tregs are phenotypically distinct, persist after delivery, and rapidly re-

expand during secondary pregnancy.   
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Chapter 8 

 

Discussion‡‡ 

                                                
‡‡ Reprinted in part from Immunology. Jared H. Rowe, James M. Ertelt, and Sing Sing 
Way. “Foxp3+ regulatory T cells, immune-stimulation and host defense against 
infection.” © Wiley-Blackwell Publishing. Originally published in Immunology. 2012. 
136(1):1-10. 
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Foxp3+ Regulatory T Cell Impacts on Host Defense 

 

Foxp3+ Tregs have consistently been shown to impede host defense following infection 

with bacterial pathogens. This is best illustrated in the context of pregnancy-associated 

infection susceptibility where the physiological expansion of maternal Tregs required for 

sustaining tolerance to paternally derived allo-antigens expressed by the developing fetus 

occurs (Aluvihare et al., 2004; Kahn and Baltimore). In particular following allogeneic 

mating using defined strains of inbred mice that more closely recapitulates the magnitude 

of maternal Treg expansion found in human pregnancy, mice with expanded maternal 

Tregs are markedly more susceptible to infection with intracellular bacterial pathogens 

like Listeria monocytogenes and Salmonella enterica each with a natural predisposition 

for prenatal infection (Gellin et al., 1991; Mylonakis et al., 2002; Pejcic-Karapetrovic et 

al., 2007; Rowe et al.). Reciprocally, pregnancy associated susceptibility to these 

pathogens was eliminated with maternal Foxp3+ cell ablation when allogeneic 

pregnancies were established in Foxp3DTR female mice followed by the initiation of DT 

treatment beginning mid-gestation (Rowe et al.). However, given the necessity for 

sustained fetal tolerance maintained by expanded maternal Tregs, the ablation of these 

cells while beneficial for host defense also triggers fetal resorption and pregnancy loss 

(Aluvihare et al., 2004; Kahn and Baltimore, ; Rowe et al.). In a similar fashion, the 

expansion of Foxp3+ Tregs within the first three days after intranasal Francisella 

tularensis infection has been described to blunt early innate host defense that may 

represent a unique immune evasion strategy for this pathogen (Periasamy et al., 2011). 
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The significance of expanded immune suppressive Foxp3+ Tregs in compromising host 

defense against prenatal infection is further supported by increased susceptibility to 

Listeria for non-pregnant mice with expanded Foxp3+ Tregs that express a constitutively 

active isoform of STAT5b, and reduced susceptibility with the ablation of expanded 

Tregs in these and control mice with baseline levels of Tregs (Burchill et al., 2003; Rowe 

et al.). Therefore, while intracellular bacterial pathogens like Listeria and Salmonella are 

capable of in utero fetal invasion (Bakardjiev et al., 2006; Le Monnier et al., 2007; 

Pejcic-Karapetrovic et al., 2007), infection susceptibility during pregnancy is not simply 

due to the presence of fetal tissue that is susceptible to direct invasion, and instead more 

likely reflects systemic defects in host defense dictated by expanded maternal Tregs. 

These findings with experimental Listeria infection in mice are also consistent with the 

epidemiological features of this infection in humans where a significant portion of 

disseminated maternal infection cases occur without evidence of fetal direct invasion 

(Mylonakis et al., 2002). Thus, the physiological expansion of maternal Foxp3+ Tregs 

during pregnancy compromises host defense, and these immune defects are exploited by 

pathogens like Listeria and Salmonella with a predisposition for prenatal infection. 

Importantly, since the expansion of maternal Tregs is blunted during syngeneic 

pregnancy where the only potential source of antigen heterogeneity between maternal and 

fetal antigens are those encoded on the Y chromosome, the importance of expanded 

maternal Tregs in host defense for other prenatal pathogens may have been overlooked in 

prior studies, and deserve re-investigation using allogeneic pregnancy.  
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The impacts on host defense dictated by the physiological expansion of immune 

suppressive Tregs also have broader implications beyond this instance of prenatal 

infection susceptibility. For example, the progressive expansion of Tregs among 

peripheral CD4+ T cells occurs with aging throughout the lifespan of humans and mice 

(Gottenberg et al., 2005; Gregg et al., 2005; Lages et al., 2008; Sharma et al., 2006). In 

particular, individuals over 60 years have a 3-fold increased proportion of Tregs 

compared with individuals less than 40 years (Gottenberg et al., 2005; Gregg et al., 

2005). In turn when pregnancy associated cases are excluded, individuals over 60 years 

are also markedly more susceptible to disseminated Listeria infection compared with 

those less than 60 years (Gillespie et al., 2006). Reciprocally following natural West Nile 

virus infection, symptomatic infection is more common in younger compared with older 

individuals, and these findings are consistent with the protective role provided by Tregs 

in this infection (Brown et al., 2007; Lanteri et al., 2009). However, the expansion of 

Tregs with aging alone does not explain other epidemiological data for this infection 

where individuals over 70 years compared with those aged 20-69 years have 5-fold 

increased mortality with West Nile virus infection (O'Leary et al., 2004). Together, these 

findings suggest other physiological changes with aging play more significant roles in 

infection-induced mortality despite the expansion of protective Tregs. Nevertheless, these 

results clearly illustrate how physiological shifts in Tregs likely dictate naturally-

occurring variations in susceptibility to specific pathogens among individuals.  
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Although these results may suggest susceptibility to some infections, and bacterial 

pathogens in particular, are unavoidable consequences of pregnancy and aging, the 

increasingly established heterogeneity and functional specialization among Foxp3+ cells 

also opens up the exciting possibility of therapeutically dissociating the Treg-mediated 

detrimental impacts on infection susceptibility against some pathogens from their 

protective roles in other types of infections and their beneficial roles in maintaining 

immune tolerance (Sakaguchi et al., 2009; Shevach, 2009; Vignali et al., 2008; Wing and 

Sakaguchi). For example, Tregs are enriched for CTLA-4 expression, and the sustained 

ablation of CTLA-4 exclusively in Foxp3+ cells throughout development results in non-

specific T cell activation and systemic autoimmunity (Friedline et al., 2009; Wing et al., 

2008). Importantly, while CTLA-4 ablation in Foxp3+ cells reproduces some features of 

Treg deficiency, it does not recapitulate the more rapid onset of fatal systemic 

autoimmunity in mice with naturally occurring or targeted defects in all Tregs due to 

defects in Foxp3 (Fontenot et al., 2003; Khattri et al., 2003). Comparatively, sustained 

ablation of IL-10 in Foxp3+ cells throughout development results in minimal systemic 

autoimmunity, but instead causes inflammation limited to sites with contact to the 

external environment such as the skin, lung, and intestine (Rubtsov et al., 2008). This 

discordance in phenotype with sustained ablation of defined molecules in Foxp3+ cells 

illustrates non-overlapping and specialized context specific roles for individual Treg 

intrinsic molecules in immune tolerance. However, the ablation of each Treg-intrinsic 

molecule throughout development using this approach preclude the investigation for how 

each molecule impacts host defense against infection that ideally requires the 
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synchronized and coordinated ablation of each molecule in all Foxp3+ cells in adult mice. 

Using adoptively transferred Tregs containing targeted defects in individual Treg-

intrinsic molecules to reconstitute Foxp3+ cell ablated mice overcomes this technical 

barrier for systemically interrogating the importance of each Treg-intrinsic molecule in 

host defense against acute infection. Our initial studies using this approach illustrate Treg 

intrinsic IL-10, but not CTLA-4, participates in compromising host defense against 

Listeria monocytogenes (Rowe et al.). Therefore, establishing the Foxp3+ cell intrinsic 

molecules that compromise or augment host defense, and dissociating these from the 

Treg intrinsic molecules required for sustaining immune tolerance represent pivotally 

important next steps in this exciting area with enormous translational implications. 

 

The co-expression of many effector CD4+ T cell lineage promoting transcription factors 

by Foxp3+ Tregs that allows functionally distinct Treg subsets to expand in parallel with 

effector T cells has been recently established. For example, Tregs that express the Th1 

lineage defining transcription factor T-bet expand with Th1 effector CD4+ T cells 

following Th1 stimulation conditions, while the ablation of T-bet specifically in Foxp3+ 

cells results in uncontrolled Th1 inflammation and autoimmunity (Koch et al., 2009). 

Similarly, Foxp3+ cell expression of the transcription factors STAT-3, IRF-4, BCL-6, and 

GATA-3 have each been described to suppress other specialized effector CD4+ T cell 

subsets that would otherwise cause un-checked self-reactive inflammation (Chaudhry et 

al., 2009; Chung et al., 2011; Linterman et al., 2011; Wohlfert et al., ; Zheng et al., 2009). 

Importantly, the specialization and dynamic regulation among these various Treg subsets 
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also play important roles in coordinating and fine-tuning immune responses after 

infection. For example, under Th1 inflammatory conditions triggered by M. tuberculosis, 

T-bet expressing Tregs and effector T cells both expand and are recruited into the sites of 

infection creating a balanced response that facilitates pathogen control, but not 

eradication (Koch et al., 2009). On the other hand under Th2 inflammatory conditions 

triggered by pulmonary thymic stromal lymphopoietin or intestinal Heligmosomoides 

polygyrus infection, T-bet+ Tregs fail to accumulate and are instead replaced by Tregs 

enriched for the Th2 promoting transcription factor GATA-3 (Koch et al., 2009; Wohlfert 

et al.). Interestingly, although the ablation of Foxp3+ Tregs early after Heligmosomoides 

polygyrus infection augments parasite-specific effector Th2 responses and intestinal 

inflammation, no significant impacts of pathogen burden or fitness were identified 

(Rausch et al., 2009). 

 

Specialization among Tregs during persistent infection is not limited only to expression 

of CD4+ T cell lineage defining transcription factors, but also extends to individual cell-

intrinsic molecules that likely mediate immune suppression. Foxp3+ Tregs recovered 

from the pulmonary lymph node and lung selectively up-regulate ICOS and PD-1 

expression at relatively early and late time points, respectively, after aerosol M. 

tuberculosis infection while these shifts do not occur for Tregs in lymph nodes that do 

not drain the site of infection (Scott-Browne et al., 2007). Similarly when the impacts of 

Treg-ablation are progressively reduced from early to late time points after systemic 

Salmonella infection, Foxp3+ Tregs in the spleen progressively loose CTLA-4 expression 
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that is replaced by increased GITR expression (Johanns et al., 2010b). Thus, functionally 

distinct Treg subsets that express unique combinations of cell intrinsic molecules 

accumulate and shift throughout the course of persistent infection. Establishing the role 

of individual Treg-intrinsic molecules in dictating the progression of persistent infection, 

and investigating how cell intrinsic shifts in expression of each effector CD4+ T cell 

lineage defining transcription factors controls Treg suppression represent important next 

steps in further unraveling the dynamic interplay between Tregs and effector T cells in 

host defense during persistent infection.  

 

In addition to the paralleled accumulation of lineage-specific Tregs and effector T cells, 

the co-expansion of Foxp3+ and Foxp3- CD4+ T cells exhibiting the same specificity for 

pathogen associated antigens also occurs during some persistent infections. For example, 

Tregs and effector T cells with specificity to the same pathogen-expressed antigen 

expand in parallel following intradermal Leishmania, pulmonary M. tuberculosis, 

systemic Salmonella, or intracerebral coronavirus infections (Johanns et al., 2010b; 

Shafiani et al., ; Suffia et al., 2006; Zhao et al., 2011). By contrast, for other infections 

including those caused by Listeria monocytogenes in immune competent mice and 

persistent Friend retrovirus in B and CD8+ T cell deficient mice, only the selective 

expansion of pathogen-specific Foxp3- effector CD4+ T cells occur (Antunes et al., 2008; 

Ertelt et al., 2009). However for persistent infections that prime the expansion of 

pathogen-specific Tregs, these cells are likely to play pivotally important roles in 

pathogen persistence because augmenting the absolute numbers of these cells in M. 
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tuberculosis infected mice results in dose dependent increased pathogen burden and 

delayed expansion of pathogen-specific effector T cells (Shafiani et al.). Similarly, 

Foxp3+ Tregs with specificity to defined species of enteric commensal bacteria are found 

in intestinal tissues, and these cells selectively avert intestinal inflammation in colonized 

mice (Lathrop et al.). Thus, with the identification of more microbe-specific MHC class 

II peptide antigens and the development of enrichment tools to track very small 

populations of antigen-specific CD4+ T cells (Moon et al., 2009), microbe-specific 

Foxp3+ Tregs will undoubtedly prove to play more significant roles in regulating both 

host defense and immune homeostasis. In this regard, interrogating the differentiation 

stability for pathogen-specific Tregs, and investigating if the functional plasticity 

described for Tregs with specificity for self-antigen are applicable for infection induced 

Tregs represent important areas for further investigation (Zhao et al., 2011; Zhou et al., 

2009a; Zhou et al., 2009b).  

 

 



 

 195 

Plasticity in Treg Suppression 

 

Given the active immune suppression by Tregs that occurs in vivo, counter-regulatory 

mechanisms that override Treg suppression must be engaged when immune activation 

occurs naturally during infection or immunization. In this regard, several infection 

response pathways have been shown to bypass the impacts of Treg suppression. For 

example, antigen presenting cell (APCs) stimulation with highly conserved microbial 

ligands (e.g. LPS or CpG DNA) through Toll-like receptors (TLRs) drives effector T cell 

proliferation despite the presence of Tregs (Pasare and Medzhitov, 2003). This is in large 

part mediated by IL-6 production by activated APCs because effector T cell proliferation 

is reduced when IL-6 deficient APCs or this cytokine is neutralized in co-culture (Pasare 

and Medzhitov, 2003). Similarly, other purified TLR agonists and inflammatory 

cytokines that induce the maturation of dendritic cells and augment expression cell 

surface molecules that promote T cell stimulation (e.g. CD80, CD86, and MHC) have 

also been reported to override Treg suppression through IL-6 independent pathways 

(Kubo et al., 2004; Takahashi et al., 1998; Thornton and Shevach, 1998). Furthermore, 

even in the absence of APCs, cell-intrinsic stimulation through defined TLRs can also 

trigger shifts in Treg suppression. For example, purified TLR2 agonists stimulate 

reductions in suppressive potency for mouse Tregs, and TLR8 agonists trigger similar 

reductions in potency for human Tregs (Liu et al., 2006; Peng et al., 2005; Sutmuller et 

al., 2006). On the other hand, microbial ligands can also augment Treg suppressive 

potency. Mouse CD25+ Tregs selectively express TLR4, and LPS stimulation augments 
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their suppressive potency (Caramalho et al., 2003); while flagellin stimulation via TLR5 

augments the suppressive potency of human Tregs (Crellin et al., 2005). Taken together, 

these in vitro studies illustrate the enormous potential whereby microbes and the response 

to infection can influence immune activation though shifts in Treg suppression.  

 

The cumulative impacts whereby pathogens that express multiple TLR ligands and the 

ensuing immune response on shifts in Treg suppressive potency have also been 

characterized for GFP+ cells recovered from Foxp3GFP reporter mice directly ex vivo 

following infection (Fontenot et al., 2005b). For example at relatively early time points 

during persistent Salmonella infection when the activation of effector T cells is blunted 

and the pathogen burden is progressively increasing, the suppressive potency for GFP+ 

Tregs is augmented (Johanns et al., 2010b). Conversely at later infection time points 

when effector T cells are highly activated and progressive reductions in pathogen burden 

occur, the suppressive potency for Foxp3+ cells is reduced. Together with the waning 

impacts of Foxp3+ cell ablation with infection progression, these results illustrate how 

shifts in Treg-suppression can dictate the tempo of persistent infection (Johanns et al., 

2010b). Similarly following acute Listeria infection, reductions in suppressive potency 

are found for GFP+ Tregs that immediately precede the expansion of pathogen-specific 

effector T cells (Ertelt et al.). The expansion of circulating Tregs with increased 

suppressive potency is associated with increased parasite burdens for patients with severe 

malaria infection (Minigo et al., 2009). However, no significant changes in suppressive 

potency were found for Foxp3+ Tregs isolated directly ex-vivo after Plasmodium berghei 
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infection in mice (Steeg et al., 2009). Nevertheless, these findings illustrate how 

infection-induced shifts in Foxp3+ Treg suppressive potency may play important and 

increasingly appreciated roles in infection outcomes. 

 

Importantly, the increasing established plasticity in Treg suppression can also be 

exploited for boosting the immune response of vaccines against pathogen-specific or 

tumor-associated antigens (van Duin et al., 2006; Wang et al., 2006; Zhou et al., 2009a). 

In this regard, reduced Treg suppression after stimulation with various purified microbial 

ligands suggest classical vaccine adjuvants derived from crude microbial preparations 

may simulate immune activation by overriding Treg-mediated immune suppression. 

Indeed, the transient ablation of Foxp3+ cells alone during stimulation with purified 

peptide is sufficient to trigger the robust activation, expansion, and formation of memory 

CD8+ T cells that confers protection against subsequent Listeria infection in an antigen-

specific fashion (Ertelt et al.). Similarly, Foxp3+ cell ablation augments the expansion 

and activation of antigen-specific CD8+ T cell primed by the live attenuated viral vector 

modified vaccinia virus Ankara (Kastenmuller et al.). These findings are consistent with 

the enhanced vaccine induced immunogenicity that occurs with Treg-ablation using anti-

CD25 antibody treatment, and the sustained priming of protective CD8+ T cells by 

attenuated Listeria even in mice lacking all known signal 3 inflammatory cytokines 

(Curtsinger and Mescher, 2010; Ertelt et al., 2010; Haring et al., 2006; Kursar et al., 

2002; Moore et al., 2005; Toka et al., 2004). Thus, overriding immune suppression by 

Tregs likely plays pivotally important roles in stimulating protective T cell responses in 
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vivo. However, while immune adjuvants and vaccine vectors have traditionally been 

evaluated for their ability to activate T cells indirectly through stimulation of professional 

APCs that in turn elaborate defined stimulation signals (T cell receptor [signal 1], co-

stimulation [signal 2], and inflammatory cytokines [signal 3]) (Curtsinger and Mescher, 

2010; Haring et al., 2006; Kastenmuller et al.), overriding active suppression by Tregs 

represents a more fundamental prerequisite “signal zero” essential for stimulating effector 

T cell activation in vivo. Although this term has recently been used to describe the 

activation of innate immunity or chemokine gradients that each also participate in T cell 

activation (Bousso and Albert, ; Mays and Wilson), we propose this more generalizable 

descriptor is more appropriate for overriding the impacts of suppression mediated by 

Tregs and other immune suppressive cells that actively restrains T cell activation (Figure 

8.1).  
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Concluding Remarks 

 

Since the identification of regulatory T cells as a separate and defined lineage of CD4+ T 

cells, there has been an explosion of studies describing the role these cells play in almost 

every aspect of the immune response. With the establishment of Foxp3 expression as the 

lineage specific marker for regulatory T cells and the development of transgenic mouse 

tools for manipulating Foxp3+ cells in vivo, newfound protective roles for these cells in 

host defense against some infections have been recently uncovered (Table 8.1). In turn 

for other infections, the detrimental roles Foxp3+ cells play in host defense have been 

reinforced (Table 8.1). Along the way, an amazing degree of heterogeneity and functional 

specialization for Foxp3+ regulatory T cells in terms of antigen-specificity, paralleled 

differentiation along effector CD4+ T cell lineages, and usage of individual cell intrinsic 

molecules to mediate context specific immune suppression have each been established. 

Coupled with increasing refined approaches for expanding human regulatory T cells or 

manipulating the suppressive potency of these cells using purified adjuvants (Brunstein et 

al., ; Hippen et al., ; van Duin et al., 2006; Wang et al., 2006), these multiple layers of 

heterogeneity in regulatory T cells reveal many exciting opportunities for therapeutically 

dissociating the detrimental and beneficial impacts these cells play in host defense against 

infection and immune homeostasis.  

 

Importantly, the physiologic expansion of Tregs, which occurs naturally during 

pregnancy, is essential for the active maintenance of maternal-fetal tolerance. However, 



 

 200 

these beneficial impacts of Foxp3+ Tregs on fetal tolerance occur at the expense of 

maternal susceptibility to prenatal pathogens. In particular, pathogens like Listeria with a 

unique predilection to cause serious disseminated infections in pregnant women, have 

evolved the ability to exploit this temporary defect in host defense caused by Treg 

expansion. Interestingly, we find that through the functional dissociation of Treg 

suppressive mechanisms, selective inhibition of IL-10 presented a novel strategy to 

bolster maternal host defense to prenatal Listeria infections. Moreover, the ability for the 

intracellular invasion of this pathogen to fracture maternal-fetal tolerance and trigger 

sterile abortion, likely represents the dynamic interplay between Treg functional 

plasticity and could explain the spontaneous miscarriages demonstrated by many prenatal 

pathogens. Lastly, the fetal-specific expansion of Tregs driven by pregnancy and 

subsequent “regulatory” memory following parturition, represents the first demonstration 

of a physiologic system for priming long-lived memory Foxp3+ Tregs. Together the 

findings presented in our studies have begun to unravel some of these fundamental 

questions about the biology of Tregs, in dictating the outcome of infections. Therefore, 

the natural extension of this work will be to begin dissociating the functional diversity of 

Tregs using strategies, which manipulate this cell type based on antigen specificity. 
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Figure 8.1 - Model whereby overriding Foxp3+ Treg-mediated immune suppression 

represents a prerequisite “signal zero” for effector T cell activation in vivo. During 

immune homeostasis, Tregs actively suppress effector cell activation. Following immune 

stimulation, Treg-suppression is blunted allowing effector T cell activation through 

previously described cell intrinsic stimulation signals (T cell receptor [signal 1], co-

stimulation [signal 2], inflammatory cytokines [signal 3]). 
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Class 
 

Pathogen 
 

Impacts of Foxp3+ cell manipulation on host defense 
 

Reference 
 

Virus Herpes simplex 
virus-2 

Protective Foxp3+ cell ablation accelerates 
mortality and increases viral load 

Lund JM 
2008 

 Lymphocytic 
choriomeningitis 
virus 

Protective Foxp3+ cell ablation increases viral 
load 

Lund JM 
2008 

 West Nile virus Protective Foxp3+ cell ablation increases viral 
load and mortality 

Lanteri 
MC 2009 

Parasite Plasmodium 
berghei  
 

Protective Foxp3+ cell expansion protects against 
severe disease and reduces pathogen 
burden that are each reversed by 
Foxp3+ cell ablation 

Haque A 
2008 

 Plasmodium 
berghei  
 

No effect Foxp3+ cell ablation from baseline 
levels has no impact on survival or 
pathogen burden 

Haque A 
2008, 
Steeg C 
2009 

 Toxoplasma gondii Protective Natural collapse of Foxp3+ Tregs 
following infection results in fatal 
infection that is reversed by Treg 
stabilization using IL-2 
cytokine/antibody complexes 

Oldenhove 
G 2009 

 Heligmosomoides 
polygyrus 

No effect No changes pathogen burden with 
Foxp3+ cell ablation  

Rausch S 
2009 

Fungi Candida albicans Protective Tregs co-transferred with effector 
CD4+ T cells enhance fungal 
clearance  

Pandiyan 
P 2011 

Bacteria Listeria 
monocytogenes  

Detrimental Foxp3+ cell expansion results in 
increased pathogen burden that is 
reversed by Foxp3+ cell ablation 

Rowe JH 
2011 

 Salmonella 
enterica 

Detrimental  Foxp3+ cell expansion during 
pregnancy results in increased 
pathogen burden that is reversed by 
Foxp3+ cell ablation 

Rowe JH 
2011 

 Salmonella 
enterica 

Detrimental Foxp3+ cell ablation accelerates 
bacterial clearance and effector T cell 
activation 

Johanns 
TM 2010 

Myco-
bacteria 

Mycobacterium 
tuberculosis 

Detrimental Selective depletion of Foxp3+ cells in 
mixed chimera mice reduces pathogen 
burden 

Scott-
Browne 
JP 2007 

 Mycobacterium 
tuberculosis 

Detrimental Adoptive transfer of pathogen-specific 
Foxp3+ cells blunts effector cell 
expansion and increased pathogen 
burden 

Shafiani S 
2010 

 
Table 8.1 - Impacts of Foxp3+ cell manipulation on host defense 
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