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ABSTRACT 

Interest in immuno-inhibitory receptors and their ligands has increased in the past three 

decades. Programmed cell death-1 (PD-1) is a surface-expressed receptor of the 

B7/CD28 superfamily and the subject of considerable study since its discovery in 1992 

[1]. The available literature lacks an in-depth understanding of the role of PD-1 and PD-1 

ligands (PD-L) in B cell regulation. This dissertation specifically ascertains the role of 

PD-1 and PD-L in the regulation of natural Ab production and also adaptive Ab 

responses to T cell-independent type 2 (TI-2) antigens (Ag). 

Encapsulated bacteria are a significant burden to human health, especially 

Streptococcus pneumoniae. There are over 90 serotypes of Streptococcus pneumoniae, 

causing pathologies from pneumonia and otitis media to bacteremia and meningitis. 

Both natural phosphorylcholine (PC)-specific and adaptive pneumococcal 

polysaccharide (PPS)-specific Ab are effective against the pneumococcus. Current 

vaccines are suboptimal in disease prevention.  

In this study, we used invasive and colonizing strains of the pneumococcus to 

elucidate the role of PD-1 and PD-L in the adaptive Ab response to PPS immunization 

and pneumococcal infection. PD-1 deficiency significantly enhanced proliferation and 

IgG switching of B cells in the adaptive response to PPS immunization. Our data 

demonstrate that PD-1 blockade or deficiency during immunization results in 2-3-fold 

higher levels of PPS-specific IgG, an advantage that conferred increased survival during 

pneumococcal infection.  

In naïve mice, PD-L2 deficiency resulted in significantly increased numbers of 

PC-specific B cells, leading to significantly increased (>2-fold higher) PC-specific Ab. 

This increase was physiologically relevant in bacterial clearance models in mice. 

Perhaps most important, our data demonstrate that mechanistically, PD-L2 regulates the 
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production of natural PC-specific IgM in a PD-1–independent manner. Collectively, our 

studies demonstrate that PD-1 and PD-L molecules on B cells regulate Ab production in 

diverse circumstances and responses. These findings have potential therapeutic 

ramifications while illuminating a fundamental role for PD-1 and PD-L in two different but 

essential B cell areas of operation. 
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INTRODUCTION 

The emergence of immune therapy as a viable option in treating disease and enhancing 

immune responses is a direct result of the efforts of the scientific community to 

understand the immune system, from the myriad functions of different cells, to the 

significance of individual molecules. Of particular importance in understanding immune 

system function is the role of immune checkpoint inhibitors, surface-expressed 

molecules which down-modulate immune responses in activated cells upon ligand 

engagement. Data on individual checkpoint inhibitors are accumulating, and monoclonal 

antibodies directed against specific inhibitors that have made it through clinical trials and 

are now used as treatment modalities with beneficial outcomes to human patients, 

particularly in the field of cancer research [2]. Clinical monoclonal antibody 

immunotherapies available target CTLA4 (melanoma), LAG3 (breast cancer), and PD-1 

(melanoma, renal and lung cancer, as well as autoimmunity and viral infections) [2-8]. 

Streptococcus pneumoniae is a worldwide source of morbidity and mortality in 

both the very young and the very old, and understanding the humoral immune response 

to this pathogen, specifically its polysaccharide capsule, is vital. Antibody specific for 

both the pneumococcal polysaccharide (PPS) and phosphorylcholine (PC) are known to 

be protective against pneumococcal infection, especially invasive pneumococcal disease 

(IPD) [9, 10]. Phosphorylcholine is a component of the pneumococcal cell wall, whereas 

PPS represents one of the most significant virulence factors of the pneumococcus 

involved in immune evasion. Antibodies recognizing these capsular antigens occur in the 

absence of cognate T cell help, and are therefore appropriately referred to as T cell 

independent type 2 antigens (TI-2 Ag). Extensive research in mouse models has shown 

that B-1b cells are a primary source of antibody (Ab) to TI-2 Ag, including PPS, whereas 

B-1a and marginal zone (MZ) B cells contribute to natural PC-specific Ab levels. Recent 
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literature has focused on the ability of immune checkpoint molecules and their ligands, 

specifically PD-1 and PD-1 ligands (PD-L), to inhibit Ag-specific, activated T cell 

responses [11]. Studies determining the roles of PD-1:PD-L interactions and their ability 

to regulate Ag-specific B cell responses are limited, but suggest that PD-1 regulates 

humoral immunity [12, 13]. The regulation of natural and adaptive humoral immunity to 

Streptococcus pneumoniae is presently incompletely understood. Given the suboptimal 

performance of the purified pneumococcal polysaccharide vaccine (PPV23), logical and 

targeted use of our knowledge of immune inhibitors to augment already available safe 

and effective vaccines may offer the solution. Our studies using mouse models 

investigating the immunoinhibitory co-receptor PD-1 and its ligands provide insight into 

S. pneumoniae humoral response regulation, and offer the potential to leverage this 

knowledge to improve the PPV23 vaccine. While the homology between mouse and 

human PD-1 is less than that of the well-known immune inhibitor CTLA4 [14], the 

function of human and mouse PD-1 is similar, a fact that has already been exploited in 

cancer therapies [15, 16]. This study was undertaken to test the hypothesis that PD-

1:PD-L interactions suppress protective innate and acquired humoral responses to 

Streptococcus pneumoniae through B cell-intrinsic mechanisms. Specifically, we sought 

to determine the mechanism by which PD-1 regulates pneumococcal polysaccharide-

specific antibody responses to immunization and infection with S. pneumoniae. 

Additionally, we aimed to elucidate the mechanism through which PD-1:PD-L 

interactions control natural antibody production. This project defined the roles of PD-1 

and PD-L in the context of responses against a relevant human pathogen and has the 

potential to produce innovative immunization strategies to improve the efficacy of 

existing vaccinations and therapeutics for infectious disease. 
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PD-1 

Programmed cell death 1 (PD-1) is a surface-expressed, CD28/CTLA-4 family member, 

type 1 transmembrane protein involved in negative regulation of B cell receptor- (BCR) 

and T cell receptor- (TCR) mediated signaling processes, a so-called immuno-inhibitory 

receptor or checkpoint inhibitor [17]. First described in 1992 [1], PD-1 is induced on the 

cell surface of antigen (Ag) activated B and T lymphocytes and contributes to 

downstream outcomes such as decreased proliferation, exhaustion, germinal center 

development and sustainment, and regulation of autoimmunity [5, 14]. PD-1 may also be 

detected on macrophages, dendritic cells, and natural killer cells [5, 8, 14]. Interestingly, 

PD-1 expressed on antigen-activated cells [18] exists as a monomer due to the lack of a 

cysteine residue near the membrane. The inability of PD-1 to homodimerize is unique 

within the CD28 family [5]. Structurally, the single extracellular IgV domain [14] of PD-1 

has 60% homology between mice and humans.  

PD-1 has two cytoplasmic domain tyrosine residues, a membrane-proximal 

immuno-receptor tyrosine-based inhibitory motif (ITIM) and the distal ITSM (for “switch”) 

region. In contrast to other well-studied immunoinhibitory receptors, the inhibitory 

function of PD-1 hinges on the ITSM tyrosine residue, not the ITIM tyrosine residue. B 

cell-expressed PD-1 engagement of PD-1 ligands (PD-L, B7H1 or B7DC) results in the 

phosphorylation of PD-1 by the kinase Lyn [13]. When phosphorylated, the ITSM region 

of PD-1 preferentially recruits protein tyrosine phosphatase SHP-2 [13, 14, 19]; SHP-1 

has also been shown to associate with PD-1 [11, 20]. Phosphorylated SHP-2 diminishes 

proximal signaling cascade molecules in activated lymphocytes, including Igβ, Syk, and 

PI3K in B cells [13]. In the absence of additional signals (TLR agonists, CD40:CD40L 

interactions), this inhibitory activity prevents antigen receptor-mediated Ca2+ 
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mobilization, reduces proliferation/survival, and ultimately results in lack of B cell 

activation or T cell anergy [12, 21-26].  

PD-1 expression is induced on lymphocytes following antigen receptor ligation. 

PD-1 expression is also mediated by cytokines. Cytokines IFNγ, IL-4, IL-12, and IL-18 

down-regulate PD-1 expression on anti-IgM-activated B lymphocytes [27], with IL-12 + 

IL-18 exhibiting a synergistic effect. PD-1 and PD-L1 are upregulated by cytokines IL-2, 

IL-7, IL-15, and IL-21 directly on T cells; these same cytokines upregulated PD-L on 

antigen presenting cells [28].  

PD-1 expression also mediates cytokine production, with divergent downstream 

outcomes depending upon pathogen encountered or autoimmune disorder studied. PD-1 

limits the production of IL-2 [11], although in this study the authors inhibited PD-1:PD-L1 

interactions, a limitation when one considers human PD-L2 has higher affinity for PD-1 

[29]. This is particularly relevant in that down-regulation of IL-2 production aids the 

development of TFH cells after stimulation [30, 31], which drive IgG production in B cells, 

contributing to systemic lupus erythematosus (SLE, below) [32]. In addition to cytokine 

mediation, TLR agonists have also been shown to down-modulate both PD-1 expression 

and function [27] on activated lymphocytes in a MyD88-dependent manner. 

PD-1 is essential to limiting autoimmunity. Reduced PD-1 expression (correlating 

to a polymorphism) and increased circulating TFH cells have been shown to play a role in 

the development of SLE [32, 33]. Polymorphisms in PD-1 have also been implicated in 

rheumatoid arthritis (RA) [34]. Deficiency in PD-1 results in increased T cell IFNγ 

production but reduced IL-21 production in gut Peyer’s patch germinal center (GC) 

reactions [35]. In this model, PD-1 deficiency leads to an increase in the TFH CD4+ cell 

population, but their inability to produce optimal IL-21 affects GC formation and 
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maturation, in turn affecting B cell memory and plasma cell differentiation [35-37]. The 

resulting dysregulated IgA produced by these B cells allows outgrowth of harmful enteric 

bacteria in the intestine. These findings may have bearing for humans suffering from 

inflammatory bowel disease (IBD), ulcerative colitis (UC), or other bowel pathologies 

[38]. In a separate but elegant study, PD-1 deficiency resulted in the aforementioned 

decreased IL-21, and also decreased IL-4 production by TFH cells in GC reactions [36]. 

The combined deficiency in this model affected late GC B cell survival. This model of 

PD-1:PD-L interactions in TD Ag reactions showed that lack of PD-1 signaling resulted in 

decreased antibody secreting cells (ASC), but the few ASC which were generated 

produced Ab with increased Ag affinity compared to that produced by PD-1-sufficient GC 

reactions. These two separate studies demonstrate the importance of TFH cell-produced 

IL-4 and IL-21 in GC reactions. The difference in affinity of the Ab responses generated 

in these studies may well be a reflection of the isotype (gut IgA vs serum IgM/IgG) and 

anatomical location, as well as the antigen (whole bacteria vs (4-hydroxy-3-

nitrophenyl)acetyl-chicken-γ-globulin, or NP-CGG). 

In contrast to autoimmunity, PD-1 plays broad and sometimes contradictory roles 

in response to infections with bacteria, viruses, fungi, and parasites. PD-1 deficiency 

results in augmented IL-6 production in response to heat-killed Mycobacterium 

tuberculosis, leading to increased Th17 differentiation and enhanced IL-17 production. In 

this model, it led to the unfortunate effect of auto-reactive T cell priming and the 

development of experimental autoimmune encephalomyelitis (EAE) [39]. In response to 

a respiratory infection with live M. tuberculosis, PD-1 deficiency, specifically in the CD4+ 

T cell population, led to significantly increased TNFα, IL-1, IL-6, and IL-17, resulting in 

reduced survival and increased bacterial growth with associated lung damage [40, 41]. 

However, in a lethal Histoplasma capsulatum infection model, PD-1 deficiency resulted 
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in enhanced macrophage activity and protection. Furthermore, PD-1 blockade in WT 

mice resulted in significantly enhanced protection [42]. PD-1 deficiency also improved 

macrophage function in a sepsis model, enhancing survival [43]. This was attributable to 

the inflammatory cytokines produced, as PD-1-/- peritoneal macrophages produced 

significantly more TNFα (LTA stimulation), IL-6 (LTA and LPS stimulation), IL-1β, IFNγ, 

and IL-12 (LPS stimulation). PD-1 deficiency or blockade increases IL-10 production [44, 

45], and this potentially explains the difficulty in clearing Toxoplasma gondii or reduced 

CD4+ T cell function in HIV. Additionally, there appears to be a feedback loop between 

IL-10 and PD-1, as increased IL-10 upregulates PD-1 expression [46]. PD-1 function 

maintains a state of (reversible) CD8+ T cell exhaustion in chronic viral infection [47], 

CD4+ and CD8+ T cell exhaustion in Leishmania infections [48], and as a biomarker of 

macrophage dysfunction in sepsis [43]. Whereas activated B and T lymphocytes 

transiently (4-5 days post-activation) express PD-1 [18, 27], prolonged expression on T 

cells is a hallmark of exhaustion. These examples collectively suggest alternative 

strategies for healthcare professionals depending upon the disease pathology 

encountered in the patient.  

PD-1 Ligands 

As mentioned earlier, PD-1 has two ligands, each with different expression profiles and 

additional binding partners. Both PD-L contain IgC- and IgV-like domains. B7H1, also 

identified in the literature as PD-L1 or CD274, is constitutively expressed on B and T 

lymphocytes, DCs, macrophages, neutrophils, BM-derived mast cells, vascular 

endothelial cells, endothelial and epithelial cells, heart, lung, as well as tumor cells and 

virus-infected cells [5, 7, 49, 50]. B7H1 is unique in that it also interacts with the 

costimulatory molecule B7-1 (CD80) in mice and humans, and limited data suggest the 
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potential for reverse-signaling through B7H1 [29, 50-52] on T cells to inhibit proliferation 

and cytokine production.  

The study of PD-1:PD-L1 interactions has recently gained traction in the fields of 

cancer immunology and virology. A broad survey of the literature suggests that 

expression of PD-L1 has prognostic value, and is particularly concerning for patients 

with renal cell carcinoma, as well as esophageal, stomach, ovarian, urothelial cell, and 

pancreatic cancers [14]. Furthermore, patients who are double-ligand positive (PD-

L1+PD-L2+) have survival rates that are substantially lower than patients whose tumors 

express neither ligand. New research has suggested that the loss of phosphatase and 

tensin homolog (PTEN, tumor suppressor gene) augments PD-L1 expression, with 

devastating outcomes [53] in human glioma. 

Viral clearance has been demonstrated to be influenced by PD-1:PD-L1 

interactions, with some authors suggesting preferential viral infection of tissues with high 

PD-L1 constitutive expression (liver) as an immune evasion strategy [47, 50]. Literature 

suggests that interrupting PD-1:PD-L1 interactions results in exhausted T cells regaining 

function, plays a role in T cell anergy in response to helminth infections, and augmented 

vaccination against the parasite Schistosoma mansoni [47, 54]. The ubiquitous 

expression profile of PD-L1 may indeed be usurped by pathogens to avoid immune 

detection in the host. 

In contrast, PD-L2 (also B7DC or CD273) is much more restricted in its 

expression. PD-L2 is expressed on DCs, macrophages, and 50-70% of peritoneal B-1a 

cells [55-58]. The two ligands have differing affinities for PD-1, as PD-L2 was shown to 

bind PD-1 with 3-fold higher affinity than PD-L1 [29, 52]. PD-1:PD-L2 interactions control 

the quality of the germinal center (GC) Ab response. Briefly, activated TFH-expressed 
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PD-1 interacts with GC B cell-expressed PD-L2 to ensure survival and generation of 

ASCs, and the absence of this interaction leads to increased GC B cell death due to 

reduced cytokine production [36]. PD-L2 has a short cytoplasmic tail thought to lack the 

capacity to signal [14], although this does not preclude the possibility of PD-L2 

aggregative signaling or the utilization of accessory molecules to transduce signal. A 

recent study has demonstrated that PD-L2 on DCs also interacts with RGMb (Repulsive 

Guidance Molecule b, or Dragon), expressed on alveolar epithelial cells and lung 

macrophages [59], which regulates respiratory tolerance via decreased T cell 

proliferation and IL-4 production. The discovery of novel binding partners for both PD-L1 

and PD-L2 suggests potential additional pathways of regulation by these two ligands.  

PD-L expression may be induced depending upon cytokine signal and cell type. 

IL-2, -7, -15, and -21 have been shown to upregulate PD-1 and PD-L expression in an 

Ag-independent manner [28]. IL-4 has been shown to upregulate PD-L2 on lung DCs, 

which plays a role in airway hypersensitivity reactions (AHR) like asthma [60]. In this 

study, invariant NKT (iNKT) cells from PD-L2-deficient mice or blockade of DC-

expressed PD-L2 interactions with WT BALB/c mouse iNKT expressed PD-1 produced 

higher levels of IL-4. Additionally, whereas IL-4 upregulated PD-L2 on lung DCs, IFNγ 

was found to upregulate PD-L1, and IFNγ + LPS upregulated PD-L1 while 

simultaneously down-regulating PD-L2 expression, implying PD-L1 plays a large role in 

the respiratory response to pathogens while PD-L2 is essential to tolerance – the active 

mechanisms of suppression that limit immune attack against self-tissue. PD-1:PD-L2 

interactions have been shown  to inhibit IFNγ and IL-2 production in activated T cells 

[61], again demonstrating the complex network of regulation between PD-1 and PD-L 

amongst different immune cell types. 
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TI-2 Antigens 

Antigens that activate B cell responses may be divided into two broad categories: those 

that require T cell help (T cell-dependent, or TD), and those which are capable of 

activating B cells in the absence of cognate, MHC class II restricted T cell interactions (T 

cell independent, or TI) [62]. Whereas TD antigens are proteins, TI-2 antigens most 

often consist of large, repetitive carbohydrate structures which are effective at cross-

linking the BCR to induce activation. These multivalent structures include bacterial 

polysaccharide capsules and cell wall epitopes. It is important to distinguish TI-2 from TI-

1 antigens. TI-1 antigens are mitogenic activators (such as LPS, CpG) that function to 

induce broad, polyclonal, non-Ag-specific and Ag-specific B cell responses in neonates 

and in those deficient for functional Bruton’s tyrosine kinase (Btk) [63]; TI-2 antigens 

engage the BCR to induce Ag-specific responses, have limited ability to induce immune 

responses in neonates, and require functional Btk. TI-2 antigens induce rapid primary 

responses which generate long-lasting antibody, and these antigens are notorious for a 

lack of recall responses [64]. TD antigens produce memory B cells and long-lived 

plasma cells, which are generated in GC reactions and undergo somatic hypermutation, 

a process of antibody diversification and maturation, and class switch recombination 

(both processes are mediated by activation-induced cytidine deaminase, or AID) 

whereby high affinity clones are expanded [65]. In contrast, TI-2 antigens elicit plasma 

cells generated in extra-follicular foci with modest to low levels of SHM and minimal 

CSR, yet also produce memory B cells which are regulated by Ag-specific IgG levels 

[62, 66-68]. The B cells participating in TI-2 responses include MZ B cells (uniquely 

partitioned for rapid blood-borne Ag responses) and B-1 B cells, in particular the B-1b 

subset [12, 67, 69-76]. 
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The role of PD-1 and PD-L in TD antigen responses has only recently been 

investigated. As described earlier, TFH PD-1 interacts with GC B cell PD-L2 to regulate 

B cell survival and the quality of the antibody response. However, relatively little is 

known about the TI-2 antigen response as it pertains to PD-1:PD-L interactions. Our lab 

is one of the first to extensively investigate the effects of the PD-1 regulatory axis on B 

cell responses to TI-2 antigens.  

The ability of a TI-2 Ag to induce a specific B cell response involves multiple 

steps and signaling molecules. The B cell response to TI-2 Ag is predicated on 

functional Bruton’s tyrosine kinase (Btk) [77-79], a signaling molecule which in B cells is 

associated with downstream Ca2+ flux, activation, and proliferation. Additional groups 

have proposed that the low expression of complement receptor 2 (CD21) on splenic MZ 

B cells in children under two years of age may explain their sub-optimal response to 

polysaccharides [80], although mice lacking MZ B cells produce normal responses to 

polysaccharide antigens [69, 81] and mice lacking CD21 generate normal responses to 

polysaccharides when CD19 expression levels are normalized [76]. The contribution of 

non-specific T cell help in TI-2 Ag responses [82, 83] has also been examined. Btk-

deficient mice lack peritoneal B-1a cells (which contribute significantly to natural Ab), 

have impaired IgM and IgG3 (IgG3 in mouse is indicative of a carbohydrate response) 

TI-2 immunization kinetics, and some loss of function in the MZ B cell compartment [84, 

85]. B-1a cells, which express higher levels of CD19 compared to B-2 cells (CD19 

lowers the BCR signal threshold) [86, 87], and are positively selected during 

development on the basis antigen receptor signaling [79], are exquisitely sensitive to Btk 

function. CD19 is also important to the development of B-1a cells, as CD19 deficient 

mice lack this vital population [69]. While naïve CD19 deficient mice are sensitive to 

Streptococcus pneumoniae infection, immunization confers protection from 
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pneumococcal challenge. This protection is attributable to the B-1b cell subset, which 

respond to vaccination and produce protective antibody. 

As previously mentioned, TI-2 antigens notably include bacterial capsule [88]. 

These capsular polysaccharides function to prevent complement deposition, impede 

phagocytosis, and mimic host tissues. Capsules may be produced by both Gram positive 

and negative bacteria, and pathogenicity varies amongst bacterial serotypes as a 

component of capsule composition and genetic background [89, 90]. Capsules are 

generally high molecular weight and play roles in infections of the gut, respiratory tract, 

and urinary tract. Given the myriad important functions to evade immune system 

defenses, vaccines targeting capsule have been developed. One important success 

study in the field has been the conjugate Hib vaccine against Haemophilus influenzae 

type b [91, 92]. This vaccine has been remarkably effective at preventing one source of 

bacterial meningitis in children [93].  

Another significant source of human disease is Streptococcus pneumoniae. To 

date, more than 90 serotypes have been identified on the basis of the PPS composition, 

though this number is likely higher. Presently, two separate vaccines exist for this 

pathogen: the Prevnar 13 (PCV13) and the Pneumovax (PPV23), described below. 

These vaccines have been effective at preventing pneumococcal pneumonia, but there 

is room for improvement regarding vaccine efficacy. The conjugate vaccine has proven 

adept at protecting very young humans, but limitations exist regarding how efficiently 

PPS molecules conjugated to the carrier protein are processed or manufactured [94]. 

The PPV23 covers the 23 most invasive serotypes, but fails to take advantage of linked 

recognition to enable T cell assistance. PPV23 also fails to induce significant class 

switching and production of PPS-specific IgG, which the literature has demonstrated to 

be of significant protective value to the host. Proposed methods of improving vaccine 
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responses include the addition of adjuvants and TLR agonists since the cell wall 

contaminants (<5%) that possess TLR2 agonist activity in the PPV23 vaccine are known 

to contribute to enhanced responses [95]. However, TLR agonists co-delivered with the 

PPS vaccine have been shown to be ineffective at adjuvanting the response [96]. 

Streptococcus pneumoniae 

Streptococcus pneumoniae is a Gram positive, encapsulated diplococcus commonly 

isolated from the nasopharynx of asymptomatic human adults [97]. Immunological insult 

may facilitate migration from this site of colonization, resulting in various diseases such 

as otitis media, pneumonia, and even cardiac pathologies [98-101]. Presently, while 

there are over 90 serotypes of the pneumococcus, a number that is likely to grow, a 

small proportion of these serotypes are responsible for the majority of invasive disease 

[102-104]. Serotypes are determined on the basis of pneumococcal polysaccharide 

(PPS) composition [105], and this PPS capsule is both a significant virulence factor for 

the pneumococcus, conferring the ability to resist complement deposition and 

phagocytosis [106-108], and a TI-2 antigen. Vaccines have been and continue to be the 

single best method of preventing pneumococcal disease. The 23-valent Pneumovax 

(PPV23, 1980) and protein-conjugate (CRM-197, diphtheria toxin) Prevnar (PCV7, 7-

valent, 2000; PCV13, 13-valent, 2010) have been successfully employed for adult (>65 

years old) and infant (<2 years old) humans, respectively, for decades [109-112]. The 

current iteration of the PCV13 vaccine includes coverage for serotypes 4, 6B, 9V, 14, 

18C, 19F (also in PCV7), as well as 1, 3, 5, 6A, 7F, and 19A in a 500µL dose [113]. A 

single 500µL dose of the PPV23 vaccine contains 25µg of purified PPS from serotypes 

1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 

23F, and 33F, which are responsible for over 85% of invasive pneumococcal disease 

(IPD) cases in the U.S. and other industrialized nations . A common definition used for 
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IPD is any condition (infection) in which S. pneumoniae is present in a normally sterile 

body site (blood, etc…) [114]. Risk factors include host age, health status, substance 

abuse, and vaccination status.  

The literature is replete with positive correlations between PPS-specific Ab and 

protection [9, 115-117], with the titer of capsular-specific IgG being the greatest indicator 

of protection [18, 118, 119]. While PPS is essential for facilitating invasive pneumococcal 

disease, colonization necessitates the down-regulation of capsule, exposing bacterial 

components, such as the pneumococcal surface protein C (PspC, also choline binding 

protein A, CbpA), and PC, to the extracellular milieu and thus allowing interaction with 

host adherence sites [120, 121]. The pneumococcus employs phase variation, oscillating 

between opaque (thick capsule, invasive) and transparent (non-invasive) depending 

upon host pressures of the anatomical site. Transparent phase pneumococci bind the 

polymeric Ig receptor (pIgR) via CbpA, enabling transport across the epithelia [122]. 

Phosphorylcholine binds platelet activating factor receptor (rPAF) [123]. These 

interactions facilitate colonization and the establishment of a biofilm [124]. Down-

regulation of capsule is not without its risk to the pneumococcus, as this renders the 

bacteria more susceptible to the actions of complement (the alternative pathway being of 

particular importance to both bacterial clearance and autoimmunity) and to 

opsonophagocytosis [106, 108, 125]. While biofilms in the nasopharynx appear to be the 

preferred state for the pneumococcus (due to reduced risk of complement deposition, 

ability to exchange genetic material encoding different capsular type, reduced 

susceptibility to antimicrobials and phagocytosis) [126], biofilms in other sites exacerbate 

disease processes, particularly when present as a polymicrobial infection as in otitis 

media [127]. 
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Phosphorylcholine is a component of mammalian cell membranes, the 

pneumococcal cell wall, and the cell walls of other pathogens, and Ab directed against 

this antigenic determinant have demonstrated protective effects [10, 128-132]. 

Pneumococcal cell wall PC plays a role in adherence, colonization, and biofilm formation 

[10, 133]. Streptococcus pneumoniae growth has previously been thought to require 

choline [134, 135], but other studies have demonstrated the ability to substitute 

ethanolamine for choline in culture [136] . The pneumococcus metabolizes 

phosphorylcholine through the lipo-polysaccharide core (lic) operon. Briefly, the 

pneumococcus transports choline in from the exterior environment through the LicB 

transmembrane transporter. LicA and LicC (choline kinases) phosphorylate the choline, 

and LicD1 and LicD2 catalyze its transfer into a teichoic acid precursor, which is fully 

synthesized by TarI and TarJ. Finally, the complete teichoic acid is transferred across 

the cytoplasmic membrane and incorporated into the cell wall by TacF [101, 134]. PC 

residues on the teichoic and lipoteichoic acid are targets of both natural antibody and 

host C-reactive protein (CRP) [123, 137]. 

The pneumococcus is not unique in its incorporation of PC into the cell wall 

structure or ability to undergo phase variation. Indeed, non-typeable Haemophilus 

influenzae (NTHi) also incorporates PC into its lipooligosaccharide (LOS) layer, and the 

literature demonstrates that phase variation of PC in the LOS of NTHi plays an essential 

role in biofilm formation [131, 138]. Haemophilus influenzae is a Gram negative 

coccobacilli commonly isolated from the upper respiratory tract of asymptomatic humans 

[139], although it is capable of opportunistic infection in immunocompromised hosts. 

Currently, there are six serotypes based on capsular polysaccharide, but there are many 

more that are non-typeable. NTHi utilizes the Lic operon for incorporation of PC into its 

cell wall, a point that was taken advantage of in the creation of constitutive PC-
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expressing and non-PC-expressing mutants [131]. We were fortunate to be able to 

utilize these mutants (see Chapter 2). NTHi has recently begun to be appreciated for its 

role in otitis media etiology and COPD progression [127, 140-142], and natural antibody 

to PC residues in its LOS are also protective for the host [143].  

Natural Antibody 

Natural antibodies bridge the innate and adaptive immune response, providing a key 

initial deterrent against pathogenic microorganisms [128, 144, 145]. These 

immunoglobulins are produced in the sera of normal mice and humans in the absence of 

immunization or infection [87, 146-148]. Natural Ab serves important functions in normal 

tissue homeostasis, clearance of senescent cells, disease processes, and infection [87, 

132, 137, 146, 149-158]. The B-1 B cell subset produces the majority of natural Ab, of 

which IgM is the dominant isotype [69, 87, 146, 159]. There are several different 

specificities of natural Ab, including oxidized LDL (OxLDL), phosphatidylcholine (PtC), 

phosphorylcholine (PC), malondialdehyde (MDA), oxidized cardiolipin (OxCL), 4-

hydroxynonenal (4-HNE), and Thy-1 (CD90), among others [137, 151, 160].  

Natural Ab directed against PC, specifically the T15 idiotype (Id), is protective. 

The T15-Id is an important PC-specific natural Ab insofar as it binds the PC component 

of bacterial cell wall in the pneumococcus and Haemophilus influenzae [10, 69, 128, 

132, 161, 162], as well as oxLDL (atherosclerosis) [157, 163, 164]. The T15-Id is 

primarily produced by CD5+ B-1a cells, which are enriched in the peritoneal cavity of 

mice. In the murine model, B-1a cells express a distinct utilization of Ig Vh, Dh, and Jh 

genes with minimal to absent N nucleotide additions when compared to conventional B-2 

cells [165, 166]. Activated B-1a cells egress to the spleen and differentiate into Ab-

secreting cells (ASCs) [69, 128, 161, 167-172]. In mice, anti-PC antibodies of the T15-Id 
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are encoded by the VHS107.1 gene for the Ig heavy variable region, which pairs with the 

κ22 light chain [173, 174]. Recently, Vale et al. demonstrated that the evolutionarily 

conserved DFL16.1 gene segment is critical to serum levels of natural Ab against 

bacterial PC, but not OxLDL (oxidized low-density lipoprotein). Mice missing this critical 

gene segment still produced anti-PC Ab, but not the T15-Id, and were exquisitely 

susceptible to pneumococcal infection [132]. Natural PC-specific Abs are able to block 

S. pneumoniae from binding the platelet activating factor receptor (rPAF), and also help 

delay the onset of invasive, fulminant pneumococcal disease [69, 174]. Xid mice, similar 

to V1-/- mice, are unable to produce the T15-Id+ PC-specific Ab, as this mutation impairs 

BCR signaling through Btk, and thus may hamper positive selection and development of 

B-1a cells or lead to clonal deletion of PC-specific B-1a cells [87, 174]. While CD5neg B-

1b cells, MZ B cells, and follicular B (B-2) cells are known to participate in the anti-PC 

response, these cells produce mainly T15neg IgG anti-PC Ab, which does not provide the 

same level of defense against S. pneumoniae infection in the naïve animal [132, 161, 

174, 175]. Additionally, T cell help has been demonstrated for protective PC-specific 

IgG, but the PC-specific IgM response is T cell-independent [176]. Thus, while the 

genetic composition and importance of this idiotype are well-established, the forces 

regulating its development are not.  

Although the topic of natural antibody is of renewed interest in the field, the 

contribution of cell types and surface molecules to the regulation of natural Ab is unclear 

[10, 69, 128, 132, 144, 156-158, 161, 162]. Recent work has revealed that in T cell-

dependent germinal center responses to antigen, the surface-expressed B7/CD28 

superfamily receptor programmed cell death 1 (PD-1) on TFH cells interacts with its 

ligands PD-L1 and PD-L2 on B cells to control the quality and quantity of the Ab 

produced [36]. Furthermore, PD-1 is an integral part of Peyer’s patches GC reactions 
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and contributes to the diversity of bacterial species in the gut flora [35]. The 

demonstrated participation of B-1 cells in T cell-independent Ab production highlights the 

potential for these subsets to be uniquely sensitive to PD-1 or PD-L regulation of natural 

Ab production. The demonstrated participation of B-1 cells in T cell-independent Ab 

production highlights the potential for these subsets to be uniquely sensitive to PD-1 or 

PD-L regulation of natural Ab production. 

Natural antibody production is thought to be driven by endogenous antigens and 

regulated via a multitude of anti-idiotypic Abs that develop temporally during early life 

[144, 153, 162, 177-179]. The majority of the CD19+CD5+PD-L2+ B-1a cells in mice that 

produce the vast preponderance of natural Ab, in particular PC-specific B cells, initially 

reside in the peritoneal cavity [156], and these cells, which are efficiently generated from 

precursors in fetal liver (a rich source of B-1 progenitors) and bone marrow, egress to 

the spleen and differentiate into ASCs [55, 57, 166, 170, 171, 180-182]. Holodick and 

colleagues recently demonstrated that progenitor population and location play an 

important role in B-1a cell development, and the existence of other mechanisms of 

control over this important innate-like B cell include the aforementioned anatomical 

location, surface molecules, and intracellular signal transducers [69, 78, 79, 167, 169, 

183-186]. PD-L2, also known as B7DC, is known to function in T cell-dependent 

germinal center regulation, but its role in extra-follicular regulation of Ab production is as 

yet undetermined [35, 36]. Lee and colleagues demonstrated that what they term L2pB1 

cells (PD-L2+ B-1a B cells) represent 50-70% of the peritoneal B-1a cell population in 

mice and are responsible for significant production of serum PC-specific IgM [57]. These 

data suggest that PD-1:PD-L interactions could play a role in natural Ab regulation and 

subsequent protection from pneumococcal infection.  
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B cell Development and Differentiation 

Much of what is known about B cell development and differentiation has been generated 

in the mouse model.  In mice, B cells are generated from progenitors in the liver during 

fetal development, and then from the bone marrow after birth [187]. Additional work has 

since demonstrated that the B-1 subset, specifically B-1a cells, are efficiently generated 

from neonatal liver precursors [166], and also from young/neonatal bone marrow [187-

189]. In contrast, follicular (FO), or B-2, B cells are continuously generated from bone 

marrow progenitors [190]. The distinction (fetal versus adult B cell development) is 

important in that it helps illuminate the layered development of distinct B cell subsets 

with distinct BCR specificities [189, 191]. Fetal precursors do not express (or express 

little) terminal deoxynucleotidyl transferase, TdT, meaning there are few N nucleotide 

additions in D-J and V-DJ junctions of the Ig heavy chain. This results in conserved, 

germline specificities, helping explain the rise of the T15-Id during fetal development, 

which is demonstrated by experiments in which forced expression of TdT during fetal 

development abrogated T15-Id generation[144]. Conversely, FO B cells have high 

expression of TdT and numerous N additions which serve to diversify the repertoire of 

mature FO B cells. As the B-1 B cell subset relates most strongly to this dissertation, our 

focus will mainly be on B-1 cells. 

 Numerous factors are important to B-1 cell development. B-1 cells are selected 

for on the basis of B cell receptor (BCR) signaling. When the signaling threshold is 

increased (as is the case, for example, in CD19 deficient mice), B-1a cells are 

decreased/absent [69]. IL-5 and the IL-5R also play a role in B-1 development, as in the 

absence of IL-5R, B-1a cells are decreased [192]. Anatomically, B-1 cells demonstrate 

tropism for the peritoneal cavity, which is known to harbor B-1 cells with autoreactive 

specificities, and are regulated in part by peritoneal macrophages [193, 194]. B-1 cells 
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are recruited to the peritoneum and omentum through CXCR5 by the cytokine CXCL13, 

which is constitutively expressed by tissue-resident macrophages [186]. Within the 

peritoneal cavity, B-1 cell numbers are maintained by a process of self-renewal, and 

phenotypically are distinguished by high expression of surface IgM (sIgM) and also 

expression of CD11b, an integrin that together with CD18 forms the complement 

receptor 3 (CR3) heterodimer [67, 156, 186]. In addition, the B-1 subsets are further 

delineated in the mouse by expression of CD5: B-1a cells are CD19+sIgM+CD11b+CD5+ 

whereas B-1b cells are CD19+sIgM+CD11b+CD5neg within the peritoneal cavity. Activated 

B-1 subsets [195] which traffic to the spleen have been demonstrated to down-regulate 

CD11b upon exit from the peritoneal cavity.  

The spleen is important in early detection of and response to blood-borne 

pathogens. It is initially populated by B cells, then T cells, and finally macrophages [196], 

which serves to organize the spleen into compartments (red pulp, white pulp). The 

spleen is the site of terminal differentiation for B cells, as it provides (depending upon the 

antigen) a favorable environment of cell:cell interactions and cytokines conducive to 

plasmablast, long-lived plasma cell (LLPC), and memory B cell formation. Plasmablasts 

are ASC capable of dividing, whereas LLPC are terminally differentiated [197]. T cell-

derived factors such as IL-4, IL-5, and IL-21 are essential to ASC differentiation, but 

bacterial-derived TLR agonists like LPS and CpG DNA also initiate this program. Other 

cytokines, like B cell activating factor of the tumor necrosis factor superfamily (BAFF, 

also known as BLyS) are more nuanced. Peripheral FO B cells require BAFF for 

survival, whereas B-1 cells do not; however, BAFF is essential for plasmablast/LLPC 

maintenance [198-200].  

Plasmablasts and LLPC are characterized by high levels of transcription factors 

Blimp1, IRF4, and XBP1, with subsequent down-regulated Pax5 and Bcl6 transcripts. 
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The naïve B cell is characterized by expression of Pax5 and Bcl6, and silencing of this 

transcript profile is necessary for induction of the ASC transcription factor profile. In B 

cells, Pax5 represses Ig Heavy (IgH) chain, Igβ (BCR signal transducer), and Xbp1 

transcripts, and Bcl6 directly represses Blimp1, processes that are important to activated 

B cells. However, commitment to the ASC lineage results in low-levels of IRF4 

upregulating Blimp1, which in turn represses Pax5 and Bcl6 expression. This allows 

increased Xbp1 and further up-regulation of the molecular machinery necessary for 

secretion of copious amounts of antibody [197, 201]. Extended survival of plasmablasts 

and LLPC is at least partially dependent upon CD93-mediated recruitment and 

maintenance in the bone marrow [202]. Plasmablasts are known to exist in the spleen 

(mice) for extended periods of time after Ag-induced differentiation as well [18, 203-205]. 

However, studies that extend the understanding of ASC differentiation beyond these 

transcription factors and/or molecules that may enhance/suppress their expression, 

specifically in B-1 cells, are limited.  

Research Purpose 

The research submitted here endeavors to define the role of the immunoinhibitory co-

receptor PD-1 and its two known ligands, B7H1 and B7DC, in two different but crucial 

aspects of humoral immunity in a mouse model: adaptive response to Ag and natural Ab 

regulation. First, we defined the B cell-intrinsic role of PD-1 and its ligands in the 

humoral response to TI-2 Ags and infection with a serotype 3 strain of Streptococcus 

pneumoniae, a heavily encapsulated pneumococcus. Second, we investigated the 

mechanism by which the known PD-1 ligand B7DC contributes to the regulation of 

natural, PC-specific Ab in naïve mice. The totality of this research highlights potential 

therapeutic applications for vaccine development and novel additives for immune system 

enhancement. 
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Abstract 

Despite the emergence of the PD-1:PD-1 ligand (PD-L) regulatory axis as a promising 

target for treating multiple human diseases, remarkably little is known about how this 

pathway regulates responses to extracellular bacterial infections. We found that PD-1-/- 

mice, as well as wild type mice treated with a PD-1 blocking antibody, exhibited 

significantly increased survival against lethal Streptococcus pneumoniae infection 

following either priming with low-dose pneumococcal respiratory infection or S. 

pneumoniae-capsular polysaccharide immunization. Enhanced survival in mice with 

disrupted PD-1:PD-L interactions was explained by significantly increased proliferation, 

isotype switching, and IgG production by pneumococcal capsule-specific B cells. Both 

PD-1 ligands, B7-H1 and B7-DC, contributed to PD-1-mediated suppression of 

protective capsule-specific IgG. Importantly, PD-1 was induced on capsule-specific B 

cells and suppressed IgG production and protection against pneumococcal infection in a 

B cell-intrinsic manner. These results provide the first demonstration of a physiologic role 

for B cell-intrinsic PD-1 expression in vivo. In summary, our study reveals that B cell-

expressed PD-1 plays a central role in regulating protection against S. pneumoniae, and 

thereby represents a promising target for bolstering immunity to encapsulated bacteria.  
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Introduction 

Streptococcus pneumoniae is a leading source of morbidity and mortality globally, 

causing life-threatening diseases including pneumonia, meningitis, and sepsis [99]. 

Antibodies (Ab) directed against the capsular polysaccharide of the pneumococcus play 

a major role in promoting clearance [116, 117]. The Pneumovax 23 (PPV23) vaccine 

consisting of 23 native pneumococcal polysaccharides (PPS) from the most common 

disease-causing serotypes elicits rapid, persistent PPS-specific Ab production but 

induces sub-optimal levels of IgG in humans, even when PPS are conjugated to a carrier 

protein [206]. Antibodies of the IgG isotype confer superior protection over IgM and IgA 

isotypes against pneumococcal infection in mouse studies [9, 207] and thus, eliciting 

increased PPS-specific IgG levels is a major goal of pneumococcal vaccination in 

humans [208]. 

 PD-1 is a B7/CD28 superfamily receptor expressed on activated lymphoid and 

myeloid cells [4, 5]. Upon engagement of its ligands (PD-L), B7-H1 (PD-L1) and B7-DC 

(PD-L2), PD-1 negatively regulates critical signaling events. Recent interest in exploiting 

the PD-1:PD-L regulatory axis for treatment of chronic viral infections, cancer, and 

autoimmunity is supported by numerous mouse, non-human primate and human studies 

[4-6, 8]. Nonetheless, remarkably little is known about how this immunoregulatory 

pathway influences the immune response to bacterial infections. Studies with two distinct 

intracellular bacteria yielded divergent results, with PD-1 suppressing protective 

responses to Listeria monocytogenes via dendritic cell regulation [7] but promoting 

survival in response to Mycobacterium tuberculosis infection via suppression of 

excessive inflammation [40, 41]. To date, the sole investigation of PD-1 effects on acute 

extracellular bacterial infection employed a cecal ligation puncture model, wherein PD-1 

expression on macrophages was found to promote macrophage dysfunction and lethality 
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due to sepsis [43]. The potential for PD-1 to regulate immune responses against 

common respiratory infections caused by extracellular bacteria has not been explored. 

 In this study, we examined the role of PD-1 and its ligands in the host response 

to S. pneumoniae. Susceptibility to acute respiratory and systemic S. pneumoniae 

infections was normal in naïve mice lacking PD-1. However, a primary subclinical 

respiratory infection in PD-1-/- mice, but not wild type mice, elicited significant protection 

against subsequent lethal systemic pneumococcal challenge, suggesting a role for PD-1 

in regulating the protective adaptive immune response to S. pneumoniae. Consistent 

with this, PD-1 was found to suppress protective anti-capsular IgG levels produced in 

response to a respiratory pneumococcal infection and native PPS immunization. 

Immunized PD-1-/- mice, as well as wild type mice treated with a PD-1 blocking Ab at the 

time of immunization, therefore had a significant survival advantage during S. 

pneumoniae infection. Our results support a crucial role for B cell-intrinsic PD-1 

expression in suppressing protective humoral immune responses to S. pneumoniae via 

inhibiting clonal expansion and IgG production by capsule-specific B cells, thereby 

providing the first evidence for B cell-expressed PD-1 in regulating immunity to infectious 

disease. 
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Materials and Methods 

Mice 

C57BL/6 and μMT mice were obtained from Jackson Laboratories. PD-1-/- [209], B7-DC-/- 

[210] and B7-H1-/- [211] mice were on a C57BL/6 background. Permission to use PD-1-/- 

mice was kindly obtained from Tasuku Honjo (Kyoto University, Kyoto, Japan). 

B6.129P2-PtrpcaIghtm1Mnz/J (VHB1-8hi transgenic) mice were from Jackson Laboratories. 

Mice were housed under specific pathogen free conditions, except during infection 

experiments. Mice were used at 2-4 months of age and were age-matched for 

experiments. All studies and procedures were approved by the Wake Forest Animal 

Care and Use Committee. 

 

Infections, Immunizations, and in vivo mAb blockade 

Mice were infected with serotype 3 WU2 strain S. pneumoniae and monitored every 12 

hrs for signs of distress as previously described [125, 212]. In serum transfer 

experiments, μMT mice challenged with 200 CFU WU2 i.p. received 10 µL of pooled 

serum (i.p.) from either wild type or PD-1-/- mice harvested 14d post i.n. infection with 106 

CFU WU2. Lung (1 mL PBS homogenate) and blood CFU were determined by plating 

serial dilutions on 5% TSA-II sheep red blood agar plates (BBL) coated with 4 µg/mL 

gentamicin and incubated overnight at 37oC.  

 Mice were immunized i.p. or s.c. with diluted, purified serotype 3 pneumococcal 

polysaccharide (PPS3) (ATCC; Merck) or vaccine-grade Pneumovax23 (PPV23; Merck, 

Whitehouse Station, NJ) containing either 0.1 µg (referred to as “0.1 µg  dose”) or 1 µg 

(referred to as “1 µg  dose”) of each of 23 serotypes of PPS or Prevnar-13 (Pfizer, 

formerly Wyeth Pharmaceuticals, New York, NY) containing ~0.1 µg of each of 13 

serotypes of PPS, as previously described [125]. TNP65-Ficoll (Biosearch) was 
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administered i.p. (25 µg). PD-1 mAb blockade was performed by administering RMP1-14 

or rat IgG2a (eBioscience) i.p. on d1 (200 µg), d3 (100 µg), and d5 (100 µg) post 

immunization as previously described [12]. For ligand blockade experiments, 200 µg B7-

H1 (10F.9G2; BioLegend and BioXcell), B7-DC (TY25; BioLegend and BioXcell), or rat 

IgG control mAbs (BioXcell or eBioscience) was given i.p. on d0, 2, and 4 post 

immunization. 

 

ELISAs and ELISPOTs 

ELISAs were as previously described [12, 125]. Serum samples were diluted in TBS 

containing 1% BSA (TBS-BSA) and incubated with 10 μg/mL cell wall polysaccharide 

(CWPS, Statens Serum Institut, Denmark) to adsorb non-capsular polysaccharide Abs. 

PPS3 (ATCC, Manassas, VA) and PPV23-specific Ab levels were determined by adding 

diluted serum samples to Maxisorp plates coated with 5 µg/mL native PPS3 or PPV23 in 

PBS and blocked with TBS-BSA. AP-conjugated polyclonal goat anti-mouse IgM, IgG, 

IgG3, and IgA Abs (Southern Biotechnology Associates) and pNPP (Sigma) were used 

to detect PPS-specific Ab. For lung Ig levels, lungs were perfused by slowly injecting 5 

mL of PBS into the right ventricle of the heart prior to harvest and homogenization in 1 

mL PBS. ELISAs were performed using serum dilutions shown to yield OD405nm readings 

that fall within a linear range. ELISA values are reported as relative absorbance units 

(AU; OD405nm reading for serum samples minus OD405nm reading from wells with serum 

omitted). Endpoint titer PPS3-specific ELISAs were performed using 3-fold serial serum 

dilutions, with titers reported as the reciprocal dilution yielding OD values that were 2.5-

fold over background (serum-omitted) OD405nm values. ELISPOTs were performed as 

previously described [125].  
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Flow cytometry 

Single cell suspensions (2 x 107/mL) were washed with PBS containing 2% newborn calf 

serum and then pre-blocked in PBS containing 10 μg/mL CWPS and 0.5 µg/mL Fc block 

(eBioscience), followed by staining with 25 µg/mL biotinylated PPS3 (PPS3bio) at room 

temperature as previously described [125]. Cells were then washed with PBS containing 

2% newborn calf serum and stained with streptavidin-FITC, and a combination of the 

following mAbs conjugated to different fluorochromes: CD5 (53-7.3), B220 (RA3-6B2), 

CD86 (GL-1), PD-1 (J43), CD11b (M1/70) (Biolegend); CD19 (1D3, eBioscience); 

CD138 (281-2, BD Biosciences); and IgG3 (Southern Biotechnology Associates). For Ki-

67 staining, extracellular marker and Ag staining was first performed, followed by 

intracellular staining (Fix/Perm kit in conjunction with SolA15; eBioscience). Cells were 

fixed and analyzed using a FACSCantoII cytometer (Becton Dickinson) with FSC-

A/FSC-H doublet exclusion. Dump channels for CD11bhi myeloid cells and dump 

channels for autofluorescence signals (minus fluorochrome) were used to eliminate non-

specific signals. Streptavidin-FITC only staining by B cells served as a negative gating 

control. Dual Ag staining experiments using PPS3bio plus streptavidin-FITC and 

Alexa488-labeled TNP-Ficoll (a neutral sugar) showed PPS3+ B cells selectively bound 

PPS3 and not TNP-Ficoll. Two million events were collected for Ag-specific B cell 

analysis. Positive and negative cell populations were determined using non-reactive 

isotype-matched Ab staining of PPS-binding cells from immune mice. Data were 

analyzed using FlowJo analysis software (Treestar). 

 

BrdU staining and flow cytometry 

Bromodeoxyuridine (BrdU, Sigma, 0.8 mg/mL) was delivered to mice in drinking water 

as previously described [213]. Single cell suspensions (2 x 107/mL) were fixed with 0.5% 
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paraformaldehyde in PBS (pH 7.4), permeabilized with 3 N HCl containing 0.5% Tween 

20, and neutralized with 0.1 M disodium tetraborate. The cells were pre-blocked with 

unlabeled mIgG1 (20 µg/mL) and intracellular staining performed with mouse anti-BrdU-

PE (Bu20A, 4 μg/mL). Cells were washed and blocked in PBS containing 10 μg/mL 

CWPS and 0.5 µg/mL Fc block, and then stained with 20 µg/mL PPS3bio. Cells were 

washed and stained with streptavidin-FITC and CD19 mAb and analyzed as described 

above. 

 

Adoptive transfer experiments 

Splenic B cells were purified using magnetic beads (Dynal) against Thy1.2, DX5, Gr1, 

F4/80, and 33D1 as previously described [12]. Purified B cells (4 x 107/mouse) were 

injected i.p. into μMT mice. Two days later, recipient mice were immunized i.p. with 

PPV23 containing ~0.1 μg of each PPS. Sera were diluted 1:100 for IgM and 1:10 for 

IgG PPV23-specific detection. Total serum IgM and IgG levels were determined using 

mouse Ig standards to generate standard curves with linear regression analysis applied 

to determine Ab concentrations. Peritoneal B-1b cells were isolated from VHB1-8 Tg 

mice as previously described [12]. 

 

Statistical analysis 

Data are shown as mean ± SEM with differences assessed using Student’s t test. 

Differences in overall survival or survival curves were assessed using the Fisher’s Exact 

Test or Log Rank test, respectively. 
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Results 

PD-1-/- mice exhibit increased survival following secondary, but not primary, S. 

pneumoniae infection  

To examine the role of PD-1 during acute S. pneumoniae respiratory infection, we 

infected PD-1-/- and wild type mice intranasally (i.n.) or intraperitoneally (i.p.) with WU2, a 

highly virulent invasive serotype 3 strain. PD-1-/- and wild type mice displayed similar 

susceptibility to S. pneumoniae, regardless of dose or route (105, 106, or 107 CFU i.n., 

and 101 and 102 CFU i.p.; Fig. 1A, C). Consistent with this, lung bacterial burdens were 

comparable between PD-1-/- and wild type mice 3 days post high dose (107 CFU) i.n. 

challenge (Fig. 1B) and 106 CFU i.n. challenge (data not shown). Thus, naïve PD-1-/- and 

wild type mice display similar susceptibility to primary S. pneumoniae respiratory and 

systemic infections. 

A complicating fatal infection that follows pneumococcal pneumonia is 

bacteremia. We therefore tested whether PD-1 influences the outcome of a secondary 

systemic infection following a primary respiratory infection. Survivors of the 106 WU2 i.n. 

challenge were infected with a lethal systemic dose (104 CFU WU2 i.p.; >100 times the 

LD50 [69]) three weeks following the primary respiratory infection. As shown in Fig. 1D, 

all wild type mice succumbed to secondary (systemic) infection within 36 hours post 

challenge. Remarkably, PD-1-/- mice exhibited significantly delayed morbidity (48-60 

hours) and significantly reduced mortality relative to wild type mice (p=0.00005). In 

contrast, all naïve PD-1-/- mice succumb to a primary systemic infection 36 hours post-

challenge (Fig. 1C), similar to naive wild type mice and wild type mice previously 

challenged with a sub-lethal respiratory infection. Thus, PD-1 deficiency did not affect 

the outcome of primary pneumococcal infection, but provided a significant survival 

advantage during secondary infection. 
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PD-1 deficiency significantly increases anti-capsular IgG levels produced in 

response to S. pneumoniae infection 

Protection against acute systemic pneumococcal infection is largely conferred by 

pneumococcal-specific Abs, with IgG providing the highest level of protection in mouse 

studies [9]. To assess whether adaptive humoral responses to primary infection were 

altered by PD-1 deficiency, we assessed Ab levels specific PPS3, the major component 

of the thick WU2 pneumococcal capsule, 14 days post i.n. infection with 106 CFU. PPS3-

specific serum IgM, IgG, and IgA levels were increased in wild type and PD-1-/- mice 

following infection (Fig. 1E). However, PD-1-/- mice produced significantly higher PPS3-

specific serum IgG levels (3.4-fold higher IgG titers; p=0.01) relative to wild type mice in 

response to infection (Fig. 1E-F). Analysis of perfused lung homogenate Ig levels 

derived from serum transudation or local synthesis revealed similar findings, with PD-1-/- 

mice exhibiting significantly higher PPS3-specific lung IgG, but not IgM or IgA, levels 

compared to wild type mice (Fig. 1G, p=0.02).  

 To examine whether increased capsule-specific IgG in PD-1-/- mice following sub-

lethal respiratory infection could explain increased protection against subsequent 

systemic infection (Fig. 1D), the protective capacity of serum harvested from PD-1-/- and 

wild type mice 14d post infection was assessed in µMT mice challenged with a lethal 

systemic infection. µMT mice that had received sera from PD-1-/- mice had significantly 

lower bacteremia at 48 hours (Fig. 1H; p=0.04) and delayed time to death relative to wild 

type serum recipient mice (Fig. 1I, p=0.026). Thus, PD-1 deficiency significantly 

increased the level of protective capsule-specific IgG elicited in response to S. 

pneumoniae respiratory infection.  
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PD-1 deficiency and PD-1 mAb blockade significantly increase IgG responses to 

native PPS, but not protein-conjugated PPS 

PD-1-/- mice also generated significantly increased PPS3-specific IgG responses 

following i.p. immunization with purified PPS3 or the PPV23 vaccine (Fig. 2A-B). 

Subcutaneous immunization, one of the approved routes of administration for the PPV23 

vaccine in humans, elicited 9-fold higher PPS3-specific IgG titers in PD-1-/- mice relative 

to wild type mice (Fig. 2C; p=0.008). PD-1-/- mice generated significantly higher PPV23-

specific IgG levels following both 0.1 µg and 1 µg PPS- equivalent PPV23 doses, with 

the mean d14 titer increased 2.6-fold (Fig. 2D, p=0.03). Notably, PPS doses outside this 

range are often tolerizing [214]. Differences in IgG were largely due to significantly 

increased PPS-specific IgG3 levels in PD-1-/- mice (Fig. 2A-B), as we did not detect 

significant increases in PPS3-specific IgG1, IgG2b, and IgG2c levels in immune wild 

type or PD-1-/- mice relative to day 0 values (data not shown). IgM responses were 

normal to moderately increased in PD-1-/- mice. Thus, PD-1-deficiency yields 

significantly higher PPS3-specific IgG responses to both purified PPS3 and PPS3 

associated with live S. pneumoniae. 

 We next assessed Ab responses against structurally unrelated PPS. As shown in 

Fig. 2F, PD-1-/- and wild type mice generated similar IgM responses against PPS1, -6A, 

and -23F. Wild type mice produced increased IgG over d0 values in response to the 

zwitterionic PPS1, which behaves as both a TI-2 and TD Ag [215], but did not produce 

appreciable IgG responses against PPS-6A and -23F relative to pre-immune levels. In 

comparison, PD-1-/- mice generated significantly higher IgG levels in response to each of 

these PPSs, with the exception of the high (1 µg) PPS1 dose (Fig. 2F). The lack of 

increased PPS1-specific IgG levels in PD-1-/- mice could be due to the opposing role PD-

1 plays in promoting TD Ab responses [36]. We therefore examined the extent to which 

PD-1 regulates Ab responses to PPS3 conjugated to the CRM197 protein (Prevnar-13 
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vaccine). As shown in Fig. 2E, PPS3-specific IgM responses to Prevnar-13 were similar, 

while IgG responses were slightly reduced in PD-1-/- mice relative to wild type mice. 

Thus, PD-1 plays a significant role in suppressing IgG responses to multiple clinically 

relevant native PPS. However, conversion of native PPS to a TD Ag abolishes PD-1-

mediated suppression of PPS-specific IgG responses.  

 Because PD-1-/- mice may have pre-existing phenotypic alterations that could 

contribute to increased PPS-specific IgG responses, we assessed the effects of blocking 

PD-1 from interacting with its ligands in normal mice. PD-1 mAb blockade between d1 

and d5 post-immunization significantly increased PPS3-specific IgG responses in wild 

type mice (Fig. 2G-H). This effect was observed with both 0.1 µg (Fig. 2G) and 1 µg (Fig. 

2H) PPS3 doses (the optimal dose range for inducing PPS3-specific Ab responses). PD-

1 blockade increased mean IgG titers over control mice by ~3.5-fold (Fig. 2H; p=0.008). 

PPS3-specific ASCs were significantly increased in both spleen (p=0.02) and bone 

marrow (p=0.03) of PPS3-immune mice that had received PD-1 mAb blockade (Fig. 2I). 

Thus, PD-1 inhibits PPS-specific Ab responses by suppressing the generation and/or 

maintenance of splenic and bone marrow ASC. 

 

PD-1 suppresses PPS3-specific B cell proliferation, isotype switching, and 

plasmablast differentiation 

We did not find alterations in the numbers or frequencies of total B cells or B-1b cells in 

the spleens or peritoneal cavities of PD-1-/- mice compared to wild type mice, although 

peritoneal B-2 cells were elevated (Fig. S1A). Moreover, PD-1-/- B cells proliferated 

normally in response to BCR stimulation in vitro (Fig. S1B).  We therefore examined the 

effects PD-1-deficiency had on PPS3-specific B cell responses using flow cytometry, as 

we have previously described [125]. PPS3-specific B cell frequencies and numbers were 
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similar between naïve wild type and PD-1-/- mice (Fig. 3A-B). Thus, increased Ab levels 

in PD-1-/- mice were not explained by increased PPS3-specific B cell precursor 

frequencies. Three days post immunization, a small (1.5-fold) increase in PPS3-specific 

B cell frequencies occurred in wild type mice (Fig. 3A) as we have previously reported 

[125].  However, PPS3-specific B cell frequencies and numbers were increased ~2 to 

2.5-fold in PD-1-/- mice (Fig. 3A-B; p=0.038 and p=0.017, respectively). PPS3-specific Ki-

67+ B cell frequencies and numbers in PD-1-/- mice were also significantly higher (~2-

fold) than in wild type mice at this time point (Fig. 3C; p=0.02 and p=0.02, respectively). 

In contrast, we did not detect differences in the frequencies of non-Ag-specific B cells 

that were Ki-67+ (wild type, 6.7 ± 0.5% vs. PD-1-/-, 6.4 ± 0.1%). Consistent with these 

findings, the frequencies and number of PPS3-specific BrdU+ B cells following a 5-day 

pulse beginning at the time of PPS3 immunization were significantly higher (>2-fold) in 

PD-1-/- mice than wild type mice (Fig. 3D; p=0.02 and p=0.01, respectively). These 

differences were selective for Ag-specific cells, as non-Ag-specific BrdU+ B cell 

frequencies were similar between wild type and PD-1-/- mice (wild type: 18.4 ± 2.3 % vs. 

PD-1-/-: 20.2 ± 2.4%). Thus, in the absence of PD-1, PPS3-specific B cell clonal 

expansion was increased following immunization.  

 PD-1-/- mice exhibited significantly increased frequencies and numbers of 

CD138+CD19+PPS3+ splenic plasmablasts 5 days post immunization relative to wild type 

mice (Fig. 3E; p=0.048 and p=0.035, respectively). Moreover, the frequency and number 

of IgG3+ class-switched PPS3-specific B cells was significantly higher (~2.5-fold) in PD-

1-/- mice compared to wild type mice at this time point (Fig. 3F; p=0.048). Notably, a 

major fraction of PPS3-specific IgG3+ B cells in PD-1-/- mice expressed CD11b (Fig. 3G), 

suggesting that PD-1-deficiency may affect IgG3 switching in the B-1b cell population 

known to participate in PPS3-specific Ab responses [69, 125]. Thus, in the absence of 
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PD-1, PPS3-specific B cell division and the frequency of class-switched IgG3+ cells were 

increased. 

 

B cell-specific PD-1 expression suppresses PPS-specific Ab responses  

To assess the potential mechanism by which PD-1 suppresses PPS-specific B cell 

expansion and IgG production, we first examined whether PD-1 was expressed by 

PPS3-specific B cells. Naïve PPS3-specific B cells lacked PD-1 expression. However, a 

fraction (~25%) of PPS3-specific B cells expressed PD-1 following immunization (Fig. 

4A). Frequencies of PD-1+ PPS3-non-binding cells were not altered by immunization 

(not shown). As expected, B cells from immune PD-1-/- mice remained negative. A 

fraction of PPS3-specific CD11b+ (B-1) B cells expressed PD-1 (Fig. 4B), although not 

all PD-1-expressing B cells were CD11b+. Activated (FSChiCD86+) PPS3-specific B cells 

exhibited a ~3-fold increase in PD-1 expression (MFI) levels relative to non-activated 

(FSCloCD86-) PPS3-specific B cells in both immune (p=0.02) and naïve mice (p=0.02; 

Fig. 4C). Approximately 50% of activated PPS3-specific B cells expressed PD-1 at levels 

over background staining (isotype control and PD-1-/- activated B cell staining; Fig. 4D) 

whereas PD-1 expression by non-activated PPS3-specific B cells was similar between 

immune and naïve mice (Fig. 4D-E). Consistent with this, PD-1+PPS3+ B cells exhibited 

increased size (FSC) and CD86 expression (Fig. 4F), whereas PD-1neg PPS3+ B cells 

from immune mice closely resembled PPS3+ B cells from naïve mice. These data 

support that PD-1 expression is induced on activated PPS3-specific B cells in immune 

mice.   

 Selective up-regulation of PD-1 on Ag-specific B cells suggests a potential 

mechanism whereby B cell-intrinsic PD-1 expression could regulate PPS-specific B cell 

responses. To assess this, 4 x 107 wild type or PD-1-/- spleen B cells were adoptively 
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transferred into B cell deficient (µMT) mice, since high numbers (1 x 107) of splenic B 

cells reconstitute B-1b cells and PPS-specific Ab responses [69]. Recipients were 

immunized with PPV23 two days post transfer. Mice reconstituted with PD-1-/- B cells 

produced significantly higher PPV23-specific IgG levels relative to recipients of wild type 

B cells (Fig. 4G). PPV23-specific IgM responses were not significantly different (Fig. 

4G). Notably, total (non-specific) reconstituted serum IgM and IgG levels at this time 

point were not significantly different between recipient groups (Fig. 4H), demonstrating 

that there was a selective increase in PPV23-specific IgG responses in PD-1-/- B cell-

recipient mice. Finally, splenic B cell and peritoneal total B cell and B-1b cell recovery 

were similar between recipient groups (Fig. 4I), indicating that differential B cell 

reconstitution was unlikely to have caused the increased PPS-specific IgG responses 

observed in PD-1-/- B cell recipient mice. Thus, B cell-expressed PD-1 plays a key role in 

suppressing PPS-specific IgG responses.  

 Unfortunately, detection of wild type PPS-specific B cells in reconstituted mice is 

not a feasible strategy to assess the effects of B cell-intrinsic PD-1 expression on Ag-

specific B cell proliferation during in vivo responses. To assess this, we adoptively 

transferred CFSE-labeled allotype-marked (CD45.1+) peritoneal B-1b cells from B1-8high 

IgH knock-in mice into the peritoneal cavities of CD45.2+ PD-1-/- mice. The recipient mice 

were immunized with NP40-Ficoll and treated with either a PD-1 blocking mAb (RMP1-

14) or an isotype control mAb. Nearly all NP-specific (λ+CD45.1+) CD19+ B cells isolated 

from the peritoneal cavities of both groups of mice had undergone extensive division by 

3 days post-immunization and expressed CD11b and PD-1 (Fig. S2A). In contrast, non-

specific (λ-) CD45.1+ B cells were non-dividing, CD11b+/-, and lacked PD-1 expression. 

Interestingly, NP-specific peritoneal B-1b cells in mice treated with the PD-1 blocking 

mAb showed significantly increased (~2.5-fold) frequencies of IgG3+ cells (Fig. S2B) and 

these IgG3+ cells had lost significantly more CFSE than those in mice receiving control 
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mAb (Fig. S2C). Although differences in IgG3+ frequencies were not observed in 

transgenic B cells recovered from spleens, significantly increased division was observed 

in spleens from PD-1-/- mice treated with the PD-1 mAb relative to control mAb (Fig. 

S2D). Thus, B cell-intrinsic PD-1 expression suppresses NP-specific B cell proliferation 

and the generation and/or proliferation of IgG+ class-switched B-1b cells during in vivo 

responses to NP-Ficoll. 

 

PD-1 suppresses IgG responses to PPS and other TI-2 Ags through combined 

interactions with B7-H1 and B7-DC  

B7-H1 and B7-DC have been shown to have overlapping or distinct functions, depending 

on the model system under study [4]. We assessed the role of PD-1 ligands, B7-H1 and 

B7-DC, in PD-1-mediated regulation of protective Ab responses to S. pneumoniae. As 

observed with PD-1-/- mice (Fig. 1A-B), B7-H1-/- and B7-DC-/- mice exhibited similar 

susceptibilities and lung bacteria burdens following virulent S. pneumoniae respiratory 

infection compared to wild type mice (Fig. 5A-B). However, in contrast to PD-1-/- mice 

which showed significantly increased PPS3-specific IgG relative to wild type mice 

following pneumococcal respiratory infection (Fig. 1E-G), B7-H1-/- and B7-DC-/- mice 

produced IgG levels that were similar to wild type mice (Fig. 5C-D). In addition, PPS3-

specific IgG levels following PPV23 immunization were not significantly different 

between B7-H1-/- or B7-DC-/- mice and wild type mice (Fig. 6A-B). B7-H1-/- and B7-DC-/- 

mice also produced normal Ab responses to the PPS3-conjugate vaccine (Fig. 6C-D). 

Thus, in contrast to results with PD-1-/- mice, B7-H1-/- and B7-DC-/- mice do not exhibit 

altered PPS-specific humoral responses to S. pneumoniae infection or PPS 

immunization.  
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 PD-1-/- mice also generated significantly higher IgG responses to the synthetic TI-

2 Ag, TNP-Ficoll (Fig. 6E), as reported for responses to DNP-Ficoll [209]. PD-1-/- mice 

produced significantly higher levels of TNP-specific IgG1, IgG2b, IgG2c, IgG3, and IgA 

(data not shown). In contrast, TNP-specific IgM and IgG responses to TNP-Ficoll were 

unaltered by B7-H1 or B7-DC deficiency (Fig. 6E-F), with the exception of IgG2c, which 

was selectively increased in B7-H1-/- mice (data not shown). Levels of TNP-specific 

IgG3, which is the predominant IgG isotype produced in response to this and other TI-2 

Ags, were also normal in B7-H1-/- or B7-DC-/- mice. Thus, individual B7-H1 or B7-DC 

deficiency had little effect on total IgM or IgG responses to PPS (Fig. 6A-F (PPS3); PPS-

1, -6A, and -23F; data not shown) or a synthetic TI-2 Ag, TNP-Ficoll.  

 Given the possibility that B7-H1-/- and/or B7-DC-/- mice have other defects that 

negatively affect TI-2 Ab responses, we examined the effects of B7-H1 and B7-DC mAb 

blockade in wild type mice. B7-H1 and B7-DC blockade each significantly increased IgG, 

but not IgM responses, to TNP-Ficoll relative to rat IgG control-treated mice (Fig. 6G). 

Consistent with this, B7-H1 and B7-DC mAb blockade each significantly increased TNP-

specific IgG3 (Fig. 6G). However, PD-1 blockade produced the greatest increase in 

TNP-specific IgG3 levels. IgG2b, IgG2c, and IgG1 (but not IgA) TNP-specific levels were 

also increased in mice receiving B7-H1 and B7-DC mAb blockade (data not shown). 

Thus, B7-H1 and B7-DC mAb blockade in wild type mice, in contrast to B7-H1 and B7-

DC deficiency, significantly increased IgG responses to TNP-Ficoll. However, PD-1 mAb 

blockade produced greater increases than single blockade alone, suggesting potential 

overlapping functions for B7-H1 and B7-DC in carrying out PD-1-mediated suppression 

of IgG responses.  

 Single B7-H1 or B7-DC mAb blockade moderately increased PPS3-specific IgG 

responses relative control mice (Fig. 6H), although B7-H1, but not B7-DC, blockade 

significantly increased PPS3-specific IgM levels, similar to what was observed in B7-H1-/- 
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mice (Fig. 6A). To test the combined roles of B7-H1 and B7-DC in PD-1-mediated 

suppression of PPS Ab responses, we co-administered B7-H1 and B7-DC blocking 

mAbs to wild type mice following PPV23 immunization. As shown in Fig. 6I, dual 

blockade significantly increased PPS3-specific IgM and IgG levels (p=0.036) comparable 

to what was observed with PD-1 mAb blockade and PD-1 deficiency (Fig. 2). 

Collectively, these results demonstrate B7-H1 and B7-DC have overlapping functions in 

carrying out PD-1-mediated suppression of PPS Ab responses.  

 

PD-1 deficiency and mAb blockade in wild type mice suppresses protective 

humoral immune responses to S. pneumoniae 

Based on studies in mice, IgG Abs raised against the S. pneumoniae capsule and cell 

wall constituents provide superior protection relative to IgM Abs [128]. We therefore 

examined the physiological relevance of PD-1-mediated suppression of capsule-specific 

IgG responses by challenging immune wild type and PD-1-/- mice with a lethal i.n. dose 

(1 x 107 CFU) of WU2 28 days following immunization. PPV23-immunized wild type mice 

were offered moderate protection (~40% survival) whereas immune PD-1-/- mice had 

significantly increased survival (~80%; Fig. 7A). Consistent with these results, PD-1-/- 

mice had significantly lower bacterial counts in the lung and blood (bacteremia) (Fig. 7B, 

p=0.01 and p=0.04, respectively). In contrast, survival and bacterial counts in immune 

B7-H1-/- and B7-DC-/- mice were similar to wild type mice (Fig. 7A, C). Thus, despite the 

similar sensitivities of naïve PD-1-/-, B7-H1-/-, B7-DC-/-, and wild type mice to this infection 

(Figs. 1A-C, 5A-B), immunization provided a selective advantage to PD-1-/- mice, likely 

owing to increased PPS3-specific IgG in these mice. No differences in survival were 

observed between wild type and PD-1-/- mice that had been immunized with Prevnar-13 

(Fig. 7D), which elicits normal PPS Ab responses in these mice (Fig. 2E). Finally, wild 
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type mice receiving transient PD-1 mAb blockade following PPV23 immunization 

demonstrated significantly increased survival relative to control mAb-treated mice 

following respiratory challenge (Fig. 7E, p=0.03). Thus, PD-1-mediated suppression of 

PPS-specific humoral immunity impairs vaccine-mediated protection against lethal 

pneumococcal respiratory infections. 

 

B cell-intrinsic PD-1 expression regulates protection against S. pneumoniae 

infection 

To assess whether PD-1 expression on B cells directly regulates protection against S. 

pneumoniae infection, we transferred wild type or PD-1-/- B cells into B cell-deficient 

mice. We then immunized recipients and challenged them with a lethal S. pneumoniae 

infection. As observed in earlier experiments (Fig. 4G), µMT mice reconstituted with PD-

1-/- B cells produced significantly higher IgG (~2.5-fold higher titers on d7), but not IgM 

levels in response to PPV23 (Fig. 7F; p=0.04). Importantly, PPV23-immunized µMT mice 

reconstituted with PD-1-/- B cells were offered significant protection against systemic S. 

pneumoniae infection (50% survival) relative to non-reconstituted mice (0% survival; Fig. 

7G). In contrast, overall survival in µMT mice reconstituted with wild type B cells did not 

significantly differ from non-reconstituted µMT mice (9% versus 0%; Fig. 7G).  Thus, B 

cells from PD-1-/-, but not wild type, mice afforded B cell-deficient mice with significant 

protection against systemic pneumococcal infection. 

 

Discussion 

Herein, we show that the PD-1:PD-L regulatory axis suppresses protection against 

respiratory and invasive S. pneumoniae infections by regulating the protective adaptive 
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humoral immune response to one of the most potent virulence factors of S. pneumoniae 

– the capsular polysaccharide [88]. For the first time, our study provides definitive 

evidence that PD-1 expression on B cells has profound physiological consequences for 

the regulation of immunity to infection. Specifically, our data demonstrate that PD-1 

suppresses B cell clonal expansion and IgG production in response to native and 

bacterial-associated PPS, but not protein-conjugated PPS, revealing a unique role for 

the PD-1:PD-L axis in selectively suppressing TI responses to pathogens. Our data 

further indicate that B7-H1 and B7-DC both contribute to PD-1-mediated suppression. 

Finally, our results showing that PD-1 blockade following PPS immunization significantly 

increases protection against lethal S. pneumoniae infection has important implications 

for future strategies aimed at enhancing protection against life-threatening encapsulated 

bacterial infections. 

 Interestingly, PD-1 or PD-L deficiency had little effect on lung bacterial burdens 

or survival following an acute respiratory or systemic infection with a highly invasive S. 

pneumoniae serotype 3 strain [125, 216] - a serotype associated with one of the highest 

fatality rates in humans [217, 218]. In contrast to our results, naive PD-1-/- mice are more 

resistant to peritoneal polymicrobial sepsis [43] and Listeria monocytogenes challenge 

[7] due to the role PD-1 plays in suppressing innate cells, yet are more susceptible to 

Mycobacteria tuberculosis respiratory infection due its role in controlling excessive 

inflammatory responses which may be largely promoted by CD4+ T cells [40, 41]. The 

lack of effect PD-1 and PD-L deficiency have on primary pneumococcal respiratory 

challenge in our study may reflect dual roles for the PD-1:PD-L pathway in suppressing 

innate cell clearance mechanisms while limiting inflammation or alternatively, a limited 

role for the PD-1:PD-L pathway in regulating innate responses to a rapidly progressing 

lethal pneumococcal infection.   

 Nonetheless, PD-1 suppressed the generation of a protective humoral response 
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during acute respiratory pneumococcal infection. Although Ab responses were 

generated too slowly to impact the outcome of primary infection with highly virulent 

pneumococci, this suppression was physiologically relevant since 1) sera from S. 

pneumoniae-infected PD-1-/- mice was superior in reducing bacteremia and delaying 

time to death in S. pneumoniae-challenged µMT mice compared to sera from wild type 

mice and 2) PD-1-/- mice that survived a low lethal dose respiratory infection were 

offered significant protection against subsequent lethal systemic pneumococcal 

infection, in contrast to wild type mice. These findings are likely explained by the 

significantly increased levels of capsule-specific serum IgG in PD-1-/- mice, which enable 

optimal clearance of heavily-encapsulated bacteria by promoting FcµR-mediated uptake, 

complement activation, and phagocyte activation and survival [116, 117]. Indeed, 

multiple studies in mice have demonstrated the importance of IgG in eliciting protection 

against pneumococcus [9, 76, 116, 117, 207, 212]. Importantly, PD-1 deficiency and 

transient PD-1 mAb blockade in wild type mice following immunization both yielded 

significantly increased PPS-specific IgG levels and protection against lethal S. 

pneumoniae challenge. Adoptive transfer experiments revealed that these effects were 

dependent on B cell-expressed PD-1. Thus, the PD-1:PD-L pathway plays a central role 

in suppressing highly protective IgG responses against the pneumococcal capsule, and 

may similarly regulate immunity to other polysaccharide-bearing pathogens.  

 To our knowledge, our study provides the first definitive evidence of a 

physiological role for PD-1 expression on B cells in vivo. Other studies have shown PD-

1-mediated effects on B cell responses in vivo [12, 35, 36, 219]. However, to date only T 

cell-intrinsic PD-1 signaling has been shown to regulate B cell responses [35, 36]. PPS3 

induced PD-1 expression on PPS3-specific B cells, some of which belonged to the B-1b 

cell subset, similar to that observed for hapten-specific B-1b cells from mice and non-

human primates following immunization with NP- or TNP-Ficoll [67]. Indeed, PD-1 may 
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be a global suppressor of T cell independent responses, as PD-1 also suppresses Ab 

responses to haptenated Ficoll [12, 209], a T cell independent antigen that differs from 

PPS3 in several key respects (in contrast to PPS3 and many other types of PPS, it lacks 

co-associated bacterial contaminants that influence humoral responses [95], lacks 

charge, lacks tolerogenic potential, can be adjuvanted by TLR agonists [220], and 

localizes to different accessory cells [221, 222]).  

 Importantly, our results indicate that PD-1 functions to significantly limit PPS3-

specific B cell proliferation and the generation of IgG+ cells. Since proliferation and 

isotype switching are tightly linked processes [223, 224], it is not surprising that PD-1 

had the most significant effects on PPS-specific IgG production. Notably, there was a 

trend for increased PPS3-specific IgA (albeit not significant) in PD-1-/- mice, and PD-1 

deficiency and mAb blockade significantly increased IgA levels in response to TNP-

Ficoll. Therefore, we propose PD-1 primarily regulates isotype switching by suppressing 

the ability of Ag-specific B cells to divide, although it remains possible that PD-1 also 

influences the production of (or responsiveness to) switch factors. We did not detect 

splenomegaly or increased splenic or peritoneal total B cell or B-1b cell numbers in PD-

1-/- mice, nor did we observe altered BCR-induced in vitro proliferation in splenic B cells 

from PD-1-/- mice as originally reported by Nishimura et al. [209]. These discrepancies 

could be due to differences in the composition of gut flora between colonies, as 

Fagarasan and colleagues have elegantly demonstrated that altered flora can alter B cell 

function in PD-1-/- mice and that antibiotic therapy can normalize their activation 

phenotype [35, 37]. Consistent with the above results, PD-1-/- and wild type spleen B 

cells reconstituted similar numbers of B-1b cells in B cell-deficient mice. Thus, our 

findings are not explained by altered B-1b cell numbers or B cell hyperactivity in PD-1-/- 

mice. This is further supported by the similar effects PD-1 blocking antibodies had on 

Ag-specific B-1b cell proliferation, IgG3 switching, and IgG production by wild type and 
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VHB1-8 Tg B cells. A large fraction of IgG3-switched cells in PD-1-/- mice were CD11b+, 

consistent with the key role B-1b cells play in the IgG3 response to PPS3 [69, 125]. This 

finding and the results of our VHB1-8 Tg B-1b cell transfer experiments support the role 

PD-1 plays in suppressing the ability of B-1b cells to divide and undergo isotype 

switching. However, it is important to note that our data do not discount a role for PD-1 in 

regulating the ability of other B cell subsets to participate in PPS-specific Ab responses. 

Indeed, PD-1, along with additional activation markers (FSChiCD86+), were expressed by 

both CD11b+ and CD11b- PPS3-specific B cells, and in vitro division of both conventional 

B cells and B-1b cells can be suppressed by PD-1 engagement [12, 27, 209]. The 

selective sensitivies distinct B cell subsets may have to PD-1-mediated regulation 

remain to be established. Moreover, whether PD-1 signaling on B cells influences PPS-

specific Ab diversity, Ab affinity, or additional B cell functions that are independent of 

proliferation remains to be determined. 

 Interestingly, use of a PPS-protein conjugate abolished the effect PD-1 

deficiency had on PPS-specific Ab responses and survival during pneumococcal 

infection. PD-1 has been shown to promote TD antibody responses through interactions 

between PD-1+ TFH cells and B7-DC+ germinal center B cells [36]. Moreover, CD40 

ligation overcomes PD-1-mediated suppression of BCR-induced proliferation in vitro 

[12]. Thus, it is conceivable that T cell help via CD40L overcomes B cell-intrinsic, PD-1-

mediated suppression during these responses. Normal Ab responses to the PPS-

conjugate vaccine in PD-1-/- mice may reflect a balance between PD-1 suppression of 

the TI-2 Ab response through B cell-intrinsic expression and support of the TD response 

through TFH cell-intrinsic expression. Collectively, these studies highlight the complex 

nature of the PD-1:PD-L pathway in regulating humoral immunity. 

 In contrast to many studies which support a dominant role for PD-1:B7-H1 

interactions in mediating T cell suppression, our study shows that both B7-H1 and B7-
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DC are important for suppression of B cell responses to S. pneumoniae. Unlike single 

ligand blockade or genetic deficiency, which had no effect (PPS) or modestly increased 

IgG responses (TNP-Ficoll), simultaneous B7-H1 and B7-DC blockade in wild type mice 

yielded significant increases in PPS-specific IgG responses comparable to those 

observed with PD-1 mAb blockade and in PD-1-/- mice. The interaction between PD-1-

expressing Ag-specific B cells and B7-H1- and/or B7-DC-expressing cells ultimately 

controls the extent of Ag-specific B cell proliferation and switching. While B7-H1 

expression is ubiquitous, B7-DC expression is largely limited to dendritic cells, 

macrophages, B-1a cells, and activated and memory B cells [4-6, 8, 55, 225]. An 

intriguing possibility is that homotypic B cell-B cell interactions among Ag-activated B 

cells stimulate PD-1:PD-L interactions and thereby suppress PPS-specific B cell 

proliferation. Identification of the PD-L-expressing cells controlling TI-2 Ag-specific B cell 

activity may offer further insight into PD-1-mediated regulation of B cell function as well 

as additional signals regulating TI-2 Ab responses. 

 In conclusion, our results demonstrate B cell-intrinsic PD-1 expression 

suppresses the protective humoral immune response to the capsule of S. pneumoniae. 

The selective suppression of TI-2 Ab responses by PD-1 interactions with B7-H1 and 

B7-DC points to a novel role for PD-1 in regulating Ag-specific B cell responses to 

carbohydrate Ags. As cell surface self-Ag bearing repetitive epitopes may initiate TI Ab 

responses, the PD-1:PD-L pathway may represent a key regulatory checkpoint for 

limiting the initiation of autoimmunity by innate-like B cells, such as B-1b and marginal 

zone B cells, known to produce Abs in the absence of cognate T cell interactions. 

Identifying strategies to transiently overcome this regulatory checkpoint to augment 

protective B cell responses to polysaccharide-bearing pathogens may be key to 

improving vaccine efficacy and therapeutic interventions for infectious diseases.  
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 Figure 1. Naïve PD-1-/- mice generate increased capsule-specific IgG following S. 

pneumoniae respiratory infection and are protected against secondary lethal 

systemic infection. 

Wild type (WT) or PD-1-/- mice were infected i.n. (A-B) or i.p. (C) with WU2 and 

monitored for signs of morbidity requiring euthanasia. A) Kaplan-Meier survival curves 

for naïve mice infected i.n. with 105, 106, or 107 CFU WU2. B) Lung bacterial burdens in 

WT and PD-1-/- mice 3 days post i.n. infection with 107 CFU WU2. C) Kaplan-Meier 

survival curves for naïve mice infected i.p. with 10 or 102 CFU WU2. D) Survival 

following secondary systemic pneumococcal infection. Three weeks following primary 

i.n. infection (106 CFU WU2), survivors were infected with 104 CFU WU2 i.p., with 

differences in survival curves assessed by Log-rank analysis (p=0.00005). The 

experiment was performed 3 times using 103 to 104 CFU WU2 (n=19 wild type mice and 

n=14 PD-1-/- mice), with differences in survival curves (Log-rank analysis, p= 0.002) 

similar to those shown in (D). E-F) Mean (±SEM) PPS3-specific serum IgM, IgG, and IgA 

levels (AU values in E and reciprocal endpoint titers in F) 14 days post i.n. infection with 

106 CFU WU2 (n≥10 mice/group). Results are representative of those obtained in 3 

separate experiments. (G) Mean (±SEM) PPS3-specific IgM, IgG, and IgA levels in 

perfused lung homogenates 14 days post i.n. infection with 106 CFU WU2 (n≥11 

mice/group). (H-I) Pooled sera from PD-1-/- (n=10) and WT (n=11) mice 14d post i.n. 

WU2 infection was administered to µMT mice i.p. concurrently with 200 CFU WU2 i.p. 

(H) Mean blood bacteria CFU/mL (±SEM) in recipient µMT mice 48 hour post infection. 

(I) Mean time to death in naïve and recipient µMT mice following i.p. infection (n=6-10 

mice/group). Results are representative of 2 independent experiments. In E-H, asterisks 

(*) indicate significant differences in values (p≤0.05, *; p≤0.01, **; p≤0.001, ***; 
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p≤0.0001, ****; unpaired Student’s t test). Ryan Egan performed the experiments 

resulting in Figure 1B. 
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Figure 2. PD-1 suppresses IgG production against the native, but not protein-

conjugated, PPS vaccine. 

A-C) PPS3-specific serum IgM, IgG, and IgG3 levels in WT and PD-1-/- mice post 

immunization with: 0.1 µg purified PPS3 (A), an equivalent dose of 1 µg PPS3 contained 

in the PPV23 vaccine given i.p. (B) or s.c (C). D) PPV23-specific serum IgM (d7) and 

IgG (d14) levels after immunization with PPV23 containing 0.1 µg or 1 µg of each PPS. 

In C and D, d14 endpoint dilution titers are also shown. E) PPS3-specific serum IgM and 

IgG levels in WT and PD-1-/- mice following immunization with an equivalent dose of 0.1 

µg PPS3 (CRM197-conjugated) contained within Prevnar-13. F) PPS-1, -6A, and -23F-

specific serum IgM (d7) and IgG (d14) levels in WT and PD-1-/- mice following 

immunization with PPV23 containing 0.1 µg or 1 µg each PPS. G-I) PPS3-specific serum 

IgM and IgG levels on d0-14 (G), d14 endpoint dilution titers (H), and spleen and bone 

marrow PPS3-specific Ab-secreting cell frequencies (I; d40) in WT mice that received 

either PD-1 blocking mAb (RMP1-14) or control rat IgG mAb on d1, 3, and 5 post 

immunization with purified PPS3. In panels G and I, mice were immunized with 0.1 µg 

purified PPS3 and in panel H, with 1 µg purified PPS3.  (A-I) Mean (±SEM) values are 

shown (n≥4 mice/group). Asterisks (*) indicate significant differences in values (p≤0.05, 

*; p≤0.01, **; p≤0.001, ***; unpaired Student’s t test) between PD-1-/- and WT mice (A-F) 

or between WT mice receiving PD-1 versus control mAb (G-I). Karen Haas performed 

the experiments resulting in Figure 2C, E-I. Rama Yammani performed the experiments 

resulting in Figure 2C. 
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Figure 3. PD-1 is induced on activated PPS3-specific B cells and PD-1-/- mice have 

significantly increased PPS3-specific B cell proliferation, IgG switching, and ASC 

generation. 

(A-G) Flow cytometric analysis and enumeration of PPS3-binding (Ag-specific) spleen 

cells from naïve and immune PD-1-/- and WT mice immunized with 0.1 µg purified PPS3. 

(A) Representative flow cytometric analysis of PPS3-specific splenic CD19+ B cells in 

naïve (left plots) and immune (d3; right plots) mice. Frequencies of gated cells are 

indicated. (B) Mean (±SEM) frequencies and cell numbers of splenic PPS3-specific 

splenic CD19+ B cells in naïve and d3 immune mice. (C) Representative intracellular Ki-

67 expression by PPS3-specific splenic CD19+ B cells in d3 immune mice (solid line, left 

panel). Mean frequencies and numbers (±SEM) of PPS3-specific Ki-67+ cells splenic B 

cells are graphed. D) BrdU incorporation in PPS3-specific splenic CD19+ B cells 5 days 

post-immunization following a 5-day BrdU pulse (solid line, left panel). Mean frequencies 

and numbers (±SEM) of PPS3-specific BrdU+ splenic B cells are indicated. E) 

Representative PPS3-specific splenic CD19+CD138+ B cell staining in d5 immune mice 

(solid line, left panel). Mean frequencies and numbers (±SEM) of PPS3-specific CD138+ 

cells splenic B cells are graphed. F) Representative IgG3 staining of PPS3-specific 

splenic CD19+ B cells in immune mice (solid line, left panel). Graphs indicate total mean 

(±SEM) frequencies and cell numbers of PPS3-specific splenic IgG3+CD19+ B cells. (G) 

CD11b expression by PPS3-specific splenic IgG3+CD19+ B cells in immune PD-1-/- mice 

(solid line). In C, D, F, and G, the dashed histogram indicates mAb isotype control 

staining (intracellular staining in C and D or extracellular staining in F and G) for PPS3-

specific B cells from immune mice. Asterisks (*) in B-F indicate significant differences 

between WT and PD-1-/- values (p≤0.05, *; p≤0.01, **; p≤0.001, ***; n≥3 mice/group). 
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Student’s t test was used in B-E. In F, Welch’s t-test was used due to unequal variance 

between groups as determined by F-test. 
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Figure 4. B-cell specific PD-1 expression suppresses PPS3-specific IgG 

responses. 

A) PD-1 expression on naïve (gray shading) and PPS3-immune (thick solid line) PPS3-

specific CD19+ splenic B cells from WT and PD-1-/- mice. The dashed histogram 

indicates mAb isotype control staining for PPS3-specific B cells from immune mice. B) 

CD11b expression on PPS3-specific CD19+ (PD-1+ and PD-1-) B cells from WT mice 5 

days post immunization (0.1 µg PPS3). C) PD-1 expression levels (mean MFI (±SEM)) 

on PPS3-specific resting (FSCloCD86-) and activated (FSChiCD86+) splenic B cells in 

immune (d5) and naïve mice (n=3 mice/group). D) PD-1 staining on PPS3-specific 

CD19+FSChiCD86+ splenic B cells from WT and PD-1-/- mice 5d post immunization. The 

dashed histogram indicates mAb isotype control staining of PPS3-specific 

CD19+FSChiCD86+ splenic B cells from WT mice. E) Mean frequency (±SEM) of PPS3-

specific resting (FSCloCD86-) and activated (FSChiCD86+) splenic B cells in immune (d5) 

and naïve mice expressing PD-1 (n=3 mice/group). F) FSC and CD86 expression by 

naïve PPS3-specific CD19+ B cells (gray shading), and PD-1neg (thin line) and PD-1+ 

(thick line) PPS3-specific CD19+ B cells in immune (d5) mice. The dashed histogram 

indicates mAb isotype control staining. G) Mean (±SEM) PPV23-specific serum IgM and 

IgG levels in µMT mice that were reconstituted with 4 x 107 splenic B cells (i.p. transfer) 

from WT or PD-1-/- mice and immunized with PPV23 containing 0.1 µg each PPS two 

days post adoptive transfer (n=6 mice/group; pooled results from 2 experiments). Pre-

immune (d2 post transfer) and d7 immune (d9 post transfer) values are shown. H) Total 

serum IgM and IgG concentrations in µMT mice 9 days post reconstitution. I) Mean 

(±SEM) spleen B cell and peritoneal cavity total B cell and B-1b cell frequencies in µMT 

mice 2 weeks post reconstitution. Asterisks (*) indicate significant differences between 

values (p≤0.05, *; p≤0.01, **; unpaired Student’s t test, n≥3 mice/group). Karen Haas 
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performed the experiments resulting in Figure 4G-I. 
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Figure 5. Naïve B7-H1-/- and B7-DC-/- mice exhibit normal survival kinetics and 

similar PPS3-specific Ig levels following S. pneumoniae respiratory infection. 

C57BL/6 WT, B7-H1-/-, and B7-DC-/- mice were challenged i.n. with 105, 106, or 107 CFU 

WU2 and monitored for signs of morbidity requiring euthanasia. A) Kaplan-Meier survival 

curves are shown. No significant differences were found based on Log-rank analysis. B) 

Lung bacterial burdens 3 days post challenge with 107 CFU WU2. C-D) PPS3-specific 

serum IgM, IgG, and IgA levels in (C) B7-H1-/- and (D) B7-DC-/- mice 14 days post 

infection with 106 CFU WU2 (n≥5 mice/group).
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Figure 6. B7-H1 and B7-DC are both required for suppression of PPS-specific IgG 

responses.  

A-B) PPS3-specific serum IgM and IgG levels in B7-H1-/- (A) and B7-DC-/- (B) mice 0, 7, 

and 14 days post PPV23 immunization (~0.1 µg PPS3) relative to WT mice. C-D) PPS3-

specific serum IgM and IgG levels in B7-H1-/- (C) and B7-DC-/- (D) mice following 

immunization with Prevnar-13 (~0.1 µg PPS3).  E-F) TNP-specific serum IgM and IgG 

levels in WT, PD-1-/-, B7-H1-/-, and B7-DC-/- mice following TNP-Ficoll immunization. G) 

TNP-specific serum IgM, IgG, and IgG3 levels in WT mice administered blocking mAbs 

against B7-H1, B7-DC, PD-1 or rat IgG control mAbs following TNP-Ficoll immunization. 

H-I) PPS3-specific IgM and IgG levels in WT mice administered single blocking mAbs 

against B7-H1 or B7-DC (H) or blocking mAbs against both B7-H1 and B7-DC (I) 

following PPV23 immunization. A-I) Mean values (± SEM; n≥4 mice/group) are shown. 

Asterisks (*) indicate significant differences in values between knockout mice and WT 

mice (A and E) or WT mice receiving control mAbs and functional PD-1/PDL blocking 

mAbs (G and I) (p≤0.05, *; p≤0.01, **; p≤0.001, ***; unpaired Student’s t test). Karen 

Haas performed the experiments resulting in Figure 6E, G. Ryan Egan performed the 

experiments resulting in 6E. 

 

  



 

 61 

 

 



 

 62 

 

Figure 7. PPS immunization in the context of PD-1 deficiency or blockade 

significantly increases survival against lethal respiratory S. pneumoniae infection 

and is dependent on B cell-intrinsic PD-1 expression. 

A-C) Purified PPS3-immunized WT, PD-1-/-, B7-H1-/-, and B7-DC-/- mice were challenged 

with a lethal i.n. dose (1 x 107 CFU) of WU2 28 days following immunization. A-B) 

Survival analysis shows a significant difference between PD-1-/- and WT mice (p=0.05; 

Fisher’s Exact test). B-C) Total lung (B and C) and blood (per mL; B only) CFU 8 days 

post challenge. Asterisks (*) indicate significant differences in CFU between WT and PD-

1-/- mice (p≤0.05, *; p≤0.01, **; Student’s t test). D) Survival in Prevnar-13-immunized 

WT and PD-1-/- mice challenged i.n. with 107 CFU WU2 28 days following immunization. 

E) Survival in WT mice given PD-1 blocking or control mAbs at the time of purified PPS3 

immunization (as described in Fig. 6 legend) and challenged i.n. with 1 x 107 CFU WU2 

28 days following immunization (n=8-9 mice/group). Survival curves were significantly 

different as determined by Log-rank analysis (p=0.03). F-G) Reconstitution of µMT mice 

with B cells from PD-1-/- mice yields significantly increased PPS-specific IgG responses 

and significantly increases protection against infection. Control µMT mice (n=10), and 

µMT mice reconstituted with 2 x 107 wild type (n=11) or PD-1-/- (n=6) spleen B cells, were 

immunized on d1 as in Figure 4. F) PPV23-specific IgM and IgG reciprocal endpoint 

dilution titers were determined for d7 sera and were defined as the dilution yielding an 

OD405nm value 3-fold higher than values for non-reconstituted µMT mice. (*p=0.04, 

unpaired Student’s t test). G) Mice were infected i.p. with 200 CFU WU2 on d8, with 

differences in overall survival assessed by Fisher’s Exact test. Karen Haas, Ryan Egan, 

and Jerome T. McKay performed the experiments resulting in Figure 7B-D. 
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Supplemental Figure 1 
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Supplemental Figure 1. B cell phenotypes in PD-1-/- mice. 

A) Mean (±SEM) peritoneal and spleen B cell frequencies and numbers in wild type and 

PD-1-/- mice (n=6 mice/group). B cells were defined as CD19+, B-1a cells as 

CD19+CD11b+CD5+, B-1b cells as CD19+CD11b+CD5-, and B-2 cells as CD19+CD11b-

CD5-. Results are representative of four independent staining experiments obtained for 

10-11 mice per genotype. B) Splenic B cell proliferation in response to BCR crosslinking. 

Purified splenic B cells were CFSE-labeled and stimulated 72 hours with F(ab’)2 goat 

anti-mouse IgM (Jackson Immunoresearch). Cells were stained with 7AAD and 50,000 

total events were collected, with 7AADneg cells analyzed for CFSE loss. Results are 

representative of those obtained with three mice per genotype.  
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Supplemental Figure 2 
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Supplemental Figure 2. PD-1 regulates Ag-specific B-1b cell proliferation in vivo 

via B cell-intrinsic expression. 

Allotype-marked (CD45.1+) peritoneal B-1b cells from B-18hi IgH knock-in mice were 

CFSE-labeled and transferred into the peritoneal cavities of CD45.2+ PD-1-/- mice (5 x 

105/mouse). The next day, mice (4-5/group) were immunized i.p. with 0.1 µg NP-Ficoll 

(d0). On d1, mice received 200 µg PD-1 blocking mAb (RMP1-14) or isotype control 

mAb i.p. NP-specific (λ+CD45.1+) CD19+ B cells were analyzed by flow cytometry at d3 

post-immunization. A) Expression of CD11b and PD-1 by dividing (λ+) and non-dividing 

(λ-) CD45.1+ CD19+ B cells and IgG3+ cells (for CD11b) recovered from the peritoneal 

cavities of recipient mice. Gray shaded histograms indicate isotype control staining for 

the dividing population (λ+). B-C) Increased IgG3+λ+CD45.1+ peritoneal B-1b cell 

frequencies are found in mice treated with PD-1 blockade (B) and these IgG3+ cells 

show increased CFSE loss relative to mice treated with control mAb (C). D) Division in 

the adoptively transferred CD45.1+ B cell pool is increased in the spleens of mice treated 

with PD-1 blockade as evidenced by increased CFSE loss (left panel) and increased 

proliferation indices (middle panel). Significantly increased CFSE loss is also observed 

among high affinity λ1+ NP-specific B cells (right panel). Karen Haas, Rama Yammani, 

and Jerome T. McKay performed the experiments resulting in Supplemental Figure 2. 
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Introduction 

Natural antibodies (Ab) bridge the innate and adaptive immune response, providing an 

initial defense against pathogenic microorganisms [128, 144, 145]. These 

immunoglobulins are produced in the sera of normal mice and humans in the absence of 

immunization or infection [87, 146-148]. Natural Abs serve important functions in tissue 

homeostasis and clearance of senescent cells, autoimmune disease processes, 

infection, B cell development, and protection against atherosclerosis [87, 132, 137, 146, 

149-158, 226, 227]. The B-1 cell subset produces the majority of natural Abs in the 

serum, of which IgM is the principal isotype [69, 87, 146, 159]. Natural Abs are directed 

against multiple specificities, including oxidized LDL (OxLDL), phosphatidylcholine (PtC), 

phosphorylcholine (PC), malondialdehyde (MDA), oxidized cardiolipin (OxCL), 4-

hydroxynonenal (4-HNE), and Thy-1 (CD90), among others [137, 151, 160].  

Resurgence in the study of natural Ab, in particular PC-specific Ab and the T15 

idiotype (T15-Id), has brought new insight to the field. The T15-Id is a protective natural 

Ab encoded by germline sequence of the BCR in multiple mouse strains [132, 157, 228] 

and recognizes PC expressed on the surface of the pneumococcus as a component of 

the teichoic and lipoteichoic acids, as well as PC expressed in OxLDL. B-1 B cell derived 

anti-PC Ab is atheroprotective, and this specificity of natural Ab may also play a role in 

allergy [149, 227, 229, 230]. Context is important: >90% of natural Ab in the naïve 

mouse is IgM, but in response to pneumococcal infection, IgG T15-Id Ab is more 

protective than IgM T15-Id Ab. Additionally, IgA Abs reactive to dsDNA arise in response 

to pneumococcal polysaccharide immunization or TLR2 agonists and are cross-reactive 

against PC in C4 deficiency, suggesting autoimmune potential [125].  
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B-1 B cells producing the vast preponderance of natural Ab are efficiently generated 

from precursors in fetal liver and bone marrow, the former being a rich source of B-1 

progenitors [87, 153, 166, 170, 180, 181, 194, 231]. The B-1a B cell (CD19+CD5+) 

repertoire consists of cross-reactive receptors capable of binding self and non-self Ags. 

The presence of potentially auto-reactive B cells requires stringent mechanisms that 

control their activation and differentiation to Ab-producing cells. B-1 cells are enriched in 

the pleural and peritoneal space of mice and primates [67, 189], but for reasons not yet 

fully understood, are suppressed from producing antibodies within this environment 

[193]. Activation signals induce B-1a cell trafficking to the spleen and possibly bone 

marrow [146], enabling differentiation of B-1a cells into ASCs [171]. While signals 

controlling B-1a cell activation and peritoneal exit in response to TLR agonists have 

been investigated, the mechanism controlling spontaneous or natural Ab production is 

less clear. The development of PC-specific ASCs is facilitated by CD19, Blimp-1[69, 

156, 232], and other molecules like TdT [144]. Nonetheless, the mechanisms regulating 

B-1a cell production of PC-specific Ab are not fully elucidated. The distinctive expression 

of cell surface regulators, such as PD-1 ligand 2 B7DC [55, 56], by this unique cell 

subset suggests potential pathways of regulation. 

Our recent work has demonstrated PD-1 and its ligands, PD-L1 (B7H1) and PD-

L2 (B7DC), are important negative regulators of the adaptive immune response to 

Streptococcus pneumoniae. B cell-expressed PD-1 plays a major role in suppressing Ab 

production to pneumococcal polysaccharide, a T cell independent type 2 Ag, regardless 

of whether it is displayed in the context of the whole bacteria or polysaccharide vaccine 

[18]. Evidence suggests adaptive immune responses to PC may be differentially 

regulated [69, 233], behaving as either a TI-2 or T cell dependent (TD) Ag (with non-

cognate T cell help), depending upon presentation [234]. However, the extent to which 
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self-displayed PC exists as either a TI or TD Ag isn’t clear. Moreover, the potential of the 

PD-1:PD-L regulatory axis to control natural or adaptive PC-specific Ab responses is not 

known. 

In this study, PD-L2 was found to regulate the production of PC Ab in a murine 

model. Mice deficient for PD-L2 produced significantly more anti-PC Ab, specifically the 

T15-Id Ab known to protect against bacteria which express PC on their cell wall. This 

increased PC-specific Ab was physiologically relevant upon challenge with two different 

pathogens in three separate infectious models. Importantly, the increased Ab production 

was due to B-cell intrinsic PD-L2 expression selectively and constitutively on PC-specific 

B-1a cells. PD-L2 regulated PC-specific Ab production by splenic B-1a cells through a 

PD-1 independent mechanism which controls B cell differentiation. These findings have 

important implications for the design of vaccine additives and potential atherosclerosis 

therapeutics. 
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Materials & Methods 

Mice 

Mice were bred in-house or obtained from The Jackson Laboratory on the C57BL/6 

background and included WT, muMT, PD-1-/-, PD-L2-/-, and PD-L1-/- genotypes [18]. Mice 

were housed in specific pathogen-free conditions, except during infection experiments. 

Mice (used at 2-4 months of age) were age matched for experiments. All studies and 

procedures were approved by the Wake Forest Animal Care and Use Committee.  

 

Infections 

Mice were infected with 107 colony forming units (CFU) EF3030 (serotype 19F 

pneumococcus) by intranasal (i.n.) route. Mice were infected with 5 x 107 CFU NTHi 

LicON or LicD strains (Edward Swords) by intratracheal (i.t.) route. Nasal wash fluid 

(NWF) and broncho-alveolar lavage (BAL) were harvested as described previously [18, 

125]. NWF was harvested by flushing the nasopharynx with 700 µL of sterile PBS. BAL 

was harvested by gravity-fed surgical tubing instillation of ~2 mL sterile PBS through the 

trachea. EF3030 CFU were enumerated on 5% TSA-II sheep red blood cell agar plates 

(Becton Dickinson BBL Prepared Plated Media) coated with 4 µg/mL gentamicin and 

incubated overnight at 37oC. NTHi CFU were enumerated on brain heart infusion (BHI) 

medium (Difco) plates supplemented with hemin (ICN Biochemicals) and NAD (Sigma), 

referred to as supplemented BHI (sBHI) [131].  
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ELISA and ELISPOT 

ELISAs were as previously described [18]. Serum samples were diluted in TBS 

containing 1% BSA (TBS-BSA) and analyzed for total and PC-specific IgM, IgG, and 

IgA. Diluted serum samples were added to Costar plates coated with 0.625 µg/mL 

PC(4)BSA (Biosearch Technologies) or 5 µg/mL anti-mouse Ig(H+L) (Southern 

Biotechnology Associates) and blocked with TBS-BSA. Alkaline phosphatase-

conjugated polyclonal goat anti-mouse IgM, IgG, IgG3, and IgA Abs (Southern Biotech) 

and pNPP (Sigma) were used to detect PC-specific or total Ab levels. A PC-specific IgM 

hybridoma was used for quantitation of the PC IgM response. ELISPOT was performed 

as previously described [125], using both Image Acquisition 4.5 and ImmunoSpot 

software for analysis of spot number and size. 

 

Bone marrow and neonatal liver chimeric mice 

WT recipient mice were lethally irradiated (950 rad) and reconstituted with either 

muMT:WT BM or muMT:PD-L2-/- bone marrow. The donor marrow was mixed at a rate of 

20% WT or B7DC-/- plus 80% muMT, then delivered intravenously to WT recipient mice.  

Recipient mice were rested for three weeks and serum was analyzed for anti-PC IgM. 

Recipient muMT mice were lethally irradiated as before and reconstituted with neonatal 

WT or PD-L2-/- liver from 2-day old mice. Donor liver was mixed at a rate of 20% WT or 

PD-L2-/- plus 80% muMT BM, then 107 cells were delivered intravenously to recipient 

muMT mice. Recipient mice were rested for three weeks and serum was analyzed for 

anti-PC IgM. 
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In vitro assay and MACS enrichment 

B cells from WT mice were enriched from PerC and spleen using CD19+ (Miltenyi) and 

CD23bio/SA (Dynal) magnetic activated cell sorting (MACS). Purified B cells were 

cultured with muMT splenocytes at a 1:1 ratio with added β-mercaptoethanol (Sigma), 

BLyS (R&D Systems), and LPS (Sigma) in the presence of either B7DC mAb blockade 

(TY25, BioXCell) or control mAb (2A3, BioXCell) at 5 µg/mL concentration. Supernatant 

was harvested 4 days later for ELISA analysis, and cells were re-suspended and stained 

for flow cytometry analysis. 

 

Flow cytometry 

Single-cell suspensions (2 x 107/mL) were washed with PBS containing 2% newborn calf 

serum and then stained with a combination of the following mAbs conjugated to different 

fluorochromes: CD5 (53-7.3), B220 (RA3-6B2), CD86 (GL-1), CD11b (M1/70), CD1d 

(1B1), CD21/35 (7E9) (BioLegend); CD19 (1D3, eBioscience); CD138 (281-2), PDL2 

(TY25), PC(2)BSA-Fl (Biosearch Technologies). Cells were fixed and analyzed using a 

FACS Canto II cytometer (BD Biosciences) with forward light scatter (FSC)-A/FSC-H 

doublet exclusion. Data were analyzed using FlowJo analysis software (Tree Star). 

 

Statistical analysis 

Data are shown as mean ±SEM with differences assessed using Student’s t test. 

Differences in in vitro Ab production were assessed using pairwise Student’s t test. 
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Results 

Anti-PC Ab specificity in PD-L2-/- mice is selectively increased.  

Based upon our previous work with PD-1 and PD-L deficient mice, we sought to assess 

total Ig levels in PD-1-/-, PD-L1-/-, and PD-L2-/- mice compared to WT mice. Surprisingly, 

PD-L2-/- mice had significantly decreased serum IgM compared to WT mice but 

significantly higher total IgG and IgA compared to WT mice (Fig. 8A). These data 

suggest that PD-L2 is inhibitory for total IgG and IgA, but stimulatory for IgM. PD-1 

deficiency results in elevated total serum IgG, as previously published [209]. There is a 

significant increase in total IgA in PD-1 and PD-L2 deficient mice relative to WT mice. 

The significantly decreased total IgM in PD-L2-/- mice led us to hypothesize that 

natural antibody (Ab) would similarly be significantly decreased. We therefore 

specifically assayed phosphorylcholine (PC) specific Ab levels. Strikingly, pre-existing 

serum PC-specific IgM levels were significantly higher in PD-L2-/- mice than in WT mice 

(Fig. 8B-C). Reciprocal titers of serum PC-specific IgM titers in PD-L2-/- mice were 3.1-

fold higher than that of WT mice. PD-L2-/- mice had a unique and significant increase in 

serum PC-specific IgM compared to WT mice even in the presence of severely reduced 

total IgM levels. PD-1 and PD-L1 deficient mice had significantly elevated PC-specific Ab 

that was strongly correlated to the increased total Ig levels in these mice. Serum PC-

specific IgA was also significantly elevated in PD-L2-/- mice over WT mice, whereas PC-

specific IgG was not detectable in either mouse (data not shown). PD-L2 deficient mice 

also had significantly elevated PC-specific IgM and IgA in the bronchoalveolar lavage 

(BAL) (Fig. 8D). The nasopharynx appears to be a differentially regulated site, as naïve 

nasal wash fluid (NWF) PC-specific IgA was equivalent in WT and PD-L2-/- mice (Fig. 

17E). Our data suggest that PD-L2 promotes maintenance of total serum IgM, but 
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suppresses PC-specific Ab. The action of PD-L2 may be through interaction with PD-1, 

as deficiency of either the receptor (PD-1) or the ligand (PD-L2) significantly enhances 

PC-specific Ab production. 

 

PC-expressing NTHi strains are cleared more rapidly from the lungs of PD-L2-/- 

mice.  

We assessed the physiological relevance of increased PC-specific Ab levels in the 

BAL/lungs of naïve PD-L2-/- mice by examining acute clearance of PC+ and PC-negative 

isolates of non-typeable Haemophilus influenza (NTHi). The LicON NTHi mutant 

constitutively expresses PC on its lipooligosaccharide (LOS) layer, whereas the LicD 

mutant is a transferase deficient, PC-negative strain [131]. WT and PD-L2-/- mice were 

inoculated with 5 x 107 CFU of either NTHi mutant via the intratracheal (i.t.) route to 

ensure instillation of bacteria directly into the lungs. Lungs were harvested 48 hours 

later. PD-L2-/- mice exhibited significantly lower burden of the PC-expressing LicON NTHi 

strain compared to WT mice. The non-PC-expressing LicD NTHi mutant burden was 

similar in WT and PD-L2-/- mice 48 hours post-infection (Fig. 9). These data suggest that 

the increased natural PC-specific Ab in PD-L2-/- mice promotes enhanced clearance of 

PC-expressing respiratory pathogens. 

 

Broad spectrum antibiotics do not alter elevated levels of PC-specific Ab in PD-L2 

deficient mice. 

The homeostatic relationship between the host and microbiota has been suggested to 

play a large role in the development of the immune system [235, 236]. Recent evidence 
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suggests that PD-1 strongly influences the selection of IgA plasma cell repertoires, and 

gut flora dysregulation brought about by PD-1 deficiency in some housing facilities may 

be overcome through administration of antibiotic therapy [35, 237]. We therefore sought 

to determine if the microbiota may similarly influence the natural Ab present in PD-L2 

deficiency. We administered broad-spectrum antibiotic (ABX) therapy as previously 

described [35] in the drinking water. We evaluated the contribution of the microbiota in 

two different manners: experimental condition one involved placing 4-week old mice onto 

ABX therapy for 28 days (Fig. 10A), whereas experimental condition two utilized 9-week 

old mice with established microbiota, which were also given ABX therapy for 28 days 

(Fig. 10B). We used total serum IgA concentration (Fig. 10C) as a surrogate for bacterial 

culture detection for proof of efficacy of ABX therapy, as microbiota colonization drives 

serum IgA levels [238, 239].  

PD-L2-/- and WT mice on therapy at 4weeks of age had significant reductions in 

total serum IgA levels after 14 days of ABX therapy, as expected with this treatment 

regimen [238-240]. However, differences present in serum PC-specific Ab levels were 

unaffected by treatment. PD-L2-/- mice placed on ABX therapy for 28 days had 

significantly higher PC-specific Ab levels compared to WT controls. These differences 

manifest by 6 weeks of age and persist for the duration of therapy into adulthood. 

An unexpected finding was that PD-L2-/- and WT mice begin with equivalent PC-

specific Ab levels at weaning (Fig. 10A). By 6 weeks of age, however, significant 

differences manifest in PC-specific Ab levels in the serum. Adult (9 weeks old) PD-L2-/- 

mice had significantly elevated PC-specific Ab levels prior to and during administration of 

ABX therapy compared to WT mice. This difference was maintained after cessation of 

therapy. Thus, while weanling mice begin with equivalent PC-specific Ab in the serum, 
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host microbiota does not explain the appearance or maintenance of enhanced PC-

specific Ab levels in PD-L2 deficient mice. 

 

PD-L2 deficiency results in increased PC-specific ASC number and output.  

Increased PC-specific antibody in the context of PD-L2 deficiency may potentially be 

explained by increased antibody secreting cells (ASC) or increased output on a per cell 

basis. We therefore analyzed the BM and spleen via ELISPOT for IgM, IgG, and IgA 

ASC. PD-L2-/- mice had significantly increased PC-specific ASC in the BM and spleen 

compared with WT mice (Fig. 11A-B). Interestingly, PD-1 deficient mice had an 

intermediate phenotype, perhaps suggestive of an accessory role for PD-1. Seven day 

culture of splenocytes and subsequent ELISA analysis of supernatant revealed 

significantly increased PC-specific IgM in PD-L2-/- supernatant compared to WT 

supernatant (Fig. 11C), mimicking the increased Ab observed in intact PD-L2-/- mice. 

Further, there was a significant increase in the size of PC-specific IgM and IgA ASC from 

splenocytes in PD-L2-/- mice relative to WT mice (Fig. 11D). These data suggest that an 

increase in both number and output of ASC in the PD-L2-/- mice contributes to elevated 

PC-specific Ab levels. 

 

PD-L2-/- mice have significantly increased PC-specific B-1a cells with plasmablast 

phenotype and PC Ab of T15 specificity. 

We next analyzed spleen and peritoneal cavity (PerC) B cells for PC specificity from WT 

and PD-L2 deficient mice via flow cytometry. We detected a significant increase in 

CD19+CD5+CD138+ PC-binding B-1a cells from the spleen of PD-L2-/- mice compared to 
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WT mice (Fig. 11E). Splenic marginal zone (MZ) CD138+ PC-binding B cells were also 

increased, while follicular (FO) B cell populations were not significantly different. PerC-

derived B cell numbers were not significantly different.  

The T15 idiotype (T15-Id) Ab recognizes endogenous (self) and exogenous 

(bacterial) PC, and provides protection from pneumococcal infection [132, 144, 157, 159, 

161]. This idiotype is predominantly produced by B-1a cells [151, 157, 159, 161]. Given 

the increase in PC-specific B-1a cells and protective advantages afforded PD-L2-/- mice 

against PC-bearing bacteria, we assessed the contribution of the T15 idiotype to PC-

specific Ab levels in WT and PD-L2-/- mice by ELISA using the AB1.2 anti-T15 idiotype 

Ab as described previously [132]. As shown in Figure 12, AB1.2 caused a dramatic 

dose-dependent decrease in PC-specific serum IgM in PD-L2-/- sera whereas WT sera 

binding were only slightly diminished. Moreover, AB1.2 blocking reduced PD-L2-/- PC-

specific IgM binding below WT levels. Thus, increased PC-specific IgM in PD-L2-/- mice 

is largely attributed to selective increases in T15-Id PC-specific IgM. 

 

B cell-intrinsic expression of PD-L2 regulates PC-specific Ab production.  

We previously demonstrated that PD-1 on PPS-specific B cells suppresses the Ab 

response [18]. We performed flow cytometry analysis of PC-specific B cells to examine 

PD-L2 expression levels. As shown in Supplemental Figure 3G, PC-binding PD-L2+ B 

cells are also CD5+, indicative of B-1a cells. We thus hypothesized that PD-L2 

expression by these PC-specific B cells may regulate PC-specific Ab production. To 

address the hypothesis, we generated chimeric mice selectively lacking PD-L2 on B 

cells using donor bone marrow (BM) of WT or PD-L2-/- mice mixed with muMT BM. 
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ELISA analysis of recipient serum demonstrated a significant increase in PC-specific 

IgM titers in muMT:PD-L2-/- chimeras as compared to muMT:WT chimeras (Fig. 13).  

The neonatal liver is a rich source of B-1 precursors, with the capacity to secrete 

natural Ab specificities [69, 155, 162, 169, 181, 189, 241, 242]. We therefore generated 

chimeric mice using neonatal WT or PD-L2-/- liver from 2-day old mice mixed with muMT 

BM. ELISA analysis of recipient serum again demonstrated a significant increase in PC-

specific IgM in muMT BM:PD-L2-/- neonatal liver chimeras compared to muMT BM:WT 

neonatal liver chimeras (Fig. 13). These data suggest to us that B cell-intrinsic PD-L2 

expression regulates PC-specific Ab production. 

 

PD-L2 regulates ASC differentiation.  

We developed an in vitro assay to determine the mechanism by which PD-L2 regulates 

B cells. As determined by ELISPOT, PC-specific and IgM-specific ASC spots were 

detected at significantly higher numbers in WT splenocytes with B7DC mAb blockade 

(Suppl. Fig. 3A-D). Naïve magnetically sorted WT B cells were cultured for 7 days in the 

presence of control (2A3) or B7DC blocking (TY25) mAb with muMT splenocytes and 

LPS stimulation. Phosphorylcholine-specific IgM levels were significantly higher in WT B 

cells with B7DC mAb blockade compared to control. PD-L2-/- B cell PC-specific IgM 

levels were unaffected by blockade (Fig. 14A). When culture time was abbreviated to 4 

days, and WT peritoneal cavity B-1 cells were cultured with muMT splenocytes and LPS 

stimulation, PC-specific IgM was significantly elevated with B7DC mAb blockade 

compared to control (Fig. 14B). Magnetically sorted WT peritoneal cavity B-1 cells were 

then CFSE labeled, cultured in the absence of stimulation for 4 days with B7DC mAb 

blockade or control, and analyzed by flow cytometry for differences in division. 
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Surprisingly, WT B-1 cells with B7DC mAb blockade underwent equivalent rounds of 

division compared to control (Fig. 16B-C). Finally, differences in PC-specific and total 

IgM were analyzed via ELISA. WT B-1 cells with B7DC mAb blockade produced 

significantly more PC-specific IgM and more total IgM compared to control (Fig. 14B-C). 

Furthermore, B7DC blockade of MACS purified WT peritoneal B-1 cells cultured with 

muMT splenocytes significantly increased the frequency and number of differentiated 

CD138+ plasmablasts compared to control (Fig. 15E-F, 16A). These data indicate that 

PD-L2 regulates B-1 natural Ab production through differentiation of ASC or the survival 

of these differentiated ASC in vitro. This finding is novel in that PD-L2 has a short 

cytoplasmic tail with no data as yet demonstrating signaling capacity. Additionally, B7DC 

blockade resulted in significantly increased IL-10 production with simultaneous 

significantly decreased IL-6 production (Suppl. Fig. 3E-F). These data indicate that 

B7DC blockade stimulates differentiation in the absence of proliferation, and may also 

increase IL-10 levels, which can then be utilized in an autocrine manner by B-1 cells. 

We next assessed whether PD-L2 was acting through its known receptor PD-1. 

We hypothesized that a splenic PD-1 signal may be contributing to this phenotype. We 

therefore cultured PD-1 deficient splenocytes in the presence of control or blocking mAb. 

Surprisingly, the phenotype was equivalent to WT splenocytes, as blockade significantly 

increased PC-specific IgM levels, regardless of culture time (4- and 7-days) (Fig. 15A). 

Furthermore, culture of WT peritoneal B-1 cells with PD-1-deficient, muMT splenocytes 

resulted in significantly increased PC-specific IgM with blockade (Fig. 15B). These data 

suggest that PD-L2 regulates natural PC-specific Ab independent of its known receptor 

PD-1, and that B7DC mAb blockade increases both the frequency and number of ASC in 

vitro. 
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Collectively, these data indicate that of the two potential mechanisms (limiting 

differentiation of B cells to CD138+ antibody-secreting cells or limiting proliferation of 

CD138+ antibody secreting cells), PD-L2 limits the differentiation of ASC independently 

of its known receptor PD-1. The data show that the significantly increased frequency and 

number of CD138+ B cells w/ B7DC blockade is not due to increased proliferation. 

Instead, B7DC blockade induces increased CD138+ cells in the absence of proliferation. 

Consistent with this, Blimp1 transcription factor expression increases w/ blockade. 

Further, there is no difference in Pax5 expression, a B cell lineage transcription factor 

(Fig. 16C). 

 

PD-L2 deficiency results in reduced S. pneumoniae colonization and increased 

phosphorylcholine-specific antibody.  

The pneumococcus is a cell wall PC-expressing bacterium. Our in vitro results 

suggested that PD-L2 suppresses Ab responses to TLR agonists. To determine the 

effect of PD-1 and its ligands on phosphorylcholine-specific Ab induction in the context 

of infection, we inoculated WT, PD-1-/-, PD-L2-/-, and PD-L1-/- mice via intranasal (i.n.) 

route with 107 colony forming units (CFU) of the Streptococcus pneumoniae 19F 

serotype EF3030 [115, 125]. PD-1 and PD-L2 deficiency resulted in lower levels of 

pneumococcal colonization at 14 days post-infection (dpi). Earlier time points (3 dpi and 

7 dpi) yielded no significant differences between the groups (Fig. 17A-C).  PC-specific 

Ab induction was detected in the serum and NWF, as PD-L2-/- mice had significantly 

increased PC-specific Ab at 14dpi compared to WT mice (Fig. 17D-F). Colonization with 

EF3030 was not sufficient to induce WT sera PC-specific Ab levels to that of PD-L2-/- 
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mice. These data identify a role for PD-L2 in regulating homeostatic and induced PC-

specific Ab levels. 

Our EF3030 colonization model agreed with our in vitro results in suggesting that 

PC-specific Ab levels may be increased upon exposure to bacterial components. We 

therefore sought to determine if increased inductive capacity against the PC epitope 

would protect mice against systemic re-challenge with a lethal clinical pneumococcal 

isolate. WU2 is a serotype 3 pneumococcal isolate with a thick capsule which masks the 

PC epitope in systemic infections but less so in the colonization process. Whereas NTHi 

is tolerated well in the lungs of mice, WU2 is exquisitely lethal in either respiratory or 

systemic infection. Naïve WT and PD-L2-/- mice have similar levels of pre-existing 

antibody against the pneumococcal polysaccharide (PPS) capsule of WU2, and respond 

to immunization with very similar levels of PPS3-specific Ab [18]. We challenged WT and 

PD-L2-/- mice with 106 CFU WU2 via i.n. route. Morbidity rates were not significantly 

different during this primary challenge. Two weeks later, surviving mice were re-

challenged with 104 CFU WU2 via intraperitoneal (i.p.) route to mimic invasive disease. 

Strikingly, WT mice were not protected upon systemic re-challenge, while PD-L2-/- mice 

exhibited 60% survival (Fig. 17G). Collectively, these data indicate that both pre-existing 

and induced PC-specific Ab are physiologically relevant, resulting in enhanced clearance 

and potentially survival. 

 

Discussion 

Previous data studying natural Ab has shown early pathogen exposure [230] and B cell 

signaling regulation through CD19 [69] contributes to expansion of specific clones 

temporally. Natural Ab production is thought to be driven by endogenous antigens and 
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regulated via a multitude of anti-idiotypic Abs that develop temporally during early life 

[144, 153, 162, 177-179, 243, 244]. Progenitor population and location play an important 

role in B-1a cell development, and the existence of other mechanisms of control over 

this important innate-like B cell include anatomical location, surface molecules, and 

intracellular signal transducers [69, 78, 79, 167, 169, 183-186]. This study reveals a 

novel function of the PD-1 ligand B7DC (PD-L2) to regulate natural Ab specific B cell 

clone differentiation with positive outcomes on clearance and survival against pathogens 

expressing the phosphorylcholine epitope in the cell wall. Specifically, B cell-intrinsic PD-

L2 regulates expansion of PC-specific serum IgM and splenic B cell plasmablasts, 

notably B-1a cells, a subset with demonstrated specificity for this epitope. Perhaps most 

novel is the finding that PD-L2 regulates B cell differentiation into ASC, but not 

proliferation, and does so independently of its known receptor, PD-1.  

Serum PC-specific IgM levels were higher in naïve PD-L2 deficient mice, and 

were induced to even higher levels upon colonization with a PC-expressing 

pneumococcal isolate. This induction occurred concurrent with expedited clearance of 

the colonizing EF3030 strain from the nasopharynx of infected mice. Furthermore, PD-

L2 deficient mice more rapidly cleared PC-expressing NTHi strains from the lung 

compared to WT animals. Phosphorylcholine, a component of mammalian cell 

membranes, is also a component of pneumococcal cell wall, and the cell walls of other 

pathogens, and Abs directed against this antigenic determinant have demonstrated 

protective effects against atherosclerosis and bacterial pathogens [10, 128-132]. The 

T15 idiotype (Id) of PC-specific natural Ab is known to offer protection against 

Streptococcus pneumoniae infection [10, 69, 128, 132, 161, 162] and also 

atherosclerosis [157, 163, 164]. Perhaps most striking was the finding that re-exposure 

to an invasive serotype 3 strain of pneumococcus resulted in 100% mortality in WT mice, 
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whereas 60% of PD-L2 deficient mice were protected. These data demonstrate a clear 

physiologically relevant role for PD-L2 in the context of pathogen exposure in the naïve 

animal. The capacity for PD-L2 manipulation in primates and, ultimately, humans, 

represents the exciting next step in developing potential therapeutic or vaccine additive 

compounds. 

The literature suggests that B-1a cells are not unique in their ability to produce 

PC-specific Ab. Indeed, follicular (FO), marginal zone (MZ), and B-1b cells have been 

demonstrated to produce Ab against this epitope. While considerable work has served to 

elucidate the genetic makeup of natural Abs, such as the cross-protective, PC-specific 

T15-Id, the intricate contributions of cell types and surface molecules to the regulation of 

natural Ab is nebulous [10, 69, 128, 132, 144, 156-158, 161, 162]. Although follicular B 

cells (FO) and marginal zone (MZ) B cells may produce natural Abs, the CD5+ B-1a cell 

subset predominates. This subset typically resides in the peritoneal cavity of mice and 

egresses to the spleen, bone marrow, or mucosal tissues to differentiate into Ab-

secreting cells (ASCs) upon activation [69, 128, 132, 161, 167-171, 174, 175]. Naturally 

produced Ab against PC is highly represented by IgM, particularly of the cross-protective 

T15-Id, whereas adaptive PC-specific Ab is more commonly IgG or IgA, and does not 

recognize PC expressed by the pneumococcus [132, 144, 151, 157, 159, 161, 245]. Our 

data demonstrate that the PC-specific IgM produced in PD-L2 deficient mice is almost 

exclusively of the T15-Id, potentially identifying a unique clonal specificity through which 

PD-L2 exerts regulatory control. PC-specific ASC numbers were significantly increased 

in the spleen and BM of PD-L2 deficient mice, but output on a per-cell basis was 

increased only in the spleen. This indicates to us that the spleen may potentially be an 

environment more conducive to Ab secretion, but may also be reflective of the 

predilection of B-1 cells for the spleen for purposes of Ab secretion [167, 168, 180, 246-
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249]. Indeed, our lab has previously shown that TI-2 B cell responses exhibit long-term 

(40 days post-immunization) splenic residency of ASC [12]. 

Stimulation of some Ab specificities may be related to external stimuli such as 

the host gut microbiota. However, this did not influence the appearance of our 

phenotype temporally. The pre-existing natural PC-specific Ab differences manifested at 

6 weeks of age, were perpetuated for the life of the animal, and were not dependent on 

gut flora, as depletion early (4 weeks of age) or at adulthood (9 weeks of age) did not 

affect natural Ab level differences. Our data from chimeric mice demonstrates that the 

regulation of natural Ab against the PC epitope is B cell-intrinsic, as mice reconstituted 

with B cells from PD-L2 deficient donors, but not WT donors, experienced a significant 

increase in serum PC-specific IgM. Our data suggest that the stimuli are initially internal 

through the action of PD-L2 with either a familiar (PD-1, RGMb) or novel receptor, and 

that this action serves to similarly regulate inducible stimulation. To this point, WT mice 

immunized with PPV23 and the B7DC blocking mAb TY25 had increased serum PC-

specific IgM levels (data not shown). Further, in vitro stimulation and B7DC blockade of 

WT splenocytes resulted in higher PC-specific Ab production compared with control 

blockade, indicating the potential for manipulation through PD-L2 in intact mice. This 

effect was B cell-intrinsic, as magnetically sorted B cells from PD-L2 deficient mice 

combined with muMT splenocytes produced high levels of PC-specific IgM, regardless of 

blocking condition; WT B cells with muMT splenocytes only produced high levels of PC-

specific IgM when blocked with the B7DC mAb TY25, similar to the in vivo results of the 

chimeric mice. 

Perhaps one of the most interesting findings was the role of PD-L2 in expansion 

and differentiation. Recent work has revealed that in T cell-dependent germinal center 

responses to antigen, the surface-expressed B7/CD28 superfamily receptor 
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programmed cell death 1 (PD-1) on TFH cells interacts with its ligand B7DC (PD-L2) on B 

cells to control the quality and quantity of the Ab produced. The role of PD-1 ligands 

(PD-L) in extra-follicular regulation of Ab production remains undetermined [35, 36], but 

new literature is supportive of a co-stimulatory role for PD-L in T cells [250, 251]. PD-1, 

in addition to its role dampening B and T cell responses [13, 18, 50, 209, 252], is an 

integral part of Peyer’s Patches GC reactions and contributes to the diversity of bacterial 

species in the gut flora [35]. Our in vitro data demonstrate that PD-L2 regulates 

differentiation of B cells specific for PC into IgM ASC as identified by CD138 staining. 

Further, PD-L2 was shown to control expansion of these cells in our ELISPOT data. B-

1a cells have long been held to be the predominant natural Ab producers in the murine 

model, and PD-L2 is a surface expressed marker of this subset. Our in vitro data 

demonstrate that PD-L2 on B-1 cells serves to limit differentiation and/or survival of Ab 

secreting cells independent of proliferation. Thus, the data lead us to conclude that the 

mechanism by which PD-L2 exerts regulatory control is through limiting 

differentiation/survival of natural PC-specific B-1 cells independent of its known receptor, 

PD-1. To date, the only other known interaction for B7DC is with RGMb, a molecule 

which serves an important role in respiratory tolerance [59]. The potential for PD-L2 to 

interact with other molecules opens the door to alternative regulatory events not yet 

appreciated. This knowledge may enable improved immunization strategies and could 

even have potential in the prevention of myocardial infarctions resulting from 

atherosclerosis.  
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Figure 8. PC-specific Ab levels in PD-L2-/- mice are selectively increased.  

Total serum levels were assayed in WT, PD-1-/-, PD-L2-/-, and PD-L1-/- mice. A) WT mice 

had significantly increased basal IgM levels compared to PD-L2-/- mice, whereas total 

IgG and IgA levels were significantly elevated in knockout mice. B-C) PD-L2-/- mice had 

selectively and significantly increased PC-specific IgM antibody compared to WT mice in 

serum. Reciprocal titers of serum PC-specific IgM was 3-fold higher in PD-L2-/- mice 

compared to WT mice. RAU = relative absorbance units. D) PD-L2-/- mice had selectively 

and significantly increased PC-specific IgM and IgA levels compared to WT mice in 

bronchoalveolar lavage (BAL). N = 6 mice or more per group (* p<0.05, ** p<0.005, *** 

p<0.001). 
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Figure 9. PC-expressing NTHi strains are cleared more rapidly from the lungs of 

PD-L2 deficient mice.  

WT and PD-L2-/- mice were inoculated with 5 x 107 CFU non-typeable Haemophilus 

influenzae via intratracheal (i.t.) route. 48hrs later, NTHi remaining in the lungs were 

enumerated. PD-L2-/- mice demonstrated significantly expedited clearance of constitutive 

PC-expressing NTHi mutants compared to WT mice. The transferase deficient, non-PC-

expressing NTHi mutants were cleared at an equivalent rate in WT and PD-L2-/- mice at 

48hrs post-infection. N = 5 mice per group (* p<0.05). Jerome T. McKay, Dr. Bing Pang, 

and Dr. W. Ed Swords performed the experiments resulting in Figure 9. 
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Figure 10. Broad spectrum antibiotics do not alter elevated levels of PC-specific 

Ab in PD-L2 deficiency.  

Naïve WT and PD-L2-/- mice were placed on antibiotic water as described [35] for a 

period of 28 days. A) PC-specific antibody level differences do not manifest until 6 

weeks of age and are perpetuated into adulthood, as PC-specific Ab levels were 

equivalent in 4 week old mice, but were significantly higher by 6 weeks of age in the PD-

L2-/- mice; significant differences in PC-specific Ab levels in the two mouse populations 

are unaffected by ABX therapy. B) The significant increase in PC-specific Ab levels in 

adult PD-L2 deficient mice compared to WT mice is unaffected by antibiotic (ABX) 

therapy, as two and four weeks of ABX therapy did not equalize natural PC-specific Ab 

levels in the two mouse populations. C) ABX therapy significantly decreased total serum 

IgA in both groups of mice, consistent with previously published data demonstrating that 

microbiota drives serum IgA levels. N = 5 or more mice per group (* p<0.05, ** p<0.005, 

*** p<0.001). 
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Figure 11. PD-L2 deficiency results in increased PC-specific ASC numbers in the 

spleen and bone marrow.  

Naïve WT and PD-L2 deficient splenocytes and BM were harvested and analyzed via 

ELISPOT for PC-specific IgM, IgG, and IgA antibody secreting cells (ASC). A-B) PD-L2-/- 

mice had significantly increased ASCs in the BM and spleen compared with WT mice as 

determined by ELISPOT. B) Representative image from PC IgM ELISPOT of naïve WT, 

PD-L2-/- spleen. C) Seven day culture of splenocytes with subsequent ELISA analysis of 

supernatant revealed significantly increased PC-specific IgM in PD-L2-/- supernatant 

compared to WT supernatant. D) Splenic PC-specific ASCs were significantly larger in 

B7DC-/- mice compared to WT mice. E) Frequency and number of splenic PC+ B-1a 

plasmablasts (CD5+19+138+) are significantly elevated in PD-L2-/- mice. N = 4 or more 

mice per group (* p<0.05, ** p<0.005, *** p<0.001). 
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Figure 12. PD-L2 deficiency results in selective increase of serum T15-Id IgM.  

Serum from WT and PD-L2-/- mice was blocked with increasing concentration of AB1.2 

monoclonal Ab (anti-T15 idiotype) and analyzed via PC-specific IgM ELISA. 

Concentrations of AB1.2 exceeding 0.1µg/mL significantly reduced PC-binding in PD-L2-

/- sera whereas WT sera remain unaffected. N = 4 mice per group (* p<0.05, pairwise t 

test, PD-L2-/- anti-T15-Id treated sera versus PD-L2-/- sera no treatment). 
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Figure 13. PD-L2 regulates PC-specific serum Ab levels via B cell-intrinsic 

expression.  

Chimeric mice were generated from donor marrow of WT or PD-L2-/- mice plus muMT 

bone marrow. Top) WT mice were lethally irradiated (950rad) and reconstituted 

intravenously with 107 cells of either muMT:WT or muMT:PD-L2-/- bone marrow at a ratio 

of 80% muMT  to 20% WT/PD-L2-/- marrow. Recipient mice were rested for three weeks 

and serum was analyzed for PC-specific IgM. A second set of chimeric mice were 

generated from 2-day old neonatal liver of WT or PD-L2-/- mice plus muMT bone marrow 

(BM). Bottom) Lethally irradiated muMT mice were reconstituted intravenously with 107 

cells of muMT BM:WT neonatal liver or muMT BM: PD-L2-/- neonatal liver at a ratio of 

80% muMT marrow to 20% WT/PD-L2-/- neonatal liver. Recipient mice were rested for 

three weeks and serum was analyzed for PC-specific IgM. Recipients of PD-L2-/- donor 

marrow or liver produced significantly higher levels of PC-specific IgM than WT donor, 

with the PD-L2-/- neonatal liver recipients producing the highest levels. N = 3-5 mice per 

group (* p<0.05). Jerome T. McKay, Marcela Haro, Rama D. Yammani, and Dr. Karen 

M. Haas performed the experiments resulting in Figure 13. 
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Figure 14. PD-L2 regulates PC-specific antibody production.  

Naïve WT B cells were cultured for 4- or 7-days in the presence of control (2A3) or 

B7DC blocking (TY25) mAb with LPS stimulation. PC-specific Ab levels in culture were 

significantly higher with B7DC blockade. A) Naïve WT or PD-L2-/- B cells were cultured 

with muMT splenocytes for 7 days in the presence of control (2A3) or B7DC blocking 

(TY25) mAb with 10µg/mL LPS stimulation. PC-specific Ab levels in WT B cell cultures 

were significantly higher with B7DC blockade. This effect was similar to chimeric mice. 

PD-L2-/- B cells were unaffected by blockade. B-C) Magnetically purified naïve WT 

peritoneal B-1 cells were cultured for 4 days ±LPS (0.1µg/mL LPS). PC-specific IgM was 

significantly elevated with B7DC blockade compared to control (* p<0.05, ** p<0.005).  
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Figure 15. PD-L2 regulation of PC-specific Ab production is independent of PD-1.  

A) B7DC mAb blockade of 4- (n=5 mice, two independent experiments) or 7-day (n=4 

mice) cultured, LPS-stimulated PD-1 deficient splenocytes significantly increased the 

production of natural phosphorylcholine (PC)-specific IgM over control, mirroring results 

obtained with WT splenocytes. B) Culture of WT peritoneal B-1 cells with B cell-deficient 

(muMT) PD-1 deficient splenocytes in the absence of stimulation resulted in significantly 

increased natural PC-specific IgM w/ blockade, similar to WT peritoneal B-1 cells with 

muMT splenocytes (n=4 mice). C) Total IgM levels were significantly elevated with 

blockade of stimulated PD-1KO splenocytes. D) WT peritoneal B-1 cells cultured with B 

cell-deficient (muMT) PD-1KO splenocytes in the absence of stimulation produced 

equivalent levels of total IgM. E) PC-specific IgM is significantly increased with blockade 

in the culture of WT peritoneal B-1 cells with muMT splenocytes in the absence of 

stimulation. Total IgM levels were elevated with blockade (n=5 mice, two independent 

experiments). F) Blockade significantly increases frequency and number of CD138+ 

(plasmablasts) B cells in culture over control (n=10 mice from three independent 

experiments; * indicates significance p<0.05 for pairwise t test; ** indicates significance 

p<0.01). 
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Figure 16. PD-L2 blockade increases CD138+ Antibody Secreting Cells (ASC) and 

expression of the transcription factor Blimp1.  

WT peritoneal B-1 cells were selected by MACS, labeled with CFSE, and cultured with 

muMT splenocytes for 4 days without stimulation. ASC are defined as CD19+138+ B 

cells. A) B7DC mAb blockade (PD-L2-blocking) of WT peritoneal B-1 cells in culture with 

muMT splenocytes significantly increases differentiation of ASC over control 

(representative flow plot of four independent experiments, n=13 mice). B) Significantly 

increased ASC in blockade conditions are not explained by overall proliferative 

differences (LEFT panel; bold line is B7DC mAb, solid line is control mAb; representative 

histogram of four independent experiments, n=13 mice); Significantly increased ASC in 

blockade conditions are not explained by proliferation differences within the CD138+ B 

cells (RIGHT panel; bold line is B7DC mAb, solid line is control mAb; representative 

histogram of four independent experiments, n=13 mice). C) B7DC mAb blockade results 

in enhanced Blimp1 expression (LEFT), but no difference in Pax5 expression (RIGHT) 

(bold line is B7DC mAb, solid line is control mAb; representative histogram of two 

experiments of n=5 pooled WT mice per experiment). 
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Figure 17. Colonization with S. pneumoniae induces PC-specific antibody.  

A-C) WT, PD-1-/-, PD-L2-/-, and PD-L1-/- mice were inoculated via intranasal route (i.n.) 

with 107 CFU EF3030 (Streptococcus pneumoniae 19F serotype), and 3, 7, and 14 days 

later, nasal wash fluid (NWF) was harvested, plated, and counted for EF3030 CFU 

colonizing the nasopharynx. PD-L2 deficiency resulted in significantly lower 

pneumococcal colonization (as analyzed by ANOVA ** p<0.005; L.O.D. is limit of 

detection). D) NWF ELISA of PD-1 and PD-L deficient mice revealed a significant 

increase in EF3030-specific IgA 14 days post-infection (dpi). E) NWF ELISA of PD-L2-/- 

and WT mice shows significantly higher levels of PC-specific IgA 14 dpi. F) Serum 

ELISA of PD-L2-/- and WT mice revealed a significant increase in PC-specific Ab at 14 

dpi versus WT mice. Significance determined by student t test (* p<0.05, ** p<0.005, *** 

p<0.001). G) Intranasal inoculation of 106 CFU WU2 followed 14 days later by 

intraperitoneal injection of 104 CFU WU2 demonstrated significant survival differences 

between PD-L2-/- and WT mice. Significance determined by Log Rank analysis. N = 9-10 

mice per group, pooled results of two independent experiments (** p=0.005). 
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Supplemental Figure 3. PD-L2 regulates PC-specific ASC differentiation and is 

expressed by peritoneal B-1 cells specific for phosphorylcholine.  

Naïve WT splenocytes were cultured for 7-days in the presence of control (2A3) or 

B7DC blocking (TY25) mAb with 10µg/mL LPS. A-D) As determined by ELISPOT, anti-

PC and anti-IgM ASC spots were detected at significantly higher numbers with B7DC 

blockade of naïve WT splenocytes stimulated with 10µg/mL LPS compared to control, 

and spots appear larger on a per cell basis. E-F) Supernatant from B7DC mAb blockade 

of purified WT peritoneal B-1 cells cultured with muMT splenocytes had significantly 

higher levels of IL-10, but significantly lower levels of IL-6 relative to control mAb as 

determined by ELISA. G) WT PD-L2-expressing peritoneal B-1 cells (CD5+/lo19+B7DC+) 

bind phosphorylcholine (PC), >90% of which are B-1a cells (CD5+). Significance 

determined by paired t test (* p<0.05, ** p<0.005). 
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CONCLUSIONS 

The totality of this work demonstrates two very unique, but interconnected methods of B 

cell regulation exerted by the PD-1:PD-L regulatory axis. In the first chapter, we 

determined that PD-1 on PPS-specific B cells interacting with either PD-L (B7DC or 

B7H1) is sufficient to suppress protection against Streptococcus pneumoniae infection 

via inhibition of the adaptive anti-capsular IgG response. As discussed previously, the 

capsule polysaccharide is perhaps the most important virulence factor of S. 

pneumoniae. Its classification as a TI-2 Ag has long been known, but mechanisms that 

regulate the protective, adaptive humoral response to PPS capsule have been 

incomplete. Our study advances the fields of immunology and bacteriology and offers a 

manner in which to therapeutically address vaccine underperformance, as we 

demonstrate novel, definitive evidence that the immune checkpoint molecule PD-1 has 

biological consequences in the realm of infectious disease. In the second chapter, we 

ascertained that the PD-1 ligand B7DC, also known as PD-L2, regulates natural PC-

specific IgM production by limiting differentiation of ASC by a mechanism that is 

independent of PD-1. This is a significant finding, as most differentiation events in 

lymphocytes are preceded by a proliferative event, yet our in vitro model demonstrates 

that PD-L2 suppresses differentiation to ASC in the absence of proliferation, and results 

in enhanced Blimp1 transcription factor production, a global repressor associated with 

plasmablast/plasma cell lineage commitment in B cells. PD-L2 has recently been 

appreciated as a marker of peritoneal cavity B-1 cells with demonstrated natural 

antibody specificities, but has not been considered as a potential regulatory molecule. 

Our study is important to the field of immunology as it identifies a new regulatory role for 

a ligand which has been hypothesized not to be able to signal due to a short cytoplasmic 

tail. The overall goal of this research was to define the role of PD-1:PD-L interactions 

within the context of adaptive and natural humoral immunity, specifically PPS-specific 
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responses and naturally occurring PC-specific antibody production. 

Presently, the vast majority of the literature has focused on the properties of PD-

1 expression on T lymphocytes. There exists a wealth of literature demonstrating the 

potential negative regulatory pressure of sustained PD-1 signaling or PD-L engagement 

on activated, Ag-specific T cells [8, 47, 48, 50, 253, 254]. These studies have 

significantly advanced the understanding of both the signaling cascade and regulatory 

outcomes of PD-1 engagement in a broad sense. A select few other studies have 

examined this molecule in the context of B lymphocytes, with important discoveries in 

the field of autoimmunity.  Additional studies have contributed to the understanding of 

PD-1:PD-L interactions within the germinal center (GC) reaction [35-37], but these 

studies primarily focused on the T cell contribution to the GC environment. Other groups 

have focused on innate cells and the role of PD-1 expressed by these cells, primarily 

Dendritic Cells or macrophages, in the extracellular bacterial response. Two groups 

(Alugupalli and Cunningham) [255-257] have focused on a unique B cell subset, 

specifically B-1b cells, and their contribution to TI-2 Ag responses in different bacterial 

models, but without consideration for immune checkpoint molecules like PD-1 and its 

ligands. Our lab is one of the first to integrate the study of PD-1 and its regulation of B 

cell responses [76]. What was lacking up to the publication of our findings (Chapter 1) in 

2015 was an understanding of how PD-1 functioned specifically on activated, TI-2 Ag-

specific B cells in the field of infectious disease.  

The literature on S. pneumoniae infections and prevention of invasive 

pneumococcal disease (IPD) is quite clear regarding the significance of host capsular-

specific IgG titers [9], namely that more is better. The focus of some research groups 

has been on adjuvants (delivered several days after the primary immunization) to boost 

the pneumococcal polysaccharide response or utilizing conjugate vaccines, both of 

which has been demonstrated in mice with varying degrees of success [96, 258]. This is 
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a potential nonstarter, as the conjugate vaccine and the PPV23 already have existing 

“natural” adjuvant by virtue of TLR agonist inclusion or contamination. Furthermore, our 

lab has produced a body of work that suggests the conjugate vaccine provides 

incomplete protection to aged mice [115]. Compounding this problem, literature also 

demonstrates that certain PPS-conjugates are less effective than others at eliciting a 

protective IgG response [94]. These findings highlight the fact that other mechanisms 

are at play in addition to vaccine composition. Perseverating on vaccine composition has 

resulted in a failure to incorporate novel approaches to improving humoral responses. 

Our data from the first chapter have significant implications for the field of 

pneumococcal vaccinology specifically, and immune therapy in general. Our most novel 

finding in Chapter 1 was that PD-1 specifically expressed on B cells regulated humoral 

responses to PPS, which in turn affected protection and survival against S. pneumoniae 

infection, an outcome that is perhaps still underappreciated. Given that PD-1 blocking 

antibodies are already therapeutically administered in non-small cell lung cancer 

(NSCLC) [16], the potential efficacy of PD-1 mAb remains an untapped resource for our 

aging population in the United States, a population at demonstrated risk of IPD. Our 

results also suggest that PD-1 expression plays a dominant role in TI-2 Ag-specific B cell 

responses, but is less important in TD Ag responses, such as when PPS is conjugated 

to a carrier protein. The data bear this point out in that the significant increases in PPS-

specific IgG observed in PD-1-deficient or PD-1 mAb blockaded mice immunized with 

PPV23 disappear upon PCV13 immunization. The implications here are profound, 

especially given recent CDC guidance [259] and current ad campaigns highlighting the 

use of Prevnar (PCV13) in adults over 50 years of age. While there is no doubt that 

receiving the Prevnar vaccine will prevent IPD in a statistically significant portion of the 

population, it does not account for both the failure to cover the additional serotypes of 

the PPV23 and literature demonstrating that this strategy may do a disservice to those 
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receiving the vaccine in terms of subpar protection [115]. Our studies in mice do not 

guarantee ultimate success in human therapeutic application, so extending our findings 

into a nonhuman primate model may ultimately inform future human trials. 

Importantly, our data show there is another way to improve coverage in aging 

adults that would allow broader serotype coverage (PPV23) and increased capsular-

specific IgG through inclusion of the PD-1 mAb, accomplished most easily by inserting 

PD-1 mAb in the vaccine formulation itself. Our data imply that the presence of PD-1 

blockade during vaccination would appropriately expand B cell clones specific to PPS 

resulting in significantly higher titers of protective IgG. Of course, the possibility exists 

that this may simultaneously expand auto-reactive B cell clones. One manner of 

addressing this legitimate concern is through the use of judicious screening of potential 

vaccine recipients to identify those at risk (SLE, RA patients), offering instead either 

conjugate or native polysaccharide vaccine without PD-1 mAb additive to these patients 

as appropriate. Another potential application for a vaccine additive is in the case of 

splenectomy patients, whom the literature suggests are at increased risk of 

encapsulated bacterial infections [260].  Again, rigorous screening protocols would 

identify those for whom this therapy are appropriate, and those for whom it would 

represent an undue risk. 

A potential pitfall for the vaccine additive strategy exists in that PD-1 mAb may 

not be appropriate for those individuals with single nucleotide polymorphisms (SNPs), 

potentially rendering the mAb ineffective or only mildly efficacious. Our data suggest an 

alternative manner of overcoming this. Our study showed that either PD-L1 or PD-L2 

was sufficient to suppress the PPS-specific humoral response, but using commercially 

available mAb which target B7H1 and B7DC in tandem, we proved that we could block 

PD-L during PPS immunization, resulting in significantly increased PPS-specific IgG 

production. Genetic screening of patients to identify PD-1 SNPs, similar in application as 
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Scrapie genotyping in sheep [261], would allow for a more personalized approach to 

immunizations, with the benefit of inducing higher titers of protective PPS-specific IgG. 

This means that future vaccines could be tailored to the individual, such as including the 

PD-L1 + PD-L2 mAbs in screened patients with PD-1 SNPs. 

The advantage of PD-1 mAb as an acute phase treatment option is less clear. 

Our data show that PD-1 deficiency did not confer a protective advantage against 

infection with S. pneumoniae in the naïve setting. Furthermore, emerging data 

demonstrate the requirement for PD-1:PD-L interactions in the TD GC reaction [36], a 

process that, in the context of active IPD, may contribute to host survival. Although the 

generation of pneumococcal protein-specific responses may limit distal site colonization 

after capsule down-regulation or modulate specific interactions with host epithelium, the 

literature demonstrates that these targets play a secondary role to the capsule-specific 

Ab response. Furthermore, we cannot dismiss the likelihood that naïve PD-1 deficient 

mice produce a different inflammatory cytokine profile than WT mice, and this affects 

naïve susceptibility to infection and bacterial clearance. The possibility remains that PD-

1 deficient mice may be equivalently susceptible to IPD as WT mice due to PD-1:PD-L 

roles in both inflammatory cytokine production and bacterial clearance. Additionally, 

alternative effects may have been masked by the rapidly progressing, fatal bacterial 

infection that is a hallmark of the WU2 strain. Indeed, perhaps infection with a less 

virulent serotype would reveal subtle innate differences with survival ramifications in the 

PD-1 deficient setting. Regardless, the data illuminate a critical role for PD-1 

suppression of the protective humoral response during an acute infection with 

pneumococcus.  

Two findings that address innate differences were that 1) PD-1 deficient mice 

that initially survived a low lethal respiratory WU2 infection were significantly better 

protected against lethal systemic infection whereas WT mice surviving initial respiratory 
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infection were not, and 2) passive transfer of serum from immunized PD-1 deficient mice 

protected muMT mice (lacking B cells), whereas serum from WT mice did not. We did 

not draw serum from the primary respiratory – secondary systemic infection model mice, 

a short-sighted omission on my part at the time, but our data from numerous infection 

experiments demonstrate that respiratory infection results in three-fold higher capsule 

specific serum IgG in PD-1-/- mice. This likely explains their enhanced survival upon 

secondary systemic infection, and agrees with the literature demonstrating the critical 

importance of IgG in protection. It may also shed important light on why pneumococcal 

protein vaccines have not been as successful in protection from IPD [97]. One would 

hypothesize, based on the literature, that the WT mice which survived initial infection 

produced more B cells recognizing TD Ag expressed by the pneumococcus [36] than 

their PD-1 deficient counterparts. This may play an important role in the ability of WU2 or 

another pneumococcal serotype colonizing the respiratory tract. However, TD Ag 

responses may not be as protective, especially once the bacteria were introduced as a 

systemic infection. The fact that every WT mouse succumbed to secondary systemic 

infection makes a strong case for the field’s continued focus on PPS-specific Ab for IPD, 

and surface expressed proteins if the goal is to deny colonization in the nasopharynx. 

Our results may also provide novel strategies for protecting against non-Streptococcus 

encapsulated bacteria. Given the importance of the B-1b cell subset in the TI-2 Ag-

specific response, I would hypothesize that PD-1 is suppressing Borrelia hermsii and 

Salmonella Vi Ag responses as well [84, 255, 262]. 

Future studies to expand these novel findings may include a more detailed 

investigation of the primary respiratory – secondary systemic infection model we 

developed. It would be interesting to determine PD-1:PD-L contribution to pneumococcal 

colonization in the nasopharynx, its impact on systemic Ab production against a 

particular PPS serotype [97, 99, 121, 263], and whether a benchmark level of protective 
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PPS-specific IgG could be established that correlated with protection from systemic 

infection. Also, expanding the timeline of the follow-on infections may provide insight into 

long-term TI-2 Ag-induced mucosal memory and its role in host immunity. Previously, TI-

2 Ag was thought not to generate memory in the host [264], but this has given way to a 

more nuanced view that these antigens induce a non-traditional memory which differs 

from that of TD Ag-specific responses  [66, 67, 265]. Our data validate this inclusive 

viewpoint by demonstrating the presence of PPS-specific ASC in the spleen and bone 

marrow 40 days after immunization. 

Our 2015 findings significantly impact the field of B cell immunology, as the study 

is the first to conclusively show a role for B cell-expressed PD-1 in vivo in response to a 

clinically relevant human pathogen. Previously, only T cell-intrinsic PD-1 signaling has 

been investigated in great detail. These studies were instrumental in determining PD-1-

mediated in vivo effects, but neglected B cell-intrinsic PD-1 signaling and the potential to 

regulate B or T cell responses. Our results investigate B cell-intrinsic PD-1 in vivo effects 

in the context of an antigen that does not require T cell-mediated assistance. Future 

directions for this line of investigation include the determination of the PD-L expressing 

cell that the PPS-specific, PD-1 expressing B cells interact with that contributes to the 

regulation of this response. My favored hypothesis is that PD-L expressing macrophages 

or DCs trap PPS through complement:complement receptor-mediated interactions or 

carbohydrate-binding molecules [198, 266-270]. These DCs or macrophages then 

presents this TI-2 Ag to PD-1 expressing, PPS-specific B cells, suppressing expansion 

of these important B cell clones. Our data show that either ligand is sufficient to 

suppress the Ab response to PPS, and both DCs and macrophages are known to 

express both PD-L. Understanding the complex interactions that contribute to PPS-

specific Ab responses are important to improving available vaccine efficacy, and our 

study expands the field by demonstrating the role PD-1 plays specifically on the B cell 
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response. An equally important question regards the effects of PD-L regulating the PPS 

APC response. We did not assay the cytokine profile in the PD-1 deficient mice in 

response to immunization compared to WT mice. This may be instructive, particularly 

when it comes to understanding the immune response to PPS and improving the profile 

after vaccination. Simply put, though, our data show a clear method to improve PPS-

specific Ab, and in the immediate short term, cytokine profile may not be as important as 

improving vaccine performance. 

We have demonstrated the efficacy of blocking PD-1:PD-L interactions in WT 

mice receiving PPV23 immunization, as these mice produced significantly higher levels 

of protective PPS-specific IgG resulting in enhanced survival upon lethal challenge, and 

adoptive transfer experiments revealed the B cell-intrinsic nature of these effects. In 

addition, the effects were not limited to a single PPS serotype, as our data show three 

other PPS-specific IgG levels were significantly increased by 14 days post-immunization 

in PD-1 deficient animals. Also, total PPV23 IgG levels were significantly increased in 

PD-1-/- mice. These data are important to demonstrate that the effect is not selective to 

individual serotypes, a phenomenon that has been observed in some iterations of the 

conjugate vaccine. The ability to broadly expand PPS-specific IgG to the 23-valent 

vaccine would represent a considerable improvement. Further experiments to 

demonstrate this capacity, starting in very young mice and transitioning to a nonhuman 

primate (NHP) model, would have the potential to render the PPV23 vaccine an option to 

young humans. Currently, very young humans are given only the PCV13, as the PPV23 

is less effective in this vulnerable population at producing protective levels of IgG, a 

result hypothesized to be due to immaturity or differential development of specific B cell 

subsets [189, 271], accessory cell cytokine defect [272], or reduced complement 

receptor expression [80, 270]. However, diligence must be employed to ensure that no 

auto-reactive clones are unwittingly expanded during this formative developmental 
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period. Therefore, more studies are needed to determine long-term temporal outcomes 

resultant from PD-1 blockade in very young animal models.  

Previous published work from our lab shows that the mouse and NHP B-1b cell 

subset responds to TI-2 Ag and that PD-1 suppressed these responses [12, 67]. While 

model TI-2 Ag differs from relevant real-world TI-2 Ag in several key aspects discussed 

previously, including lack of bacterial-associated contaminants, these studies have 

demonstrated potential for human application of our results. We have shown that PD-1 

suppressed proliferation and class switching of PPS3-specific B cells, with deleterious 

results for the host. The rapid nature of the TI-2 Ag-specific response means that PD-1 

blockade early on after immunization has the greatest potential for therapeutic benefit to 

the host in increased Ab and ASC specific for pneumococcal capsule. The identification 

of the B-1b cell subset in NHP and its demonstrated role in PPS-specific responses 

means targeting this cell in humans has potential for improving vaccine-specific 

responses. Our data show that this cell population, which is equivalent amongst PD-1 

deficient and WT mice, proliferates rapidly after PPS3 vaccination, significantly more so 

in, and of considerable benefit to, the PD-1 deficient mouse.  

 Our data from Chapter 2 stemmed from an interesting observation during our 

study presented in the first chapter, namely that B7DC-deficient mice had lower levels of 

total IgM in the serum. We hypothesized that with a lower total IgM output, natural 

antibody specificities would likewise be suppressed. This was surprisingly not the case, 

as with significantly decreased concentrations of total IgM, these mice had significantly 

higher concentrations of natural PC-specific IgM, suggesting this effect was selective. 

This was an exciting observation with important implications for the field in terms of B 

cell development and regulation. We hypothesized that PD-L2 regulates natural PC-

specific Ab, and thus set out to determine if this was accurate, and if so, by what 

mechanism. 
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 Previous studies have demonstrated that natural PC-specific Ab secretion falls 

predominantly in mice to the B-1 B cell subset [87], and that the majority of this natural 

antibody is of the IgM isotype. This is important, as this isotype is not as inflammatory as 

class-switched IgG, and maintains important functions like normal homeostatic 

clearance of cellular debris, among others. Of the natural antibody specificities, those 

directed against phosphorylcholine are among the best studied. PC-specific IgM, 

specifically of the T15 idiotype, have been shown to cross protect against 

atherosclerosis and pneumococcus. One particularly novel finding of our study was that 

within the PD-L2 deficient mouse, almost the totality of naïve, PC-specific IgM was T15-

Id. This finding is especially poignant for the field, considering the cross-protective 

nature of this idiotype. Early work by Briles and Kearney [10, 128] elegantly 

demonstrated the importance of this specificity in protection against pneumococcal 

infection in naïve mice. The reason this finding is particularly exciting is the T15-Id has 

been shown to be atheroprotective by targeting oxidized LDL. In thinking about 

therapeutic applications of our data, one may well target PD-L2 in patients who were 

recent victims of myocardial infarcts resulting from plaque blockage. Expanding the T15-

Id B cell clones in these patients concurrent with currently prescribed therapies may 

provide additional protection from future events, especially when combined with 

appropriate diet and exercise. A second application may include those on the opposite 

side of the spectrum: the very young. Targeted and transient blockade of PD-L2 may 

expand the protective T15-Id in very young humans, thereby providing additional 

protection against IPD in this uniquely susceptible population. Recently, the Kearney lab 

at the University of Alabama-Birmingham demonstrated that early exposure to PC-

expressing pathogens during a key developmental window in mice had dramatic long-

term effects on their natural PC-specific antibody composition [230]. Namely, early 

exposure expanded the beneficial T15-Id, whereas later exposure did not. Those mice 

exposed early in life had significant survival advantages when challenged with 
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pneumococcus. If we could similarly expand a beneficial idiotype (humans possess the 

T15-Id) [273] in young humans without using killed, inactivated, or attenuated bacterial 

isolates, we may offer this vulnerable population enhanced protection. However, it is 

important to point out that our research has assayed only one natural antibody 

specificity, and much more work would therefore be required before this could be put 

into practice. A greater understanding of how B7DC mAb blockade impacts other natural 

antibody specificities, not just phosphorylcholine, is needed. Additionally, this is a 

particularly important formative time period, especially pertaining to autoimmune-prone 

clones (of which the peritoneal cavity is highly represented) [193, 274]. Even with 

rigorous screening, unintended consequences may result, necessitating careful, detailed 

further study. 

The group at UAB has done exceptional work to define the germline composition 

of T15-Id, going so far as to ascertain the heavy and light chain makeup of this antibody. 

Other researchers have contributed to the body of knowledge of B-1 cells, like Holodick 

(who defined spontaneous ability of B-1a cells to secrete antibody) [180] and Baumgarth 

(who showed B-1a cells secrete the vast majority of natural antibody specificities) [87]. 

Still other groups have identified PD-L2 as a phenotypic marker for natural ASC derived 

from the peritoneal cavity in mice. What was missing to this point was a study to define 

the regulatory potential of PD-L2, and possibly its interactions with PD-1, in regards to 

natural antibody secretion. Our study expands on what has been known in the field, tying 

together numerous separate threads into one coherent tapestry to define PD-L2 as a 

regulator of natural PC-specific ASC differentiation, not proliferation, independent of 

interactions with its known receptor PD-1. 

 We determined that PC-specific IgM concentrations in PD-L2 deficient mice were 

three times higher than WT mice, and we hypothesized that this was due to expansion of 

B-1a cells in the spleen and bone marrow, known sites of ASC from this subset. As 
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demonstrated by flow cytometric analysis and ELISPOT data, PC-specific ASC numbers 

were significantly elevated in both spleen and bone marrow of PD-L2 deficient mice, 

specifically within the B-1a subset.  

 Even more important, we demonstrated that the ability of PD-L2 to regulate 

natural PC-specific Ab production was B cell-intrinsic. We generated BM chimeric mice 

from WT and PD-L2 deficient donors. Significantly, we utilized two different donor 

sources, very young BM and neonatal liver. Neonatal liver is a tissue with demonstrated 

high concentration of B-1a cell progenitors. Our data show that PD-L2 specifically on the 

B cell suppresses natural PC-specific Ab secretion, as mice reconstituted with either BM 

or neonatal liver from PD-L2 deficient animals had significantly higher titers of PC-

specific IgM, with PD-L2 deficient neonatal liver producing the highest titers. These data, 

in addition to our in vitro assay showing CD23+ follicular (FO) B cells are generally not 

responsive to B7DC mAb blockade, suggests that B-1 cells are most sensitive to PD-L2-

mediated suppression of PC-specific Ab. 

 The temporal regulation of PC-specific Ab in our naïve mice was another unique 

aspect of the phenotype. One surprising result was that newly weaned (≤4 weeks old) 

WT and B7DC deficient mice had equivalent PC-specific IgM levels, but by 6wks of age, 

PC-specific IgM was significantly higher in the deficient mice. This unexpected result 

may signify a maternal element or feedback inhibition loop involving maternal Ab that 

serves to initially limit PC-specific B cells. This would fit other data demonstrating that 

secreted IgM functions to limit B-1 cell numbers [177, 179, 226]. Future experiments to 

tease this out may include rearing WT and PD-L2 deficient pups with B cell-deficient 

(muMT) moms. If a maternal Ab-derived element is responsible for temporal 

development of the phenotype, then removing that element (muMT mice, by virtue of 

their lack of B cells, would have no secreted Ab to limit self Ag access, for example) may 

expedite PC-specific Ab differences in the two genotypes. Cross-rearing (WT moms with 
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PD-L2 deficient pups and vice versa) may be another method of addressing this 

possibility. Further, some Ab specificities may be related to stimuli from the gut flora, and 

even PD-1-deficient mice in certain facilities exhibit differences in gut flora composition 

[35, 237]. We hypothesized that as PD-L2 is the ligand of PD-1, perhaps its deficiency 

would also result in differences in the gut flora that would manifest as significantly 

increased PC-specific Ab levels. We extended the results from that study, treating our 

mice with the same antibiotic cocktail as the Fagarasan group [35] for twice as long. Our 

data demonstrate that gut flora does not contribute to the development or maintenance 

of this phenotype, which is important as other groups in the field have found that gut 

flora does not regulate B-1 cell numbers [177], and further supportive of our chimera 

results demonstrating B cell-intrinsic PD-L2 regulation. 

 We wanted to define the mechanism by which B7DC exerted its regulatory 

control on natural Ab-specific B cells, and felt that the creation of an in vitro assay would 

best address this. We therefore selected B-1 cells from the peritoneum of WT mice, 

combining them with muMT (no B cells) splenocytes. This built on the knowledge that a) 

B-1a cells were significantly expanded in the spleen of PD-L2 deficient mice and b) the 

spleen is the destination of egress for B-1 ASC differentiation and secretion [249]. Our in 

vitro assay significantly expanded our understanding, and therefore the understanding 

within the field, of the manner in which PD-L2 regulates PC-specific Ab production, and 

represents our most novel findings in the Chapter 2 study. We showed that blocking PD-

L2 on B-1 cells in the absence of stimulation significantly increased the concentration of 

PC-specific antibody. Importantly, this was due to increased differentiation, and not 

proliferation, of CD138+ ASC within the culture that was independent of PD-1 

interactions. It is this last point that is most exciting, as to date, only one other potential 

PD-L2 ligand has been discovered, that being RGMb, which plays an important role in 

respiratory tolerance. Defining a role for PD-L2:RGMb interactions in the regulation of 
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natural PC-specific would be significant and novel, especially given the interaction 

occurs without a proliferative event. The literature demonstrates that most differentiation 

events are preceded by a proliferative event [275-277]; however, our findings are unique 

in that differentiation occurs in the absence of proliferative differences without LPS 

stimulation, a key point which distinguishes our study from the unique findings of the 

Herzenberg laboratory [249] which demonstrated differentiation but only in the presence 

of LPS stimulation.  

Consistent with increased differentiation, B7DC mAb blockade results in 

enhanced production of the transcription Blimp1, which in B cells is associated with 

CD138 expression, lineage commitment to ASC, and Ab secretion [232]. Further, the 

literature shows that B-1 cells have elevated Blimp1 levels compared to FO B cells [278]. 

Our results demonstrate up-regulation of Blimp1 without subsequent change in the 

levels of the transcription factor Pax5, a B cell lineage transcription factor. This means 

that these B-1 cells remain committed to being B cells, not to full differentiation into a 

plasma cell. In this setting, these B-1 cells exist as plasmablast-like ASC, capable of Ab 

secretion via increased Blimp1 regulated by PD-L2. Finally, ELISA of culture 

supernatants demonstrates elevated IL-10, but reduced IL-6 under conditions of B7DC 

mAb blockade. The cytokine IL-10 has been shown to upregulate Blimp1 transcript, and 

B-1 cells utilize this cytokine in an autocrine fashion [279-281]. While our understanding 

of the levels of these cytokines and transcription factors is limited to the brief snapshot (4 

days post-block) analyzed, I propose that a brief initial pulse of IL-6 from splenic 

macrophages activates WT B-1 cells to produce IL-10, which subsequently down-

modulates macrophage derived IL-6 while simultaneously stimulating more IL-10 

production from the B-1 cells. This may explain the reduction in IL-6 levels, as one initial 

hypothesis was that IL-6 levels would be higher in blocked wells. Additionally, the 

cytokine profile of the spleen is different than the peritoneum (BLyS in the spleen being 
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favorable for plasmablasts/plasma cells compared to suppressive cytokines like 

prostaglandin E2 in the peritoneal cavity). Future experiments may adequately address 

this via use of a time-course in vitro assay wherein wells are assayed at 1-, 2-, 3-, and 4-

days post block/control mAb application. Additionally, further determination of the ligand 

interaction with PD-L2 and the cell upon which it is expressed would add value to the 

field and represent a novel finding. My favored hypothesis is once in the spleen, 

peritoneal B-1-expressed PD-L2 interacts with splenic macrophage-expressed RGMb to 

limit PC-specific Ab levels. Activation or infection would circumvent this through down-

regulation of PD-L2, thus facilitating clonal expansion and antibody secretion (Figure 

18). Experimentally, using MACS B cell-depleted PD-1 deficient splenocytes cultured 

with WT peritoneal B-1 cells ± B7DC mAb blockade would be a solid start. Follow-up 

experiments would thus use MACS-purified PD-1 deficient splenic macrophages or 

dendritic cells cultured with WT peritoneal B-1 cells ± B7DC mAb blockade, followed by 

FACS analysis of macrophage or DC RGMb expression would address this hypothesis. 

In the evaluation of different conditions within the in vitro assay parameters, we 

also discovered that stimulation of WT peritoneal B-1 cells co-cultured with muMT 

splenocytes with varying concentrations of LPS (0.1, 1.0, 10 µg/mL) also resulted in 

significantly increased PC-specific IgM concentrations with B7DC blockade. This led us 

to hypothesize that these B-1 cells may be more likely to undergo ASC differentiation in 

response to TLR agonist stimulation upon removal of PD-L2 inhibition, which we 

subsequently tested with a colonizing strain of pneumococcus. Our data demonstrated 

that while naïve WT and PD-L2 deficient mice had equivalent levels of PC-specific Ab in 

the nasal tract, PD-L2 deficient mice were induced to produce higher levels of PC-

specific Ab to EF3030 colonization than WT mice, and this likely contributed to expedited 

clearance in these mice 14 days after colonization. Our in vitro results were generated 

using a TLR4 agonist (LPS), whereas the in vivo colonization benefited from the LTA/TA 
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(pneumococcal cell wall) TLR2 agonist activity and pneumolysin TLR4 agonist activity 

[282]; both signal via the MyD88 pathway. Further, we could employ our in vitro assay 

yet again ±LTA at various concentrations to further validate this model. Additionally, in 

our primary respiratory – secondary systemic infectious model, WT primary infection 

survivors succumbed to secondary infection, whereas 60% of PD-L2 primary infection 

survivors were protected. These data indicate that PD-L2 limits development of PC-

specific B-1 cells and may also influence their responsiveness to TLR agonists.  

Taken as a whole, the data presented in this study represent important 

contributions to the understanding of PD-1:PD-L interactions within the field of B cell 

immunology. We have significantly advanced the field’s knowledge of PD-1:PD-L 

interactions in the adaptive humoral response to PPS immunization and pneumococcal 

infection. Our novel finding that B cell-intrinsic PD-1 expression suppresses proliferation 

and IgG class switching in response to PPS immunization has important implications for 

TI-2 Ag-specific responses. Additionally, our innovative discovery that B-1 cell-

expressed PD-L2 limits natural PC-specific ASC differentiation, but not proliferation, 

independent of its known receptor PD-1 offers new insight into the production of natural 

antibody. The summation of these findings informs our integrative model of PD-1:PD-L 

interactions and humoral immune response regulation (Figure 19) in the context of host 

encounters with Streptococcus pneumoniae. Our results serve to advance the 

understanding of the complex interactions of PD-1 and its ligands, and open alternative 

avenues of investigation for regulation of adaptive and natural humoral responses. 
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Figure 18. Model of PD-L2 regulation of PC-specific ASC differentiation and 

antibody production.  

The peritoneal cavity is enriched for PD-L2+ B-1 cells. Peritoneal macrophages are 

known to secrete prostaglandin E2, and the peritoneal cavity is thus representative of a 

suppressive environment in terms of antibody production. Additionally, close cell-to-cell 

interactions with a recently described CD49dhiCD4+ T cell population [283], which is 

highly represented amongst CD4+ T cells in the peritoneum, may further fine-tune B-1 

cells in the peritoneal cavity through secretion of IFNγ (known to upregulate PD-L2) and 

IL-10 (known to be utilized by B-1 cells), and PD-L2 interactions with PD-1 or an as yet 

undescribed PD-L2 ligand (possibly RGMb). 

 Activation (TLR agonist stimulation) leads to subsequent egress from the 

peritoneal cavity to the spleen. The spleen is a more favorable environment for antibody 

production by B cells. Differentiation into ASC results in down-regulation of PD-L2 

(B7DC) expression and up-regulation of Blimp1 transcription factor and CD138 

expression. Reduced B-1 PD-L2 interactions with an as yet undefined Cell X expressing 

an unknown PD-L2 ligand (and/or PD-1) leads to increased cytokine production, with the 

end result being enhanced production of antibody. 
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Figure 19. Integrative PD-1:PD-L humoral immunity model.  

At the time a naïve host encounters and is colonized by Streptococcus pneumoniae, 

natural PC-specific Ab produced by PD-L2-regulated B-1a cells is present and serves to 

limit bacterial burden, as represented in blue. At some point in the lifetime of the host, 

the pneumococcus ceases to be a colonizer and transitions to a state of invasive 

pneumococcal disease (IPD). This results in increased capsule expression, masking the 

PC epitope and overwhelming the host’s natural humoral defenses, thus requiring an 

adaptive humoral immune response. PD-1:PD-L regulates PPS-specific Ab produced by 

B-1b cells, as represented in red. In sufficiently high quantity, PPS-specific Ab serves to 

limit pneumococcal expansion and burden, ultimately allowing for clearance of the 

pneumococcus from the host. 
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2003: Force Health Protection Conference, United States Army, Albuquerque, 

New Mexico  

2002:  Conference for Research Workers in Animal Diseases, St. Louis, Missouri 

Presentation: Restriction Fragment Length Polymorphism Analysis of 

Clostridium perfringens Alpha Toxin 

Deployment 

Microbiology Officer, 345th Combat Support Hospital (CSH), Al Asad Air Base, Iraq, 6 

April 2008 to 26 May 2009 

Responsibilities include: Chief of Microbiology for the clinical laboratory in Level III CSH 

with 18 outlying clinics supporting operations in MNF-W, serving U.S. and Coalition 
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Forces and others as required in support of the Global War on Terrorism; serves as 

subject matter expert in microbiology, parasitology, immunology, virology, and 

mycobacteriology; responsible for all aspects of clinical microbiology, the Joint Biological 

Agent Identification and Detection System (JBAIDS), and continuing education; 

maintains accountability and functionality of microbiological equipment and supplies 

valued in excess of $200,000; ensures laboratory practices and protocols are in 

compliance with Department of the Army (DA), United States Army Reserve Command 

(USARC), Army Medical Command (AR-MEDCOM), and theater lab policies; ensures 

competency of assigned personnel via proficiency exams, education, and presentations; 

develops, promotes, and enhances clinical microbiology program in split-operations 

based CSH; Officer In Charge (OIC) of Clinical Laboratory Services from December 

2008 to March 2009. 

Previous Employment 

Microbiologist, Rocky Mountain Regional Animal Health Laboratory (RMRAHL), Denver, 

Colorado 18 July 2005 to June 2011  

Responsibilities include: Scrapie Genetic Susceptibility Testing Program, West Nile Virus 

ELISA, Blue Tongue Virus ELISA/AGID, Johnes liquid culture testing, Equine Infectious 

Anemia ELISA/AGID, water quality control, environmental sampling for bacteria, and 

Biosafety Coordinator. 

Training 

 NIH pre-doctoral trainee (T32 training grant) 

 Captains Career Course (CCC), US Army, Trinity University and Fort Sam 
Houston, San Antonio, TX 

 Johnes Training, National Veterinary Services Laboratory, Ames, IA 

 Brucella abortus Isolation Training, National Veterinary Services Laboratory 

 Biosafety and Biosecurity in Clinics and Research Laboratories, Colorado State 
University, Fort Collins, CO 

 Joint Biological Agent Identification and Detection System, Brooke Army City 
Base, San Antonio, TX 

 Officer Basic Course, Fort Sam Houston, San Antonio, TX 

 Basic Noncommissioned Officer Course (BNCOC), Fort Devens, MA and Fort 
Dix, NJ 

 Primary Leadership and Development Course (PLDC), Camp Ashland, NE 
 

Patents 

 US Provisional Patent App. Serial No. 61/919,360, filed 12/20/13. Title: Methods 
and Compositions for Increasing Protective Antibody Levels Induced by 
Pneumococcal Polysaccharide Vaccines 


