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Abstract 

Multiple studies have identified Interleukin-6 (IL-6) and Transforming Growth 

Factor-β1 (TGF-β1) as sufficient to induce T helper type 17 (TH17) differentiation in 

vitro, but it is unclear whether these factors are necessary, and if so, what the cellular 

source of these factors is in the context of a TH17 inducing infection in vivo. Moreover, 

studies of the TH17 response have focused mainly on the effector phase and it is currently 

unclear whether these cells persist into the memory phase. To address these questions, we 

used mouse models of immunity to the extracellular bacterium Group A Streptococcus 

pyogenes (GAS) and the intracellular bacterium Listeria monocytogenes (LM), along 

with a sensitive peptide:Major Histocompatibility Complex II (pMHCII) tetramer and 

magnetic bead-based enrichment method to study the differentiation of naïve, polyclonal, 

GAS or LM pMHCII-specific CD4+ cells into TH17 cells. We found that an intranasal 

route of infection resulted in TH17 differentiation, while an intravenous route of infection 

resulted in T helper type 1 (TH1) differentiation after either GAS or LM infection.  We 

also found that IL-6 and TGF-β1 were necessary for TH17 differentiation in response to 

intranasal GAS infection in vivo.  We identified a hematopoietic source of IL-6 and a 

dendritic cell source of TGF-β1 necessary for this differentiation. Lastly, we found that 

intravenous LM infection induced a long-lived TH1 memory population, while intranasal 

LM infection induced a short-lived TH17 population. Combined, this work supports a 

model whereby dendritic cells residing in upper respiratory tissues induce TH17 cell 

differentiation through the production of IL-6 and TGF-β1, resulting in a short-lived 

population of TH17 cells. 
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Chapter 1: 

Background and Introduction 

1.1 Helper T cell Development 

Helper T cell development begins when progenitors from the bone marrow seed 

the thymus (Love and Bhandoola, 2011).  In the thymus, these progenitors differentiate 

into thymocytes and begin to rearrange their αβ T cell antigen receptors (TCRs) through 

the process of random VDJ gene segment somatic recombination (Taghon and 

Rothenberg, 2008).  This process ends at the CD4+ CD8+ stage of thymocyte 

development.  At this time, thymocytes survey self-peptide:MHC (pMHC)-expressing 

cortical thymic epithelial cells via their unique TCRs.  Thymocytes with a TCR that binds 

self-pMHC with low affinity will receive a signal through their TCR that allows for 

survival on to the next stage through the process of Positive Selection (Starr et al., 2003).  

Thymocytes that express a TCR that does not bind self-pMHC will not receive a survival 

signal and will undergo apoptosis.  Clones with TCRs that recognize self-pMHCI will 

become CD8+ cytotoxic T cells, while clones that recognize self-pMHCII will become 

CD4+ helper T cells (Jameson et al., 1995; Singer et al., 2008).  Positively selected 

thymocytes then migrate to the thymic medulla.  Here they interact with medullary 

thymic epithelial cells and dendritic cells (DCs) displaying self-pMHC molecules.  At 

this developmental stage, if a thymocyte expresses a TCR that binds self-pMHC with too 

high avidity, it will undergo apoptosis in a process termed negative selection.  However, 

some CD4+ thymocytes survive this process and go on to become natural regulatory T 

cells (nTREGs) (Hogquist et al., 2005).  The surviving thymocytes together form a 
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repertoire of T cells containing weakly self-pMHC binding TCRs that go on to seed the 

secondary lymphoid organs of the body.  These organs include the spleen, lymph nodes, 

Peyer’s patches, and nasal associated lymphoid tissue (NALT).   

The totality of T cell development results in a diverse repertoire of mature T cells 

that discriminate self from non-self pMHC molecules and are thereby able to mount 

effective responses against pathogens. Additionally, autoimmunity is averted through the 

deletion of autoreactive T cells.  

 

1.2 Primary Helper T Cell Response 

In the context of an infection, immature DCs become activated through 

interaction of pathogen recognition receptors, such as Toll-like receptors, with pathogen-

associated molecular patterns residing on the microbe.  Upon activation, DCs begin to 

upregulate genes involved in antigen processing, pMHCII presentation, costimulatory 

molecules, and cytokines (Banchereau et al., 2000; Janeway and Medzhitov, 2002).  This 

can happen in lymphoid or non-lymphoid tissue.  In the former, resident DCs capture the 

antigen from afferent draining lymph or blood.  In the latter, the DC must capture the 

antigen and then migrate to the draining lymphoid tissue (Catron et al., 2004; Gonzalez et 

al., 2011).  These DCs process pathogen-derived protein antigens, load peptides onto 

MHCII, and present them on the cell membrane (Jenkins et al., 2001).  Within secondary 

lymphoid tissues, naïve helper T cells (CD4+ T cells) become activated and proliferate 

upon engagement of their epitope-specific TCR and CD28 by pathogen-derived pMHCII 

and costimulatory ligands residing on activated DCs, respectively (Glimcher and 
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Murphy, 2000).  These pathogen-derived pMHCII-specific naïve CD4+ T cells are 

extremely rare (a frequency of about 1/105-1/106 of all CD4+ T cells in a mouse) (Jenkins 

et al., 2010).  Naïve CD4+ T cells can differentiate into three known distinct effector 

subsets, each dependent on the presence of specific cytokines provided in the lymphoid 

environment at the time of activation: T helper 1 (TH1), TH2, and TH17 (Murphy and 

Reiner, 2002).  Each subset carries out distinct functions and secretes a specific cytokine 

profile.  Although each subset has unique functionality, activated CD4+ T cells are 

generally known to promote B cell, phagocyte, and CD8+ T cell function (Jenkins et al., 

2001).  TH17 cells are thought to primarily orchestrate protective immunity to 

extracellular bacterial and fungal pathogens, predominantly at epithelial surfaces (Korn et 

al., 2009).  They secrete the signature effector cytokine Interleukin-17A (IL-17A), which 

has proinflammatory properties and is involved in the activation, recruitment, and 

migration of neutrophils (Korn et al., 2009).  IL-17A also acts on many other cell types to 

induce the expression of cytokines, chemokines, antimicrobial peptides, and 

metalloproteinases (Korn et al., 2009).  Upon differentiation, many of these cells exit 

lymphoid organs and circulate through the blood to locations throughout the body, 

including sites of infection (Reinhardt et al., 2001).  Upon resolution of infection, most 

CD4+ effector cells will undergo apoptosis.  However, a small percentage of CD4+ T cells 

will remain in the body as memory cells. 
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1.3 Helper T Cell Memory  

 About 10% of the total pMHCII-specific CD4+ cells that existed at the peak of 

proliferation remain as memory cells.  These cells are mostly quiescent, but some can 

self-renew (Seder and Ahmed, 2003).  CD4+ memory cells can be classified into two 

groups: central memory (TCM) and effector memory (TEM) (Sallusto et al., 1999).  TCM 

cells express lymphoid tissue homing receptors, therefore they tend to reside in these 

tissues.  They are thought to be primarily involved in secondary responses in these organs 

exclusively (Sallusto et al., 2004).  Upon TCR stimulation, these cells produce the 

cytokine IL-2, proliferate extensively, and differentiate into effector cells (Sallusto et al., 

2004).  TEM cells express homing receptors that bring them to non-lymphoid tissues of 

the body.  These cells are known to produce effector cytokines quickly upon stimulation 

through their TCR (Sallusto et al., 1999).  In this respect, TEM cells more closely 

resemble effector cell subsets and have been shown to derive from effector cells in 

several in vitro and in vivo studies (Harrington et al., 2008; Lohning et al., 2008; Pepper 

and Jenkins, 2011).  TEM cells are thought to be a line of immediate defense at sites of 

pathogen entry into the body (Sallusto et al., 2004).     

A general characteristic of memory T cells is that they are capable of long-term 

survival within the host, independent of further TCR stimulation from the inducing 

pMHC ligand (Pepper and Jenkins, 2011; Seder and Ahmed, 2003).  Oldstone and 

colleagues studied this after acute infection with lymphocytic choriomeningitis virus 

(LCMV).  They tracked the stability of LCMV-specific TH1 and CD8+ effector memory 

cells over time and identified that TH1 effector memory cells were less stable over time 
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than their CD8+ counterparts (Homann et al., 2001).  They attributed this to reduced 

expression of the anti-apoptotic molecule Bcl-2 in TH1 compared to CD8+ effector 

memory cells.  The finding that TH1 effector memory cells behaved differently had major 

implications to the protective capacity of these cells.  Two other in vivo studies have 

identified putative TH2 effector memory cells, however, to date there have been no other 

studies to investigate the stability of other CD4+ memory cell subsets (Mohrs et al., 2001; 

Zaph et al., 2006).  Many questions remain such as: does this attrition occur for CD4+ 

memory populations induced from other infections, do TH17 cells survive to the memory 

phase, and if so, do they decline over time similarly to memory cells in the Oldstone 

study? 

 

1.4 Cytokine Requirements for TH17 Differentiation 

 In 2005, two important studies identified a new class of CD4+ T cells distinct 

from the classically described TH1 and TH2 subsets.  This new subset developed 

independently of, and was inhibited by, TH1 and TH2 specific transcriptional regulators 

(Harrington et al., 2005; Park et al., 2005).  These cells were termed TH17 cells because 

they produced a signature cytokine, IL-17A, in large amounts.  Subsequently, the 

transcription factor ROR𝛾t was identified as both necessary and sufficient to drive TH17 

differentiation (Ivanov et al., 2006; Wilson et al., 2007).  In rapid succession following 

this discovery, the minimal cytokines sufficient to differentiate naïve CD4+ T cells into 

TH17 cells in vitro were identified.  These factors were transforming growth factor 

(TGF)-β1 and interleukin (IL)-6 (Bettelli et al., 2006; Mangan et al., 2006; Veldhoen et 



 

 6 

al., 2006).  The fact that TGF-β1 was involved came as a surprise since this cytokine was 

historically associated with anti-inflammatory effects and was now implicated in the 

differentiation of a pro-inflammatory CD4+ T cell subset.  Later three other cytokines IL-

21, IL-23, and IL-1β were identified, which enhanced or stabilized the TH17 phenotype, 

but none were required for initial induction of these cells in vitro (Chung et al., 2009; 

Korn et al., 2007; McGeachy et al., 2009).  The establishment that TGF-β1 and IL-6 were 

required for TH17 differentiation in vitro still left open the question of whether these 

factors are necessary for differentiation in vivo and, if so, the potential cellular sources.  

Recent work by Flavell and colleagues showed that T cell-produced TGF-β1 may play a 

role in the induction of TH17 cells (Li et al., 2007).  In this study, after genetically 

ablating the Tgfb1 gene in T cells, the authors found a significant reduction in IL-17A-

producing cells after experimental autoimmune encephalomyelitis (EAE) induction.  

Although this is an important finding, the authors induced a T cell response to a self-

pMHCII (MOG peptide), which could have confounded their conclusions.  This result 

may not apply to T cell responses to a foreign pMHCII, such as those generated in 

infection.  Additionally, the necessity for IL-6 in vivo has come under scrutiny as a recent 

study found that IL-21 may be involved in an alternative pathway to IL-6 dependent 

TH17 generation in IL-6-/- mice (Korn et al., 2007).  This study was also undertaken 

utilizing the EAE model, therefore, the conclusions may not be universal for the same 

reason stated above.  It will be important to determine the necessity and cellular sources 

of these factors under the more physiological conditions of a TH17 cell-inducing 

infection. 
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1.5 IL-6 Signaling in Helper T cells 

 IL-6 is a cytokine with pleiotropic properties within the immune system and is 

produced by a multitude of cell types in the body including:  DCs, macrophages, 

neutrophils, and epithelial cells (Ericson et al., 1998; Iwasaki, 2007; Jung et al., 1995).  

IL-6 mediates its effects on CD4+ T cells via engaging its receptor, IL6Rα, on the cell 

surface.  In order for a signal to be transduced though, a homodimer of the membrane-

spanning receptor molecule gp130 must be recruited to the IL-6/IL-6Rα complex.  Upon 

engagement with this complex, gp130 recruits the Janus kinase JAK1 to its intracellular 

domain.  JAK1 then activates the transcription factor signal transducer and activator of 

transcription (STAT)-3 via phosphorylation (Vanden Berghe et al., 2000).  

Phosphorylated STAT3 then dimerizes and mobilizes to the nucleus, helping to initiate 

the TH17 differentiation program (Heinrich et al., 2003; Korn et al., 2009).  STAT3 is 

necessary but not sufficient to induce ROR𝛾t, suggesting that other factors are involved.  

This is also evidenced by the fact that full induction of ROR𝛾t is achieved only in the 

presence of TGF-β1 and IL-6 in vitro (Korn et al., 2009).  IL-6 signaling in naïve CD4+ T 

cells also leads to the upregulation of IL-23R and IL-21, which as mentioned earlier, are 

important for further TH17 development (Ivanov et al., 2006; Zhou et al., 2007).    

 

1.6 TGF-β1 Signaling in Helper T cells 

 Like IL-6, TGF-β1 has pleiotropic effects on the immune system including 

functioning in T cell development, homeostasis, and tolerance (Li and Flavell, 2008).  

This cytokine is also produced by many cell types in the body.  Relevant potential 
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sources of this factor to T cells include lymphocytes, dendritic cells, and epithelial cells 

(Iwasaki, A., 2007; (Wang et al., 2006).  Owing to its many roles in the body, TGF-β1 is 

complexly regulated.  It is synthesized in an inactive form consisting of a TGF-β1 dimer 

in association with latency-associated protein (LAP).  Latent TGF-β1 is either secreted 

directly or can form a complex with latent-TGF-β1-binding protein (LTBP), which 

allows for binding to the extracellular matrix (ECM) (Li and Flavell, 2008).  Latent TGF-

β1 becomes activated upon engagement of a TGF-β1 activator, such as αvβ6 integrins on 

epithelial cells or αvβ8 on DCs (Korn et al., 2009).  This binding alters the conformation 

of LAP, allowing active TGF-β1 to bind to its receptor on the surface of CD4+ T cells (Li 

and Flavell, 2008).  This receptor is composed of a tetrameric complex of TGF-β1 

receptor I (TGF-β1RI) and TGF-β1 receptor II (TGF-β1RII) dimers.  Upon binding, 

TGF-β1RI becomes activated and phosphorylates the transcription factors Smad2 and 

Smad3, triggering their translocation into the nucleus in a complex with Smad4.  Once in 

the nucleus, these Smad complexes associate with additional transcription factors and 

cofactors to regulate gene expression programs (Li and Flavell, 2008).  Currently, the 

downstream factors that Smad proteins interact with in CD4+ T cells remain unknown, 

but it is has been suggested that TGF-β1 downstream signaling leads to suppressed 

expression of the transcription factors T-bet and GATA3, limiting differentiation to TH1 

and TH2 fates (Das et al., 2009).  Study of TGF-β1 and its role in TH17 differentiation has 

been complicated by the observation that mice lacking this cytokine or its receptor 

subunits develop a fatal, systemic T cell-mediated autoimmune disease (Letterio and 

Roberts, 1998; Shull et al., 1992; Yang et al., 1999).  
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1.7 Detection of Polyclonal Epitope-specific CD4+ T Cells with p:MHCII 

Tetramers 

 The Jenkins laboratory has recently developed a technique to detect numerically 

rare, polyclonal, epitope-specific CD4+ T cells utilizing pMHCII tetramers along with 

magnetic enrichment and flow cytometry (Moon et al., 2007).  To do this, a tissue is 

processed into a single-cell suspension and incubated with fluorochrome-labeled pMHCII 

tetramers.  The sample is then incubated with anti-fluorochrome-conjugated magnetic 

beads.  Next, the sample is put through a magnetic column, thereby enriching the sample 

for tetramer-bound cells.  Using this method, detection of low frequency, endogenous, 

epitope-specific CD4+ T cell populations can be achieved, which was not previously 

possible.  Using this method, the technique of transferring TCR transgenic T cells to 

study T cell responses, with its presently identified potential pitfalls, is avoided 

(Badovinac et al., 2007; Garcia et al., 2007; Hataye et al., 2006; Marzo et al., 2005).  

 

1.8 Statement of Thesis 

Multiple studies have identified IL-6 and TGF-β1 as sufficient to induce TH17 

differentiation in vitro, but it is unclear whether these factors are necessary, and if so, 

what the cellular source of these factors is in the context of a TH17 inducing infection in 

vivo.  Moreover, studies of the TH17 response have focused mainly on the effector phase 

and it is currently unclear whether these cells persist into the memory phase.  This 

dissertation tests the hypothesis that TH17 differentiation in vivo is controlled by the 

production of IL-6 and TGF-β1 by dendritic cells residing in anatomically distinct 



 

 10 

lymphoid tissues of the body.  We predict that these interactions lead to the generation of 

a phenotypically and functionally short-lived population of TH17 cells.  We used mouse 

models of immunity to the extracellular bacterium Group A Streptococcus pyogenes 

(GAS) and the intracellular bacterium Listeria monocytogenes (LM), along with a 

sensitive pMHCII tetramer and magnetic bead-based enrichment method to study the 

differentiation of naïve, polyclonal, GAS or LM pMHCII-specific CD4+ cells into TH17 

cells.  We found that IL-6 and TGF-β1 were necessary for TH17 differentiation in 

response to GAS infection in vivo.  We identified a hematopoietic source of IL-6 and a 

dendritic cell source of TGF-β1 necessary for this differentiation.  We also found that an 

intranasal route of infection resulted in TH17 differentiation, while an intravenous route 

of infection resulted in TH1 differentiation after either GAS or LM infection.  Lastly, we 

found that intravenous LM infection induced a long-lived TH1 memory population, while 

intranasal LM infection induced a short-lived TH17 population.  Combined, this work 

supports a model whereby dendritic cells residing in upper respiratory tissues induce 

TH17 cell differentiation through the production of IL-6 and TGF-β1, resulting in a short-

lived population of TH17 cells.       
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Chapter 2: 

Robust Antigen Specific TH17 T Cell Response to Group A Streptococcus is 

Dependent on IL-6 and Intranasal Route of Infection 

2.1 Introduction 

 Group A streptococcus (GAS, Streptococcus pyogenes) is an important bacterial 

pathogen that causes many different clinical conditions ranging from pharyngitis, 

impetigo, toxic shock syndrome, necrotizing fasciitis to post infectious autoimmune 

sequelae like acute rheumatic fever and glomerulonephritis (Cunningham, 2008; 

Guilherme et al., 2005). GAS is an important cause of morbidity and mortality 

worldwide. Estimates are that 500,000 deaths occur each year due to severe GAS 

infections (Carapetis et al., 2005). GAS produces a wide variety of virulence factors that 

play important roles in adhesion, immune evasion, dissemination, tissue destruction and 

toxicity (Cunningham, 2008; Tart et al., 2007). Remarkably, one third of those treated 

with antibiotics continue to shed streptococci and a significant number of these carriers 

have recurrent disease by the same strain (Martin et al., 2004; Quinn and Federspiel, 

1973). Carrier state is an important public health problem because it maintains the cycle 

of disease in a community. Tonsils are known to harbor and shed streptococci, even after 

intense antibiotic therapy. Osterlund et al found that 93% of tonsils excised from children 

retained intracellular GAS, and others reported isolation of GAS from excised tonsils, 

confirming that this secondary lymphoid tissue is an important reservoir (Osterlund et al., 

1997).  
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The capacity of GAS to survive in lymphoid tissue is not understood. Although 

GAS induces a humoral immune response in most individuals, streptococci can still 

persist.  GAS also induces a CD4+ T cell response (Park et al., 2004). CD4+ T cells 

express T cell antigen receptors (TCR) that recognize short peptides bound to MHCII 

molecules (pMHCII) expressed by host antigen-presenting cells. During primary 

infection, the rare naïve CD4+ T cells, which by chance express TCRs complementary to 

bacterial pMHCII complexes, proliferate and differentiate into Th1, Th2, or Th17 effector 

cells that produce cytokines such as IFN-γ, IL-4 or IL-17, respectively, which help to 

eliminate the pathogen. Which of these effector cell types will develop during infection is 

determined by cytokines produced by cells of the innate immune system. For example in 

mice, the differentiation of Th17 cells in vitro depends on IL-6 and Transforming Growth 

Factor-beta (TGF-β) (Bettelli et al., 2006). We recently demonstrated that GAS infection 

of the NALT, the murine equivalent of the tonsils, generates Th17 cells, which contribute 

to immune protection (Wang et al., 2010).  Lu et al have shown that Th17 cells protect 

against other streptococcal infections as well (Lu et al., 2008). 

Previous studies used adoptive transfer of monoclonal TCR transgenic T cells to 

study T cell responses to infection with antigen tagged GAS (Costalonga et al., 2009; 

Park et al., 2004). A drawback of this approach is that it results in an abnormally large 

number of naïve precursors, which experience inefficient activation due to competition 

for limiting pMHCII (Blair and Lefrancois, 2007; Catron et al., 2006; Hataye et al., 

2006). Therefore, the nature of the CD4+ T cell response to GAS infection under 

physiological conditions is still unknown.  
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To avoid these limitations, we used a new cell enrichment method based on 

fluorochrome-labeled pMHCII tetramers and magnetic beads (Moon et al., 2009) to 

characterize the endogenous polyclonal CD4+ T cell response to GAS. This approach 

depended on the availability of a tetramer of the I-Ab MHCII molecule of the preferred 

C57BL/6 mouse strain bound to a peptide from the GAS proteome. Unfortunately, no 

such peptide has been identified to date. We therefore produced a recombinant GAS 

strain that expresses an immunogenic peptide (EAWGALANWAVDSA) called 2W 

(Rees et al., 1999) fused to the M1 protein on its surface. 2W:I-Ab tetramer staining and 

magnetic bead enrichment was used to characterize 2W:I-Ab+ CD4+ T cells from NALT 

and other lymphoid tissues after intranasal GAS-2W infection. Our results demonstrate 

that an intranasal infection is critical for mounting an effective IL-6-dependent pMHCII-

specific Th17 response. A lack of this response led to a preponderance of Th1 cells and 

failure to control GAS infection. This work defines the Th17 response to GAS infection, 

and may shed light on the basis for the carrier state and autoimmune complications in 

humans.  

 

2.2 Materials and Methods 

Bacterial Strains and Growth   

Streptococci were grown in Todd-Hewitt broth supplemented with 2% neopeptone (THB-

Neo) or on solid media containing Difco blood agar base and sheep blood at 37°C in 5% 

CO2. All growth media were purchased from Difco Laboratories, Detroit, MI. Strain 90-
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226 (serotype M1) was originally isolated from the blood of a septic patient (Dombek et 

al., 1999).  

 

Mice   

Five to six weeks old female C57BL/6 mice were purchased from Taconic farms 

(Germantown, NY) and used at 7–8 weeks of age. IL-6-/- mice in C57BL/6 background 

were purchased from the Jackson Laboratory (Bar Harbor, ME) (Kopf et al., 1994). Mice 

were housed under specific pathogen-free conditions at RAR facilities of University of 

Minnesota. Mice inoculated with GAS were housed in biosafety level 2 facilities.  

 

Generation of a Recombinant GAS Strain that Expresses the 2W Epitope in M 

Protein  

An M1 GAS strain 90–226 was genetically engineered to express the 14 amino acid 2W 

peptide (EAWGALANWAVDSA) on the bacterial surface as a fusion protein with 

streptococcal M protein (Fig. 2.1). The corresponding chimeric protein is composed of 

the 2W epitope inserted in-frame after the first five amino acids of the mature M1 surface 

protein. The hybrid emm1.0::2W gene was constructed using standard molecular biology 

techniques and then introduced into the chromosomal emm1.0 gene locus by allelic 

replacement. Briefly, the emm1.0 gene of strain 90–226 is contiguous with mga at the 5’ 

end and with the sic gene at the 3’ end, and has its own promoter. Plasmid pFW5 has two 

multiple cloning sites on either side of a spectinomycin resistance gene (Dombek et al., 

1999; Park et al., 2004). The entire sic gene with its promoter was PCR amplified and 
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inserted into the multiple cloning site downstream of the spectinomycin resistance gene 

in pFW5. A fragment containing the C-terminal half of mga through the entire emm1.0 

gene was PCR amplified by a two-step method to insert the sequence of the 2W epitope 

into the emm1.0 gene. In the first step, DNA fragments, each coding for part of the 2W 

epitope sequence (overlapping) were amplified by PCR. In the second step these 

overlapping fragments were annealed, extended and further amplified to generate a 2.5-

kb fragment, which was inserted into the multiple cloning site upstream of the 

spectinomycin resistance gene in pFW5. This plasmid was transformed into strain 90–

226 emm1.0::km for gene replacement, and transformants were selected on 

spectinomycin (100µg/ml). The spectinomycin-resistant transformants were then 

screened for kanamycin sensitivity. Positive clones (SpecRKanS) were screened for gene 

replacement and the entire region including the 2W insertion was amplified and sequence 

verified. The resulting strain was designated Streptococcus pyogenes 90-226 

emm1.0::2W (GAS-2W). A whole blood phagocytosis assay was used to test whether 

GAS-2W streptococci are M+ (Hyland et al., 2007).  

 

Intranasal Inoculation   

C57BL/6 mice were anesthetized with isoflurane/oxygen mixture for 1 min and 

inoculated intranasally with GAS-2W by placing appropriate doses in a total volume of 

15 µl PBS (7.5 µl /nostril). Fractionated droplets were placed with a pipette tip near the 

entrance of the nostril and the inoculum was involuntarily aspirated into the nasal cavity. 
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In Vitro Stimulation with PMA-Ionomycin   

NALT, Cervical lymph nodes (CLN) and Spleen from C57BL/6 mice were harvested by 

dissection, disrupted on a nylon screen in 1-2 ml of complete EHAA medium (cEHAA). 

Resulting single cell suspensions were filtered over a nylon screen and washed with 

cEHAA before invitro stimulation and staining. Freshly made single cell suspensions in 

cEHAA were stimulated in vitro with PMA and ionomycin for 4 hours. PMA and 

ionomycin were added at 50 ng/ml and 500 ng/ml final concentrations, respectively. Cells 

were incubated at 37C for 1 hour and Brefeldin A (BrA) was added to disrupt golgi and 

prevent cytokines from being secreted into the medium (1:1000 of 10 mg/ml DMSO 

stock) and incubated for three additional hours before proceeding to tetramer enrichment.  

 

Tetramer Production   

2W:I-Ab tetramers were generated as described in detail by Moon et al (Moon et al., 

2009; Moon et al., 2007). Briefly, 2W:I-Ab was expressed in S2 cells. S2 cells were co-

transfected with plasmids encoding the I-Ab alpha chain, the I-Ab beta chain and BirA 

gene. Transfected cells were selected, passaged in serum-free media, and cultures scaled 

up to one liter cultures. Expression was induced with copper sulfate and biotinylated 

2W:I-Ab heterodimers were purified from supernatants with a Ni++ affinity column. 

Bound 2W:I-Ab molecules were eluted and purified. Tetramers were created by mixing 

biotinylated 2W:I-Ab molecules with Phycoerythrin (PE) or Allophycocyanin (APC)-

conjugated streptavidin.  
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Peptide-MHC-II Tetramer Based Magnetic Bead Enrichment   

2W:I-Ab-specific CD4+ T cells were enriched as described previously (Moon et al., 2009; 

Moon et al., 2007; Pepper et al., 2010). Briefly mice were euthanized and NALT, cervical 

lymph nodes and Spleen were harvested separately. Single cell suspensions were 

prepared in 200 µl of Fc block (supernatant from 2.4G2 hybridoma cells grown in serum-

free media + 2% mouse serum, 2% rat serum, 0.1% sodium azide) from each tissue. 

Phycoerythrin (PE) or Allophycocyanin (APC) conjugated tetramer was added at a final 

concentration of 10 nM and the cells were incubated at room temperature for 1 hr, 

followed by a wash in 15 ml of ice-cold FACS buffer (PBS + 2% fetal bovine serum, 

0.1% sodium azide). The tetramer-stained cells were then resuspended in a volume of 

200 µl of FACS buffer and mixed with 50 µl of anti-PE or anti-APC antibody conjugated 

magnetic microbeads (Miltenyi Biotech, Auburn, CA) and incubated on ice in dark for 30 

min, followed by one wash with 10 ml of FACS buffer. The cells were resuspended in 3 

ml of FACS buffer and passed over a magnetized LS column (Miltenyi Biotech). The 

column was washed with 3 ml of FACS buffer three times and then removed from the 

magnetic field. The bound cells were eluted by pushing 5 ml of FACS buffer through the 

column with a plunger. The resulting enriched fractions were resuspended in 0.1 ml of 

FACS buffer, and a small volume was removed for cell counting while the rest of the 

sample was stained with a cocktail of fluorochrome-labeled antibodies. 
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In Vivo Stimulation with Heat-killed GAS-2W   

GAS-2W was grown in THB-Neo media to O.D.600 of 0.5, washed once with PBS, 

pelleted and resuspended in appropriate volume of PBS and incubated at 60C for 30 

minutes. Viability of bacteria was confirmed by plating out on blood agar plates. Heat-

killed GAS-2W was stored in aliquots at -20C until use. To induce cytokine production 

by 2W:I-Ab-specific CD4+ T cells in vivo, 2 X 108 CFU heat-killed GAS-2W in 200 µl of 

PBS was inoculated intravenously through tail vein. Mice were sacrificed after 3-4 hrs 

and single cell suspensions of spleen were made in cEHAA medium supplemented with 

BrA.  

 

Intracellular Cytokine Staining  

Intracellular cytokine staining for IL-17A and IFN-γ was done using BD 

Cytofix/Cytoperm fixation-permeabilization solution and anti-IL-17A-PE and anti-IFN-γ-

PE-Cy7 antibodies according to manufacturer’s protocols. Briefly cells stimulated in vivo 

with heat-killed GAS-2W or in vitro with PMA-ionomycin were subjected to 2W-MHCII 

tetramer enrichment. Enriched cells were stained for surface markers, washed and fixed 

with 250 µl of Fixation / Permeabilization solution (BD Biosciences) per sample for 20 

min on ice. All samples were washed with 1 ml of 1X Perm/Wash buffer (BD 

Biosciences) and anti IL-17A PE and anti IFN-γ-PE-Cy7 antibodies were added in 100 µl 

of 1X Perm/Wash buffer and incubated overnight at 4C in dark. The following day cells 

were washed with 1 ml of 1X Perm/Wash buffer and resuspended in 400 µl of FACS 
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buffer and transferred to a micro tube within a FACS tube for analysis in LSR-II flow 

cytometer.  

 

Flow Cytometry and Antibodies   

A Becton Dickinson LSR-II flow cytometer was used to collect and analyze events that 

have the light scatter properties of lymphocytes and are CD4+ and 2W:I-Ab+. Pacific 

Blue-conjugated anti-B220, CD11b, F4/80 (Caltag), CD11c (eBioscience, San Diego, 

CA); Pacific Orange-conjugated CD8 (eBioscience); PerCP-conjugated CD4 (BD 

PharMingen); PE-Cy7-conjugated IFN-γ (eBioscience); PE conjugated IL-17A; APC-

AF780 conjugated CD4 and AlexaFluor 700-conjugated CD44 (eBioscience); PE-

conjugated CD4; FITC-conjugated CD4; PB-conjugated CD4; APC-conjugated CD4; 

AF700-conjugated CD4; PerCP-Cy5.5-conjugated CD4; APC-AF750-conjugated CD4. 

Antibodies were purchased from the indicated sources. FACS acquisition was performed 

using FACSDiva software and analysis was done using FlowJo (Tree Star, Ashland, OR). 

 

Statistics   

All values are expressed as mean ± SEM. Differences between groups were analyzed 

using Student’s t-test by GraphPad Prism (Version 4.03 for Windows, GraphPad 

Software, San Diego, CA). Differences are considered significant at P < 0.05.  

 

 

 



 

 20 

2.3 Results 

Generation of Recombinant GAS Strain that Expresses the M1-2W Fusion Protein 

 An M1 GAS strain 90–226 was genetically engineered to express the 14 amino 

acid 2W peptide (EAWGALANWAVDSA) as a cell wall surface hybrid M1 fusion 

protein. The hybrid emm1.0::2W gene was constructed in plasmid pFW5 in E. coli and 

then introduced into the chromosomal emm1.0 gene by allelic replacement (Dombek et 

al., 1999). The corresponding chimeric protein is composed of the 14 amino acid 2W 

peptide inserted in frame after the first five amino acids of the mature M1 surface protein 

(Fig. 2.1A). The strain, designated 90–226 emm1.0::2W (GAS-2W), is genetically stable 

without spectinomycin selection due to replacement of the wild-type gene in the 

chromosome. The anti-phagocytic property of the M1-2W fusion protein was assessed to 

test whether insertion of the 2W peptide altered the function of the M protein. GAS-2W 

was as resistant to phagocytosis as the wild-type 90-226 in whole blood bactericidal 

assays (Fig. 2.1B). An M- variant 90-226 emm1.0::km (GAS-ΔM) (Dombek et al., 1999) 

was included as a negative control and was susceptible to phagocytic killing as expected. 

Furthermore, the GAS-2W strain colonized mouse NALT as efficiently as the wild type 

(Fig. 2.1C). 
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Figure 2.1.  Construction of a Group A Streptococcus 90-226 strain that expresses the 2W 

(GAS-2W).  (A) Schematic diagram of emm1.0::2W fusion protein that is expressed on the surface of 

GAS-2W. SS-Signal sequence; A - A region; B - B repeats; S - spacer region; C – C repeats; D – D region; 

HVR – Hyper-variable region; Cell wall anchor (466-496) (B) Survival and growth of strain GAS-2W in 

phagocytic human blood. 90-226 WT is the parent of GAS-2W and the M protein negative mutant GAS-

ΔM. Fold increase was calculated as the number of CFU after 3 h in rotated blood divided by the initial 

number of CFU. Representative result from one of two independent experiments is shown. (C) 

Colonization of mouse NALT by intranasally administered Streptococci. Viable counts of 90-226-WT or 

GAS-2W streptococci recovered from homogenized NALT 24h following inoculation with 2x108 CFU. 

The bars represent the mean + SEM of four mice per group.  
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Intranasal Infection with GAS-2W Induced a Strong Antigen-specific TH17 response 

in C57BL/6 Mice 

Spleen and lymph node cells from mice were pooled for quantification of 2W:I-

Ab-specific CD4+ T cells by pMHCII-based cell enrichment at various times after 

infection with GAS-2W. Each C57BL/6 mouse had between 200 and 250 2W:I-Ab-

specific CD4+ T cells before infection, and these cells expressed small amounts of CD44 

(CD44Lo) on the surface as expected for naïve cells (Fig. 2.2A) (Moon et al., 2009; Moon 

et al., 2007). In mice that were inoculated intranasally with GAS-2W, this naïve 2W:I-

Ab-specific CD4+ T cell population expanded to ~105 cells in seven days (Fig. 2.2A). 

Most of these cells expressed large amounts of CD44 (CD44Hi), indicative of pMHCII-

dependent activation. Expansion of 2W:I-Ab-specific CD4+ T cells was first detected 

three days after primary infection with GAS-2W and increased rapidly to a peak seven 

days after inoculation (Fig. 2.2B). 2W:I-Ab-specific CD4+ T cells then began to decline 

and reached 10% of the maximum level by day 20-post infection. Expansion of these 

CD4+ T cells was proportional to the dose of GAS-2W used for infection (Fig. 2.2C).  
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Figure 2.2.  2W:I-Ab-specific naïve CD4+ T cells expanded in response to intranasal infection 

with GAS-2W.  (A) B6 mice were infected with GAS-2W (intranasal, 2x108 CFU). Seven days later 

CD4+2W:I-Ab+ cells were enriched from cervical lymph nodes and spleens and analyzed by flow 

cytometry. One representative of at least ten independent experiments is shown. CD44 indicates the 

number of antigen experienced CD4+ T cells (B) Change in the total number of 2W:I-Ab-specific CD4+ T 

cells after a primary infection over time (n=28). (C) Mean number of antigen specific CD4+2W:I-Ab+  T 

cells is dose dependent. B6 mice were inoculated intranasally with 2x108, 4x107 and 8x106 CFU / mouse, 

respectively. Seven days after infection CD4+2W:I-Ab+ cells were isolated from cervical lymph nodes and 

spleen, and analyzed. 

 

In vivo lymphokine production was measured by rechallenging mice with heat-

killed GAS-2W (HK-GAS-2W) and then measuring intracellular lymphokines produced 

by 2W:I-Ab-specific T cells 3 hours later (Pepper et al., 2010). 2W:I-Ab+ cells in mice 

infected intranasally with live GAS-2W one week earlier produced IL-17A, but not IFN-γ 
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after challenge with HK-GAS-2W (Fig. 2.3A). 2W:I-Ab+ cells in mice inoculated 

intranasally with HK-GAS-2W one week earlier also produced IL-17A after challenge 

with HK-GAS-2W (Fig. 2.3). Therefore, exposure of NALT to either live or dead GAS 

induced bacterial pMHCII-specific Th17 cells. In order to compare the approximate 

percentage of 2W:I-Ab-specific Th17 cells to total GAS induced Th17 cells, B6 mice 

were inoculated once intranasally with 2x108 CFU of GAS-2W. Ten days after the 

infection mice were restimulated in vivo by IV injection of heat killed GAS-2W. 2W:I-

Ab+ CD4+ T cells from spleen were stained and enriched as described in the methods. 

Both bound (2W:I-Ab+ CD4+ T cells) and unbound (2W:I-Ab- CD4+ T cells or flow 

through) fractions were collected and analyzed for intracellular cytokines IL-17A and 

IFN-γ. Total numbers of CD4+2W:I-Ab+IL-17A+ and CD4+2W:I-Ab-IL-17A+ cells were 

calculated for the entire spleen. The approximate ratio of 2W:I-Ab+IL-17A+ cells to total 

2W:I-Ab- IL-17A+ cells ranged from 1:7 to 1:12 (Fig. 2.4). 
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Figure 2.3.  Primary intranasal GAS infection induces a Th17 response. Mice were inoculated 

once intranasally with 2x108 CFU or equivalent numbers of heat-killed streptococci HK-GAS. (A) 

CD4+CD44Hi2W:I-Ab+ cells enriched from spleens of mice that were inoculated  with live GAS-2W and 

restimulated after a week in vivo by IV injection of heat killed GAS-2W (HK-GAS-2W). (B) 

CD4+CD44Hi2W:I-Ab+ cells from mice that were inoculated intranasally with heat-killed GAS-2W and 

restimulated in vivo with HK-GAS-2W. One representative of three independent experiments is shown. 
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Figure 2.4. Primary intranasal GAS infection induces a Th17 response in both 2W:I-Ab+ and 

2W:I-Ab- CD4+ T cell populations. B6 Mice were inoculated once intranasally with 2x108 CFU of GAS-

2W. 10 days after the infection mice were restimulated in vivo with IV injection of heat killed GAS-2W. 

2W:I-Ab+ CD4+ T cells from spleen were enriched on magnetized columns. Both bound and unbound 

fractions were collected and analyzed for intracellular cytokines IL-17A and IFN-γ. Upper panel shows the 

bound fraction and cells shown in the middle and right columns are gated on CD4+CD44Hi cells. Lower 

panels shows the unbound (flow through) fraction. One representative of two independent experiments is 

shown. Numbers of CD4+IL-17A+ T cells shown in the quadrants above were calculated for the whole 

spleen. The approximate ratio of 2W:I-Ab+IL-17A+ cells to streptococcus activated total 2W:I-Ab- IL-17A+ 

cells ranged from 1:7 to 1:12.  
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Li et al reported that the Streptococcal superantigen, which contaminates 

commercial peptidoglycan preparations induced human lymphocytes to produce IL-17A 

(Li et al., 2008); therefore, experiments were performed to determine whether 2W:I-Ab-

specific CD4+ T cell clonal expansion was pMHCII-specific. B6 mice were inoculated 

three times at weekly intervals with either 2x108 CFU of GAS-2W or wild type 2W- GAS 

(GAS-WT). Three days after the last infection, mice were euthanized and enriched 

CD4+2W:I-Ab+ T cells from spleen, cervical lymph nodes (CLN), and NALT were 

analyzed (Fig 2.5). Expansion of 2W:I-Ab-specific CD4+ T cells only occurred in mice 

inoculated with GAS-2W (Fig. 2.5A), and not in mice inoculated with GAS-WT that 

lacked the 2W epitope. The number of CD4+2W:I-Ab+ T cells in tissue from mice 

infected with GAS-WT was less than 200, similar to that of naïve mice. This indicates 

that the clonal expansion of 2W:I-Ab-specific CD4+ T cells is a pMHCII-specific 

response and not due to superantigens produced by this strain of GAS (Fig.2.5A). The 

same samples were restimulated in vitro with pharmacologic TCR mimics, PMA and 

ionomycin, and stained for intracellular cytokines in order to evaluate their cytokine 

phenotype. Most of the 2W:I-Ab-specific CD4+ T cells from NALT, CLN and spleen 

produced IL-17A (Fig. 2.5B); greater than 75% of the 2W:I-Ab-specific CD4+ T cells 

from all three tissues had a Th17 phenotype (Fig. 2.5B). The response was more robust in 

NALT, which is a preferred target of intranasal GAS infection. In NALT pMHCII-

specific IL-17A producers reached more than 90% of the total 2W:I-Ab-specific CD4+ T 

cells.  



 

 28 

 Even though initial priming and expansion of CD4+2W:I-Ab+ T cells is 

independent of superantigen as shown above, it was possible that cytokine activation in T 

cells from infected mice was mediated by superantigens associated with heat-killed 

bacteria. To address specificity of the recall response, B6 mice that were inoculated twice 

with GAS-2W streptococci and then were restimulated in vivo by intravenous injection of 

either HK-GAS-2W or heat killed wild-type 2W-GAS (HK-GAS-WT) bacteria. 

CD4+CD44Hi2W:I-Ab+ cells from mice that were primed with GAS-2W had expanded 

significantly, produced IL-17A 21 days later following restimulation with HK-GAS-2W, 

but not with 2W- HK-GAS-WT bacteria (Fig. 2.5C). Thus both priming of CD4+ T cells 

and recall of cytokine expression by GAS is antigen-specific and independent of 

superantigens in this animal model.  

  Children often experience multiple episodes of GAS pharyngitis before reaching 

the age of 15. Therefore, we investigated whether repeated infection amplified, shifted or 

dampened the Th17 response.  Following multiple infections, most of the 

CD4+CD44Hi2W:I-Ab+ T cells had elevated levels of intracellular IL-17A (Fig. 2.5B). 

The response was more robust in NALT, the major infection site following intranasal 

GAS infection. 
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Figure 2.5.  Clonal expansion of 2W:I-Ab-specific CD4+ T cells and recall of IL-17A is 

antigen-specific and not due to Superantigens produced by GAS. (A) Tetramer enriched CD4+ T cells 

from Spleen, CLN and NALT of mice after three inoculations at weekly intervals. Top panel is from wild 

type GAS (GAS-WT) infected B6 mice and the lower panel is from B6 mice inoculated with (GAS-2W). 

(B) Analysis of IL-17A expression by  CD4+ CD44Hi 2W:I-Ab-specific T cells in NALT, CLN and Spleen 

from the lower panel of part A. (C) Analysis of the specificity of IL-17A activation in CD4+ 2W:I-Ab+ T 

cells originally primed by GAS-2W infection (twice).  Primed mice were restimulated in vivo by IV 

injection of heat killed GAS-2W (HK-GAS-2W) or heat killed 2W negative GAS (HK-GAS-WT) 21 days 
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after the last infection. CD4+CD44Hi2W:I-Ab+ cells were isolated as described in methods and analyzed for 

IL-17A and IFN-γ expression. 

 

Route of Inoculation Influences the TH17 Phenotype to GAS Infection 

 Recently, Pepper et al showed that the intranasal route was important for the 

generation of IL-17-producing 2W:I-Ab-specific T cells in response to a recombinant 

strain of Listeria monocytogenes that expressed the 2W peptide (LM-2W) (Pepper et al., 

2010). Most GAS infections naturally involve oro-pharyngeal tissue and preferably 

colonize tonsils in humans and NALT in mice. Experiments were therefore performed to 

assess the impact of the intranasal route of inoculation of GAS on the CD4+ T cell 

response. B6 mice were inoculated with HK-GAS-2W intranasally, intravenously or 

subcutaneously. HK-GAS-2W bacteria were used to avoid spread of infection from the 

site of inoculation. 2W:I-Ab-specific T cells expanded in the spleens of these mice in 

response to all routes of inoculation. Intranasal infection with GAS-2W induced IL-17A-

producing 2W:I-Ab-specific T cells; whereas intravenous and subcutaneous inoculations 

induced IFN-γ-producing cells (Fig. 2.6). The Th17/Th1 ratio was more than 40 times 

higher in cells from intranasally inoculated mice compared to that from mice inoculated 

intravenously or subcutaneously. Thus, the intranasal route of infection was critical for 

the generation of Th17 cells during GAS infection.  

To compare the relative magnitude of Th17 induction by GAS and LM intranasal 

infections, mice were inoculated either intranasally or intravenously with either GAS-2W 

or LM-2W. Intranasally both GAS-2W and LM-2W induced primarily a Th17 response. 



 

 31 

Notably, however, a larger fraction of the 2W:I-Ab-specific T cell population produced 

IL-17A following intranasal GAS-2W infection than following intranasal LM-2W 

infection (Fig. 2.6B) (Pepper et al., 2010). Furthermore, both GAS and LM primarily 

induced a Th1 response to intravenous inoculation but LM induced a significantly greater 

Th1 response than GAS (Fig. 2.6B). Therefore, the PAMPs expressed by or nature of 

GAS infections creates an environment more conducive to priming the Th17 phenotype 

than those of LM. Moreover, these data suggest that the 2W epitope does not influence 

the Th phenotype per se, since the same naïve 2W:I-Ab-specific CD4+ T cell population 

has expanded and differentiated into different phenotypes in response to alternative 

routes of infection. 
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Figure 2.6. Route of inoculation determines the Th17 phenotype to GAS infection. (A) B6 

mice were inoculated intranasally (I/N), intravenously (I/V) or subcutaneously (S/C) with HK-GAS-2W. 

After one week mice were restimulated in vivo with HK-GAS-2W for 4 hours and then CD4+CD44Hi2W:I-

Ab+ cells from spleen were stained for cytokines IL-17A and IFN-γ and analyzed by flow cytometry. (B) 

Comparison of the CD4+CD44Hi2W:I-Ab+ T cell response to GAS-2W or Listeria monocytogenes (LM-

2W) intranasal and intravenous infections. Three weeks after a single intranasal or intravenous inoculation 

with bacteria, single cell suspensions from spleens were incubated with PMA and ionomycin for 4 hrs. 

CD4+CD44Hi2W:I-Ab+ cells were then enriched, stained and analyzed for IL-17A and IFN-γ expression by 
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flow cytometry. (n=7-12 mice per group). The bars represent the mean + SEM. *= P < 0.002, ** = P < 

0.001, Mann Whitney test. 

 

IL-6-deficient Mice Fail to Develop a TH17 Response and to Clear Group A 

Streptococci from NALT.  

 Although IL-6 is known to be critical for some Th17 responses in mice, it is not 

known whether this is the case for streptococcal infection. We therefore compared the 

primary T cell response to GAS infection of B6 IL-6 knockout mice (IL-6 -/-) mice to age 

matched wild type B6 mice, inoculated intranasally with 2x108 cfu of GAS-2W. There 

was no significant difference in the colonization of both groups of mice 24 hrs after 

inoculation with this sublethal dose of bacteria. However, over the next 7 days nearly a 

third of the IL-6 -/- mice succumbed to infection (*P = 0.0473, Logrank Test) (Fig. 2.7). 

In contrast, wild-type B6 mice had no casualties and most had reduced their bacterial 

load in NALT.    IL-6-/- mice that survived infection continued to harbor high bacterial 

counts for up to 60 days; whereas, all wild-type mice completely cleared the bacteria 

from NALT by day 7. 

 IL-6-/- mice that survived the first week of infection returned to health even though 

they retained significant numbers of GAS-2W organisms in NALT. T cells from both 

wild-type and IL-6-/- mice were restimulated in vivo after one week by intravenous 

injection of HK-GAS-2W. The 2W:I-Ab+ cells from IL-6-/- mice (Fig. 2.7A) had 

proliferated in response to infection with GAS-2W streptococci but failed to produce IL-

17A. Instead, many of these cells produced IFN-γ (Fig. 2.7A). These results confirm that 
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IL-6 is required to promote a Th17 response after GAS infection. Long-term persistence 

of GAS-2W in NALT from IL-6-/- mice is consistent with the possibility that clearance 

from NALT and perhaps human tonsils requires a vigorous Th17 adaptive response and 

that IFN-γ+ T cells lack potential to eliminate streptococci from lymphoid tissue.  

 

 

Figure 2.7.  Mice deficient in Th17 cells fail to clear primary GAS infections from NALT and 

become chronic carriers. (A) Analysis of IL-17A and IFN-γ expression of CD4+CD44Hi2W:I-Ab+ T cells 

from IL-6 knockout mice (IL-6-/-) infected with GAS-2W. CD4+CD44Hi2W:I-Ab+ cells were enriched from 

spleens of IL-6-/- mice that were intranasally inoculated with HK-GAS-2W and restimulated in vivo after a 
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week by IV injection of HK-GAS-2W. (B) Comparison of IL-6-/- mice (n=17) to age matched wild type B6 

mice (n=14) for susceptibility to intranasal GAS infection. Mice were inoculated with 2 x108 CFU/mouse 

intranasally. Mice were euthanized at different time points after inoculation and CFU associated with 

NALT were assessed. Data are presented as mean CFU + SEM. (C) Kaplan-Meier survival curve of IL-6-/- 

and WT-B6 mice (*P < 0.04, Logrank Test.) 

 

Recurrent GAS Infection Shifts the Antigen-specific Population Toward an IL-17A+ 

IFN-γ+ Double Positive Phenotype in NALT. 

 The Th17 phenotype is less stable than the Th1 phenotype (Annunziato and 

Romagnani, 2010; Peck and Mellins, 2010; Pepper et al., 2010). For example, IL-17A+ T 

cells were observed to acquire the capacity to produce IFN-γ in vitro by varying the 

cytokine environment (Lee et al., 2009). The regulatory program and precursor to these 

double positive T cells is unclear, as is the impact of infection on this phenotype. These 

considerations prompted experiments to test the influence of multiple intranasal 

infections on the Th17 population in NALT. Wild-type B6 mice usually clear GAS from 

NALT 5-7 days after an intranasal inoculation (Park et al., 2003). For recurrent infection, 

B6 mice were inoculated intranasally with 2x108 GAS-2W CFU at weekly intervals for 

12 weeks. One week after the last inoculation cells were harvested from NALT, CLN and 

spleen, activated in vitro with PMA and ionomycin, and analyzed for intracellular 

cytokines IL-17A and IFN-γ. After repeated exposure to GAS-2W, IL-17A+ IFN-γ+ 2W:I-

Ab-specific CD4+ cells preferentially accumulated in the NALT, whereas the primary 

phenotype of CD4+CD44Hi2W:I-Ab+ cells in spleen and CLN from the same mice 

retained a Th17 phenotype (Fig. 2.8A and 2.8B). More than 60% of CD4+CD44Hi2W:I-
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Ab+ cells were positive for both cytokines; whereas, fewer than 12% from spleens and 

cervical lymph nodes were double positive. The implications of this change will be 

discussed below. 

 

Figure 2.8. Recurrent GAS infection shifts the cytokine profile of CD4+ 2W:I-Ab+ T cells to 

IL-17A+, IFN-γ+ population in NALT. (A) B6 mice were inoculated intranasally with 2X108 CFU at 

weekly intervals for 12 weeks.  CD4+CD44Hi2W:I-Ab+ T cells from Spleens, CLNs and NALT of infected 

mice were restimulated in vitro with PMA and ionomycin, stained and analyzed for IL-17A and IFN-γ and 

analyzed by flow cytometry. Representative result from one of two independent experiments is shown. (B) 

Pooled results of two independent experiments shown. (n=4)  
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2.4 Discussion 

 We recently discovered that GAS induces a polyclonal, TGF-β1 dependent Th17 

response in intranasally infected mice. Moreover, adoptive transfer of CD4+ IL-17A+ T 

cells imparted partial protection to naïve mice against intranasal infection. That 

investigation raised several questions, which could be more definitively answered using 

pMHCII tetramers to quantify antigen specific T cells that recognize a streptococcal 

expressed antigen. In lieu of identifying immunodominant bacterial specific T cell 

epitopes, the surrogate 14 amino acid peptide 2W was fused to M1 protein and expressed 

on the streptococcal surface. The recombinant serotype M1 strain, GAS-2W, was 

constructed and M protein function confirmed by phagocytosis assays using human 

blood. Moreover, the GAS-2W strain colonized mouse NALT as efficiently as wild type 

90-226 streptococci.  

For unknown reasons, humans often fail to develop protective immunity after a 

single episode of pharyngitis or tonsillitis, and persistence of GAS in tonsils even after 

antibiotic intervention is common (Osterlund et al., 1997). This problem could be 

explained by failure to develop a sufficient Th17 immune response. However, we found 

that a single intranasal infection with GAS-2W rapidly induced a robust 2W:I-Ab-specific 

Th17 population, which paralleled the clearance of bacteria in mice. The 2W:I-Ab-

specific Th17 population represented ~10 % of the total GAS specific Th17 induced (Fig. 

2.4). 

Superantigens are powerful mitogens that induce massive TCR V beta chain-

specific clonal expansion of T cells. Group A streptococci, including the GAS-2W strain 
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are known to produce many superantigens, which have been implicated in highly lethal 

streptococcal toxic shock and autoimmune sequelae (Cunningham, 2008; Sriskandan et 

al., 2007). Such superantigens do not account for the expansion of 2W:I-Ab-specific 

CD4+ T cells following GAS-2W infection, despite the fact that some of these T cells 

express the relevant TCR V beta chains (Moon et al., 2007). This conclusion may not 

reflect the situation during human infections because murine T cells are known to be 

relatively refractory to bacterial superantigens.  Dominance of the Th17 response to GAS 

is impressive relative to that observed for other bacterial pathogens like Listeria. After a 

single infection 20-39% of the 2W-specific T cells produced IL-17A. By comparison, 

only about 5-12% of 2W:I-Ab-specific CD4+ cells produced IL-17A in response to 

primary LM-2W intranasal infection (Fig.5, (Pepper et al., 2010)). Furthermore, both 

GAS and LM primarily induced a Th1 response to intravenous inoculation and as 

expected LM induced a more robust Th1 response than GAS (Fig. 2.6B). Therefore, GAS 

might have other features that make for more efficient Th17 induction than LM. 

Furthermore, these results suggest that the 2W epitope per se does not influence the out 

come of the CD4+ T cell response. The more robust Th17 response could reflect the GAS 

tropism for NALT (Park et al., 2004) and human tonsils (Tart et al., 2007), the potential 

for these bacteria to induce TGF-β1 production in these sites (Wang et al., 2010), 

expression of a unique pathogen-associated molecular patterns (PAMPs), or a 

combination of these factors. GAS was shown to induce TGF-β1 and IL-6 in NALT 

(Wang et al., 2010), but the specific PAMPs that lead to expression of these cytokines are 

unknown. The substantial hyaluronic acid capsule or its degradation products are known 
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to induce TLR2- and TLR4-mediated inflammation (Jiang et al., 2005; Scheibner et al., 

2006), and TLR2 agonists are known to promote Th17 differentiation (Reynolds et al., 

2010). M1 protein is also a TLR2 agonist (Sigurdardottir et al., 2010) and known to 

induce inflammatory cytokines, including IL-6 (Pahlman et al., 2006) and TGF-β1 

(Nishikawa et al., 2000), and is, therefore, another potential PAMP that could direct a 

Th17 response. The finding that intranasal inoculation, even with heat-killed GAS-2W 

cells induces an antigen-specific Th17 response, while other routes induce a Th1 

response also has important implications for development and delivery of vaccines to 

protect against GAS and other mucosal pathogens. The pathogenic potential of IL-17A+ 

T cells and their short half-life questions the potential safety and utility of intranasal 

vaccines.  

We previously observed that single cell suspensions of NALT, spleen, and 

cervical lymph nodes from intranasally infected mice secrete TGF-β1, IL-6 and IL-17 

upon ex vivo restimulation (Wang et al., 2010). Although IL-17 secretion was dependent 

on TGF-β1 receptor signals, dependence on IL-6 was not tested.  As predicted (Korn et 

al., 2009), IL-6-/- mice failed to mount a Th17 response and instead developed IFN-γ+ T 

cells following intranasal infection. As reported by Diao et al, we found high mortality in 

IL-6-/- mice infected with GAS (Diao and Kohanawa, 2005), perhaps as a consequence of  

exuberant TNF-α expression. Nearly a third of IL-6-/- mice, inoculated intranasally, 

developed lethal systemic infections; however, survivors fully recovered without 

subsequently developing systemic infections even though they retained large numbers of 

GAS in NALT (Fig. 2.7). This suggests that protection is compartmentalized, ie. opsonic 
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antibody is required to clear bacteria from blood, but does not efficiently remove them 

from NALT or tonsils. On the other hand a robust Th17 cellular response would be 

required to eliminate streptococci from those lymphoid organs. Secretory antibody that 

bathes mucosal surfaces may also protect against pharyngitis, but may not be able to 

reach bacteria sequestered within NALT. These findings are also consistent with studies 

of Th17 protection induced by intranasal infections of mice with encapsulated S. 

pneumoniae (Lu et al., 2008). It is theoretically possible that local activation of antigen 

specific T cells could recruit phagocytes with potential to ingest other unrelated bacteria 

at that site, but recruitment of phagocytes to those infectious foci would still be antigen 

specific. In addition, IL-6-/- mice developed a robust antigen specific Th1 response (Fig. 

2.7) but failed to clear the bacteria from NALT. This finding is consistent with the 

observation that IFN-γ-/- mice (Hyland et al., 2009) cleared streptococci from NALT 

more rapidly than normal mice. We postulate that efficient elimination of GAS depends 

on IL-17A production by Streptococcal specific CD4+ T cells to attract neutrophils to 

infected NALT, a capacity that IFN-γ-producing T cells lack. Persistence of large 

numbers of GAS in NALT of IL-6-/- mice is reminiscent of the situation in human 

immune carriers who may also fail to develop an adequate Th17 response.  

The Th17 response is known to contribute to immune protection against infections by 

several pathogens (Conti et al., 2009; Ishigame et al., 2009; Lin et al., 2009; Lu et al., 

2008; Wang et al., 2010); however, these T cells can also be pathogenic, as demonstrated 

in murine autoimmune models, such as experimental encephalomyelitis (EAE) (Aranami 

and Yamamura, 2008; Oukka, 2008). A potentially important discovery from our 
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experiments is that repeated intranasal exposure to GAS-2W results in the accumulation 

of an IL-17A+ IFN-γ+ (double positive) 2W:I-Ab-specific CD4+ T cells in NALT. In 

contrast, 2W:I-Ab-specific CD4+ T cells in CLN and spleens from the same mice 

predominantly retained the Th17 phenotype. Preferential accumulation of double positive 

T cells in NALT could be explained by a unique homing potential, by more rapid 

expansion or a longer half-life of double positive cells relative to those only able to 

produce IL-17A. Whether the large population of antigen-specific IL-17+ IFN-γ+ double 

positive cells observed in NALT following recurrent GAS infection is associated with an 

autoimmune response is unknown: however, repeated intranasal infection of mice was 

reported to occasionally produce endocarditis and valvular lesions(Stephen et al., 1998), 

suggesting a link to human autoimmune disease. 

 

 

 

 

 

 

 

 

 

 

 



 

 42 

Chapter 3: 

The Generation of Peptide:MHCII-specific TH17 Cells in Response to Intranasal 

Bacterial Infection Requires IL-6 and Dendritic Cell-Produced TGF-β1 

3.1 Introduction 

 TH17 cells are a subset of CD4+ helper T cells that orchestrate protective immunity 

to extracellular bacterial and fungal pathogens, predominantly at epithelial surfaces (Korn 

et al., 2009).  TCR recognition of a pMHCII ligand on antigen presenting cells (APC) 

causes TH17 cells to secrete the signature cytokine IL-17A, which has pro-inflammatory 

properties and acts primarily by increasing chemokine production in epithelial tissues to 

enable the recruitment, activation, and migration of neutrophils and monocytes (Korn et 

al., 2009).  IL-17A also acts on many other cell types to induce the expression of 

cytokines, chemokines, antimicrobial peptides, and metalloproteinases (Korn et al., 

2009).   

 Several studies have shown that TH17 cells are preferentially generated by mucosal 

infections (Conti et al., 2009; Pepper et al., 2010; Woolard et al., 2008), while 

intravenous infections generate TH1 cells. In vitro studies have shown that naive CD4+ T 

cells differentiate into TH17 cells when stimulated by pMHCII ligands in the presence of 

TGF-β1 and IL-6 (Betelli et al., 2006; Mangen et al., 2006; Veldhoen et al., 2006).  

Similarly, TGF-β1 is required for TH17 differentiation during the induction of 

experimental autoimmune encephalomyelitis (EAE) (Li et al., 2007) and we found that 

IL-6 was required for the generation of TH17 cells in response to intranasal infection with 

Streptococcus pyogenes (Dileepan et al., 2011).  However, evidence exists that TH17 cell 
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formation in the lamina propria of the small intestine does not depend on TGF-β1 

(Ghoreschi et al., 2010), and requires IL-1β but not IL-6 (Shaw et al., 2012). In addition, 

Kuchroo and colleagues also reported that TH17 differentiation was normally dependent 

on IL-6, but could occur in its absence through an IL-21-dependent pathway that operated 

when TREG cells were depleted (Korn et al., 2007).    

 These findings suggest that the IL-6/TGF-β1-dependent pathway of TH17 

generation operates preferentially during intranasal infections. The extracellular, gram-

positive bacterium Group A Streptococcus pyogenes (GAS) normally causes infections of 

the upper respiratory tract, which are controlled by TH17 cells (Wang et al., 2010).  We 

tracked GAS pMHCII-specific T cells during intranasal GAS infection to test the 

hypothesis that TH17 cell formation is promoted by specialized dendritic cells that occupy 

the lymph nodes that drain the nasal mucosa. We found that GAS-induced TH17 

formation depended on IL-6 produced from hematopoietic cells.  We also found that 

dendritic cell-produced TGF-β1 was important for GAS-induced TH17 differentiation.  

Thus, the tendency of intranasal infection to induce TH17 cells is related to cytokine 

production by specialized dendritic cells that drain this site.  

 

3.2 Materials and Methods 

Mice 

Seven to eight-week-old C57BL/6 (B6), B6.SJL-Ptprca Pep3b/BoyJ (CD45.1), IL-6-/- 

(Kopf et al., 1994), 129;CF-1-Rag2tm1FwaTgfb1tm1Doe (Tgfb1-deficient) (Engle et al., 
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1999), C57BL/6J-Tg(Itgax-cre,-EGFP)4097Ach/J (CD11c-Cre) (Stranges et al., 2007), 

B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ (CD4-Cre) (Lee et al., 2001),  and B6.129P2(Cg)-

Rorctm2Litt/J (Eberl et al., 2004) mice were from the Jackson Laboratory or the National 

Cancer Institute.  Tgfb1f/f (Li et. al. 2007) were obtained from D. Kaplan (University of 

Minnesota).  TgfbrIIf/f (Chytil et al., 2002) were obtained from S. Jameson (University of 

Minnesota).  All mice were housed in specific-pathogen-free conditions in accordance 

with guidelines of the University of Minnesota and National Institutes of Health. The 

Institutional Animal Care and Use Committee of the University of Minnesota approved 

all animal experiments.  

Bone Marrow Irradiation Chimeras 

Bone marrow cells were harvested from femurs, tibias, and humeri. T cells were depleted 

from bone marrow cell suspensions with anti-Thy1.2 (30-H12, Bio X Cell) and low-

toxicity rabbit complement (Cedarlane Laboratories). In some cases, CD45.1+CD45.2+ 

wild-type bone marrow cells were mixed in a 2:1 ratio with CD45.2+ CD4-Cre, TgfbrIIf/f 

bone marrow cells. 5–10x106 total bone marrow cells were injected into lethally 

irradiated (1,000 rads) CD45.1+ mice.  
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Infections 

Mice were injected intranasally or intravenously with 2x108 GAS-WT or GAS-2W 

expressing Streptococcus pyogenes bacteria as previously described (Dileepan et. al. 

2011). 

 

In Vivo Stimulation with Heat-killed GAS-2W 

GAS-2W was grown in THB-Neo media to O.D.600 of 0.5, washed once with PBS, 

pelleted and resuspended in appropriate volume of PBS and incubated at 60C for 30 

minutes. Viability of bacteria was confirmed by plating out on blood agar plates. Heat-

killed GAS-2W was stored in aliquots at -20C until use. To induce cytokine production 

by 2W:I-Ab-specific CD4+ T cells in vivo, 5 X 108 CFU heat-killed GAS-2W in 100 µl of 

PBS was inoculated intravenously through tail vein. Mice were sacrificed after 3hrs and 

single cell suspensions of spleen were made in cEHAA medium supplemented with BrA. 

 

Cell Enrichment and Flow Cytometry  

All antibodies were from eBioscience unless noted. Spleen and lymph node cells were 

prepared and stained for 1 hr at room temperature with 2W:I-Ab-streptavidin-

allophycocyanin tetramers. Samples were then enriched for bead-bound cells on 

magnetized columns and a portion was removed for counting as described (Moon et al., 
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2007). For identification of surface phenotype, the rest of the sample underwent surface 

staining on ice with a mixture of antibodies specific for B220 (RA3-6B2), CD11b (MI-

70), CD11c (N418), CD8a (5H10; Caltag), CD4 (RM4-5), CD3ε (145-2C11), CD44 

(IM7), CCR6 (140706), CD69 (H1.2F3), CD45.1 (A20), and/or CD45.2 (104), each 

conjugated with a different fluorochrome.  In experiments designed to detect cytokines, 

the cells were surface stained, then treated with BD Cytofix/Cytoperm (Becton 

Dickinson) for 20 minutes and stained for 1 hour on ice with antibodies against IL-17A 

(TC11), IFN-𝛾 (XMG1.2), IL-17F (18F10), IL-22 (1H8PWSR), IL-10 (JES5-16E3), and 

IL-2 (JES6-5H4) in Perm Wash solution (Becton Dickinson). In all cases, cells were then 

analyzed on an LSR II or Fortessa (Becton Dickinson) flow cytometer. Data were 

analyzed with FlowJo software (TreeStar).  

 

Cell Transfer 

For wild-type B6 CD4+ T cell transfer experiments, spleen and lymph node cells were 

isolated from naïve CD45.1+ B6 mice and negatively selected over magnetic columns 

(CD4+ T cell isolation kit, Miltenyi).  One mouse equivalent of >95% pure CD4+ cells 

were then injected intravenously per CD45.2+ recipient, which were then infected one 

day later intranasally with 2x108 GAS-2W bacteria.  Seven days later, the phenotype of 

2W:I-Ab-specific T cells was determined after tetramer-based cell enrichment as 

described above.  
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Cell Enrichment and qRT-PCR 

Tissues were isolated from naïve or GAS-2W infected mice and digested with 

Collagenase D (Roche).  CD11c+ cells were enriched over magnetic columns (CD11c+ 

microbeads, Miltenyi).  RNA was isolated (RNeasy column, Qiagen), DNase digested 

(Turbo DNA-free kit, Ambion), and cDNA was made (High-capacity cDNA reverse 

transcription kit, Applied Biosystems).  Quantitative reverse transcription polymerase 

chain reaction was run using taqman primers (Taqman gene expression assays: Il6-

Mm00446190_m1, Tgfb1-Mm01178820_m1, Hprt-Mm00446968_m1; Taqman universal 

master mix II, Applied Biosystems)   

 

Statistical Analysis  

Differences between two data sets were analyzed by a paired or unpaired two-tailed 

Student’s t test with Prism (Graphpad) software.  

 

3.3 Results 

 Detection of pMHCII-specific CD4+ T cells 

 We used a p:MHCII tetramer-based approach to track CD4+ T cells specific for a 

peptide called 2W bound the I-Ab MHCII molecule of C57BL/6 (B6) mice during 
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intranasal GAS infection. The 2W peptide is a variant of a similar peptide from the I-Eα 

chain but contains 2 tryptophan substitutions at TCR contact positions that increase its 

immunogenicity (Rees et al., 1999). GAS bacteria were engineered to express the 2W 

peptide fused to the cell wall surface-anchored M1 protein (Dileepan et al., 2011). The 

GAS-2W bacteria cause the same transient intranasal infection that was eliminated 7 days 

after inoculation as wild-type GAS organisms (Dileepan et al., 2011).  CD4+ T cells 

expressing TCRs specific for 2W:I-Ab complexes were detected by staining spleen and 

lymph node cells from individual mice with fluorochrome-labeled 2W:I-Ab tetramers and 

anti-fluorochrome magnetic beads followed by enrichment of the tetramer-bound cells on 

magnetized columns (Moon et al., 2007).  The cells that bound to the column were 

stained with antibodies specific for the TCR (CD3e) and a mixture of non-T cell lineage-

specific markers to aid in identification of genuine T cells. 

 We first analyzed the clonal expansion of 2W:I-Ab-specific CD4+ T cells in 

response to intranasal (i.n.) GAS-2W infection. Uninfected B6 mice contained a small 

population of about 250-300 primarily CD44low 2W:I-Ab tetramer-binding cells (Fig. 

3.1A).  The sample contained little to no CD8+ 2W:I-Ab tetramer-binding cells indicating 

that CD4+ T cells bound this MHCII tetramer via the TCR (Fig. 3.1A).  Mice infected i.n. 

7 days earlier with the non-engineered, parental strain of GAS (GAS-WT) also contained 

about 300 naive CD44low 2W:I-Ab+ CD4+ cells (Fig. 3.1B).  However, mice infected i.n. 7 

days earlier with GAS-2W, the peak of clonal expansion for 2W:I-Ab-specific CD4+ T 

cells induced after this infection (Dileepan 2011), contained a large population of 

CD44high 2W:I-Ab+ CD4+ T cells in the spleen and lymph nodes that could still be 
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detected more than 200 days past infection (Fig. 3.1B).     

   

 

 

 

 

 Fig 3.1. Infection with GAS-2W induces the clonal expansion of 2W–I-Ab–specific cells. Flow 

cytometry to identify CD4+ or CD8+ T cells in enriched fractions, for events gated on CD11c–CD11b–

B220–CD3+ cells. (a) CD4+ T cells (left) or CD8+ T cells (right) from an uninfected B6 mouse with gates on 

CD44hi 2W–I-Ab+ (left) or all 2W–I-Ab+ cells (right). (b) CD4+ T cells in enriched samples from a B6 

mouse 7 d after intranasal infection of GAS-WT (left) or 7 d (middle) or 242 d (right) after intranasal 

infection of GAS-2W. Numbers above outlined areas indicate percent cells in gate. Data are representative 

of five independent experiments. 
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Intranasal Infection with GAS-2W Induces a 2W:I-Ab-specific TH17 Response 

 To test for induction of TH17 cells, we measured lymphokine production by 2W:I-

Ab-specific CD4+ cells by direct ex vivo intracellular staining (Khoruts et al., 1998) in 

mice that were i.n. infected 7 days before with GAS-2W and then challenged 

intravenously for 3 hours with heat-killed GAS-2W or GAS-WT (hk-GAS-2W or hk-

GAS-WT) (Dileepan et al.,  2011).  We found that none of the 2W:I-Ab-specific cells 

expressed CD69 or produced IL-17A or IFN-γ after challenge with GAS-WT (Fig. 

3.2A,B).  However, 10-30% of the cells produced IL-17A after challenge with hk-GAS-

2W (Fig. 3.2A), whereas none of these cells produced IFN-γ (Fig. 3.2B) or IL-4 (data not 

shown).  A similar result was obtained following stimulation of spleen and lymph node 

cells from day 7 infected mice in vitro with the soluble TCR signal mimics phorbol 12-

myristate 13-acetate and ionomycin (data not shown), indicating that the in vivo 

challenge technique was optimal.  The failure of the majority of 2W:I-Ab-specific CD4+ 

cells to make IL-17A after challenge was not solely due to a lack of 2W:I-Ab recognition 

after challenge, as many of the cells expressed the TCR signal-dependent CD69 molecule 

but did not make IL-17A (Fig. 3.2A).  Therefore, about one fifth of the 2W:I-Ab-specific 

CD4+ cells induced by intranasal infection resembled TH17 cells, whereas the remainder 

did not produce any TH1, TH2, or TH17 related cytokines. 

 To place the TH17 cells in the context of other TH17 “subtypes” that have been 

recently described (Rutz et al., 2011; Zielinski et al., 2012), we investigated what other 

TH17-associated cytokines these cells expressed. GAS-2W-induced 2W:I-Ab-specific 

CD4+ cells that produced IL-17A also produced IL-2, IL-22, and IL-17F (Fig. 3.2C) but 
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not IL-10 (data not shown).  This places TH17 cells induced by intranasal GAS infection 

under a more “classical” TH17 cytokine profile (Bettelli et al., 2008). 

 

 

Figure 3.2. Lymphokine production by 2W–I-Ab–specific CD4+ T cells. (a,b) Expression of 

CD69 (a) or IL-17A (a,b) and IFN-𝛾 production (b) by 2W–I-Ab–specific T cells 3 h after intravenous heat-

killed challenge of mice (a,b) with GAS-WT (left) or GAS-2W (right). Numbers in quadrants indicate 

percent of cells in each. (c) Expression of IL-17A and IL-2, IL-22, or IL-17F by 2W–I-Ab–specific T cells 
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3 h after intravenous challenge of mice with GAS-2W.  Data are representative of three (a,b) or two (c) 

independent experiments. 

 

 

Route of Infection Determines TH17 and TH1 Subset Differentiation 

 We next sought to determine whether the TH17 differentiation induced by GAS 

infection was a result of bacterial determinants (i.e.-pathogen associated molecular 

patterns) or the route of infection.  Mice were infected i.n. or intravenously (i.v.) with  

GAS-2W and challenged 7 days later with hk-GAS-2W or 2W:I-Ab-specific T cell to 

elicit cytokine production by the effector cells.  About 20% of the 2W:I-Ab-specific T 

cells from mice that had been infected i.n. produced IL-17A and none produced IFN-γ.  

However, cells from mice that were infected i.v. produced no IL-17A, whereas ~10% 

produced IFN-γ (Fig. 3.3).  This result indicates that the lymphoid environment plays a 

primary role in determining whether a CD4+ T cell will differentiate down the TH17 

lineage.  The same response was observed after immunization with hk-GAS-2W by both 

routes, indicating that the CD4+ T cell response is not a result of route-dependent antigen 

expression by GAS-2W (data not shown). 
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Figure 3.3  Intranasal infection induces IL-17A-producing, while intravenous infection 

induces IFN-𝛾-producing 2W:I-Ab-specific CD4+ cells. Cytokine expression by 2W–I-Ab–specific T cells 

3 h after intravenous heat-killed GAS-2W challenge of mice previously infected intranasally with GAS-

2W. ***P < 0.0005, *P < 0.05 (unpaired two-tailed Student’s t-test). Data are representative of three 

independent experiments. 

 

Anatomy of 2W:I-Ab-specific TH17 Response to i.n. GAS-2W Infection 

 The preferential induction of TH17 cells after intranasal infection indicated that 

there was something special in this regard about one of the secondary lymphoid organs 

associated with this site. We focused first on the NALT, a secondary lymphoid organ that 

is functionally equivalent to human tonsils, which is the primary site of infection after i.n. 

GAS inoculation (Park et al., 2003). Notably, however, 2W:I-Ab-specific T cells were not 

detected in the NALT before infection or for up to 5 days after infection. In contrast, 
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naive 2W:I-Ab-specific T cells were detected in the CLN and spleen.  Beginning at day 3 

after infection, some of the 2W:I-Ab-specific cells in CLN, but not the spleen had 

increased CD44 and become blasts, indicating activation began in the CLN. About 15% 

of the 2W:I-Ab-specific T cells in CLN on day 3 expressed the TH17 master regulator 

transcription factor RORγt and the TH17-associated chemokine receptor CCR6 indicating 

that TH17 differentiation had also begun at this time (Fig. 3.4).  By day 4 after i.n. GAS-

2W infection, the 2W:I-Ab-specific T cells in the CLN had increased dramatically in 

number and some were still blasts (Fig. 3.4).  At this time, CD44high 2W:I-Ab-specific T 

cells appeared in the spleen. However, these cells were not blasts suggesting that they 

were activated in the CLN then migrated to the spleen. Beginning on day 5 after 

infection, non-blasting CD44hi 2W:I-Ab-specific T cells, about 60% expressing RORγt, 

finally appeared in the NALT and accumulated in this location to a peak number on day 7 

(Fig. 3.4).  Together, these results indicated that naive 2W:I-Ab-specific T cells were first 

activated in the CLN after intranasal GAS-2W infection, then proliferated, differentiated 

into TH17 cells, and migrated to the spleen and NALT. 
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 Figure 3.4. 2W:I-Ab-specific cells are activated and differentiate into TH17 cells in the CLNs 

after intranasal GAS-2W infection. Mice were infected and tissues were enumerated for 2W:I-Ab-

specific T cells at various times thereafter. For NALT and CLNs, three mice were pooled per sample, for 

spleen, one mouse per sample. Data are representative of three independent experiments. 

 

IL-6 is Necessary for TH17 Differentiation in Response to i.n. GAS-2W Infection 

 Having identified the i.n. route as a mucosal environment important for the 

differentiation of TH17 cells in vivo, we sought to identify the factors necessary to induce 

this differentiation.    

 We first focused on IL-6, as this was one of the first cytokines to be described, 
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along with TGF-β1, as being sufficient to drive TH17 differentiation in vitro (Betelli et 

al., 2006; Mangen et al., 2006; Veldhoen et al., 2006).  Recently, we identified the 

necessity for IL-6 for TH17 differentiation after i.n. GAS-2W infection and reported that 

the majority of Il-6-/- mice inoculated i.n. with GAS-2W die or develop a persistent 

infection (Dileepan et al., 2011).  We investigated this issue by giving Il-6-/- mice hk-

GAS-2W intranasally to ensure that the mice survived until completion of the 

experiment. Seven days later, about 20% of 2W:I-Ab-specific T cells from inoculated 

wild-type B6 mice produced IL-17A and none produced IFN-γ, while comparable cells 

from Il-6-/-- mice produced no IL-17A and about 10% produced IFN-γ (Fig. 3.5A). The 

loss of IL-17A production by 2W:I-Ab-specific cells in IL-6-deficient mice was not 

accompanied by a gain in Foxp3+ cells as reported in the EAE model (data not shown) 

(Korn et al., 2007).  Therefore, IL-6 was necessary for TH17 differentiation and 

suppression of Th1 but not TREG cell production after i.n. GAS-2W infection.   

 We next sought to identify which cell type produced the IL-6 needed during this 

infection for TH17 differentiation. The literature suggested that hematopoietic or non-

hematopoietic cells could be involved. (Harker et al., 2011). These possibilities were 

assessed using radiation bone marrow chimeras in which IL-6 was produced by 

hematopoietic or non-hematopoietic cells.  Chimeras were inoculated i.n. with GAS-2W 

and evaluated for cytokine production 7 days later. About 13% of the CD44high 2W:I-Ab-

specific T cells in control chimeras produced by transplanting wild-type bone marrow 

cells into irradiated wild-type recipients produced IL-17A and none produced IFN-γ (Fig. 

3.5B).  The same was true for mice in which wild-type bone marrow cells were 
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transplanted into IL-6-deficient recipients.  However, wild-type mice transplanted with 

IL-6-deficient bone marrow contained 2W:I-Ab-specific T cells that produced little to no 

IL-17A and instead had a few cells that produced IFN-γ (Fig. 3.5B).  Therefore, 

hematopoietic cells were the source of IL-6 necessary for TH17 differentiation after i.n. 

infection with GAS-2W bacteria. 

 The early generation of TH17 cells in the CLN implicated dendritic cells in this 

location as candidate sources of IL-6. Dendritic cell expression of the Il6 gene was 

measured by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) to 

address this possibility. The analysis was performed on RNA from CD11c+ cells from B6 

mice before and 3 days after i.n. or i.v. GAS-2W infection (Fig. 3.5C).  Dendritic cells in 

the NALT, but not the CLN and spleens of uninfected mice contained high basal 

expression of Il6 transcripts.  However, Il6 transcripts increased 2-3-fold in CD11c+ cells 

in the CLN and NALT, but not the spleen 3 days after i.n. GAS-2W infection (Fig. 3.5C).  

Il6 gene expression was also not induced in CD11c+ cells in the spleen after i.v. GAS-2W 

infection. These results suggest that infection induced expression of IL-6 by CD11c+ cells 

in the NALT and/or CLN, but not the spleen, is a primary factor driving TH17 

differentiation after intranasal infection. 
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Figure 3.5. Hematopoietic cell derived IL-6 is necessary for 2W:I-Ab-specific TH17 

differentiation after intranasal GAS-2W infection. (a,b) Cytokine expression by 2W–I-Ab–specific T 

cells 3 h after intravenous heat-killed GAS-2W challenge of (a) wild-type or IL6-/- mice and (b) bone 

marrow chimeras composed of wild-type or IL6-/- donor marrow previously infected intranasally with 

GAS-2W. ***P < 0.0005 (unpaired two-tailed Student’s t-test). (c) qRT-PCR for Il6 relative to Hprt from 

magnetically enriched CD11c+ cells from various tissues of uninfected or GAS-2W day 3 intranasally 

infected wild-type mice.  Each sample composed of three pooled mice.  Data are representative of three 

independent experiments. 
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 TGF-β1 is Necessary for TH17 Differentiation in Response to i.n. GAS-2W Infection 

 We next sought to determine the role of TGF-β1 in TH17 differentiation after i.n. 

GAS-2W infection. Although, the requirement of this cytokine for TH17 differentiation in 

vitro is well established (Betelli et al., 2006; Mangen et al., 2006; Veldhoen et al., 2006), 

its role in vivo is controversial.  Flavell and colleagues reported that T cell produced 

TGF-β1 was necessary for TH17 differentiation in vivo in the EAE model, while O’Shea 

and colleagues showed that TGF-β1 is dispensable for the development of gut Th17 cells 

(Li et al., 2007; Goreschi et al., 2011).   

 The role of TGF-β1 in Th17 differentiation induced by intranasal GAS infection 

was first studied using a radiation bone marrow chimeras containing a mixture of wild-

type T cells, and T cells lacking the TGF-β1 receptor II. On day 7 after i.n. GAS-2W 

infection, about 12% of the wild-type 2W:I-Ab-specific cells produced IL-17A following 

challenge with hk-GAS-2W, whereas the TGF-β1receptor II-deficient T cell population 

lacked IL-17A producing cells and instead contained a population of ~10% IFN-γ 

producing cells (Fig 3.6A).  Therefore, TGF-β1 signaling to CD4+ T cells is necessary for 

TH17 differentiation after i.n. GAS-2W infection. 

 We next determined the cellular source of TGF-β1 necessary for TH17 

differentiation under these conditions using radiation bone marrow chimeras in which 

TGF-β1 was produced by hematopoietic or non-hematopoietic cells. After immune 

reconstitution, chimeric mice were infected i.n. with GAS-2W bacteria and then cytokine 

production was measured on day 7 after challenge with hk-GAS-2W. About 20% of the 

CD44high 2W:I-Ab-specific T cells in chimeras produced by transplanting wild-type bone 
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marrow cells into irradiated wild-type or TGF-β1-deficient recipients produced IL-17A 

but not IFN-γ (Fig. 3.6B). In contrast, the 2W:I-Ab-specific T cells in chimeras produced 

by transplanting TGF-β1-deficient bone marrow into irradiated wild-type mice did not 

produce IL-17A and about 10 % produced IFN-γ (Fig. 3.6B).  Therefore, hematopoietic 

cells are the source of TGF-β1 required for TH17 differentiation after i.n. GAS-2W 

infection. 

 

 Figure 3.6. Hematopoietic cell derived TGF-β1 is necessary for 2W:I-Ab-specific TH17 

differentiation after intranasal GAS-2W infection. (a,b) Cytokine expression by 2W–I-Ab–specific T 

cells 3 h after intravenous heat-killed GAS-2W challenge of (a) CD4-Cre+ or CD4-Cre+, TgfbrIIf/f mice and 

(b) bone marrow chimeras composed of wild-type or Tgfb1-/- donor marrow previously infected intranasally 

with GAS-2W. ***P < 0.0005, **P<0.005, *P<0.05 (unpaired two-tailed Student’s t-test). Data are 

representative of three independent experiments. 
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CD11c+ Produced TGF-β1 is Necessary for TH17 Differentiation in Response to i.n. 

GAS-2W Infection 

 Other studies suggested that the likely hematopoietic sources of TGF-β1 were 

autocrine from CD4+ T cells (Gutcher et al., 2011) or paracrine from dendritic cells 

(Iwasaki and Kelsall, 2001). The latter possibility was tested in CD11c-Cre x Tgfb1f/f 

mice in which the Tgfb1 gene was disrupted in CD11c+ cells. These mice or CD11c-Cre 

control mice were infected i.n. with GAS-2W bacteria and then challenged with hk-GAS-

2W on day 7 to elicit cytokine production by 2W:I-Ab-specific T cells. As expected, 

about 30% of the 2W:I-Ab-specific effector cells produced IL-17A and few if any 

produced IFN-γ producing cells in control mice (Fig. 3.7A).  The population of 2W:I-Ab-

specific T cells in mice lacking the Tgfb1 gene in CD11c+ cells contained significantly 

fewer IL-17A-producing cells than the control mice (10%) and also contained some IFN-

γ producing (8%) cells, indicating that CD11c+ cells were important contributors of TGF-

β1 for TH17 differentiation (Fig. 3.7A).  Since some TH17 differentiation still occurred in 

mice lacking TGF-β1 in dendritic cells, other sources of this cytokine must also 

contribute.      

 A potential confounding factor to this experiment was identified when we crossed 

CD11c-Cre+ x Tgfb1f/f mice to Rosa26-stopflox-eYFP reporter mice. Although eYFP was 

expressed by all CD11c+ cells as expected, 10-40% of the T and B cell cells in these mice 

also expressed eYFP (Fig. 3.7B). Similar reporter expression in T and B cells was 

described in an independently created CD11c-Cre x Rosa26-stopflox-eYFP transgenic 

mouse (Caton et al., 2007). This result is likely explained by transient expression of 
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CD11c at some point during T and B cell development. However, it raised the possibility 

that TGF-β1 deficiency in T cells caused the defects in Th17 differentiation observed in 

CD11c-Cre x Tgfb1f/f mice.   

 Adoptive transfer of congenically-marked wild-type CD4+ T cells into mice lacking 

TGF-β1 in CD11c+ cells was performed to address this issue. The transferred 2W-I-Ab-

specific effector T cell population generated by GAS-2W infection in CD11c-Cre 

recipient mice contained a subset of about 20% that produced IL-17A, while no cells 

produced IFN-γ following challenge with hk-GAS-2W (Fig. 3.7C).  In contrast, only 5% 

of the transferred 2W-I-Ab-specific T cell population in CD11c-Cre x Tgfb1f/f mice 

produced IL-17A and a few cells even made IFN-γ. The fact that wild-type CD4+ T cells 

had reduced TH17 differentiation after i.n. GAS-2W infection in mice lacking TGF-β1 in 

CD11c+ cells indicated that TGF-β1 was likely derived as a paracrine source from 

dendritic cells and not an autocrine source from T cells in this system.  However, this 

result does not exclude the possibility that T cells could be producing TGF-β1 in a 

paracrine manner.  
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 Figure 3.7. Dendritic cell derived TGF-β1 is necessary for 2W:I-Ab-specific TH17 

differentiation after intranasal GAS-2W infection. (a,c) Cytokine expression by 2W–I-Ab–specific T 

cells 3 h after intravenous heat-killed GAS-2W challenge of (a) CD11c-Cre+ or CD11c-Cre+, Tgfb1f/f mice 

and (c) purified total wild-type CD4+ T cells adoptively transferred into CD11c-Cre+ or CD11c-Cre+, 

Tgfb1f/f hosts previously infected intranasally with GAS-2W. ***P < 0.0005, *P<0.05 (unpaired two-tailed 

Student’s t-test). (b) eYFP expression by total CD4+ T cells in CD11c-Cre+, Tgfb1f/f, Rosa26stopflox-eYFP 

mice. (d) qRT-PCR for Tgfb1 relative to Hprt from magnetically enriched CD11c+ cells from various 

tissues of uninfected or GAS-2W day 3 intranasally infected wild-type mice.  Each sample composed of 

three pooled mice. Data are representative of three independent experiments. 
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 To determine whether CD11c+ cells produced TGF-β1 in response to infection, 

qRT-PCR was performed on cDNA isolated from purified CD11c+ cells from various 

tissues before and after i.n. GAS-2W infection (Fig. 3.7D).  Low amounts of Tgfb1 

transcripts were observed in CD11c+ cells in the NALT before and after i.n. infection.  

CD11c+ cells in the CLN expressed four times higher amounts of Tgfb1 transcripts than 

CD11c+ cells in the NALT, but again these amounts did not change after i.n. infection. 

Tgfb1 transcripts were also detected in the spleen at the same level before and after i.v. 

infection (Fig. 3.7D).  These results suggest that TGF-β1 is expressed constitutively at 

different levels in different secondary lymphoid organs and does not change after i.n. 

GAS-2W infection. Therefore, preferential TGF-β1 expression in CD11c+ cells in the 

NALT or CLN is not a likely explanation for the tendency of the i.n route of infection to 

induce Th17 cells.  

 

3.4 Discussion 

 Our results indicate that infections of nasal mucosa drive Th17 differentiation due 

to early effects of specialized dendritic cells in the secondary lymphoid organs that 

collect material from these sites. A previous study showed that i.n. GAS infection 

resulted in the early activation of adoptively transferred TCR transgenic CD4+ T cells in 

the NALT, which directly samples the contents of the nasal mucosa (Park et al., 2004). It 

was therefore surprising to find that the earliest activation of endogenous 2W:I-Ab-

specific CD4+ T cells after i.n. GAS-2W infection occurred in the CLN not the NALT. 

The lack of early activation in the NALT was likely due to a limitation in the T cell 
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repertoire in this small secondary lymphoid organ. 2W:I-Ab-specific T cells exist in the 

pre-immune repertoire at a frequency of about 10 cells per million CD4+ T cells (Jenkins 

and Moon, 2012). Since the murine NALT contains fewer than 1 million CD4+ T cells, it 

is possible the NALT of many mice did not contain any 2W:I-Ab-specific T cells at the 

time of infection. In contrast, adoptive transfer of a large number of naive TCR 

transgenic T cells ensures that these cells are always present in the NALT. The fact that 

the TCR transgenic T cells became activated very early after i.n. infection showed that 

dendritic cells in this location produce GAS p:MHCII ligands. However, in the normal 

situation, dendritic cells that take up bacteria in the NALT or nasal submucosa and 

migrate to the CLN, or take up bacteria in the CLN directly, may initiate the T cell 

response in the CLN because enough relevant naive T cells are located in or circulate 

through this site.  

 GAS p:MHCII-specific Th17 cells were detected in the CLN as early as 3 days 

after i.n. GAS infection, indicating that this is the initial site of Th17 differentiation. Our 

results suggest that the dendritic cells in the CLN drive Th17 differentiation because of 

IL-6 and TGF-β1 production. These dendritic cells may have migrated from the NALT, 

which contained the dendritic cells that produced Tgfb1 mRNA and the largest amounts 

of Il6 mRNA after GAS infection, as was found in another study of a Toll-like receptor 

agonist (Zygmunt et al., 2009). It also possible that dendritic cells that took up GAS 

bacteria in the CLN were the key drivers of Th17 differentiation since these cells also 

expressed Il6 and Tgfb1 mRNA after infection. The failure of Th17 development in the 

spleen after i.v. GAS infection correlated with low Il6 mRNA and protein production by 
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dendritic cells in this location. Thus, the i.n. route of infection may be better than the i.v. 

route for induction of Th17 cells because of the presence of a potent IL-6-producing 

dendritic cell in the CLN that is not present in the spleen.  

 It is worth noting that ablation of TGF-β1 production by dendritic cells did not 

completely inhibit GAS-induced Th17 formation, indicating that other cells of 

hematopoietic origin provide TGF-β1 for this purpose. Autocrine TGF-β1 production by 

CD4+ T cells was a good candidate based on the work of Li and colleagues in the EAE 

model (Gutcher et al., 2011). However, we found no role for autocrine TGF-β1 

production by CD4+ T cells in GAS-driven Th17 differentiation.  

 Our finding that Th17 differentiation in response to i.n. GAS infection depends on 

IL-6 and TGF-β1 production supports early in vitro studies that reached a similar 

conclusion. However, these results are in contrast to other in vivo studies, which showed 

that IL-1β and IL-23, not IL-6 and TGF-β1 (Shaw et al., 2012; Ghoreschi et al., 2010), 

are required for Th17 differentiation in the intestinal mucosa. Thus, it appears that two 

separate pathways of Th17 differentiation exist for the upper respiratory and intestinal 

mucosal surfaces.  

 Weak Th1 cell differentiation was observed in cases where Th17 differentiation in 

response to i.n. GAS infection was impaired due to a lack of IL-6 or TGF-β1, as has been 

reported previously (Li et al., 2007; Dileepan et al., 2010). This finding indicates that IL-

6 and/or TGF-β1 suppress Th1 differentiation, perhaps through an effect on IL-12 

production (Lyakh et al., 2005).  Notably, 2W:I-Ab-specific T cells did not become 

Foxp3+ cells in IL-6-deficient GAS-2W-infected mice as observed in the EAE model 
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(Korn et al., 2007).  Therefore, exposure of p:MHCII-activated T cells to TGF-β1 without 

IL-6 does not necessarily lead to Treg cell differentiation in all cases.  
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Chapter 4: 

Different Routes of Bacterial Infection Induce Long-lived TH1 Memory Cells and 

Short-lived TH17 Cells 

4.1 Introduction 

 Vaccination or prior encounter with a microbe generally results in immunity to 

subsequent infection with that microbe. This immunity is mediated by memory T cells 

and B cells, which are generated from naive precursor cells after exposure to microbial 

antigens. Binding of the T cell antigen receptor (TCR) to microbe-derived peptide bound 

to major histocompatibility complex (pMHC) molecules causes naive T cells to 

proliferate and differentiate into effector cells able to produce microbicidal cytokines 

(Jenkins et al., 2001). Although ~90% of the effector cells die, some survive to become 

long-lived memory cells capable of a rapid and protective response to reinfection with the 

relevant microbe (Ahmed and Gray, 1996). 

Two main subsets of memory T cells have been described: central memory T cells 

(TCM cells) and effector memory T cells (TEM cells) (Masopust et al., 2001; Reinhardt et 

al., 2001; Sallusto et al., 1999). TCM cells express the chemokine receptor CCR7 and L-

selectin, which allows recirculation through lymph nodes. TEM cells lack CCR7 and L-

selectin yet express other homing receptors needed for migration into nonlymphoid 

organs (Seder and Ahmed, 2003). When stimulated with antigen, TEM cells are 

immediately capable of effector cytokine production and cytolysis, whereas TCM cells 

proliferate to produce new effector cells, which then acquire these functions.    

Heterogeneity in lymphokine production potential also exists in the case of CD4+ T cells. 
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Naive CD4+ T cells differentiate into T helper type 1 (TH1), TH2 or interleukin 17 (IL-

17)-producing T helper (TH17) effector cells when stimulated in vitro with antigen and 

specific combinations of cytokines (Zhou et al., 2009). In addition, certain infections 

induce CD4+ effector cells with the properties of TH1 or TH2 cells (Reiner and Locksley, 

1995). 

However, it is still not clear that CD4+ memory T cells specific for peptide–MHC 

class II (pMHCII) exist as discrete TH1, TH2 or TH17 subsets in vivo because such cells 

are difficult to detect in normal hosts. To circumvent this problem, researchers have 

studied immune memory by CD4+ T cells in vitro (Swain et al., 1999) or in vivo (Jenkins 

et al., 2001; Li et al., 2003; Lohning et al., 2008) by adoptive transfer of TCR-transgenic 

T cells. These approaches are artificial in that memory T cells are generated from 

disrupted lymphoid tissue (Li et al., 2003; Lohning et al., 2008; Swain et al., 1999) or are 

so abundant that normal homeostasis is perturbed (Badovinac et al., 2007; Hataye et al., 

2006; Marzo et al., 2005). Thus, it is not clear how well polyclonal CD4+ memory T cells 

fit into the TH1, TH2, TH17 or TCM and TEM categories. 

Here we addressed this problem with a sensitive pMHCII tetramer–based 

approach that allowed detection of polyclonal pMHCII-specific CD4+ T cells in normal 

mice after infection with Listeria monocytogenes. We found that intravenous and 

intranasal infection induced TH1 and TH17 CD4+ effector T cells, respectively, although 

the most abundant cells in both cases did not resemble any of the canonical helper T cell 

subsets. In addition, we found that TH1 cells were much more likely than TH17 cells to 

persist in the memory cell pool. 
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4.2 Materials and Methods 

Mice 

Six- to eight-week-old B6, B6.129S6-Tbx21tm1Glm/J, B6.129P2(Cg)-Rorctm2Litt/J and 

B6.PL-Thy1a/CyJ mice were from the Jackson Laboratory or the National Cancer 

Institute (B6). All mice were housed in specific pathogen–free conditions in accordance 

with guidelines of the University of Minnesota and National Institutes of Health. All 

animal experiments were approved by the Institutional Animal Care and Use Committee 

of the University of Minnesota. 

 

L. monocytogenes Infection 

Mice were injected intravenously (1 × 107 bacteria) or intranasally (1 × 107 bacteria) with 

ActA-deficient L. monocytogenes expressing a recombinant protein consisting of chicken 

ovalbumin fused to the 2W peptide (EAWGALANWAVDSA) or ESAT6 peptide. In 

some experiments, mice were challenged intravenously after primary infection with 5 × 

108 live LM-2W or LM-ESAT6. Challenged mice were killed 2 h later for analysis. 

 

BrdU Labeling 

For analysis of homeostatic proliferation, mice were infected with LM-2W and at least 40 

d later were given BrdU (0.8 mg/ml) in the drinking water for 12–14 d. In some cases, 

mice were injected intraperitoneally with complexes of recombinant mouse IL-15Rα–Fc 

chimera (7 µg per mouse) and recombinant mouse IL-15 (1.5 µg per mouse; both from 
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R&D Systems) formed as described (Rubinstein et al., 2006; Stoklasek et al., 2006).  

Mice were injected once a day for 2 d with IL-15–IL-15Rα complexes and BrdU (2 mg 

per mouse by intraperitoneal injection) and then BrdU was added to the drinking water 

(0.8 mg/ml) for an additional 3 d before spleens and lymph nodes were collected and 

stained as described below. 

 

 

Tetramer Production 

Biotin-labeled soluble 2W:I-Ab molecules were produced and were expressed in 

Drosophila melanogaster S2 cells, then were purified and were made into tetramers with 

streptavidin-phycoerythrin or streptavidin-allophycocyanin (Prozyme) as described 

(Moon et al., 2007). 

 

Tetramer Enrichment and Flow Cytometry 

Spleen and lymph node cells or leg bone marrow cells were prepared and then were 

stained for 1 h at 25 °C with 2W:I-Ab–streptavidin-phycoerythrin or 2W:I-Ab–

streptavidin-allophycocyanin tetramer and peridinin chlorophyll protein–cyanine 5.5–

conjugated antibody to CCR7 (anti-CCR7; 4B12; eBioscience) and then with anti-

phycoerythrin and/or anti-allophycocyanin magnetic beads. Samples were then enriched 

for bead-bound cells on magnetized columns and a portion was removed for counting as 

described .(Moon et al., 2007) It was assumed that the leg bones contained one fifth of 

the bone marrow in the body (Boggs, 1984).  The rest of the sample underwent surface 
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staining on ice with Pacific Blue– or eFluor 450–conjugated anti-B220 (RA3-6B2; all 

antibodies from eBioscience unless otherwise noted), anti-CD11b (MI-70), anti-CD11c 

(N418) and anti-F4/80 (BM8; Caltag); Pacific Orange–conjugated anti-CD8α (5H10; 

Caltag); fluorescein isothiocyanate–conjugated anti-CD27 (LG.7F9); allophycocyanin–

Alexa Fluor 750– or allophycocyanin–eFluor780–conjugated anti-CD4 (RM4-5); 

phycoerythrin-indotricarbocyanine–conjugated anti-CD3ϵ (145-2C11); phycoerythrin-

conjugated anti-CD122 (5H4); and Alexa Fluor 700–conjugated anti-CD44 (IM7). For 

intracellular cytokine experiments, spleen and lymph node cells from challenged mice or 

in vitro–stimulated cultures containing phorbol 12-myristate 13-acetate (50 ng/ml), 

ionomycin (200 ng/ml) and brefeldin A (10 µg/ml; Sigma) underwent the tetramer 

enrichment and anti-CCR7 staining described above in buffer containing brefeldin A (10 

µg/ml; Sigma) to prevent cytokine secretion. Surfaces of enriched cells were stained with 

combinations of antibodies listed above, then cells were treated with BD 

Cytofix/Cytoperm and stained with phycoerythrin-indotricarbocyanine–conjugated anti-

IFN-γ (XMG1.2) or phycoerythrin-conjugated anti-IL-17A (TC11-18H10; BD 

Pharmingen). In some experiments, surfaces of enriched cells were stained, then cells 

were treated with Foxp3 Fixation/Permeabilization Concentrate and Diluent 

(eBioscience) and stained with phycoerythrin-conjugated anti-T-bet (eBio 4B10) or 

phycoerythrin-conjugated anti-RORγt (AFKJS-9), or they were treated with BD 

Cytofix/Cytoperm and stained with phycoerythrin-conjugated anti-Bcl-2 (3F11; BD 

Pharmingen). For BrdU labeling, surfaces of enriched cells were stained and incorporated 

BrdU was detected with a BrdU Flow kit according to the manufacturer's specifications 
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(BD Pharmingen). In all cases, cells were then analyzed on an LSR II (Becton 

Dickinson). Data were analyzed with FlowJo software (TreeStar). 

 

Memory Cell Transfer 

Spleens and lymph nodes were collected from B6 mice infected at least 20 d earlier with 

LM-2W. For transfer of CD27− cells, samples were depleted of CD27+ cells (95–97% 

purity) with biotin-conjugated anti-CD27, anti-biotin beads (Miltenyi) and LD columns 

(Miltenyi). For transfer of CD27+ cells, samples were enriched for CD4+ memory cells by 

the addition of biotin-conjugated anti-CD45RB (0.1 µg/ml) to the biotin-labeled antibody 

'cocktail' provided in the Miltenyi CD4 Isolation kit, followed by the removal of biotin-

labeled cells on an LS column. The remaining cells were stained with fluorochrome-

labeled anti-CD44 and anti-CD27 before sorting of CD44+CD27+ events with a 

FACSAria (Becton Dickinson). Purified cells were injected intravenously into B6.PL-

Thy-1a recipients. Then, 1 d or 14 d later, spleen and lymph node cells from the recipients 

were collected, were stained for 1 h at 25 °C for 2W:I-Ab–streptavidin–allophycocyanin 

tetramer and peridinin chlorophyll protein–cyanine 5.5–conjugated anti-CCR7 (4B12), 

then with phycoerythrin-conjugated anti-CD90.2 (53-2.1) and anti-phycoerythrin 

magnetic beads. Bead-bound cells were then stained with the non–T lineage–specific 

antibodies listed above (anti-CD8α, anti-CD4, anti-CD27 and anti-CD44) and cells were 

then analyzed on an LSR II (Becton Dickinson). Data were analyzed with FlowJo 

software (TreeStar). 
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Statistical Analysis 

Differences between data sets were analyzed by a paired or unpaired two-tailed Student's 

t-test. In Figure 3, a two-way analysis of variance with a Bonferroni's post-test was used 

to determine significance. 

 

 

4.3 Results 

Detection of pMHCII-specific CD4+ Memory T cells 

We used a pMHCII tetramer–based approach to identify CD4+ T cells specific for 

a pMHCII complex produced during bacterial infection. The pMHCII tetramer consisted 

of the I-Ab MHC class II molecule bound to a variant of amino acids 52–68 from the I-E 

α-chain called 2W (2W–I-Ab) (Rees et al., 1999).  The 2W peptide is highly 

immunogenic in C57BL/6 (B6) mice because of a relatively large naive population able 

to recognize 2W–I-Ab (Moon et al., 2007). We infected B6 mice with an attenuated strain 

of L. monocytogenes (ΔActA) engineered to secrete a fusion protein containing a portion 

of chicken ovalbumin and the 2W peptide (LM-2W) (Ertelt et al., 2009) or a 

mycobacterial peptide ESAT6 (LM-ESAT6) (Muller et al., 2008).  These bacteria 

replicate for several days in mice and are then completely eliminated by innate and 

adaptive immune mechanisms (Portnoy et al., 2002). We stained cells from each mouse 

with a fluorochrome-labeled 2W–I-Ab tetramer and anti-fluorochrome magnetic beads at 

various times after infection and enriched them on a magnetized column (Moon et al., 

2009). We then stained the bound fraction with antibodies specific for CD3, CD4, CD8, 
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CD44 and a ‘cocktail’ of non–T cell lineage–specific antibodies to aid in the 

identification of CD4+ memory T cells. 

Because effector and memory T cells express many of the same surface markers, 

we identified the latter cells as the population that stabilized after the expansion and 

contraction phases of the primary response (Kaech et al., 2002). Initial analyses involved 

standard intravenous infection. Mice that were not infected contained a small population 

of about 300 2W–I-Ab–binding CD3+CD4+ cells in the spleen and lymph nodes, the vast 

majority of which were CD44lo, as expected for naive cells (Fig. 4.1A). The tetramer 

bound to these T cells via the TCR, as shown by the finding that we detected no 2W–I-

Ab–binding cells among the CD8+ MHC class I–restricted T cells. Mice infected 7 d 

earlier with LM-ESAT6 also contained about 300 CD44lo 2W–I-Ab+ CD4+ naive T cells 

(Fig 4.1B). In contrast, mice infected with LM-2W 7 d earlier contained a large 

population of CD44hi 2W–I-Ab+ CD4+ T cells in the spleen and lymph nodes that could 

still be detected on day 190 and beyond. The number of 2W–I-Ab–specific CD4+ T cells 

peaked at ~140,000 cells by day 5 after LM-2W infection and then decreased rapidly to 

20,000 cells by day 20 (Fig 4.2). This contraction phase ended abruptly on day 20, after 

which the population slowly decreased until day 250 with a half-life of about 40 d (Fig 

4.2). By day 250, only about 200 CD44hi 2W–I-Ab+ CD4+ T cells remained in the spleen 

and lymph nodes, and this number remained stable for the next 150 d. Although we did 

not detect 2W–I-Ab+ CD4+ T cells in the bone marrow in uninfected mice (data not 

shown), about 1,500 CD44hi 2W–I-Ab+ CD4+ T cells appeared in the bone marrow by day 

20 and then decreased to 150 cells by day 300. Thus, 2W–I-Ab–specific CD4+ T cell 
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populations expanded to a peak number on day 5, contracted until day 20, and then 

entered a memory phase characterized by slow numerical decrease for the next 230 d. In 

addition, some of the 2W–I-Ab–specific memory CD4+ T cells were present in the bone 

marrow, although more were present in the spleen and lymph nodes. 

 

 

 

Figure 4.1.  Infection with LM-2W induces the clonal expansion of 2W–I-Ab–specific memory 

cells. Flow cytometry to identify CD4+ or CD8+ T cells in enriched fractions, for events gated on CD11c–

CD11b–F4/80–B220–CD3+ cells. (a) CD4+ T cells (left) or CD8+ T cells (right) from an uninfected B6 

mouse with gates on CD44hi 2W–I-Ab+ (left) or all 2W–I-Ab+ cells (right). (b) CD4+ T cells in enriched 

samples from a B6 mouse 7 d after intravenous infection of LM-ESAT6 (left) or 7 d (middle) or 190 d 

(right) after intravenous infection of LM-2W. Numbers above outlined areas indicate percent cells in gate. 

Data are representative of over twenty (a) or two to five (b) independent experiments. 
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Figure 4.2.  The 2W–I-Ab–specific CD4+ memory T cells decay after infection with LM-2W. 

CD4+ 2W–I-Ab+ T cells in the spleen and lymph nodes (circles) or bone marrow (triangles) after 

intravenous infection of LM-2W (n ³ 3 mice  per data point). A nonlinear regression fit of the spleen and 

lymph node data yielded a half-life of 43 d for points between days 20 and 248 (R2 = 0.94; 95% confidence 

interval, 30–73 d). Data are representative of  five experiments (mean ± s.e.m.).  

 

Infection Route Influences CD4+ T Cell Differentiation 

We next determined whether CD4+ memory cells induced by intravenous 

infection resembled any of the canonical helper T cell subsets. We measured lymphokine 

production by 2W–I-Ab–specific CD4+ memory cells by direct ex vivo intracellular 

staining (Khoruts et al., 1998) in mice that were infected 24 d before with LM-2W and 

then challenged for 2 h with LM-2W or LM-ESAT6. We chose 2 h because this is the 

time of maximal in vivo lymphokine production by antigen-experienced CD4+ T cells 

stimulated by intravenous injection of peptide (Pape et al., 1998) or infection with LM-

2W (data not shown). We found that 2W–I-Ab–specific CD4+ memory cells did not 

express CD69 (Fig. 4.3A) or produce interferon-𝛾 (IFN-𝛾) or IL-17A after challenge with 
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LM-ESAT6 (Fig. 4.3A,B). In contrast, about 30–40% of the memory cells produced IFN-

𝛾 after challenge (Fig. 4.3A,B) with LM-2W, whereas none of these cells produced IL-

17A (Fig. 4.3B)or IL-5 (data not shown). The failure of the majority of 2W–I-Ab–specific 

CD4+ memory cells to make IFN-𝛾 after challenge was not related solely to a lack of 

2W–I-Ab recognition after challenge, as many of the cells expressed the TCR signal–

dependent CD69 molecule but did not make IFN-𝛾 (Fig. 4.3B). Therefore, about one third 

of the 2W–I-Ab–specific CD4+ memory cells induced by intravenous infection resembled 

TH1 cells, whereas the remainder did not produce any of the canonical TH1, TH2 or TH17 

cytokines. 

It was possible that many of the 2W–I-Ab–specific CD4+ memory cells that were 

CD69+ but were not making cytokines 2 h after challenge would have gone on to produce 

cytokines. To address this issue, we stimulated spleen and lymph node cells from mice 

infected 22 d earlier with LM-2W in vitro with the soluble TCR signal mimics phorbol 

12-myristate 13-acetate (PMA) and ionomycin in the presence of an exocytosis inhibitor. 

IFN-𝛾-producing cells peaked at about 50% of the total 2W–I-Ab-specific CD4+ memory 

population between 3.5 and 6 h of stimulation (Fig. 4.3C). As IFN-𝛾 should accumulate 

in these conditions, these results indicated that only a subset of the 2W–I-Ab–specific 

CD4+ memory cell population had the potential to produce IFN-𝛾. This conclusion was 

supported by the finding that about 50% of the 2W–I-Ab–specific CD4+ memory cells 

induced by intravenous infection expressed the TH1-associated transcription factor T-bet 

(Szabo et al., 2000) before challenge, whereas none expressed the TH17-associated 
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transcription factor RAR-related orphan receptor gamma (RORgt) (Ivanov et al., 2006) 

(Fig. 4.3D) and none became Foxp3+ regulatory T cells (Ertelt et al., 2009). As T-bet 

expression controls the TH1 differentiation program in most cases (Szabo et al., 2000), 

this finding indicates that only a subset of the memory cells induced by intravenous 

infection had differentiated into TH1 cells. 

One potential factor driving the induction of TH1 but not TH17 or TH2 cells was 

the intravenous route of infection. We therefore studied the effect of intranasal 

administration of LM-2W based on reports that IL-17A-producing T cells are induced 

during mucosal bacterial infection (Woolard et al., 2008; Zhang et al., 2009). Indeed, we 

found that about 7% of the 2W–I-Ab–specific CD4+ T cells in the spleen and lymph 

nodes of mice 24 d after intranasal infection with LM-2W produced IL-17A, whereas 

very few produced IFN-𝛾, 2 h after challenge with LM-2W but not after challenge with 

LM-ESAT6 (Fig. 4.3B). In addition, about 15% of the 2W–I-Ab-specific T cells induced 

by intranasal infection expressed RORgt, as shown by expression of green fluorescent 

protein in mice heterozygous for expression of green fluorescent protein–tagged RORgt 

(Rorc(gt)+/GFP) or by intracellular staining for RORgt (Fig. 4.3D). These results 

demonstrate that intranasal infection with LM-2W induced some of the 2W–I-Ab–specific 

T cells to differentiate into TH17 cells. However, as with intravenous infection, the main 

population showed no evidence of committing to either a TH1 or TH17 canonical lineage. 
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Figure 4.3.  Lymphokine production by 2W–I-Ab–specific CD4+ memory T cells. (a,b) 

Expression of CD69 (a) or IFN-𝛾 (a,b) and IL-17A production (b) by 2W–I-Ab–specific memory T cells 2 

h after challenge of mice by intravenous (a,b) or intranasal (b) infection with LM-ESAT6 (left) or LM-2W 

(right). Numbers in quadrants indicate percent of cells in each. (c) Frequency of 2W–I-Ab–specific IFN-𝛾+ 

CD4+ memory T cells after stimulation for 3.5 h, 6 h, or 22 h with PMA and ionomycin in the presence of 

brefeldin A. (d) T-bet expression (top left) in 2W–I-Ab–specific memory T cells (black line) induced by 

intravenous infection and in CD44+ CD4+ T-bet-deficient cells (gray filled histogram), and expression of 

enhanced green fluorescent protein in mice heterozygous for expression of green fluorescent protein–

tagged RORgt (RORgt-GFP) (top right) in 2W–I-Ab–specific memory T cells (black line) and wild-type 

2W–I-Ab–specific memory T cells (gray filled histogram) after intranasal infection. Below, frequency of T-

bet+ or RORgt+ 2W–I-Ab–specific memory T cells in mice based on the gates above. *P < 0.01, T-bet 

samples, **P < 0.05, RORgt samples (a two-way analysis of variance with a Bonferroni’s post-test was 

used to determine significance). Data are representative of three (a), six (b) or two (c) independent 

experiments, or of four or one independent experiment(s) for intracellular staining or Rorc(gt)+/GFP mice, 

respectively (d). 
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TH17 Cells are Shorter-lived Than TH1 Cells 

We next measured the survival of IFN-𝛾- or IL-17A-producing T cells to 

determine if these subsets were equally efficient at entering the memory pool. We 

infected mice and then challenged them later at various times with an intravenous 

injection of LM-2W to identify the lymphokine-producing cells. Intravenous infection 

with LM-2W generated about 12,000 IFN-𝛾-producing 2W–I-Ab–specific effector T cells 

in the spleen and lymph nodes by day 7, which constituted about 10% of all 2W–I-Ab–

specific T cells. At all times after the contraction phase, IFN-𝛾-producing cells accounted 

for about 25% of the 2W–I-Ab–specific memory cells (Fig. 4.4A). Therefore, IFN-𝛾-

producing 2W–I-Ab–specific T cells were as good as or better than non-IFN-𝛾-producing 

cells at entering the memory pool. 

Intranasal infection induced a pattern of 2W–I-Ab–specific CD4+ T cell 

population expansion, contraction and memory cell formation similar to that induced by 

intravenous infection, albeit to a lower extent (Fig. 4.4B). The lower magnitude of this 

response was probably related to the fact that the nasal mucosal lymphoid tissues, which 

are the main sites of priming after intranasal infection (Park et al., 2004), contain many 

fewer naive T cells than does the spleen, where priming occurs after intravenous 

infection. About 2,000 IL-17A-producing 2W–I-Ab–specific effector cells were present 

on day 7, which, as for IFN-𝛾-producing cells in intravenously infected mice, constituted 

about 10% of all 2W–I-Ab–specific T cells at this time. However, unlike IFN-𝛾-producing 
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cells, IL-17A-producing 2W–I-Ab–specific cells were progressively lost, such that fewer 

than 10 cells (or 0.5% of all 2W–I-Ab–specific T cells) remained at day 110 after 

infection. Thus, IL-17A-producing cells did not enter the memory pool as efficiently as 

IFN-𝛾-producing cells did. 

 

 

 

 

Figure 4.4  Survival of IFN-𝛾 and IL-17A-producing 2W–I-Ab–specific CD4+ memory T cells. 

Total 2W–I-Ab–specific CD4+ T cells induced by intravenous infection (a) or intranasal infection (b), and 

2W–I-Ab–specific CD4+ T cells making IFN-𝛾 but not IL-17A (a) or IL-17A but not IFN-𝛾 (b) after 

challenge with LM-2W. Data are representative of three (a) or two (b) experiments (mean ± s.d. of three to 

five mice per time point). 
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CD27 Marks Functional Heterogeneity in CD4+ Memory T Cells 

We sought additional markers that could give clues about the differences in the 

longevity of IFN-𝛾- and IL-17A-producing CD4+ T cells and determine if they fit the 

definition of TCM cells or TEM cells. Published work has demonstrated that CD8+ memory 

T cells can be categorized on the basis of expression of the tumor necrosis factor receptor 

family member CD27 (Hikono et al., 2007; Snyder et al., 2008). In addition, CD8+ 

memory cells that lack expression of CD27 have been shown to be short-lived (Dolfi et 

al., 2008; Hendriks et al., 2000; Hendriks et al., 2003; Snyder et al., 2008). Therefore, we 

assessed expression of CD27 and CCR7, a marker used to distinguish TCM cells from TEM 

cells3. Most of the IFN-𝛾+ or T-bet+ 2W–I-Ab–specific CD4+ T cells present greater than 

20 days after intravenous infection were CCR7loCD27+ (Fig. 4.5A,B). Although cells 

with this phenotype were also present among the IFN-𝛾– or T-bet– cells in the same mice, 

these populations also contained many CCR7hiCD27+ and CCR7hiCD27– cells. In 

contrast, most of the IL-17A+ 2W–I-Ab–specific CD4+ T cells present after intranasal 

infection were CCR7hiCD27– (Fig. 4.5C), whereas the IL-17A– cells included more 

CCR7hiCD27+ and CCR7hiCD27– cells like the IFN-𝛾– cells in intravenously infected 

mice. Although the RORgt+ 2W–I-Ab–specific CD4+ T cells included CCR7hiCD27– 

cells, as in the case of IL-17A-producing cells (Fig. 4.5D), the RORgt+ populations also 

contained CD27+ cells. Therefore, on the basis of CCR7 expression, the TH1 cells 

resembled TEM cells, whereas the TH17 cells resembled TCM cells. 
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Figure 4.5.  Surface phenotype of 2W–I-Ab–specific T cells. Expression of CCR7 and CD27 on 

2W–I-Ab–specific T cells in mice at least 20 d after intravenous infection (a,b) or intranasal infection (c,d). 

(a) Cells producing IFN-𝛾 but not IL-17A (left) or neither (right) after challenge with LM-2W. (b) T-bet+ 

(left) or T-bet – (right) antigen-experienced cells without challenge. (c) Cells producing IL-17A but not 

IFN-𝛾 (left) or neither (right) after challenge with LM-2W. (d) RORgt+ (left) or RORgt – (right) antigen-

experienced cells without challenge. Quadrant lines are based on 2W–I-Ab– CD44lo naive cells in each 

sample; this population was uniformly CCR7hi and contained CD27lo and CD27hi subsets. Horizontal lines 

are set at the lowest amount of CCR7 for the entire population; vertical lines are set at the midpoint 

between the CD27lo and CD27hi subsets. Numbers in quadrants indicate percent cells in each (mean ± s.d. 

of four or more mice). Data are representative of seven (a), four (b), six (c) or two (d) independent 

experiments. 
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The finding that IL-17A-producing CD4+ T cells lacked CD27 and were short-

lived motivated us to explore whether all CD27– CD4+ memory cells had this property. 

We tested this possibility in an adoptive-transfer experiment involving total CD4+ 

memory T cells, as 2W–I-Ab–specific memory cells were too infrequent to detect reliably 

after transfer. We sorted purified total CD27+ or CD27– CD4+CD44+ T cells from L. 

monocytogenes–infected B6 mice (CD90.2+) and transferred them into naive B6.PL-Thy-

1a (CD90.1+) recipients (Fig. 4.6A). The CD27+ CD4+ memory cells survived stably over 

a 14-day period after adoptive transfer, whereas the number of purified CD27– CD4+ 

memory cells decreased by about 80% (Fig. 4.6B). Thus, CD27– CD4+ memory T cells 

were short-lived compared with CD27+ CD4+ memory T cells. Although this observation 

was based on total CD4+ memory cells, it correlated with the finding that a subset of 

CD27+ 2W–I-Ab–specific CD4+ memory T cells expressed more of the Bcl-2 survival 

protein than did CD27– memory T cells of the same specificity (Fig. 4.6C). 
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Figure 4.6.  CD27– CD4+ memory T cells are short-lived. (a) CD90.2-enriched fractions of spleen 

and lymph node cells from mice that received purified CD90.2+ CD27+ (left) or CD27– (right) total CD4+ 

memory T cells 1 d earlier. (b) CD90.2+ CD27+ (left) or CD27– (right) cells recovered 1 or 14 d after 

transfer into B6.PL-Thy-1a recipients. *P = 0.0005, CD27– cells recovered on day 14 versus day 1 

(unpaired two-tailed Student’s t-test ). (c) Bcl-2 expression by total naive CD4+ T cells (dashed line), or 

CD27– (gray histogram) or CD27+ (black line) 2W–I-Ab+ memory T cells. Data are representative of three 

(a,b) or two (c) independent experiments (mean ± s.d. of three to four mice in b). 

 

Minimal Homeostatic Proliferation by CD27– CD4+ T Cells 

It was also possible that poor homeostatic proliferation contributed to the short 

lifespan of CD27– CD4+ memory T cells. We tested this possibility with a bromo-2-

deoxyuridine (BrdU)-labeling experiment. We infected B6 mice with LM-2W and, 40 

days later, gave the mice BrdU in their drinking water for 2 weeks. About 10% of the 

2W–I-Ab–specific CD4+ memory T cells induced by intravenous or intranasal infection 

labeled with BrdU (Fig. 4.7A, and data not shown). Among the 2W–I-Ab–specific CD4+ 

memory T cells, about 15% of the CD27+ cells and only 3% of the CD27– cells labeled 

with BrdU (Fig. 4.7A,B). The homeostatic proliferation results correlated with expression 

of the β-chain of the IL-15 receptor (IL-15R; also known as CD122). CD122 was 

expressed on some CD27+ CD4+ memory T cells but very few CD27– CD4+ memory T 
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cells (Fig. 4.7C). Together these results showed that CD27– CD4+ memory T cells were 

poor homeostatic proliferators, perhaps as a result of a lack of IL-15R expression. 

To further test that hypothesis, we injected mice with IL-15–IL-15Ra complexes, 

which have been shown to be superagonists for IL-15R signaling in vivo (Rubinstein et 

al., 2006). Injection of IL-15–IL-15Ra complexes into B6 mice 40 d after intravenous 

infection with LM-2W led to an increase of ~30-fold in the fraction of 2W–I-Ab–specific 

CD4+ memory cells that underwent homeostatic proliferation over a short 5-day BrdU-

labeling period, and the populations that proliferated were enriched for CD27+ cells (Fig. 

4.7D). These results indicate that a lack of IL-15R expression limits the homeostatic 

proliferation of CD27– CD4+ memory T cells. 
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Figure 4.7.  CD4+ memory T cells undergo limited homeostatic proliferation. (a) BrdU labeling 

(black lines) of total (left), CD27+ (middle) or CD27– (right) 2W–I-Ab+ CD4+ memory cells in mice fed 

BrdU for 14 d beginning 40 d after intravenous infection with LM-2W, as well as total CD4+ T cells (gray) 

from a mouse that did not receive BrdU (left). Bracketed lines indicate gates used to identify BrdU+ cells; 

number above bracketed (left) indicates percent BrdU+ cells (mean ± s.d.). (b) Frequency of CD27+ or 

CD27– BrdU+ 2W–I-Ab+ CD4+ memory T cells, based on the gates shown in (a). Each symbol represents an 

individual mouse; small horizontal lines indicate the mean. (c) Expression of CD122 and CD27 on 2W–I-

Ab+ CD4+ memory T cells induced by intravenous infection. mean ± s.d., n = 5) Frequency of CD122+ cells 

are shown in the relevant quadrants. (d) Frequency of BrdU+ 2W–I-Ab+ CD4+ memory cells (left) in mice 

left uninjected (circles) or injected with IL-15–IL-15Ra complexes (triangles) and given BrdU for 5 d 

beginning 20 d after intravenous infection with LM-2W, identified as described in a. Each symbol 

represents an individual mouse; small horizontal lines indicate the mean. Middle and right, BrdU 

incorporation by CD27+ (solid line) or CD27– (gray) 2W–I-Ab+ CD4+ memory T cells in mice left 

uninjected (middle) or injected with IL-15–IL-15Ra complexes (right) and given BrdU for 5 d beginning 20 

d after intravenous infection with LM-2W. *P = 0.003, IL-15–IL-15Ra complex versus untreated (unpaired 

two-tailed Student’s t-test). Data are representative of three (a,b), two (c) or one (d) experiment(s). 
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4.4 Discussion 

 Here we found that intravenous or intranasal infection with LM-2W induced 

polyclonal 2W–I-Ab–specific CD4+ memory T cells. The emergence of memory-

phenotype cells was preceded by robust population expansion of naive cells, which 

peaked in the secondary lymphoid organs about a week after infection. In both infections, 

the number of 2W–I-Ab–specific CD4+ T cells decreased rapidly after the peak. This 

contraction phase ended on day 20, after which the number of cells decreased slowly. The 

abrupt change in survival observed at day 20 indicated that this is when the memory 

phase of this response begins. Most of the 2W–I-Ab–specific CD4+ T cells induced by 

intravenous infection were in the secondary lymphoid organs during the memory phase, 

with considerably fewer in the bone marrow. Thus, the secondary lymphoid organs are 

the main reservoir of endogenous polyclonal CD4+ memory T cells induced by 

intravenous bacterial infection and the bone marrow is not, as described for TCR-

transgenic memory cells induced by immunization with peptide plus adjuvant (Tokoyoda 

et al., 2009). 

Our results suggest that some but not all aspects of the TH1-or-TH17 and TEM-or-

TCM paradigms apply to all CD4+ memory T cells. The IFN-𝛾-producing memory cells 

induced by the transient bacterial infection studied here resembled TH1 and TEM cells 

because of their immediate ability to produce IFN-𝛾 but not IL-17A and lack of CCR7 

expression (Sallusto et al., 1999). Similarly, the IL17A-producing cells induced by 

intranasal infection resembled TH17 and TEM cells because of their immediate ability to 

produce IL-17A but not IFN-𝛾. However, these cells expressed CCR7 and thus were 
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phenotypically similar to TCM cells and were short-lived. In addition, the dominant 

population of memory cells induced by either infection route did not produce IFN-𝛾, IL-

17A or IL-5 and was heterogeneous in terms of expression of CCR7 and CD27. 

Therefore, these cells did not fit easily into the TH1, TH2 and TH17 paradigm or TCM and 

TEM paradigm. These cells may be less differentiated and thus able to become TH1, TH2 

or TH17 cells after secondary infection. Alternatively, these cells could be highly 

differentiated cells that produce lymphokines other than those that define the classical 

subsets. 

The tendency of different routes of infection to induce different memory cells 

may be related to the innate cytokine environments of the relevant secondary lymphoid 

organs. Anatomic constraints make it likely that naive CD4+ T cells first become 

activated in the nasal-associated mucosal lymphoid tissue after intranasal infection (Park 

et al., 2004). A published study has found that IL-17A-producing CD4+ effector T cells 

are preferentially induced in mice exposed to Francisella tularensis organisms via the 

respiratory mucosa (Woolard et al., 2008). Similarly, another study has shown that 

infection of the upper airway with Streptococcus pneumoniae organisms generates a 

population of IL-17A-producing CD4+ T cells (Zhang et al., 2009). Thus, it is possible 

that the environment within mucosal secondary lymphoid organs is especially conducive 

to the differentiation of IL-17A-producing T cells. As IL-6 is required for the 

differentiation of these cells (Korn et al., 2009; Weaver et al., 2006), it is noteworthy that 

dendritic cells from the intestinal mucosal tissue have been reported to be better IL-6 

producers than are splenic dendritic cells (Sato et al., 2003). In addition, transforming 
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growth factor-β1, which is also essential for the differentiation of IL-17A-producing T 

cells, is abundant in the mucosal tissues (Kelsall, 2008). Conversely, splenic dendritic 

cells are potent producers of IL-12 (Reis e Sousa et al., 1997), which is required for the 

differentiation of IFN-𝛾-producing T cells (Hsieh et al., 1993). 

Our results confirm the idea that the number of CD4+ memory T cells decreases 

slowly over time, at least in some cases. Published work has reported this finding for 

IFN-𝛾-producing CD4+ memory T cells induced by infection with lymphocytic 

choriomeningitis virus (Homann et al., 2001). We also found that the total population of 

2W–I-Ab–specific CD4+ memory T cells induced by intravenous bacterial infection, 

including those with IFN-𝛾-production potential, decreased slowly, with a half-life of 

about 40 d, between days 20 and 250 of the memory phase. It is worth noting that the 

aforementioned viral infection (Homann et al., 2001) and the bacterial infections studied 

here were cleared very quickly from the host. Thus, the decrease in the number of CD4+ 

memory T cells described in both cases may be related to a lack of persistent antigen 

presentation. It will be of interest to determine if the number of CD4+ memory T cells 

also decreases during persistent infection caused by organisms like Salmonella enterica 

serovar Typhimurium (Monack et al., 2004). 

After day 250, the number of 2W–I-Ab–specific memory cells stabilized at a 

number only about twice that of the naive number of cells (300). This survival pattern 

was similar to that observed for polyclonal naive T cells (Hataye et al., 2006). Thus, it is 

possible that many CD4+ memory T cells do not live longer than their already long-lived 

naive precursors. 
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The decrease in the number of CD4+ memory T cells induced by transient 

infections is in contrast to the remarkable numerical stability of CD8+ memory T cells 

(Homann et al., 2001). As IL-15 is important for the homeostatic proliferation of both 

types of memory cells (Surh and Sprent, 2008), it may be telling that most CD4+ memory 

T cells induced by bacterial infection, especially those lacking CD27, did not express IL-

15R. It is therefore reasonable to suspect that a low rate of IL-15-driven homeostatic 

proliferation contributed to the numerical decrease in CD4+ memory T cell populations 

observed in our experiments. Our finding that increasing the availability of IL-15 in the 

form of IL-15–IL-15Ra complexes increased the homeostatic proliferation of CD4+ 

memory T cells is consistent with this possibility. 

IL-17A-producing effector cells did not efficiently enter the memory cell pool. 

One possible explanation for this finding is that these cells simply lost the ability to 

produce IL-17A (Korn et al., 2009). Alternatively, the IL-17A-producing cells could have 

died because of a lack of CD27. CD27–CD70 interactions have been shown to be 

important for the maintenance of CD8+ memory cells (Allam et al., 2009; Hendriks et al., 

2000) perhaps via CD27 signaling through the adaptor TRAF5 (Kraus et al., 2008). The 

lack of a CD27 signal may have also lead to lower expression of the antiapoptosis protein 

Bcl-2 and a greater rate of apoptosis than that of CD27+ CD4+ memory cells. In contrast, 

IFN-𝛾-producing memory cells may gain a survival benefit from expression of T-bet, 

which has been reported to control CD122 expression and thus the capacity for IL-15-

dependent homeostatic proliferation (Intlekofer et al., 2005). Against this scenario is the 
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finding that T-bet expression is a marker of terminal differentiation and death in CD8+ 

memory T cells (Joshi et al., 2007). 

Our results have also demonstrated an association between CD27 expression and 

lymphokine production potential. This finding adds to other evidence indicating that 

signaling through CD27 is causally related to the acquisition of IFN-𝛾-production 

potential (Keller et al., 2008; Soares et al., 2007), perhaps by contributing to the 

induction of T-bet (van Oosterwijk et al., 2007). However, it is worth noting that about 

half of the RORgt+ 2W–I-Ab–specific memory cells induced by intranasal infection 

expressed CD27 but did not produce IFN-𝛾 or IL-17A and could have been committed to 

the production of IL-22 or IL-17F (Yang et al., 2008). Thus, CD27 may be necessary but 

not sufficient for IFN-𝛾 production by CD4+ memory cells and may be not permissive for 

IL-17A production. This possibility is supported by work indicating that CD27+ 𝛾δ T 

cells cannot become IL-17-producing cells (Ribot et al., 2009). 

Finally, our results have implications for protective immunity. Intranasal 

immunization of mice with S. pneumoniae induces protective immunity that is dependent 

on IL-17A and CD4+ T cells (Lu et al., 2008). Our findings suggest that this immunity 

may be short-lived because IL-17A-producing CD4+ effector T cells do not survive to 

become memory cells. In support of this suggestion is the clinical observation that 

streptococcal infections, for example otitis media, tend to recur (Yamanaka et al., 2008). 
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Chapter 5: 

Conclusions 

5.1 Summary 

Together, this work defines the role and cellular sources of IL-6 and TGF-β1, in 

TH17 differentiation in response to bacterial infection in vivo.  Additionally, it identifies 

that the secondary lymphoid organs of the upper respiratory tract provide a unique 

environment for the differentiation of these cells to become a population of TH17 cells 

that are short-lived compared to TH1 memory cells induced in a splenic environment.  

These studies suggest the following model.  Upon intranasal infection, bacteria 

translocate across M cells into the NALT.  A functionally specialized population of DCs 

residing in the NALT capture bacteria, become activated, and migrate via afferent lymph 

to the NALT-draining CLNs.  Naïve pMHCII-specific CD4+ T cells in the CLNs are 

activated and begin to expand upon encountering these DCs displaying cognate bacterial-

pMHCII.  These CD4+ T cells differentiate into TH17 effector cells in response to IL-6 

and TGF-β1, produced by activated dendritic cells.  TH17 cells migrate out of CLNs, 

through blood and spleen, to NALT.  In the NALT, bacterial pMHCII-specific TH17 cells 

stimulated through their TCR secrete IL-17A, IL-17F, and IL-22, enhancing bacterial 

clearance at this site through epithelial cell activation and neutrophil recruitment.  Upon 

resolution of infection, a small population of short-lived TH17 cells remain.  In the case 

of intravenous bacterial infection, a functionally divergent population of splenic-resident 

DCs capture bacteria and present bacterial-pMHCII to cognate naïve CD4+ T cells 

located in splenic tissue.  These DCs do not produce IL6, but instead more likely produce 
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IL-12, leading to TH1 effector cells.  The TH1 cells that remain after resolution of 

intravenous infection become a long-lived population of TH1 effector memory cells that 

decay more slowly than TH17 cells induced by intranasal infection.      

In our experimental system, we identified that hematopoietic cell-produced IL-6 

was necessary for TH17 differentiation and that Il6 transcript was produced at high levels 

after GAS infection by CD11c+ cells residing in NALT tissue.  However, Nunez and 

colleagues report that in the intestinal lamina propria, IL-6 was not necessary for this 

differentiation, but rather IL-1β was required (Shaw et al., 2012).  Additionally, Kuchroo 

and colleagues reported in the EAE model that IL-21-dependent TH17 differentiation 

occurs in IL-6-/- mice in the absence of TREGs (Korn et al., 2007).   

We also showed that TGF-β1 was necessary for TH17 differentiation after 

intranasal bacterial infection and the primary source was from CD11c+ dendritic cells, 

although a modest contribution by other sources, such as paracrine production by 

activated T cells, could not be excluded.  However, it was previously published that TH17 

cells can be isolated from the lamina propria of genetically modified mice that contain T 

cells lacking the TGF-β1 receptor, suggesting that TH17 differentiation could occur in 

vivo in the absence of TGF-β signaling to CD4+ T cells (Ghoreschi et al., 2010).   

An explanation for these seeming disparities may simply be that there are 

multiple, non-overlapping, tissue-dependent cytokine signaling pathways that result in 

TH17 cell differentiation rather than the universal, tissue-independent pathway observed 

for TH1 and TH2 differentiation.  Alternatively, each signaling pathway could be inducing 

functionally independent TH17 “subtypes”, all of which produce IL-17A, but also 
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coordinately produce subtly different cytokine profiles.  One recent study suggests that 

the latter idea may indeed be the reality.  Sallusto and colleagues observed two different 

pathogen-specific TH17 cell populations in humans that secrete a different cytokine 

profile after in vitro re-stimulation (Zielinski et al., 2012).  One population secreted IL-17 

and IFN-𝛾 in response to Candida albicans, while the other secreted IL-17A and IL-10 in 

response to Staphylococcus aureus.  These two populations were likely primed in 

different areas of the body and therefore differentiated within a different DC-produced 

cytokine milieu, becoming two different subsets of TH17 cells.  Alternatively, the 

pathogens may have elicited alternative cytokine production by the dendritic cells that 

captured them through differential pathogen recognition receptor ligation.  This finding 

suggests that TH17 cells may not differentiate into one homogeneous subset.     

 We found that LM-pMHCII-specific TH17 effector cells induced by intranasal Lm 

infection decreased at a faster rate than LM-pMHCII-specific TH1 effector memory cells 

generated after intravenous Lm infection.  A possible explanation for this is that TH17 

cells were less likely to survive long term.  This is supported by our observation that TH1 

effector memory cells expressed CD27, whereas TH17 effector cells did not, and a lack of 

CD27 has been associated with short lifespan in other studies (Hendriks et al., 2003).  We 

recently undertook experiments tracking GAS-pMHCII-specific TH17 effector cells over 

time after GAS intranasal infection and observed a higher initial magnitude at the peak of 

expansion compared to LM-pMHCII-specific TH17 cells after LM intranasal infection.  

However, we observed a similar decay rate of these cells and conclude that TH17 cells 

remain short-lived, independent of the bacterial pathogen utilized.  Another possibility 
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was that TH17 effector cells survived, but lost the ability to produce IL-17A.  Since we 

enumerated these cells over time by observing IL-17A production, these cells would have 

remained unaccounted for.  A recent study supporting this possibility identified that after 

acute fungal infection, TH17 cells lost the ability to produce IL-17A over time (Hirota et 

al., 2011).  This group used a newly developed IL-17A fate-reporting mouse model to 

look at this and were able to track CD4+ T cells that had produced-IL-17A in the past.  It 

will be important for future studies in our lab to use this mouse under our experimental 

conditions to determine if this is really the case in our system.   

 

5.2 Therapeutic Implications 

Dysregulated TH17 cell responses have been implicated in the pathogenesis of 

multiple autoimmune diseases such as rheumatoid arthritis and multiple sclerosis.  The 

observation that IL-6 and TGF-β1 are necessary for TH17 differentiation in vivo suggest 

that clinical interventions targeting these molecules may be beneficial to the treatment of 

these conditions.  Several recent Phase III clinical trials have been undertaken to 

investigate the efficacy of a humanized anti-human IL-6 receptor antibody (Tocilizumab) 

in the treatment of rheumatoid arthritis (Alten, 2011).  It was shown that Tocilizumab 

improved clinical symptoms of rheumatoid arthritis.  Although these studies did not show 

a direct effect on the reduction of TH17 cells in patients, it is plausible that treatment with 

this antibody acted by inhibiting further TH17 differentiation.  Additionally, neutralizing 

humanized anti-TGF-β1 antibodies have been developed, but are not currently being 

investigated in TH17 implicated autoimmune disease treatment (Denton et al., 2007).  A 
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future potential treatment that could be realized based on the work of this dissertation 

includes targeting anti-TGF-β1 antibodies to dendritic cells to inhibit secretion from this 

relevant source. 

 The finding that TH17 effector cells are shorter-lived than their TH1 effector 

memory counterparts has major implications for protective immunity as it relates to 

rational vaccine design.  To develop an effective cell-mediated vaccine to combat 

pathogens in which a TH17 response is needed for protective immunity, it may be 

necessary to administer multiple boosters throughout the lifetime of the patient in order to 

maintain enough TH17 cells for adequate protection.  This work also identifies that the 

intranasal route may be an important anatomical site to administer such a vaccine to 

ensure a strong TH17 cell response develops.  
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