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Abstract 

Numerous studies have suggested that CD28, Inducible Costimulator (ICOS), and 

Interleukin-2 receptor (IL-2R) signals shape the size and composition of the helper T cell 

memory pool, but the extent to which these signals regulate specific aspects of memory 

formation and the precise mechanisms of these processes remain unclear.  To address this 

question, we used a sensitive peptide:Major Histocompatibility Complex II (p:MHCII) 

tetramer and magnetic bead-based enrichment method to track p:MHCII-specific helper T 

cells in mice throughout the course of an immune response.  We found that CD28, ICOS, 

and the IL-2R each control unique aspects of helper T cell memory formation.  The major 

defect in CD28-deficient T cells was a failure to sustain the proliferation of effector T 

cells and not a defect in memory formation per se; CD28-deficient T cells produced 

memory cells proportionate to the number of effectors present at the peak of the response.  

Our findings suggest that CD28 mediates this process by enhancing TCR-dependent 

NFκB signaling independently of the two CD28 cytoplasmic tail sequences previously 

implicated in clonal expansion.  In contrast, ICOS or IL-2R deficiency did not grossly 

reduce the overall size of the effector or memory cell populations.  Instead, they 

controlled the generation of two distinct subsets of memory T cells from effector cells 

that were present several days after infection.  T-bethigh T helper type-1 effector memory 

(Th1em) cells were generated in an IL-2R-dependent fashion.  In contrast, T-betlow CC 

chemokine receptor 7 (CCR7)+ CXC cheomokine receptor 5 (CXCR5)+ central memory 

T (Tcm) cells were formed in a Bcl6- and ICOS-dependent manner from T follicular 

helper (Tfh) effector cells.  Thus, CD28, ICOS, and IL-2R regulate distinct aspects of 
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helper T cell memory formation. 
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Chapter 1: 

Background and Introduction 

1.1 Adaptive Immunity 

 Adaptive, or acquired, immunity is a defining feature of the vertebrate immune 

system (Boehm, 2011).  As posited by Burnet in his clonal selection theory, it is 

characterized by the selective engagement and expansion of antigen-specific lymphocytes 

upon binding their relevant antigen (Burnet, 1959).  This initial antigen encounter can 

establish immunological memory, protecting the host from subsequent exposure to the 

same antigen or pathogen (Ahmed and Gray, 1996).  The adaptive immune compartment 

of mammals consists of millions of B and T lymphocytes, each expressing multiple 

copies of a unique, randomly-generated antigen receptor (Boehm, 2011).  Antigen 

receptors are generated somatically through a process termed V (D) J recombination, 

where gene segments in the Variable, Diversity, and Joining regions of the 

Immunoglobulin and T cell antigen receptor gene loci are “shuffled” in a Recombination 

Activating Gene (RAG)-1 and RAG-2-dependent manner (Schatz and Ji, 2011).  

Functional antigen receptors are generated during lymphocyte development without an a 

priori knowledge about their specificity.  This dramatically differs from innate immune 

mechanisms of pathogen recognition, where functional receptors are encoded in the germ 

line and recognize evolutionarily conserved microbial structures, e.g. 

lipopolysaccharides, peptidoglycans, and CpG-rich bacterial DNA (Janeway and 

Medzhitov, 2002).  The generation of highly variable antigen receptors enables 

vertebrates to mount immune responses to virtually any foreign substance (Nikolich-

Zugich et al., 2004), but also pose the problem of self versus non-self discrimination 
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(Siggs et al., 2006).  How do lymphocytes acquire tolerance to self, preventing 

autoimmunity, while preserving the capacity to mount an immune response to a 

pathogen?  This fine balance is achieved during lymphocyte development.   

 

1.2 Helper T Cell Development 

 T cells develop in the thymus, and can be sub-divided into those expressing αβ or 

γδ T cell antigen receptors (TCRs) (von Boehmer et al., 1998).  αβTCR-expressing 

thymocytes differentiate into CD4 single positive (SP) T cells or CD8SP T cells, which 

recognize peptides bound to Major Histocompatibility Complex (MHC) II or MHCI, 

respectively.  T cell development commences once bone marrow-derived T lineage 

progenitor cells seed the thymus (Love and Bhandoola, 2011).  These cells then 

differentiate into thymocytes that undergo V (D) J gene rearrangement in the TCR gene 

loci.  Only T cells that express a functional TCRβ chain, as determined by surface 

expression of and signal transduction via the pre-TCR, will subsequently rearrange their 

Tcrα loci (von Boehmer et al., 1998).  Thymocytes co-expressing CD4 and CD8 

molecules survey cortical thymic epithelial cells (cTECs) displaying self-peptides bound 

to MHCI and MHCII molecules in a process termed Positive Selection.  Thymocytes that 

recognize self-peptide bound to MHCII will transduce pro-survival and differentiation 

signals through their TCRs and will develop into CD4SP thymocytes (Jameson et al., 

1995; Singer et al., 2008).  Positive Selection ensures that thymocytes that will continue 

developing have rearranged functional TCRs.  Positively selected thymocytes then 

migrate to the thymic medulla, where they undergo Negative Selection.  At this stage, 

thymocytes scan medullary thymic epithelial cells (mTECs) and dendritic cells (DCs) 
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displaying ubiquitous and tissue-restricted self-peptides bound to MHC molecules.  

Importantly, cortical and medullary antigen-presenting cells (APC) process and present 

different p:MHC (Klein et al., 2009), indicating that the peptide MHC repertoire for 

selecting functional TCRs and establishing tolerance differ.  Another, non-mutually 

exclusive model posits that the strength of TCR signaling as dictated by TCR affinity for 

p:MHC (Hogquist et al., 2005), microRNA regulation of TCR-associated phosphatase 

abundance (Li et al., 2007) and costimulatory molecules (Pobezinsky et al., 2012; Punt et 

al., 1997; Punt et al., 1994), determine selection outcomes.  Most thymocytes that bind 

too avidly to self p:MHCII will undergo apoptosis or become Foxp3+ regulatory T cells 

(Hogquist et al., 2005).  Only those that weakly bind self p:MHCII will survive, become 

mature CD4+ T cells, and populate secondary lymphoid tissues like the spleen, lymph 

nodes, and Peyer’s patches.  Normal CD4+ T cell development produces a diverse 

repertoire MHCII-restricted cells that only weakly recognize self p:MHCII, thus ensuring 

that only mature cells with functional TCRs and low self-reactivity seed the secondary 

lymphoid tissues.  Since foreign p:MHCII are often not involved in thymocyte selection, 

mature T cells are more likely to respond avidly to a foreign p:MHCII encountered in the 

secondary lymphoid tissues, as in the case of an infection.   

 

1.3 Primary Helper T Cell Response 

Naive T cells become activated, or primed, in the secondary lymphoid tissues.  

Soluble or particulate antigen drains from the infection site into the regional lymph node 

or is carried into the regional lymph node by migrating DCs, both via afferent lymphatic 

vessels (Catron et al., 2004; Gonzalez et al., 2011). In infections limited to barrier 
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surfaces such as the skin, gut mucosa, or airways, priming occurs in the tissue-draining 

lymph node.  While in blood-borne infections like Listeria monocytogenes infection, 

priming can occur in the spleen (Khanna and Lefrancois, 2008; Pamer, 2004).  Immature 

DCs in direct contact with microbes or their products sense the infection via pattern 

recognition receptors, thus inducing their maturation.  This process enhances the 

expression of MHCII and costimulatory ligands such as CD80 (B7-1) and CD86 (B7-2), 

which bind the surface receptor CD28 on T cells, and induces the synthesis of 

inflammatory cytokines like interleukin-12 (IL-12) (Greenwald et al., 2005; Janeway and 

Medzhitov, 2002).  Migrating or lymph node resident DCs process pathogen-derived 

antigens and display pathogen-derived peptide bound to MHCII (p:MHCII) (Jenkins et 

al., 2001).  Antigen presentation in the context of inflammatory and costimulatory signals 

induces T cell activation, while antigen presentation in a costimulation-poor environment 

or in the absence of inflammation promotes T cell unresponsiveness also known as 

anergy (Mueller et al., 1989b).  Numerically rare, naive CD4+ T cells with TCRs specific 

for pathogen-derived p:MHCII (at a frequency of about 1/106 – 1/105 of all CD4+ T cells) 

(Jenkins et al., 2010), but not those with TCRs of irrelevant specificities, will then expand 

exponentially and concomitantly differentiate into cytokine-producing effector CD4+ T 

cells that in turn promote phagocyte, B cell, or CD8+ T cell effector function (Jenkins et 

al., 2001).  The specific differentiation program that the CD4+ T cell undergoes depends 

on the inflammatory context of antigen encounter.  For example, pathogens that induce 

IL-12 production, such as Mycobacterium tuberculosis, Salmonella enterica serovar 

Typhimurium, Leishmania major, Toxoplasma gondii, and Listeria monocytogenes 

promote the generation of interferon-γ (IFN-γ)+ CD4+ cells termed T helper-type 1 (Th1) 
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cells.  IFN-γ promotes inducible nitric oxide synthase (iNOS)-mediated microbicidal 

activity of infected macrophages and dendritic cells (Lazarevic and Glimcher, 2011) and 

also drives IgG2a isotype switching in B cells (Snapper and Paul, 1987).  Other effector 

functions of CD4+ T cells include CD40 ligand (CD40L)-dependent induction of B cell 

proliferation, class switch recombination, and somatic hypermutation and cytotoxic T cell 

activation via direct contact and by activating dendritic cells (Swain et al., 2012).  

Nonetheless, Th1 cell effector function is not limited to IFN-γ and CD40L; Th1 cells can 

also promote phagocyte function via production of Tumor Necrosis Factor (TNF) and 

enhance CD8+ T cell activation through IL-2 secretion (Swain et al., 2012).  Some 

effector CD4+ T cells then egress the secondary lymphoid tissues and migrate into non-

lymphoid tissues (Sallusto et al., 2004).  While most of the effector cells will die after the 

pathogen is cleared, a few will persist as memory cells (Ahmed and Gray, 1996). 

 

1.4 Helper T Cell Memory Formation  

Memory CD4+ T cells exist in at least two subsets referred to as central (Tcm 

cells) and effector memory cells (Tem cells) (Sallusto et al., 2004; Sallusto et al., 1999).  

Tem cells express homing receptors needed for migration into non-lymphoid organs, and 

when stimulated with the relevant p:MHCII ligand, immediately produce microbicidal 

cytokines (Reinhardt et al., 2001).  Tem cells therefore closely resemble lineage-

committed effector cells such as Th1 cells and have been shown to derive from these 

cells in some systems (Harrington et al., 2008; Lohning et al., 2008; Pepper and Jenkins, 

2011; Surh and Sprent, 2008).  In contrast, Tcm cells express CCR7 and L-selectin 

(CD62L), which direct recirculation through lymph nodes.  When stimulated with the 
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relevant p:MHCII ligand, Tcm cells do not produce microbicidal lymphokines 

immediately but proliferate to produce new effector cells, which then acquire these 

functions (Sallusto and Mackay, 2004).  

Several factors have been identified that favor the formation of Th1 effector cells 

and subsequently Th1-like effector memory cells (Th1em).  Strong or prolonged TCR 

signaling has been reported to favor Tem cell formation (Catron et al., 2006; 

Gudmundsdottir et al., 1999; Sarkar et al., 2007), perhaps as a result of a shift to 

glycolytic metabolism and activation of mammalian target of rapamycin (Araki et al., 

2009; Pearce et al., 2009).  IL-2 receptor signaling also plays a role in Th1 development 

(Khoruts et al., 1998), perhaps as a consequence of STAT5-mediated upregulation of the 

IL-12 receptor β2-chain and the Th1-associated T-bet (Liao et al., 2011) and Blimp-1 

transcription factors (Gong and Malek, 2007; Pipkin et al., 2010), which repress the Bcl6 

transcription factor (Oestreich et al., 2012; Shaffer et al., 2002).  However, it remains to 

be determined if this pathway applies to Tem cells generated in vivo during infection. 

Much less is known about how Tcm cells form.  Tcm cells may be the progeny of 

effector cells that receive weaker TCR signals due to encounters with antigen-presenting 

cells that display low numbers of p:MHCII ligands, either by chance or due to entry into 

the relevant secondary lymphoid organs late in the response as the antigen concentration 

fades(Catron et al., 2006; van Faassen et al., 2005).  Recent work indicates that CD4+ 

Tcm cells defined by expression of CCR7 also express the B cell follicle homing CXCR5 

(Chevalier et al., 2011) and are potent helper cells for B cells (Chevalier et al., 2011; 

MacLeod et al., 2011).  These observations suggest that Tcm cells are related to T 

follicular helper (Tfh) cells (Morita et al., 2011), which depend on Bcl6 and help B cells 
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in germinal centers (Crotty, 2011), but this relationship has not been directly addressed in 

vivo.  The link between Bcl6 and Tcm cell development is further strengthened by the 

observation that Bcl6-deficiency impaired CD8+ Tcm cell formation (Ichii et al., 2004).  

While the precise mechanism by which Bcl6 promotes CD8+ Tcm cell development is 

not clear, it might involve repression of Blimp-1, a transcription factor involved in 

effector T cell differentiation (Kallies et al., 2009; Rutishauser et al., 2009; Shin et al., 

2009).  Collectively, these observations suggest that signals that promote Th1 effector 

cell development via Blimp-1 or Tfh cell development through Bcl6 might differentially 

regulate CD4+ Tem versus Tcm cell formation. 

Are CD4+ memory T cells beneficial to the host?  The contribution of CD4+ 

memory T cells to protective immunity is controversial because CD4+ T cells appear to 

be dispensable for long-term immunity to a variety of infections once CD8+ T cell and/or 

humoral memory are established (MacLeod et al., 2009).  Instead, sustained CD4+ T cell 

responses are necessary for protective immunity to a variety of persistent infections, 

which appear to be chiefly mediated by effector CD4+ T cells responses that are 

maintained by persistent antigen stimulation (Belkaid et al., 2002; Belkaid and Tarbell, 

2009).  Nonetheless, a few studies have documented the beneficial effects of generating 

CD4+ memory T cells in response to infection or vaccination.  Adoptive transfer of L. 

major-specific CD4+ memory phenotype T cells into naive mice reduced parasite burdens 

compared to mice that did not receive parasite-specific T cells (Zaph et al., 2004).  

Similar results were obtained in L. major-challenged mice that had been primed with a 

non-persisting vaccine strain of L. major 6 months before challenge (Zaph et al., 2004).  

Other experiments showed that Heligmosomoides polygyrus-specific CD4+ memory T 
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cells in drug-cured helminth-infected mice conferred protection during a secondary 

infection (Anthony et al., 2006).  Similar protective effects have been observed in M. 

tuberculosis-infected mice that had been previously immunized with the BCG vaccine 

strain of Mycobacterium bovis (Jung et al., 2005) or in those where a primary M. 

tuberculosis infection had been cleared with antibiotics (Andersen and Smedegaard, 

2000).  Bolstering these results, other experiments showed that adoptively transferring 

CD4+ T cells from drug-cured M. tuberculosis-infected mice was sufficient to induce 

protection in infected T cell-deficient recipients (Andersen and Smedegaard, 2000).  

Other studies have demonstrated that memory CD4+ T cell responses can facilitate B cell 

priming compared to naive T cells.  Adoptive transfer of Tfh-like memory cells enhanced 

naive B cell antibody responses compared to mice that did not receive memory cells 

(MacLeod et al., 2011).  Similarly, immunization with a vaccinia virus-derived peptide 

plus adjuvant produced a large population of antigen-specific CD4+ T cells that enhanced 

a naive B cell virus-specific, protective humoral immune response compared to mice that 

had not been immunized with peptide (Sette et al., 2008).  Thus, immunization strategies 

that specifically stimulate memory CD4+ T cell formation might be therapeutically 

beneficial in the elaboration of optimal cellular and humoral immune responses. 

 

1.5     CD28 Costimulation in Helper T cell Priming, Differentiation, and Memory 

Formation 

CD28 is one of the most important stimulatory molecules for activating CD4+ T 

cells.  Naïve T cells and most antigen-experienced T cells express CD28.  This surface 

receptor binds CD80 and CD86 molecules displayed by antigen presenting cells (APCs) 
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like dendritic cells, B cells, and macrophages (Greenwald et al., 2005).  APCs mature and 

increase expression of CD80, CD86, and other T cell-stimulatory molecules upon 

encountering microbial substances or pro-inflammatory cytokines.  The stimulatory 

function of APCs besides antigen presentation is termed costimulation.  Naïve CD4+ T 

cells that interact with APCs presenting cognate antigen and high levels of CD80 and 

CD86 activate kinases downstream of the TCR and CD28, proliferate, make interleukin-2 

(IL-2), and are responsive to subsequent TCR stimulation.  Conversely, CD4+ T cells 

stimulated in the absence of optimal CD28 engagement in vitro or in vivo undergo an 

abortive T cell response characterized by limited kinase activation, reduced proliferation 

and IL-2 production, and hyporesponsivess to subsequent TCR stimulation, a process 

termed anergy (Harding et al., 1992; Jenkins et al., 1990; Kearney et al., 1994; Kearney 

et al., 1995; Khoruts et al., 1998; Mueller et al., 1989a, b; Shahinian et al., 1993).  These 

findings have led to a two-signal model of naïve T cell activation, in which the TCR 

delivers signal-1 and costimulatory signals, like those conferred through CD28, provide 

signal-2.  This model posits that the context of T cell encounter with antigen dictates the 

outcome: T cell activation in the presence of costimulation, and tolerance in its absence. 

How CD28 induces proper T cell responses remain unresolved.  The two-signal 

model proposes that CD28 provides a unique signal, while another, non-mutually 

exclusive model argues that CD28 quantitatively enhances TCR signals.  The latter 

involves amplifying or sustaining TCR signals (Acuto and Michel, 2003; Michel et al., 

2001).  Anti-CD28 treatment alone of T cell leukemia lines induces the transcription of a 

small set of genes, anti-CD3 stimulation induces an even larger set of genes, and 

stimulation with both sustains the transcription of the anti-CD3-induced genes (Riley et 
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al., 2002).  CD28 also maintains phopho-Lck in the immunological synapse (Holdorf et 

al., 2002).  This is thought to sustain tyrosine phosphorylation of TCR immunoreceptor 

tyrosine-based activation motifs (ITAMs), thus increasing the activation of second 

messengers.  CD28 signals can also integrate with TCR signals to activate or direct the 

localization of shared downstream targets (Acuto and Michel, 2003).  

CD28 engagement in vitro increases CD4+ T cell sensitivity to antigen by 

reducing the amount of p:MHCII complexes required for activation and accelerating the 

kinetics of activation (Iezzi et al., 1998; Viola and Lanzavecchia, 1996).  Furthermore, 

increasing the amount of p:MHCII complexes well beyond physiological levels restores 

early T cell activation and early proliferation (Iezzi et al., 1998).  These findings argue 

that CD28 signaling promotes T cell activation by lowering the threshold of TCR 

occupancy necessary for inducing a response, and suggest that the strength of TCR 

signaling sets the requirement for costimulation.  However, these findings do not explain 

why T cells stimulated in vitro in the absence of CD28 at high antigen doses fail to make 

IL-2 or other cytokines and die (Sperling et al., 1996; Thompson et al., 1989).  Thus it 

appears that increasing TCR signal strength does not fully compensate for CD28 

deficiency.  Early in vitro experiments demonstrated that anti-CD28 plus phorbol 

myristate acetate (PMA) induces IL-2 production and T cell proliferation that are 

resistant to cyclosporin A, in contrast to anti-CD3 stimulation, suggesting that CD28 can 

cooperate with Protein Kinase C (PKC) to induce these effects without a requirement to 

engage Ca2+-dependent signaling (June et al., 1987).  These observations place 

constraints on TCR signal amplification model of CD28 costimulation because they 

illustrate that CD28 can induce IL-2 production and proliferation in a manner that differs 
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biochemically from TCR stimulation.   It is possible that the truth may line somewhere 

between both proposed models, where CD28 amplifies some aspects of TCR signaling 

and also confers unique signals. 

The controversy of how CD28 regulates CD4+ T cell responses is further 

intensified by an incomplete understanding of the roles of the distinct cytoplasmic motifs 

of CD28.  The cytoplasmic tail of CD28 contains three signaling motifs: a YMNM motif, 

a C-terminus proline-rich motif (PYAP), and an N-terminus proline-rich motif (PXXP).  

The YMNM and PYAP motifs are the two most studied, and the only ones with reported 

functions in vivo.  The YMNM motif binds phosphoinositide-3-kinase (PI3K) and the 

adaptors Grb2 and Gads (Pages et al., 1994; Rudd and Schneider, 2003).  This motif was 

required for acute graft-versus-host disease (GVHD), as T cells from CD28-deficient 

mice expressing a CD28 transgene with a Y→F substitution in its YMNM motif (Y170F) 

transferred into an MHC-mismatched recipient failed to cause disease (Harada et al., 

2001).  However, this motif was dispensable for a T-dependent antibody response 

(Okkenhaug et al., 2001).  The basis for the discrepancies for the YMNM motif in these 

two experimental systems remains unknown.  A potential reason could be the induction 

of other costimulatory molecules with tyrosine-based motifs, like Inducible Costimulator 

(ICOS), partially compensating for YMNM deficiency in CD28 in the case of T-

dependent antibody responses but not induced in the GVHD model.  Furthermore, it is 

not clear whether the defect observed in the GVHD model relates to suboptimal 

proliferation, survival, or effector function of alloreactive T cells.  

CD28 signaling enhances the capacity of T cells responding to antigen to 

proliferate.  This is thought to occur by inducing the expression of genes involved in cell 
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growth and cell cycle progression and increased metabolic processing of nutrients.  These 

processes are thought to be largely mediated by Akt and Akt-dependent activation 

mammalian Target of Rapamycin (mTOR) (Appleman et al., 2002; Bonnevier and 

Mueller, 2002; Edinger and Thompson, 2002; Schmelzle and Hall, 2000; Song et al., 

2007; Zheng et al., 2007). This pathway controls cell growth, proliferation, and survival, 

can be induced by CD28 ligation alone, and is poorly induced by TCR signals alone 

(Appleman et al., 2002; Bonnevier and Mueller, 2002; Frauwirth et al., 2002; Song et al., 

2007; Zheng et al., 2007).  Activation of Akt induces mammalian Target of Rapamycin 

(mTOR) activity, which in turn, promotes nutrient uptake, glucose metabolism, 

macromolecule synthesis, and cell cycle activity (Edinger and Thompson, 2002; 

Schmelzle and Hall, 2000).  Akt signals also induce the transcription of the anti-apoptotic 

gene Bcl-xL via NFκB (Boise et al., 1995; Khoshnan et al., 2000).  The observation that 

pharmacological inhibition of PI3K limits T cell proliferation and glucose metabolism in 

vitro (8) is consistent with this scenario.  Nonetheless, the connections between the 

YMNM motif and recruitment of PI3K and clonal expansion remain controversial.  Some 

studies demonstrate that Y170F mutants fail to proliferate and make IL-2 in culture upon 

treatment with anti-CD3/CD28, while in others proliferation and IL-2 production are 

normal but survival is compromised (Burr et al., 2001; Harada et al., 2001; Okkenhaug et 

al., 2001).  Yet another study showed that genetic disruption of the YMNM motif 

prevented PI3K binding and phosphorylation of Akt with no effect on IL-2 production, T-

cell proliferation, or Bcl-xL expression (Dodson MCB 2009). 

Other reports indicate that CD28 signals through the C-terminal PYAP motif 

(Friend et al., 2006).  Disruption of this site eliminates PKCθ, Filamin A, and Lck 
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recruitment to the CD28 cytoplasmic tail and prevents CD28-dependent enhancement of 

immunological synapse formation (Andres et al., 2004; Holdorf et al., 1999; Holdorf et 

al., 2002; Sanchez-Lockhart et al., 2008; Tavano et al., 2006; Viola et al., 1999; Wulfing 

and Davis, 1998; Wulfing et al., 2002; Yokosuka et al., 2008).  These results suggest that 

CD28 ligation causes cytoskeletal changes that indirectly improve TCR signaling.  This 

model is supported by the report that genetic disruption of the PYAP site reduced 

phosphorylation of PKCθ and impaired T cell proliferation (Dodson et al., 2009).  This 

motif was also necessary for autoimmunity in CTLA-4-deficient mice (Tai et al., 2007) 

and for germinal center (GC) formation and T-dependent antibody production (Friend et 

al., 2006).  T cells of mice with P→A mutations in this motif (AYAA) proliferate less 

and make less cytokines, including IL-2, Interferon-γ, and Tumor Necrosis Factor, than 

wild-type counterparts when cultured with anti-CD3/CD28 (Burr et al., 2001; Friend et 

al., 2006; Tai et al., 2005; Tavano et al., 2006).  These studies suggest that the PYAP 

motif plays a critical role in cytokine production.  However, it is possible that the 

proliferation defect observed in vitro is a result of little IL-2 production.  

Yet other studies show that recruitment of Itk by the N-terminus PXXP motif 

enhances TCR signaling through NFAT and PLCγ1 (Marengere 1997, Michel Immunity 

2001).  Genetic disruption of the PXXP motif did not impair T cell proliferation in vitro, 

IL-2 production, or lymphoproliferative disease in CTLA4-deficient mice (Tai et al., 

2005; Tai et al., 2007).  Furthermore, the importance of Itk recruitment in CD28 signaling 

has been challenged by experiments showing that CD28 functions normally in Itk-

deficient T cells (Li and Berg JI 2005).  Thus, the PXXP motif seems less critical for 

CD28 function than the YMNM and PYAP motifs. 
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The observation that CD28 signaling enhances effector T cell survival has 

implications for memory cell formation.  T cells primed under costimulation-poor 

conditions that induce clonal anergy in vivo, such as after peptide immunization in the 

absence of adjuvant, undergo an exaggerated contraction phase and fail to produce 

memory cells (Kearney et al., 1994; Walker and Abbas, 2002).  While the molecular 

details of this defect remains unknown, the observation that OX40 deficiency impairs 

memory formation of CD4+ T cells primed in vitro provides a plausible explanation 

implicating CD28 in this process (Rogers et al., 2001).  CD28 signaling induces OX40 

expression and OX40 signaling also promotes Bcl-xL expression (Rogers et al., 2001).  

Whether CD28 signaling is required for memory formation under costimulation-rich 

priming conditions, such as in the context of an infection remains unclear.  A couple of 

studies suggested that CD28-deficient T cells responding to a viral infection showed 

impaired memory formation compared to CD28-sufficient T cells (Christensen et al., 

2002; Fuse et al., 2008).  However, these studies were limited by an inability to detect 

low numbers of antigen-specific T cells in vivo, a considerable hurdle when tracking cells 

that undergo limited clonal expansion, such as CD28-deficient CD4+ T cells.  CD28 is 

also thought to promote the survival of activated CD4+ T cells by inducing the expression 

of the anti-apoptotic molecules Bcl-xL and Bcl-2 (Boise et al., 1995; Rogers et al., 2001; 

Sperling et al., 1996).  As mentioned previously, CD28 ligation activates 

phosphoinositide 3-kinase (PI3K) and Akt to increase the glycolytic rate of T cells 

stimulated via the TCR (Frauwirth et al., 2002).  Thus, CD28 might be required to 

maintain the metabolic demands of rapidly cycling T cells during the expansion phase.  

However, in two recent reports, reduction of anabolic metabolism in virus-specific CD8+ 
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T cells increased the proportion of cells that became memory cells (Araki et al., 2009; 

Pearce et al., 2009).  Therefore, it is even possible that CD28 may limit the number of 

cells that become memory cells by increasing anabolic metabolism.  The conflicting 

predictions set forth by these two lines of thought support revisiting the role of CD28 in 

memory cell formation.  

Defining how CD28 controls CD4+ T cell immunity is important for 

understanding and manipulating CD4+ T cell responses.  Models that posit that CD28 

enhances TCR signals and those that argue that it exclusively provides unique signals 

make opposing predictions as to the requirements for CD28 stimulation within polyclonal 

CD4+ T cells.  If CD28 controls CD4+ T cell activation by enhancing TCR signals, then it 

is likely that T cells with low affinities for cognate p:MHCII would not respond in the 

absence of CD28 stimulation.  However, if CD28 provides unique signals, then all 

responding T cells would require CD28 stimulation.  If the first model were correct, then 

only T cell clones below a certain p:MHC affinity threshold would be affected by 

blockade of CD28 signaling.  If the second model were correct, then all responding T 

cells should be affected by CD28 blockade.  Identifying how CD28 controls CD4+ T cell 

immunity should suggest ways of enhancing or attenuating T cell responses clinically. 

 

1.6  ICOS in Helper T Cell Differentiation and in Relation to CD28 Signaling 

  Inducible Costimulator (ICOS, CD278) is a costimulatory molecule structurally 

and functionally related to CD28 (Carreno and Collins, 2002; Hutloff et al., 1999; 

Yoshinaga et al., 1999).  It is not expressed by naive T cells but rather induced on T cells 

upon TCR stimulation in the presence of costimulation (Carreno and Collins, 2002).  
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While CD28 signaling enhances ICOS expression (McAdam et al., 2000), CD28 is not 

strictly required for ICOS induction (Suh et al., 2004).  In contrast to CD80 and CD86, 

DC and B cells constitutively express ICOS ligand (ICOSL, CD275) (Carreno and 

Collins, 2002).  ICOS signaling is critical for optimal T-dependent antibody responses.  

Experiments with ICOS- or ICOSL-deficient mice or involving antibody blockade of 

ICOS show that ICOS signaling-deficient mice have impaired GC formation and T-

dependent antibody production after immunization with protein plus adjuvant (Coyle et 

al., 2000; Mak et al., 2003; McAdam et al., 2001; Tafuri et al., 2001).  Similar defects 

have been observed in ICOS-deficient humans (Grimbacher et al., 2003).  Recent studies 

in ICOS signaling-deficient mice have attributed these defects in B cell responses to 

impaired Tfh cell formation (Akiba et al., 2005; Bossaller et al., 2006; Nurieva et al., 

2008). 

 How ICOS specifically induces Tfh cell development is unclear.  A comparison 

of T cells stimulated in vitro via their TCR plus CD28 or TCR plus ICOS revealed that 

ICOS costimulation induces nearly identical gene expression changes to CD28 signaling.  

A notable exception was the poor induction of Il2 expression (Riley et al., 2002).  This 

suggests that ICOS chiefly amplifies a TCR and/or CD28 delivered signal rather than 

transducing a unique signal.  One possibility is that ICOS enhances expression of Bcl6, a 

transcriptional repressor necessary for Tfh cell formation (Johnston et al., 2009; Nurieva 

et al., 2009; Yu et al., 2009).  A recent study by Crotty and colleagues demonstrated that 

ICOS-deficient CD4+ T cells generated less Bcl6+ cells during the expansion phase, 

suggesting a link between ICOS and early Bcl6 expression (Choi et al., 2011).  However, 

this study did not identify the molecular basis of this effect.  First of all, ICOS-deficiency 
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produced a less dramatic defect in Tfh cell formation than T cell-specific Bcl6 deficiency, 

indicating that ICOS is not absolutely necessary for Bcl6 induction.  Furthermore, it is 

still unclear whether ICOS directly enhances Bcl6 expression, thereby reinforcing a Tfh 

cell differentiation program, and/or promotes the survival or proliferation of Tfh cells. 

 In contrast to the flurry of conflicting data involving CD28 signaling, biochemical 

and genetic studies of ICOS paint a more cohesive picture of how ICOS signals.  This 

discrepancy could be potentially attributed to the relatively simple structure of the ICOS 

cytoplasmic tail compared to that of CD28.  ICOS contains a tyrosine-based motif but no 

proline-rich motifs (van Berkel and Oosterwegel, 2006).  Thus far, the only signaling 

molecule known to bind the cytoplasmic tail of ICOS is PI3K, and this is even after 

conducting a yeast three-hybrid screen (Zang et al., 2006).  ICOS recruits PI3K to the 

immunological synapse via its YMFM motif (Arimura et al., 2002; Coyle et al., 2000; 

Fos et al., 2008; Parry et al., 2003), suggesting that it acts specifically as an amplifier of 

TCR-induced PI3K signaling.  Importantly, this motif cannot recruit other molecules that 

the CD28 YMNM motif binds, such as Grb2.  This is because the tyrosine-based motif of 

ICOS lacks the YXNX docking site for Grb2 (Harada et al., 2003).  Genetic disruption of 

the YMFM motif recapitulates the immune defects observed in Icos-/- mice (Gigoux et al., 

2009), demonstrating that this is the critical signaling site in the cytoplasmic tail.  Most, if 

not all, of the effects of ICOS signaling have been mapped to the PI3K pathway.  T cell-

specific deletion of the gene encoding the p110δ subunit of PI3K led to impaired Tfh cell 

development and T-dependent B cell responses, and conversely, genetic ablation of the 

lipid phosphatase Pten in the T cell compartment augmented them (Rolf et al., 2010).  

Furthermore, T cell-specific expression of constitutively active Akt or PTEN-deficiency 
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(Rathmell et al., 2003; Suzuki et al., 2001) induced lupus-like antibody-mediated 

autoimmunity similar to that observed in Roquin-mutant sanroque homozygous mice, 

which exhibit deregulated ICOS expression (Vinuesa et al., 2005).  Interestingly, ICOS 

expression on naive T cells restored T-dependent antibody responses in CD28-deficient 

mice, thus demonstrating functional redundancy between ICOS and CD28 in promoting 

T-dependent B cell responses (Linterman et al., 2009).  Nonetheless, ICOS 

overexpression did not restore thymic Foxp3+ regulatory T (Treg) cell development in 

Cd28-/- mice (Linterman et al., 2009).  Thymic Treg cell development critically depends 

on the PYAP but not the YMNM motif of CD28 (Lio et al., 2010; Tai et al., 2005; Vang 

et al., 2010).  The inability of ICOS overexpression to rescue Treg cell development 

suggests that PI3K activity alone is not sufficient to recapitulate the relevant CD28 

signals conferred via its PYAP motif.  This observation supports the contention that the 

PYAP motif engages distinct signaling pathways from the YMNM motif and clearly 

illustrates that CD28 and ICOS signaling are not entirely synonymous.   

 While the biochemical link between ICOS and PI3K is clear, what is PI3K 

signaling precisely doing is less evident.  In addition to its well-documented effects on 

Tfh cell differentiation, ICOS has also been shown to enhance clonal expansion; ICOS 

stimulation of T cells enhanced proliferation in vitro (Hutloff et al., 1999; Yoshinaga et 

al., 1999) and ICOS blockade reduced expansion of superantigen-binding CD4+ T cells in 

vivo (Gonzalo et al., 2001), antigen-specific CD8+ T cells during L. monocytogenes 

infection (Mittrucker et al., 2002), and limited lymphoproliferation in CTLA4-/- mice 

(van Berkel et al., 2005).  The observations that ICOS can control the size of the effector 

T cell pool and its potential role in regulating Bcl6 expression, a process that has been 
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implicated in CD8+ Tcm cell generation (Ichii et al., 2004; Pipkin et al., 2010), suggest 

that ICOS could play a role in memory formation.   

 

1.7 IL-2 Signaling in Helper T Cell Immunity 

 IL-2 is produced by naive T cells upon encountering cognate p:MHC in the 

context of costimulatory signals.  CD28 is critical for IL-2 synthesis, as it both regulates 

the transcription of Il-2 as well as the stability of its mRNA (Lindstein et al., 1989; 

Sanchez-Lockhart et al., 2004; Umlauf et al., 1995), and expression of the IL-2Rα 

(CD25) (Costello et al., 1993).  The IL-2R is comprised of an inducible α chain (CD25) 

and two constitutively expressed β and γc chains (Waldmann, 1989).  While the IL-2Rα 

cytoplasmic tail does not recruit signaling molecules, expression of the IL-2Rα chain is 

necessary to form the high-affinity receptor capable of binding IL-2 (Waldmann, 1989).  

In addition to CD28, IL-2 signaling can enhance CD25 expression via a positive feedback 

loop (Waldmann, 1989).  Seminal in vitro studies have shown that IL-2 can promote T 

cell clonal expansion (Mueller et al., 1989b).  However, subsequent experiment tracking 

antigen-specific T cells in mice have shown conflicting roles for IL-2 in regulating T cell 

expansion in vivo.  IL-2 was found to be dispensable for naive CD4+ T cell (Khoruts et 

al., 1998) and CD8+ T cell (Williams et al., 2006) clonal expansion in vivo, yet another 

group showed that it was necessary to sustain CD8+ T cell expansion in vivo (Obar et al., 

2010).   IL-2 is thought to promote T cell expansion by inducing cell cycle progression 

(Brennan et al., 1997) as well as by conferring survival signals (Akbar et al., 1996; 

Dooms et al., 2007).  Different structure-function studies attribute these effects to 

engagement of PI3K, MAPK, and/or STAT5 signaling cascades (Gaffen, 2001).  More 
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detailed analyses of IL-2-regulated pathways during an in vivo T cell immune response 

are needed to clarify this controversy.  Other studies have shown that IL-2 signaling is 

required for optimal Th1 cell and cytotoxic T lymphocyte (CTL) differentiation and 

function.  IL-2 signaling deficiency impaired T-bet and IL-12Rβ2 chain expression (Liao 

et al., 2011), IFN-γ production (Khoruts et al., 1998), CTL terminal differentiation (Kalia 

et al., 2010), CD8+ memory T cell function (Williams et al., 2006), and induction of 

trafficking molecules necessary for CTL migration into non-lymphoid tissues (Sinclair et 

al., 2008).  It remains to be determined if IL-2R signaling, which is critical for Th1 

differentiation, plays a role in subsequent Th1em memory cell formation. 

  

1.8 Detection of Numerically Rare Polyclonal Antigen-specific CD4+ T Cells with 

p:MHCII Tetramers 

 The Jenkins laboratory recently developed a method of magnetically enriching 

rare, polyclonal CD4+ T cells with p:MHCII tetramers and visualizing them by flow 

cytometry (Moon et al., 2007).  This involves staining a single cell suspension of the 

tissues of interest, typically all spleen and lymph nodes, with fluorochrome-labeled 

p:MHCII tetramers.  Tetramer-bound cells are subsequently stained with magnetic beads 

decorated with anti-fluorochrome antibodies.  The cell suspension is then run through a 

magnetized column to capture the tetramer-bound cells.  This approach has enabled the 

direct detection and quantification of specific naïve CD4+ T cell precursors and low 

frequency memory CD4+ T cells within the endogenous repertoire, something 

unachievable with previous methods.  This technique allows one to bypass the need to 

adoptively transfer TCR transgenic T cells, an experimental manipulation that could 
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affect the kinetics of activation, memory formation, and T cell survival (Badovinac et al., 

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

  

1.9  Statement of Thesis 

 Numerous studies have suggested that CD28, ICOS, and IL-2R signals shape the 

size and composition of the helper T cell memory pool, but the extent to which these 

signals regulate discrete processes remain unclear.  This dissertation tests the hypothesis 

that CD28, ICOS, and the IL-2R control distinct aspects of the helper T cell memory 

formation.  Using a sensitive p:MHCII tetramer and magnetic bead-based enrichment 

method to track polyclonal p:MHCII-specific helper T cells in genetically-modified mice 

throughout the course of an immune response, we found that CD28, ICOS, the IL-2R 

were necessary for different processes during memory cell formation.  CD28 regulated 

the overall size of the effector T cell pool from which memory T cells emerged, an effect 

that appears to be achieved by enhancing TCR-induced NFκB activation but 

independently of the two CD28 cytoplasmic tail sequences previously implicated in 

clonal expansion.  In contrast, ICOS and the IL-2R specifically participated in the 

generation of distinct memory precursor cell populations.  ICOS signaling was necessary 

to generate Tfh cells from which Tcm cells emerge, and IL-2R signaling was critical to 

produce Th1 effector cells from which Tem cells form.  Collectively, this work supports a 

model where CD28, ICOS, and the IL-2R act in non-redundant manners in helper T cell 

memory formation. 
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Chapter 2: 

CD28 Promotes CD4+ T Cell Clonal Expansion During Infection Independently of 

its YMNM and PYAP Sites 

 

CD28 is required for maximal proliferation of CD4+ T cells stimulated through 

their TCRs.  Two sites within the cytoplasmic tail of CD28, a YMNM sequence that 

recruits PI3K and activates NFκB, and a PYAP sequence that recruits Lck, are candidates 

as transducers of the signals responsible for these biological effects.  We tested this 

proposition by tracking polyclonal peptide:MHCII-specific CD4+ T cells in vivo in mice 

with mutations in these sites.  Mice lacking CD28 or its cytoplasmic tail had the same 

number of naive T cells specific for a peptide:MHCII ligand as wild-type mice. However, 

the mutant cells produced one-tenth as many effector and memory cells as wild-type T 

cells following infection with bacteria expressing the antigenic peptide.  Remarkably, T 

cells with a mutated PI3K binding site, a mutated PYAP site, or both mutations 

proliferated to the same extent as wild-type T cells.  The only observed defect was that T 

cells with a mutated PYAP or Y170F site proliferated even more weakly in response to 

peptide without adjuvant than wild-type T cells.  These results show that CD28 enhances 

T cell proliferation during bacterial infection by signals emanating from undiscovered 

sites in the cytoplasmic tail.   
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2.1 Introduction 

The generation of a primary CD4+ T cell response to an infection depends on the 

display of MHCII-bound pathogen-derived peptides (p:MHCII) on the surface of APCs 

(Jenkins et al., 2001).  Naïve CD4+ T cells that express TCRs specific for these p:MHCII 

undergo multiple rounds of division and differentiate into effector cells capable of 

secreting cytokines that promote the microbicidal activity of other cells (Janeway and 

Medzhitov, 2002).  Some of these effector T cells then survive the contraction phase to 

become long-lived quiescent memory cells capable of protecting the host from a second 

infection (Ahmed and Gray, 1996). 

Although necessary, TCR signaling is not sufficient for maximal clonal 

expansion; concomitant CD28 signaling in response to its APC-displayed ligands CD80 

and CD86 is also required. The importance of CD28 is evidenced by the failure of CD28-

deficient mice to produce germinal centers and T cell-dependent antibody responses and 

to clear certain infections (Ferguson et al., 1996; McSorley and Jenkins, 2000).  At the 

cellular level, it has been proposed that CD28 acts by enhancing cell division by 

augmenting IL-2 mRNA production or stability (Lindstein et al., 1989; Umlauf et al., 

1995), while other reports indicate that CD28 has no effect on proliferation but promotes 

cell survival by increasing glucose metabolism (Frauwirth et al., 2002) or inducing Bcl-

xL (Boise et al., 1995; Sperling et al., 1996).  

CD28 signal transduction is also unclear.  Some studies indicate that the 

biological effects of CD28 depend on a signal cascade emanating from the YMNM site in 

the CD28 cytoplasmic tail.  Phosphatidylinositol 3-kinase (PI3K) has been reported to 

bind to the YMNM phospho-tyrosine (Pages et al., 1994), resulting in the recruitment of 
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3-phosphoinositide-dependent protein kinase (PDK1), Akt, and protein kinase C theta 

(PKCθ) to the immunological synapse (Sanchez-Lockhart et al., 2004; Yokosuka et al., 

2008).  PDK1 and Akt cooperate with PKCθ to activate the Bcl10/Carma1/Malt1 

signalosome and subsequently induce translocation of NFkB to the nucleus and 

transcription of NFκB target genes encoding IL-2 (Jones et al., 2000; Narayan et al., 

2006; Park et al., 2009; Sanchez-Lockhart et al., 2004) and Bcl-xL (Burr et al., 2001; 

Chen et al., 2000; Khoshnan et al., 2000).  These results suggest a model in which CD28 

ligation in the presence of TCR signaling activates NFκB through PI3K.  Akt also 

activates mammalian target of rapamycin (mTOR) resulting in increased cell cycle 

activity and glucose metabolism (Edinger and Thompson, 2002; Rathmell et al., 2003; 

Song et al., 2007).  The observation that pharmacological inhibition of PI3K limits T cell 

proliferation and glucose metabolism in vitro (Frauwirth et al., 2002) is consistent with 

this scenario.  This model is challenged, however, by the determination that genetic 

disruption of the YMNM motif prevented PI3K binding and phosphorylation of Akt with 

no effect on IL-2 production or T-cell proliferation (Dodson et al., 2009; Okkenhaug et 

al., 2001). 

 Other reports indicate that CD28 signals through the C-terminal PYAP motif 

(Friend et al., 2006).  Disruption of this site eliminates PKCθ, Filamin A, and Lck 

recruitment to the CD28 cytoplasmic tail and prevents CD28-dependent enhancement of 

the immunological synapse (Andres et al., 2004; Holdorf et al., 1999; Holdorf et al., 

2002; Sanchez-Lockhart et al., 2008; Tavano et al., 2006; Viola et al., 1999; Wulfing and 

Davis, 1998; Wulfing et al., 2002; Yokosuka et al., 2008). These results suggest a model 

in which CD28 ligation signaling causes cytoskeletal changes that indirectly improve 



 

 25 

TCR signaling by promoting formation of the immunological synapse.  This model is 

supported by the report that genetic disruption of the PYAP site reduced phosphorylation 

of PKCθ, IL-2 secretion, and impaired T cell proliferation (Dodson et al., 2009). 

 It is possible that many of the conflicting reports about CD28 signaling relate to 

the experimental systems used. Many of the aforementioned studies employed 

transformed cell lines with aberrant TCR signaling machinery, long-term cultured T cell 

lines, non-p:MHCII stimuli such as mitogens, agonistic antibodies, or superantigens, and 

adoptive transfer of large numbers of TCR transgenic T cells, which can alter immune 

homeostasis (Hataye et al., 2006).  We circumvented these limitations by studying the 

contributions of the YMNM and PYAP sites in CD28 during a physiologically relevant in 

vivo response of polyclonal p:MHCII-specific CD4+ T cells to a bacterial infection.  We 

found that CD28 was required to sustain, but not initiate, naive CD4+ T cell proliferation, 

and suggest that CD28 achieves this effect by signaling independently of the YMNM and 

PYAP sites in its cytoplasmic tail. 

 

2.2 Materials and Methods 

Mice 

Six-to-eight week old C57BL/6 (B6), B6.PL-Thy1a/CyJ (Thy1.1) mice, B6.SJL-Ptprca 

Pepcb/BoyJ (Cd45.1), B6.129S2-Cd28tm1Mak/J (Cd28-/-) (Shahinian et al., 1993), and 

B6.129S7-Rag1tm1Mom/J (Rag1-/-) (Mombaerts et al., 1992) mice were purchased from The 

Jackson Laboratory or the National Cancer Institute.  Cd28-/-, Cd45.1/.2 heterozygotes, 

Thy1.1/.2 heterozygotes, Cd28AYAA/AYAA (AYAA) (Friend et al., 2006) and Cd28Y170F/Y170F 

(Y170F) (Dodson et al., 2009) mice were bred in-house.  Bone marrow from 
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Cd28AYAA/AYAA Y170F/Y170F (AYAA/Y170F) mice was provided by J. Green, bone marrow 

from Cd28-/- full-length Cd28 trangenic and tail-less Cd28 transgenic mice (Tai et al., 

2005) was provided by A. Singer.  Bone marrow from Prkcq-/- (Sun et al., 2000) and p50-

/- crel-/- (Kontgen et al., 1995; Sha et al., 1995) mice was provided by A. Beg, and 

Card11-/- (Egawa et al., 2003) by M. Farrar.  Mice were housed in specific pathogen-free 

conditions according to guidelines from the University of Minnesota and the National 

Institutes of Health.  The Institutional Animal Care and Use Committee of the University 

of Minnesota approved all animal experiments.   

 

L. monocytogenes Infection 

Mice were injected intravenously with 107 colony forming units of ΔactA L. 

monocytogenes bacteria expressing a recombinant protein containing the 2W peptide 

(EAWGALANWAVDSA) fused to chicken ovalbumin (Ertelt et al., 2009). 

 

p:MHCII Tetramer Production 

Soluble 2W:I-Ab and LLOp:I-Ab molecules were produced and biotinylated in 

Drosophila melanogaster S2 cells and then combined with streptavidin-allophycocyanin 

or streptavidin-PE (Prozyme) to make tetramers, as previously described (Moon et al., 

2007). 

 

p:MHCII Tetramer Staining and Magnetic Enrichment 

2W:I-Ab and LLOp: I-Ab staining and magnetic enrichment were performed as 

previously described (Moon et al., 2009).  Briefly, single cell suspensions of spleen and 
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lymph nodes were stained with 10 nM allophycocyanin- or PE-labeled 2W:I-Ab or LLOp: 

I-Ab tetramers for 1 hour at room temperature.  Samples were then incubated with 

magnetic anti-fluorochrome microbeads and run through a magnetized LS column 

(Miltenyi Biotec). 

 

Antibodies and Flow Cytometry 

All antibodies were from eBioscience unless noted.  Samples were stained at 4°C with 

Pacific Blue- or eFluor 450-conjugated anti-B220 (RA3-6B2), anti-CD11b (MI-70), anti-

CD11c (N418), and anti-F4/80 (BM8, Invitrogen), Pacific Orange-conjugated anti-CD8α 

(5H10, Invitrogen), FITC-conjugated anti-CD3ε (145-2C11), peridinin chlorophyll 

protein-cyanine 5.5-conjugated anti-CD3ε (145-2C11), anti-Vα2 (B20.1) or anti-CD4 

(RM4-5), Alexa Fluor-conjugated anti-CD44 (IM7), allophycocyanin-Alexa Fluor 750 or 

allophycocyanin-eFluor 780-conjugated anti-CD4 (RM4-5) antibodies.  Samples were 

run on an LSRII flow cytometer (Becton-Dickinson) and analyzed with FlowJo software 

(Tree Star). 

 

DNA Staining and Detection 

Tetramer-enriched samples were stained with antibodies against surface antigens and 

subsequently fixed and permeabilized with eBioscience Fixation and Permeabilization 

Buffers. Cells were then stained with 4',6-diamidino-2-phenylindole, dihydrochloride 

(DAPI) (1µg/ml, Invitrogen) diluted in eBioscience Permeabilization Buffer for one hour 

at 4°C.  The DAPI signal was visualized in linear mode on an LSRII equipped with a UV 

laser. The DAPI-A and DAPI-W parameters were used to exclude cell aggregates.   



 

 28 

 

Adoptive Transfer 

Polyclonal CD4+ T cells from the spleen and lymph nodes of wild-type and Cd28-/- mice 

were isolated with a CD4+ T cell isolation kit (Miltenyi Biotec).  These were then labeled 

with CFSE (5µM; Invitrogen) as previously described (Quah et al., 2007).  Four x 107 

CD4+ T cells were transferred intravenously into individual Cd90.1 sex-matched 

recipients.  A day after transfer, some mice were infected with Lm-2W bacteria and 

2W:I-Ab-specific T cells from the spleen and lymph nodes were magnetically enriched 

and detected as described above. PE-conjugated anti-CD90.2 (53-2.1) was used to 

identify donor-derived cells.   

 

Bone Marrow Irradiation Chimeras 

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

depleted from bone marrow cell suspensions with anti-CD90.2 (30-H12) and low toxicity 

rabbit complement (Cedarlane Laboratories).  To generate 50:50 mixed bone marrow 

chimeras, equal amounts of bone marrow from each donor strain were combined. 

Recipient mice were irradiated with 1,000 rads and injected intravenously with 5 – 10 

x106 bone marrow cells.  Chimerism in the blood was assessed 8 weeks after 

reconstitution by determining the percentages of donor-derived B cells or T cells of each 

strain. FITC-conjugated anti-CD45.2 (104), peridinin chlorophyll protein-cyanine 5.5-

conjugated anti-CD45.1 (A20), PE-cyanine 7-conjugated anti-CD90.1 (HIS51), and 

allophycocyanin-conjugated anti-CD90.2 (53-2.1) antibodies were used to identify donor-

derived cells. Variations in the absolute numbers of 2W:I-Ab-specific T cells due to 
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minor differences in chimerism were corrected with the formula, c = (r/p) X 50%, where 

p is the percentage of cells among donor-derived cells obtained experimentally, r is the 

experimentally-determined absolute number of 2W:I-Ab-specific T cells, and c is the 

absolute number after the correction (Pepper et al., 2011). 

 

Peptide Immunization 

For analysis of clonal expansion without adjuvant, mice were immunized intravenously 

with 50µg of 2W peptide (EAWGALANWAVDSA) (GenScript) diluted in PBS.  

 

RelA Translocation Assay 

OT-II CD90.1+ CD4+ T cells were isolated from spleen and lymph nodes with a CD4+ T 

cell isolation kit (Myltenyi Biotec) and 0.5-1 x 106 cells were adoptively transferred into 

CD90.2+ wild-type recipients.  The next day, recipient mice were injected intravenously 

with 5 µg of Escherichia coli LPS (List Biological Laboratories) diluted in PBS and then 

a day later, some mice were iinjected intravenously with 100 µg of chicken ovalbumin 

peptide 323-339 (OVAp) (Invitrogen) diluted in PBS. Spleens were harvested 20 min 

after peptide injection, and single cell suspensions of splenocytes were immediately made 

in 1.5% paraformaldehyde (Electron Microscopy Sciences).  CD90.1+ cells were 

magnetically enriched as previously described (44).  Enriched cells were permeabilized in 

0.5% saponin (SIGMA) and stained with biotin-conjugated anti-CD90.1 (HIS51), 

peridinin chlorophyll protein-cyanine 5.5-conjugated streptavidin, PE-conjugated anti-

Vβ5 (MR9-4, Pharmingen), AlexaFluor-488-conjugated anti-RelA (F-6, Santa Cruz 

Biotechnology), and 7-aminoactinomycin D (7AAD) (5µM, Invitrogen). RelA 
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localization was determined with an ImageStream 300 (Amnis Corp.) scanning flow 

cytometer as previously described (Medeiros et al., 2007). 

 

Statistical Analyses 

Statistical tests were performed with Microsoft Excel or GraphPad Prism software. P 

values less than 0.05 were considered statistically significant. Comparisons of absolute 

cell numbers were done on the log10 of each value (i.e., linearized) to minimize 

differences in statistical variance of the raw values caused by exponential growth. The 

two-tailed Student’s t test was used when comparing two groups, and a one-way analysis 

of variance (ANOVA) with Bonferroni’s post-test was performed when comparing three 

groups. The one-phase exponential decay was used to calculate the half-life of 2W:I-Ab+ 

T cells during the contraction (days 5 - 20) and memory (days 20 - 160) phases.  Mean 

absolute numbers of 2W:I-Ab+ T cells at each time point within a specified time span 

were used to determine the best-fit values. 

 

2.3 Results 

CD28 Enhances the Expansion of Polyclonal CD4+ T Cells Responding to an L. 

monocytogenes-derived p:MHCII In Vivo 

We used p:MHCII tetramers and a magnetic bead-based enrichment method to 

detect endogenous p:MHCII-specific CD4+ T cells (Moon et al., 2009; Moon et al., 2007) 

responding to bacterial infection in mice expressing the I-Ab MHCII molecule.  The L. 

monocytogenes strain used for these experiments was attenuated due to lack of the actA 

gene product needed by the bacteria to spread from one host cell to another (Portnoy et 
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al., 2002), and was engineered to secrete plasmid-encoded chicken ovalbumin fused to a 

peptide called 2W (AWGALANWA) under control of the hly promoter (Lm-2W) (Ertelt 

et al., 2009).  These bacteria also secrete listeriolysin O (LLO) expressed from the 

endogenous hly gene on the bacterial chromosome.  The 2W peptide and LLO peptide 

190-201 (LLOp) bind to I-Ab MHCII molecules and stimulate CD4+ T cells in C57BL/6 

mice (Geginat et al., 2001; Rees et al., 1999).  We produced 2W- and LLOp-containing I-

Ab streptavidin-fluorochrome tetramers and used them with anti-fluorochrome-

conjugated magnetic beads to enrich specific T cells from the spleen and lymph nodes of 

naïve and infected mice.   

We initially sought to determine whether the pre-immune CD4+ T cell repertoires 

of wild-type and CD28-deficient mice were similar.  Uninfected wild-type and CD28-

deficient mice contained about 200 2W:I-Ab- and 80 LLOp:I-Ab-specific CD4+ T cells in 

the spleen and lymph nodes, most of which were CD44low as expected for naïve cells 

(Figure 2.1A).  No CD4+ T cells bound both tetramers and less than 5 CD8+ T cells per 

mouse bound either tetramer, demonstrating that tetramer binding was TCR-specific. 

TCR Vα2+ cells were under represented in the 2W:I-Ab-specific naive populations but 

over represented in the LLOp:I-Ab-specific naive populations in wild-type and CD28-

deficient mice (Figure 2.1B).  The fact that 2W:I-Ab- and LLOp:I-Ab-specific naive 

populations had similar sizes and compositions in wild-type and CD28-deficient mice 

indicated that CD28 deficiency did not grossly alter the T cell repertoire. 
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Figure 2.1.  Detection of Naive p:MHCII-specific CD4+ T Cells in Wild-type and 

CD28-deficient Mice.  2W:I-Ab+ and LLOp:I-Ab+ T cells were magnetically enriched from 

pooled spleen and lymph nodes and visualized by flow cytometry.  (A) Flow cytometry plots of 

2W:I-Ab and LLOp:I-Ab tetramer-staining of CD3+ non-T lineage marker- CD4+ or CD8+ T cells 

(left), and enumeration of tetramer-stained CD4+ T cells in wild-type and CD28-deficient mice 

(right).  Numbers on the plots depict the percentages of 2W:I-Ab+ and LLOp:I-Ab within the 

enriched CD4+ or CD8+ T cells. Lines on the graph connect the number of 2W:I-Ab+ and LLOp:I-

Ab+ T cells in individual mice.  (B) Histograms (left) of Vα2 staining on 2W:I-Ab+, LLOp:I-Ab+, 

and tetramer- T cells, and the percentage of Vα2+ cells among these three cell types (right).  

Numbers in histograms show the percentage of Vα2+ cells in tetramer- T cells (top), 2W:I-Ab+ T 

cells (middle), and LLOp:I-Ab+ T cells (bottom).  Horizontal lines on the plot indicate mean 

values, and each symbol depicts a value from an individual mouse.  Groups were compared with 

a two-tailed Student’s t test.  n.s., not significant, p > 0.05.  Pooled data from two (A) or four (B) 

independent experiments are shown. 
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Wild-type and CD28-deficient mice were then infected intravenously with Lm-

2W bacteria to assess the role of CD28 in the activation of naive T cells in vivo.  The 

2W:I-Ab-specific cells in each group increased comparably over the first 3 days after Lm-

2W infection (Figure 2.2A).  However, by day 4 this population was 10-times smaller in 

CD28-deficient mice than in wild-type mice, a difference that was maintained at the peak 

on day 5.  The 2W:I-Ab-specific populations in CD28-deficient and wild-type mice then 

contracted between days 5 and 20 with a half-life of about 2 days and fell to 10% of their 

respective maximum values.  The 10-fold difference between the two groups was then 

maintained after day 20 as both populations declined slowly during the memory phase 

with a half-life of ~50 days (Figure 2.2A).  LLOp:I-Ab-specific T cells also expanded 

about 10-fold less well in CD28-deficient than in B6 mice, a difference that was 

maintained 20 days post infection Figure 2.2B).  Thus, CD28 deficiency impaired the 

extent of CD4+ T cell expansion but did not alter survival during the contraction or 

memory phases. 
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Figure 2.2.  Kinetics of Primary CD4+ T Cell Response to L. monocytogenes in Wild-type 

and CD28-deficient Mice.  2W:I-Ab+ or LLOp:I-Ab+ T cells were magnetically enriched from 

wild-type and CD28-deficient mice infected intravenously with Lm-2W. (A) and (B) Flow 

cytometry plots of (A) 2W:I-Ab or (B) LLOp:I-Ab versus CD44 staining on CD4+ T cells from 

wild-type or CD28-deficient mice (top) with graphs depicting the nmean number (n ≥ 3) of (A) 

2W:I-Ab+ or (B) LLOp:I-Ab+ T cells (bottom).  A two-tailed Student’s t test on the log10 values of 

each group at the indicated time points (arrow) was used to determine statistical significance,  

n.s., not significant, p > 0.05; ** p < 0.01,  *** p < 0.001.  Pooled data from six (A) or two (B) 

independent experiments are shown.   

 

CD28 Is Necessary to Sustain Cell Cycle Activity of p:MHCII-specific CD4+ T Cells 

In Vivo 

 CD28 signals enhance cell cycle entry and G1 to S phase cell cycle progression of 

CD4+ T cells in vitro (Appleman et al., 2002; Bonnevier and Mueller, 2002; Bonnevier et 
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al., 2006; Iezzi et al., 1998; Wells et al., 1997) and sustain proliferation of monoclonal T 

cells in vivo (Gudmundsdottir et al., 1999a; Khoruts et al., 2004).  DNA replication was 

measured to determine if CD28 deficiency impaired cell cycle activity in polyclonal 

p:MHCII-specific CD4+ T cells during infection (Figure 2.3A).  All naïve CD44low 2W:I-

Ab-specific T cells from uninfected wild-type and CD28-deficient mice were in G0/G1.  

Similar numbers of 2W:I-Ab-specific T cells progressed to S and G2/M in both groups on 

day 2.  The proportion of cells in S and G2/M in both groups peaked on day 3, but CD28-

deficient mice had fewer cells in S and G2/M than controls. By day 4, both groups were 

returning to G0/G1, with CD28-deficient mice having fewer cycling cells. Thus, CD28 

was not needed for entry into S and G2/M in the early stages of clonal expansion but was 

required for maintaining cell cycle activity.   

 To further test whether the requirement of CD28 for sustained T cell cycling was 

cell-intrinsic, polyclonal CD4+ T cells from the spleen and lymph nodes of wild-type or 

CD28-deficient mice were labeled with CFSE and transferred into congenic recipients, 

which were then infected with Lm-2W bacteria.  About 100 donor-derived wild-type and 

CD28-deficient 2W:I-Ab-specific T cells were detected in uninfected recipients, and these 

were CFSEhigh (Figure 2.3B) as expected for quiescent naïve cells.  By day 3, both 2W:I-

Ab-specific wild-type and CD28-deficient donor T cells had diluted CFSE similarly and 

expanded about 4-fold (Figure 2.3B).  By day 5, most of the wild-type T cells had diluted 

CFSE beyond the limit of detection.  In contrast, most CD28-deficient T cells had not 

diluted CFSE beyond the levels achieved by day 3.  The transferred wild-type T cells 

expanded about 130-fold above the starting number by day 5, while the CD28-deficient T 

cells increased only 7-fold (Figure 2.3B).  Thus, CD28 was necessary to sustain, but not 
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initiate CD4+ T cell proliferation in response to L. monocytogenes infection.  

  

 

 

Figure 2.3.  CD28 is Required to Sustain but Not Initiate CD4+ T Cell Proliferation In Vivo.  

(A) Histograms of DAPI staining on 2W:I-Ab+ T cells from wild-type or CD28-deficient mice 

infected with Lm-2W bacteria (left). Gates show the percentages of cells in S plus G2/M phases 

of the cell cycle. Mean percentage (n ≥ 3) of 2W:I-Ab+ T cells in S plus G2/M (right).  A two-

tailed Student’s t test was used to identify statistical differences between groups, * p < 0.05; ** p 

< 0.01,  *** p < 0.001.  (B) Histograms of CFSE in 2W:I-Ab+ T cells from CD90.2+ wild-type or 

CD28-deficient CD4+ T cells in CD90.1+ wild-type recipients that were subsequently infected 

with Lm-2W (left) with the mean number (2 - 4 mice per time point) of donor-derived wild-type 

or CD28-deficient 2W:I-Ab+ T cells (right).  Each graph shows pooled data from three 

independent experiments. 
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The PYAP and Y170F Motifs of CD28 Are Dispensable for CD4+ T Cell Clonal 

Expansion in Response to L. monocytogenes Infection  

 We next attempted to identify the regions of the CD28 cytoplasmic tail that 

produced these biological effects. This was done using mixed hematopoietic cell 

chimeras produced by transplanting lethally irradiated mice with equal numbers of wild-

type and CD28-deficient bone marrow cells (Figure 2.4A).  These chimeras contained 

similar numbers of wild-type and CD28-deficient 2W:I-Ab-specific naive CD4+ T cells 

(Figure 4B).  In contrast, the wild-type 2W:I-Ab-specific CD4+ T cells expanded 50-fold 

more than the CD28-deficient cells following Lm-2W infection (Figure 2.4B).  

 The role of the cytoplasmic tail was tested in mixed chimeras containing wild-

type T cells and Cd28-/- T cells expressing full-length or cytoplasmic tail-deficient (Tail-

less) Cd28 transgenes.  The 2W:I-Ab-specific CD4+ T cells with tail-less CD28 expanded 

about 10 times less than the cells with full-length CD28 (Figure 2.4C).  Remarkably, 

however, 2W:I-Ab-specific CD4+ T cells with a mutated C-terminal PYAP motif 

(AYAA), an SH2 domain-binding YMNM motif (Y170F), or both mutations expanded to 

the same extent as the wild-type CD4+ T cells after Lm-2W infection (Figure 2.4D - F).  

Thus, the cytoplasmic tail, but neither the PYAP nor the YMNM motifs within the tail 

were required for the in vivo effects of CD28 on clonal expansion after this infection. 

 It was possible that these negative results were related to the involvement of 

costimulatory receptors other than CD28, the ligands for which are induced by infection. 

This possibility was tested by assessing the responsiveness of the CD28-deficient T cells 

following injection of peptide without an adjuvant.  As shown in Figure 2.4G, injection 

of 2W peptide alone induced expansion of wild-type 2W:I-Ab-specific T cells, but at a 
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level that was about 40-fold lower than that induced by Lm-2W infection.  The expansion 

of CD28-deficient 2W:I-Ab-specific T cells after injection of 2W peptide alone was 8-

fold lower than that of wild-type cells.  The expansions of 2W:I-Ab-specific CD4+ T cells 

with mutated PYAP or YMNM motifs were also lower than that of wild-type cells but 

only by 2-fold.  These results indicate that the PYAP and YMNM sites in the cytoplasmic 

tail of CD28 transduce signals in polyclonal p:MHCII-specific CD4+ T cells under 

conditions of minimal inflammation. 
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Figure 2.4.  The PYAP and YMNM Motifs of CD28 Are Dispensable for CD28-dependent 

CD4+ T Cell Clonal Expansion in Response to L. monocytogenes Infection.  (A) Flow 

cytometry plot showing gates used to identify wild-type and CD28-deficient CD4+ T cells in a 

2W:I-Ab tetramer-enriched sample from a radiation bone marrow chimeric mouse.  Numbers 

indicate the percentage of donor wild-type or CD28-deficient CD4+ T cells in the enriched 

sample.  (B) Flow cytometry plots of 2W:I-Ab versus CD44 on donor-derived wild-type or CD28-
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deficient CD4+ T cells from uninfected or day 5 Lm-2W infected mice (left).  (B right plot - F) 

Numbers of wild-type and CD28 mutant 2W:I-Ab+ T cells in uninfected and day 5 Lm-2W 

infected mice.  (G) Flow cytometry plots of 2W:I-Ab versus CD44 on CD4+ T cells from the 

spleens of wild-type or CD28 mutant mice (left) and absolute numbers of 2W:I-Ab+ T cells in 

unimmunized mice (open circles) or mice that had been injected intravenously 5 days earlier with 

2W peptide without the addition of any adjuvant (filled circles).  A two-tailed Student’s t test was 

used to compare the log10 values of Lm-2W infected groups and a one-way ANOVA with 

Bonferroni post-test was used to compare the log10 values of peptide-immunized groups, n.s.  p > 

0.05; ** p < 0.01,  *** p < 0.001.  Data are from up to five independent experiments. 

 

CD28 Deficiency Phenotypically Resembles T Cell-intrinsic NFκB Signaling 

Deficiency During Response to L. monocytogenes Infection 

 The perplexing finding that neither of the suspected motifs within the tail were 

required for the in vivo effects of CD28 led us to investigate whether NFκB signaling was 

involved. This was the case as evidenced by the finding that CD28-deficient 2W:I-Ab- 

and LLOp:I-Ab-specific T cells did not induce Bcl-xL, an NFκB-regulated gene product, 

(Chen et al., 2000; Khoshnan et al., 2000), 3 days after Lm-2W infection like control 

cells (Figure 2.5A).  These findings suggested that signals from CD28 contribute to 

activation of NFκB in this setting.  If so, then loss of NFκB signaling would be expected 

to produce the same defects in T cell activation as CD28 deficiency.  This possibility was 

tested in radiation bone marrow chimeras containing wild-type and Card11-/- T cells 

lacking the CARMA1 component of the NFκB signaling pathway.  Like CD28-deficient 

cells, CARMA1-deficient 2W:I-Ab-specific T cells began to expand normally on day 3 

after infection but did not continue to expand to day 5 when these T cells exhibited a 40-
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fold defect compared to wild-type cells (Figure 2.5B).  Similary, CARMA1-deficient 

failed to induce Bcl-xL (Figure 2.5B) like CD28-deficient cells.  PKCθ- and NFκB1/c-

Rel-deficient 2W:I-Ab-specific CD4+ T cells had similar clonal expansion defects (Figure 

2.5C and D). These results show that the expansion defect of CD28-deficient cells 

resembles that of NFκB signaling-deficient cells.  
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Figure 2.5.  CD28 Deficiency Phenotypically Resembles NFκB Signaling Deficiency In Vivo.  

(A) Histograms of isotype control or Bcl-xL staining on tetramer- CD44low or 2W:I-Ab+ plus 

LLOp:I-Ab+ wild-type or CD28-deficient mice 3 days after Lm-2W infection.  Values for median 

fluorescence intensity of Bcl-xL staining minus that of isotype control are shown on the right 

panel of (A).  Mixed radiation chimeras made with wild-type and CARMA1-deficient (B), wild-

type and PKCθ-deficient (C), or wild-type and p50/c-Rel-deficient (D) bone marrow cells.  Mean 

numbers (n = 2 - 4) of wild-type or CARMA-deficient 2W:I-Ab+ T cells in uninfected mice and 
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mice at the indicated times after Lm-2W infection are shown on the left panel of (B).  The right 

panel of (B) shows differences in median fluorescence intensity of Bcl-xL staining minus that of 

isotype control for wild-type and CARMA1-deficient cells. Horizontal lines indicate the mean 

values, and each symbol shows data from an individual mouse. A two-tailed Student’s t test was 

used to compare the log10 values of tetramer+ cells in Lm-2W infected groups, ** p < 0.01,  *** p 

< 0.001. 

 

CD28 Signaling Increases Antigen-dependent Nuclear Translocation of RelA In 

Vivo Independently of the PYAP and YMNM Motifs 

To determine if CD28 signaling indeed enhanced NFκB activation in vivo, we 

used an image scanning flow cytometer to measure nuclear translocation of RelA in 

CD4+ T cells responding to antigen in vivo.  We chose to focus on RelA because this 

NFκB isoform can dimerize with p50 or c-Rel in T cells (Harhaj et al., 1996), translocates 

into the nucleus upon TCR plus CD28 stimulation, and is a component of a protein 

complex that can bind the CD28 response element consensus sequence (Ghosh et al., 

1993).  CD4+ T cells from wild-type or CD28-deficient OVA peptide:I-Ab-specific OT-II 

TCR transgenic mice were transferred into normal mice, which were then injected 

intravenously with LPS to induce CD80 and CD86 on APC, then with OVA peptide (De 

Smedt et al., 1996; Khoruts et al., 1998) (Figure 2.6A).  RelA was in the cytoplasm of 

wild-type and CD28-deficient OT-II cells in recipient mice injected with LPS alone 

(Figure 2.6).  In contrast, RelA translocated to the nucleus in OT-II cells 20 minutes after 

injection of OVA peptide, and this translocation was significantly greater in wild-type 

than in CD28-deficient cells (Figure 2.6C).  Additionally, OT-II expressing CD28 

molecules with mutated PYAP or YMNM sites showed the same amount of peptide-
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induced RelA translocation as wild-type cells (Figure 2.6C).  These data demonstrate that 

CD28 signaling is required for optimal TCR-induced activation of RelA in vivo through a 

pathway that does not involve the YMNM or PYAP sites. 
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Figure 2.6.  CD28 Enhances p:MHCII-dependent Nuclear Translocation of RelA In Vivo 

Independently of the PYAP and YMNM Motifs.  Wild-type and CD28 mutant CD90.1+ OT-II 

CD4+ T cells were transferred intravenously into wild-type recipients.  A day later, mice were 

injected intravenously with LPS.  Two days after T cell transfer, some mice were injected 

intravenously with OVA peptide, and splenocytes were harvested 20 minutes later.  (A) Flow 

cytometry plots show gating strategy used to measure RelA translocation in transferred OT-II 

cells within CD90.1-enriched samples.  (B) Representative histograms of median RelA/7AAD 

similarity in wild-type OT-II cells from LPS (gray) or LPS plus OVA peptide-injected mice (red) 

(top).  Median RelA/7AAD similarity values are shown on each histogram for samples stimulated 
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with LPS alone (gray) or LPS plus OVA peptide (red).  Sample images of cytoplasmic and 

nuclear RelA staining in OT-II cells from the LPS plus OVA peptide sample are shown at the 

bottom.  (C) Histograms of median RelA/7AAD similarity in wild-type, CD28-deficient, AYAA 

and Y170F OT-II cells from LPS (gray) or LPS plus OVA peptide-injected mice (red).  Median 

values for RelA and 7AAD similarity from individual mice (bottom).   Horizontal lines on the 

graph on the bottom indicate mean values, and each symbol depicts a value from an individual 

mouse.  Groups were compared by one-way ANOVA and Bonferroni post-test, * p < 0.05.  

Graph shows pooled data from four independent experiments. 

 

2.4 Discussion 

 Our results show that the major effect of CD28 signaling on polyclonal p:MHCII-

specific T cells responding to an infection was sustained effector cell proliferation.  It 

was surprising to find that CD28-deficient T cells began proliferating in vivo at the same 

rate as wild-type T cells given the many reports that CD28 enhances the production of the 

early T cell growth factor IL-2. However, this result is less surprising considering 

evidence that IL-2 is not required for CD4+ T cell proliferation in vivo (Khoruts et al., 

1998).  It is possible that CD28 maintains effector cell proliferation indirectly by 

sustaining the production of a lymphokine other than IL-2 (Boulougouris et al., 1999) or 

by directly transducing signals that promote cell cycle progression (Appleman et al., 

2002; Bonnevier et al., 2006).  

 It has been reported that CD28 does not influence in vitro T cell proliferation, but 

rather promotes clonal expansion by opposing apoptosis through induction of Bcl-xL 

(Sperling et al., 1996).  This was proposed to be an indirect effect of OX40, which 

promotes memory T cell formation and expression of Bcl-xL and is induced in a CD28-
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dependent fashion (Rogers et al., 2001).  In contrast, we found that the polyclonal 

p:MHCII-specific effector cells that were formed in CD28-deficient mice did not undergo 

an exaggerated contraction phase and produced memory cells at the expected frequency.  

This conclusion is supported by the observation of Dahl et al. that over expression of Bcl-

xL failed to restore the clonal expansion of CD28-deficient T cells in vivo (Dahl et al., 

2000).  Therefore, the in vivo results indicate that CD28 enhances memory cell 

generation by sustaining the proliferation of the effector cell population from which 

memory cells are derived. 

 It was surprising to find that mutations of the YMNM site had no effect on the 

production of effector and memory T cells after bacterial infection.  The YMNM site has 

been shown to bind to PI3K, a key molecule in the activation of multiple signaling 

pathways that regulate cellular metabolism (Akt/mTOR), the immunological synapse 

(PKCθ), and transcription of genes involved in T cell proliferation and survival 

(Bcl10/Carma1/Malt1/NFκB) (Burr et al., 2001; Chen et al., 2000; Jones et al., 2000; 

Khoshnan et al., 2000; Narayan et al., 2006; Park et al., 2009; Sanchez-Lockhart et al., 

2004; Yokosuka et al., 2008).  Our results are consistent, however, with reports showing 

that disruption of the YMNM motif and prevention of PI3K binding and phosphorylation 

of Akt had no effect on IL-2 production in vitro or the induction of T cell-dependent 

airway inflammation or experimental allergic encephalomyelitis in vivo (Dodson et al., 

2009; Okkenhaug et al., 2001).  Our findings extend this work by documenting that the 

YMNM site is dispensable for the infection-induced proliferation of polyclonal p:MHCII-

specific polyclonal CD4+ T cells.  Notably, both the PYAP and YMNM sites played a 

role in T cell expansion induced by peptide without adjuvant, perhaps because fewer 
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costimulatory ligands other than CD80 and CD86 are induced in this case than by 

infection. It was even more surprising to find that mutations in the PYAP site had no 

effect on the production of effector and memory T cells after bacterial infection.  This site 

is involved of activation of PDK1 and PKCθ and its disruption impairs in vivo T cell 

functions such as promotion of antibody production and induction of experimental 

allergic encephalomyelitis.  Our observation that p:MHCII-specific CD4+ T cells failed 

proliferate to the same extent as wild-type cells after injection of peptide alone indicates 

defective clonal expansion could explain the aforementioned defects.  However, the 

finding that PYAP mutant p:MHCII-specific CD4+ T cells underwent normal clonal 

expansion under the more inflammatory condition of bacterial infection shows that this 

site is not critical for T cell proliferation in all immune responses.  

 Our finding that CD28-deficient T cells did not translocate RelA to the nucleus as 

well as wild-type T cells following in vivo p:MHCII stimulation is consistent with the 

idea that canonical NFκB activation is a critical component of the CD28 signal that 

sustains T cell proliferation.  Remarkably, however, RelA translocation could not be 

attributed to the YMNM or PYAP sites, both of which have been implicated in NFκB 

signaling in some cases.  It is therefore possible that CD28 activates the NFκB signaling 

cascade without recruiting PI3K of other effectors to the YMNM or PYAP sites in its 

cytoplasmic tail. It is still possible, however, that CD28 triggers NFκB signaling through 

PI3K without recruiting it to the cytoplasmic tail as suggested by Garçon et al (Garcon et 

al., 2008).  Another possibility is that the tyrosine within the PYAP motif, which is 

required for PKCθ focusing within the immunological synapse (Sanchez-Lockhart et al., 

2008), is necessary for CD28-dependent NFκB activation in vivo.  In any case, our results 
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point out the need to study CD28 signaling in relevant in vivo models and suggest that 

there is more to be learned about how the cytoplasmic tail transduces signals. 
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Chapter 3: 

Opposing Bcl6 and IL-2 Receptor Signals Generate Th1 Central and Effector 

Memory Cells 

 

Listeria monocytogenes infection generates Th1 effector memory cells and 

CCR7+ cells resembling central memory cells.  The factors that promote the simultaneous 

formation of these different memory cells are unknown.  We addressed this issue by 

tracking endogenous CD4+ T cells specific for L. monocytogenes peptides.  Two 

populations of effector cells were already present several days after infection.  One 

population expressed the Th1 transcription factor T-bet, and produced Th1 memory cells 

in an IL-2 receptor-dependent fashion.  The other population expressed CXCR5 and 

depended on Bcl6 and ICOSL on B cells like follicular helper cells.  These effector cells 

resided in the T cell areas and produced CCR7+ CXCR5+ memory cells that generated 

diverse effector cell populations in a secondary response.  Thus, Th1 effector memory 

and follicular helper-like central memory cells were produced from early effector cell 

populations that diverged in response to signals from the IL-2 receptor, Bcl6, and B cells. 

 

3.1 Introduction 

Bacterial infection generally results in immunity to that infection (Ahmed and 

Gray, 1996).  This immunity is mediated by bacterial antigen-specific lymphocytes that 

proliferate and differentiate into long-lived memory cells. In the case of CD4+ T cells, 

this process involves initial proliferation of naïve cells with T cell antigen receptors 
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(TCR) specific for microbe-derived peptides bound to host major histocompatibility 

complex II molecules (p:MHCII) (Jenkins et al., 2001).  If the innate immune cytokine 

IL-12 is present, then the effector cell progeny produced by this proliferation acquire the 

capacity to produce the microbicidal lymphokine IFN-γ and migrate to non-lymphoid 

sites of infection.  Once the infection is cleared, some of the effector cells survive to 

become long-lived quiescent memory cells (Ahmed and Gray, 1996).   

Memory T cells exist in at least two subsets referred to as central (Tcm cells) and 

effector memory cells (Tem cells) (Sallusto et al., 2004).  Tem cells express homing 

receptors needed for migration into non-lymphoid organs, and when stimulated with the 

relevant p:MHCII ligand, immediately produce microbicidal lymphokines (Reinhardt et 

al., 2001). Tem cells therefore closely resemble lineage-committed effector cells such as 

Th1 cells and have been shown to derive from these cells in some systems (Harrington et 

al., 2008; Lohning et al., 2008; Pepper and Jenkins, 2011; Surh and Sprent, 2008).  Tcm 

cells express CCR7 and L-selectin, which direct recirculation through lymph nodes. 

When stimulated with the relevant p:MHCII ligand, Tcm cells do not produce 

microbicidal lymphokines immediately but proliferate to produce new effector cells, 

which then acquire these functions (Sallusto et al., 2004).  

Several factors have been identified that favor the formation of Th1 effector cells 

and subsequently Th1-like effector memory cells (Th1em).  Strong or prolonged TCR 

signaling has been reported to favor Tem cell formation (Catron et al., 2006; 

Gudmundsdottir et al., 1999b; Sarkar et al., 2007), perhaps as a consequence of a shift to 

glycolytic metabolism and activation of mammalian target of rapamycin (Araki et al., 
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2009; Pearce et al., 2009).  IL-2 receptor signaling also plays a role in Th1 development 

(Khoruts et al., 1998), perhaps as a consequence of STAT5-mediated upregulation of the 

IL-12 receptor β2-chain and the Th1-associated T-bet (Liao et al., 2011) and Blimp-1 

transcription factors (Gong and Malek, 2007; Pipkin et al., 2010), which repress the Bcl6 

transcription factor (Shaffer et al., 2002).  It remains to be determined, however, whether 

this pathway applies to genuine CD4+ effector and memory T cells generated in vivo 

during infection. 

Much less is known about the formation of Tcm cells.  These cells may be the 

progeny of effector cells that receive weaker TCR signals due to encounters with antigen-

presenting cells that display low numbers of p:MHCII ligands, either by chance or due to 

entry into the relevant secondary lymphoid organs late in the response as the antigen 

concentration fades (Catron et al., 2006; van Faassen et al., 2005).  Recent work indicates 

that Tcm cells defined by expression of CCR7 also express the B cell follicle homing 

CXCR5 (Chevalier et al., 2011) and are potent helper cells for B cells (Chevalier et al., 

2011; MacLeod et al., 2011).  Although expression of CXCR5 suggests that Tcm cells 

are related to T follicular helper (Tfh) cells (Morita et al., 2011), which depend on Bcl6 

and help B cells in germinal centers (Crotty, 2011), this relationship has not been directly 

addressed in vivo. 

We explored the derivation of p:MHCII-specific Tcm and Tem cells induced 

during acute systemic infection with Listeria monocytogenes (Lm).  We found that two 

effector cell populations generated very early after infection preceded these memory 

cells.  One population expressed IL-2 receptor and T-bet, and gave rise to Th1em in an 
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IL-2-dependent, Bcl6-independent fashion.  The other population expressed CXCR5, 

depended on Bcl6, and produced Tfh or Tcm cells, when signaled by ICOSL on B cells.  

 

3.2 Materials and Methods 

Mice 

Six- to eight-week-old C57BL/6 (B6), 129x1/SvJ, B6.129S2-Ighmtm1Cgn/J (µMT) 

(Kitamura et al., 1991), B6.129P2-Icostm1Mak/J (ICOS-deficient) (Tafuri et al., 2001), 

B6.129P2-Icosltm1Mak/J (ICOSL-deficient) (Mak et al., 2003), and B6.SJL-Ptprca 

Pep3b/BoyJ (CD45.1) were from the Jackson Laboratory or the National Cancer Institute. 

B6.129S6-Bcl6 mice (Bcl6-deficient) (Dent et al., 1997) were obtained from Matthew 

Mescher (University of Minnesota).  Foxp3-GFP Cd25-/- CD45.1+/CD45.2+ mice were 

obtained from Daniel Campbell (University of Washington).  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. 

 

Generation of r7UP Transgenic Mice 

Pierre Chambon (IGBMC) provided the Cre-ERT2 plasmid.  Recombination of the Cre-

ERT2 coding sequence into the 3′-untranslated region (UTR) of CCR7 in bacterial 

artificial chromosome clone RP23-80024 (Invitrogen, Carlsbad, CA) was performed as 

described (Kaplan et al., 2005).  Primers used for generation of the recombination 

cassette were: 5′ A box, 5′- TTAAGGCGCGCCGCTCCTATGCATCAGCATTGA -3′; 
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3′ A box, 5′- GGCGGATCCCGGATGTGTGCACCACATTAAGGCTC -3′; 5′ B box, 5′- 

GCCACAGCTTGAGCACAGACTCTCCATCCACCGAA -3′; 3′ B box, 5′- 

TATTAAGGCCGGCCCTGCAGGTGTATGTGCAAGAC -3′; 5′ I box, 5′- 

GGTGCACACATCCGGGATCCGCCCCTCTCC -3′; 3′ I box, 5′- 

AGAGTCTGTGCTCAAGCTGTGGCAGGGAAACCCTC -3′.  The recombined 

construct was injected into the pro-nuclei of B6 mice in the University of Minnesota 

Mouse Genetics Laboratory.  Transgenic mice were then crossed to the 

B6;129Gt(ROSA)26Sortm2Sho/J strain.  eYFP expression was induced by daily 

intraperitoneal injection of tamoxifen (0.05 mg/g) for 5 days. 

 

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).  Donor bone marrow  and 

recipient mice in Bcl6-/- chimeras were additionally treated with anti-NK1.1(PK136, 

eBioscience) to deplete NK cells.  In some cases, CD45.1+/2+ wild-type bone marrow 

cells were mixed with an equal number of CD45.2+ Icos-/-, Bcl6-/-, or Bcl6+/- bone marrow 

cells. Five-10 x106 total bone marrow cells were injected into lethally-irradiated (1,000 

rads) CD45.1+ mice.  In other cases, CD45.2+ wild-type bone marrow cells were mixed 

with an equal number of CD45.1+/2+ Cd25-/- bone marrow cells and injected into lethally-

irradiated (1,000 rads) CD45.1+ mice.  Chimerism in the blood was assessed 8 weeks 

after reconstitution by determining the percentages of donor-derived B cells or T cells of 
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each strain.  In other cases, wild-type or Icosl-/- bone marrow cells were mixed with an 

equal number of µMT bone marrow cells and 5-10 x106 total bone marrow cells were 

injected into lethally-irradiated (1,000 rads) µMT mice.  Fluorochrome-conjugated anti-

CD45.2 and anti-CD45.1 antibodies were used to identify donor-derived cells.  Variations 

in the absolute numbers of tetramer-binding T cells due to slight differences in chimerism 

were corrected with the formula, c = (r / p) X 50%, where p is the percent of cells among 

donor-derived cells obtained experimentally, r is the absolute number of tetramer-binding 

T cells obtained experimentally, and c is the absolute number after the correction. 

 

Infections 

Mice were injected intravenously with 107 actA-deficient Lm bacteria engineered to 

secrete a fusion protein containing an immunogenic peptide called 2W (Lm-2W) (Ertelt 

et al., 2009).  

 

Tetramer Production 

Biotin-labeled soluble I-Ab molecules containing 2W (EAWGALANWAVDSA) 

covalently attached to the I-Ab beta chain were produced in Drosophila melanogaster S2 

cells, then purified and made into tetramers with streptavidin-phycoerythrin or 

streptavidin-allophycocyanin (Prozyme) as described (Moon et al., 2007).  Biotin-labeled 

soluble I-Ab molecules containing LLO190-201 (NEKYAQAYPNVS, LLOp) were made in 

a similar fashion except that the I-Ab alpha chain contained a cysteine substitution at 

position 72, which allowed a disulfide bond to form between this cysteine and the 
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cysteine 2 residues after the LLOp, in effect locking the peptide into the correct binding 

register (Stadinski et al., 2010). 

 

Cell Enrichment and Flow Cytometry 

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

prepared and then were stained for 1 hour at room temperature with LLOp:I-Ab- or 2W:I-

Ab–streptavidin-allophycocyanin tetramers and 2 µg each of peridinin chlorophyll 

protein–cyanine 5.5–conjugated antibody to CCR7 (anti-CCR7; 4B12) and 

phycoerythrin-conjugated antibody to CXCR5 (2G8; Becton-Dickinson).  Samples were 

then enriched for bead-bound cells on magnetized columns and a portion was removed 

for counting as described (Moon et al., 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); CD8α (5H10; Caltag); 

PD-1 (J43); CD4 (RM4-5); CD3ε (145-2C11); CD25 (PC61.5); CD44 (IM7); CD45.1 

(A20), and/or CD45.2 (104), each conjugated with a different fluorochrome.  In 

experiments designed to detect transcription factors, the cells were surface stained with 

some of the aforementioned antibodies, then treated with Foxp3 

Fixation/Permeabilization Concentrate and Diluent (eBioscience), and stained for 1 hour 

on ice with antibodies against T-bet (4B10; Biolegend) and/or Bcl6 (K112-91; Becton-

Dickinson).  In experiments designed to detect cytokines, the cells were surface stained, 

then treated with BD Cytofix/Cytoperm (Becton-Dickinson) overnight, and stained for 1 

hour on ice with antibodies against IL-2 (JES6-5H4) and IFN-γ (XMG1.2) in Perm Wash 
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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). 

 

Lymphokine Production 

Mice were infected intravenously with Lm-2W bacteria.  Ninety-two days later, the mice 

were injected intravenously with 100 µg of LLOp. Spleen and lymph nodes were 

analyzed for the presence of intracellular IL-2 and IFN-γ in LLOp:I-Ab-specific T cells as 

described previously (Pepper et al., 2010). 

 

Cell Transfer 

Flow cytometric sorting was used to purify T cell populations before adoptive transfer. 

For analysis of Tem and Tcm cell function in the secondary response, spleens and lymph 

nodes were collected from B6 mice infected intravenously at least 20 d earlier with Lm-

2W bacteria and stained with fluorochrome-labeled antibodies to CD4, CD44, CCR7, 

PD-1, and CXCR5.  CD44high CXCR5- CCR7- CD4+ Th1EM cells and CD44high CXCR5+ 

CCR7+ TCM cells were then sorted with a FACSAria (Becton Dickinson) flow cytometer. 

Sorted cells were then injected intravenously into CD45.1+ recipients, which were then 

infected intravenously with 107 Lm-2W bacteria. Six days later, the phenotype of 2W:I-

Ab-specific T cells was determined after tetramer-based cell enrichment as described 

above. 



 

 58 

 For analysis of Tcm cell location, B6 mice were infected intravenously with Lm-

2W bacteria. Eight days later, spleen and lymph node cells from these mice were stained 

with fluorochrome-labeled antibodies against CD4, CD44, CXCR5, CCR7, and PD-1. 

CD4+ CD44low CXCR5- CCR7- PD-1- Th1 cells, CXCR5intermediate CCR7+ PD-1- Tcm 

cells, and CXCR5high CCR7- PD-1+ GC Tfh cells were then sorted and transferred into 

CD45.1+ recipients.  One day after transfer, spleens were fixed in 1% formaldehyde 

dehydrated in 1% sucrose overnight before embedding in O.C.T.  Thin sections (7 µm) 

were cut on a microtome, blocked with culture supernatant containing 24G2 monoclonal 

antibody plus 1% mouse and 1% rat serum, and stained with fluorescein isothiocyanate-

anti-IgD (11-26; eBioscience), biotin-anti-CD4 (GK1.5; eBioscience), and 

allophycocyanin-anti-CD45.2  (104; eBioscience) antibodies, followed by Cy3-

streptavidin (Invitrogen).  Stained sections were imaged at 20X as previously described 

(Pape et al., 2007) with a Leica DM5500B automated upright microscope with a high-

precision motorized x/y stage and a Leica DFC340FX Digital Camera.  Entire spleen 

images were reassembled with Leica AF6000 stitching software (Leica) and displayed in 

Photoshop (Adobe, San Jose, CA).  

 

Statistical Analysis 

Differences between 2 data sets were analyzed by a paired or unpaired two-tailed 

Student’s t-test using Prism (Graphpad) software. 
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3.3 Results 

Detection of LLOp:I-Ab-specific CD4+ Memory T cells 

We used a p:MHCII tetramer–based approach to identify CD4+ T cells specific 

for 2 pMHCII ligands produced in C57BL/6 (B6) mice during infection with a vaccine 

strain of Lm bacteria.  This strain, called Lm-2W, contains an attenuating mutation in the 

actA gene (Portnoy et al., 2002), and was engineered to secrete a fusion protein 

containing the immunogenic 2W peptide (Rees et al., 1999) under the control of the hly 

promoter (Ertelt et al., 2009).  Following infection, these bacteria are taken up into 

phagosomes and then completely eliminated by innate and adaptive immune mechanisms 

(Portnoy et al., 2002).  During this process, the 2W peptide and peptide 190-201 from 

listeriolysin O (LLOp) are produced by antigen processing and bind to I-Ab MHCII 

molecules on dendritic cells.  These complexes then stimulate CD4+ T cells expressing 

complementary TCRs, which we detected by staining cells from individual mice with 

fluorochrome-labeled LLOp:I-Ab or 2W:I-Ab tetramers and anti-fluorochrome magnetic 

beads and enriching the tetramer-bound cells on a magnetized column (Moon et al., 

2007).  The cells that bound to the column were stained with antibodies specific for CD3 

and a mixture of non–T cell lineage–specific antibodies to aid in identification of genuine 

CD3+ non–T cell lineage- T cells (Figure 3.1A). 
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Figure 3.1.  Detection of LLOp:I-Ab-specific CD4+ T Cells.  (A) Gate used to identify CD3+ 

non–T cell lineage- T cells (left) and CD4+ and CD8+ T cells within that population (right) from 

the bound fraction after enrichment with LLOp:I-Ab+ tetramer.  (B) CD4+ T cells (left) or CD8+ T 

cells (right) identified as in (A) from an uninfected B6 mouse with gates on LLOp:I-Ab+ cells.  

(C) CD4+ T cells from B6 mice at the indicated times after intravenous infection with Lm-2W 

bacteria with gates on LLOp:I-Ab+ cells. The percentages of cells in the indicated gates are 

shown.  (D) Mean number (± SEM, n ≥ 3 for each data point) of CD4+ LLO:I-Ab+ T cells in the 

spleen and lymph nodes over the first 8 (left) or 440 days (right) after intravenous infection with 

Lm-2W bacteria. 

 

We first established the kinetics of the expansion, contraction, and memory 

phases of the LLOp:I-Ab-specific CD4+ T cell population since it had never been detected 

directly with a tetramer.  B6 mice that were not infected contained a small population of 

LLOp:I-Ab tetramer-binding CD3+ CD4+ cells in the spleen and lymph nodes, most which 
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were CD44low as expected for naive cells (Figure 3.1B).  LLOp:I-Ab tetramer-binding 

cells were not detected among the MHCI-restricted CD8+ T cells in the bound fraction 

(Figure 3.1B), indicating that the CD4+ cells that bound the tetramer did so via the TCR.  

Following intravenous injection of 107 Lm-2W bacteria, these cells upregulated CD44 

and increased in the spleen and lymph nodes as early as day 3 and peaked on day 7 

(Figure 3.1C and D).  The naïve LLOp:I-Ab-specific CD4+ T cell population in each 

mouse consisted of about 80 cells, which expanded to ~100,000 cells by day 7 post 

infection (Figure 3.1D).  The population then contracted by day 20 to about 10,000 

CD44high memory cells, which then slowly declined over the next 1.5 years (Figure 

3.1D).  Thus, LLOp:I-Ab-specific CD4+ T cells underwent the expansion, contraction, 

and slow memory decline phases exhibited by other pMHCII-specific CD4+ T cell 

populations (Homann et al., 2001; Pepper et al., 2010). 

 

CD4+ Memory T Cell Heterogeneity 

Previously, we showed that the 2W:I-Ab-specific memory T cells induced by 

intravenous Lm-2W infection consisted of T-bethigh CCR7− and Tbetlow CCR7+ cells 

(Pepper et al., 2010).  We determined whether LLOp:I-Ab-specific memory cells 

consisted of similar subsets. Naïve LLOp:I-Ab-specific cells expressed CCR7 but not T-

bet or CXCR5 (Figure 3.2A).  In contrast, the LLOp:I-Ab-specific memory cell 

population in mice infected 60 days earlier with Lm-2W bacteria consisted of the same T-

bethigh CCR7− and T-betlow CCR7+ subsets observed in the 2W:I-Ab-specific memory cell 
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population (Pepper et al., 2010).  In addition, we found that the CCR7+ cells, but not the 

CCR7− cells expressed CXCR5 (Figure 3.2A).  

We next analyzed the peak of the primary response to determine if effector cells 

with the characteristics of the later memory cells were present.  PD-1 was also tested to 

aid in the detection of germinal center (GC) Tfh cells, which express this marker and the 

largest amounts of CXCR5 of any CXCR5+ population (Crotty, 2011).  As shown in 

Figure 2B, the LLOp:I-Ab-specific effector cells present on day 8 after infection were 

split about equally into CXCR5− and CXCR5+ populations.  The CXCR5− cells were Th1 

effector cells based on expression of large amounts of T-bet and lack of CCR7 (Figure 

3.2B-D).  About 10% of the CXCR5+ cells were GC Tfh cells based on expression of PD-

1, the largest amounts of CXCR5, and the Tfh lineage-defining transcription factor Bcl6 

(Figure 8B and E).  These GC Tfh cells expressed more T-bet than naïve cells but less 

than the Th1 cells (Figure 3.2B and C).  The CXCR5+ cells that lacked PD-1 also 

expressed this intermediate amount of T-bet as well as low amounts of Bcl6 (Figure 3.2B, 

C, and E), as expected for Tfh cells.  These cells expressed the most CCR7 of any of the 

effector cell populations (Figure 3.2B and D). Thus, the LLOp:I-Ab-specific effector cell 

population present on day 8 after infection consisted of T-bethigh CCR7− and T-betlow 

CCR7+ subsets with the characteristics of the 2 later memory cell populations, along with 

an additional GC-Tfh cell subset.  The T-bethigh CCR7− cells present at the peak of the 

primary response will be referred to as Th1 effector cells and the T-betlow CCR7+ 

CXCR5+ PD-1− cells as Tfh cells. 
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Figure 3.2.  Identification of Tem and Tcm Cells.  (A) Representative plots of CCR7 versus T-

bet (left) or CXCR5 (right) on LLOp:I-Ab-specific CD44low naïve cells from uninfected B6 mice 

(red dots) or LLOp:I-Ab-specific CD44high memory cells from mice infected with Lm-2W bacteria 
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60 days before analysis (black contours).  (B) Representative plots of CXCR5 versus PD-1 used 

to identify CXCR5− PD-1− Th1/Tem cells, CXCR5intermediate PD-1− Tfh/Tcm cells, and CXCR5high 

PD-1+ GC-Tfh cells on days 8 or 60 after intravenous infection with Lm-2W bacteria, with 

histograms of T-bet, CCR7, and Bcl6 on Th1/Tem cells (black line), Tfh/Tcm cells (gray line), 

GC-Tfh cells (dashed line), or CD44low naïve cells (shaded histogram).  (C-E) Mean fluorescence 

intensities (MFI) of T-bet (C), CCR7 (D), and Bcl6 (E) on the indicated cell types from 3 

individual mice on days 8 (filled circles) or 60 (open circles) after intravenous infection with Lm-

2W bacteria.  (F) Mean number (± SEM, n ≥ 3) of LLO:I-Ab-specific Th1/Tem (filled circles), 

Tfh/Tcm (open circles), or GC-Tfh (gray circles) cells identified as shown in (B).  (G) CCR7 and 

eYFP expression by 2W:I-Ab-specific CD4+ T cells in 2W:I-Ab tetramer-enriched samples from 

r7UP mice infected with Lm-2W bacteria, treated with tamoxifen on days 4-8 post-infection, and 

analyzed on days 8 or 254 post-infection.  (H, I) Percentage of eYFP+ cells among 2W:I-Ab-

specific cells (H) or CCR7+ cells among eYFP+ 2W:I-Ab-specific cells (I) from individual mice. 

 

This analysis was repeated 60 days after infection to determine if any of the 

effector populations entered the memory pool.  At this time, about half of the memory 

cells resembled the Th1 effector cell population (Figure 3.2B-E) and will therefore be 

referred to as Th1em cells.  The other memory cells closely resembled the CXCR5+ T-

betlow CCR7+
  Tfh cells present on day 8, with the exception of reduced expression of 

Bcl6 (Figure 3.2B-E).  The CXCR5+ PD-1+ Bcl6high GC-Tfh cell population that was 

present at the peak of the response was not detected in the memory cell pool 60 days after 

infection (Figure 3.2B).  A more detailed time course experiment showed that T-bethigh 

CXCR5− Th1and CXCR5+ PD-1− CCR7+ Tfh cells, putative Tcm precursors, peaked at 
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day 7 and contracted to lower numbers by days 12-25 that were maintained until day 60 

(Figure 8F).  In contrast, the CXCR5+ PD-1+ Bcl6high GC-Tfh cell population peaked at 

day 7 but declined progressively until disappearing by day 60 (Figure 3.2F).  These 

results suggested that some of the Th1 effector cells survived the contraction phase to 

become Tem cells, while some Tfh cells became Tcm cells.  In contrast, although GC Tfh 

cells were generated during the effector phase of the response they appeared to contribute 

very little to the memory cell pool.  

We produced a new transgenic mouse (called the r7UP mouse) to formally test 

the possibility that some Tfh cells survived the contraction phase to become Tcm cells. 

These mice contain a bacterial artificial chromosome with an internal ribosome entry site 

(IRES) and Cre-recombinase-estrogen receptor 2-fusion protein sequence (Cre-ERT2) 

inserted between exon 3 and the 3’ untranslated region of the Ccr7 gene (Supplemental 

Figure 3.1A).  These mice also contain an enhanced yellow fluorescent protein (eYFP) 

(Tsien, 1998) transgene with a floxed stop cassette controlled by the constitutive ROSA 

26 promoter (Srinivas et al., 2001) (Supplemental Figure 3.1A).  eYFP is not expressed in 

the absence of tamoxifen because the Cre-ERT2 molecule is sequestered in the cytosol 

(Srinivas et al., 2001).  Administration of tamoxifen allows the Cre-ERT2 protein to enter 

the nucleus, leading to excision of the stop cassette and permanent expression of eYFP in 

cells that expressed CCR7 at the time of tamoxifen treatment.  All of the progeny of the 

marked cells retain expression of eYFP, even if CCR7 is subsequently shut off.  

As shown in Supplemental Figure 3.1B, about half of the CCR7+ CD4+ T cells in 

uninfected r7UP mice treated with tamoxifen for 5 days expressed eYFP.  In contrast, 
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none of the CCR7− CD4+ T cells in these mice and none of the CD4+ T cells in 

tamoxifen-treated B6 mice expressed eYFP (Supplemental Figure 3.1B).  Similarly, the 

population of LLOp:I-Ab-specific memory cells in r7UP mice treated with tamoxifen for 

5 days beginning 18 days after infection with Lm-2W bacteria contained a subset of 

eYFP+ cells, all of which expressed CCR7 (Supplemental Figure 3.1B) and CXCR5 

(Supplemental Figure 3.1C), while none of the LLOp:I-Ab-specific CCR7− memory cells 

expressed these molecules (Supplemental Figure 3.1B and C).  The CCR7+ eYFP− CD4+ 

T cells in tamoxifen-treated r7UP mice were likely cells that had not yet deleted the stop 

cassette upstream of the eYFP gene after 5 days of tamoxifen treatment as observed in T 

cells in other Cre-ERT2 transgenic mice (Rubtsov et al., 2010).  Despite this incomplete 

labeling, it was clear that the LLOp:I-Ab-specific cells that did turn on eYFP after 

tamoxifen treatment several weeks after infection were CCR7+ memory cells.  

To test the capacity of CCR7+ effector cells to become memory cells, r7UP mice 

were infected with Lm-2W bacteria and labeled with tamoxifen during the period of 

maximal effector cell generation from days 4-8.  We focused on the 2W:I-Ab-specific 

population because its larger size provided a practical advantage.  About 25% of the 

2W:I-Ab-specific effector cells present on day 8 were eYFP+ (Figure 3.2G and H) and 

most of these cells expressed CCR7 (Figure 8G and I).  Two hundred and fifty four days 

after infection and 246 days after the cessation of tamoxifen treatment, about 30% of the 

2W:I-Ab-specific memory cells were again eYFP+ (Figure 8G and H) and the vast 

majority retained CCR7 (Figure 3.2G and I).  Therefore, some CCR7+ effector cells on 
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day 8 gave rise exclusively to stable CCR7+ memory cells present 254 days after 

infection.  

 

CXCR5+ Memory Cells Are Tcm Cells 

Expression of CXCR5 suggested that Tcm precursor cells might be a variety of 

GC-Tfh cell.  If so, then by definition these cells would be expected to located in B cell-

rich follicles.  This possibility was assessed in an adoptive transfer experiment.  CD44high 

CD4+ CXCR5− PD-1- Th1, CXCR5intermediate PD-1- Tcm, and CXCR5high PD-1+ GC-Tfh 

cells (Figure 3.3A) were purified by flow cytometric sorting (Figure 3.3B) from CD45.2+ 

B6 mice 10 days after infection with Lm-2W organisms and injected into naive CD45.1+ 

recipients.  These populations contained effector cells specific for Lm-2W-derived 

p:MHCII ligands and other memory cells.  Spleen sections from recipient mice were then 

stained with fluorochrome-labeled anti-CD4, anti-IgD, and anti-CD45.2 antibodies 1 day 

after cell transfer.  The locations of the cells in the T cell areas (dense CD4+ cells), 

follicles (dense IgD+ cells), or red pulp/marginal zone (sparse CD4+ cells and IgD+ cells) 

were assessed by microscopy (Figure 3.3C).  Th1 cells were located predominantly in the 

red pulp and T cell areas, while GC-Tfh cells were located primarily in follicles (Figure 

3.3D). I n contrast, CXCR5+ PD-1- Tcm cells were located predominantly in the T cell 

areas (Figure 3.3D).  This location outside of the follicles formally demonstrated that 

Tcm cells were not GC Tfh cells.  
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Figure 3.3.  Tcm Precursor Cells are Located in the T Cell Areas.  (A) Gates used to sort 

purify the indicated subsets from the spleen and lymph nodes of B6 mice 10 days after Lm-2W 

infection.  CCR7 staining was also used as a sorting parameter (not shown) with Th1 cells sorted 

as CCR7- cells, Tcm cells as CCR7+ cells, and GC-Tfh cells as CCR7low cells.  (B) Post-sort 

analysis of the indicated populations.  Four x 106 Th1, 3 x 106 Tcm, or 106 GC-Tfh cells were 

transferred into CD45.1+ recipients.  (C) CD4 (green), IgD (purple), and CD45.2 (red) expression 

in a representative spleen section from a naïve B6 mouse that received TCM cells one day before 

analysis.  CD45.2+ cells that were also CD4+ appeared orange.  A T cell area (T), follicle (F), and 

red pulp/marginal zone area (RP) are indicated.  Three CD4+ CD45.2+ transferred T cells in the T 

cell area and one in the follicle are labeled with asterisks.  (D) Percentage of Th1 (151 cells), Tcm 

(91 cells), and GC-Tfh cells (38 cells) located in the indicated areas one day after transfer.  
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We also determined whether CXCR5+ memory cells behaved like Tcm cells with 

respect to lymphokine production (Sallusto et al., 2004).  Mice infected with Lm-2W 

bacteria 92 days earlier were injected intravenously with LLOp to restimulate LLOp:I-

Ab-specific memory cells. As shown in Figure 4A and B, neither the T-bethigh CXCR5- 

Th1 nor the T-betlow CXCR5+ LLOp:I-Ab-specific memory cells were producing IL-2 or 

IFN-γ before peptide injection.  Both memory cell types retained their pre-injection 

patterns of T-bet and CXCR5 expression 2 hours after LLOp challenge (Figure 3.4A), 

allowing analysis of their lymphokine production.  About 60% of the T-bet+ CXCR5- Th1 

memory cells produced IFN-γ and IL-2 and ~20% made IL-2 but not IFN-γ 2 hours after 

injection of LLOp (Figure 3.4A and B).  In contrast, about 10% of the T-betlow CXCR5+ 

memory cells produced IFN-γ and IL-2 while ~60% made IL-2 but not IFN-γ.  Therefore, 

the LLOp:I-Ab-specific CXCR5+ memory cells were less potent IFN-γ producers than 

Th1em cells and rapidly produced IL-2 as expected for Tcm cells.  

Finally, we used an adoptive transfer approach to test whether CXCR5+ memory 

cells produced diverse effector cell progeny during the secondary response as expected 

for Tcm cells (Sallusto et al., 2004).  CD44high CD4+ CXCR5+ (containing 2W:I-Ab-

specfiic Tcm cells) and CD44high CD4+ CXCR5− (containing 2W:I-Ab-specfiic Th1em 

cells) cells were sorted from B6 mice 40 days after infection with Lm-2W organisms and 

injected into naive CD45.1+ recipients.  The recipient mice were then challenged with 

Lm-2W organisms, and the phenotype of the donor and recipient 2W:I-Ab-specific T 

cells (Figure 3.4C) was assessed 6 days later. As shown in Figure 3.4C and D, 96% of the 

effector cell progeny of CCR7− CXCR5− Th1em cells were Th1 cells.  In contrast, the 
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progeny of CXCR5+ memory cells consisted of 70% Th1 cells, 21% Tfh cells, and 5% 

GC-Tfh cells, whereas the naïve cells of the recipients produced 44% Th1, 43% Tfh, and 

8% GC-Tfh cells.  Therefore, although CXCR5+ memory cells had a tendency to produce 

Th1 effector cells, they more efficient than Tem cells at generating Tfh cells and GC-Tfh 

cells. 
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Figure 3.4.  Secondary Responses by Memory Cells.  (A) Contour plots showing T-bet and 

CXCR5 expression by LLOp:I-Ab-specific T cells (left panels), or intracellular IFN-γ and IL-2 

staining (lower panels) in LLOp:I-Ab-specific Tem (middle panels) or Tcm cells (right panels) 
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from day 92 Lm-2W-infected mice before (upper panels) or 2 hours after intravenous injection of 

LLOp (lower panels).  (B) Percentage of LLOp:I-Ab-specific Tcm or Tem cells producing the 

indicated lymphokines before (filled circles) or 2 hours after intravenous injection of LLOp (open 

circles). **, p < 0.01.  (C) 4.8 x 105 CD44high CD4+ CCR7+ CXCR5+ PD-1− Tcm or 4.3 x 105 

CD44high CD4+ CCR7− CXCR5− PD-1− Tem cells were sorted from CD45.2+ B6 mice infected 30 

days earlier with Lm-2W bacteria, and transferred into CD45.1+ mice, which were then 

challenged with Lm-2W bacteria.  Representative plots used to identify donor (upper gates, left 

panels) or recipient (lower gates, left panels) 2W:I-Ab-specific cells 6 days after challenge are 

shown, along with plots of PD-1 versus CXCR5 used to identify Th1 effector cells, Tfh, and GC-

Tfh cells of donor (middle) or recipient (right) origin.  (D) Percentage of Th1 effector, Tfh, or 

GC-Tfh cell progeny from donor Tem, donor Tcm, or recipient naïve cells. **, p < 0.01. 

 

Development of Tem and Tcm Cells  

The results were consistent with the possibility that Th1 effector and Tcm 

precursor cells generated early in the primary response gave rise to Th1em and Tcm cells.  

We examined very early times after Lm-2W infection to get insight into the origins of 

these populations.  The IL-2 receptor alpha chain (CD25) was included in the analysis 

because it has been implicated in Th1 development in other systems (Khoruts et al., 1998; 

Liao et al., 2011).  Naïve LLOp:I-Ab-specific cells in uninfected mice did not express 

CXCR5 or CD25 (Figure 3.5A).  Remarkably, the LLOp:I-Ab-specific population had 

already split equally into CXCR5− and CXCR5+ subsets only 3 days after infection 

(Figure 3.5A) when expansion of LLOp:I-Ab-specific T cells was first detected (Figure 

3.1D).  Notably, most of the CXCR5− cells also expressed CD25 and most of the 
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CXCR5+ cells did not (Figure 3.5A).  On day 4 after infection, the CXCR5− cells 

expressed more T-bet than CXCR5+ cells (Figure 3.5B). 

These findings raised the possibility that CD25 was required for the development 

of the CXCR5− effector cells by augmenting T-bet after day 3.  This premise was tested 

in chimeras containing a mixture of wild-type and CD25-deficient T cells so that both 

populations could be monitored under conditions where normal regulatory T cells were 

present to prevent the autoimmunity that occurs in intact CD25-deficient mice 

(Willerford et al., 1995).  As shown in Figure 3.5C and D, CD25-deficient LLOp:I-Ab-

specific naïve cells were about one tenth as good as wild-type cells at generating T-bethigh 

CXCR5- Th1 cells in these chimeras 5 days after Lm-2W infection, but were as good as 

wild-type cells at generating CXCR5+ PD-1- Tfh cells (Tcm precursor cells) and CXCR5+ 

PD-1+ GC-Tfh cells.  CD25 was therefore required for the optimal development of the T-

bethigh CXCR5- Th1 but not the other effector cell populations.  
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Figure 3.5.  Development of Th1 Effector Cells Depends on CD25.  (A) Representative dot 

plots of CD25 versus CXCR5 expression by LLOp:I-Ab-specific cells from naïve mice (red dots) 

or from mice 3 days after intravenous infection with Lm-2W bacteria (black dots). The values on 
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the plots represent the percentage of cells in the indicated quadrants from naïve (red) or Lm-2W-

infected (black) mice.  The scatter plot shows the percentage of CD25+ total naïve CD4+ T cells 

from uninfected B6 mice (diamonds) or CXCR5− (filled circles) or CXCR5+ (open circles) 

LLOp:I-Ab-specific cells from mice 3 days after intravenous infection with Lm-2W bacteria.  

***, p < 0.001.  (B) T-bet expression in total naïve CD4+ T cells from uninfected B6 mice 

(shaded), or CXCR5− (black) or CXCR5+ (gray) LLOp:I-Ab-specific cells from mice 4 days after 

intravenous infection with Lm-2W bacteria, with a scatter plot showing the fold increase of T-bet 

mean fluorescence intensity (MFI) of the indicated LLOp:I-Ab-specific populations over the T-

bet MFI of naïve CD4+ T cells. ***, p < 0.001.  (C) Representative plots of CD45.1 versus 

CD45.2 expression and CD44 expression versus LLOp:I-Ab tetramer staining of CD4+ T cells in a 

tetramer-enriched sample from a radiation chimera produced with CD45.2+ wild-type and 

CD45.1+/2+ Cd25-/- bone marrow, 5 days after intravenous infection with Lm-2W bacteria. (D) 

Number of LLOp:I-Ab-specific Th1, Tcm, and GC-Tfh cells identified as in Figure 2B of wild-

type (filled circles) or Cd25-/- (open circles) origin from individual mice, 5 days after intravenous 

infection with Lm-2W bacteria.  **, p < 0.01. 

 

We also examined the expression of Bcl6 as a prelude to assessing its role in the 

development of Tcm cells. Bcl6 was expressed in higher amounts in the CXCR5+ subset 

of LLOp:I-Ab-specific cells 3 days after Lm-2W infection than in the CXCR5− subset 

(Figure 3.6A).  Radiation bone marrow chimeras containing a mixture of wild-type and 

Bcl6−/− (Dent et al., 1997) cells were used to test whether Bcl6 was required for the 

formation of CXCR5+ T cells.  Indeed, Bcl6-deficient CD4+ T cells failed to generate 

early LLOp:I-Ab-specific CXCR5+ cells on day 3 (Figure 3.6A and B).  Similarly, 



 

 76 

CXCR5+ PD-1− Tfh cells and CXCR5+ PD-1+ GC-Tfh cells were generated at least 100-

fold less well from Bcl6-deficient than from wild-type CD4+ T cells 7 days after Lm-2W 

infection (Figure 3.6C and D).  The Bcl6-deficient LLOp:I-Ab-specific T cells present on 

day 7 were all T-bethigh indicating that T-betlow Tcm precursors were truly absent and had 

not simply lost CXCR5 (Figure 3.6C).  We also produced radiation bone marrow 

chimeras containing a mixture of wild-type and Bcl6+/− T cells to test the dependence of 

the two types of CXCR5+ effector cells on the amount of Bcl6 expressed.  As shown in 

Figure 3.6D, LLOp:I-Ab-specific Bcl6+/− Tfh cells formed normally 7 days after Lm-2W 

infection, while Bcl6+/− GC-Tfh cells exhibited a 10-fold defect compared to wild-type T 

cells. These results demonstrated that Tfh and GC-Tfh cells both depended on Bcl6 

although Tfh cells were less dependent.  
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Figure 3.6.  Development of Tcm Cells Depends on Bcl6.  (A) Representative plot of Bcl6 

versus CXCR5 expression by wild-type (black dots) or Bcl6-/- (red dots) LLOp:I-Ab-specific cells 

from a wild-type/Bcl6-/- mixed radiation bone marrow 3 days after intravenous infection with Lm-
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2W bacteria with a scatter plot showing the percentage of Bcl6+ naïve CD4+ T cells from 

uninfected B6 mice (diamonds) or CXCR5− (filled circles) or CXCR5+ (open circles) LLOp:I-Ab-

specific cells from wild-type mice 3 days after infection.  (B) Number of wild-type (filled circles) 

or Bcl6-/- (open circles) CXCR5− or CXCR5+ LLOp:I-Ab-specific cells from 3 wild-type/Bcl6-/- 

mixed radiation bone marrow chimeras, 3 days after intravenous infection with Lm-2W bacteria. 

*, p < 0.05.  (C) Representative plots of CXCR5 versus PD-1 staining used to identify wild-type 

or Bcl6-/- LLOp:I-Ab-specific Th1 effector cells, Tfh cells (Tcm precursors), and GC-Tfh cells 

from wild-type/Bcl6-/- mixed radiation bone marrow chimeras 7 days after Lm-2W infection.  T-

bet expression by wild-type or Bcl6-/- LLOp:I-Ab-specific cells in these chimeras is also shown.  

(D) Number of LLOp:I-Ab-specific Th1, Tfh, and GC-Tfh cells identified as in (C) from 

individual wild-type/Bcl6-/- (left) or wild-type/Bcl6+/- (right) mixed radiation bone marrow 

chimeras, 7 days after intravenous infection with Lm-2W bacteria.  *, p < 0.05, ***, p < 0.001. 

 

ICOS Signals from B cells Sustain Tcm Cell Differentiation 

The Bcl6 requirement of Tfh cells and GC-Tfh cells prompted us to determine 

whether Tcm precursors also required signals from B cells and the ICOS costimulatory 

receptor (Akiba et al., 2005; Vinuesa et al., 2005) as described for GC Tfh cells (Nurieva 

et al., 2008).  Seven and 25 days after Lm-2W infection, the numbers of LLOp:I-Ab-

specific Tcm cells and GC-Tfh cells were 3-10-fold lower in µMT mice lacking B cells 

(Kitamura et al., 1991) than in wild-type mice (Figure 3.7A).  Therefore, B cells were 

necessary for optimal generation of Tcm and GC-Tfh cells.  
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Figure 3.7.  Development of Tcm Cells Depends on ICOS Signals from B cells.  (A) Number 

of LLOp:I-Ab-specific Th1/Tem, Tfh/Tcm, and GC-Tfh cells identified as in Figure 2B from 

individual wild-type or B cell-deficient µMT mice, 7 or 25 days after intravenous infection with 

Lm-2W bacteria.  (B) Number of LLOp:I-Ab-specific Th1/Tem, Tfh/Tcm, and GC-Tfh cells from 
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individual wild-type/Icos-/- mixed radiation bone marrow chimeras, 7 or 20 days after intravenous 

infection with Lm-2W bacteria.  (C) Number of LLOp:I-Ab-specific Th1, Tcm, and GC-Tfh cells 

from individual wild-type/µMT or Icosl-/-/µMT mixed radiation bone marrow chimeras, 7 or 8, or 

20 days after intravenous infection with Lm-2W bacteria.  *, p < 0.05, **, p < 0.01, ***, p < 

0.001 

 

The role of ICOS was tested in bone marrow chimeras reconstituted with an equal 

mixture of ICOS-deficient (Tafuri et al., 2001) and wild-type bone marrow cells so that 

ICOS-deficient T cells could be analyzed under conditions where wild-type T cells were 

present to promote a normal germinal center response.  ICOS-deficient and wild-type 

Th1 effector cells were generated equally 7 days after Lm-2W infection, and maintained 

as Th1em cells on day 20 (Figure 3.7B).  In contrast, ICOS-deficient Tfh cells were 

generated at about 3-fold less well on day 7 and survived as Tcm cells on day 20 about 

30-fold less well than the comparable wild-type populations. GC-Tfh cells were even 

more dependent on ICOS, forming 100-fold less well on days 7 and 20 in the absence of 

ICOS than in its presence.   

We next determined whether B cells were the critical source of ICOSL.  Chimeras 

were made by reconstituting lethally irradiated B6 mice with an equal mixture of ICOSL-

deficient (Mak et al., 2003) and wild-type or µMT bone marrow cells incapable of 

forming B cells (Kitamura et al., 1991).  All of the B cells in the chimeras made with 

wild-type bone marrow expressed ICOSL, and all of the B cells in the chimeras made 

with ICOSL-deficient bone marrow cells lacked ICOSL, while half of the dendritic cells 
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in those chimeras expressed ICOSL.  Seven or 8 days after Lm-2W infection, the number 

of LLOp:I-Ab-specific Tfh cells was slightly but not significantly lower in chimeras 

containing ICOSL-deficient B cells than in chimeras containing wild-type B cells (Figure 

3.7C).  However, by day 20, the number of LLOp:I-Ab-specific Tcm cells was 100-fold 

lower in chimeras containing ICOSL-deficient B cells than in chimeras containing wild-

type B cells (Figure 3.7C).  GC-Tfh cells were generated 100-fold less efficiently on days 

7 or 8 in chimeras containing ICOSL-deficient B cells than in chimeras containing wild-

type B cells.  The formation of Tcm cells and GC-Tfh cells in chimeras lacking ICOSL 

on B cells therefore mirrored the production of these populations from ICOS-deficient T 

cells.  Together, these experiments demonstrate that the interaction of ICOS on the T 

cells with ICOSL on B cells is necessary for optimal generation of GC-Tfh cells and the 

maintenance of Tcm cells.  
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Supplemental Figure 3.1.  Characterization of r7UP mice.  (A) Schematic representation of 

strategy used to create the r7UP mouse.  (B) Representative plot of eYFP versus CCR7 

expression by total CD4+ T cells from uninfected B6 (left) or r7UP mice (right) after 5 days of 

tamoxifen treatment.  (C) eYFP versus CCR7 (left) or CXCR5 (right) expression by tetramer-

enriched LLOp:I-Ab-specific CD4+ T cells from r7UP mice 20 days after Lm-2W infection.  All 

mice were analyzed after 5 days of tamoxifen treatment. 

 

3.4 Discussion 

Our results demonstrate that LLOp:I-Ab-specific T-bethigh CXCR5− and T-betlow 

CXCR5+ CD4+ T cells were already present at the peak of the primary response to a 

vaccine strain of Lm.  Several observations indicate that some of these effector cells 

survived the contraction phase to become Th1em and Tcm cells.  First, the 2 memory cell 
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populations that survived the contraction phase had phenotypes that were very similar to 

the 2 effector cell populations with the exception that T-betlow CXCR5+ memory cells 

lacked Bcl6.  Second, several other groups demonstrated that memory cells can be 

derived from IFN-γ-producing Th1 effector cells (Harrington et al., 2008; Lohning et al., 

2008).  Third, our studies of the r7UP mouse revealed that CCR7+ Tcm cells were 

derived from CCR7+ effector cells present at the peak of clonal expansion.  Our results 

indicate that GC-Tfh cells fail to enter the memory cell pool although we cannot rule out 

that possibility that small numbers of these cells lose expression of PD-1 and contribute 

to the CXCR5+ memory cell population. 

The bifurcation of Lm p:MHCII-specific effector cells into CXCR5− and CXCR5+ 

subsets was already apparent at the time of the earliest proliferation at day 3 as recently 

described in another CD4+ T cell response (Choi et al., 2011).  Although it is not clear 

what caused this early bifurcation, an asymmetric division of a CD25+ mother cell into 

CD25+ and CD25− daughter cells is a possibility (Chang et al., 2007).  Once this split 

occurred, then work by others suggests a scenario in which IL-2 receptor signaling in the 

CD25+ cells activated STAT5 (Hou et al., 1995; Lin et al., 1995), which induced the IL-

12 receptor and T-bet (Liao et al., 2011), and suppressed Bcl6 and CXCR5 by inducing 

Blimp-1 (Gong and Malek, 2007; Shaffer et al., 2000).  This sequence of events would be 

predicted to cause the early CD25+ CXCR5− cells to retain T-bet and differentiate into 

Th1 effector cells, a fraction of which then survived as Th1em cells.  

Conversely, the lack of IL-2 receptor signaling in the early CD25− cells may have 

been conducive to Bcl6 expression, which was essential for formation of early CXCR5+ 
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effector cells and subsequent PD-1− Tfh cell and PD-1+ GC-Tfh cell progeny.  Although 

it is not clear what drives the split between PD-1− Tfh cells and PD-1+ GC-Tfh cells, the 

requirement of GC-Tfh cells for more Bcl6 and earlier ICOS signals than Tfh cells may 

be a clue.  GC-Tfh cells tend to express TCRs with higher affinity for pMHCII ligands 

than other cells in the population (Fazilleau et al., 2009).  The formation of these cells is 

also promoted by additional p:MHCII presentation by B cells (Deenick et al., 2010; 

Johnston et al., 2009).  Therefore, early CXCR5+ effector cells that receive very strong 

TCR and ICOS signals may express and maintain the large amounts of Bcl6 needed to 

commit to the GC-Tfh fate.  Other early CXCR5+ effector cells that receive less strong 

TCR and ICOS signals may express enough Bcl6 needed to become Tfh cells, and 

subsequently Tcm cells, but not enough to maintain Bcl6 and become GC-Tfh cells.  

Although Tcm and GC-Tfh cells express CXCR5 and share some activation 

requirements, our results show that these are different cells.  For example, Tcm cells were 

located at the T cell areas, not the follicles like GC-Tfh cells (Crotty, 2011).  In addition, 

Tcm cells did not express Bcl6 and were relatively inefficient at producing GC-Tfh cells 

during the secondary response.  Indeed, Th1 effector cells were the dominant progeny 

produced by Tcm cells when exposed to antigen.  These properties may be related to the 

fact that Tcm cells expressed low amounts of T-bet at the time of challenge, and thus 

were partially committed to the Th1 lineage.  Notably, however, Tcm cells produced 

some CXCR5+ effector cells indicating that they were more flexible than Th1em cells, 

which only produced Th1 effector cells.  The reports that CXCR5+ Bcl6− Tcm-like 

memory cells present in humans (Chevalier et al., 2011), and similar cells in mice 
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immunized with soluble antigen (MacLeod et al., 2011) or Salmonella infection (Lee et 

al., 2011) are potent helpers of B cell proliferation and antibody production is further 

evidence of the poly-functionality of Tcm cells. 

 An implication of this work is that B cells enhance the production of Tcm cells, 

adding to other studies showing a role for B cells in memory T cell formation (Linton et 

al., 2000; Whitmire et al., 2009).  In our study, it was very likely that many B cells in the 

spleen had access to Lm bacteria soon after intravenous injection.  In contrast, B cells 

may have less access to bacteria like Mycobacteria and Salmonella, which often initially 

enter the body in very small numbers and then multiply inside the phagosomes of 

macrophages and dendritic cells (Cosma et al., 2003; Monack et al., 2004) and induce 

poor germinal center responses (Cunningham et al., 2007; Racine et al., 2010).  Our 

results suggest that poor B cell activation in these infections produces primarily Th1em 

cells.  In contrast, immunization with soluble antigens and adjuvants, which freely 

activate B cells, may produce primarily Tcm and GC-Tfh cells.  Therefore, subunit 

vaccines of this type may not produce protective immunity to Mycobacteria and 

Salmonella infections because they induce the wrong type of memory T cells.  The 

challenge facing vaccines for this type of infection will therefore be to deliver the antigen 

in a way that maximizes IL-2 production and minimizes activation of B cells.  

 

 

 

 



 

 86 

 
Chapter 4: 

Germinal Center T Follicular Helper Cells Form Central Memory T Cells with an 

Increased Capacity to Produce CXCR5+ Effector Cells 

 

Acute, systemic Listeria monocytogenes or lymphocitic choriomeningitis virus 

(LCMV) infections generate three kinds of CD4+ effector cells; Th1 cells and two 

CXCR5+ follicular helper subsets, one expressing PD-1 and located in germinal centers 

(GC-Tfh) and another lacking PD-1 and located at the border between the T and B cell 

areas (Tfh). However, the memory cell population that survives after the contraction 

phase only contains Th1 cells and CC chemokine receptor 7 (CCR7)+ central memory T 

(Tcm) cells phenotypically resembling Tfh cells.  Thus, it is not clear whether GC-Tfh 

cells present early in the response contribute to the memory cell pool. Here we used a 

peptide:MHCII tetramer-based cell enrichment method to discover that GC-Tfh cells 

generated in response to lymphocitic choriomeningitis virus (LCMV) infection become 

memory cells but lose PD-1 expression.  Like memory cells originating from Tfh cells, 

GC-Tfh -derived memory cells produced diverse effector cell subsets in a secondary 

response but were better at making Tfh and GC-Tfh cells than the Tfh-derived memory 

cells.  Thus, both Tfh and GC-Tfh cells contribute to the Tcm pool but the GC-Tfh-

derived memory cells have an increased potential to generate CXCR5+ effector T cells. 

 

 

4.1 Introduction 
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Naïve CD4+ T cells that encounter dendritic cells displaying the relevant 

peptide:MHC II ligand (p:MHCII) proliferate and produce effector cells, some of which 

survive long-term as memory cells. During acute infections with Listeria monocytogenes 

or lymphocitic choriomeningitis virus (LCMV), the effector cell population consists of 

Th1 cells, CXCR5high PD-1high T follicular helper cells that are located in germinal 

centers (GC-Tfh) and CXCR5int PD-1low Tfh cells that are located at the border between 

the T and B cell zones. Two phenotypically-distinct memory cell populations remain 

following the contraction phase of the response, one resembling the Th1 effector cells 

and one resembling the Tfh effector cells. We recently demonstrated that the latter 

memory T cells correspond to classically-defined central memory T (Tcm) cells (Sallusto 

et al., 1999) based on expression of CCR7, location within T cell areas of secondary 

lymphoid tissue, ability to rapidly produce IL-2 but not IFN-γ upon re-stimulation with 

cognate p:MHCII ligand, and production of Th1 cells, Tfh cells, and GC-Tfh cells in a 

secondary response (Pepper et al., 2011).  Similar CXCR5+ CD4+ memory T cells with B 

cell helper function have been described in humans and other murine systems (Chevalier 

et al., 2011; MacLeod et al., 2011; Morita et al., 2011).  

The absence of memory cells with the GC-Tfh phenotype raised the possibilities 

that the GC-Tfh effector cells died and the CXCR5+ Tcm cells were derived exclusively 

from Tfh effector cells. The observation that tonsilar GC-Tfh cells are prone to apoptosis 

in vitro (Rasheed et al., 2006) supports this perspective. However, it was also possible 

that some GC-Tfh effector cells lose expression of PD-1 and enter the memory pool 

along with some Tfh effector cells. A recent imaging study by Okada and colleagues 
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showing that GC-Tfh cells can downregulate PD-1 and Bcl6, become quiescent, and 

express memory markers during the resolution of a primary immune response (Kitano et 

al., 2011) is consistent with this possibility.  

We sought to resolve the issue of whether Tfh cells or GC-Tfh cells are the 

precursors of Tcm cells by using p:MHCII tetramers and a magnetic bead-based 

enrichment method to directly compare the fate of p:MHCII-specific Tfh cells and GC-

Tfh cells generated in response to an acute systemic LCMV infection.  We demonstrate 

that both Tfh and GC-Tfh effector cells contribute to the Tcm cell pool. In addition, we 

found that memory cells generated from both types of effector cells produce Th1 effector 

cells, Tfh cells, and GC-Tfh cells in a secondary response but that GC-Tfh cell-derived 

memory cells were superior at producing CXCR5+ effector cells.  Our results indicate 

that Tfh and GC-Tfh cells contribute to the Tcm cell pool and highlight a difference in 

their secondary response potential. 

 

4.2 Materials and Methods 

Mice 

Six- to eight-week old B6 and B6.SJL-Ptprca Pep3b/BoyJ (CD45.1) mice were purchased 

from the Jackson Laboratory or the National Cancer Institute and housed in a specific 

pathogen-free facility in accordance to guidelines from the National Institutes of Health 

and the University of Minnesota.  The Institutional Animal Care and Use Committee of 

the University of Minnesota approved all experiments.   
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Infections 

Mice were infected i.p. with 2 x 105 plaque-forming units of the LCMV Armstrong strain 

(D. Masopust, University of Minnesota) as previously described (Homann et al., 2001). 

 

Tetramer Production 

Soluble biotin-labeled I-Ab molecules containing LCMV glycoprotein (GP)66-77 peptide 

(DIYKGVYQFKSV) covalently linked to the I-Abβ chain were produced in Drosophila 

melanogaster S2 cells, purified, and made into tetramers with allophycocyanin-

conjugated streptavidin (Prozyme) as described (Moon et al., 2007). 

 

Cell Enrichment and Flow Cytometry   

All antibodies were from eBioscience unless indicated.  Single-cell suspensions from 

spleen and lymph nodes were stained for 1 hour at room temperature with 

allophycocyanin-conjugated streptavidin GP66:I-Ab tetramers and 2µg of phycoerythrin-

labeled anti-CXCR5 (2G8; BD Bioscience) and peridinin chlorophyll protein-cyanine 

5.5-conjugated anti-CCR7.  Samples were then enriched with magnetic bead-coupled 

anti-allophycocyanin over a magnetized LS column (Miltenyi), and a portion was 

removed for cell counting with fluorescent counting beads (Invitrogen) as described 

(Moon Immunity 2007).  Enriched samples were stained for 30 minutes at 4°C with 

antibodies specific for B220 (RA3-6B2), CD11b (MI-70), CD11c (N418), CD8α (5H10; 

Invitrogen), PD-1 (J43), CD4 (RM4-5), CD3ε (145-2C11), CD44 (IM7), CD45.1 (A20), 

and/or CD45.2 (104) each labeled with a different fluorochrome.  To detect transcription 
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factors, some samples were subsequently treated with Foxp3 Fixation/Permeabilization 

Concentrate and Diluent (eBioscience) and stained for 1 hour at 4°C with antibodies 

against T-bet (4B10; Biolegend) and/or Bcl6 (K112-91; BD Bioscience).   

 

Fluorescence-activated Cell Sorting and Adoptive Transfers 

CD4+ T cells from the spleen and lymph nodes of LCMV-infected CD45.1 mice were 

negatively selected with the CD4+ T cell Isolation Kit II (Miltenyi) over a magnetized LS 

column (Miltenyi).  Single cell suspensions were stained with a cocktail of antibodies 

against B220, CD11b, CD11c, CD8α to exclude non-CD4+ T cells and antibodies to 

CXCR5, CCR7, and PD-1 to identify CD4+ T cell subsets of interest.  Cells of interest 

were sorted with a FACSAria (Becton Dickinson) flow cytometer.  Tem cells were 

identified as CXCR5-, CCR7-, PD-1-; Tfh cells and Tcm cells were identified as 

CXCR5int, CCR7+, PD-1-; and GC-Tfh cells were identified as CXCR5high, CCR7-, PD-

1high.  In some experiments, samples were also stained with antibodies against CD4 and 

CD44.  To determine the frequency of GP66:I-Ab-specific T cells within the sample to be 

sorted, an aliquot of the CD4+ T cell-enriched sample was stained with GP66:I-Ab 

tetramer and antibodies as described above.  For experiments comparing the secondary 

responses of Tem cells and Tcm cells, cell suspensions containing 8,000 Tem or Tcm 

GP66:I-Ab+ T cells were injected into B6 mice i.v.  Recipient mice were immediately 

infected i.p. with LCMV as indicated above.  For experiments evaluating Tfh cell and 

GC-Tfh cell entry into the memory pool, 37,000 Tfh cells or GC-Tfh cells were injected 

i.v. into B6 mice.  Twenty-seven days after transfer, a cohort of recipient mice was 
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infected with LCMV as indicated above.  In some experiments, transferred CD45.1+ cells 

were enriched for analysis as previously described (Hataye et al., 2006).  In other 

experiments, cells from B6 mice were sorted and transferred into CD45.1+ mice. 

 

Statistical Analyses 

Statistical tests were performed in Prism (GraphPad).  For comparisons between two 

groups, a two-tailed, unpaired Student’s t test was used.  For comparisons involving three 

groups, a two-tailed, unpaired, one-way Analysis of Variance (ANOVA) with Bonferroni 

post-test was used.  P values less than 0.05 were considered statistically significant. 

 

4.3 Results 

Detection of Polyclonal GP66:I-Ab-specific CD4+ T Cells 

We used p:MHCII tetramers and a magnetic bead-based enrichment method 

(Moon et al., 2009; Moon et al., 2007) to detect polyclonal CD4+ T cells specific for the 

LCMV glycoprotein peptide 66-77 (DIYKGVYQFKSV) bound to the I-Ab MHCII 

molecule (GP66:I-Ab) (Homann et al., 2001).  We then tracked the primary response of 

GP66:I-Ab-specific T cells in I-Ab+ C57BL/6 (B6) mice following intraperitoneal 

inoculation with the Armstrong strain of LCMV, which produces a systemic infection 

that is cleared in about a week (Wherry et al., 2003).  Tetramer-enriched spleen and 

lymph node single cell suspensions were stained with anti-CD3 and a cocktail of 

antibodies to non-T lineage markers to identify T cells (Figure 4.1A).  About 150 GP66:I-

Ab-specific T cells were detected among the CD4+ T cells in enriched samples from 
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uninfected mice, while none were detected in the CD8+ T cell population (Figure 4.1B 

and D).  Tetramer-binding cells in uninfected mice were CD44low as expected for naive 

cells.  By day 8 after infection, GP66:I-Ab-specific cells had expanded about 4,000-fold 

and were CD44high as expected for antigen-experienced cells (Figure 4.1C and D).  The 

number of GP66:I-Ab-specific T cells then contracted to about 10% of peak numbers by 

day 31 and gradually declined over the following several hundred days (Figure 4.1D).  

The dynamics of this response were therefore similar to those described for p:MHCII-

specific CD4+ T cells responding to LCMV Armstrong (Homann et al., 2001) or systemic 

infection with a vaccine strain of L. monocytogenes (Pepper et al., 2010; Pepper et al., 

2011). 
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Figure 4.1.  Identification of GP66:I-Ab-specific T Cells.  GP66:I-Ab+ T cells were 

magnetically enriched from pooled spleen and lymph nodes from uninfected or LCMV-infected 

B6 mice and visualized by flow cytometry.  (A) T cells were identified as CD3+ events that did 

not bind non-T lineage-specific antibodies. CD4+ and CD8+ subsets were identified within the 

CD3+ population. (B) GP66:I-Ab tetramer versus CD44 staining for CD4+ T cells (left) or CD8+ T 

cells (right) in a tetramer-enriched sample of an uninfected mouse or (C) CD4+ T cells 8 days 

after LCMV infection.  The numbers on each plot represent the percentage of cells in the 

indicated gates. (D) Mean number of GP66:I-Ab+ T cells (3 - 6 mice per time point) at the 

indicated times after LCMV infection.  Error bars represent standard error of the mean.  Pooled 

data from three different experiments are shown. 

 

Characterization of CD4+ T Cell Response to LCMV Armstrong Infection 

We then sought to determine if LCMV Armstrong infection produced Th1 

effector cells, Tfh cells, and GC-Tfh cells similar to those generated after systemic 

infection with attenuated L. monocytogenes (Pepper et al., 2011).  Eight days after 

LCMV infection, three subsets of GP66:I-Ab-specific T cells could be defined by 

expression of CXCR5 and PD-1 (Figure 16A).  All three subsets expressed more T-bet 

than naive cells, with CXCR5low PD-1low cells expressing the most (Figure 4.2B and C).  

CXCR5int PD-1low and CXCR5high PD-1high cells expressed more CCR7 than CXCR5- 

PD-1low cells but less than naive cells (Figure 4.2B and D).  Both CXCR5+ subsets but 

not CXCR5- PD-1low or the naive cells expressed Bcl6, with CXCR5high PD-1high cells 

expressing the largest amounts (Figure 4.2B and E).  About 10% of the CXCR5- and 

CXCR5int PD-1low effector cells survived the contraction phase and produced cells 



 

 94 

resembling the Tem and Tcm cells described after L. monocytogenes infection (Pepper et 

al., 2011).  In contrast, cells with a GC-Tfh cell phenotype did not persist into the 

memory phase, as indicated by the loss of PD-1high and Bcl6+ cells (Figure 4.2B, D, E).  

Thus, LCMV infection produced CXCR5- PD-1low Th1 effector cells, CXCR5+ PD-1low 

Tfh cells, and CXCR5+ PD-1high GC-Tfh cells but only CXCR5- PD-1low and CXCR5+ 

PD-1low memory cells like L. monocytogenes infection (Pepper et al., 2011).  These 

GP66:I-Ab-specific T cell subsets also resembled those recently defined by Marshall and 

colleagues based on PSGL-1 and Ly6C expression (Marshall et al., 2011). 
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Figure 4.2.  Characterization of CD4+ T Cell Subsets after LCMV Armstrong Infection.  (A) 

Plots identifying CXCR5- PD-1- Th1/Tem cells, CXCR5+ PD-1low Tfh/Tcm cells, and CXCR5+ 

PD-1high GC-Tfh cells within GP66:I-Ab+ T cells 8 or 374 days after LCMV infection. (B) 

Histograms of T-bet, CCR7, and Bcl6 expression on naive, day 8 effector cells, or day 374 

memory cells.  Mean fluorescence intensity (MFI) of (C) T-bet, (D) CCR7, or (E) Bcl6 on 

GP66:I-Ab+ T cells 8 or 374 days after infection. Histograms for CD44low tetramer- naïve cells are 
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also shown for comparison.  (F) Mean number of GP66:I-Ab+ Th1 effector/Tem cells, Tfh/Tcm 

cells, and GC-Tfh cells after LCMV infection.  Data from a single experiment (A – E) or three 

experiments (F) with three mice per group are shown. 

 

Secondary Responses by GP66:I-Ab-specific Effector Memory and Central Memory 

T Cells 

We then investigated whether the cells in the memory phase that phenotypically 

resembled Tem cells and Tcm cells behaved as such in a secondary response.  Tem cells 

and Tcm cells were sorted from day 29 LCMV-infected mice based on the CD4+, 

CD44high, CCR7-, CXCR5-, PD-1- and CD4+, CD44high, CCR7+, CXCR5+, PD-1-  

phenotypes, respectively (Figure 4.3A and B), and transferred into uninfected, congenic 

recipients that were then infected with LCMV Armstrong.  GP66:I-Ab-binding T cells 

were then detected among the CD4+ T cells of donor or recipient origin 7 days after 

infection (Figure 4.3C).  As expected, the recipient’s naive cells produced Th1 cells, Tfh 

cells, and GC-Tfh cells (Figure 4.3C – F).  Donor-derived Tem cells chiefly produced 

Th1 cells.  In contrast, Tcm cells formed Th1 cells, Tfh cells, and GC-Tfh cells similarly 

to the recipient’s naive cells.  Thus, LCMV Armstrong infection produces memory 

subsets that are very similar to those generated after attenuated L. monocytogenes 

infection (Pepper Immunity 2011).   
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Figure 4.3.  Secondary Responses by GP66:I-Ab-specific Memory T Cells.  CD4+ Tem cells 

and Tcm cells from the spleen and lymph nodes of CD45.1+ mice 29 days after LCMV infection 

were sort purified as described in the text.  Eight-thousand GP66:I-Ab+ T cells were transferred 
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i.v. into B6 recipients, which were immediately infected with LCMV.  Seven days after transfer, 

GP66:I-Ab+ T cells were enriched magnetically and analyzed by flow cytometry.  (A) Plot 

illustrating gating strategy used for sorting subsets of CD44high CD4+ T cells.  CCR7 staining was 

also used as a sorting parameter with Tem cells identified as CCR7- and Tcm cells identified as 

CCR7+.  (B) Post sort analysis of the indicated populations.  (C) Plots show gating strategy to 

identify recipient and donor GP66:I-Ab+ T cells, and Th1/Tfh/GC-Tfh subsets within the GP66:I-

Ab+ T cell populations (right).  (D) Percentages of Th1 cells, Tfh cells, and GC-Tfh cells from 

individual mice after LCMV infection.  One-way ANOVA with Bonferroni post-test was used to 

determine statistical significance.  (p > 0.05, not significant, n.s.; p < 0.01, **; p < 0.001, ***).  

Each symbol represents an individual mouse.  Data from one experiment with 3 – 4 mice per 

group are shown. 

 

GC-Tfh Cells that Persist into the Memory Phase Lose PD-1 Expression 

 We next developed a sensitive adoptive transfer method to assess whether GC-

Tfh effector cells enter the memory pool.  Six x106 purified CD4+ T cells from naive or 

day 82 LCMV-infected CD45.1+ mice were transferred into uninfected CD45.2+ 

recipients.  A day after transfer, donor-derived CD4+ T cells were enriched with CD45.1 

antibody and stained with GP66:I-Ab tetramer.  GP66:I-Ab-binding CD44high T cells of 

donor origin were detected in the mice that received CD4+ T cells from LCMV-infected 

mice but not naive mice (Figure 4.4A and B), thereby demonstrating the specific 

detection of transferred memory cells. The CD44high tetramer-binding cells detected in 

the recipients accounted for about 1% of the GP66:I-Ab+ memory cells that were present 

in the transferred population from day 82 LCMV-infected donor mice.  These results 
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demonstrated that small numbers of GP66:I-Ab+-specific memory T cells could be 

detected after adoptive transfer.  

To address whether GC-Tfh effector cells enter the memory pool, we sorted 

CCR7+ CXCR5int PD-1low Tfh cells and CCR7- CXCR5high PD-1high GC-Tfh cells from 

day 13 LCMV-infected mice (Figure 4.4C and D), and transferred these cells into 

uninfected congenic recipients. CCR7 was included in the sorting strategy because Tfh 

cells expressed two-fold more CCR7 on day 13 than GC-Tfh cells (data not shown).  A 

day after transfer, donor GP66:I-Ab-specific T cells could be detected in recipient mice 

(Figure 4.4E and F), and these cells retained their respective Tfh and GC-Tfh cell 

phenotypes (Figure 4.4G and H).  Twenty-seven days after transfer, corresponding to 40 

days after infection, donor GP66:I-Ab-specific T cells could still be detected in both 

groups (Figure 4.4E and F).  GC-Tfh cells seeded the secondary lymphoid tissues at 

about 10% the efficiency of the Tfh cells, perhaps as a consequence of sorting CCR7- 

cells.  However, the GC-Tfh cells that seeded the secondary lymphoid tissues survived 

over the following 27 days to the same degree as the transferred Tfh cells (Figure 4.4F).  

Importantly, GC-Tfh cells lost PD-1 expression and resembled the Tfh cells at the end of 

the 27 day transfer period (Figure 4.4G and H).  These results demonstrate that Tfh cells 

and GC-Tfh cells produce phenotypically similar memory cells. 
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Figure 4.4.  GC-Tfh Cells Can Enter the Memory Pool.  (A – B) CD4+ T cells from the spleen 

and lymph nodes of uninfected CD45.1+ mice or CD45.1+ mice that were infected with LCMV 82 
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days earlier were transferred into uninfected B6 mice.  A day after transfer, CD45.1+ cells in the 

spleen and lymph nodes of the recipient mice were enriched with CD45.1 antibody.  (A) Plots of 

GP66:I-Ab tetramer versus CD44 staining on enriched CD4+ T cells.  (B) Enumeration of donor-

derived GP66:I-Ab+ CD44high cells.  (C – H) CD4+ Tfh and GC-Tfh cells were sort purified from 

the spleen and lymph nodes of CD45.1+ mice 12 or 13 days after LCMV infection and samples 

containing 37,000 GP66:I-Ab+ T cells were transferred i.v. into uninfected B6 recipients.  (C) 

Gating strategy used for sorting Tfh and GC-Tfh cells.  (D) Post sort analysis of the indicated 

populations.  (E) Identification of GP66:I-Ab+ T cells within transferred CD45.1+ CD4+ T cells.  

(F) Enumeration of transferred GP66:I-Ab+ T cells 1 or 27 days after transfer.  (G) Phenotype of 

transferred GP66:I-Ab+ T cells.  (E and G) Plots of two concatenated samples for each transferred 

population are shown for days 1 and 27 after transfer.  (H) Percent of PD-1high GP66:I-Ab+ Tfh or 

GC-Tfh cells 1 or 27 days after transfer.  Each symbol represents an individual mouse.  Pooled 

data from two experiments are shown.   

 

Secondary Response Potential of Memory Cells Derived from Tfh Cells or GC-Tfh 

Cells 

 We then sought to determine if the memory cells derived from Tfh cells or GC-

Tfh cells differed in their secondary response potential.  To address this point, we 

rechallenged mice containing transferred Tfh-, or GC-Tfh-derived memory,cells with 

LCMV Armstrong.  Seven days after infection, expanded populations of donor-derived 

and recipient GP66:I-Ab-specific T cells could be detected in the spleen and lymph nodes 

(Figure 4.5A).  As expected, the naive GP66:I-Ab-specific T cells of recipient origin in 

both transfer groups generated Th1 effector cells, Tfh cells, and GC-Tfh cells (Figure 

4.5A – D).  Both Tfh - and GC-Tfh -derived memory cells produced Th1 cells, Tfh cells, 
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and GC-Tfh cells (Figure 4.5A – D), and thus behaved like Tcm cells. The Th1, Tfh, and 

GC-Tfh effector cell progeny derived from the recipient’s naive cells or Tfh or GC-Tfh 

memory cells showed similar graded expression of T-bet with Th1 effector cells 

expressing the most and GC-Tfh cells expression the least (Figure 4.5E).  Thus, the 

effector cells derived from the memory populations were qualitatively similar to those 

generated in a primary response.  However, GC-Tfh-derived memory cells generated 

more Tfh and GC-Tfh effector cells than Tfh cell-derived memory cells and fewer Th1 

effector cells (Figure 4.5A – D). 
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Figure 4.5.  Secondary Responses of Memory Cells Derived from Tfh Cells or GC-Tfh Cells.  

Twenty-eight days after transfer, corresponding to 40 days after infection, memory cells derived 
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from Tfh cells or GC-Tfh cells were challenged with LCMV.  (A) Gating strategy to identify 

CD45.2- recipient and CD45.2+ donor GP66:I-Ab+ T cells (left), and Th1/Tfh/GC-Tfh subsets 

within GP66:I-Ab+ T cells present 7 days after LCMV challenge (right).  Percentages of (B) Th1 

cells, (C) Tfh cells, and (D) GC-Tfh cells within recipient or donor GP66:I-Ab+ T cell 

populations.  (E) Histograms of T-bet expression in CD44low GP66:I-Ab- naive CD4+ T cells and 

GP66:I-Ab+ Th1 cells, Tfh cells, and GC-Tfh cells derived from the recipients’ naive cells or the 

transferred Tfh or GC-Tfh cells.  (F) MFI of T-bet expression in recipient and donor CD4+ T 

cells.  Each symbol represents an individual mouse, and horizontal lines indicate mean values.  

One-way ANOVA with Bonferroni post-test was used to determine statistical significance (p < 

0.01, **; p < 0.001, ***).  Pooled data from two experiments are shown. 

 

4.4 Discussion 

The results presented here clarify the precursor-product relationship between 

CXCR5+ effector cell subsets and Tcm cells by showing that both Tfh and GC-Tfh 

effector cell populations generate cells that become Tcm cells.  The GC-Tfh effector cells 

that do so lose PD-1 and thus become indistinguishable from Tfh-derived Tcm cells.  

This conclusion is supported by the recent work of Nutt and colleagues showing that the 

GC-Tfh effector cells marked by expression of IL-21 become PD-1- memory cells 

(Luthje et al., 2012).  Although both CXCR5+ populations contribute cells to the Tcm 

pool, it is likely that Tfh effector cells contribute more since they outnumber GC-Tfh 

effector cells about 5 to 1 at the peak of the response.  

Another important conclusion of our study is that GC-Tfh-derived memory cells 

are better at generating CXCR5+ effector cells than Tfh-derived memory cells. This 
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advantage might relate to a more advanced stage of differentiation.  Recent studies 

suggest that GC-Tfh cells rely more heavily on Bcl6, ICOS, SAP, and p:MHCII 

presentation by B cell than Tfh cells (Baumjohann et al., 2011; Choi et al., 2011; Goenka 

et al., 2011; Pepper et al., 2011; Yusuf et al., 2010), supporting the idea that GC-Tfh cells 

constitute a more differentiated subset within a developmental continuum of Tfh cells 

(Crotty, 2011).  GC-Tfh cells may garner higher amounts of ICOS by receiving stronger 

signals through their TCRs, which have been shown to have higher affinities for 

p:MHCII ligands than other T cells in the population (Fazilleau et al., 2009).  In addition, 

the lower expression of T-bet by GC-Tfh cell-derived Tcm cells might preclude them 

from efficiently generating Th1 effector cells by limiting their capacity to repress Bcl-6 

(Nakayamada et al., 2011; Oestreich et al., 2012).  The fact that GC-Tfh effector cells 

produce memory cells that are poised to produce more GC-Tfh effector cells indicates 

that vaccines that rely on T cell-dependent antibodies should aim to generate this T cell 

subset. 
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Chapter 5: 

Conclusions 

5.1 Summary 

 Our in vivo experiments tracking antigen-specific CD4+ T cells in gene-targeted 

mice during the course of Lm infection show that CD28, ICOS, IL-2R signals control 

different aspects of helper T cell memory formation, and suggest the following model 

(Figure 5.1).  Naive p:MHCII-specific CD4+ T cells begin to expand upon encountering 

DC in T cell areas displaying cognate pMHCII and high-levels of CD80 and CD86.  

While CD28 signaling is not necessary for initial expansion, its engagement enhances 

TCR-induced NFκB activation, which sustains clonal expansion by inducing the 

expression of genes that promote cell cycle progression and survival.  While the 

cytoplasmic tail of CD28 was necessary for this effect, neither the often-studied YMNM 

nor PYAP motifs were required.  Since both DC and B cells express CD80 and CD86 

(Jenkins et al., 2001), it is likely that CD28 signaling will be engaged every time a T cell 

encounters cognate pMHCII displayed by these APCs.  This suggests that CD28 might 

amplify NFκB signaling throughout the extent of the expansion phase but not during the 

contraction or memory phases.  Once antigen is cleared, most effector T cells will die 

during the contraction phase and about 10% will persist as memory cells.  Importantly, 

the number of memory cells that is generated whether in the presence or absence of 

CD28 signaling proportional to the number of effector cells at the peak of the response, 

indicating that CD28 is dispensable for establishing memory cell survival gene 

expression program or overcoming clonal anergy in the context of an immune response to 
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infection.  Future structure-function studies should identify the critical motif on the tail of 

CD28 responsible for regulating clonal expansion in vivo and engaging the NFκB 

pathway. 

 

 

 

Figure 5.1.  Model of CD28, ICOS, and IL-2R Function in Helper T Cell Memory 

Formation.  Naive CD4+ T cells specific for a pathogen-derived peptide bound to MHCII expand 

clonally upon encountering DC displaying the relevant p:MHCII and CD80/CD86 molecules.  

CD28 signaling enhances expansion by amplifying TCR-induced NFκB activation independently 

of its PYAP and YMNM motifs.  During the expansion phase, IL-2R signaling promotes Th1 

effector cell differentiation and inhibits Tfh cell differentiation.  Conversely, ICOSL expression 

by B cells supports Bcl-6-dependent Tfh and GC-Tfh cell differentiation.  A few Th1 effector 

cells survive the contraction phase, producing Tem cells.  In contrast, the few Tfh cells and GC-

Tfh cells that survive the contraction phase persist as Tcm cells.   
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 TCR plus costimulation then induces the expression of ICOS, CD25, and IL-2, 

which exert their effects on T cell differentiation throughout the week following initial 

pMHCII encounter.  In contrast to CD28, these molecules do not act as global regulators 

of CD4+ effector T cell expansion; CD28-deficient T cells in competitive chimeras with 

normal T cells showed a 50-fold expansion defect, while ICOS- or CD25-deficient cells 

showed less than a 3-fold defect in expansion.  Instead, the major functions of ICOS and 

IL-2R signaling appear to be to support Bcl6 or Blimp-1/T-bet differentiation programs, 

respectively.  Choi et al. and our work show that two molecularly distinct populations of 

effector cells emerge within the first 3 days of infection.  One expresses Bcl6, CXCR5, 

and low levels of T-bet while the other one expresses Blimp-1, CD25, and higher levels 

of T-bet (Choi et al., 2011; Pepper et al., 2011).  Sequential ICOS stimulation by ICOSL-

expressing DC and B cells, once primed T cells migrate to the T-B border, likely 

enhances Bcl6 expression on the early CXCR5+ Tfh cells, thus repressing Blimp-1 

(Johnston et al., 2009).  Alternatively, ICOS supports TCR-driven survival or 

proliferation of Tfh cells.  Future biochemical studies should help resolve this 

controversy.  Regardless of the specific mechanism, ICOS signaling cements Tfh cell 

fate.  The observation that effector cells in the earliest stages of priming express some 

Bcl6 suggests that Bcl6 induction might constitute a “default” process initiated by TCR 

signaling plus an early wave of IL-12-induced STAT4 signaling (Baumjohann et al., 

2011; Choi et al., 2011; Goenka et al., 2011; Kerfoot et al., 2011; Nakayamada et al., 

2011).  Tfh cells with the highest affinity TCR might outcompete the lower affinity 

clones for B cells presenting cognate pMHCII (Fazilleau et al., 2009), thus receiving 
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sustained TCR signaling plus ICOS costimulation, which drive full polarization of these 

Tfh cells into IL-21-secreting Bcl6high CXCR5high PD-1high GC-Tfh cells (Deenick et al., 

2010; Luthje et al., 2012; Yusuf et al., 2010).  Fully differentiated GC-Tfh cells then help 

cognate B cells undergo somatic hypermutation and class switch recombination in 

germinal centers (Crotty, 2011).  Within the following 2 – 4 weeks as antigen is cleared, 

most Tfh and GC-Tfh cells undergo apoptosis but a few will persist as Tcm cells, losing 

expression of Bcl6 and PD-1 (Kitano et al., 2011).  The fact that Tfh cells are more 

numerous than GC-Tfh cells suggests that Tfh cells are the major Tcm precursor cell 

population.  Importantly, however, GC-Tfh cell-derived Tcm cells have a greater capacity 

to produce CXCR5+ effector cells upon secondary challenge than Tfh cell-derived Tcm 

cells, suggesting that more differentiated status of GC-Tfh cells compared to Tfh cells 

makes them more resistant to Th1-inducing signals during secondary challenge.  In 

contrast to ICOS and Bcl6, IL-2 signaling in CXCR5- early effector cells promotes Th1 

effector cell differentiation by simultaneously inducing Th1-specific genes in a STAT5-

dependent manner and repressing the Bcl6 that was expressed early in the priming phase 

(Ballesteros-Tato et al., 2012; Johnston et al., 2012; Liao et al., 2011; Nakayamada et al., 

2011; Nurieva et al., 2012; Oestreich et al., 2012; Pepper et al., 2011).  Nonetheless, 

whether other signals emanating from the IL-2R besides STAT5 activation (i.e., PI3K 

and MAPK signals) participate in Th1 differentiation in vivo remains unclear.  Once 

antigen is cleared, some of these Th1 effector cells persist as Tem cells.  Thus, ICOS and 

IL-2R signals elaborate two distinct effector differentiation programs that are initiated 

early in the expansion phase and that produce two unique memory cell populations.   
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5.2 Therapeutic Implications  

 The observation that CD28 and ICOS control different aspects of helper T cell 

priming suggest that novel clinical interventions targeting ICOS signaling or both CD28 

and ICOS pathways might be beneficial in the treatment of T-dependent antibody-

mediated autoimmune diseases like rheumatoid arthritis.  While blockade of CD28 

signaling with a CTLA-4 receptor-immunoglobulin fusion protein (CTLA-4:Ig, 

abatacept) is often a safe and effective treatment for severe rheumatoid arthritis, it did 

increase the incidence of serious bacterial infections in patients receiving CTLA-4:Ig plus 

other anti-rheumatic therapies compared to patients receiving therapies other than CTLA-

4:Ig (Weinblatt et al., 2006).  ICOS receptor-immunoglobulin fusion proteins (ICOS:Ig) 

or ICOSL blocking antibodies (Iwai et al., 2002) might therefore constitute an alternative 

treatment approach for preventing T-dependent antibody responses without inducing the 

massive T cell immunosuppression that CTLA-4:Ig might produce in humans.  

Nonetheless, since CD28 is not strictly required for ICOS expression and these two 

pathways are not fully redundant (Linterman et al., 2009; Suh et al., 2004), combination 

therapies that block CD28 and ICOS signaling pathways might be viable alternatives for 

patients that do not respond favorably to CTLA-4:Ig treatment alone since it would both 

target clonal expansion and Tfh cell formation.   

The conclusion that ICOS and IL-2R signaling affect distinct aspects of T cell 

differentiation and subsequent memory formation also bring to light implications for 

vaccine design.  To enhance GC-Tfh formation and T-dependent antibody-mediated 
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immunity, such as when aiming to produce neutralizing antibodies to a virus or a 

bacterial toxin with a subunit vaccine, antigen could be targeted to B cells with CD19-

specific antibodies (Yan et al., 2005) and neutralizing antibodies against IL-2 (Boyman 

and Sprent, 2012) could be used concurrently to inhibit Th1 differentiation.  Since GC-

Tfh cells can produce Tcm cells that preferentially differentiate into Tfh cells and GC-

Tfh cells upon secondary challenge, this immunization regimen should be compatible 

with vaccine boosting strategies.  In contrast, immunization against intracellular 

pathogens like M. tuberculosis should aim to minimize Tfh cell development and instead 

promote robust Th1 effector and Tem cell generation.  This goal could be achieved by 

combining strategies targeting antigen to dendritic cells (Trumpfheller et al., 2012), 

stimulating IL-2R signaling in effector CD4+ T cells, and blocking ICOS signaling.
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