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In Vivo Genetic Fate Mapping of T-cell Receptor Signal Strength

Stephen A. Chmura

Abstract 


 Following acute infection, rare naive T-cells expand in number, 

differentiate into effector cells, and acquire functions to combat the pathogen.  

Resolution of the response results in the death of a majority of the effector cells 

and survival of a small population of memory T-cells with properties that 

contribute to increased protection from reinfection.  Many T-cell intrinsic and 

extrinsic signals have been found to enhance or detract from effector and 

memory cell differentiation.  It has been postulated that strength of antigen-

receptor signals influences subsequent fate of naive T-cells during the effector to 

memory transition, however, the nature of these signals and mechanisms of 

action are unclear.


 An approach was taken to genetically mark populations of T-cells in mice 

that differed in the amount of antigen-receptor stimulation.  By using this method 

with the well characterized acute lymphocytic choriomeningitis virus (LCMV) 

model of infection, the fate of antigen-specific CD4+ effector T-cells generated as 

a result of different amounts of TCR signal strength was determined in vivo.  Our 

findings provide in vivo evidence in support of a deterministic model of CD4+ 
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memory generation following acute viral infection where programming events 

driven in part by the strength of initial antigen-receptor stimulation influence the 

fate of responding CD4+ cells during the transition to memory.
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Chapter 1

Introduction

A Model T-cell Response


 Following their generation in the thymus, naive T-cells circulate throughout 

the body's blood and lymph systems continuously scanning antigen presenting 

cells (APCs), typically dendritic cells (DCs), within secondary lymphoid tissues.  

Upon recognition of foreign peptides displayed by DCs, the naive T-cell becomes 

activated.  T-cell activation is dependent upon the T-cell integrating many 

extracellular signals including antigen density, costimulation, and local cytokine 

milieu (Jenkins et al., 2001).  These signals contribute to T-cell activation and 

expansion, along with qualitatively influencing T-cell fate during the effector 

response (Kaech and Wherry, 2007; Williams and Bevan, 2007).


 Upon sufficient activation, the single T-cell goes through an enormous 

expansion phase concomitant with chromatin remodeling and changes in gene 

expression (Figure 1-1) (Ansel et al., 2003; Blattman et al., 2002; Butz and 

Bevan, 1998; Whitmire et al., 2006).  During this period, the resulting T-cell 

effector population acquires effector functions including secretion of cytokines 

and expression of effector proteins and migratory receptors.  Following the 

effector phase, the lymphocyte population will contract in size leaving behind a 
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small population of memory lymphocytes capable of long term survival (Macleod 

et al., 2010; McKinstry et al., 2008; van Leeuwen et al., 2009).

FIGURE 1-1. The T-cell Response Following Acute Infection.  Recognition of 
viral peptides by the lymphocyte compartment leads to expansion and acquisition 
of effector functions to combat the viral infection.  The effector phase is followed 
by contraction of the responding lymphocytes populations, resulting in a relatively 
stable and long lasting memory population of CD4+ and CD8+ T-cells.  The 
kinetics and magnitude of expansion of responding CD4+ and CD8 lymphocyte 
populations may differ, but generally CD8+ T-cells exhibit greater expansion than 
CD4+ T-cells.  CD4+ memory T-cells may decline in number.  Adapted from 
Kaech et al., 2002.

CD8+ Memory

CD4+ Memory

Time

Cell Number

Viral Burden

Expansion Contraction Memory
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Memory T-cells


 The generation of memory lymphocytes is a hallmark of the adaptive 

immune system.  Memory lymphocytes are capable of protecting the host by 

producing a more robust response following reinfection with a previously 

encountered pathogen.  Increased protection is a result of an increase in the 

frequency of differentiated, antigen-reactive cells advantageously localized within 

the host (Masopust et al., 2001; Reinhardt et al., 2001; Sallusto et al., 1999).  A 

significant lag period occurs following primary infection within the naive host as 

rare antigen-specific lymphocytes recognize, proliferate and differentiate 

following infection.  During this period of time, the pathogen may replicate, 

damage tissue, and spread to secondary hosts.  Increased frequencies of 

antigen reactive memory lymphocytes generate effector responses more rapidly 

by minimizing time required to expand and control the infection (Homann et al., 

2001; MacLeod et al., 2009a).


 Responses by memory lymphocytes have been shown to be of greater 

quality than naive cells with the same antigen specificity.  Memory lymphocytes 

have undergone long-lasting changes to their chromatin structure, enabling 

effector responses to be generated more effectively, with transcriptional 

machinery poised on promoters, ready for action (Ansel et al., 2003; Whitmire et 

al., 2008b).  Memory lymphocytes may be found in both lymphoid and non-

lymphoid tissues.  Their localization within non-lymphoid tissues often places 

them on the frontline of protection against reinfection, minimizing the time 

required for pathogen recognition and reactivation (Masopust et al., 2001; 
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Reinhardt et al., 2001).  For these reasons, the deliberate generation of memory 

lymphocytes is a primary goal of successful vaccination programs.  Therefore, 

studies investigating biological mechanisms that influence the generation of long-

lasting pathogen-specific memory populations from rare naive lymphocytes, have 

significant importance.


 Infection activates the host's defenses against foreign pathogens by 

expanding rare pathogen-specific naive CD4+ and CD8+ T-cells along with B-

lymphocytes.  Once amplified in number, pathogen-specific CD8+ T-cells typically  

clear intracellular infections via direct cell cytotoxic mechanisms and secretion of 

cytokines.  Pathogen-specific B-cells protect the host from extracellular 

pathogens by generating antibodies that neutralize the pathogen, facilitate its 

uptake by macrophages, or target it for destruction by the complement pathway.  

Although these responses may be generated without CD4+ T-cell help, their 

overall quality and longevity may be greatly increased with concomitant CD4+ T-

cell activation (Janssen et al., 2003; McHeyzer-Williams and McHeyzer-Williams, 

2005; Shedlock and Shen, 2003; Sun and Bevan, 2003).  CD4+ T-cells can 

provide help to both CD8+ T-cell and B-cell responses through the secretion of 

effector cytokines and by direct cell-cell contact (Fazilleau et al., 2009a; Janssen 

et al., 2005; Williams et al., 2006).  The ability to modulate both CD8+ T-cell and 

B-cell responses positions the CD4+ T-cell at a pivotal position during an 

effective immune response.  Thus, studies performed to uncover and better 

understand biological mechanisms involved in CD4+ T-cell activation, function 

and maintenance have great potential to influence T- and B-cell immunity and 
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findings from these studies may contribute to vaccine development and 

improvement of immunotherapeutic approaches for treatment of cancer.


 Whereas these stated beneficial properties of CD4+ T-cells have largely 

been attributed to effector CD4+ T-cell populations, increasing evidence supports 

the notion that memory CD4+ T-cells provide protection during reinfection with 

intracellular bacteria (Flynn et al., 1993), worms (Anthony et al., 2006), and 

during viral infections (Liang et al., 1994; MacLeod et al., 2009b; Swain et al., 

2006).  Data from influenza studies suggest a T-cell-based vaccine against 

internal virus-derived peptides may be more beneficial to preventing infection 

than viral particle surface antigens targeted by B-cells that seasonally change 

(Swain et al., 2006).  Memory CD4+ T-cells may provide greater help than naive 

T-cells to memory B-cell populations as a result of their decreased dependence 

on costimulation and ability to respond to an array of APCs (Croft et al., 1994).  

Thus, a greater understanding of the nature and mechanism of signals that 

influence CD4+ T-cell fate resulting in long lasting memory cell populations and 

protection are of great significance.

Fate Determining Signals


 The influential signals that contribute to naive T-cell activation and fate 

determination during an immune response will be discussed in detail below.  

These signals can broadly be categorized into two groups; intrinsic signals 

related to the TCR structure and affinity for antigen, and extrinsic signals 

encountered by the T-cell during and following activation upon interacting with 
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antigen and APCs.  It is becoming clearer that the impact a particular signal has 

on cellular fate may vary between CD4+ and CD8+ T-cell lineages.  These 

differences likely reflect discrepancies in properties and requirements between 

the two lineages for effector and memory fate determination, and will be 

highlighted where appropriate.

 

Intrinsic Fate Determining Factors

The T-cell Receptor


 It has been nearly thirty years since the discovery of the TCR and 

elucidation of the combinatorial mechanism by which a host generates a diverse 

TCR repertoire within the naive T-cell populations (Brack et al., 1978; Davis et al., 

1984; Kappler et al., 1983).  Naive T-cells express antigen receptors (T-cell 

receptors or TCRs) with a broad range of specificities (Davis and Bjorkman, 

1988) (Bousso and Kourilsky, 1999).  It has been estimated that the potential 

number of unique TCRs capable of being generated approaches 1x1015 in the 

mouse (Davis and Bjorkman, 1988) and 1x1018 in humans (Janeway, 2005).  

Given that an adult mouse may have 1x108 total naive T-cell lymphocytes at any 

time, it is theoretically possible that every naive T-cell expresses a unique TCR.  

Studies quantifying TCR diversity of the naive T-cell population, by estimating the 

product of all possible contributors to TCR diversity (Arstila et al., 1999; Bousso 

and Kourilsky, 1999), by titration of TCR transgenic T-cells (Blattman et al., 2002; 

Whitmire et al., 2006), and most recently by direct observation following tetramer-

enrichment (Moon et al., 2007) have shown only a very small subset, in the 
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range of 10 to 3000 cells per animal, are capable of recognizing a particular 

foreign peptide epitope in the context of self-MHC, leading to activation and 

expansion.  This small number of potentially reactive T-cells makes it difficult to 

study early antigen-specific activation events, prior to the enormous expansion 

phase that then allows for reliable detection and characterization of antigen-

specific cells with conventional reagents and functional assays.


 Furthermore, studying antigen-specific populations of T-lymphocytes has 

been relatively difficult, as individual TCR-peptide-MHC interactions, with 

affinities estimated on the order of 1x10-6 M (Alam et al., 1996), are quite weak 

compared to antigen-receptor interactions found within the B-cell lineage that 

may range in affinity from 1x10-4 - 1x10-14 M (Steward and Steensgaard, 1983).  

Identification of antigen-specific T-cell populations also relies on knowledge of 

complex tripartite interactions between the TCR, processed antigenic peptide, 

and MHC protein (Sant and Yewdell, 2003).  Unique in vivo systems have been 

employed to gain insight into how the broad diversity within the naive repertoire 

may influence effector fate.


 Certain strains of mice generate cellular responses to foreign antigens 

dominated by lymphocyte repertoires of limited TCRα- and β-chain diversity.  

McHeyzer-Williams and Davis took advantage of such a system, the anti-pigeon 

cytochrome c (PCC) CD4+ T-cell response in I-Ek expressing mice, to 

characterize the antigen-specific response following immunization in the context 

of a normal polyclonal T-cell repertoire (McHeyzer-Williams and Davis, 1995).  By 

analyzing TCR α- and β-chain expression, along with single cell analysis of TCR 
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third complimentary determining region (CDR3) sequences, responding T-cells 

were found to express unique lengths and amino acids sequences within the 

CDR3 of the TCR.  Analysis of multiple TCR-pMHC protein crystal structures 

have shown the CDR3 loop of the TCR is juxtaposed to the displayed peptide 

within MHC and important in determining peptide specificity and repertoire 

diversity (Garcia et al., 1998).  These unique CDR3 lengths and sequences 

found within the responding population of PCC-reactive cells in vivo were 

previously observed in cell lines and hybridomas of PCC-reactive CD4+ clones, 

indicating their significance in PCC antigen-recognition (Hedrick et al., 1988).  

Interestingly, certain PCC-specific sequences were consistently found at the 

peak of the response and could be grouped into hierarchies with respect to 

abundance.  These hierarchies of abundance remained constant during the 

contraction of the primary effector population and during the expansion of 

secondary effector cells following challenge.  This suggested that these CDR3 

sequences were being selected with antigen and played a role in determining 

clonal abundance during a response.  Similar results characterizing the TCR 

repertoire by means of Vα and Vβ chain expression, PCR analysis and 

spectratyping of CDR3 lengths within CD8+ clones (Casanova et al., 1991), 

during infection or immunization (Bousso et al., 1998; Busch and Pamer, 1999b; 

Butz and Bevan, 1998), and by tetramer-reagent studies (Altman et al., 1996; 

Homann et al., 2001; Murali-Krishna et al., 1998), have revealed that the TCR is 

the primary checkpoint for expansion and certain TCRs within the antigen-
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reactive population selectively undergo expansion based upon their unique TCR 

structures.


 Comparisons of TCR-repertoires between effector T-cells and subsequent 

memory populations have shown relative conservation of TCR Vβ chain usage 

following bacterial (Busch et al., 1998a; Busch et al., 1998b) and viral infections 

(Blattman et al., 2000; Lin and Welsh, 1998; Sourdive et al., 1998).  These data 

suggested that a stochastic mechanism within the pool of effector cells selected 

for memory cells (i.e. strict stochastic selection would predict relative 

conservation in receptor diversity between effector and memory populations 

because particular TCRs would not be favored).  Equally important, it also 

suggested that the signals that influence the expansion of naive T-cells play a 

significant role in memory cell determination due to this apparent lack of 

selection.  Such signals included those related to TCR-affinity for pMHC 

complexes.

TCR-peptide-MHC affinity and avidity


 Thymic selection of lymphocyte precursors shares many similarities to 

peripheral T-cell activation including the importance of TCR-peptide-APC 

interactions influencing subsequent fates.  An avidity model has been proposed 

to explain how structural diversity in TCRs within the population of preselected 

thymocytes may lead to divergent fates during thymocyte development; namely 

progression to the naive lymphocyte pool or programmed cell death (Ashton-

Rickardt et al., 1994; Hogquist et al., 1994).  In this model, both the TCR affinity 
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for antigen as well as the amount of antigen influenced cell fate.  In general, very 

strong or very weak TCR affinities for selecting peptides led to cell death, and 

intermediate affinities led to maturation.  Furthermore, the small differences in 

affinities quantitatively measured in soluble TCR-peptide-MHC interactions along 

with small differences in the amount of selecting antigen that were necessary to 

change a pro-life selection event into a pro-death selection event suggest this 

mechanism is quite sensitive (Alam et al., 1996; Ashton-Rickardt et al., 1994; 

Hogquist et al., 1994; Savage and Davis, 2001).  Similar data measuring TCR 

affinities for peptides in mature T-cells have been shown to predict functional 

responses in mature peripheral T-cells (Lyons et al., 1996; Matsui et al., 1994).  

Thus, TCR affinities may shape T-cell responses and influence cell fate in vivo.


 Experiments carried out by Savage and Davis using tetramer reagents to 

measure affinity and kinetic differences within responding T-cell populations 

provided evidence in support of quantitative differences in TCR affinities 

determining fate in vivo (Savage et al., 1999).  Here it was found that the 

effective affinities of the responding CD4+ MCC/I-Ek-reactive population were 

higher in secondary responders than in primary effectors T-cell.  T-cells 

expressing TCRs with slow off-rates (and long half-lives) preferentially survived 

the primary response and contributed at a higher frequency to secondary 

responses than low affinity clones.  This was most likely the result of retention of 

unique T-cells during the contraction phase of the primary response, or selective 

expansion of these T-cells during the secondary response (Savage et al., 1999).  

Similar “affinity maturation” has also been shown during bacterial infection in 
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CD8+ cells (Busch and Pamer, 1999a; Busch et al., 1998a).  These results 

indicated TCR-affinities for antigen peptides influenced which naive T-cell clones 

contributed to the expanding populations of effector cells, which in turn had long 

lasting effects on the generation of memory CD4+ and CD8+ T-cells.


 Detailed characterization of affinity-maturation within responding T-cell 

populations during early time points, prior to the peak of expansion, was lacking 

due to the small numbers of cells one could isolate in an antigen-specific manner 

for analysis.  To decipher the importance of TCR affinity and off-rate to clonal 

selection of CD4+ T-cells early during an immune response, McHeyzer-Williams 

performed an intriguing experiment using two separate TCR-β chain transgenic 

animals (Malherbe et al., 2004).  These two transgenic animals incorporated two 

separate TCR β-chains (2B4-β and 5CC7-β) that were found to be enriched 

within PCC responses in B10.BR mice following immunization.  Mice expressing 

these TCR β-chains had pre-immune repertoires that were enriched for PCC-

specificity, yet, were polyclonal.  This approach allowed for selection of preferred 

clones to occur normally following PCC immunization.  Notably, individual PCC-

reactive clones were present at a high enough frequency in the pre-immune 

repertoire that allowed for direct measurement of off-rate and affinity with 

tetramer reagents; previously experimentally impossible.


 By comparing the pre-immune repertoires of the 5CC7-β- and 2B4-β-

expressing mice with those generated in the same mice as a result of PCC 

immunization, exhaustively examining CDR3 sequence, affinity for tetramer, TCR 

off-rates, and Vα-chain usage, it was found that CD4+ T-cells with strong 
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affinities for antigen were enriched within the effector population as a result of 

selective expansion of these clones.  Although enrichment for high affinity clones 

was not as apparent in the 5CC7-β model, likely as a result of the generation of 

pre-immune cells with generally high PCC-I-Ek affinities, immunized 2B4-β mice 

showed recruitment of nearly all PCC-reactive clones early during the response, 

and then selective loss of clones with lower affinities for antigen during 

expansion.  These data are consistent with two affinity thresholds existing; a 

quantitatively lower affinity threshold that allowed recruitment into the response, 

and a higher affinity threshold that when achieved allowed full expansion.  Both 

contributed to shaping the immune response in vivo following immunization, and 

thus were important in determining fate of responding CD4+ T-cells.


 CD8+ T-cells were found to undergo similar affinity-based selection during 

an immune response in vivo.  Using characterized altered-peptide ligands 

(APLs), single point mutations within the antigenic peptide that alter the affinity 

for transgenic OT-I TCRs, Bevan and colleagues generated a library of APL-

containing bacteria that could be used to compare the responses of a transferred 

transgenic CD8+ T-cell population to peptides of differing affinity, under controlled 

inflammatory conditions (Zehn et al., 2009).  Similar to McHeyzer-Williams' 

finding within the CD4+ lineage (Malherbe et al., 2004), CD8+ responses were 

determined by TCR affinity for antigenic peptide.  High affinity APLs generated 

larger populations of effector T-cell during the peak of the response, and low 

affinity APLs generated relatively smaller effector cell populations.  These 

differences in effector population sizes had lasting effects in the memory phase.  
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Importantly, low affinity APLs were still able to generate memory cells, although 

at decreased frequency compared to infection with high affinity APLs.  Kinetic 

analyses of the responses indicated low affinity APLs generated effectors that 

stopped expanding earlier in the response, compared to high affinity APLs.  This 

may have been due to early migration into peripheral tissues.  Surprisingly, all 

memory cells, independent of the APLs used for their generation, were able to 

survive for months, and proliferate and expand in number upon secondary 

challenge.  Thus, TCR affinity within the CD8+ lineage contributed more to the 

overall size and magnitude of the response, and less in determining long-term 

cellular fate.

Signal Strength


 Studies manipulating the strength of TCR stimulation have tried to 

decipher the underlying mechanisms that determined fate as a result of 

quantitatively different amounts of TCR signalling.  Correlations between high 

TCR affinities with subsequent cell fate in the thymus and during peripheral 

activation suggested these quantitative differences may have induced various 

amounts of signalling within the T-cell (Daniels et al., 2006; Malherbe et al., 2004; 

Savage et al., 1999; Savage and Davis, 2001; Zehn et al., 2009).  Initial in vitro 

findings by Iezzi and Lanzavecchia have shown extended periods (40 hours) of 

T-cell-APC interactions are necessary for naive CD4+ T-cells to undergo 

expansion.  Costimulation by B7-CD28 interactions played a role in activation by 

13



effectively lowering antigen-concentrations necessary for expansion (Iezzi et al., 

1998).  Strong in vitro stimulation of CD4+ cells by antigen-receptor cross-linking 

antibodies also led to greater fitness upon adoptive transfer of in vitro-activated 

CD4+ cells into host mice than weak stimulation (Gett et al., 2003).  These strong 

stimulatory conditions correlated with increased expression of anti-apoptotic 

family member proteins (Bcl/xL, and Bcl-2) and increased expression of gamma-

chain cytokine receptors (IL-2, -7, and -15).  Therefore, at least within the CD4+ 

lineage, strong and/or extended periods of in vitro activation promoted greater 

fitness than weak and/or short periods of activation (Lanzavecchia and Sallusto, 

2002).


 In contrast to these findings, studies by Schoenberger revealed that CD8+ 

T-cells only needed 2 hours of antigen stimulation in vitro in order to expand and 

acquire cytotoxic effector function (van Stipdonk et al., 2001).  By using 

transgenic TCR CD8+ T-cells and adherent artificial APCs, temporal 

requirements of CD8+ activation were investigated in an in vitro system that 

allowed tight control of T-cell-peptide-MHC interactions by physically separating 

T-cells and APCs (Schoenberger et al., 1998).  Interestingly, culture times greater 

than 2 hours did not effectively increase the amount of division, nor the quality of 

cytotoxic responses.  Thus CD8+ T-cells may differ from CD4+ by requiring short 

periods of stimulation for effector differentiation.


 In vivo studies seeking to correlate the amount of TCR stimulation with in 

vivo cell fate by controlling the dose of antigen or duration of infection found 

similar discrepancies in the requirements for expansion and differentiation 
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between the CD4+ and CD8+ lineages.  CD8+ transgenic T-cells only required a 

short period of stimulation by bacteria for expansion (Mercado et al., 2000), and 

when responding to high, intermediate, and low dose bacterial challenge, only 

differed in the relative numbers of effectors generated, with high antigen 

challenge resulting in greater number of effectors than low antigen challenge.  All 

conditions exhibited equal proliferation, effector function, and survival (Badovinac 

et al., 2007; Kaech and Ahmed, 2001; Mercado et al., 2000; Prlic et al., 2007).  

These findings led to the notion that CD8+ T-cells have an “auto-pilot” program 

for expansion and differentiation, with minimal reliance on further TCR signals to 

regulate fate (Bevan and Fink, 2001).


 In contrast, CD4+ T-cell may require longer periods of antigen-dependent 

stimulation in order to fully differentiate into effectors and subsequent memory 

cells.  Removing stimulatory peptide in dendritic cells through the use of a 

tetracycline-responsive promoter during an ongoing response led to immediate 

cessation of expansion by the responding CD4+ T-cell population (Obst et al., 

2005).  The observations of TCR repertoire skewing to higher-avidity clones 

within primary and secondary responding CD4+ T-cell populations, described 

earlier, suggest antigen may be influencing this selection process throughout 

expansion in vivo (Malherbe et al., 2004; Savage et al., 1999).  Increasing the 

precursor frequency of antigen-reactive clones, and therefore increasing antigen 

competition, by adoptive transfer of transgenic CD4+ T-cells resulted in deficient 

effector function and memory cell generation following viral infection (Blair and 

Lefrançois, 2007).  Intravital imaging of CD4+ T-cell activation in vivo have noted 
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antigen dependent serial contacts between T-cell and DC that may have 

modulated subsequent fate during expansion and differentiation (Celli et al., 

2005).  In all, the duration and dose of antigen may have greater downstream 

effects within the CD4+ lineage during activation, expansion, and differentiation, 

than the CD8+ lineage.

Models of Activation and Differentiation


 Discrepancies between the requirement for antigen-dependent stimulation 

driving activation, expansion, and memory cell generation have led to multiple 

models (Figure 1-2) (Kaech and Wherry, 2007).
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FIGURE 1-2. Models of T-cell Fate Determination.  1. Uniform potential - 
Antigen expands a naive cell (white) into early and late effector (Teff) cells 
(yellow) with equal memory potential (purple) to enter long-lived memory pool.  
Effector memory (Tem, blue) cells give rise to central memory cells (Tcm, aqua) 
with self-renewal properties.  2. Decreasing potential - Antigen drives more 
differentiated states which result in terminal Tem cells.  Short amounts of 
stimulation favor Tcm generation.  3. Fixed lineage - Antigen stimulation results in 
the development of two separate lineages.  Memory cells may bypass Teff 
differentiation.  4. Fate commitment with progressive differentiation - Strength of 
signal dictates fate early during activation.  Low and high stimulatory signals 
favor memory and effector potential, respectively.  Cells with memory potential 
may give rise to Teff cells.  (adapted from Kaech and Wherry, 2007)
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 The uniform potential model postulates the pool of effector cells, derived 

from antigen expanded naive T-cells, have equal potential to differentiate into 

long lived effector-like memory (Tem) cells and central memory cells (Tcm) with 

self-renewal capabilities.  Competition for extrinsic survival factors limit the 

number of effector cells surviving contraction (Freitas and Rocha, 2000).  This 

relatively simple uniform potential model does not explain the functional and 

phenotypic heterogeneity within the cell populations, including IL-7 receptor 

expressing memory-cell precursors within the CD8+ effector cell pool.  


 The decreasing potential model consists of antigen stimulation driving 

more differentiated states within the responding T-cell populations.  Relatively 

strong or serial stimulation may lead to terminal differentiation into effector-like 

memory cells or death, whereas relative short amounts of stimulation favor the 

generation of central memory cells with self-renewal capabilities (Sallusto et al., 

2004).


 The fixed lineage model posits initial antigen activation leads to the 

generation of separate lineages, one of memory fate, and one of effector cell 

fate.  The fixed lineage model may be useful in explaining the heterogeneity 

within responding populations, in particular the observations of memory 

precursor cells within effector populations (Kaech et al., 2003) and the possibility 

of asymmetric cell division during activation dictating fate (Chang et al., 2007).  

However, recent discoveries showing memory cells may be derived from cells 

with effector function are inconsistent with predictions from a strict interpretation 

of the fixed lineage model (Bannard et al., 2009; Harrington et al., 2008).
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 The fourth proposed model, fate commitment with progressive 

differentiation, is a hybrid model of the previous three.  Here, the strength of 

stimulation during activation dictates subsequent fate, with strong and weak 

stimuli resulting in effector and memory fate, respectively.  However, one 

important property in this model is the ability for the memory fated cells to retain 

some effector properties, allowing for the generation of effector cells in later 

stages of the response from cells with memory potential.  This model takes into 

account signal strength as a fate determining factor, along with the observed 

heterogeneity within the responding population of T-cells.  Furthermore, the short 

amounts of stimulation necessary for an autopilot CD8+ memory program to be 

initiated is consistent with this model (Bevan and Fink, 2001; Kaech and Ahmed, 

2001; Mercado et al., 2000; van Stipdonk et al., 2001).


 These models have largely been proposed to explain phenomena within 

the CD8+ lineage.  CD4+ T-cells, however, showed differences in the 

requirements needed for activation, expansion, and differentiation (Gett et al., 

2003; Obst et al., 2005).  Phenotypic characteristics of CD8+ memory 

precursors, including IL-7 receptor expression have not been shown to be as 

relevant within CD4+ T-cell differentiation (Kaech et al., 2003; Lees and Farber, 

2010b).  Recent studies by Williams and Bevan suggested CD4+ memory fate 

may be programmed during a response, and therefore CD4+ memory precursor 

cells likely exist, but are yet undistinguishable from terminal effector cells 

(Williams et al., 2008).  Some studies suggest that CD4+ memory cell fate may 

have been determined by the relative strength of TCR, as CD4+ cells destined 
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for apoptosis appeared to have had lower functionally avidity compared to 

endogenous effector cells within the same host that survive.  Functional avidity 

informs on the amount of antigen required for a normalized functional response.  

If cell population A has twice the functional avidity compared to cell population B, 

population A needs half the antigen to generate a comparable functional 

response.  Thus, although a fair amount of information regarding T-cell memory 

differentiation has been investigated regarding the role of the TCR receptor in 

determining fate within the CD8+ lineage, the intrinsic differences that exist 

between CD4+ and CD8+ T-cells necessitates additional studies focused on TCR 

signal strength and CD4+ T-cell fate.

Extrinsic Fate Determining Factors


 Along with TCR-derived signals, other factors including cytokine signalling 

and the inflammatory environment have been shown to modulate and influence 

fate in responding T-cell populations.  IL-2-derived signals during priming 

impacted memory cell formation in CD4+ and CD8+ lineages (Dooms et al., 

2007; Kalia et al., 2010; Pipkin et al., 2010; Williams et al., 2006).  Within the 

CD8+ lineage, IL-2 has been shown to enhance the programming of CD8+ 

memory cells.  Surprisingly, the lack of IL-2 signalling had little effect on primary 

CD8+ effector expansion and function, but was apparent during secondary 

expansion of CD8+ memory cells upon rechallenge (Williams et al., 2006).  The 

effect of IL-2 on responding CD8+ T-cells may also have been dependent upon 

the amount of cytokine signalling.  High degrees of IL-2 signalling appeared to 
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have promoted terminal effector memory cells at the expense of central memory 

cells with self-renewal capacity (Kalia et al., 2010; Pipkin et al., 2010).  Within the 

CD4+ lineage, IL-2 signals were shown to be necessary for re-expression of the 

IL-7 receptor, which resulted in the generation of CD4+ T-cells with a long-term 

survival advantage (Dooms and Abbas, 2006; Dooms et al., 2004).


 Along with IL-2, high levels of IL-12 signalling affected memory T-cell 

programming, possibly by modulating the expression of influential transcription 

factors within CD8+ T-cells (Joshi et al., 2007).  CD4+ T-cells may compete for 

other cytokine signals, like interferon-γ, during expansion because CD4+ T-cells 

that were able to respond to interferon-γ expression were more likely to have 

survived into the memory phase(Whitmire et al., 2007).  Thus, cytokines have 

been shown to modulate and shape effector and memory populations and 

cytokine-derived signals may have been important early during a response to 

program memory cell fate.

Genetic Fate Mapping Studies of T-cell Responses


 The technique of marking complex cellular systems with long lasting dyes 

has been used to study the fate of groups or single cells during developmental 

processes (Vogt, 1929).  Genetic targeting techniques in the mouse have allowed 

for the generation of transgenic strains expressing site-specific recombinases 

(SSRs) and indicator alleles.  When used in conjunction, recombinase 

expression has been shown to induce the expression of reporter proteins to non-

invasively mark cells within the embryo and adult mouse (Branda and Dymecki, 
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2004; Legue and Joyner, 2010).  Because this approach was genetic, the 

indicator allele and state of the allele were inherited by all daughter cells creating 

a "fate map" (Figure 1-3).  All daughter cells derived from the original marked cell 

expressed the reporter protein.  Such an approach has been used in immunology 

to study the fate of cells having expressed functional proteins during an immune 

response (Bannard et al., 2009; Jacob and Baltimore, 1999).
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FIGURE 1-3. A Genetic Fate Mapping Scheme.  A. Conventional genetic fate 
mapping methods use two separate transgenic alleles, an indicator allele (left) 
and a site-specific recombinase (SSR) allele (right).  The indicator allele does not 
express reporter protein prior to Cre recombinase expression due to the 
placement of a STOP element upstream of reporter transcription.  Following SSR 
expression, the STOP element, flanked by recombinase target sites (black 
triangles), is removed, resulting in reporter protein expression.  B.  Complex 
cellular systems (dashed rectangle) may be composed of many differentiated cell 
types (circles and polygons) derived from progenitor cells.  Transient expression 
of an SSR during development (*) results in the stable marking of SSR-
expressing progenitors with reporter protein (red triangle).  All subsequent 
daughter cells inherit the induced reporter allowing for the characterization of 
cellular fate with time.  (Adapted from Branda and Dymecki, 2004)
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 By using a double transgenic mouse strain carrying a truncated human 

GZM-B promoter Cre-recombinase expressing allele and a T-cell-specific 

indicator allele (CD2 promoter-driven placental alkaline phosphatase, CD2-

PLAP) Jacob and Baltimore showed granzyme-b-expressing CD4+ and CD8+ T-

cells could be marked following immunization and viral infection, respectively, in 

vivo (Jacob and Baltimore, 1999).  These marked effector cell populations could 

be identified by flow cytometry and immunohistochemistry and tracked over time 

as the immune response subsided and entered the memory phase.  This was 

due to the stable expression of the PLAP reporter protein from the recombined 

indicator allele.  Identification and characterization of these effector and memory 

cells could be done without any prior knowledge of TCR specificities and 

pathogen-derived peptide epitopes because the marking process was based on 

effector function and employed biological relevant promoters to drive 

recombinase expression.  Although this version (see below) of a method to mark 

granzyme-B expression proved to be imprecise (only 8% of the CD8+ T-cells 

recombined reporter at the peak of the effector phase following LCMV infection, 

and no naturally arising memory-phenotype CD44hi CD8+ T-cells expressed 

reporter.  This may have been due to the use of a truncated human granzyme-B 

promoter), the potential to study immune responses using a genetic fate mapping 

approach became evident as the method provided a robust means to investigate 

complex multicellular systems over time, in a non-invasive manner in vivo.


 An improved version of a gzmB-cre allele was developed recently to 

address the role of asymmetric cell division in memory cell generation (Bannard 
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et al., 2009).  The model of asymmetric cell division implicates the orientation of 

the T-cell with APC in influencing subsequent effector and memory cell potential.  

The proximal cell generated following the first cell division had experienced 

greater TCR stimulation than the distal cell (as most of the TCRs are at the T-cell/

APC interface) and was destined to become an effector cell.  The distal cell was 

destined to contribute to the memory cell population.  The original study that 

proposed asymmetric cell division as a relevant process controlling fate during an 

immune response characterized the proximal cell to also have greater expression 

of granzyme-B than the distal cell (i.e. effector-like) (Chang et al., 2007).  Thus, 

the fate of the granzyme-B-expressing daughter cell following the first division 

should be effector-like.  This prediction was tested using an improved granzyme-

B-cre transgene to map the fate of granzyme-B-expressing cells generated early 

during a response. 



 A bacterial artificial chromosome (BAC)-derived granzyme B transgene 

was used in the approach to drive a ligand-inducible form of Cre recombinase 

with an eYFP indicator allele.  The BAC incorporated more endogenous 

regulatory elements of the gzmB locus to reliably control Cre expression.  

Following transfer of a single reporter cell and infection, it was definitively shown 

that CD8+ T-cells derived from a single precursor that had expressed granzyme-

B (marked by eYFP) contributed to the memory cell population (Bannard et al., 

2009).  The improved transgenic system did not mark all granzyme-B-expressing 

cells.  The system only marked those cells, mostly CD8+ T-cells, producing 

granzyme-B within the first 4 days of infection during the pulse of Cre ligand.  
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This left late-arriving T-cells and expanding T-cell clones that may have acquired 

granzyme-B-competent signals during expansion after day 4 unmarked.  

However, those T-cells that were marked by eYFP, presumably early 

differentiators of high levels of granzyme-B expression, contributed to nearly one 

third of the antigen-specific response in the effector and memory phases.  These 

marked memory cells were further capable of secondary expansion indicating 

that previous granzyme-B expression during the effector phase had little bearing 

on memory cell fate with regards to proliferative capacity.  


 These data question the notion that during asymmetric cell division, the 

daughter cell expressing more granzyme-B expression is fated for effector-like 

fate (Chang et al., 2007).  The granzyme-B mapping approach likely marked the 

granzyme-B/effector-fated daughter cell during the first division along with its 

progeny during expansion, although direct observation of the granzyme-B 

expressing daughter cell following the first division was not done.  Because these 

marked cells contributed to the memory population and exhibited proliferative 

potential upon rechallenge, granzyme-B expression was independent of memory 

cell potential.  However, along with marking the granzyme-B expressing cell of 

the first cell division, the reporter marked any cell during the four days of 

expansion that expressed granzyme-B.  This may have included memory-fated 

cells with some effector-like properties (consistent with the fate commitment with 

progressive differentiation model by Kaech, pg.16).  Data from Chang and Reiner 

actually showed that memory-fated cells (those cells found distal to the APC and 

with low expression of granzyme-B) had equal protective effect upon transfer and 
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early challenge versus effector-fated cells, thus supporting this notion.  

Therefore, the findings that granzyme-B-expressing cells contributed to the 

memory compartment does not rule out the influence of asymmetric cell division 

in initiating fates during an immune response; however they do suggest 

granzyme-B expression alone is likely not a faithful marker to delineate effector 

and memory lineages in this model.


 The study by Bannard et al. did highlight the strength of a genetic fate 

mapping approach in uncovering the complex lineage relationships that 

developed during a immune response.  First, cells were indelibly marked in vivo 

with little manipulation of the host, preserving lymphoid architecture.  Second, the 

use and choice of a biologically relevant genetic locus, gzmB, to control the 

marking event showcased the relative precision and flexibility which was afforded 

by this method.  The endogenous mouse gzmB regulatory elements drove cre 

expression which allowed for conclusions to be made regarding gzmB activity in 

vivo.  Furthermore, gzmB was chosen specifically to test the hypothesis that 

gzmB expression was unique to effector-cell fates, however any locus potentially 

could be engineered to test a similar (or different) hypothesis.  Thus genetic fate 

mapping approaches provide great flexibility along with a degree of precision to 

studies investigating complex cellular systems in vivo.

The Problem under Investigation


 Given the evidence, introduced above, for strength of TCR stimulation 

influencing T-cell fate, there exists a lack of information regarding the nature of 
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these processes within the CD4+ T-cell lineage.  The Mathis and Benoist groups 

have shown the duration of antigen presentation in mice influenced CD4+ 

activation, with long durations of presentation necessary for full expansion of 

CD4+ T-cells (Obst et al., 2005).  However their approach involved expression of 

an agonist peptide within the DC compartment, which surprisingly drove 

expansion of transferred T-cells without the need for inflammation.  Such settings 

more closely resemble that of a toleragenic response rather than one elicited 

from pathogen infection (Bluestone et al., 2007).


 Williams and Bevan observed a correlation between effector CD4+ T-cell 

functional avidity and fate during contraction of the response in mice(Williams et 

al., 2008).  Effector clones, derived from transferred transgenic TCR-expressing 

T-cells expanded with bacterial infection, displayed lower functional avidity 

compared to the endogenous responders.  These transferred cells subsequently 

underwent apoptosis during the transition to memory.  Surprisingly, the same 

TCR-bearing clonal population derived from viral infection was able to survive 

contraction, and in these settings the transferred populationʼs functional avidity 

was greater than that displayed following bacterial infection, and on par with that 

of the endogenous response.  One interpretation of these data could be 

increased functional avidity was a response to pro-memory signals earlier during 

activation, and not the causal mechanism because transgenic T-cells with a fixed 

TCR (such as those used in this study) are able to undergo functional avidity 

maturation (Slifka and Whitton, 2001).  Studies tracing the fates of activated 
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CD4+ T-cells derived from various amounts of TCR stimulation may directly shed 

light on the role of TCR signal strength and in vivo fate.


 We sought to understand the nature of TCR-derived signal strength and 

the consequences of these signals during CD4+ immune responses in vivo.  An 

approach to genetically mark antigen-specific CD4+ T-cell during the expansion 

phase of the response, based upon the amount of TCR stimulation received 

during activation, would allow for the determination of their subsequent fate 

throughout the response.  This approach would rely on the use of a Cre-

recombinase allele whose expression is induced within the CD4+ lineage as a 

result of T-cell activation and is proportional to the amount of TCR stimulation.  

The cre allele would also need to be transiently induced following activation, 

thereby only allowing for recombinase expression (and reporter recombination) 

during T-cell activation and not at later time points during the response.  With 

these criteria in mind, Ox40/Ox40-cre was chosen (Klinger et al., 2009).


 The ability to mark separate populations of antigen-specific T-cells as a 

result of different amounts of recombinase expression (on the basis of TCR 

stimulation strength) would require an indicator allele conducive to flow 

cytometric analyses.  Furthermore, an indicator allele capable of discriminating 

between populations of cells having expressed different amounts of recombinase 

may be beneficial for our purposes of studying TCR signal strength.  Chapter 2 

presents the methods of generation of novel reporter alleles in mice capable of 

performing such duties in vivo.  Integral to the utility of these new reporter alleles 

is their ability to adopt an intermediate state, thereby capable of discriminating 
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between multiple populations of cells that differed in amount of recombinase 

expression.  Two separate alleles were generated with different sensitivities to 

recombinase activity allowing for the use of a broader range of cre alleles with 

disparate intrinsic expression.  Results are shown indicating these alleles work 

well and as predicted in vitro with Cre expression plasmids and recombinant Cre 

protein, and in vivo with Ox40-cre mice.


 In chapter 3, we present data utilizing one of the above new Cre reporter 

alleles with Ox40/Ox40-cre mice.  We show CD4+ antigen-specific effector cells 

generated as a result of differing amounts of TCR stimulation during acute LCMV 

Armstrong infection have distinct fates.  CD4+ effector T-cells generated from 

relatively strong pMHC interactions, uniquely marked by the reporter allele and 

Ox40-cre, preferentially survive contraction and were found at high frequencies 

within the stable memory cell population.


 In chapter 4, based on our findings we propose a simple model for CD4+ 

antigen-dependent differentiation and memory cell generation based on our 

findings and discuss the significance and implications of our studies.  This 

chapter proposes potential follow-up experiments to our studies that may be 

informative in further advancing our understanding of TCR signal strength and 

cell fate.  This includes discussion of preliminary data generated using a CD69-

cre mice which may be found in the appendix.

30



Chapter 2

Reporter Alleles that Inform on Differences in Cre-Recombinase Expression

Abstract

Alleles that express reporters after Cre recombination allow for fate-mapping 

studies when used in combination with appropriate cre alleles. In this study, we 

describe two fluorescent reporter alleles that differentially mark populations of 

cells as a function of their level of expression of Cre recombinase. Mice carrying 

these alleles were generated and used to demonstrate the usefulness of the 

reporter alleles for informing on prior Cre recombinase expression in 

lymphocytes. The alleles expand the range of genetic tools available for 

understanding how differences in gene expression result in divergent 

developmental fates during the development and differentiation of lymphocytes 

and other cells.
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Introduction

Throughout embryogenesis, cells adopt different fates as a consequence of 

signaling in response to secreted, matrix-associated, or cell-bound factors. For a 

class of factors that includes morphogens, individual cell fate depends both on 

factor identity and how much of it the cell encounters (Ashe and Briscoe, 2006). It 

follows, therefore, that cells of different but related lineages should be 

distinguishable from one another on the basis of how much signaling they 

experienced from individual morphogen receptors during their development and 

the transcriptional output of genes that were induced by this signaling. Analytical 

procedures that inform on the gene expression history of cells are therefore of 

great interest for understanding the basis of complex lineage commitment 

processes.


 The major developmental morphogens (members of the Wnt, Hedgehog, 

and TGF-β families) have important functions in diverse aspects of 

hematopoiesis (Campbell et al., 2008; Crompton et al., 2007). As in other 

developing systems, some of these functions may rely on the establishment of 

morphogen gradients with fate again being at least partially determined by 

quantitative differences in morphogen receptor signaling. In the adaptive immune 

system, there is also evidence that graded signaling through Ag receptors can 

instruct cell fate in a related fashion. For T cells, this includes the stage at which 

cells commit to the α/β versus γ/δ lineages (Haks et al., 2005; Hayes et al., 

2005; Hayes and Love, 2006), whereas for B cells, it includes the commitment of 

cells to the B-1 versus follicular/marginal zone fates (Cariappa and Pillai, 2002; 
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Lam and Rajewsky, 1999).  Other possible, if more controversial, examples 

include the commitment of thymocytes to the CD4 versus CD8 lineages(Itano et 

al., 1996; Singer et al., 2008) and the adoption of the Th1 fate over the Th2 fate 

(Badou et al., 2001; Iezzi et al., 1999; Jorritsma et al., 2003; Malherbe et al., 

2000; Tao et al., 1997).


 Controversy in determining the signficance of signal strength in the control 

of lineage choice derives in part from difficulties associated with manipulating 

signaling in vivo in a fashion that avoids the possibility of artifact [e.g., due to 

complicating effects of premature loss or gain of signaling, prolonged or 

constitutive signaling when extinguishing it is a critical part of regulation(Singer et 

al., 2008), or simply overexpression outside of the normal range experienced by 

cells]. Cells actively undergoing commitment are also typically short-lived 

intermediates within minority populations, and such cells often lack markers that 

unambiguously define them as those that are experiencing the critical signaling 

processes. It can sometimes be difficult, therefore, to redirect commitment 

experimentally in a fashion that can be reliably interpreted or to identify and study 

cells undergoing commitment events.


 An alternative approach to studying lineage commitment depends on 

marking cells that undergo specific experiences during commitment (Zinyk et al., 

1998). If the mark once imparted on the cells is stable, then the fate of the cells 

can be traced and correlated to the commitment experiences they had. In its 

most sophisticated form, this type of approach can inform on highly specific 

experiences that occur in cells in narrowly defined periods of their differentiation.  
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Fate mapping of this sort has been widely used and has shed light on diverse 

commitment processes (Joyner and Zervas, 2006).


 We have designed a new fate-mapping scheme that is intended to provide 

an enhanced perspective on differences in gene expression that occur during 

commitment events in vivo. This scheme involves use of the Cre recombinase 

and novel reporter alleles that can adopt different states as a function of 

recombinase concentration in cells.  In this study, we describe the design and 

properties of the reporter alleles and establish the foundation for their use in 

mice. We demonstrate that the alleles perform as expected in vivo by showing 

they can discriminate populations of T cells that differ in their prior expression of 

a gene (Tnfrsf4) that is variably induced as a function of TCR signaling. The 

study makes clear the properties of the new reporter alleles and their potential 

benefits for the analysis of cell fate decisions within and beyond the immune 

system.
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Materials and Methods

Generation of gene targeting vectors 

The Stop element in the reporter alleles was generated by inserting a PGK-puro 

gene (Ramirez-Solis et al., 1995) just after the 59 loxP site of an existing Stop 

element (Lakso et al., 1992) that had been modified such that the 39 splice 

acceptor (SA) sequence was replaced with an SV40 polyadenylation sequence. 

An adenovirus SA sequence was isolated from pSA-bgeo (Friedrich and Soriano, 

1991) and inserted immediately upstream of this. DNA fragments containing the 

tdTomato (Shaner et al., 2004) and human CD2 (hCD2) open reading frames 

(ORFs) were generated by PCR and inserted downstream of the Stop element. 

An internal ribosome entry site (IRES)-enhanced GFP (eGFP) element (derived 

from pIGCN21) (Lee et al., 2001) was flanked by recombinase recognition sites 

(FRT, 5172, and 3373) by conventional ligation with fragments taken from 

plasmids containing these sites. The modified IRES-eGFP was then cloned 

downstream of either SA-Stop-tdTomato or SA-Stop-hCD2. SV40 

polyadenylation sequences were added downstream of the eGFP or hCD2 

ORFs, and, finally, the fully assembled reporter inserts were cloned into a 

polylinker inserted into the XbaI site of a modified form of pRosa26-1. 

Embryonic stem cell culture, gene targeting, and generation of mice 

E14 mouse embryonic stem (ES) cells (Nichols et al., 1990) were cultured and 

transfected using standard conditions. The cells were cultured in Glasgow MEM 

supplemented with penicillin, streptomycin, L-glutamine, 2-ME, sodium pyruvate, 

nonessential amino acids (all from Invitrogen, Carlsbad, CA), 15% FCS 
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(Cambrex, East Rutherford, NJ), and 0.3% LIF-containing supernatant. Cells 

were cultured on gelatinized tissue culture-treated plates without feeder cells. 

The targeting vector (25 mg DNA linearized with AscI) was electroporated into 2 

3 107 E14 ES cells in PBS (Invitrogen) using cuvettes with a 0.4-cm electrode 

gap and a Bio-Rad Genepulser II set at 250 V and 500 mF (Bio-Rad, Hercules, 

CA). Puromycin (2 mg/ml) selection was imposed after 2 d, and single ES cell 

colonies were picked after an additional 7–9 d in selection. The colonies were 

expanded in 96-well plates, after which one-half of the culture was frozen down, 

whereas the other half was used for isolation of DNA. The DNA was screened by 

Southern blot using the mini-Southern procedure (Ramirezsolis et al., 1992) and 

a radiolabeled XhoI fragment of the ROSA26 locus from the pRosa26 plasmid 

(Zambrowicz et al., 1997a). Mice were generated from targeted ES cells by 

microinjection of the ES cells into C57BL/6x(C57BL/6xDBA/2 F1) eight-cell 

embryos using a laser-assisted technique (Poueymirou et al., 2007). Germline 

transmission was accomplished by breeding chimeric males to C57BL/6 females. 

Mice were used between 6 and 10 wk of age for experiments. All mice were 

maintained and bred under specific pathogen-free conditions under the approval 

of the University of California, San Francisco, Institutional Animal Care and Use 

Committee (San Francisco, CA). 

Transient transfections and use of cell-permeant Cre 

For transient transfections, targeted E14 cells were trypsinized, washed, and 

resuspended at 2.5 3 107/ml. A total of 40 mg circular DNA was mixed with 0.8 
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ml cells, after which the suspension was transferred to a cuvette (0.4-cm 

electrode gap) and electroporated at 250 V and 950 mF. To purify cells exhibiting 

a partially recombined phenotype, targeted ES cell clones were transfected with 

pMC-Cre(Gu et al., 1993), incubated for 5 d, and then flow-sorted using a BD 

FACSAria flow cytometer (BD Biosciences, San Jose, CA). After further 

expansion, the sorted tdTomato+ eGFP+ cells were transfected with a Cre-

estrogen receptor (ER) plasmid (Metzger et al., 1995) and a human CD2 

expression vector as a tracer for transfected cells. Twenty-four hours later, the 

cells were incubated with varying concentrations of 4-hydroxy- tamoxifen for 24 

h. After an additional 24 h of culture in the absence of 4- hydroxy-tamoxifen, the 

cells were analyzed for human CD2 and reporter expression by flow cytometry. 

Cell-permeant Cre was prepared and purified as described (Peitz et al., 2002) 

and added to targeted ES cell clones for 4 to 5 h in Glasgow MEM without serum 

or antibiotics. The cells were then washed before incubation in normal medium 

for an additional 48 or 72 hours prior to analysis by flow cytometry.

Flow cytometry and immunofluorescence 

Conjugated Abs were purchased from BD Biosciences and eBioscience (San 

Diego, CA). Single-cell suspensions were prepared from mouse spleens using 

45-μm cell strainers (BD Falcon, BD Biosciences) and PBS containing BSA 

(0.3% w/v). T cell stimulations were performed with purified anti-CD3ε (clone 

145-2C11) and plate-bound goat anti-Armenian hamster IgG (Jackson 

ImmunoResearch Laboratories, West Grove, PA) with or without purified anti-
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mouse CD28 (clone 37.51, BD Biosciences).  Cells were washed by 

centrifugation and then incubated on ice for 30 min with saturating concentrations 

of Abs specific for cell surface molecules (B220, CD4, CD8, CD25, and CD44). 

DAPI (0.3 mM) was used for live-dead cell discrimination. Cells were analyzed 

using either BD LSRII or FACSCalibur flow cytometers (BD Biosciences). All data 

were acquired using BD FACSDiva software (BD Biosciences) and further 

analyzed with FlowJo software (TreeStar, Ashland, OR). Spleens or lymph nodes 

were embedded in 4% low-melting agarose/PBS, and 150–250-μm sections 

were cut in cold PBS with a Vibratome (Vibratome, Bannockburn, IL) at high 

amplitude and slow speed with a blade angle of 25–28˚, mounted onto slides, 

and imaged. Fixed tissues were prepared by incubating spleen quarters or entire 

lymph nodes in 2–4% (w/v) paraformaldehyde/PBS at room temperature for 1–3 

h. Tissues were washed briefly in PBS, floated on cold 30% (w/v) sucrose, frozen 

in OCT (Sakura Finetek, Torrance, CA) and stored at -80˚C until sectioning on a 

Leica CM3050 S cryostat (Leica Microsystems, Deerfield, IL). eGFP was 

detected in fixed samples using a rabbit anti-GFP antisera (Novus Biologicals, 

Littleton, CO), followed by a biotinylated donkey anti-rabbit F(abʼ)2 Ab (Jackson 

ImmunoResearch) and a tyramide signal amplification-based FITC detection 

system (PerkinElmer, Waltham MA). Confocal imaging was performed using a 

modified Axiovert 200M microscope (Zeiss, Oberkochen, Germany) equipped 

with a spinning-disk confocal scanner (Yokogawa, Sugar Land, TX) with a 

403/1.3 NA oil immersion objective and an iXon EMCCD camera from Andor 

(South Windsor, CT). Data collection and processing were performed using 
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MetaMorph software with the “Scan Slide” drop-in application (Molecular 

Devices, Downingtown, PA). 
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Results 


 loxP sites are 34 bp in length and are composed of two inverted repeats 

flanking a central spacer sequence (Sternberg and Hamilton, 1981) (Fig. 2-1A). 

Mutations introduced into the spacer or repeat sequences do not necessarily 

prevent recombination, but they can affect both the efficiency and specificity of 

recombination. Some mutant loxP sites recombine efficiently with the native loxP 

sequence, whereas others will only recombine with loxP sites that are similarly 

mutated (Hoess et al., 1986; Lee and Saito, 1998).


 We selected two mutant loxP sites as the basis of a novel reporter allele 

design. A sensitive in vitro recombination assay previously established that these 

two sites do not recombine detectably with native loxP sites (Lee and Saito, 

1998). The sites also show reduced homotypic recombination efficiencies relative 

to loxP: 10% and 30% of native efficiency for 3373 and 5172, respectively (Fig. 

2-1A).  We designed two novel reporter alleles (one incorporating 3373 sites and 

the other 5172 sites) based on a successful design used previously by many 

laboratories. A conventional component of the design was the use of the 

Gt(ROSA)26Sor locus (Zambrowicz et al., 1997b) (referred to in this study as 

ROSA26) as a site into which the reporter elements would be inserted. This locus 

was attractive because it is transcriptionally active in most cell types in the 

mouse, and it shows useful expression levels in hematopoietic lineages (Mao et 

al., 2001; Srinivas et al., 2001). A second conventional component of the design 

was the placement of a loxP-flanked disruption (commonly referred to as a Stop 

element) (Lakso et al., 1992; Srinivas et al., 2001) within an intron of the 
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ROSA26 locus immediately downstream of a strong SA sequence. The purpose 

of this element was to terminate transcription such that any reporter ORFs 

appended to it would not be expressed, unless the element was first removed by 

Cre recombination.
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FIGURE 2-1. Design and Cre-dependent activation of reporter alleles. A, 
Nucleotide sequences of wild-type and mutant loxP sites and their relative 
recombination efficiency as measured in vitro (Lee and Saito, 1998). Mutations in 
the central spacer region are underlined. B, Design of the reporter alleles 
generated by gene targeting at the ROSA26 locus in mouse ES cells. C, Diagram 
of states adopted by the reporter alleles due to Cre recombination at the loxP 
sites (top) followed by 5172 or 3373 sites (bottom). The partially recombined 
state (middle) results in expression of both tdTomato and eGFP (red and green 
fluorescence), whereas fully recombined alleles (bottom) express only tdTomato 
(red fluorescence only). D, Southern blot of EcoRV-digested genomic DNA from 
a representative ES cell clone and its parent hybridized with the probe shown in 
B. E, Expression of reporters (hCD2 or tdTomato, and eGFP) in gene-targeted 
ES cells carrying the hCD2 (middle panel) or tdTomato (right panel) forms of the 
reporter allele after transient transfection with a Cre expression vector. 
Percentages of cells falling within the marked fluorescence gates are shown.

42




 The two reporter ORFs we chose were those that encoded the tdTomato 

variant of dsRed (Shaner et al., 2004) and eGFP (Yang et al., 1996). A human 

CD2 cDNA was also used in place of the tdTomato gene in alternative versions of 

the reporter alleles. We placed an IRES between the two reporter ORFs to allow 

for their cotranslation (Fig. 2-1B). tdTomato and eGFP were favored as reporter 

proteins because they can be readily detected and discriminated by flow 

cytometry and fluorescence microscopy.


 The most important aspect of the reporter design was the placement of 

mutant Cre recombination sites (3373 or 5172) (Lee and Saito, 1998) around the 

IRES-eGFP element. This was done so that the IRES-eGFP could be selectively 

excised from the reporter allele with an efficiency that was reduced relative to 

excision of the upstream loxP-flanked Stop element. The most favored 

recombination event in cells expressing Cre, therefore, would be loss of the Stop 

element resulting in gain of both eGFP and tdTomato expression (Fig. 2-1C).  

Loss of eGFP would then occur in some but not all of the tdTomato+ cells, and 

the fraction of them undergoing this event would be a function of the amount of 

Cre recombinase they expressed (Lin et al., 2004; Peitz et al., 2002). Reporter 

phenotype should therefore reflect the amount of Cre expressed by a population 

of cells with tdTomato+eGFP+ cells expressing lower levels of Cre than tdTomato

+eGFP- cells. Because 3373 sites are recombined less efficiently than 5172 sites 

(Lee and Saito, 1998), loss of eGFP should occur with lower efficiency in 

populations carrying the 3373 reporter allele than in cells carrying the 5172 allele. 
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 The ROSA26 locus was mutated in mouse ES cells (Fig. 2-1D) by gene 

targeting using targeting vectors that carried the indicated reporter configurations 

(Fig. 2-1 B). Initial versions of the reporter alleles incorporating a dsRed ORF 

upstream of the IRES-eGFP failed to generate detectable red fluorescence in 

targeted ES cells following transient Cre expression, even though we could 

readily detect eGFP in the transfected populations. To correct this problem, we 

replaced the dsRed ORF with ORFs encoding either the tdTomato variant of 

dsRed (Shaner et al., 2004) or human CD2. Targeted ES cells carrying these 

alternative versions of the alleles showed Cre-dependent expression of both 

eGFP and tdTomato or human CD2 (Fig. 2-1 E). These preliminary experiments 

established that the reporter alleles were functional in ES cells, so additional 

experiments were performed to analyze their properties in more detail.


 We performed a series of experiments to explore the relationship between 

Cre recombinase expression levels and reporter recombination status. These 

involved various strategies to titrate Cre activity in the cells, of which the most 

robust proved to be treatment with varying doses of Tat-Cre, which is a form of 

the recombinase that crosses the membrane because it contains a short N-

terminal extension from the HIV Tat protein (Peitz et al., 2002). 


 Both reporter alleles (3373 and 5173) were recombined in treated ES cells 

in a Tat-Cre dose-dependent fashion (Fig. 2-2 A). A key observation was that at 

low doses of Cre, cells that had undergone full recombination of the reporter 

alleles were less common than at higher doses of Cre. That is, the ratio of single-

positive cells (SP; tdTomato+eGFP- cells carrying fully recombined alleles) to 
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double-positive cells (DP; tdTomato+eGFP+ carrying partially recombined alleles) 

was lower at the low doses of Cre than at the high doses. Incubation of Tat-Cre 

with cells carrying a variant of the reporter allele lacking the mutant loxP sites 

rendered the cells positive for both tdTomato and eGFP (Fig. 2-2 B), showing that 

the tdTomato+ eGFP- phenotype depended on Cre recombination. A second 

important observation was that the frequency of cells carrying fully recombined 

forms of the 5172 reporter allele was higher than that of cells carrying fully 

recombined forms of the 3373 allele at all concentrations of Cre (Fig. 2-2 C). 

Both observations were consistent with the anticipated behavior of the alleles 

based on the fact that both of the mutant loxP sites are recombined less 

efficiently by Cre than native loxP and that 3373 shows one-third the efficiency of 

5172 (Lee and Saito, 1998).
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FIGURE 2-2. Sensitivity of the reporter alleles to Cre recombination. A, ES 
cell clones carrying the 3373 or 5172 reporter alleles were incubated with varying 
concentrations of Tat-Cre protein for 5 h, washed, and then returned to culture for 
48 h before analysis by flow cytometry. The plots show relative expression of 
tdTomato and eGFP in the cells post-exposure to the indicated concentrations of 
Tat-Cre. Numbers on the plots refer to the percentages of cells in the marked 
fluorescence gates. B, Loss of eGFP from tdTomato+ cells depends on Cre 
recombinase-dependent excision of the IRES-eGFP element from the reporter 
alleles and is not observed when the element is not flanked by Cre recognition 
sites. Cells were treated and analyzed as in A. C, Graph showing the ratio of 
cells (carrying either the 3373 or 5172 reporter alleles) with fully (tdTomato
+eGFP–, SP) versus partially (tdTomato+eGFP+, DP) recombined alleles (SP/
DP) as a function of Tat-Cre concentration. Cells were treated and analyzed as in 
A. Statistical significance: p = 0.03, calculated by Student t test. 

46




 To focus specifically on the efficiency of recombination that was dependent 

on 3373 or 5172 sites, we sorted tdTomato+eGFP+ cells from clones of targeted 

ES cells that had been transiently transfected with a Cre expression vector. 

These sorted cells were ∼95% pure and retained the partially recombined 

reporter phenotype during prolonged culture (Fig. 2-3A). We treated these cells 

transiently with varying doses of Tat-Cre and then cultured them before analysis 

by flow cytometry. Loss of eGFP occurred in the cells in a Cre recombinase 

dose-dependent fashion (Fig. 2-3A), and it was more prevalent in cells carrying 

the 5172 allele than in those carrying the 3373 allele (Fig. 2-3B). Similar results 

were obtained when Cre was delivered to the cells by other means, including 

transient transfection of a vector expressing a Cre-ER fusion protein followed by 

induction of Cre activity by treatment of the cells with varying doses of 4-hydroxy-

tamoxifen (Metzger et al., 1995) (Fig. 2-S1). Thus, as above, these data showed 

that the reporter alleles behaved in the expected fashion and that the ratio of 

cells carrying fully recombined alleles to those carrying partially recombined 

alleles (SP/DP) informs on how much Cre recombinase the cells expressed. 
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FIGURE 2-3. Cre recombinase-dependent excision of IRES-eGFP from cells 
carrying partially recombined reporter alleles. A, ES cell clones with partially 
recombined alleles (3373 or 5172) were generated by sorting tdTomato+eGFP+ 
cells from cultures of cells that had been transiently transfected with a Cre 
recombinase expression vector. The cells were subsequently treated with varying 
concentrations of Tat-Cre before analysis by flow cytometry. The plots show 
relative expression of tdTomato and eGFP in the cells post-exposure to the 
indicated concentrations of Tat-Cre. Numbers on the plots refer to the 
percentages of cells in the marked fluorescence gates. B, Graph showing the 
ratio of cells (carrying either the 3373 or 5172 reporter alleles) exhibiting the fully 
recombined phenotype (tdTomato+eGFP–) versus the partially recombined 
phenotype (tdTomato+eGFP+) as a function of Tat-Cre concentration (post-
treatment and analysis as in A). Statistical significance: p = 0.02, calculated by 
Student t test. C, Frequency of tdTomato–eGFP– cells in cultures treated as in A.
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 In vitro recombination data predicted that the reporter alleles would adopt 

one of only two possible recombined states because loxP sites do not recombine 

detectably with either 3373 or 5172 sites. It was nonetheless of interest to 

determine whether such unfavored recombination might be prevalent in the 

context of the reporter constructs stably integrated into the genome of ES cells. 

The 3373 and 5172 sites were inserted into the constructs in inverted orientation 

relative to the upstream loxP sites, so heterotypic recombination would result in 

inversion of the DNA between the involved sites. Of six possible inversion events 

(four without prior excision of the Stop element and two with it), two had the 

potential to allow for reporter expression (eGFP without tdTomato), whereas four 

would result in an absence of reporter expression. We detected no cells with a 

tdTomato-eGFP+ phenotype following Cre recombination in cells carrying either 

of the two reporters (Figs. 2-2A, 2-3A, 2-S1A). Moreover, when Tat-Cre was 

added to the flow-sorted tdTomato+eGFP+ cells, we noted no accumulation of 

cells with a tdTomato-eGFP- phenotype (Fig. 2-3C) such as would be expected if 

unfavored recombination events occurred at a significant frequency. Thus, 

heterotypic recombination is not a prevalent event, and the reporter alleles 

behave as predicted.


 We generated lines of mice with the ES cells carrying the tdTomato forms of 

the reporter alleles (Poueymirou et al., 2007). Lymphocytes from these mice 

responded to treatment with Tat-Cre by expressing tdTomato and eGFP in a 

similar fashion to what we had observed in the ES cells. Specifically, the ratio of 

fully to partially recombined alleles (SP/DP) increased as a function of Cre 
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concentration, and the 5172 allele was more readily recombined than the 3373 

allele (Fig. 2-4A). 


 To determine whether the reporter alleles would respond to concentrations 

of Cre that are useful experimentally, we crossed the reporter mice to Ox40-cre 

mice. These mice express Cre from the native Tnfrsf4 locus and show persistent 

high expression of the recombinase in CD4+ regulatory T cells, transient high 

expression in precursors of CD4+ memory T cells, and transient weak expression 

in a subpopulation of precursors of CD8+ memory T cells and the thymic 

precursors of a small subpopulation of naive T cells (Klinger et al., 2009). Ox40-

cre recombined the reporter alleles in a fashion that reflected the relative levels 

of Cre expression in the different types of T cells. Specifically, populations that 

expressed high amounts of Cre (CD4+ regulatory and memory T cells) showed 

the highest ratios of fully to partially recombined reporter alleles (Fig. 2-4B, 

2-4C). By contrast, fully recombined alleles were less prevalent in naive and 

CD8+ T cells, which expressed lower levels of the recombinase (Fig. 2-4B, 

2-4C). 
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FIGURE 2-4. Behavior of the reporter alleles in cells from mice created with 
targeted ES cells. A, Pooled spleen and lymph node cells (from mice carrying 
either the 3373 or 5172 reporter allele) were incubated with varying 
concentrations of Tat-Cre protein for 4 h. The cells were washed and then 
returned to culture for 48 h before analysis by flow cytometry. The graph shows 
the ratio of B220+ cells exhibiting the fully recombined phenotype (tdTomato
+eGFP–) versus the partially recombined phenotype (tdTomato+eGFP+) as a 
function of Tat-Cre concentration. Statistical significance: p = 0.05, calculated by 
Student t test. B, The plots show representative flow cytometry data of different 
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types of T cells from Ox40-cre mice carrying the two reporter alleles (results from 
both the 3373 and 5172 reporter alleles are shown in the upper and lower 
panels, respectively). Percentages of cells expressing tdTomato with or without 
eGFP are indicated next to the relevant gates. The ratios of cells carrying the 
alleles in the fully or partially recombined state (SP/DP) are shown in the boxes 
at bottom right of each plot. C, A graph showing the mean (and SE) of 
recombination ratios in T cells from Ox40-cre mice carrying either of the two 
reporter alleles (three mice per group) calculated as in B. D, Ox40-cre CD4+ (left 
panels) or CD8+ (right panels) T cells carrying the 3373 reporter allele were 
stimulated with anti-CD3 in the presence (squares) or absence (circles) of anti-
CD28. The graphs at top show the frequency of reporter-positive cells (i.e., 
tdTomato+ cells) in the cultures after 48 h of stimulation. The graphs at bottom 
show the ratios of T cells exhibiting the fully recombined versus the partially 
recombined phenotypes (SP/DP) at the same 48-h time point. E, Reporter 
expression in a single fixed popliteal lymph node (left panel) from an Ox40-cre 
mouse containing the 3373 reporter allele. Original magnification x40. Scale bar, 
80 µM. The capsule of the lymph node is outlined in blue circles, and a dashed 
box highlights the magnified area of interest. The three smaller images at right 
show tdTomato (left panel) and eGFP (middle panel) expression in the magnified 
area. A merged overlay is shown at the extreme right with tdTomato+eGFP+ DP 
lymphocytes marked with arrows. Scale bar, 8 µM.
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FIGURE 2-S1.  Recombination of the reporter alleles in response to 
expression and induction of Cre-ER. (A) ES cell clones carrying the 5172 or 
3373 alleles were transiently cotransfected with an expression vector encoding 
Cre-ER(Metzger et al., 1995) and human CD2.  Cre recombination was induced 
by incubation with varying concentrations of 4-hydroxy-tamoxifen for 24 hours 
after transfection.  The cells were then incubated for 72 hours before analysis by 
flow cytometry.  The plots show expression of tdTomato and eGFP on cells that 
were gated for human CD2 expression as a transfection marker.  Numbers on 
the plots refer to the percentages of cells in the marked fluorescence gates.  (B) 
Graph showing the ratio of cells (carrying either the 3373 or 5172 reporter 
alleles) exhibiting the fully recombined phenotype (tdTomato+eGFP–) versus the 
partially recombined phenotype (tdTomato+eGFP+) as a function of 4-hydroxy-
tamoxifen concentration (after treatment and analysis as in A).  Statistical 
significance, p=0.0002, calculated by Studentʼs t- test.
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 Cre expression levels should be elevated in mice that are homozygous for 

Ox40-cre relative to heterozygous mice. This predicts that reporter-positive cells 

should be more numerous and recombination ratios higher in T cells from the 

former than in those from the latter.  Lymphocytes from mice homozygous for the 

Ox40-cre allele do no express OX40, and this would be expected to compromise 

the survival of some T cells (such as CD4+ memory T cells)(Rogers et al., 2001). 

Despite this, however, we found increases in reporter-positive T cells in the 

homozygous mice (Fig. 2-S2A), and, associated with this, there were increases 

in the SP/DP recombination ratios (Supplemental Fig. 2-2B).
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FIGURE 2-S2.  A two-fold increase in the number of Cre recombinase alleles 
increases the frequency of cells exhibiting the fully recombined reporter 
phenotype.  (A) Reporter activity in peripheral blood CD4+CD25-CD44low 
lymphocytes from either heterozygous Ox40-cre/+ (left) or homozygous Ox40-
cre/Ox40-cre (right) mice as assessed by flow cytometry.  Numbers above the 
gates indicate the frequency of cells with fully or partially recombined alleles.  (B) 
The graph shows the ratios of fully to partially recombined alleles from 4 mice of 
each genotype.  The data are representative of two independent experiments.  
p=0.009, calculated by Studentʼs t-test.
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 T cells were purified from Ox40-cre mice and stimulated in vitro with an anti-

CD3 Ab. Induction of OX40/Ox40-cre in this context occurs as a function of anti-

CD3 concentration (Klinger et al., 2009) and is potentiated by costimulatory 

signaling delivered by inclusion of an anti-CD28 Ab. Consistent with this, we 

found a higher frequency of cells carrying fully recombined reporter alleles in 

cultures treated with high amounts of anti-CD3 compared with those treated with 

low amounts or in cultures that received costimulation compared with those that 

did not (Fig. 2-4D). Cumulatively, therefore, we conclude that the reporter alleles 

behave as expected and can be used to inform on differences in the levels of Cre 

expressed by populations of cells in vivo. 


 As a final test of the utility of the alleles, we determined whether they could 

be detected by fluorescence confocal microscopy in sections of lymphoid tissue 

from Ox40-cre reporter-positive mice. Whereas the tdTomato and eGFP moieties 

could be readily detected in fresh tissue sections (Fig. 2-S3), eGFP fluorescence 

was typically low and became undetectable by confocal microscopy upon routine 

fixation. This problem could be overcome by use of fluorescently labeled anti-

GFP antisera, and, using this approach, we could easily distinguish lymphocytes 

carrying fully recombined reporter alleles from those with partially recombined 

alleles in frozen sections (Fig. 2-4E). These data show that the alleles can be 

used for determining the localization of cells that differ in their reporter 

expression and thus gene expression history. 
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FIGURE 2-S3.  Reporter fluorescence in fresh tissue sections.  The images 
show tdTomato (left), eGFP (middle) and merged fluorescence (right) from a 
section of popliteal lymph node.  A tdTomato/eGFP double positive lymphocyte is 
marked in the overlay with an arrow.  Scale bar = 8µM.
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Discussion


 Reporter alleles that inform on Cre activity in cells are typically designed to 

transition between inactive and active states (Lobe et al., 1999; Mao et al., 1999; 

Srinivas et al., 2001). The active state arises when Cre excises a loxP-flanked 

element from the allele, rendering the cell positive for persistent expression of a 

reporter protein from a downstream ORF. Populations of cells that express the 

reporter have previously expressed Cre, whereas those that do not are enriched 

for cells that never expressed Cre or expressed insufficient levels of it for 

recombination to occur efficiently. Reporters that have been used in this sort of 

context include β-galactosidase, eGFP and variants of eGFP, placental alkaline 

phosphatase, and wheat-germ agglutinin (Lobe et al., 1999; Mao et al., 2001; 

Mao et al., 1999; Novak et al., 2000; Soriano, 1999; Srinivas et al., 2001). 


 The reporters we have described in this paper include the core components 

of the conventional design and thus they can be used for all of the same 

purposes. They also include an additional component that can be used to 

discriminate between populations of cells that differ in how much Cre they 

previously expressed. Thus, instead of two possible configurations (i.e., inactive 

versus active), the reporters are capable of adopting three states (i.e., inactive 

and two distinct active states) depending on the amount of Cre expressed in 

cells. If Cre expression is governed in a physiologically significant fashion (e.g., 

by elements taken from a developmentally regulated gene), then the reporter 

alleles can be used to discriminate populations that have different gene 

expression histories. This type of discrimination can be exploited in the study of 
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lineage commitment decisions because it allows for cell fate to be correlated with 

prior gene expression levels. 


 To analyze the performance of the reporter alleles, we employed various 

strategies to deliver graded amounts of Cre recombinase activity to the targeted 

ES cells. These included transient transfection of expression vectors encoding 

Cre or transient transfection (or retroviral transduction) of vectors encoding Cre-

ER(Metzger et al., 1995) followed by induction of Cre activity with 4-hydroxy-

tamoxifen. Relative to these, the cell-permeant Tat-Cre protein (Peitz et al., 2002) 

provided the highest efficiency Cre recombination and the greatest experimental 

dynamic range. Using Tat-Cre, we could show that the penetrance of complete 

recombination at the reporter alleles increased as a function of Cre recombinase 

activity, and, consistent with our expectations from in vitro recombination assays 

(Lee and Saito, 1998), we found that recombination of 3373 sites occurred less 

efficiently than that of 5172 sites. Complete recombination of the 3373 reporter 

allele therefore depended on higher levels of Cre activity in cells than the 5172 

allele. 


 The characteristics of the reporter alleles just summarized make clear their 

value for informing on prior Cre expression in cells, and thus, as argued above, 

their potential applicability to the study of lineage commitment decisions in which 

fate determination is a function of quantitative differences in signaling and 

downstream gene expression. The decision to generate two types of alleles, one 

involving 3373 sites and the other 5172 sites, was made with two related 

considerations in mind. The first was that for any given Cre expression level from 
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a cre allele, the population of cells carrying a reporter in its partially recombined 

configuration would be larger with the 3373 allele than with the 5172 allele. If 

expression of the cre allele was induced differentially as part of a differentiation 

process, then correlations between reporter state and differentiated phenotype 

would likely be higher with one allele than with the other. This is simply because 

the partially recombined versus fully recombined states would more closely align 

with differentiated phenotypes in one case than in the other. The second related 

consideration was that different levels of Cre will be expressed in cells depending 

on what cre allele has been used. In general, the 3373 reporter allele is likely to 

be more useful than the 5172 allele when Cre expression is high because the 

penetrance of complete recombination in affected populations of cells would 

approach 100% with the 5172 allele (and thus the allele would not discriminate 

different populations of Cre-expressing cells). When Cre expression is lower, the 

potential utility of the 5172 allele would increase.


 Cre recombination approached 100% penetrance in regulatory T cells in 

Ox40-cre mice because these cells express the Ox40 gene in a constitutive 

fashion. Recombination penetrance was lower in other types of cells that express 

Ox40 transiently and/or at submaximal levels. These characteristics allowed us to 

examine the behavior of the two reporter alleles in mice as a function of differing 

Cre expression levels. Our analysis included an examination of reporter allele 

recombination in cells that had been stimulated in vitro with anti-CD3ε (to induce 

OX40 expression). In all cases, the recombination status of the alleles correlated 

well with the known prior/ongoing expression of the Ox40 gene in the populations 
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under analysis. Furthermore, the two alleles (3373 and 5172) consistently 

differed in their sensitivity to Cre levels as expected, and consequently, they 

discriminated different subpopulations of cells (i.e., the relative frequencies of 

cells with fully versus partially recombined alleles were different in the two types 

of mice for all lineages examined). The results of these experiments therefore 

substantiate the rationale behind making the two types of alleles, while also 

providing a clear demonstration of their utility for lineage marking. 


 In addition to providing information about absolute levels of Cre expression, 

the new reporter alleles are also expected to inform on differences in the duration 

of Cre expression in cells. That is, the probability that they will adopt the fully 

recombined state will increase the longer the cells stay positive for expression of 

Cre, even if they only express low levels of the recombinase. This aspect will limit 

the utility of the alleles in discriminating between effects caused by transient high 

versus prolonged low gene expression, and this must be borne in mind when 

considering their usefulness for addressing specific biological problems. It is also 

important to consider that even though the reporter alleles inform on prior Cre 

activity in single cells, they were nonetheless designed for the analysis of 

populations of cells rather than single cells. For a given subsaturating level of 

Cre, a population of cells may be highly enriched for a particular recombination 

outcome (i.e., full or partial recombination of a reporter allele), but it is expected 

that some cells within it will harbor alternative outcomes. The extent to which this 

is the case will differ for the two alleles as a function of Cre expression levels as 

discussed above. Despite these potential limitations, however, it seems likely that 
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the alleles will provide useful information in many settings and that mice carrying 

them will be beneficial when studying the activity of multiple cre alleles expressed 

in a broad range of cell types and developing tissues.
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Chapter 3

Genetic Fate Mapping of Anti-Viral CD4+ T-cell Responses In Vivo

Abstract

A genetic fate mapping approach is taken to determine the fate of effector CD4+ 

T-cells generated following variable amounts of antigen receptor stimulation 

during naive T-cell activation.  This approach utilizes the 3373 3SCS Cre-reporter 

allele, developed and characterized in chapter 2, with Ox40-cre mice.  By 

marking CD4+ effector T-cell on the basis of TCR signal strength and by tracking 

their fate throughout an anti-viral response, we find different amounts of antigen-

receptor stimulation during activation lead to separate cellular fates.  Specifically, 

effector cells generated as a result of relatively strong antigen receptor 

stimulation accumulate within the antigen-specific memory population.  

Preferential enrichment for these effector cells within the responding population 

takes place during the contraction phase as a result of differential susceptibility to 

apoptosis and is independent of immediate effector function at the peak of the 

response.  This study provides in vivo evidence for a programmed model of 

CD4+ memory T-cell generation following acute viral infection where early 

programming events, driven in part by TCR signal strength, influence the fate of 

effector CD4+ cells during the transition to memory.
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Introduction


 During acute infection with a pathogen, naive T-cells are activated by 

encounter with specialized antigen presenting cells (APCs).  Such activation 

occurs in secondary lymphoid tissues and involves the integration of signals from 

the T-cell antigen receptor (TCR) and both costimulatory and cytokine receptors.  

Activated cells proliferate extensively and ultimately differentiate into effector 

cells with distinct functions(Jenkins et al., 2001; Kaech and Wherry, 2007; 

Williams and Bevan, 2007).  Strikingly, the majority of effector cells are short-

lived and will undergo apoptosis when the pathogen has been cleared leaving 

behind a small population of long-lasting memory cells to protect the host against 

future infections with the same pathogen (Seder and Ahmed, 2003; van Leeuwen 

et al., 2009; Williams and Bevan, 2007)).


 CD4+ T-cells play a central role in both adaptive and innate immune 

responses. They are critical for germinal center reactions, promoting class 

switching and affinity maturation (Fazilleau et al., 2007; McHeyzer-Williams et al., 

2009).  They are similarly important for optimal responses by CD8+ T cells, 

promoting memory cell survival and secondary proliferation upon reinfection 

(Janssen et al., 2005; Janssen et al., 2003; Khanolkar et al., 2007; Shedlock and 

Shen, 2003; Sun and Bevan, 2003; Sun et al., 2004).  CD4+ T cells also provide 

help to macrophages inducing them to increase their bactericidal activity (Dalton 

et al., 1993) or differentiate (Gordon, 2003). In addition to these indirect effects 

on immunity, CD4+ T-cells have limited cytotoxic capacity, which allows them to 

contribute directly to the clearance of pathogen-infected cells under certain 
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circumstances (Jellison et al., 2005).  Thus CD4+ T-cells are key to generating 

effective and long-lasting immunity.


 Increasing evidence supports the notion that like their naïve precursors, 

memory CD4+ T-cells are similarly crucial for protection during reinfection with 

intracellular bacteria (Flynn et al., 1993), parasites (Anthony et al., 2006; Mohrs 

et al., 2005), and during viral infections (Liang et al., 1994; MacLeod et al., 

2009a; Swain et al., 2006).  As is true of CD8+ memory T cells, CD4+ memory T 

cells make more rapid and effective responses than naïve T cells of the same 

specificity for antigen (Kaech and Wherry, 2007; Lees and Farber, 2010a; 

Williams and Bevan, 2007).  Augmented sensitivity in initiating responses is due 

in part to increased expression of signalling proteins within the TCR-signalling 

pathway (Slifka and Whitton, 2001), decreased requirements for costimulatory 

pathways and professional APCs (Croft et al., 1994), and alterations in chromatin 

at cytokine loci (Ansel et al., 2006).  Memory lymphocytes are located within 

lymphoid and non-lymphoid tissues (Masopust et al., 2001; Reinhardt et al., 

2001) at higher frequencies than naive T-cells of the same specificity (Homann et 

al., 2001; Murali-Krishna et al., 1998; Rees et al., 1999) and are capable of long-

term survival (Hammarlund et al., 2003; Homann et al., 2001; Surh and Sprent, 

2008). Understanding the mechanisms influencing memory T-cell generation and 

function is of considerable importance, with the goal of enhancing memory cell 

function following immunization in mind. 


 The amount of antigen and duration of antigen presentation during priming 

have been shown to influence the fate of responding T-cells, with varying effects 
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on CD4+ or CD8+ lymphocyte populations.  CD8+ T-cells can be fully committed 

to clonal expansion and differentiation following relatively short encounters with 

APCs presenting peptide.  Similarly, they can also differentiate into functional 

effector cells following very brief exposure to pathogens in vivo (Kaech and 

Ahmed, 2001; Mercado et al., 2000; van Stipdonk et al., 2001).  CD4+ T-cells, on 

the other hand, require longer periods of interaction with antigen to become fully 

activated.  Studies that increase the precursor frequency of antigen-reactive cells 

(Blair and Lefrançois, 2007; Foulds and Shen, 2006), decrease the dose of 

infectious agents (Foulds et al., 2002), or control the duration of antigen 

presentation (Obst et al., 2005) show CD4+ T-cell expansion and differentiation 

benefit from extended interactions with antigen and increases in antigen dose.  

Such data suggest that the generation of memory CD4+ and CD8+ T cells is 

inhibited by increased competition for antigen during priming.


 TCR affinities for pMHC complexes influence and shape the developing 

effector and memory populations.  Selection for CD4+ T-cell clones expressing 

TCRs of relatively high affinity occurs during the course of primary and 

secondary expansion although many, if not all, peptide-reactive clones are 

recruited early into the response (Busch et al., 1998a; Malherbe et al., 2004; 

Savage et al., 1999).  There may exist an upper limit for beneficial pMHC 

affinities as selection for T-cells with the highest affinity is not absolute (Malherbe 

et al., 2004).  Within the CD8+ lineage, low affinity interactions lead to less 

expansion and earlier migration into peripheral tissues, whereas high affinity 

interactions lead to greater expansion and delayed migration out of lymphoid 
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tissues (Zehn et al., 2009).  This that suggests TCR affinities for antigen may 

direct other aspects of a response other than recruitment into a response, 

including clonal size and migratory behavior.   Although the importance of TCR-

pMHC interactions in effector and memory cell differentiation are apparent, 

additional studies are necessary to better define the significance of TCR 

stimulation strength and in vivo fate, in particular within the setting of a normal 

polyclonal repertoire.


 The process by which effector T-cells populations contract and give rise to 

a stable memory population remains unclear.  In one model, memory T-cells 

result from stochastic selection of effector cells.  In this model all effector cells 

have equal potential to become memory cells, however events during 

contraction, possibly related to competition for antigen-receptor interactions or 

cytokine signals, lead to the majority of effector cells dying from apoptosis 

(Freitas and Rocha, 2000).  Stochastic selection predicts that there should be 

conservation of antigen receptor diversity between effector and memory 

populations, i.e., memory cells should be selected independently of the binding 

properties of their TCRs.  Diverse studies have provided support for this model 

(Busch et al., 1998a)(Bousso et al., 1998; Bousso and Kourilsky, 1999; Malherbe 

et al., 2004). 


 In a second model of memory T cell development, effector and memory 

cells are the product of separate lineages, programmed by distinct TCR signals, 

costimulation and the surrounding inflammatory environment during activation 

(Kaech and Ahmed, 2001; Williams et al., 2006).  Support for this model comes 
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from the presence of CD8+ memory cell precursors within effector T-cell 

populations that preferentially give rise to long-lived memory cells, and the 

finding that short periods of stimulation are sufficient to drive CD8+ effector and 

memory cell differentiation (Kaech and Ahmed, 2001; Kaech et al., 2003; Kaech 

and Wherry, 2007; Mercado et al., 2000; van Stipdonk et al., 2001).  Although 

CD4+ memory precursors have not been identified as of yet (Lees and Farber, 

2010b), and the CD4+ lineage appears to be more dependent on prolonged 

antigen stimulation for activation (Obst et al., 2005), CD4+ effector cells are 

capable of transitioning to memory-like cells in vitro by default (McKinstry et al., 

2007; McKinstry et al., 2008) and transgenic CD4+ effector cells with high 

functional avidity appear to preferentially survive contraction (Williams et al., 

2008).  Thus, memory cell fate may be programmed early during the response, 

possibly as a result of strong TCR signals.


 To investigate the role of strength of the initial TCR-pMHC interaction on 

CD4+ memory T-cell generation, we developed an approach to differentially mark 

T-cells in vivo with fluorescent proteins as a function of the TCR signal strength.  

Our approach depends on a 3-state Cre-sensitive (3373 3SCS) allele, developed 

and characterized in chapter 2, and a Cre-recombinase allele that is expressed 

selectively during T cell activation (Ox40-cre) in a fashion that reflects the amount 

of T-cell receptor stimulation delivered to the cell (Klinger et al., 2010).  Using this 

combination of alleles we have followed the fate of antigen-specific CD4+ T-cells 

during acute LCMV infection.
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 We found that CD4+ effector T-cells generated as a result of strong TCR 

signal strength at the time of priming accumulated within the stable memory cell 

population where they were found at high frequencies.  The relative abundance 

of these cells within the CD4+ memory T-cell population was a result of 

decreased susceptibility to apoptosis during contraction of the effector response 

and did not correlate with immediate effector function at the peak of the 

response.  This study provides in vivo evidence for a deterministic model of 

CD4+ memory T-cell generation following acute viral infection where early 

programming events driven in part by TCR signal strength influence the fate of 

effector CD4+ cells during the transition to memory.
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Materials and Methods

Mice, Adoptive Transfers and LCMV Infections

3373 3-state Cre sensitive (3373 3SCS) and Ox40-cre mice have been described 

previously (Klinger et al., 2009).  Briefly, 3373 3SCS mice allow for bicistronic 

expression of tdTomato and eGFP proteins from the Rosa26 locus following Cre 

recombinase expression (Soriano, 1999).  Further delineation of cells with 

relatively high versus low expression of Cre can occur due to the presence of 

mutant 3373 loxP sites flanking the IRES-eGFP element(Lee and Saito, 1998).  

These reporter mice, referred to herein as “3373 mice”, were generated in E14 

ES cells and maintained on the 129P2/Ola parental strain background.  

Intercrossing 3373 3SCS reporter mice with B6 Ox40-cre mice generated 

129P2.B6(F1) "Ox40-cre/3373" experimental mice.  Mice were infected at 6-8 

weeks of age by intraperitoneal injection with 2x105 pfu of LCMV-Armstrong in 

PBS.  Single-cell suspensions of splenocytes were generated following 

ammonium chloride lysis and filtered through nylon mesh.  Peritoneal cells were 

collected  following injection of 10mL cold PBS into the peritoneal cavity with an 

19G needle.  Blood samples were collected in EDTA-containing PBS at indicated 

times via submandibular puncture, and at memory time points where stated.  

Splenocytes from Ox40-cre/3373 Smarta TCR mice specific for a peptide derived 

from the glycoprotein of LCMV comprising amino acids 61-80 

(GLNGPDIYKGVYQFKSVEFD) were generated on mixed 129P2/B6 background 

and used in in vitro experiments (Oxenius et al., 1998).  Adoptive transfer studies 

were performed with purified CD4+ T-cells from Smarta TCR-expressing Ox40-
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cre/3373 129P2.B6(F1) mice with compatible 129P2/B6(F1) hosts.  Small 

numbers, 2-5x103, of Smarta Ox40-cre/3373 cells were transferred one day prior 

to infection into hosts by retroorbital injection, seeding experimental mice with 

200 - 500 naive Tg CD4+ cells, comparable to endogenous frequencies 

(Whitmire et al., 2006) assuming 10% seeding efficiency (Williams et al., 2008).   

All animals and infections were performed according to approved UCSF IACUC 

protocols.

Flow Cytometry

All stains for surface antigens were performed using standard procedures in cold 

PBS/0.3% BSA (Holmes et al., 2001) at saturating concentrations of antibodies 

(BDBiosciences, Biolegend, EBiosciences).  GP66-APC tetramers composed of 

I-Ab-gp66-77 (DIYKGVYQFKSV) biotin monomers complexed with streptavidin-

APC identify CD4+ T-cells specific for the major B6 epitope, a peptide derived 

from the LCMV glycoprotein containing amino acids 66-80 and were obtained 

from the NIH Tetramer Facility.  Tetramer stains were performed prior to surface 

staining for 2 hours at 18-20° C in RPMI supplemented with 2% fetal calf serum.  

Ex vivo cytokine production was assessed by culturing splenocytes in 96-well 

plates with varying concentrations of gp66-80 peptide (DIYKGVYQFKSVEFD) at 

37° C for 6 hours in complete medium. One hour following the start of incubation, 

Brefeldin A or GolgiPlug was added according to the manufacturerʼs 

recommended dose (BD Biosciences).  Cell surface staining was performed on 

ice, followed by fixation in 4% p-formaldehyde (EM Scientific) for 5 min at 37° C, 
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quenched with FCS, and stored on ice overnight or permeabilized in BD 

PermWash on ice for 20 minutes (BD Biosciences).  Incubation with conjugated 

anti-mouse cytokine antibodies in BD PermWash followed for an additional hour 

on ice.  Cells were washed and analyzed immediately.  Annexin V staining was 

performed following manufacturerʼs procedure (BDBiosciences).  All flow 

cytometry data were collected on LSRii instruments equipped with a yellow-green 

lasers for optimal tdTomato excitation using FACSDiva acquisition software.  

Cells were sorted on an AriaIII with a yellow-green laser.  All analysis was 

performed using FACSDiva (BD Biosciences) or FlowJo software (Treestar). 

In vitro Stimulations

All stimulations involved culture in RPMI-10%FCS-1xPenicillin/Streptamycin/

2mM L-glutamine with 50uM 2-mercaptoethanol (Invitrogen).  TCR-transgenic 

CD4+ cells were stimulated with irradiated splenocytes and varying amounts of 

gp66-80 peptide.  In some experiments, day 3 in vitro cultures were washed and 

necrotic cells/debris were removed by density centrifugation.  Viable cells were 

further cultured for 7 days in fresh complete medium before analysis(McKinstry et 

al., 2007).  In some experiments, splenocytes were serum-starved for 15 minutes 

at 37°C degrees,followed by stimulation with IL-7 (5ng/mL) for 15 minutes in 

complete medium at 37°C.  Cells were fixed immediately with 4% p-

formaldehyde for 5 min and then permeabilized and stained for intracellular p-

STAT5 as described (Perez et al., 2005).
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Results

In vitro Stimulation of CD4+ T-cells 

We have previously described the properties of a three-state Cre-sensitive 

reporter allele (3373 3SCS).  This allele marks cells as a function of the amount 

of Cre-recombinase they have previously expressed [(Klinger et al., 2010) and 

Figure 3-1 A-B].  Cells harboring the 3373 3SCS allele that have not expressed 

Cre carry the reporter allele in an unrecombined state and thus do not express 

any reporter proteins (R-N; reporter-negative phenotype).  If cells express the 

recombinase, they can undergo partial or complete recombination at the reporter 

allele.  Partial recombination results in the expression of two reporter proteins 

(tdTomato and GFP; the Red-Green [R-G] phenotype) whereas full 

recombination results only in expression of one reporter (tdTomato; the Red-only 

[R] phenotype).  Consistent with expectations, cells adopt the R phenotype 

following high expression of the Cre recombinase (Klinger et al., 2010).  

Moreover, the ratios of cells exhibiting distinct reporter phenotypes (i.e. R:R-G, 

R-G:R-N, or R:R-N) could be used to inform on relative amounts of Cre activity 

experienced by populations (Klinger et al., 2010).  In this study, we have 

combined the 3373 3SCS reporter allele with the Ox40-cre allele, which 

expresses the recombinase in a fashion that reflects the normal expression of the 

OX40 protein.


 OX40 is transiently expressed on TCR transgenic naive T-cells following in 

vitro stimulation, and it reaches maximal levels within 48-72 hours, decreasing 

thereafter to near background levels by 5 days (Gramaglia et al., 2000; 
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Gramaglia et al., 1998).  We have shown that naive CD4+ T-cells from Ox40-cre/

3373 mice stimulated in vitro with antigen-receptor antibodies recombine the 

3373 reporter allele and that increases in receptor stimulation resulted in the 

generation of a greater number of R and R-G marked cells than R-N marked 

cells, as predicted (Klinger et al., 2010).  Thus, these results from antibody 

stimulated Ox40-cre/3373 T-cells demonstrated that the Ox40-cre/3373 reporter 

may by useful in marking T-cells on the basis of the amount of antigen 

stimulation they experience.  T-cells generated from relatively strong stimulatory 

conditions were marked by reporter differently (favored generation of the R state) 

than T-cells marked as a result of relatively weak conditions.  Thus, populations 

of T-cells could be discriminated by reporter on the basis of the amount of 

receptor stimulation (Klinger et al., 2010).


 To establish the effects of strong versus weak antigen-specific stimulation 

on Ox40-cre/3373 reporter recombination, naive CD4+ splenocytes from Ox40-

cre/3373 mice expressing the transgenic CD4+ Smarta TCR were stimulated in 

vitro with varying amounts of agonist peptide.  The Smarta TCR is specific for a 

peptide from the LCMV glycoprotein (residues 61-80) presented by I-Ab(Oxenius 

et al., 1998).  Stimulation of Ox40-cre/3373 Smarta splenocytes led to reporter 

recombination within 72 hours (Figure 3-1C).  Increasing the amount of peptide 

added to stimulation cultures resulted in increasing amounts of reporter allele 

recombination (total R and R-G cells, Figure 3-1C) along with increased ratios of 

cells in more recombined reporter states (R:R-G,R-G:R-N, and R:R-N Figure 

3-1C-D).  Therefore, R and R-G CD4+ T-cells are preferentially generated 
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following relatively strong TCR stimulation, whereas R-N cells are a result of 

weaker stimulation.
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FIGURE 3-1. Ox40-cre/3373 T-cells are Marked In Vitro as a Function of 
Strength of TCR Stimulation.  A. Experimental T-cells and mice are double 
transgenic for the 3373 3-state Cre sensitive (3SCS) reporter allele (top) and 
Ox40-cre allele(bottom).  The 3373 3SCS reporter allele consists of a floxed 
(white triangles) STOP element upstream of a tdTomato ORF followed by a 
mutant 3373 loxP (black triangles) flanked IRES eGFP ORF.  The reporter is 
targeted to the endogenous ROSA26 locus.  The Ox40-cre allele consists of an 
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IRES-cre ORF and is targeted to the endogenous Tnfrsf4 locus.  B. The three 
states of the 3373 reporter include the reporter negative (R-N) "off" state (top), an 
intermediate Red-Green (R-G) "on" state (center) and a terminal Red-only (R) 
"on" state (bottom).  C. Smarta Ox40-cre/3373 splenocytes were stimulated with 
0, 1.5, and 370 ng/mL agonist peptide for 72 hour in vitro and analyzed for 
reporter induction (tdTomato y-axis, eGFP x-axis).  Events displayed are gated 
on total CD4+ cells.  Numerical values show the percent of gated events in 
depicted R-N, R-G, and R gates, as shown on contour plots.  Boxed numerical 
values display R:R-G ratios.  D. Informative reporter ratios are depicted following 
stimulation as in (C) with various amounts of agonist peptide.  Y-axis = log2 
scale.  E.  Relative Ox40 transcript levels were determined by qPCR in sorted 
unstimulated and stimulated reporter populations as in (C).  Normalized to 
unstimulated Smarta control = 1.  HPRT was used as the relative expression 
control.  F. (left, center)  Cell surface expression of OX40 (top), CD44 (center) 
and CD69 (bottom) following peptide stimulation as in (C).  Red-only = solid black 
line, Red-Green = dashed black line, Reporter Negative = dark gray line, naive 
Smarta = filled histogram.  (right)  Stimulated Smarta cells were washed and 
rested for 4 additional days before analysis of cell surface expression.  Filled 
histogram = surface expression of indicated activation marker on total CD4+ T-
cells stimulated as in (C) for 3 days.
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 Cre protein is expressed using a Mengo IRES targeted to the endogenous 

Tnfrsf4 locus in Ox40-cre/3373 mice (Klinger et al., 2009).  To determine whether 

OX40 protein expression levels correlated well with the R, R-G, and R-N 

populations in a predictable manner, Ox40-cre/3373 Smarta cells were 

stimulated and analyzed for both reporter status and cell surface OX40 

expression.  Compared to unstimulated controls, nearly all Smarta cells had 

elevated levels of surface OX40 protein.  Importantly, and as predicted, R cells 

had the highest levels of OX40 protein; R-G cells had intermediate levels, 

particularly at sub-saturating conditions; and R-N cells had the lowest surface 

levels of OX40 (Figure 3-1F, top).  Examination of Ox40 transcript levels from 

similarly stimulated and sorted R, R-G, and R-N Ox40-cre/3373 Smarta cells 

showed R cells contained the greatest amount of Ox40 transcript, R-N cell 

contained the least, and R-G cells had intermediate levels (Figure 3-1E).  These 

results were consistent with the predicted behavior of the Ox40-cre/3373 

reporter, where cells that had expressed the highest, intermediate, and lowest 

amounts of OX40 (and Ox40-cre) were marked by the R, R-G, and R-N states, 

respectively.


 We found equally high expression of CD44 and CD69 on all reporter 

populations (Figure 3-1F, center and bottom).  Furthermore, following activation 

and in vitro rest, all reporter populations shared low surface expression of OX40 

and CD69, but high CD44 expression, consistent with all reporter populations 

having undergone sufficient activation resulting in stable high expression of the 

effector/memory marker CD44 (Figure 3-1F, right). Thus, in vitro antigen 
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stimulation of naive T-cells from Ox40-cre/3373 mice led to recombination of 

reporter on the basis of the amount of TCR stimulation.  R cells were generated 

at greater frequencies with strong TCR stimulation than with weak TCR 

stimulation.  Therefore, the reporter state adopted by an activated CD4+ T-cell 

informed on the relative strength of TCR stimulation.  Experiments were 

performed using Ox40-cre/3373 mice to investigate the in vivo fate of effector 

CD4+ T-cells generated as a result of differing amounts of TCR stimulation 

following acute infection.

Longitudinal Analysis of Infected Ox40-cre/3373 Mice


 LCMV-Armstrong infection of Ox40-cre/3373 mice resulted in the 

generation of an appreciable number of anti-viral CD4+ effector T-cells.  

Following expansion, the majority of these antigen-specific effector CD4+ T-cells 

die (Homann et al., 2001).  Longitudinal blood analysis of LCMV-Armstrong 

infected Ox40-cre/3373 mice was performed to determine the fate of effector 

CD4+ T-cells generated following acute infection and marked by the relative 

strength of TCR stimulation.  At the peak of infection (day 8), R and R-N CD4+ 

tetramer-reactive cells were found in equal numbers in blood, with R-G cells 

present in smaller numbers (Figure 3-2 A).  After day 8, all CD4+ tetramer-

reactive reporter populations contracted independent of reporter state.  During 

contraction of the response, however, R CD4+ tetramer-reactive cells increased 

in relative proportion, and R-N CD4+ cells decreased in relative proportion, within 

the total tetramer-reactive population.  R-G cells contracted but made up a 
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constant portion of the tetramer-reactive population.  These changes in the 

relative contribution of R and R-N effector cells to the total tetramer-reactive 

population stabilized between day 18 and day 28.  After day 28, the frequencies 

of all three reporter populations remained constant for at least 180 days.  This 

resulted in R tetramer-reactive cells contributing to the majority of antigen-

specific cells found at later time points (day 40-180, Figure 3-2 B).  Thus, R 

CD4+ effector cells appear to be enriched for cells with memory cell fate.
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FIGURE 3-2. During the effector-to-memory transition, TCR signal strength 
correlates with fate. A. Longitudinal analysis of blood from LCMV infected 
Ox40-cre/3373 mice.  Percent of tetramer-reactive CD4+ cells within total blood 
CD4+ population shown (diamonds) along with each individual tetramer-reactive 
reporter population (Red-only = circle, Red-Green = square, and reporter 
negative = triangle).  B. Ratio of frequency (log2 scale) of individual reporter 
populations as indicated within tetramer-reactive CD4+ population at various 
times following infection.  Data represents mean value of cohort +/- SEM.  C. 
Percent contribution of individual reporter populations (Red-only, Red-Green, and 
reporter negative = black, diagonal and gray bars, respectively) within total CD4+ 
CD44hi CD25- memory-phenotype cells following LCMV infection as in (A).  Data 
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from one of three independent experiments, with three to ten mice per cohort.  
Data represents mean value of cohort +/- SEM.
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 Reporter expression was analyzed within the CD4+ CD44hi memory-

phenotype (MP) population to determine whether similar changes in the 

frequencies of R, R-G, and R-N occurred within this compartment following 

infection.  Here, R CD4+ MP cells increased their relative abundance within the 

CD4+ MP population, and R-N MP cells decreased their relative abundance, 

similar to the antigen-specific responses.  Unlike the antigen-specific responses, 

however, the relative proportions of MP reporter populations never stabilized 

during the entire time of the experiment (180 days) (Figure 3-2 C).  The R CD4+ 

MP cells constantly grew in relative frequency such that at 180 days post-

infection, nearly 80% percent of all MP CD4+ T-cells expressed the R reporter 

state.  Therefore, the MP CD4+ compartment displayed similar kinetics to the 

antigen-specific response early during the response, but differed later with 

constant increases in the proportion of MP CD4+ R cells.


 Enrichment for R antigen-specific CD4+ T-cells over time was not a result 

of low recombinase activity in R-N effector cells as shown by adoptive transfer of 

R-N effector cells into congenically marked infected hosts. A very low rate of 

conversion was seen in these settings (Figure 3-S1).  These findings were 

consistent with the Cre recombination event being dependent upon transient 

Ox40 transcriptional activity as a result of acute TCR-dependent stimulation prior 

to day 8 (Figure 3-S1, Figure 3-1).  These data also suggest the changes we 

observed in relative frequencies of R and R-N antigen-specific cells within the 

total antigen-specific population likely reflected differences in the intrinsic fate of 

R and R-N cells during contraction, as opposed to an artifact of low rates of 
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Ox40-cre/3373 reporter recombination from persistent antigen or low grade 

infection.
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FIGURE 3-S1:  Enrichment for Red-only antigen-specific cells following 
effector phase is not a function of low recombinase expression and activity 
in reporter negative populations. (left)  Reporter negative antigen-specific 
splenocytes from day 8 LCMV infected Ox40-cre/3373/CD45.2+ were sorted to 
high purity and transferred into LCMV infected CD45.1+ hosts.  (right)  Two 
weeks following transfer, reporter recombination was measured in antigen-
reactive donor population.  Gated on live donor CD44hi CD4+ gp66+ events.  
Percent reporter induction (all Red+ cells) is depicted numerically.  Note the 
change in RN contribution to the gp66+ population between day 8 and day 18 is 
22%, nearly eight-fold higher than background recombination, shown here.
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 Multiple mechanisms may have accounted for the accumulation of R 

antigen-specific cells following infection.  These included greater proliferation 

within the R effector cell compartment than R-G and R-N cells, greater death 

within the R-N effector cell compartment than R and R-G cells, and/or migration 

of R-N effector cells to other tissues during the effector to memory transition.  By 

determining the frequency of cycling effector cells and by comparing reporter 

status within effector populations from spleen and peritoneal cavity, we showed 

differential proliferation and migration between the effector reporter populations 

did not contribute to the observed preferential accumulation of R cells (Figure 3-

S2).
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FIGURE 3-S2. Effector cells have similar frequencies of cycling cells. A.  
Histograms depicting BrdU uptake are shown in total CD4+ CD44hi (left) and 
tetramer-reactive splenocytes from infected and BrdU injected Ox40-cre/3373 
mice, as stated in materials and methods.  Red-only = solid black line, Red-
Green = dashed black line, reporter negative = dark gray line, no BrdU = filled 
histogram  B. Quantitation of BrdU(+) events in (A) depicting average and SEM 
from 3 individual infected mice.  Representative of two individual experiments.
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Apoptosis of Effector T-cells


 To determine whether differences in apoptosis within the CD4+ effector 

reporter populations contributed to the observed enrichment for R cells during the 

transition to memory, splenocytes from infected Ox40-cre/3373 mice were 

cultured in vitro for short periods of time and assayed for Annexin V reactivity, a 

marker for pre-apoptotic effector cells (Wang et al., 2004; Wang et al., 2003).  In 

vitro culture resulted in a fraction of all CD4+ antigen-specific reporter 

populations binding Annexin V (Figure 3-3).  Significant differences were 

observed between the three reporter populations.  R and R-G effector cells 

showed similar frequencies of Annexin V reactive cells, but at significantly lower 

frequencies than R-N cells(Figure 3-3 B).  This was consistent with R effectors 

being partially resistant to apoptosis during the contraction phase of the 

response.  The increases in Annexin V reactivity within the effector populations 

could not be inhibited by culturing in IL-7-containing medium (Figure 3-3 B), 

although surface expression levels of IL-7 receptor (CD127) on the three reporter 

populations were equally elevated compared to naive CD4+ T-cells (data not 

shown).  All three reporter populations were able to respond to this essential 

survival cytokine, as assayed by phosphorylation of STAT5 (Figure 3-3C).  These 

data were consistent with the R-N CD4+ effector T-cell population being enriched 

for cells more likely to undergo apoptosis during the transition to memory.  The 

inability to inhibit apoptosis within these populations with exogenous IL-7 

suggested cell death was programmed, and increased levels of cell death 

correlated with low TCR signal strength earlier in the response.  Thus, these data 
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are consistent with the notion that CD4+ memory cell fate was programmed early 

during an acute infection as a result of strong TCR signal strength.
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FIGURE 3-3. Weak TCR signal strength programs apoptosis.  A. Splenocytes 
from Ox40-cre/3373 mice infected 13 days prior were cultured in vitro and 
analyzed for Annexin V reactivity and DAPI inclusion.  Events shown gated on I-
A(b)-gp66+ CD4+ CD44hi CD25(-) cells.  B. Quantitation of Annexin V(+) events 
in (A) stained directly ex vivo (cross-hatched), or following culture with(empty 
bars) and without (filled bars) exogenous IL-7.  Graphs display means and SEM 
of 4 individual infected mice.  NS = Not significant.  ** P<0.01 by repeated 
measures ANOVA with Tukey post-test for significance.  C.  Intracellular 
phospho-STAT5 expression levels are shown from in vitro cultured and IL-7-
stimulated antigen-specific CD4+ effector cells from infected mice (see materials 
and methods).  Solid Black Line= Red-Only, Dashed Black Line= Red-Green, 
Solid Gray Line= Reporter Negative, naive CD4+ = filled histogram.
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Effector Cell Phenotype and Function



 Some studies have suggested expression of certain surface markers, like 

elevated expression of CD43, informed on resistance to cell death and memory 

cell fate in CD4+ T-cell populations (He and Bevan, 1999).  In some systems, 

IFN-gamma secreting effector cells effectively contributed to the memory cell 

population (Harrington et al., 2008).  In other systems this was not observed (Wu 

et al., 2002).  To determine whether surface expression of activation markers 

within the effector population correlated with memory cell potential (i.e. R-marked 

effector cells), CD4+ effector T-cells were identified in single cell suspensions 

from spleen and peritoneal exudate eight days following infection by their high 

expression of CD44 and reactivity towards gp66-I-Ab, and characterized by 

surface marker expression.  Splenic and peritoneal tetramer-reactive populations 

showed similar composition of R, R-G, and R-N cells (Figure 3-4A).  Cell surface 

analysis of splenic populations showed that all three reporter populations shared 

similar elevated expression of CD44 and CD43 and low expression of OX40 and 

CD25 (Figure 3-4 B).  Thus, phenotypically, the three reporter effector T-cells 

population appeared similar.
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FIGURE 3-4:  Endogenous antigen-specific CD4+ effector T-cells marked by 
the Ox40-cre/3373 reporter are phenotypically and functionally similar at 
the peak of the anti-LCMV response.  A. (Top) Contour plots (5% probability) 
displaying CD44 expression and GP66-tetramer reactivity of splenocytes (center) 
and peritoneal exudate cells (PEC, right) from uninfected (left) and day 8 LCMV-
Arm infected (center, right) Ox40-cre/3373 mice.  Events shown are gated on 
total live CD4(+) CD25(-) cells.  Numerical values represent the percent of 
tetramer-reactive cells within the region of total live CD4(+) CD25(-) CD44hi 
events.  (Bottom) Ox40-cre/3373 reporter composition of tetramer-reactive 
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events are shown.  Numerical values indicate the percent of total tetramer-
reactive events within each reporter quadrant.  Data is representative of a single 
infected mouse from at least 5 experiments with 2-6 mice per experiment.  B. 
Histograms depict Red-only (solid black), Red-Green (dashed black), and 
reporter negative (solid gray line) cell surface expression analysis of indicated 
activation markers on tetramer-reactive splenocytes from day 8 infected Ox40-
cre/3373 mice gated as in (A).  Filled histograms show total CD4+ CD44hi 
populations for comparison.  C. (Top)  Intracellular expression of IFNg by CD4+ 
T-cells from indicated tissues as in (A) following in vitro peptide stimulation.  
Contour plots are gated on CD4+ CD25(-) CD44hi cells.  Numerical values 
indicate the average(SEM) percent of cytokine expressing events gated as in (A).  
(Bottom) Cytokine-expressing populations, gated above, are further analyzed for 
Ox40-cre/3373 composition.  Numerical values indicate average(SEM) percent of 
gated cells within each region shown.  Data is from one of at least three 
experiments with 2-4 mice per experiment.
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 LCMV-Armstrong infection generated a robust Th1-type response in CD4+ 

T-cells, characterized by IFN-gamma cytokine expression.  To determine if IFN-

gamma secretion by effector cell populations correlated with memory cell fate, 

intracellular cytokine expression was assayed within splenic and peritoneal cavity 

CD4+ effector T-cell populations following 6 hours of in vitro peptide stimulations.  

Incubation with the dominant CD4+ restricted peptide epitope gp66-80, and 

subdominant peptide NP309 (spleen only), resulted in detection of IFN-gamma-

expressing cells within all three reporter populations from both tissues.  The 

frequency of cytokine expressing cells in each reporter population was similar to 

the frequency of tetramer-reactive cells within each reporter population (Figure 

3-4 C).  Multicytokine expressing cells (IFN-γ, TNF-α, IL-2) were also found at 

similar frequencies within all three populations (data not shown).  These data  

revealed no correlation between CD4+ memory cell fate (i.e. R effector cells) with 

effector function as detected by ex vivo IFN-gamma secretion.  

Monoclonal T-cell Studies


 TCR affinities found within the population of antigen-specific responding 

clones may be a primary contributor to TCR signal strength and memory cell fate 

(Malherbe et al., 2004; Savage et al., 1999).  High TCR affinities for antigenic 

peptide likely would produce strong TCR signal strength and therefore increased 

memory potential.  To investigate the role of non-TCR affinity-based mechanisms 

in influencing TCR signal strength and effector cell fate, we fixed the TCR within 

a population of LCMV- specific CD4+ T-cells.  Ox40-cre/3373/Smarta TCR 
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expressing cells (CD45.1+) were adoptively transferred in small numbers into 

congenically marked host mice (CD45.2+), infected, and analyzed.  In this 

setting, all responding transferred cells had equal affinity for antigen.


 Ox40-cre/3373 Smarta T-cells generated effector responses that largely 

resembled those made by endogenous CD4+ T-cells.  They expanded to a 

similar extent as endogenous responses and were found at similar frequencies in 

the spleen and peritoneal cavity (Figure 3-5A).  The proportion of R and R-G 

Smarta effector cells generated within the total donor population were lower 

compared to normal polyclonal responses (Figure 3-5B vs Figure 3-4 A), 

however all transgenic T-cells expressed equally high levels of CD44 (Figure 3-5 

C) at the peak of the response, consistent with complete activation and effector 

cell differentiation.  Longitudinal analysis of infected hosts showed similar 

enrichment for R effector cells, and to a lesser degree R-G cells, during the 

transition to memory between days 8 and 28 following infection (Figure 3-4 D).  

These data were consistent with strong TCR signal strength programming CD4+ 

effector cells with memory cell fate, and weak signals programming cell death.  

Furthermore, differences in TCR-pMHC affinities within the population of 

responding CD4+ clones did not exclusively program these fates in vivo.
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FIGURE 3-5.  Differences in TCR affinity do not exclusively program 
memory cell fate.  A.  Smarta Ox40-cre/3373 T-cells expand and are found in 
spleen and peritoneal cavity at increased frquency compared to uninfected 
control (left).  Events gated on total CD4+ events, with values indicating percent 
within gate.  B. Donor Smarta cells with drawn region in (A) are analyzed for 
Ox40-cre/3373 reporter phenotype.  Precent of total donor Smarta cells within 
gate is displayed numerically.  C.  Levels of CD44 surface expression is shown 
from spleen cells in (B).  Red-only = solid black line, Red-Green = dashed black 
line, Reporter Negative = dark gray line, total CD4+ T-cells = filled histogram.  D.  
Indicated ratios of the frequency of Red-only (R), Red-Green (R-G), and Reporter 
Negative (R-N) found with donor Smarta populations from peripheral blood 
collected following infection at indicated times.  Events shown are gated as in 
(B).  Average ratios are displayed in graphs with SEM from cohorts of 6-10 mice.
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Discussion


 In this report we present an approach that allows for three separate 

populations of CD4+ T-cells to be discriminated on the basis of strength of TCR 

stimulation.  Our approach employed a genetic method for marking these 

separate populations allowing for long term studies of cellular fate in vivo.  Using 

this approach we were able to gain insight into the fate of effector CD4+ T-cells 

generated following relatively strong and weak TCR signals during the transition 

to memory following acute viral infection.  Specifically, we found that effector 

CD4+ T-cell generated as a result of strong TCR stimulation were programmed 

with a survival advantage that becomes apparent during contraction of the 

response.  These findings were consistent with a deterministic model of CD4+ 

memory T-cell generation where effector T-cells consisted of mixtures of effector 

cells with separate fates.  Additionally, the separate fates of these effector cells 

appeared to have been determined earlier during the response and programmed 

by the relative strength of TCR stimulation.  Thus, like CD8+ T-cell responses, 

CD4+ responses appear to share properties consistent with a programmed 

model of memory T-cell generation.


 The lineage relationship between CD4+ effector and memory T-cells has 

been under investigation for some time.  Some studies suggested the effector to 

memory transition is a stochastic event.  In this setting, all effector cells had 

equal potential to become memory cells and were randomly chosen to contribute 

to the memory cell populations (Bousso et al., 1998; Bousso and Kourilsky, 1999; 

Busch et al., 1998a; Freitas and Rocha, 2000).  Our data, along with data from 
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others, are consistent with a model in which naive T-cells are programmed early 

during their activation to progress as a separate memory cell lineage, and the 

strength of TCR stimulation influences this programming event (Kaech and 

Wherry, 2007; Williams et al., 2008).  Interestingly, data from CD8+ cells 

suggests strong TCR signals lead to terminal differentiation of effector cells with 

less memory potential than CD8+ effector cells generated as a result of weak 

TCR signals (Kaech and Wherry, 2007).  Here, we propose the opposite for 

CD4+ T-cells, in that strong TCR signals program memory potential.  Why is this 

the case?  It may simply be another disparity between the two lineages, along 

with their requirements for full activation and expansion (Gett et al., 2003; Iezzi et 

al., 1998; Kaech and Ahmed, 2001; Mercado et al., 2000; Obst et al., 2005; van 

Stipdonk et al., 2001).  It also leaves open the possibility that graded amounts of 

TCR signals during activation and expansion may lead to other cellular fates 

within the CD4+ lineage, aside from long-term memory, as has been suggested 

(Fazilleau et al., 2009b).


 Our studies with antigen-specific responses following acute viral infection 

showed R effector cells were enriched for CD4+ memory precursors as a result 

of early and strong TCR-pMHC interactions.  Studies investigating transcriptional 

differences between Ox40-cre/3373 reporter populations generated early during 

infection may be useful in uncovering unique CD4+ pro-memory genetic 

programs.  We predict such transcriptional programs likely had been initiated by 

a subpopulation of cells found within the R effector CD4+ T-cells and are worthy 

of investigation.  In these proposed experiments, the use of the Ox40-cre/3373 
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reporter will be important, as we have shown CD4+ effector populations had 

various fates not readily apparent by surface marker expression or by effector 

cytokine secretion.


 A significant fraction of T-cells activated in vitro expressed OX40 but did 

not undergo Cre-mediated recombination.  We believe this was due to insufficient 

expression of Cre-recombinase, as a result of lower amounts of TCR signalling, 

and not due to an intrinsic inability of these T-cells to have recombined the 

reporter allele.  Our reasons for this were twofold.  First, R-N cells generated 

following peptide stimulation consistently contained Cre-recombinase message.  

The level of cre expression was significantly greater than unstimulated transgenic 

cells but twofold lower than cre expression levels seen in R and R-G cells (data 

not shown).  These data showed that R-N cells express Ox40-cre, but evidently 

at an insufficient level to undergo recombination of the reporter allele.  R and R-G 

contained about twice as much cre message as R-N cells, showing that reporter 

allele recombination was sensitive to relatively small differences in Cre 

expression, and that the threshold for Cre recombination is between the 

expression levels in R-N and R/R-G cells.


 Second, sorted R-N cells having undergone one round of stimulation were 

capable of recombining the reporter allele following a second stimulation (data 

not shown).  These data, and the observation that low amounts of agonist 

peptide favored R-N generation while high amounts favored R cell generation 

(Figure 3-1A), support the notion that R-N cells were created as a result of weak 
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TCR stimulation (and low Ox40-cre expression) and not as a result of intrinsic 

deficiencies. 


 Apoptosis played a major role in regulating the contraction phase following 

LCMV infection and shaping the memory cell pool (Hildeman et al., 2002; Wang 

et al., 2004; Wang et al., 2003; Williams et al., 2008).  Pre-apoptotic effector 

lymphocytes, identified by Annexin V binding, did not contribute to the CD8+ 

memory populations following LCMV infection (Wang et al., 2004; Wang et al., 

2003).  Programmed cell death following infection had been determined very 

early during the expansion phase of CD8+ responses (Badovinac et al., 2002).  

The results presented here suggest that cell death may also be programmed 

early during CD4+ responses in vivo, as a result of relatively weak TCR signal 

strength.


 The preferential accumulation of R effector cells during contraction of the 

response may be attributed to a greater number of R-N cells undergoing cell 

death than R cells during the contraction phase, and likely not to differential 

migration or cell cycling.  An increased frequency of pre-apoptotic cells was 

observed in R-N effector populations following short-term in vitro culture 

compared to R and R-G cells, and in this assay the pre-apoptotic state could not 

be rescued by the addition of the essential cytokine IL-7 (Kondrack et al., 2003; 

Li et al., 2003).  All reporter populations had equal surface expression of the IL-7-

receptor and were capable of signalling following IL-7 stimulation.  These data 

are consistent with TCR signal strength influencing CD4+ effector cell fate by 

programming survival (with strong signals) or cell death (with weak signals) early 
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during the response, and supported similar conclusions found in studies that 

correlated low functional avidity within the effector CD4+ T-cell population with 

cell death during contraction of an anti-bacterial response (Williams et al., 2008).


  Kinetic analyses comparing the MP and antigen-specific CD4+ responses 

showed the MP CD4+ compartment gradually accumulated R MP CD4+ cells 

throughout the length of the experiment.  The observation that the CD4+ MP 

compartment underwent constant enrichment for R CD4+ cells during the life of 

the host was consistent with the notion that R CD4+ effector cells have greater 

memory potential than R-G and R-N MP CD4+ cells .  In general, the CD4+ MP 

population in mice is a mixture of lymphocytes generated by antigen-dependent 

and -independent mechanisms as a result of encounter with diverse (unknown) 

antigens (MacLeod et al., 2009b). Over the life of a host, MP CD4+ T-cells 

increase in number (Sprent, 1994), and therefore R marked MP CD4+ T-cells 

(i.e. those generated following strong TCR signals and with greater memory-cell 

potential than those generated from weak TCR signals) would be predicted to 

increase in number.  We acknowledge, however, that the lack of information 

regarding antigen-reactivity in the MP compartment necessitates caution with 

these interpretations that R MP CD4+ accumulated within mice due to greater 

memory potential than R-N and R-G cells.  Chronic antigens and reactivation of 

MP cells by environmental antigens may drive recombinase expression and 

reporter recombination leading to similar results.  Additional studies mapping the 

fates of T cells in alternative antigen-specific responses, e.g., to subdominant 

epitopes, or in other in vivo infection model systems, will be insightful.
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 In some experiments we infected mice that had been engrafted with Ox40-

cre/3373 Smarta cells.  Because of the Smarta TCR, we generated a population 

of effector cells with uniform affinity for antigen that should undergo TCR-

dependent reporter allele recombination in a common fashion.  The fates of the 

Smarta effector cells were tracked during contraction of the anti-LCMV response.  

Strikingly, we observed accumulation of R, and to a lesser extent R-G, marked 

CD4+ effector cells with similar kinetics to those observed in the endogenous 

responses.  These findings showed that TCR-affinity differences within a 

responding population did not solely control the TCR signal strength differences 

we observed in Ox40-cre/3373 mice.  Other non-affinity based mechanisms 

contributed to the TCR signal strength and early programming of memory 

potential in effector cells. Other possible mechanisms include competition for 

antigen on APCs (Blair and Lefrançois, 2007; Kedl et al., 2000; Whitmire et al., 

2008a; Whitmire et al., 2006), timing of interaction with APCs (Catron et al., 

2006; Itano et al., 2003), and interactions with suboptimally activated APCs 

(Zammit et al., 2005), all of which have been shown to be involved in CD4+ 

memory generation.  Additional studies will be necessary to determine which if 

any of these mechanisms contribute to memory fate determination by modulating 

TCR signal strength.


 In summary, CD4+ effector T-cells indelibly marked following activation on 

the basis of strength of TCR stimulation have disparate fates following acute 

infection.  Effector CD4+ T-Cells generated as a result of strong TCR stimulation 

accumulate within the memory T-cell population due to preferential survival 
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during the contraction of the response.  This pro-memory fate is programmed 

early during the response and independent of effector cell function implying that 

the manipulation of CD4+ stimulation strength with adjuvants and by other means 

may have long-lasting effects on the generation of a stable CD4+ memory cell 

population during immunization.
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Chapter 4

Model of CD4+ T-cell Differentiation Based on TCR Signal Strength

Abstract

A simple model of CD4+ T-cell differentiation based upon TCR signal strength is 

proposed.  The significance and implications of our findings are discussed. 
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 Many studies have implicated TCR signal strength in shaping an immune 

response (Badovinac et al., 2007; Blair and Lefrançois, 2007; Busch and Pamer, 

1999a; Foulds and Shen, 2006; Gett et al., 2003; Malherbe et al., 2004; 

McHeyzer-Williams and Davis, 1995; Mercado et al., 2000; Obst et al., 2005; 

Savage et al., 1999; Whitmire et al., 2006; Williams et al., 2008; Zehn et al., 

2009).  Few studies, however, have looked at long-term effects of initial TCR 

signal strength, in particular within the CD4+ lineage, on subsequent fate during 

the memory phase.  


 One study that has investigated these issues correlated effector CD4+ T-

cell functional avidity with subsequent fate and found relatively low functional 

avidity in effector cells expanded by bacteria infection.  These low avidity effector 

cells were destined for apoptosis during the transition to memory.  Surprisingly, 

the same T-cell clones generated following viral infection showed relatively high 

functional avidity and survived during contraction.  Thus, a good correlation 

existed between effector cell functional avidity and fate, and suggested TCR-

pMHC interactions perhaps played a role in CD4+ effector cell fate in vivo.  

These studies lacked evidence to discern whether increased functional avidity 

within the effector cells led to effector cell fate.  Memory T-cell populations may 

have resulted from earlier (TCR related or non-TCR related) events that 

determined both memory cell fate and maturation of functional avidity in parallel.  

Thus, these in vivo findings suggested TCR-strength may play a role in CD4+ 

effector fate during an immune response, but additional approaches were 

necessary to support this idea.

105




 The work presented in this dissertation provides such supporting evidence 

and advances our understanding of the role of strength of TCR-pMHC 

interactions in determining CD4+ T-cell fate in vivo.  We took the approach of 

indelibly labeling populations of activated CD4+ T-cells on the basis of the 

strength of TCR simulation using a novel reporter allele, and then followed these 

cells as they underwent normal responses to an acute viral infection.  We found 

that the relative strength of stimulation did impact the fate of effector cells.  

Specifically, those effector CD4+ T-cells generated as a result of strong TCR 

interactions (and marked by the Red-only reporter state) preferentially survived 

the contraction phase of the response.  Conversely, those effector CD4+ T-cells 

generated as result of weak TCR interactions preferentially died by apoptosis 

during this transition to memory.  Thus the strength of TCR stimulation 

experienced by CD4+ T-cells prior to the peak of the response determined 

subsequent fate during contraction and shaped the resulting memory cell 

populations.  These findings from our work are significant and have important 

implications.


 The ability of Red-only marked effector cells to accumulate within the 

memory population suggests that Red-only effectors are enriched for CD4+ 

memory-like precursors.  Within the CD8+ lineage, such memory precursors 

have been phenotypically identified by elevated expression of IL-7 receptor 

during the peak of the response (Kaech et al., 2003).  Similar cells have not been 

identified within the CD4+ lineage (Lees and Farber, 2010b).  Therefore, our 

findings that the Red-only CD4+ effector cells exhibit greater memory potential 
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than R-G and R-N cells are significant.  As of yet, we have been unable to further 

discriminate, by surface marker expression or functional assays (Figure 3-4C), 

those cells with memory-like potential from other cells found at the peak of the 

response.  However Red-only effector cells can readily be isolated and enriched 

for in number following cell sorting.  Enrichment of these cells and in depth 

analyses of broad gene transcriptional profiles may help in identifying biologically 

relevant surface markers as well as other transcriptional markers within the 

predicted rare subset of memory precursors in these reporter marked effectors.  

Such discoveries have the potential to advance our understanding of CD4+ 

differentiation and memory cell generation.


 The presence of Red-only cells during the effector phase that 

preferentially give rise to memory cells is consistent with a programmed model of 

CD4+ differentiation where memory cells are a separate lineage and memory 

lineage determination occurs early during an immune response.  The approach 

we purposefully took of marking cells following transient TCR activation (as a 

result of acute infection and Ox40-cre expression) allows us to estimate the 

timing of events that determine fate.  Because reporter states do not change after 

the marking event (transient Ox40-cre expression), all subsequent effects 

observed must be due to deterministic events that take place prior to, or at the 

same time of, Ox40-cre expression.  Our approach utilizing transient expression 

of Ox40-cre during activation on CD4+ T-cells and our findings that OX40 

expression and Ox40-cre recombinase activity are very low during and after the 

peak of the response supports the notion that these fate determining events 
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occurred prior to the peak of expansion.  It remains unclear whether memory and 

non-memory CD4+ lineages are plastic in nature, and whether early programmed 

CD4+ T-cells may readily transition between these two lineages.  Also at what 

point is fate secured and what signals allow for this to occur?  Is the CD4+ 

memory lineage a slow and gradual process, as has been observed with the 

CD8+ lineage (Kaech and Ahmed, 2001)?  These questions will need to be 

answered with additional studies, however, we can say with confidence that TCR 

signal strength played a role in setting into motion separate fates within the 

responding CD4+ T-cells prior to the peak of expansion.  Studies investigating 

these early determining signals will be informative with regards to the nature and 

mechanism of TCR-related fate determination in vivo.


 We propose the following simple model that is consistent with our data, as 

well as others, describing the influences of TCR affinity and signal strength on 

effector and memory cell differentiation.  In this model, TCR affinity for pMHC 

recruits cells into the response (Malherbe et al., 2004).  Those cells with relatively 

low affinity either do not expand or do not expand fully.  By mechanisms not 

entirely clear, and not completely dependent upon TCR affinity, strong TCR 

interactions lead to programming of the memory cell fate as we have proposed, 

and this can occur within a clonal population as we have shown.  During 

contraction, those effector cells generated following strong TCR signals 

preferentially survive, and become memory CD4+ T-cells.
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Figure 4-1. Model: TCR Signal Strength Influences CD4+ Fate.  Naive 
precursor cells (A-D) with varying degrees of TCR affinity for antigen are 
recruited into a response, accordingly.  During stimulation with pMHC complexes 
each clone recruited into the response(A-C) expands in number and receives 
additional TCR based stimulation.  The strength of this stimulation programs 
memory cell potential during the contraction period.  As shown, TCR receptor 
diversity may be relatively equal between effector and memory phases as a 
result of TCR signal strength fate determination.
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 From this model we can make predictions about TCR repertoire diversity.  

One prediction is that TCR diversity within effector and memory compartments 

may by quite similar.  Although we do not directly look at TCR diversity in our 

studies, findings consistent with this prediction have been reported (Bousso and 

Kourilsky, 1999; Malherbe et al., 2004).  This model also predicts increasing the 

precursor frequency of clonal populations may have detrimental effects on 

memory generation.  Data in support of this also have been shown (Blair and 

Lefrançois, 2007).  

 
 The dependence on strong TCR signalling in determining CD4+ memory 

cell potential, as depicted in this model, is different from observations with CD8+ 

T-cells.  Within the CD8+ lineage it has been proposed that strong signals lead to 

terminal differentiation of effector cells, whereas weak signals lead to memory 

cell fate (Kaech and Wherry, 2007).  Although studies have suggested CD8+ T-

cells can be fully activated and differentiated following short periods of antigen 

stimulation (Kaech and Ahmed, 2001; Mercado et al., 2000; van Stipdonk et al., 

2001), recent studies comparing clonal populations of effector CD8+ T-cells that 

had been generated following low and high affinity ligands suggest TCR signal 

strength may impact the developing CD8+ response in other ways.  The genetic 

fate mapping approach we took in our studies may be useful in similar studies of 

the CD8+ lineage.  Unfortunately, Ox40/Ox40-cre is not an ideal allele for such 

an approach because expression of recombinase is low in the CD8+ lineage 

following certain viral and bacterial infections, and only a small proportion of 

activated CD8+ T-cells recombine reporter alleles (unpublished data).  Other Cre-
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expressing alleles responsive to TCR signal strength may be generated with 

greater potential use in CD8+ T-cells than Ox40-cre (see Appendix).


 This disparity in signal strength and memory cell determination between 

the CD4+ and CD8+ lineage may be one of many intrinsic differences, including 

activation (Gett et al., 2003; van Stipdonk et al., 2001), and expansion (Kaech 

and Ahmed, 2001; Obst et al., 2005) shown to exist between CD4+ and CD8+ 

cell lineages.  This finding has implications when considering the design of 

vaccines and immunization strategies targeting both adaptive arms of T-cell 

immunity.  With the goal of generating long-lived immunity in mind, the TCR 

signals that may be beneficial for CD4+ memory differentiation may inadvertently 

hinder effective CD8+ memory differentiation, and vice versa.
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Appendix

Generation and Characterization of CD69-cre/3373 Mice

Abstract


 Cd69-cre mice were generated and intercrossed with 3373 3SCS Cre-

reporter mice, generated in chapter 2, to determine whether Cd69/Cd69-cre 

expression informed on antigen receptor stimulation strength in lymphocytes in 

vivo.  CD4+ and CD8+ single-positive thymocytes, and CD4+ and CD8+ lymph 

node cells from unmanipulated Cd69-cre/3373 mice recombined reporter.  

Double-negative thymocytes were largely negative for reporter expression 

consistent with CD69-cre expression and recombination occurring during 

thymocyte selection.  Sorted reporter negative lymph node cells from Cd69-cre/

3373 mice recombined reporter following in vitro activation, and reporter status 

correlated well with strength of antigen-receptor stimulation.  These results 

indicate Cd69-cre mice may have limited use in marking both CD4+ and CD8+ T-

cells in vivo on the basis of TCR signal strength as a result of CD69-cre 

recombinase expression during thymocyte development. 
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Introduction


 The strength of antigen receptor stimulation during lymphocyte 

development and peripheral activation has been implicated in determining the 

fate of responding cells in vivo (Cariappa and Pillai, 2002; Haks et al., 2005; 

Hayes et al., 2005; Hayes and Love, 2006; Jorritsma et al., 2003; Lam and 

Rajewsky, 1999; Malherbe et al., 2000; Singer et al., 2008; Tao et al., 1997).  We 

have previously shown that Ox40-cre mice intercrossed to mice harboring Cre-

reporter alleles may be used in lineage mapping approaches to determine the 

fate of lymphocytes activated following strong selection ligands during thymocyte 

development (Klinger et al., 2009) and strong versus weak TCR stimulation 

following infection (Klinger et al., 2010)(Results presented in Chapter 3 of this 

dissertation). 


 Ox40-cre mice are of limited use in CD8+ T-cell studies due to low 

expression of Cre-recombinase in CD8+ T-cells following in vitro and viral 

stimulation (Klinger et al., 2010)(unpubished data M. Klinger and N. Killeen).  

Surprisingly, only 15-20% of all CD8+ T-cells specific for the dominant LCMV-

derived epitope, gp33, express Ox40-cre at sufficient levels to recombine Cre-

reporter alleles, although these effector cell populations underwent massive 

expansion and differentiation which resulted in long-lived memory cell 

populations (Murali-Krishna et al., 1998)(M. Klinger and N. Killeen, unpublished 

data).  Other Cre-recombinase expressing alleles that respond to TCR-

stimulation transiently and proportionally to strength during T-cell activation in the 
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CD8+ lineage may be informative in determining the role of TCR signal strength 

and subsequent fate in vivo.


 The Cd69 locus is one such allele that is transiently expressed in CD4+ 

and CD8+ T-cells following antigen stimulation (Testi et al., 1994).  Cd69-cre 

expressing mice were generated using a modified BAC transgene containing a 

CFP-hCre fusion protein targeted to the endogenous Cd69 locus.  Cd69-cre mice 

were intercrossed to Cre-reporter expressing mice to analyze Cd69-cre 

expression in vivo.  We found CD4+ and CD8+ peripheral T-cell populations 

recombined Cre reporter alleles following antigen receptor stimulation, and the 

reporter state correlated well with the relative amount of antigen receptor 

stimulation. Thus, CD4+ and CD8+ T-cell populations generated following strong 

or weak stimulation could be separately identified and resolved using Cd69-cre/

3373 reporter expression.  However, previous expression of recombinase in 

Cd69-cre mice, likely during selection in the thymus, limits their use in 

determining the impact of TCR signal strength on lymphocyte cellular fate during 

an immune response.

Materials and Methods


 A DNA fragment containing an IRES-CFP-hCre fragment was inserted into 

a Cd69 locus-containing BAC (Wie and Killeen, unpublished data).  The BAC 

containing the newly generated CD69-cre locus was used for transgenic 

expression of Cd69-cre in mice (UCSF Transgenic Core).  Founders were 

intercrossed to Cre-reporter mice to identify Cre-expressing founder lines 
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(Klinger et al., 2010).  One out of three founder lines, designated 965, showed 

inducible expression of Cre-recombinase following antigen receptor stimulation 

and PMA/Ionomycin stimulation.  The 965 CD69-cre strain was intercrossed to 

3373 3SCS reporter mice to generate all experimental mice (CD69-cre/3373).

Results


 Single cell suspensions of lymph nodes and thymocytes were analyzed to 

determine whether cell populations experienced prior Cre-recombinase 

expression (as a result of CD69-cre expression).  CD69-cre expression would 

result in recombination of the indicator allele generating tdTomato end eGFP 

expressing cells.  Thymocytes were discriminated by CD4 and CD8 expression 

(Figure A-1A) and subsequently analyzed for reporter recombination.  Both CD4+ 

and CD8+ single positive (SP) thymocyte populations exhibited signs of previous 

recombinase expression, with 30-45% of all cells recombining reporter resulting 

in tdTomato expression.  Double-positive thymocytes showed less than 1% of 

these cells had recombined reporter, suggesting that recombinase activity during 

the late DP stage likely was of sufficient amounts to recombine reporter.  This is 

consistent with the expression of CD69 following selection events in thymocyte 

development (Testi et al., 1994).  Analyses of populations of CD4+ and CD8+ T-

cells from lymph nodes showed that a greater portion of cells, compared to CD4-

SP and CD8-SP thymocytes, had recombined reporter, with 85% of CD4+, and 

60-70% of CD8+ T-cells expressing tdTomato (Figure A-1B).
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 Previous expression of CD69-cre recombinase in both T-cell lineages (as 

well as some B-cells and NK cells, data not shown) precluded the use of Cd69-

cre mice in fate mapping studies of TCR signal strength in lymphocytes during 

immune responses.  We performed one final experiment using sorted Cd69-cre/

3373 reporter negative cell populations to ask whether TCR receptor stimulation 

could be correlated with Cd69-cre/3373 reporter status following receptor 

stimulation.  We found that both CD4+ and CD8+ T-cells recombined reporter, 

and that the CD4+ and CD8+ lineages generated greater numbers of R cells 

following relatively high amounts of stimulation than low amounts.  Furthermore 

the ratio of the reporter states all increased with increasing amounts of 

stimulation indicating the Cd69-cre/3373 reporter has the potential to be used in 

TCR signal strength studies in some systems.
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Figure A-1.  Thymocytes and T-cells from Cd69-cre/3373 mice show prior 
expression of CD69-cre.  Thymocytes (A) and lymph node cells (B) were 
analyzed for recombination of the 3373 3SCS reporter.
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Figure A-2.  TCR Signal Strength Correlates with CD69-cre/3373 Reporter 
Phenotype.  Reporter negative cells from Cd69-cre/3373 mice were stimulated 
with anti-CD3 for three days.  (A) Recombination of reporter allele is observed in 
both CD4+ and CD8+ lineages to a similar degree.  (B)  Increased stimulation 
leads to favored generation of Red-only cells.  (C)  Reporter ratios (log2) are 
shown.
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 In summary, expression of recombinase early during T-cell development 

limits the use of CD69-cre mice in fate mapping studies in vivo.  However, data 

generated by stimulating the minority of peripheral CD4+ and CD8+ T-cells that 

had not recombined reporter during development showed that the Cd69 locus 

may be useful in studying these cell populations if recombinase expression is 

limited during development.  Strong stimulation favored the generation of Red-

only cells and weak stimulation favored the generation of Red-Green and 

reporter negative cells in both cell lineages.  These results indicate that reporter 

states adopted by stimulated Cd69-cre/3373 T-cells correlate well with the 

strength of activation.  Intercrossing Cd69-cre/3373 mice to weakly selecting 

transgenic T-cell receptor expressing mice may allow for the generation of naive 

T-cells with unrecombined Cd69-cre/3373 reporter for in vivo studies of TCR 

signal strength and cellular fate.
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