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Figure 30. MEK inhibition does not suppress TGF-β  secretion in human Tregs. 
Membrane TGF-β (mTGF-β) in FACS-sorted Tregs, was measured by flow cytometry 
following stimulation with anti-CD3/28 in the presence or absence of U0126 for 6 
hours.  Overlaid histogram was shown for comparison (Orange: resting Treg, Green: 
Treg stimulated with anti-CD3/28, Blue: Tcon stimulated with anti-CD3/28, Red: Treg 
stimulated with anti-CD3/28 in the presence of U0126 (A) or tacrolimus (B).  Tcons 
stimulated with anti-CD3/28 in the presence of U0126 or tacrolimus have similar 
intensity as Tcon stimulated with anti-CD3/28 (not shown) 
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The unique function of human late memory CD8+ T cells 

Recent technological advances, including development of improved instrumentation 

and reagents to facilitate “polychromatic” flow cytometry using monoclonal antibodies 

recognizing surface and intracellular proteins, have led to the recognition that there is 

dramatic phenotypic and functional heterogeneity of the peripheral T cell repertoire.  To 

better characterize the relationship between CD8+ T cell maturation stages and their 

cytokine signatures, we examined peripheral human CD8+ T cells in PBMC, stimulated 

with polyclonal activators and viral antigens, and systematically characterized the 

production of IL-2, IFNγ, TNFα and MIP-1β.  My results confirm the following: 1) Late 

memory (M3) CD8+ T cells produce little IL-2 (including IL-2/IFNγ co-production), but are 

prolific producers of MIP-1β, MIP-1α and RANTES; 2) MIP-1β is the most abundant 

cytokine produced by CMV-specific CD8+ T cells; 3) Nearly all IL-2 production occurs in 

N, M1, and M2 CD8+ T cells, while nearly all IL-2/IFNγ co-production occurs at the M1 

and M2 stage; and 4) Functional cytokine signature is strongly associated with T cell 

maturation stage in CD8+ T lineage and is largely independent of the type of stimulus 

initiating activation. 

Using both TCR-dependent stimulation (e.g., CMV antigens) and stimuli that bypass 

the TCR, requirements for co-stimulation and proximal signaling events (P:I), I found that 

maturation stage was closely tied to cytokine signature.  While I observed complexity in the 

various combinations of cytokines/chemokines produced by early and late memory CD8+ T 

cells, relatively simple rules could be used to model the effects of maturation on cytokine 

signature: 1) Early stage CD8+ T cells, including naïve cells, were more likely to be 

monofunctional with respect to cytokine/chemokine production, with IL-2 and TNFα 

production defining their cytokine signature; 2) Differentiation from naïve to the M1/M2 
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stages of CD8+ T cells is associated with increasing polyfunctionality, including co-

production of IL-2 and IFNγ, while progression to the M3 stage is again associated with 

monofunctionality; and 3) M3 CD8+ T cells are characterized by the production of abundant 

amounts of MIP-1β (often in concert with other cytokines) and other CC-chemokines (MIP-

1α and RANTES) and little, if any, IL-2.  These results are consistent with the results of 

Hamann et al. (51) and Sandberg et al. (87), who also found that CD27-CD8+ T cells rarely 

produce IL-2, although they produce perforin following polyclonal stimulation.  They also 

confirm the findings of Duvall et al., who demonstrated that subsets of HIV-2-specific 

CD8+ T cells making MIP-1β were more likely to express markers associated with more 

differentiated maturation states (97).   

My analysis of CMV-specific T cells confirmed the results of other studies 

demonstrating the abundance of later memory cells (i.e., M2 and M3 cells) within this 

antigen-specific population.  In contrast to my expectation that the most abundant product of 

CMV-specific T cells would be either IFNγ or TNFα, which have been most commonly 

utilized as functional markers of antigen-specific T cells (98, 105, 197, 198, 200, 265, 266), 

I found that MIP-1β was by far the most abundant cytokine produced by CD8+ CMV-

specific T cells stimulated ex vivo.  Besides cells producing MIP-1β alone, I found fairly 

robust numbers of cells producing MIP-1β in conjunction with effector cytokines, including 

IFNγ/TNFα/MIP-1β, IL-2/IFNγ/TNFα/MIP-1β, and IFNγ/MIP-1β were observed.  These 

data suggest that MIP-1β may actually be a more sensitive marker than IFNγ for the 

detection of CMV-specific T cells, and that conventional approaches (e.g., CFC or 

ELISPOT assays based on IFNγ detection alone) may significantly underestimate the 

frequency of CMV-specific T cells.  In addition, late memory (M3) CMV-specific T cells 

are also characterized by the lack of IL-2 production.   
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Taken together, my results establish an unequivocal link between maturation stage 

and functional cytokine/chemokine signature in CD8+ T cells, and demonstrate that late 

memory maturation results in polarization toward CC-chemokine production without IL-2 

production.  I also found that CMV-specific CD8+ T cells in healthy donors were heavily 

skewed toward late memory subsets, and that MIP-1β production dominates the functional 

signature of the human CMV-specific T cell response. Further studies in model systems and 

in the context of clinical trials, will be required to determine how the accumulation of late 

memory cells that are polarized toward CC-chemokine production influences outcomes in 

the setting of human disease states. 

 

The functional role of ERK1 in human CD8+ T cell maturation subsets 

I demonstrated that late memory CD8+ T cells are characterized by the loss of IL-2 

production, an increase in MIP1- β production and limited co-production of IL-2 and IFN-γ.  

Given prior studies suggesting that the MAP kinase pathway is critical for IL-2 production 

in T cells (144-147, 152-157), I tested the hypothesis that down-regulation of MAP kinase 

pathway including ERK1/2 in human CD8+ T cell maturation subsets contributes to their 

functional signature.   My results confirm the following: 1) ERK1/2 phosphorylation is 

lower in late memory (M3) CD8+ T cells than other subsets; 2) the expression of total 

ERK1, not ERK2, is down-regulated in M3 cells and in a subpopulation of M2 cells; 3) 

ERK1 expression is strongly associated with IL-2 production and CD28 expression in CD8+ 

T cell maturation subsets; and 4) ERK1 is required for IL-2 production in CD8+ T cell 

maturation subsets (Table 2). 

I further investigated the differential expression of TCR signaling molecules in 

CD8+ T cell maturation subsets.  Phospho/molecular flow cytometry enabled me to  
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Table 2. Summary of functional and molecular signatures of human late memory  
(M3) CD8+ T cells.  The uniqueness of M3 CD8+ T cells were described, compared 
with M1 (early memory) CD8+ T cells. 
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determine the expression of TCR signaling molecules even in M2 and M3 subsets, where the 

cell number is less than 15% of CD8+ T cells.  I found that TCR proximal signaling events 

(phospho-CD3ζ, phospho-ZAP-70) are down-regulated due to impaired expression of CD3ε 

in M3 cells (Figure 21 in Chapter 5).  This finding can explain the poor proliferation 

potential of M3 cells (204).  However, since the more distal signaling molecules, ultimately 

regulating transcription factors may more directly determine functions including cytokine 

production, I focused on the MAP kinase pathway distal to PKCθ.  PMA and ionomycin 

directly activate PKCθ while mobilizing intracellular calcium stores (207); this activation 

does not require TCR engagement or its most immediate downstream signaling events.  I 

consistently observed M2 and M3 cells express lower amounts of phosphorylated ERK1/2 

following P:I stimulation.  Additionally, this observation was reproduced in a time-course 

experiment, suggesting impaired ERK1/2 phosphorylation in M3 cells is due to lower 

activity of upstream molecules or lower expression of total ERK1/2.  In contrast to relatively 

equivalent expression of upstream molecules (PKCθ, Ras, c-Raf, MEK1/2) (Figure 22 in 

Chapter 5), ERK1 expression, but not ERK2, was much more down-regulated in M3 CD8+ 

T cells.  These data suggest that the differential phosphorylation of ERK1/2 depends on the 

level of ERK1 expression in CD8+ T cell maturation subsets.  More interestingly, I found 

that M2 CD8+ cells had a bimodal distribution of ERK1 (ERK1high and ERK1low), which 

would have been impossible to discover with traditional techniques such as immunoblotting. 

To better understand the relationship between the functional profile of M3 CD8+ T 

cells and the down-regulation of ERK1, I developed a multi-color flow cytometry approach 

to simultaneously detect ERK1, IL-2 and IFNγ along with surface markers of differentiation 

(CD8, CD45RA, C27, CD28 and CD57).  I found that 1) most IL-2 is produced by ERK1high 

CD8+ T cells; 2) CD28 expression is associated with ERK1 expression; 3) the cytokine 
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production pattern (high production of IL-2 and IL-2+IFNγ co-production) and higher CD28 

expression in the ERK1high subpopulation of M2 cells is close to M1 cells, whereas the 

features of the ERK1low subpopulation of M2 cells (poor production of IL-2 and lack of IL-

2+IFNγ co-production, no CD28 expression) is similar to M3 cells; and 4) ERK1 expression 

can predict IL-2 production in CMV-specific CD8+ T cells.  These data suggest that ERK1 

expression is strongly associated with IL-2 production and CD28 expression.  These data 

also suggest that ERK1 expression is a more accurate marker of functional memory CD8+ T 

cell maturation than the surface markers that are classically used to define maturation. 

 Knockout models have been utilized to determine the function of one gene in mice 

and zebrafish.  In humans, the manipulation of gene expression has been performed by 

delivering dominant-negative constructs or gene-expression vectors into cell lines in vitro to 

elucidate the relationship between gene expression and its functional consequence.  The 

recent advancement of delivery systems of gene-expression vector using lentivirus enabled 

us to examine the function of ERK1 in primary human CD8+ T cells.  I showed that over-

expression of ERK1 increased IL-2 production in M2 and M3 cells.  These data suggest that 

IL-2 production is dependent on ERK1 expression in human CD8+ T cell maturation 

subsets. 

I also determined the association between ERK1 and IL-2 production in CMV pp65 

A2+ T cells.  Along with tetramer staining, I found that CMV A2+ ERK1high M2 cells 

produced higher levels of IL-2 than CMV A2+ ERK1low M2 cells.  These observations are 

consistent with my prior observation suggesting that ERK1 expression is associated with IL-

2 production in human CD8+ T cells.  As expected, M3 CMV A2+ cells rarely produce IL-

2.  However, it remains to be elucidated why ERK1 expression in CMV A2+ cells is skewed 

into the center rather than the bimodal distribution in overall CD8+ compartment, leading to 
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relatively ambiguous separation of ERK1high and ERK1low subpopulations, and why the 

response of CMV A2+ M1 cells is low.  

 In conclusion, I demonstrated a strong association between ERK1 expression and IL-

2 production in human CD8+ T cells.  I also demonstrated that the functional consequence 

of ERK1 down-regulation in human late memory CD8+ T cells is poor production of IL-2.  

My studies are one of the first demonstrations that genetic modulation may skew the 

functional signature of primary human CD8+ T cells.  In addition, my studies demonstrated 

loss of ERK1 expression may explain prior studies demonstrating why late memory CD8+ T 

cells are functionally impaired with a poor ability to produce IL-2, to respond 

polyfunctionally and to proliferate in response to stimulation.   

 

MEK inhibition decreases cytokine production in human T cells in a stage-dependent 

manner 

Recent studies suggest that most allo-reactive T cells, which induce GVHD, exist in 

naïve and early memory stages (249-254), while most CMV-specific T cells are in 

intermediate and late memory stages (66, 257).  Therefore, it would be ideal to selectively 

inhibit naïve and early memory T cells, and spare later stage memory T cells following 

allogeneic stem cell transplantation (SCT).  In other words, GVHD could be reduced 

without impairing immunity to CMV reactivation.  Therefore, I sought to determine 

signaling difference between T cell maturation subsets that could be explored to develop 

more rational immunosuppressive strategies.  Given this rationale and my data about 

differential phosphorylation of ERK1/2 in human T cell maturation subsets (pERK1/2 in N 

& M1 is greater than pERK1/2 in M2 or M3), I tested the hypothesis that the effects of MEK 

inhibition on T cell activation depend on levels of ERK1/2 phosphorylation.  I found that: 1) 
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MEK inhibitor (U0126) suppresses cytokine production in T cells in a stage-dependent 

manner, while a calcineurin inhibitor, tacrolimus at a therapeutic plasma concentration 

suppressed the production of all three cytokines regardless of maturation stage; 2) MEK 

inhibitor (U0126) suppresses allogeneic dendritic cell (DC)-induced T cell proliferation 

while relatively sparing CMV-specific T cell responses; and 3) MEK inhibition does not 

suppress TGF-β secretion in human Tregs.   

 Very recently, ERK1/2 have been reported to be phosphorylated in T cells in a 

mouse GVHD model and that MEK inhibition reduces GVHD (267).  My results showed 

that the expression of calcineurin in memory CD4+ and CD8+ T cells (not shown for CD4+ 

T cells, Figure 22 in Chapter 5 for CD8+ T cells) was higher than in the naïve population.  

If the expression levels of calcineurin reflect the functional significance of the pathway, one 

could expect that a calcineurin inhibitor, tacrolimus would suppress memory subsets 

preferentially.  In fact, I found that tacrolimus suppressed SEB- induced cytokine production 

non-selectively in T cell maturation subsets.  In contrast to tacrolimus, U0126 suppressed 

cytokine production preferentially in naïve and early memory stages of T cells.  These data 

suggest that the phosphorylation level of ERK1/2 more accurately reflects the functional 

significance of the pathway at each maturation stage of T cells, and that MEK inhibition 

induces T cell memory stage-specific immunosuppression following polyclonal stimulation. 

 To mimic GVHD initiation with an experimental model, I performed an MLR with 

mature allogeneic DC and measured CMV-specific T cell responses in the presence of 

U0126 or tacrolimus.  I demonstrated that U0126 suppressed potent allo-DC induced T cell 

proliferation equivalently to tacrolimus, but spared CMV-specific T cell responses.  

Tacrolimus, however, suppressed CMV-specific T cell responses in all memory T cell 

stages.  These data suggest that the MEK inhibitor suppressed activation of allo-reactive T 
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Our group’s prior studies of late memory CMV-specific T cells (e.g., those 

expressing CD57, which defines cells that would most likely have been defined as M3 in 

this study) suggests that greater frequencies of cells residing within this population are 

associated with poor control of CMV reactivation after stem cell transplantation, supporting 

the view that polyfunctional cells producing IL-2 may be better at controlling pathogenic 

viral infections.  Studies by Restifo and colleagues (107) in a cancer immunotherapy model 

also suggest that late effector T cells, characterized by strong cytotoxic function and IFNγ 

production, may be paradoxically inferior in their ability to control cancer growth.   While 

higher-order cytometric analyses were not reported, this report showed that late effector 

cells, while producing IFNγ and having greater cytolytic capacity, were deficient in IL-2 

production.  Taken together with prior translational studies in the setting of human 

infections, my present results suggest that human clinical studies in the setting of cancer 

and infectious disease should consider not only the overall precursor frequency of 

responsive T cells, but also differentiation stage, polyfunctional capacity (especially that 

of IFNγ /IL-2 co-production) or both.  Additionally, my results confirm that assays that 

measure IFNγ alone (including ELISPOT assays) will measure cells across the memory 

spectrum and may significantly underestimate the precursor frequencies of antigen-specific 

CD8+ T cells, especially those at later stages of the maturation spectrum. 

While studies like this one cannot directly confirm mechanisms operative in vivo, my 

results suggest that late memory CD8+ T cells that are abundant producers of MIP-1β, MIP-

1α and RANTES may have a unique functional role in human immune responses.  It is 

known that CCR5 up-regulation occurs with T cell activation (271), raising the possibility 

that late memory (M2 and M3) cells may have an autocrine or paracrine role in regulating 

immune responses.  Indeed, Wherry, Ahmed and colleagues (272) demonstrated 
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upregulation of MIP-1β and MIP-1α mRNA in a murine model, and suggested that 

chemotactic properties of murine CD8+ exhausted cells might “sound the alarm”.  

Consistent with this hypothesis, MIP-1β, MIP-1α and RANTES are potent chemotactic 

factors, inducing migration of monocytes and macrophages to the site of local elaboration.  

This raises the possibility that the activation of late memory CD8+ T cells (especially those 

specific for CMV and other herpes viruses that reside mostly in late memory stages) may 

serve as important attractors of cells capable of clearing debris and magnifying antigen 

presentation locally.  

My analysis of CMV-specific T cells confirmed the results of other studies 

demonstrating the abundance of later memory cells (i.e., M2 and M3 cells) within this 

antigen-specific population.  In contrast to my expectation that the most abundant product of 

CMV-specific T cells would be either IFNγ or TNFα, which have been most commonly 

utilized as markers of antigen-specific T cells, I found that MIP-1β was by far the most 

abundant cytokine produced by CD8+ CMV-specific T cells stimulated ex vivo.  Besides 

cells producing MIP-1β alone, I found fairly robust numbers of cells producing MIP-1β in 

conjunction with effector cytokines, including IFNγ/TNFα/MIP-1β, IL-2/IFNγ/TNFα/MIP-

1β, and IFNγ/MIP-1β were observed.  These data suggest that MIP-1β  may actually be a 

more sensitive marker than IFNγ  for the detection of CMV-specific T cells, and that 

conventional approaches (e.g., CFC or ELISPOT assays based on IFNγ  detection alone) 

may significantly underestimate the frequency of CMV-specific T cells.  This is relevant 

for clinical studies of CMV immunity in humans, and similar rules might apply to other 

disease settings and pathogens. 

This dissertation also demonstrated the differential expression of ERK1/2 and its 

functional consequence in human CD8+ T cell maturation subsets.  Although there have 
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been several studies examining the molecular signature of T cell maturation subsets and how 

genetic modulation might dictate T cell memory maturation (80, 119-121), few studies 

demonstrated a direct link to individual proteins determining functional heterogeneity 

including IL-2 production in human CD8+ T cell maturation subsets.  Moreover, none of 

studies highlighted human late memory CD8+ T cells in humans, in part due to technical 

limitations such as (a) limited cell number (b) low viability in liquid culture (c) difficulty 

manipulating gene expression.  By overcoming these limitations, I found that ERK1 is 

highly down-regulated in human late memory CD8+ T cells and that ERK1 down-regulation 

leads to poor production of IL-2 in human late memory CD8+ T cells.  These findings 

suggest that loss of ERK1 expression is a more accurate marker to delineate human late 

memory CD8+ T cells than classical surface markers and that ERK1 expression dictates 

functional heterogeneity in human CD8+ T cell maturation subsets. 

Adoptive transfer of virus-specific T cells isolated and expanded from a healthy 

donor, has been shown to be one of the potential therapeutic modalities against human viral 

infections in allogeneic SCT recipients (273-275).  Based on the relationship between 

polyfunctionality in T cells and virus control, as described in Chapter 1, adoptive transfer of 

polyfunctional T cells may be critical for a successful immunity against pathogens.  One 

recent study demonstrated that the reintroduction of CD28 in CD28- human CD8+ T cells 

increased IL-2 production (276).  My data suggest that polyfunctionality could be 

reconstituted in late memory CD8+ T cells by augmenting ERK1 expression by 

introduction of the gene with a constitutive promoter, leading to a strategy for optimal 

adoptive transfer to control viral reactivation in the allogeneic SCT setting. 

At the end of this dissertation, a novel therapeutic approach to reduce GVHD was 

introduced based on the observation suggesting that ERK1/2 phosphorylation differs in T 
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cell maturation subsets.  For the last years, small molecular inhibitors or monoclonal 

antibodies have been used to modulate immune function in humans.  Of many available 

drugs (Cyclosporin A, tacrolimus, steroids etc.), Sirolimus (Rapamycin) has recently been 

used as an immunosuppressive drug in SCT.  Recent studies suggest that Sirolimus has 

potentiating effects on CD4+CD25+ Tregs (277-279), and that activated conventional 

CD4+CD25- T cells become highly sensitive to Sirolimus, while Sirolimus rarely induces 

apoptosis in CD4+CD25+Tregs (277).  I hypothesized that differential phosphorylation of 

ERK1/2 reflects its functional utility in human T cell maturation subsets.  I demonstrated 

that the MEK inhibitor, U0126 suppressed cytokine production in T cells in a stage-

dependent manner, and that U0126 efficiently suppressed alloreactive T cell proliferation 

while sparing CMV-specific T cell responses and preserving TGFβ production in Tregs.  

This novel concept provides a better rationale to selectively inhibit undesired inflammation 

(GVHD) induced by early stage T cells (naïve and M1) and spare desired immune 

function by later stage memory T cells (M2, M3) (protective immunity against viral 

reactivation) in allogeneic SCT.  These results suggest that it may be more practical to find 

more selective targets and manipulate T cell subsets in vivo, to reduce GVHD and restore 

protective immunity, than to adoptively transfer ex vivo expanded T cell subsets.  

In conclusion, my studies establish the relationship between functional heterogeneity 

and molecular signature in human CD8+ T cell maturation subsets (Figure 31 and Table 2).  

I demonstrated in this dissertation that a) human late memory CD8+ T cells have a distinct 

cytokine production signature characterized by prolific production of MIP-1β (and other CC 

chemokines) and poor production of IL-2; b) These functional characteristics result from 

ERK1 down-regulation; c) ERK1 expression is a superior marker to define polyfunctional 

memory CD8+ T cells.  Moreover, these findings can be translated into important clinical 
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settings a) by reintroducing polyfunctionality in late memory CD8+ T cells by reexpressing 

ERK1 via genetic or pharmacological approaches, and b) by suggesting more rational and 

selective strategies to inhibit GVHD while relatively sparing pathogen-specific memory 

cells in allogeneic SCT recipients. 
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Figure 31. Functional (lack of IL-2 production) and molecular (loss of ERK1) 
markers are best to define late memory CD8+ T cells.  Summary of the relationship 
between functional heterogeneity and molecular signature in human CD8+ T cell 
maturation subsets and the rationale for selective inhibition based on differential 
expression of MAP kinases. 



 115 

 

 

 

 

 

 

 

 

BIBLIOGRAPHY 



 116 

1. Ahmed, R., and D. Gray. 1996. Immunological memory and protective immunity: 

understanding their relation. Science 272:54-60. 

2. Kalia, V., S. Sarkar, T. S. Gourley, B. T. Rouse, and R. Ahmed. 2006. 

Differentiation of memory B and T cells. Current Opinion in Immunology 

18:255-264. 

3. Welsh, R. M., L. K. Selin, and E. Szomolanyi-Tsuda. 2004. Immunological 

memory to viral infections. Annual Review of Immunology 22:711-743. 

4. Sarkar, S., V. Kalia, W. N. Haining, B. T. Konieczny, S. Subramaniam, and R. 

Ahmed. 2008. Functional and genomic profiling of effector CD8 T cell subsets 

with distinct memory fates. Journal of Experimental Medicine 205:625-640. 

5. Lefrancois, L. 2006. Development, trafficking, and function of memory T-cell 

subsets. Immunological Reviews 211:93-103. 

6. Surh, C. D., O. Boyman, J. F. Purton, and J. Sprent. 2006. Homeostasis of 

memory T cells. Immunological Reviews 211:154-163. 

7. Williams, M. A., B. J. Holmes, J. C. Sun, and M. J. Bevan. 2006. Developing and 

maintaining protective CD8+ memory T cells. Immunological Reviews 211:146-

153. 

8. Badovinac, V. P., and J. T. Harty. 2006. Programming, demarcating, and 

manipulating CD8+ T-cell memory. Immunological Reviews 211:67-80. 

9. Jacob, J., and D. Baltimore. 1999. Modelling T-cell memory by genetic marking 

of memory T cells in vivo. Nature 399:593-597. 



 117 

10. Opferman, J. T., B. T. Ober, and P. G. Ashton-Rickardt. 1999. Linear 

differentiation of cytotoxic effectors into memory T lymphocytes. Science 

283:1745-1748. 

11. Bannard, O., M. Kraman, and D. T. Fearon. 2009. Secondary replicative function 

of CD8+ T cells that had developed an effector phenotype. Science 323:505-509. 

12. Bannard, O., M. Kraman, and D. Fearon. 2009. Pathways of memory CD8+ T-

cell development. European Journal of Immunology 39:2083-2087. 

13. Harrington, L. E., K. M. Janowski, J. R. Oliver, A. J. Zajac, and C. T. Weaver. 

2008. Memory CD4 T cells emerge from effector T-cell progenitors. Nature 

452:356-360. 

14. Lohning, M., A. N. Hegazy, D. D. Pinschewer, D. Busse, K. S. Lang, T. Hofer, A. 

Radbruch, R. M. Zinkernagel, and H. Hengartner. 2008. Long-lived virus-reactive 

memory T cells generated from purified cytokine-secreting T helper type 1 and 

type 2 effectors. Journal of Experimental Medicine 205:53-61. 

15. Ahmed, R., M. J. Bevan, S. L. Reiner, and D. T. Fearon. 2009. The precursors of 

memory: models and controversies. Nature Reviews Immunology 9:662-668. 

16. Lanzavecchia, A., and F. Sallusto. 2000. Dynamics of T lymphocyte responses: 

intermediates, effectors, and memory cells. Science 290:92-97. 

17. Lauvau, G., S. Vijh, P. Kong, T. Horng, K. Kerksiek, N. Serbina, R. A. Tuma, 

and E. G. Pamer. 2001. Priming of memory but not effector CD8 T cells by a 

killed bacterial vaccine. Science 294:1735-1739. 

18. Manjunath, N., P. Shankar, J. Wan, W. Weninger, M. A. Crowley, K. Hieshima, 

T. A. Springer, X. Fan, H. Shen, J. Lieberman, and U. H. von Andrian. 2001. 



 118 

Effector differentiation is not prerequisite for generation of memory cytotoxic T 

lymphocytes. Journal of Clinical Investigation 108:871-878. 

19. Fearon, D. T., P. Manders, and S. D. Wagner. 2001. Arrested differentiation, the 

self-renewing memory lymphocyte, and vaccination. Science 293:248-250. 

20. Wong, P., M. Lara-Tejero, A. Ploss, I. Leiner, and E. G. Pamer. 2004. Rapid 

development of T cell memory. Journal of Immunology 172:7239-7245. 

21. van Leeuwen, E. M., G. J. de Bree, I. J. ten Berge, and R. A. van Lier. 2006. 

Human virus-specific CD8+ T cells: diversity specialists. Immunological Reviews 

211:225-235. 

22. Chang, J. T., V. R. Palanivel, I. Kinjyo, F. Schambach, A. M. Intlekofer, A. 

Banerjee, S. A. Longworth, K. E. Vinup, P. Mrass, J. Oliaro, N. Killeen, J. S. 

Orange, S. M. Russell, W. Weninger, and S. L. Reiner. 2007. Asymmetric T 

lymphocyte division in the initiation of adaptive immune responses. Science 

315:1687-1691. 

23. Chang, J. T., and S. L. Reiner. 2007. Protection one cell thick. Immunity 27:832-

834. 

24. Littman, D. R., and H. Singh. 2007. Immunology. Asymmetry and immune 

memory. Science 315:1673-1674. 

25. Stemberger, C., K. M. Huster, M. Koffler, F. Anderl, M. Schiemann, H. Wagner, 

and D. H. Busch. 2007. A single naive CD8+ T cell precursor can develop into 

diverse effector and memory subsets. Immunity 27:985-997. 



 119 

26. Hikono, H., J. E. Kohlmeier, K. H. Ely, I. Scott, A. D. Roberts, M. A. Blackman, 

and D. L. Woodland. 2006. T-cell memory and recall responses to respiratory 

virus infections. Immunological Reviews 211:119-132. 

27. Kedzierska, K., N. L. La Gruta, S. J. Turner, and P. C. Doherty. 2006. 

Establishment and recall of CD8+ T-cell memory in a model of localized transient 

infection. Immunological Reviews 211:133-145. 

28. Marzo, A. L., H. Yagita, and L. Lefrancois. 2007. Cutting edge: migration to 

nonlymphoid tissues results in functional conversion of central to effector 

memory CD8 T cells. Journal of Immunology 179:36-40. 

29. Becker, T. C., E. J. Wherry, D. Boone, K. Murali-Krishna, R. Antia, A. Ma, and 

R. Ahmed. 2002. Interleukin 15 is required for proliferative renewal of virus-

specific memory CD8 T cells. Journal of Experimental Medicine 195:1541-1548. 

30. Goldrath, A. W., P. V. Sivakumar, M. Glaccum, M. K. Kennedy, M. J. Bevan, C. 

Benoist, D. Mathis, and E. A. Butz. 2002. Cytokine requirements for acute and 

Basal homeostatic proliferation of naive and memory CD8+ T cells. Journal of 

Experimental Medicine 195:1515-1522. 

31. Schluns, K. S., W. C. Kieper, S. C. Jameson, and L. Lefrancois. 2000. Interleukin-

7 mediates the homeostasis of naive and memory CD8 T cells in vivo. Nature 

Immunology 1:426-432. 

32. Tan, J. T., B. Ernst, W. C. Kieper, E. LeRoy, J. Sprent, and C. D. Surh. 2002. 

Interleukin (IL)-15 and IL-7 jointly regulate homeostatic proliferation of memory 

phenotype CD8+ cells but are not required for memory phenotype CD4+ cells. 

Journal of Experimental Medicine 195:1523-1532. 



 120 

33. Murali-Krishna, K., L. L. Lau, S. Sambhara, F. Lemonnier, J. Altman, and R. 

Ahmed. 1999. Persistence of memory CD8 T cells in MHC class I-deficient mice. 

Science 286:1377-1381. 

34. Harty, J. T., and V. P. Badovinac. 2008. Shaping and reshaping CD8+ T-cell 

memory. Nature Reviews Immunology 8:107-119. 

35. Klenerman, P., and A. Hill. 2005. T cells and viral persistence: lessons from 

diverse infections. Nature Immunology 6:873-879. 

36. Wherry, E. J., J. N. Blattman, K. Murali-Krishna, R. van der Most, and R. 

Ahmed. 2003. Viral persistence alters CD8 T-cell immunodominance and tissue 

distribution and results in distinct stages of functional impairment. Journal of 

Virology 77:4911-4927. 

37. Wherry, E. J., and R. Ahmed. 2004. Memory CD8 T-cell differentiation during 

viral infection. Journal of Virology 78:5535-5545. 

38. Barber, D. L., E. J. Wherry, D. Masopust, B. Zhu, J. P. Allison, A. H. Sharpe, G. 

J. Freeman, and R. Ahmed. 2006. Restoring function in exhausted CD8 T cells 

during chronic viral infection. Nature 439:682-687. 

39. Freeman, G. J., E. J. Wherry, R. Ahmed, and A. H. Sharpe. 2006. Reinvigorating 

exhausted HIV-specific T cells via PD-1-PD-1 ligand blockade. Journal of 

Experimental Medicine 203:2223-2227. 

40. Velu, V., K. Titanji, B. Zhu, S. Husain, A. Pladevega, L. Lai, T. H. Vanderford, 

L. Chennareddi, G. Silvestri, G. J. Freeman, R. Ahmed, and R. R. Amara. 2009. 

Enhancing SIV-specific immunity in vivo by PD-1 blockade. Nature 458:206-

210. 



 121 

41. Brooks, D. G., M. J. Trifilo, K. H. Edelmann, L. Teyton, D. B. McGavern, and M. 

B. Oldstone. 2006. Interleukin-10 determines viral clearance or persistence in 

vivo. Nature Medicine 12:1301-1309. 

42. Ejrnaes, M., C. M. Filippi, M. M. Martinic, E. M. Ling, L. M. Togher, S. Crotty, 

and M. G. von Herrath. 2006. Resolution of a chronic viral infection after 

interleukin-10 receptor blockade. Journal of Experimental Medicine 203:2461-

2472. 

43. Wherry, E. J., D. L. Barber, S. M. Kaech, J. N. Blattman, and R. Ahmed. 2004. 

Antigen-independent memory CD8 T cells do not develop during chronic viral 

infection. Proceedings of the National Academy of Sciences of the United States 

of America 101:16004-16009. 

44. Fuller, M. J., D. A. Hildeman, S. Sabbaj, D. E. Gaddis, A. E. Tebo, L. Shang, P. 

A. Goepfert, and A. J. Zajac. 2005. Cutting edge: emergence of CD127high 

functionally competent memory T cells is compromised by high viral loads and 

inadequate T cell help. Journal of Immunology 174:5926-5930. 

45. Shin, H., and E. J. Wherry. 2007. CD8 T cell dysfunction during chronic viral 

infection. Currrent Opinion in Immunology 19:408-415. 

46. Shin, H., S. D. Blackburn, J. N. Blattman, and E. J. Wherry. 2007. Viral antigen 

and extensive division maintain virus-specific CD8 T cells during chronic 

infection. Journal of Experimental Medicine 204:941-949. 

47. Pitcher, C. J., S. I. Hagen, J. M. Walker, R. Lum, B. L. Mitchell, V. C. Maino, M. 

K. Axthelm, and L. J. Picker. 2002. Development and homeostasis of T cell 

memory in rhesus macaque. Journal of Immunology 168:29-43. 



 122 

48. Miller, J. D., R. G. van der Most, R. S. Akondy, J. T. Glidewell, S. Albott, D. 

Masopust, K. Murali-Krishna, P. L. Mahar, S. Edupuganti, S. Lalor, S. Germon, 

C. Del Rio, M. J. Mulligan, S. I. Staprans, J. D. Altman, M. B. Feinberg, and R. 

Ahmed. 2008. Human effector and memory CD8+ T cell responses to smallpox 

and yellow fever vaccines. Immunity 28:710-722. 

49. Barouch, D. H., and N. L. Letvin. 2001. CD8+ cytotoxic T lymphocyte responses 

to lentiviruses and herpesviruses. Currrent Opinion in Immunology 13:479-482. 

50. Callan, M. F., L. Tan, N. Annels, G. S. Ogg, J. D. Wilson, C. A. O'Callaghan, N. 

Steven, A. J. McMichael, and A. B. Rickinson. 1998. Direct visualization of 

antigen-specific CD8+ T cells during the primary immune response to Epstein-

Barr virus in vivo. Journal of Experimental Medicine 187:1395-1402. 

51. Hamann, D., P. A. Baars, M. H. Rep, B. Hooibrink, S. R. Kerkhof-Garde, M. R. 

Klein, and R. A. van Lier. 1997. Phenotypic and functional separation of memory 

and effector human CD8+ T cells. Journal of Experimental Medicine 186:1407-

1418. 

52. Lechner, F., D. K. Wong, P. R. Dunbar, R. Chapman, R. T. Chung, P. 

Dohrenwend, G. Robbins, R. Phillips, P. Klenerman, and B. D. Walker. 2000. 

Analysis of successful immune responses in persons infected with hepatitis C 

virus. Journal of Experimental Medicine 191:1499-1512. 

53. Lauer, G. M., K. Ouchi, R. T. Chung, T. N. Nguyen, C. L. Day, D. R. Purkis, M. 

Reiser, A. Y. Kim, M. Lucas, P. Klenerman, and B. D. Walker. 2002. 

Comprehensive analysis of CD8(+)-T-cell responses against hepatitis C virus 

reveals multiple unpredicted specificities. Journal of Virology 76:6104-6113. 



 123 

54. Roos, M. T., R. A. van Lier, D. Hamann, G. J. Knol, I. Verhoofstad, D. van 

Baarle, F. Miedema, and P. T. Schellekens. 2000. Changes in the composition of 

circulating CD8+ T cell subsets during acute epstein-barr and human 

immunodeficiency virus infections in humans. Journal of Infectious Diseases 

182:451-458. 

55. Tan, L. C., N. Gudgeon, N. E. Annels, P. Hansasuta, C. A. O'Callaghan, S. 

Rowland-Jones, A. J. McMichael, A. B. Rickinson, and M. F. Callan. 1999. A re-

evaluation of the frequency of CD8+ T cells specific for EBV in healthy virus 

carriers. Journal of Immunology 162:1827-1835. 

56. Urbani, S., C. Boni, G. Missale, G. Elia, C. Cavallo, M. Massari, G. Raimondo, 

and C. Ferrari. 2002. Virus-specific CD8+ lymphocytes share the same effector-

memory phenotype but exhibit functional differences in acute hepatitis B and C. 

Journal of Virology 76:12423-12434. 

57. van Leeuwen, E. M., L. E. Gamadia, P. A. Baars, E. B. Remmerswaal, I. J. ten 

Berge, and R. A. van Lier. 2002. Proliferation requirements of cytomegalovirus-

specific, effector-type human CD8+ T cells. Journal of Immunology 169:5838-

5843. 

58. Appay, V., R. A. van Lier, F. Sallusto, and M. Roederer. 2008. Phenotype and 

function of human T lymphocyte subsets: consensus and issues. Cytometry A 

73:975-983. 

59. Bell, E. B., and S. M. Sparshott. 1990. Interconversion of CD45R subsets of CD4 

T cells in vivo. Nature 348:163-166. 



 124 

60. Beverley, P. C. 1991. CD45 isoform expression: implications for recirculation of 

naive and memory cells. Immunological Research 10:196-198. 

61. Tough, D. F., and J. Sprent. 1994. Turnover of naive- and memory-phenotype T 

cells. Journal of Experimental Medicine 179:1127-1135. 

62. Arlettaz, L., C. Barbey, F. Dumont-Girard, C. Helg, B. Chapuis, E. Roux, and E. 

Roosnek. 1999. CD45 isoform phenotypes of human T cells: CD4(+)CD45RA(-

)RO(+) memory T cells re-acquire CD45RA without losing CD45RO. European 

Journal of Immunology 29:3987-3994. 

63. Wills, M. R., A. J. Carmichael, M. P. Weekes, K. Mynard, G. Okecha, R. Hicks, 

and J. G. Sissons. 1999. Human virus-specific CD8+ CTL clones revert from 

CD45ROhigh to CD45RAhigh in vivo: CD45RAhighCD8+ T cells comprise both 

naive and memory cells. Journal of Immunology 162:7080-7087. 

64. Sallusto, F., D. Lenig, R. Forster, M. Lipp, and A. Lanzavecchia. 1999. Two 

subsets of memory T lymphocytes with distinct homing potentials and effector 

functions. Nature 401:708-712. 

65. Hintzen, R. Q., R. de Jong, S. M. Lens, M. Brouwer, P. Baars, and R. A. van Lier. 

1993. Regulation of CD27 expression on subsets of mature T-lymphocytes. 

Journal of Immunology 151:2426-2435. 

66. Appay, V., P. R. Dunbar, M. Callan, P. Klenerman, G. M. Gillespie, L. Papagno, 

G. S. Ogg, A. King, F. Lechner, C. A. Spina, S. Little, D. V. Havlir, D. D. 

Richman, N. Gruener, G. Pape, A. Waters, P. Easterbrook, M. Salio, V. 

Cerundolo, A. J. McMichael, and S. L. Rowland-Jones. 2002. Memory CD8+ T 



 125 

cells vary in differentiation phenotype in different persistent virus infections. 

Nature Medicine 8:379-385. 

67. Hendriks, J., L. A. Gravestein, K. Tesselaar, R. A. van Lier, T. N. Schumacher, 

and J. Borst. 2000. CD27 is required for generation and long-term maintenance of 

T cell immunity. Nature Immunology 1:433-440. 

68. Appay, V., J. J. Zaunders, L. Papagno, J. Sutton, A. Jaramillo, A. Waters, P. 

Easterbrook, P. Grey, D. Smith, A. J. McMichael, D. A. Cooper, S. L. Rowland-

Jones, and A. D. Kelleher. 2002. Characterization of CD4(+) CTLs ex vivo. 

Journal of Immunology 168:5954-5958. 

69. Brenchley, J. M., N. J. Karandikar, M. R. Betts, D. R. Ambrozak, B. J. Hill, L. E. 

Crotty, J. P. Casazza, J. Kuruppu, S. A. Migueles, M. Connors, M. Roederer, D. 

C. Douek, and R. A. Koup. 2003. Expression of CD57 defines replicative 

senescence and antigen-induced apoptotic death of CD8+ T cells. Blood 

101:2711-2720. 

70. Rufer, N., A. Zippelius, P. Batard, M. J. Pittet, I. Kurth, P. Corthesy, J. C. 

Cerottini, S. Leyvraz, E. Roosnek, M. Nabholz, and P. Romero. 2003. Ex vivo 

characterization of human CD8+ T subsets with distinct replicative history and 

partial effector functions. Blood 102:1779-1787. 

71. Papagno, L., C. A. Spina, A. Marchant, M. Salio, N. Rufer, S. Little, T. Dong, G. 

Chesney, A. Waters, P. Easterbrook, P. R. Dunbar, D. Shepherd, V. Cerundolo, 

V. Emery, P. Griffiths, C. Conlon, A. J. McMichael, D. D. Richman, S. L. 

Rowland-Jones, and V. Appay. 2004. Immune activation and CD8+ T-cell 



 126 

differentiation towards senescence in HIV-1 infection. Public Library of Science 

Biology 2:E20. 

72. Romero, P., A. Zippelius, I. Kurth, M. J. Pittet, C. Touvrey, E. M. Iancu, P. 

Corthesy, E. Devevre, D. E. Speiser, and N. Rufer. 2007. Four functionally 

distinct populations of human effector-memory CD8+ T lymphocytes. Journal of 

Immunology 178:4112-4119. 

73. Picker, L. J., J. R. Treer, B. Ferguson-Darnell, P. A. Collins, D. Buck, and L. W. 

Terstappen. 1993. Control of lymphocyte recirculation in man. I. Differential 

regulation of the peripheral lymph node homing receptor L-selectin on T cells 

during the virgin to memory cell transition. Journal of Immunology 150:1105-

1121. 

74. Okumura, M., Y. Fujii, Y. Takeuchi, K. Inada, K. Nakahara, and H. Matsuda. 

1993. Age-related accumulation of LFA-1high cells in a CD8+CD45RAhigh T 

cell population. European Journal of Immunology 23:1057-1063. 

75. Akbar, A. N., M. Salmon, and G. Janossy. 1991. The synergy between naive and 

memory T cells during activation. Immunology Today 12:184-188. 

76. Morimoto, C., and S. F. Schlossman. 1993. P. Rambotti Lecture. Human naive 

and memory T cells revisited: new markers (CD31 and CD27) that help define 

CD4+ T cell subsets. Clinical and Experimental Rheumatology 11:241-247. 

77. Miyawaki, T., T. Uehara, R. Nibu, T. Tsuji, A. Yachie, S. Yonehara, and N. 

Taniguchi. 1992. Differential expression of apoptosis-related Fas antigen on 

lymphocyte subpopulations in human peripheral blood. Journal of Immunology 

149:3753-3758. 



 127 

78. Sallusto, F., D. Lenig, C. R. Mackay, and A. Lanzavecchia. 1998. Flexible 

programs of chemokine receptor expression on human polarized T helper 1 and 2 

lymphocytes. Journal of Experimental Medicine 187:875-883. 

79. Fletcher, J. M., M. Vukmanovic-Stejic, P. J. Dunne, K. E. Birch, J. E. Cook, S. E. 

Jackson, M. Salmon, M. H. Rustin, and A. N. Akbar. 2005. Cytomegalovirus-

specific CD4+ T cells in healthy carriers are continuously driven to replicative 

exhaustion. Journal of Immunology 175:8218-8225. 

80. Appay, V., A. Bosio, S. Lokan, Y. Wiencek, C. Biervert, D. Kusters, E. Devevre, 

D. Speiser, P. Romero, N. Rufer, and S. Leyvraz. 2007. Sensitive gene expression 

profiling of human T cell subsets reveals parallel post-thymic differentiation for 

CD4+ and CD8+ lineages. Journal of Immunology 179:7406-7414. 

81. De Rosa, S. C., L. A. Herzenberg, and M. Roederer. 2001. 11-color, 13-parameter 

flow cytometry: identification of human naive T cells by phenotype, function, and 

T-cell receptor diversity. Nature Medicine 7:245-248. 

82. Baars, P. A., L. M. Ribeiro Do Couto, J. H. Leusen, B. Hooibrink, T. W. Kuijpers, 

S. M. Lens, and R. A. van Lier. 2000. Cytolytic mechanisms and expression of 

activation-regulating receptors on effector-type CD8+CD45RA+CD27- human T 

cells. Journal of Immunology 165:1910-1917. 

83. Faint, J. M., N. E. Annels, S. J. Curnow, P. Shields, D. Pilling, A. D. Hislop, L. 

Wu, A. N. Akbar, C. D. Buckley, P. A. Moss, D. H. Adams, A. B. Rickinson, and 

M. Salmon. 2001. Memory T cells constitute a subset of the human 

CD8+CD45RA+ pool with distinct phenotypic and migratory characteristics. 

Journal of Immunology 167:212-220. 



 128 

84. Wills, M. R., G. Okecha, M. P. Weekes, M. K. Gandhi, P. J. Sissons, and A. J. 

Carmichael. 2002. Identification of naive or antigen-experienced human CD8(+) 

T cells by expression of costimulation and chemokine receptors: analysis of the 

human cytomegalovirus-specific CD8(+) T cell response. Journal of Immunology 

168:5455-5464. 

85. Tomiyama, H., T. Matsuda, and M. Takiguchi. 2002. Differentiation of human 

CD8(+) T cells from a memory to memory/effector phenotype. Journal of 

Immunology 168:5538-5550. 

86. van Leeuwen, E. M., G. J. de Bree, E. B. Remmerswaal, S. L. Yong, K. Tesselaar, 

I. J. ten Berge, and R. A. van Lier. 2005. IL-7 receptor alpha chain expression 

distinguishes functional subsets of virus-specific human CD8+ T cells. Blood 

106:2091-2098. 

87. Sandberg, J. K., N. M. Fast, and D. F. Nixon. 2001. Functional heterogeneity of 

cytokines and cytolytic effector molecules in human CD8+ T lymphocytes. 

Journal of Immunology 167:181-187. 

88. Bratke, K., M. Kuepper, B. Bade, J. C. Virchow, Jr., and W. Luttmann. 2005. 

Differential expression of human granzymes A, B, and K in natural killer cells 

and during CD8+ T cell differentiation in peripheral blood. European Journal of 

Immunology 35:2608-2616. 

89. Takata, H., and M. Takiguchi. 2006. Three memory subsets of human CD8+ T 

cells differently expressing three cytolytic effector molecules. Journal of 

Immunology 177:4330-4340. 



 129 

90. Bachmann, M. F., P. Wolint, K. Schwarz, P. Jager, and A. Oxenius. 2005. 

Functional properties and lineage relationship of CD8+ T cell subsets identified 

by expression of IL-7 receptor alpha and CD62L. Journal of Immunology 

175:4686-4696. 

91. Acosta-Rodriguez, E. V., L. Rivino, J. Geginat, D. Jarrossay, M. Gattorno, A. 

Lanzavecchia, F. Sallusto, and G. Napolitani. 2007. Surface phenotype and 

antigenic specificity of human interleukin 17-producing T helper memory cells. 

Nature Immunology 8:639-646. 

92. Annunziato, F., L. Cosmi, V. Santarlasci, L. Maggi, F. Liotta, B. Mazzinghi, E. 

Parente, L. Fili, S. Ferri, F. Frosali, F. Giudici, P. Romagnani, P. Parronchi, F. 

Tonelli, E. Maggi, and S. Romagnani. 2007. Phenotypic and functional features of 

human Th17 cells. Journal of Experimental Medicine 204:1849-1861. 

93. Tilton, J. C., M. R. Luskin, A. J. Johnson, M. Manion, C. W. Hallahan, J. A. 

Metcalf, M. McLaughlin, R. T. Davey, Jr., and M. Connors. 2007. Changes in 

paracrine interleukin-2 requirement, CCR7 expression, frequency, and cytokine 

secretion of human immunodeficiency virus-specific CD4+ T cells are a 

consequence of antigen load. Journal of Virology 81:2713-2725. 

94. Harari, A., F. Vallelian, and G. Pantaleo. 2004. Phenotypic heterogeneity of 

antigen-specific CD4 T cells under different conditions of antigen persistence and 

antigen load. European Journal of Immunology 34:3525-3533. 

95. Darrah, P. A., D. T. Patel, P. M. De Luca, R. W. Lindsay, D. F. Davey, B. J. 

Flynn, S. T. Hoff, P. Andersen, S. G. Reed, S. L. Morris, M. Roederer, and R. A. 



 130 

Seder. 2007. Multifunctional TH1 cells define a correlate of vaccine-mediated 

protection against Leishmania major. Nature Medicine 13:843-850. 

96. Precopio, M. L., M. R. Betts, J. Parrino, D. A. Price, E. Gostick, D. R. Ambrozak, 

T. E. Asher, D. C. Douek, A. Harari, G. Pantaleo, R. Bailer, B. S. Graham, M. 

Roederer, and R. A. Koup. 2007. Immunization with vaccinia virus induces 

polyfunctional and phenotypically distinctive CD8(+) T cell responses. Journal of 

Experimental Medicine 204:1405-1416. 

97. Duvall, M. G., M. L. Precopio, D. A. Ambrozak, A. Jaye, A. J. McMichael, H. C. 

Whittle, M. Roederer, S. L. Rowland-Jones, and R. A. Koup. 2008. 

Polyfunctional T cell responses are a hallmark of HIV-2 infection. European 

Journal of Immunology 38:350-363. 

98. Harari, A., S. Petitpierre, F. Vallelian, and G. Pantaleo. 2004. Skewed 

representation of functionally distinct populations of virus-specific CD4 T cells in 

HIV-1-infected subjects with progressive disease: changes after antiretroviral 

therapy. Blood 103:966-972. 

99. Younes, S. A., B. Yassine-Diab, A. R. Dumont, M. R. Boulassel, Z. Grossman, J. 

P. Routy, and R. P. Sekaly. 2003. HIV-1 viremia prevents the establishment of 

interleukin 2-producing HIV-specific memory CD4+ T cells endowed with 

proliferative capacity. Journal of Experimental Medicine 198:1909-1922. 

100. Boaz, M. J., A. Waters, S. Murad, P. J. Easterbrook, and A. Vyakarnam. 2002. 

Presence of HIV-1 Gag-specific IFN-gamma+IL-2+ and CD28+IL-2+ CD4 T cell 

responses is associated with nonprogression in HIV-1 infection. Journal of 

Immunology 169:6376-6385. 



 131 

101. Duvall, M. G., A. Jaye, T. Dong, J. M. Brenchley, A. S. Alabi, D. J. Jeffries, M. 

van der Sande, T. O. Togun, S. J. McConkey, D. C. Douek, A. J. McMichael, H. 

C. Whittle, R. A. Koup, and S. L. Rowland-Jones. 2006. Maintenance of HIV-

specific CD4+ T cell help distinguishes HIV-2 from HIV-1 infection. Journal of 

Immunology 176:6973-6981. 

102. Kannanganat, S., C. Ibegbu, L. Chennareddi, H. L. Robinson, and R. R. Amara. 

2007. Multiple-cytokine-producing antiviral CD4 T cells are functionally superior 

to single-cytokine-producing cells. Journal of Virology 81:8468-8476. 

103. Semmo, N., C. L. Day, S. M. Ward, M. Lucas, G. Harcourt, A. Loughry, and P. 

Klenerman. 2005. Preferential loss of IL-2-secreting CD4+ T helper cells in 

chronic HCV infection. Hepatology 41:1019-1028. 

104. Millington, K. A., J. A. Innes, S. Hackforth, T. S. Hinks, J. J. Deeks, D. P. 

Dosanjh, V. Guyot-Revol, R. Gunatheesan, P. Klenerman, and A. Lalvani. 2007. 

Dynamic relationship between IFN-gamma and IL-2 profile of Mycobacterium 

tuberculosis-specific T cells and antigen load. Journal of Immunology 178:5217-

5226. 

105. Casazza, J. P., M. R. Betts, D. A. Price, M. L. Precopio, L. E. Ruff, J. M. 

Brenchley, B. J. Hill, M. Roederer, D. C. Douek, and R. A. Koup. 2006. 

Acquisition of direct antiviral effector functions by CMV-specific CD4+ T 

lymphocytes with cellular maturation. Journal of Experimental Medicine 

203:2865-2877. 

106. Migueles, S. A., A. C. Laborico, W. L. Shupert, M. S. Sabbaghian, R. Rabin, C. 

W. Hallahan, D. Van Baarle, S. Kostense, F. Miedema, M. McLaughlin, L. Ehler, 



 132 

J. Metcalf, S. Liu, and M. Connors. 2002. HIV-specific CD8+ T cell proliferation 

is coupled to perforin expression and is maintained in nonprogressors. Nature 

Immunology 3:1061-1068. 

107. Gattinoni, L., C. A. Klebanoff, D. C. Palmer, C. Wrzesinski, K. Kerstann, Z. Yu, 

S. E. Finkelstein, M. R. Theoret, S. A. Rosenberg, and N. P. Restifo. 2005. 

Acquisition of full effector function in vitro paradoxically impairs the in vivo 

antitumor efficacy of adoptively transferred CD8+ T cells. Journal of Clinical 

Investigation 115:1616-1626. 

108. Betts, M. R., M. C. Nason, S. M. West, S. C. De Rosa, S. A. Migueles, J. 

Abraham, M. M. Lederman, J. M. Benito, P. A. Goepfert, M. Connors, M. 

Roederer, and R. A. Koup. 2006. HIV nonprogressors preferentially maintain 

highly functional HIV-specific CD8+ T cells. Blood 107:4781-4789. 

109. Seder, R. A., P. A. Darrah, and M. Roederer. 2008. T-cell quality in memory and 

protection: implications for vaccine design. Nature Reviews Immunology 8:247-

258. 

110. Bogdan, C., H. Moll, W. Solbach, and M. Rollinghoff. 1990. Tumor necrosis 

factor-alpha in combination with interferon-gamma, but not with interleukin 4 

activates murine macrophages for elimination of Leishmania major amastigotes. 

European Journal of Immunology 20:1131-1135. 

111. Liew, F. Y., Y. Li, and S. Millott. 1990. Tumor necrosis factor-alpha synergizes 

with IFN-gamma in mediating killing of Leishmania major through the induction 

of nitric oxide. Journal of Immunology 145:4306-4310. 



 133 

112. Williams, M. A., A. J. Tyznik, and M. J. Bevan. 2006. Interleukin-2 signals 

during priming are required for secondary expansion of CD8+ memory T cells. 

Nature 441:890-893. 

113. Weiss, A., and D. R. Littman. 1994. Signal transduction by lymphocyte antigen 

receptors. Cell 76:263-274. 

114. Farber, D. L., O. Acuto, and K. Bottomly. 1997. Differential T cell receptor-

mediated signaling in naive and memory CD4 T cells. European Journal of 

Immunology 27:2094-2101. 

115. Hall, S. R., B. M. Heffernan, N. T. Thompson, and W. C. Rowan. 1999. CD4+ 

CD45RA+ and CD4+ CD45RO+ T cells differ in their TCR-associated signaling 

responses. European Journal of Immunology 29:2098-2106. 

116. Krishnan, S., V. G. Warke, M. P. Nambiar, H. K. Wong, G. C. Tsokos, and D. L. 

Farber. 2001. Generation and biochemical analysis of human effector CD4 T 

cells: alterations in tyrosine phosphorylation and loss of CD3zeta expression. 

Blood 97:3851-3859. 

117. Hussain, S. F., C. F. Anderson, and D. L. Farber. 2002. Differential SLP-76 

expression and TCR-mediated signaling in effector and memory CD4 T cells. 

Journal of Immunology 168:1557-1565. 

118. Kersh, E. N., S. M. Kaech, T. M. Onami, M. Moran, E. J. Wherry, M. C. Miceli, 

and R. Ahmed. 2003. TCR signal transduction in antigen-specific memory CD8 T 

cells. Journal of Immunology 170:5455-5463. 



 134 

119. Holmes, S., M. He, T. Xu, and P. P. Lee. 2005. Memory T cells have gene 

expression patterns intermediate between naive and effector. Proceedings of the 

National Academy of Sciences of the United States of America 102:5519-5523. 

120. Willinger, T., T. Freeman, H. Hasegawa, A. J. McMichael, and M. F. Callan. 

2005. Molecular signatures distinguish human central memory from effector 

memory CD8 T cell subsets. Journal of Immunology 175:5895-5903. 

121. Kaech, S. M., S. Hemby, E. Kersh, and R. Ahmed. 2002. Molecular and 

functional profiling of memory CD8 T cell differentiation. Cell 111:837-851. 

122. Boulton, T. G., S. H. Nye, D. J. Robbins, N. Y. Ip, E. Radziejewska, S. D. 

Morgenbesser, R. A. DePinho, N. Panayotatos, M. H. Cobb, and G. D. 

Yancopoulos. 1991. ERKs: a family of protein-serine/threonine kinases that are 

activated and tyrosine phosphorylated in response to insulin and NGF. Cell 

65:663-675. 

123. Boulton, T. G., G. D. Yancopoulos, J. S. Gregory, C. Slaughter, C. Moomaw, J. 

Hsu, and M. H. Cobb. 1990. An insulin-stimulated protein kinase similar to yeast 

kinases involved in cell cycle control. Science 249:64-67. 

124. Derijard, B., M. Hibi, I. H. Wu, T. Barrett, B. Su, T. Deng, M. Karin, and R. J. 

Davis. 1994. JNK1: a protein kinase stimulated by UV light and Ha-Ras that 

binds and phosphorylates the c-Jun activation domain. Cell 76:1025-1037. 

125. Kyriakis, J. M., P. Banerjee, E. Nikolakaki, T. Dai, E. A. Rubie, M. F. Ahmad, J. 

Avruch, and J. R. Woodgett. 1994. The stress-activated protein kinase subfamily 

of c-Jun kinases. Nature 369:156-160. 



 135 

126. Kallunki, T., B. Su, I. Tsigelny, H. K. Sluss, B. Derijard, G. Moore, R. Davis, and 

M. Karin. 1994. JNK2 contains a specificity-determining region responsible for 

efficient c-Jun binding and phosphorylation. Genes and Development 8:2996-

3007. 

127. Han, J., J. D. Lee, L. Bibbs, and R. J. Ulevitch. 1994. A MAP kinase targeted by 

endotoxin and hyperosmolarity in mammalian cells. Science 265:808-811. 

128. Lee, J. C., J. T. Laydon, P. C. McDonnell, T. F. Gallagher, S. Kumar, D. Green, 

D. McNulty, M. J. Blumenthal, J. R. Heys, S. W. Landvatter, J. E. Strickler, M. 

M. McLaughlin, I. R. Siemens, S. M. Fisher, G. P. Livi, J. R. White, J. L. Adams, 

and P. R. Young 1994. A protein kinase involved in the regulation of 

inflammatory cytokine biosynthesis. Nature 372:739-746. 

129. Rouse, J., P. Cohen, S. Trigon, M. Morange, A. Alonso-Llamazares, D. 

Zamanillo, T. Hunt, and A. R. Nebreda. 1994. A novel kinase cascade triggered 

by stress and heat shock that stimulates MAPKAP kinase-2 and phosphorylation 

of the small heat shock proteins. Cell 78:1027-1037. 

130. Crompton, T., K. C. Gilmour, and M. J. Owen. 1996. The MAP kinase pathway 

controls differentiation from double-negative to double-positive thymocyte. Cell 

86:243-251. 

131. Diehl, N. L., H. Enslen, K. A. Fortner, C. Merritt, N. Stetson, C. Charland, R. A. 

Flavell, R. J. Davis, and M. Rincon. 2000. Activation of the p38 mitogen-

activated protein kinase pathway arrests cell cycle progression and differentiation 

of immature thymocytes in vivo. Journal of Experimental Medicine 191:321-334. 



 136 

132. Dong, C., D. D. Yang, M. Wysk, A. J. Whitmarsh, R. J. Davis, and R. A. Flavell. 

1998. Defective T cell differentiation in the absence of Jnk1. Science 282:2092-

2095. 

133. Iritani, B. M., J. Alberola-Ila, K. A. Forbush, and R. M. Perimutter. 1999. Distinct 

signals mediate maturation and allelic exclusion in lymphocyte progenitors. 

Immunity 10:713-722. 

134. Michie, A. M., S. Trop, D. L. Wiest, and J. C. Zuniga-Pflucker. 1999. 

Extracellular signal-regulated kinase (ERK) activation by the pre-T cell receptor 

in developing thymocytes in vivo. Journal of Experimental Medicine 190:1647-

1656. 

135. Sabapathy, K., Y. Hu, T. Kallunki, M. Schreiber, J. P. David, W. Jochum, E. F. 

Wagner, and M. Karin. 1999. JNK2 is required for efficient T-cell activation and 

apoptosis but not for normal lymphocyte development. Current Biology 9:116-

125. 

136. Sen, J., R. Kapeller, R. Fragoso, R. Sen, L. I. Zon, and S. J. Burakoff. 1996. 

Intrathymic signals in thymocytes are mediated by p38 mitogen-activated protein 

kinase. Journal of Immunology 156:4535-4538. 

137. Bommhardt, U., M. A. Basson, U. Krummrei, and R. Zamoyska. 1999. Activation 

of the extracellular signal-related kinase/mitogen-activated protein kinase 

pathway discriminates CD4 versus CD8 lineage commitment in the thymus. 

Journal of Immunology 163:715-722. 



 137 

138. Alberola-Ila, J., K. A. Forbush, R. Seger, E. G. Krebs, and R. M. Perlmutter. 

1995. Selective requirement for MAP kinase activation in thymocyte 

differentiation. Nature 373:620-623. 

139. Alberola-Ila, J., K. A. Hogquist, K. A. Swan, M. J. Bevan, and R. M. Perlmutter. 

1996. Positive and negative selection invoke distinct signaling pathways. Journal 

of Experimental Medicine 184:9-18. 

140. Pages, G., S. Guerin, D. Grall, F. Bonino, A. Smith, F. Anjuere, P. Auberger, and 

J. Pouyssegur. 1999. Defective thymocyte maturation in p44 MAP kinase (Erk 1) 

knockout mice. Science 286:1374-1377. 

141. Sharp, L. L., and S. M. Hedrick. 1999. Commitment to the CD4 lineage mediated 

by extracellular signal-related kinase mitogen-activated protein kinase and lck 

signaling. Journal of Immunology 163:6598-6605. 

142. Sharp, L. L., D. A. Schwarz, C. M. Bott, C. J. Marshall, and S. M. Hedrick. 1997. 

The influence of the MAPK pathway on T cell lineage commitment. Immunity 

7:609-618. 

143. Sugawara, T., T. Moriguchi, E. Nishida, and Y. Takahama. 1998. Differential 

roles of ERK and p38 MAP kinase pathways in positive and negative selection of 

T lymphocytes. Immunity 9:565-574. 

144. Whitehurst, C. E., T. G. Boulton, M. H. Cobb, and T. D. Geppert. 1992. 

Extracellular signal-regulated kinases in T cells. Anti-CD3 and 4 beta-phorbol 12-

myristate 13-acetate-induced phosphorylation and activation. Journal of 

Immunology 148:3230-3237. 



 138 

145. Whitehurst, C. E., and T. D. Geppert. 1996. MEK1 and the extracellular signal-

regulated kinases are required for the stimulation of IL-2 gene transcription in T 

cells. Journal of Immunology 156:1020-1029. 

146. Su, B., E. Jacinto, M. Hibi, T. Kallunki, M. Karin, and Y. Ben-Neriah. 1994. JNK 

is involved in signal integration during costimulation of T lymphocytes. Cell 

77:727-736. 

147. DeSilva, D. R., E. A. Jones, W. S. Feeser, E. J. Manos, and P. A. Scherle. 1997. 

The p38 mitogen-activated protein kinase pathway in activated and anergic Th1 

cells. Cellular Immunology 180:116-123. 

148. Gille, H., A. D. Sharrocks, and P. E. Shaw. 1992. Phosphorylation of transcription 

factor p62TCF by MAP kinase stimulates ternary complex formation at c-fos 

promoter. Nature 358:414-417. 

149. Marais, R., J. Wynne, and R. Treisman. 1993. The SRF accessory protein Elk-1 

contains a growth factor-regulated transcriptional activation domain. Cell 73:381-

393. 

150. Pulverer, B. J., J. M. Kyriakis, J. Avruch, E. Nikolakaki, and J. R. Woodgett. 

1991. Phosphorylation of c-jun mediated by MAP kinases. Nature 353:670-674. 

151. Raingeaud, J., A. J. Whitmarsh, T. Barrett, B. Derijard, and R. J. Davis. 1996. 

MKK3- and MKK6-regulated gene expression is mediated by the p38 mitogen-

activated protein kinase signal transduction pathway. Molecular and Cellular 

Biology 16:1247-1255. 

152. Karin, M. 1995. The regulation of AP-1 activity by mitogen-activated protein 

kinases. Journal of Biological Chemistry 270:16483-16486. 



 139 

153. Woodside, D. G., and B. W. McIntyre. 1998. Inhibition of CD28/CD3-mediated 

costimulation of naive and memory human T lymphocytes by intracellular 

incorporation of polyclonal antibodies specific for the activator protein-1 

transcriptional complex. Journal of Immunology 161:649-658. 

154. Umlauf, S. W., B. Beverly, S. M. Kang, K. Brorson, A. C. Tran, and R. H. 

Schwartz. 1993. Molecular regulation of the IL-2 gene: rheostatic control of the 

immune system. Immunological Reviews 133:177-197. 

155. Rudd, C. E., O. Janssen, Y. C. Cai, A. J. da Silva, M. Raab, and K. V. Prasad. 

1994. Two-step TCR zeta/CD3-CD4 and CD28 signaling in T cells: SH2/SH3 

domains, protein-tyrosine and lipid kinases. Immunology Today 15:225-234. 

156. Izquierdo Pastor, M., K. Reif, and D. Cantrell. 1995. The regulation and function 

of p21ras during T-cell activation and growth. Immunology Today 16:159-164. 

157. DeSilva, D. R., E. A. Jones, M. F. Favata, B. D. Jaffee, R. L. Magolda, J. M. 

Trzaskos, and P. A. Scherle. 1998. Inhibition of mitogen-activated protein kinase 

kinase blocks T cell proliferation but does not induce or prevent anergy. Journal 

of Immunology 160:4175-4181. 

158. Albanese, C., J. Johnson, G. Watanabe, N. Eklund, D. Vu, A. Arnold, and R. G. 

Pestell. 1995. Transforming p21ras mutants and c-Ets-2 activate the cyclin D1 

promoter through distinguishable regions. Journal of Biological Chemistry 

270:23589-23597. 

159. Lavoie, J. N., G. L'Allemain, A. Brunet, R. Muller, and J. Pouyssegur. 1996. 

Cyclin D1 expression is regulated positively by the p42/p44MAPK and negatively 



 140 

by the p38/HOGMAPK pathway. Journal of Biological Chemistry 271:20608-

20616. 

160. Weber, J. D., D. M. Raben, P. J. Phillips, and J. J. Baldassare. 1997. Sustained 

activation of extracellular-signal-regulated kinase 1 (ERK1) is required for the 

continued expression of cyclin D1 in G1 phase. Biochemical Journal 326 ( Pt 

1):61-68. 

161. Jones, S. M., and A. Kazlauskas. 2001. Growth-factor-dependent mitogenesis 

requires two distinct phases of signalling. Nature Cell Biology 3:165-172. 

162. Yamamoto, T., M. Ebisuya, F. Ashida, K. Okamoto, S. Yonehara, and E. Nishida. 

2006. Continuous ERK activation downregulates antiproliferative genes 

throughout G1 phase to allow cell-cycle progression. Current Biology 16:1171-

1182. 

163. Williams, D. H., S. E. Wilkinson, T. Purton, A. Lamont, H. Flotow, and E. J. 

Murray. 1998. Ro 09-2210 exhibits potent anti-proliferative effects on activated T 

cells by selectively blocking MKK activity. Biochemistry 37:9579-9585. 

164. Chen, D., V. Heath, A. O'Garra, J. Johnston, and M. McMahon. 1999. Sustained 

activation of the raf-MEK-ERK pathway elicits cytokine unresponsiveness in T 

cells. Journal of Immunology 163:5796-5805. 

165. Zhang, J., K. V. Salojin, J. X. Gao, M. J. Cameron, I. Bergerot, and T. L. 

Delovitch. 1999. p38 mitogen-activated protein kinase mediates signal integration 

of TCR/CD28 costimulation in primary murine T cells. Journal of Immunology 

162:3819-3829. 



 141 

166. Yang, D. D., D. Conze, A. J. Whitmarsh, T. Barrett, R. J. Davis, M. Rincon, and 

R. A. Flavell. 1998. Differentiation of CD4+ T cells to Th1 cells requires MAP 

kinase JNK2. Immunity 9:575-585. 

167. Constant, S. L., C. Dong, D. D. Yang, M. Wysk, R. J. Davis, and R. A. Flavell. 

2000. JNK1 is required for T cell-mediated immunity against Leishmania major 

infection. Journal of Immunology 165:2671-2676. 

168. Dong, C., D. D. Yang, C. Tournier, A. J. Whitmarsh, J. Xu, R. J. Davis, and R. A. 

Flavell. 2000. JNK is required for effector T-cell function but not for T-cell 

activation. Nature 405:91-94. 

169. Holmstrom, T. H., I. Schmitz, T. S. Soderstrom, M. Poukkula, V. L. Johnson, S. 

C. Chow, P. H. Krammer, and J. E. Eriksson. 2000. MAPK/ERK signaling in 

activated T cells inhibits CD95/Fas-mediated apoptosis downstream of DISC 

assembly. European Molecular Biology Organization Journal 19:5418-5428. 

170. Herrant, M., F. Luciano, A. Loubat, and P. Auberger. 2002. The protective effect 

of phorbol esters on Fas-mediated apoptosis in T cells. Transcriptional and 

postranscriptional regulation. Oncogene 21:4957-4968. 

171. Engedal, N., and H. K. Blomhoff. 2003. Combined action of ERK and NF kappa 

B mediates the protective effect of phorbol ester on Fas-induced apoptosis in 

Jurkat cells. Journal of Biological Chemistry 278:10934-10941. 

172. Jamieson, C. A., and K. R. Yamamoto. 2000. Crosstalk pathway for inhibition of 

glucocorticoid-induced apoptosis by T cell receptor signaling. Proceedings of the 

National Academy of Sciences of the United States of America 97:7319-7324. 



 142 

173. van den Brink, M. R., R. Kapeller, J. C. Pratt, J. H. Chang, and S. J. Burakoff. 

1999. The extracellular signal-regulated kinase pathway is required for activation-

induced cell death of T cells. Journal of Biological Chemistry 274:11178-11185. 

174. Smirnova, I. S., S. Chang, and T. G. Forsthuber. Prosurvival and proapoptotic 

functions of ERK1/2 activation in murine thymocytes in vitro. Cellular 

Immunology 261:29-36. 

175. Xia, Z., M. Dickens, J. Raingeaud, R. J. Davis, and M. E. Greenberg. 1995. 

Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science 

270:1326-1331. 

176. Zhang, J., J. X. Gao, K. Salojin, Q. Shao, M. Grattan, C. Meagher, D. W. Laird, 

and T. L. Delovitch. 2000. Regulation of fas ligand expression during activation-

induced cell death in T cells by p38 mitogen-activated protein kinase and c-Jun 

NH2-terminal kinase. Journal of Experimental Medicine 191:1017-1030. 

177. Ray, L. B., and T. W. Sturgill. 1988. Insulin-stimulated microtubule-associated 

protein kinase is phosphorylated on tyrosine and threonine in vivo. Proceedings of 

the National Academy of Sciences of the United States of America 85:3753-3757. 

178. Cobb, M. H., and E. J. Goldsmith. 1995. How MAP kinases are regulated. Journal 

of Biological Chemistry 270:14843-14846. 

179. D'Souza, W. N., C. F. Chang, A. M. Fischer, M. Li, and S. M. Hedrick. 2008. The 

Erk2 MAPK regulates CD8 T cell proliferation and survival. Journal of 

Immunology 181:7617-7629.  

180. Lefloch, R., J. Pouyssegur, and P. Lenormand. 2008. Single and combined 

silencing of ERK1 and ERK2 reveals their positive contribution to growth 



 143 

signaling depending on their expression levels. Molecular and Cellular Biology 

28:511-527. 

181. Gotoh, Y., N. Masuyama, A. Suzuki, N. Ueno, and E. Nishida. 1995. Involvement 

of the MAP kinase cascade in Xenopus mesoderm induction. European Molecular 

Biology Organization Journal 14:2491-2498. 

182. Umbhauer, M., C. J. Marshall, C. S. Mason, R. W. Old, and J. C. Smith. 1995. 

Mesoderm induction in Xenopus caused by activation of MAP kinase. Nature 

376:58-62. 

183. Uzgare, A. R., J. A. Uzman, H. M. El-Hodiri, and A. K. Sater. 1998. Mitogen-

activated protein kinase and neural specification in Xenopus. Proceedings of the 

National Academy of Sciences of the United States of America 95:14833-14838. 

184. Yao, Y., W. Li, J. Wu, U. A. Germann, M. S. Su, K. Kuida, and D. M. Boucher. 

2003. Extracellular signal-regulated kinase 2 is necessary for mesoderm 

differentiation. Proceedings of the National Academy of Sciences of the United 

States of America 100:12759-12764. 

185. Saba-El-Leil, M. K., F. D. Vella, B. Vernay, L. Voisin, L. Chen, N. Labrecque, S. 

L. Ang, and S. Meloche. 2003. An essential function of the mitogen-activated 

protein kinase Erk2 in mouse trophoblast development. European Molecular 

Biology Organization Reports 4:964-968. 

186. Ornitz, D. M., and N. Itoh. 2001. Fibroblast growth factors. Genome Biology 

2:REVIEWS3005. 



 144 

187. Atienza, J. M., M. Suh, I. Xenarios, R. Landgraf, and J. Colicelli. 2000. Human 

ERK1 induces filamentous growth and cell wall remodeling pathways in 

Saccharomyces cerevisiae. Journal of Biological Chemistry 275:20638-20646. 

188. Fischer, A. M., C. D. Katayama, G. Pages, J. Pouyssegur, and S. M. Hedrick. 

2005. The role of erk1 and erk2 in multiple stages of T cell development. 

Immunity 23:431-443. 

189. Agrawal, A., S. Dillon, T. L. Denning, and B. Pulendran. 2006. ERK1-/- mice 

exhibit Th1 cell polarization and increased susceptibility to experimental 

autoimmune encephalomyelitis. Journal of Immunology 176:5788-5796. 

190. Wille, L., M. L. Kemp, P. Sandy, C. L. Lewis, and D. A. Lauffenburger. 2007. 

Epi-allelic Erk1 and Erk2 knockdown series for quantitative analysis of T cell Erk 

regulation and IL-2 production. Molecular Immunology 44:3085-3091. 

191. Kemp, M. L., L. Wille, C. L. Lewis, L. B. Nicholson, and D. A. Lauffenburger. 

2007. Quantitative network signal combinations downstream of TCR activation 

can predict IL-2 production response. Journal of Immunology 178:4984-4992. 

192. Hong, M. S., J. M. Dan, J. Y. Choi, and I. Kang. 2004. Age-associated changes in 

the frequency of naive, memory and effector CD8+ T cells. Mechanisms of 

Ageing and Development 125:615-618. 

193. Kang, I., M. S. Hong, H. Nolasco, S. H. Park, J. M. Dan, J. Y. Choi, and J. Craft. 

2004. Age-associated change in the frequency of memory CD4+ T cells impairs 

long term CD4+ T cell responses to influenza vaccine. Journal of Immunology 

173:673-681. 



 145 

194. Deng, Y., Y. Jing, A. E. Campbell, and S. Gravenstein. 2004. Age-related 

impaired type 1 T cell responses to influenza: reduced activation ex vivo, 

decreased expansion in CTL culture in vitro, and blunted response to influenza 

vaccination in vivo in the elderly. Journal of Immunology 172:3437-3446. 

195. Komanduri, K. V., L. S. St John, M. de Lima, J. McMannis, S. Rosinski, I. 

McNiece, S. G. Bryan, I. Kaur, S. Martin, E. D. Wieder, L. Worth, L. J. Cooper, 

D. Petropoulos, J. J. Molldrem, R. E. Champlin, and E. J. Shpall. 2007. Delayed 

immune reconstitution after cord blood transplantation is characterized by 

impaired thymopoiesis and late memory T-cell skewing. Blood 110:4543-4551. 

196. Romani, N., D. Reider, M. Heuer, S. Ebner, E. Kampgen, B. Eibl, D. 

Niederwieser, and G. Schuler. 1996. Generation of mature dendritic cells from 

human blood. An improved method with special regard to clinical applicability. 

Journal of Immunological Methods 196:137-151. 

197. Maecker, H. T., H. S. Dunn, M. A. Suni, E. Khatamzas, C. J. Pitcher, T. Bunde, 

N. Persaud, W. Trigona, T. M. Fu, E. Sinclair, B. M. Bredt, J. M. McCune, V. C. 

Maino, F. Kern, and L. J. Picker. 2001. Use of overlapping peptide mixtures as 

antigens for cytokine flow cytometry. Journal of Immunological Methods 255:27-

40. 

198. Ozdemir, E., L. S. St John, G. Gillespie, S. Rowland-Jones, R. E. Champlin, J. J. 

Molldrem, and K. V. Komanduri. 2002. Cytomegalovirus reactivation following 

allogeneic stem cell transplantation is associated with the presence of 

dysfunctional antigen-specific CD8+ T cells. Blood 100:3690-3697. 



 146 

199. Cavalieri, S., S. Cazzaniga, M. Geuna, Z. Magnani, C. Bordignon, L. Naldini, and 

C. Bonini. 2003. Human T lymphocytes transduced by lentiviral vectors in the 

absence of TCR activation maintain an intact immune competence. Blood 

102:497-505. 

200. Waldrop, S. L., C. J. Pitcher, D. M. Peterson, V. C. Maino, and L. J. Picker. 1997. 

Determination of antigen-specific memory/effector CD4+ T cell frequencies by 

flow cytometry: evidence for a novel, antigen-specific homeostatic mechanism in 

HIV-associated immunodeficiency. Journal of Clinical Investigation 99:1739-

1750. 

201. De Rosa, S. C., L. A. Herzenberg, L. A. Herzenberg, and M. Roederer. 2001. 11-

color, 13-parameter flow cytometry: identification of human naive T cells by 

phenotype, function, and T-cell receptor diversity. Nature Medicine 7:245-248. 

202. Perfetto, S. P., P. K. Chattopadhyay, and M. Roederer. 2004. Seventeen-colour 

flow cytometry: unravelling the immune system. Nature Reviews Immunology 

4:648-655. 

203. De Rosa, S. C., F. X. Lu, J. Yu, S. P. Perfetto, J. Falloon, S. Moser, T. G. Evans, 

R. Koup, C. J. Miller, and M. Roederer. 2004. Vaccination in humans generates 

broad T cell cytokine responses. Journal of Immunology 173:5372-5380. 

204. Champagne, P., G. S. Ogg, A. S. King, C. Knabenhans, K. Ellefsen, M. Nobile, 

V. Appay, G. P. Rizzardi, S. Fleury, M. Lipp, R. Forster, S. Rowland-Jones, R. P. 

Sekaly, A. J. McMichael, and G. Pantaleo. 2001. Skewed maturation of memory 

HIV-specific CD8 T lymphocytes. Nature 410:106-111. 



 147 

205. McMichael, A. J., and S. L. Rowland-Jones. 2001. Cellular immune responses to 

HIV. Nature 410:980-987. 

206. Kern, F., E. Khatamzas, I. Surel, C. Frommel, P. Reinke, S. L. Waldrop, L. J. 

Picker, and H. D. Volk. 1999. Distribution of human CMV-specific memory T 

cells among the CD8pos. subsets defined by CD57, CD27, and CD45 isoforms. 

European Journal of Immunology 29:2908-2915. 

207. Kim, D. K., D. W. Lancki, F. H. Hui, and F. W. Fitch. 1989. Protein kinase C-

dependent and -independent mechanisms of cloned murine T cell proliferation. 

The role of protein kinase C translocation and protein kinase C activity. Journal of 

Immunology 142:616-622. 

208. Komanduri, K. V., M. D. Salha, R. P. Sekaly, and J. M. McCune. 1997. 

Superantigen-mediated deletion of specific T cell receptor V beta subsets in the 

SCID-hu Thy/Liv mouse is induced by staphylococcal enterotoxin B, but not 

HIV-1. Journal of Immunology 158:544-549. 

209. Rosen, H. 1997. Superantigens. International Journal of Dermatology 36:14-16. 

210. Llewelyn, M., S. Sriskandan, N. Terrazzini, J. Cohen, and D. M. Altmann. 2006. 

The TCR Vbeta signature of bacterial superantigens spreads with stimulus 

strength. International Immunology 18:1433-1441. 

211. Niedergang, F., A. Dautry-Varsat, and A. Alcover. 1998. Cooperative activation 

of TCRs by enterotoxin superantigens. Journal of Immunology 161:6054-6058. 

212. Bueno, C., C. D. Lemke, G. Criado, M. L. Baroja, S. S. Ferguson, A. K. Rahman, 

C. D. Tsoukas, J. K. McCormick, and J. Madrenas. 2006. Bacterial superantigens 



 148 

bypass Lck-dependent T cell receptor signaling by activating a Galpha11-

dependent, PLC-beta-mediated pathway. Immunity 25:67-78. 

213. Zimmerli, S. C., A. Harari, C. Cellerai, F. Vallelian, P. A. Bart, and G. Pantaleo. 

2005. HIV-1-specific IFN-gamma/IL-2-secreting CD8 T cells support CD4-

independent proliferation of HIV-1-specific CD8 T cells. Proceedings of the 

National Academy of Sciences of the United States of America 102:7239-7244. 

214. Sinclair, E., Q. X. Tan, M. Sharp, V. Girling, C. Poon, M. V. Natta, D. A. Jabs, 

M. Inokuma, H. T. Maecker, B. Bredt, and M. A. Jacobson. 2006. Protective 

immunity to cytomegalovirus (CMV) retinitis in AIDS is associated with CMV-

specific T cells that express interferon- gamma and interleukin-2 and have a 

CD8+ cell early maturational phenotype. Journal of Infectious Diseases 

194:1537-1546. 

215. Pantaleo, G., and A. Harari. 2006. Functional signatures in antiviral T-cell 

immunity for monitoring virus-associated diseases. Nature Reviews Immunology 

6:417-423. 

216. Brenchley, J. M., D. C. Douek, D. R. Ambrozak, M. Chatterji, M. R. Betts, L. S. 

Davis, and R. A. Koup. 2002. Expansion of activated human naive T-cells 

precedes effector function. Clinical and Experimental Immunology 130:432-440. 

217. Poulin, J. F., M. N. Viswanathan, J. M. Harris, K. V. Komanduri, E. Wieder, N. 

Ringuette, M. Jenkins, J. M. McCune, and R. P. Sekaly. 1999. Direct evidence for 

thymic function in adult humans. Journal of Experimental Medicine 190:479-486. 



 149 

218. Far, D. F., J. F. Peyron, V. Imbert, and B. Rossi. 1994. Immunofluorescent 

quantification of tyrosine phosphorylation of cellular proteins in whole cells by 

flow cytometry. Cytometry 15:327-334. 

219. Vuillier, F., D. Scott-Algara, A. Cayota, J. Siciliano, M. T. Nugeyre, and G. 

Dighiero. 1995. Flow cytometric analysis of protein-tyrosine phosphorylation in 

peripheral T cell subsets. Application to healthy and HIV-seropositive subjects. 

Journal of Immunological Methods 185:43-56. 

220. Hubert, P., P. Grenot, B. Autran, and P. Debre. 1997. Analysis by flow cytometry 

of tyrosine-phosphorylated proteins in activated T-cell subsets on whole blood 

samples. Cytometry 29:83-91. 

221. Far, D. F., and B. Rossi. 2000. Measurement of protein tyrosine phosphorylation 

in T-cell subsets by flow cytometry. Methods in Molecular Biology 134:301-306. 

222. Krutzik, P. O., and G. P. Nolan. 2003. Intracellular phospho-protein staining 

techniques for flow cytometry: monitoring single cell signaling events. Cytometry 

A 55:61-70. 

223. Zell, T., A. Khoruts, E. Ingulli, J. L. Bonnevier, D. L. Mueller, and M. K. Jenkins. 

2001. Single-cell analysis of signal transduction in CD4 T cells stimulated by 

antigen in vivo. Proceedings of the National Academy of Sciences of the United 

States of America 98:10805-10810. 

224. Zell, T., and M. K. Jenkins. 2002. Flow cytometric analysis of T cell receptor 

signal transduction. Science the Signal Transduction Knowlegde Environment 

2002:pl5. 



 150 

225. Tazzari, P. L., A. Cappellini, R. Bortul, F. Ricci, A. M. Billi, G. Tabellini, R. 

Conte, and A. M. Martelli. 2002. Flow cytometric detection of total and serine 

473 phosphorylated Akt. Journal of Cellular Biochemistry 86:704-715. 

226. Tazzari, P. L., A. Cappellini, T. Grafone, I. Mantovani, F. Ricci, A. M. Billi, E. 

Ottaviani, R. Conte, G. Martinelli, and A. M. Martelli. 2004. Detection of serine 

473 phosphorylated Akt in acute myeloid leukaemia blasts by flow cytometry. 

British Journal of Haematology 126:675-681. 

227. Rosette, C., G. Werlen, M. A. Daniels, P. O. Holman, S. M. Alam, P. J. Travers, 

N. R. Gascoigne, E. Palmer, and S. C. Jameson. 2001. The impact of duration 

versus extent of TCR occupancy on T cell activation: a revision of the kinetic 

proofreading model. Immunity 15:59-70. 

228. Krutzik, P. O., M. B. Hale, and G. P. Nolan. 2005. Characterization of the murine 

immunological signaling network with phosphospecific flow cytometry. Journal 

of Immunology 175:2366-2373. 

229. Krutzik, P. O., M. R. Clutter, and G. P. Nolan. 2005. Coordinate analysis of 

murine immune cell surface markers and intracellular phosphoproteins by flow 

cytometry. Journal of Immunology 175:2357-2365. 

230. Perez, O. D., and G. P. Nolan. 2002. Simultaneous measurement of multiple 

active kinase states using polychromatic flow cytometry. Nature Biotechnology 

20:155-162. 

231. Perez, O. D., D. Mitchell, G. C. Jager, and G. P. Nolan. 2004. LFA-1 signaling 

through p44/42 is coupled to perforin degranulation in CD56+CD8+ natural killer 

cells. Blood 104:1083-1093. 



 151 

232. Perez, O. D., P. O. Krutzik, and G. P. Nolan. 2004. Flow cytometric analysis of 

kinase signaling cascades. Methods in Molecular Biology 263:67-94. 

 

233. Perez, O. D., and G. P. Nolan. 2006. Phospho-proteomic immune analysis by flow 

cytometry: from mechanism to translational medicine at the single-cell level. 

Immunological Reviews 210:208-228. 

234. Lucas, P. J., I. Negishi, K. Nakayama, L. E. Fields, and D. Y. Loh. 1995. Naive 

CD28-deficient T cells can initiate but not sustain an in vitro antigen-specific 

immune response. Journal of Immunology 154:5757-5768. 

235. McAdam, A. J., A. N. Schweitzer, and A. H. Sharpe. 1998. The role of B7 co-

stimulation in activation and differentiation of CD4+ and CD8+ T cells. 

Immunological Reviews 165:231-247. 

236. Shahinian, A., K. Pfeffer, K. P. Lee, T. M. Kundig, K. Kishihara, A. Wakeham, 

K. Kawai, P. S. Ohashi, C. B. Thompson, and T. W. Mak. 1993. Differential T 

cell costimulatory requirements in CD28-deficient mice. Science 261:609-612. 

237. Ledbetter, J. A., J. B. Imboden, G. L. Schieven, L. S. Grosmaire, P. S. 

Rabinovitch, T. Lindsten, C. B. Thompson, and C. H. June. 1990. CD28 ligation 

in T-cell activation: evidence for two signal transduction pathways. Blood 

75:1531-1539. 

238. Nunes, J. A., Y. Collette, A. Truneh, D. Olive, and D. A. Cantrell. 1994. The role 

of p21ras in CD28 signal transduction: triggering of CD28 with antibodies, but 

not the ligand B7-1, activates p21ras. Journal of Experimental Medicine 

180:1067-1076. 



 152 

239. Kim, T. K., M. J. Billard, E. D. Wieder, B. W. McIntyre, and K. V. Komanduri. 

Co-engagement of alpha(4)beta(1) integrin (VLA-4) and CD4 or CD8 is 

necessary to induce maximal Erk1/2 phosphorylation and cytokine production in 

human T cells. Human Immunology 71:23-28. 

240. Ward, S. G. 1996. CD28: a signalling perspective. Biochemical Journal 318 ( Pt 

2):361-377. 

241. Billard, M. J., and B. W. McIntyre. 2008. CD45RA T-cell activation without 

proliferation by a partial agonist monoclonal antibody to beta1 integrin. 

Immunology and Cell Biology 86:381-384. 

242. Korngold, R., and J. Sprent. 1978. Lethal graft-versus-host disease after bone 

marrow transplantation across minor histocompatibility barriers in mice. 

Prevention by removing mature T cells from marrow. Journal of Experimental 

Medicine 148:1687-1698. 

243. Korngold, R., and J. Sprent. 1982. Features of T cells causing H-2-restricted lethal 

graft-vs.-host disease across minor histocompatibility barriers. Journal of 

Experimental Medicine 155:872-883. 

244. Korngold, R., and J. Sprent. 1987. T cell subsets and graft-versus-host disease. 

Transplantation 44:335-339. 

245. Korngold, R., and J. Sprent. 1987. Variable capacity of L3T4+ T cells to cause 

lethal graft-versus-host disease across minor histocompatibility barriers in mice. 

Journal of Experimental Medicine 165:1552-1564. 

246. Boeckh, M., W. Leisenring, S. R. Riddell, R. A. Bowden, M. L. Huang, D. 

Myerson, T. Stevens-Ayers, M. E. Flowers, T. Cunningham, and L. Corey. 2003. 



 153 

Late cytomegalovirus disease and mortality in recipients of allogeneic 

hematopoietic stem cell transplants: importance of viral load and T-cell immunity. 

Blood 101:407-414. 

247. Marty, F. M., J. Bryar, S. K. Browne, T. Schwarzberg, V. T. Ho, I. V. Bassett, J. 

Koreth, E. P. Alyea, R. J. Soiffer, C. S. Cutler, J. H. Antin, and L. R. Baden. 

2007. Sirolimus-based graft-versus-host disease prophylaxis protects against 

cytomegalovirus reactivation after allogeneic hematopoietic stem cell 

transplantation: a cohort analysis. Blood 110:490-500. 

248. Bleakley, M., and S. R. Riddell. 2004. Molecules and mechanisms of the graft-

versus-leukaemia effect. Nature Reviews Cancer 4:371-380. 

249. Anderson, B. E., J. McNiff, J. Yan, H. Doyle, M. Mamula, M. J. Shlomchik, and 

W. D. Shlomchik. 2003. Memory CD4+ T cells do not induce graft-versus-host 

disease. Journal of Clinical Investigation 112:101-108. 

250. Chen, B. J., X. Cui, G. D. Sempowski, C. Liu, and N. J. Chao. 2004. Transfer of 

allogeneic CD62L- memory T cells without graft-versus-host disease. Blood 

103:1534-1541. 

251. Zheng, H., C. Matte-Martone, D. Jain, J. McNiff, and W. D. Shlomchik. 2009. 

Central memory CD8+ T cells induce graft-versus-host disease and mediate graft-

versus-leukemia. Journal of Immunology 182:5938-5948.  

252. Zheng, H., C. Matte-Martone, H. Li, B. E. Anderson, S. Venketesan, H. Sheng 

Tan, D. Jain, J. McNiff, and W. D. Shlomchik. 2008. Effector memory CD4+ T 

cells mediate graft-versus-leukemia without inducing graft-versus-host disease. 

Blood 111:2476-2484. 



 154 

253. Beilhack, A., S. Schulz, J. Baker, G. F. Beilhack, C. B. Wieland, E. I. Herman, E. 

M. Baker, Y. A. Cao, C. H. Contag, and R. S. Negrin. 2005. In vivo analyses of 

early events in acute graft-versus-host disease reveal sequential infiltration of T-

cell subsets. Blood 106:1113-1122. 

254. Zhang, Y., G. Joe, J. Zhu, R. Carroll, B. Levine, E. Hexner, C. June, and S. G. 

Emerson. 2004. Dendritic cell-activated CD44hiCD8+ T cells are defective in 

mediating acute graft-versus-host disease but retain graft-versus-leukemia 

activity. Blood 103:3970-3978. 

 

255. Edinger, M., P. Hoffmann, J. Ermann, K. Drago, C. G. Fathman, S. Strober, and 

R. S. Negrin. 2003. CD4+CD25+ regulatory T cells preserve graft-versus-tumor 

activity while inhibiting graft-versus-host disease after bone marrow 

transplantation. Nature Medicine 9:1144-1150. 

256. Pabst, C., H. Schirutschke, G. Ehninger, M. Bornhauser, and U. Platzbecker. 

2007. The graft content of donor T cells expressing gamma delta TCR+ and 

CD4+foxp3+ predicts the risk of acute graft versus host disease after 

transplantation of allogeneic peripheral blood stem cells from unrelated donors. 

Clinical Cancer Research 13:2916-2922. 

257. Kim, T. K., L. S. St John, E. D. Wieder, J. Khalili, Q. Ma, and K. V. Komanduri. 

2009. Human late memory CD8+ T cells have a distinct cytokine signature 

characterized by CC chemokine production without IL-2 production. Journal of 

Immunology 183:6167-6174. 



 155 

258. Zeiser, R., V. H. Nguyen, A. Beilhack, M. Buess, S. Schulz, J. Baker, C. H. 

Contag, and R. S. Negrin. 2006. Inhibition of CD4+CD25+ regulatory T-cell 

function by calcineurin-dependent interleukin-2 production. Blood 108:390-399. 

259. Kogina, K., H. Shoda, Y. Yamaguchi, N. H. Tsuno, K. Takahashi, K. Fujio, and 

K. Yamamoto. 2009. Tacrolimus differentially regulates the proliferation of 

conventional and regulatory CD4(+) T cells. Molecules and Cells 28:125-130. 

260. Luo, X., Q. Zhang, V. Liu, Z. Xia, K. L. Pothoven, and C. Lee. 2008. Cutting 

edge: TGF-beta-induced expression of Foxp3 in T cells is mediated through 

inactivation of ERK. Journal of Immunology 180:2757-2761. 

261. Chen, X., R. Das, R. Komorowski, A. Beres, M. J. Hessner, M. Mihara, and W. 

R. Drobyski. 2009. Blockade of interleukin-6 signaling augments regulatory T-

cell reconstitution and attenuates the severity of graft-versus-host disease. Blood 

114:891-900. 

262. Li, L., W. R. Godfrey, S. B. Porter, Y. Ge, C. H. June, B. R. Blazar, and V. A. 

Boussiotis. 2005. CD4+CD25+ regulatory T-cell lines from human cord blood 

have functional and molecular properties of T-cell anergy. Blood 106:3068-3073. 

263. Hickman, S. P., J. Yang, R. M. Thomas, A. D. Wells, and L. A. Turka. 2006. 

Defective activation of protein kinase C and Ras-ERK pathways limits IL-2 

production and proliferation by CD4+CD25+ regulatory T cells. Journal of 

Immunology 177:2186-2194. 

264. Ito, T., S. Hanabuchi, Y. H. Wang, W. R. Park, K. Arima, L. Bover, F. X. Qin, M. 

Gilliet, and Y. J. Liu. 2008. Two functional subsets of FOXP3+ regulatory T cells 

in human thymus and periphery. Immunity 28:870-880. 



 156 

265. Komanduri, K. V., M. N. Viswanathan, E. D. Wieder, D. K. Schmidt, B. M. 

Bredt, M. A. Jacobson, and J. M. McCune. 1998. Restoration of cytomegalovirus-

specific CD4+ T-lymphocyte responses after ganciclovir and highly active 

antiretroviral therapy in individuals infected with HIV-1. Nature Medicine 4:953-

956. 

266. Ghanekar, S. A., L. E. Nomura, M. A. Suni, L. J. Picker, H. T. Maecker, and V. 

C. Maino. 2001. Gamma interferon expression in CD8(+) T cells is a marker for 

circulating cytotoxic T lymphocytes that recognize an HLA A2-restricted epitope 

of human cytomegalovirus phosphoprotein pp65. Clinical and Diagnostic 

Laboratory Immunology 8:628-631. 

267. Lu, S. X., O. Alpdogan, J. Lin, R. Balderas, R. Campos-Gonzalez, X. Wang, G. J. 

Gao, D. Suh, C. King, M. Chow, O. M. Smith, V. M. Hubbard, J. L. Bautista, J. 

Cabrera-Perez, J. L. Zakrzewski, A. A. Kochman, A. Chow, G. Altan-Bonnet, and 

M. R. van den Brink. 2008. STAT-3 and ERK 1/2 phosphorylation are critical for 

T-cell alloactivation and graft-versus-host disease. Blood 112:5254-5258. 

268. Northrop, J. K., R. M. Thomas, A. D. Wells, and H. Shen. 2006. Epigenetic 

remodeling of the IL-2 and IFN-gamma loci in memory CD8 T cells is influenced 

by CD4 T cells. Journal of Immunology 177:1062-1069. 

269. Kersh, E. N., D. R. Fitzpatrick, K. Murali-Krishna, J. Shires, S. H. Speck, J. M. 

Boss, and R. Ahmed. 2006. Rapid demethylation of the IFN-gamma gene occurs 

in memory but not naive CD8 T cells. Journal of Immunology 176:4083-4093. 

270. Krishnan, S., V. G. Warke, M. P. Nambiar, G. C. Tsokos, and D. L. Farber. 2003. 

The FcR gamma subunit and Syk kinase replace the CD3 zeta-chain and ZAP-70 



 157 

kinase in the TCR signaling complex of human effector CD4 T cells. Journal of 

Immunology 170:4189-4195. 

271. Fukada, K., Y. Sobao, H. Tomiyama, S. Oka, and M. Takiguchi. 2002. Functional 

expression of the chemokine receptor CCR5 on virus epitope-specific memory 

and effector CD8+ T cells. Journal of Immunology 168:2225-2232. 

272. Wherry, E. J., S. J. Ha, S. M. Kaech, W. N. Haining, S. Sarkar, V. Kalia, S. 

Subramaniam, J. N. Blattman, D. L. Barber, and R. Ahmed. 2007. Molecular 

signature of CD8+ T cell exhaustion during chronic viral infection. Immunity 

27:670-684. 

273. Walter, E. A., P. D. Greenberg, M. J. Gilbert, R. J. Finch, K. S. Watanabe, E. D. 

Thomas, and S. R. Riddell. 1995. Reconstitution of cellular immunity against 

cytomegalovirus in recipients of allogeneic bone marrow by transfer of T-cell 

clones from the donor. New England Journal of Medicine 333:1038-1044. 

274. Rooney, C. M., C. A. Smith, C. Y. Ng, S. K. Loftin, J. W. Sixbey, Y. Gan, D. K. 

Srivastava, L. C. Bowman, R. A. Krance, M. K. Brenner, and H. E. Heslop. 1998. 

Infusion of cytotoxic T cells for the prevention and treatment of Epstein-Barr 

virus-induced lymphoma in allogeneic transplant recipients. Blood 92:1549-1555. 

275. Roskrow, M. A., N. Suzuki, Y. Gan, J. W. Sixbey, C. Y. Ng, S. Kimbrough, M. 

Hudson, M. K. Brenner, H. E. Heslop, and C. M. Rooney. 1998. Epstein-Barr 

virus (EBV)-specific cytotoxic T lymphocytes for the treatment of patients with 

EBV-positive relapsed Hodgkin's disease. Blood 91:2925-2934. 

276. Topp, M. S., S. R. Riddell, Y. Akatsuka, M. C. Jensen, J. N. Blattman, and P. D. 

Greenberg. 2003. Restoration of CD28 expression in CD28- CD8+ memory 



 158 

effector T cells reconstitutes antigen-induced IL-2 production. Journal of 

Experimental Medicine 198:947-955. 

277. Strauss, L., M. Czystowska, M. Szajnik, M. Mandapathil, and T. L. Whiteside. 

2009. Differential responses of human regulatory T cells (Treg) and effector T 

cells to rapamycin. Public Library of Science One 4:e5994. 

278. Battaglia, M., A. Stabilini, and M. G. Roncarolo. 2005. Rapamycin selectively 

expands CD4+CD25+FoxP3+ regulatory T cells. Blood 105:4743-4748. 

279. Battaglia, M., A. Stabilini, B. Migliavacca, J. Horejs-Hoeck, T. Kaupper, and M. 

G. Roncarolo. 2006. Rapamycin promotes expansion of functional 

CD4+CD25+FOXP3+ regulatory T cells of both healthy subjects and type 1 

diabetic patients. Journal of Immunology 177:8338-8347. 



 159 

 

VITA 

 
Tae Kon Kim was born on January 21, 1976 in the Republic of Korea, the Son of Soon 
Ock Kim and Kil Hyung Kim.  After completing his work at Banpo High School, Seoul, 
Korea in 1994, he entered Seoul National University in Seoul, Korea in 1994.  He 
completed pre-medicine course in 1996, then received the degree of Doctor of Medicine 
in 2001, both from Seoul National Unversity, Seoul, Korea.  For the next year, he worked 
as an Intern (Postgraduate Year-1) in Seoul National University Hospital (SNUH), Seoul, 
Korea.  He also achieved the Intern of the Year, 2001 from the SNUH.  He then spent 
two and half years working as a visiting scholar in the University of Pennsylvania from 
2002 to 2005.  In August of 2005, he entered the Graduate School of Biomedical 
Sciences at the University of Texas Health Science Center at Houston, TX.  He 
immediately joined the Immunology program of the University of Texas, M.D. Anderson 
Cancer Center. He moved to University of Miami with his thesis advisor, Dr. Krishna V. 
Komanduri in 2008 to complete the Ph.D. work. 
 
 
Permanent Address: 
Hanshin 2-cha Apt. 102-607 
Jamwondong Seochogu, Seoul, Republic of Korea 
 


