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Abstract 

The adaptive immune system provides protection against pathogens during a primary 

infection and generates a reservoir of memory cells that quickly and effectively responds 

to subsequent encounters with that pathogen for the lifetime of the organism.  The goal of 

modern day vaccination is to generate such memory in the absence of primary infection. 

Infection or vaccination, however, is not the only method of providing immunological 

memory. The expansion of T cells in response to lymphopenia, termed homeostatic 

proliferation, generates memory CD8+ T cells in the absence of cognate antigen and co-

stimulation. Factors such as self-peptide MHC interaction and common-γ chain cytokines 

are essential for this process. The extent of homeostatic proliferation can be modulated by 

cytokines that promote and inhibit homeostatic proliferation as well as the sensitivity of 

the T cell receptor (TCR) to self-peptide MHC. This thesis describes 1) the effect of 

transforming growth factor beta (TGF-β) on the generation of memory CD8+ T cells and 

2) homeostatic proliferation of self- and tumor- specific CD8+ T cells. Collectively, this 

work provides insights for the design of T cell based vaccines, particularly tumor 

immunotherapy.  
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Chapter 1 

Introduction 
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 The immune system is responsible for protecting an organism from invading 

foreign pathogens and eliminating malignancies. The evolution of an adaptive response 

that works in concert with the innate immune system has provided a key mechanism for 

survival in the face of multiple pathogens encountered over the lifetime of an animal (1). 

At the same time, the immune system must maintain tolerance to self to avoid 

autoimmune disease. The process of homeostatic proliferation helps to maintain the 

appropriate number of T cells in response to a lymphopenic episode, generate memory 

cells in anticipation re-infection, and can manipulated to further enhance the adaptive 

immune response in an adoptive transfer setting.  

 

Innate Immune System 

 The innate immune system provides a rapid first line of defense against pathogens 

recognized as stranger or danger signals. The response by the innate immune system is 

achieved by recognition of conserved pathogen associated molecular patterns. The innate 

immune system is restricted in its response due to the limited diversity of germ-line 

encoded receptors (such as TLR) and that memory function is not associated with the 

major cell types involved in innate immunity: monocytes, macrophages, neutrophils, and 

dendritic cells. The exception may be natural killer cells, which are an integral part of the 

innate immune system, and may also have some memory function (2, 3). Dendritic cells, 

the most potent professional APC, provide a bridge between the innate and adaptive 

immune response. Dendritic cells process and present antigen in the context of MHC I, 
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for intracellular pathogens, and MHC II, for extra-cellular pathogens, that are then 

recognized by T cells expressing the co-receptors CD8 and CD4, respectively.  

 

Adaptive Immune Response 

 The activation of the adaptive immune response is triggered by signals, such as the 

production of IFN-γ, from the innate immune system. The adaptive immune system is 

composed of an enormously diverse population of immune cells that recognize individual 

antigens from foreign pathogens with high specificity. Both T cells and B cells have a 

repertoire of antigen receptors that are enormously diverse. B cells recognize whole 

antigens and develop in the bone marrow, whereas T cell receptors recognize peptide in 

the context of MHC and undergo selection and maturation in the thymus. The potential 

post-selection TCR diversity is estimated in the order of 1x1013, a number considerably 

higher than the total number of lymphocytes in the body, mouse or human (4). The 

number of functional T cells that egress from the thymus, however, is decreased during 

thymic selection.  

 

Thymic Selection 

 T cell progenitors leave the bone marrow and enter the thymus where they develop 

and mature prior to being exported to the periphery. The most immature T cells are 

termed double-negative (DN). DN do not express either CD4 or CD8, but go through four 

stages that can be differentiated by the expression of CD25 and CD44.  During the DN2 

(CD25+CD44lo) stage, re-arrangement of TCR chains β, δ, and γ occur. The small 
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population of γδ T cells develops during the transition from DN2 to DN3 make up a large 

portion of the intestinal epithelial lymphocytes. DN3 thymocytes express a pre-TCR 

composed of newly synthesized β chain, CD3 and a pre-Tα. The productive formation of 

the pre-TCR prevents further β chain rearrangements and allows for rearrangement of the 

α chain. At this point, thymocytes progress to become double-positive and express both 

CD4 and CD8. Extensive proliferation occurs at the DP stage, prior to α chain 

rearrangement, which increases potential diversity of the α chain within a single β chain 

clone. The fate of DP cells to become either helper or cytotoxic must then be decided. 

This lineage commitment process is controlled by a series of complex interaction of TCR 

and MHC, cytokine signaling, and transcriptional regulation (5-7). The CD8 lineage 

commitment has recently been described as requiring a sequence of TCR stimulation, IL-

7 signaling and Runx3 activation (8).  

Self-Specific T Cells Are Deleted in the Thymus 

 Mature T cells in the periphery must be sufficiently diverse to provide protection 

against a multitude of pathogens, but typically should not respond to self-antigens (sAg). 

T cells with TCR that do not recognize self-peptide/MHC molecules die by neglect (9). T 

cells that are of too high an affinity for self-peptide/MHC, are subject to negative 

selection. Positive selection occurs when there is weak affinity for self-peptide/MHC (10, 

11). One elegant study of negative selection of auto-reactive T cells, describes the 

deletion of T cells specific for the male-specific HY antigen in male mice, but positive 

selection in female mice (12).  

 A major hurdle in the field of tumor immunology is central tolerance. Mechanisms 
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that are designed to prevent autoimmunity also subvert tumor surveillance by deletion of 

T cell clones that recognize tumor-associated antigens. A key mediator of central 

tolerance is the transcription factor AIRE that allows for expression of peripheral tissue 

sAg in the thymus and subsequent deletion of auto-reactive cells, although it should be 

noted that not all clonal deletion is AIRE dependent (13).  Specific single nucleotide 

polymorphisms in AIRE have been correlated to incidence of melanoma in humans 

indicating that central tolerance may break down and allow tissue specific clones to 

escape to the periphery and in certain circumstances may be advantageous (14). Very few 

T cells that are specific for sAg are exported to the periphery. One exception may be T 

cells that express two TCR. These T cells do not obey Burnet’s clonal selection theory 

and are estimated to exist at approximately 10% of the peripheral T cell population (15). 

Expression of a second TCR or endogenously re-arranged alpha chains lowers the avidity 

of the self-specific TCR and makes it possible to escape negative selection by association 

with a functional TCR with the appropriate avidity (16, 17).   

Antigen Primed CD8 Memory 

 Upon encounter with antigen and co-stimulation via professional antigen presenting 

cells such as mature DC, B cells, or macrophages, naïve CD8 T cells undergo 

differentiation and clonal expansion. Ideally, T cells are activated with the appropriate 

signals, limiting activation of self-specific clones. Peripheral tolerance mechanisms, 

including presentation of peripheral tissue antigens by quiescent DC and lymph node 

stromal cells cause deletion or anergy of self-specific T cells in the periphery (18, 19). 

 Activated T cells migrate from lymph nodes and into infected tissues through the 
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upregulation of chemokine receptors and integrins. They are able to produce effector 

cytokines TNF-α and IFN-γ, and lyse infected cells in an antigen specific manner. 

Epigenetic modifications of the IFN-γ and IL-2 loci occurs shortly after activation and 

are maintained in CD8 memory cells allowing for rapid production of cytokine upon 

secondary challenge (20). CD8 destined to become memory cells can be identified during 

the effector stage. CD8 expressing low levels of KLRG1 and high levels of IL-7Rα are 

thought to be memory precursors. After the peak of expansion a massive contraction 

occurs and ~10% of number of CD8 at the peak of response remains (21, 22). These 

remaining memory cells, which exist at a slightly higher frequency than the naïve pool, 

are able to mount a much more effective response to secondary challenge due to higher 

sensitivity to antigenic challenge and lowered co-stimulation requirements. 

 Infection with pathogens elicits a heterogeneous population of memory cells. 

Memory CD8 can be divided into several subtypes based on phenotype, function, and 

migratory properties (23, 24). Effector memory CD8 (TEM) are identified by their lack of 

CD62L expression and residence in non-lymphoid tissues. Cells that reside at sites of 

infection may provide an initial response to secondary challenge (25, 26). Central 

memory CD8 (TCM) express CD62L and CCR7 allowing for extravasation in high 

endothelial venules. These cells are thought to be most crucial for tumor control (27). The 

potential recall response of CD8 memory subsets has implications for vaccine design. 

One study showed that Sendai virus infection generated a much higher frequency of CD8 

memory cells that had good recall response and were phenotypically distinct, based on 

CD27 and CD43 expression, compared to peptide/CFA vaccinated mice (28).  
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CD8 Memory via Homeostatic Proliferation 

 Lymphopenia occurs transiently during the neonatal period, acute viral infections, 

in the elderly, and as a consequence of treatments such as chemo- and radiation therapy 

for cancer or bone marrow transplants (29-31). Various genetic mutations or chronic 

infections, such as HIV, can also cause lymphopenia. In the absence of an intact immune 

system, hosts are susceptible to opportunistic pathogens, such as in the case of AIDS 

patients, and paradoxically autoimmune disorders (32). Lymphopenic episodes may 

contribute to the development of autoimmune disease due to lowered thresholds of 

activation for T cells (33). Conversely, lymphopenia has been exploited to promote the 

anti-tumor response in T cell adoptive transfer settings (34-37). 

 In a lymphopenic environment, T cells respond by homeostatically proliferating. 

Homeostatic proliferation is a means of keeping lymphocytes in the periphery at the 

appropriate level throughout the lifetime of the host and is one aspect of the strict 

regulation of lymphocyte numbers (38).  Recent thymic emigrants can account for some 

of the refilling of space during a lymphopenic period, such as in neonates (39). In 

contrast to antigen primed CD8 T cells, homeostatically proliferated cells undergo a 

relatively slow division rate and acquire a TCM phenotype. Slow, cytokine dependent 

homeostatic expansion should not be confused with rapid, IL-7 independent proliferation 

by CD4 in response to lymphopenia, due to reactivity with environmental antigens (40). 

 Lymphopenia is only one prerequisite for homeostatic proliferation. Numerous 

studies have carefully described several requirements for homeostatic proliferation. 
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Tanchot et al. reported that survival of naïve CD8+ T cells in a lymphopenic host 

required self-MHC interaction (41). However, this study did not adequately address 

homeostatic proliferation due to fact that HY TCR transgenic T cells do not undergo HP. 

Using different TCR transgenic donor CD8, it was later shown that naïve CD8 require 

MHC I for HP, but that memory CD8 are MHC I independent (42). In the case of CD8+ 

T cells it has been suggested that the same peptides required to mediate positive selection 

are also required for HP (43, 44). Other reports went on to show that naïve cells divided 

and acquired a memory phenotype, in the absence of antigenic stimulation (43-48).  

 These homeostatically proliferated cells (THP) are able to respond to pathogens, 

such as bacteria, much like antigen-primed memory cells (TM) (49).  Using conventional 

markers for TCM, CD44hi and CD62Lhi, THP and TCM CD8+ T cells are indistinguishable 

from each other and share functional characteristics, such as production of IFN-γ upon in 

vitro stimulation. The expression integrin α4 (CD49d) differentiates THP and TM. CD49d 

is expressed at low levels on naïve CD8+ T cells. It pairs with β1 to form VLA-4 or β7 to 

form LPAM-1. Integrins are important for adhesion to endothelium by binding MadCAm 

or VCAM-1, respectively (50). Upon activation of T cells, CD49d is upregulated and 

remains high on memory CD8+ T cells. In contrast, CD8+ T cells that have undergone 

homeostatic proliferation express levels of CD49d that are even lower than naïve CD8 

(51). Thus, CD49d can be used to determine cellular history and discriminate between TM 

and THP within the TCM population. 

However, there are subtle differences in the two populations that alter their behavior and 

can affect responses to pathogens. When in direct competition, THP are secondary to TM 
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in terms of response to pathogens, suggesting that THP may serve as a back-up in the 

absence of TM (39).  

 Researchers were aware of the possible benefits of lymphopenia to retard tumor 

growth in the late 1970s (52). In light of the fact that cancer patients typically undergo 

cytoreductive regimens that induce transient lymphopenia, and that lymphopenia 

increases the efficacy of immunotherapy (53), we sought to determine if homeostatic 

proliferation, in the absence of vaccination would be equivalent to tumor-specific antigen 

primed CD8+ T cells. In initial experiments, we compared control of B16-OVA by 

memory phenotype OT-I that had either undergone homeostatic proliferation or had been 

primed with LM-OVA. When OT-I were transferred into tumor bearing hosts, both OT-I 

from TM and THP showed almost equivalent survival with a slight advantage by the TM. 

These results indicated that memory phenotype cells generated from homeostatic 

proliferation were potentially equivalent to antigen primed memory cells. Further 

exploration of LIP and tumor control, using self-specific CD8 is discussed in Chapter 3. 

 

Cytokines Associated with Homeostatic Proliferation 

 In addition to lymphopenia and self-peptide/MHC interaction, CD8 T cells require 

specific cytokines that promote homeostatic proliferation. These cytokines, particularly 

the common-γ chain cytokines (IL-2, 4, 7, 9, 15 and 21), are important for lymphocyte 

development, survival, and function as well as homeostatic proliferation. Mice that are 

deficient for the common-γ chain are severely lymphopenic with the exception of a 

population of activated CD4 that expand as the host ages (54, 55). IL-7 and IL-15 are 
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particularly important for homeostatic proliferation (42, 56, 57). Some of the common-γ 

chain cytokines that have been implicated in CD8 differentiation and homeostatic 

proliferation are discussed. IL-7 and IL-15 are of particular importance for work 

described in Chapter 3 and 4.  

IL-2 

 Perhaps the most well known cytokine, IL-2 been used in several immunotherapy 

trials. IL-2 is produced primarily by CD4 helper cells, CD8 and DC and acts as a growth 

factor in an autocrine and paracrine fashion. A heterotrimeric complex consisting of γc, 

IL-2/15Rβ, and IL-2Rα recognizes IL-2. IL-2Rα is upregulated on activated T cells and 

functions to increase the affinity of the receptor complex for IL-2. IL-2 is also recognized 

by the intermediate receptor expressing only IL-2/15Rβ and the γc chain. The high 

affinity receptor complex is expressed constitutively on TREG making them very sensitive 

to IL-2 stimulation.  

 IL-2 expands memory CD8, NK, and TREG in vivo, and has also been used in trials 

to increase CD4 T cell numbers AIDS patients. The addition of IL-2 for in vitro T cell 

expansion and in vivo administration has enhanced anti-tumor responses (35). IL-2 

enhances the efficacy of peptide vaccination in melanoma patients (58). In high doses, 

IL-2 can have toxic side effects, most notably, vascular leak syndrome, which limits it 

usefulness in the clinic.  

IL-7 

 IL-7 is produced by stromal cells in the bone marrow, thymus, and lymph nodes 

and is required for development of CD4 and CD8 T cells. IL-7 deficiency results in 
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severe T and B cell developmental defects in mice. The IL-7 receptor is a dimeric 

complex is composed of γc, and IL-7Rα. Among cytokine receptor complexes, IL-7R is 

unique in that it is briefly down-regulated after exposure to IL-7. IL-7Rα is also down-

regulated both during selection in the thymus and antigen activation in the periphery 

upon engagement of TCR with peptide/MHC.  This form of cellular altruism allows other 

T cells to receive signals from this limiting cytokine. Long-lived memory cells then 

regain IL-7Rα at levels that are slightly higher than naïve cells (59). Baseline levels of 

IL-7 are sufficient to provide survival and maintenance signals for naïve T cells. In 

lymphopenic conditions, the level of IL-7 increases due to lack of competition and T cells 

can enter into a proliferative state with increased IL-7 availability.  

 IL-7 has been considered as a potential therapeutic because it can act on naïve and 

memory CD4 and CD8 T cells. IL-7 does not expand or promote the survival of  

TREGS as they express low levels of IL-7Rα, which is advantageous for tumor 

immunotherapy (60). In studies on healthy humans, CD4 and CD8 T cells expanded upon 

treatment with IL-7 with a preferential expansion of naïve cells (61). 

 IL-15 

 IL-15 is produced by DC, monocytes, and macrophages in response to 

inflammatory signals such as TLR ligation and IFN I.  IL-15 supports the survival of 

memory CD8 T cells and is required for NK and NKT cell maintenance (62).  

Correspondingly, IL-15 deficient mice lack CD44hi CD8 and NK cells. The IL-15R 

complex is a heterotrimer consisting of the γc, IL-2/15Rβ, and IL-15Rα. IL-15Rα 

primarily confers specificity to the receptor complex. In mice, IL-15 is presented in trans 
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by IL-15Rα (63). When IL-15 is complexed to its receptor, the activity of IL-15 is 

enhanced and high rates of proliferation are observed for memory phenotype cells and 

NK cells in the absence of lymphopenia (64-66).  IL-15 is also required for maintaining 

homeostatic proliferation of CD8 T cells (67). IL-2 and IL-15 exert strikingly similar 

effects in vitro. In vivo, both cytokines support the expansion of T cells, with IL-15 

preferentially expanding CD8 and NK cells. IL-15, however, does not expand TREG and is 

not associated with the side effects of IL-2.  

 

IL-21 

 IL-21, produced by activated CD4, Th17 and NKT cells, acts upon many cell types 

including CD4, CD8, NK, B, macrophages, and DC. IL-21 is not associated with defects 

in T cell development and acts primarily on mature lymphocytes. It has the ability to 

drive the differentiation of naïve CD8 to become cytolytic (68). The production of IL-21 

may act as a bridging mechanism to shift the immune response from adaptive to innate 

(69). Its importance in the control of chronic viral infections has been reported (70-73) 

and may be promising for tumor control as well (74, 75). It has been reported to act co-

operatively with IL-15 in enhancing the expansion of tumor specific CD8 resulting in the 

regression of established melanomas in mice (76).  

TGF-β 

 Transforming growth factor-β acts primarily as a regulatory cytokine and affects 

many different cell types. Bone morphogenic proteins, activins and growth differentiation 

factors are also part of the TGF-β superfamily. The three isoforms of TGF-β activate the 
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kinase activity of the common TGF-βRII, which allows for the phosphorylation of the 

TGF-βRI subunit and subsequent signaling through various SMADs. Of the three 

homologous isoforms, TGF-β1 is the most prevalent and has the greatest 

immunomodulatory effect. Unlike the γc cytokines, TGF-β typically suppresses the 

immune response. There is no one clear role for TGF-β signaling in the immune system 

as multiple cell types produce it. Almost all cells express TGF-β receptors with many 

outcomes upon signaling depending on which genes are transcribed/inhibited. The first 

study of the effect of TGF-β on immune cells was published in the late 1980’s and 

showed that TGF-β inhibited IL-2 dependent proliferation (77). The generation of TGF-

β- deficient mice that rapidly succumbed to autoimmune disease further highlighted the 

role that TGF-β plays in harnessing the immune system. TGF-β-deficient mice that were 

also immune deficient, such as TGF-β-/- β2-microglobulin-/- mice indicated that CD8 were 

mediators of disease (78).  

 TGF-β regulates T cell responses through the inhibition of transcription factors 

such as T-bet and Stat4 in Th1 and GATA-3 and NFAT in Th2 (79).  Although TGF-β 

can impair the development of Th1 and Th2 type responses, it is required for the 

development of iTREG, Th9, and Th17 CD4 subsets (80-82). Suppression of transcription 

factors may be the main role of TGF-β in CD4 differentiation as Das et al. found that 

Th17 can be induced by IL-6 alone in Stat6-/-T-bet-/- deficient mice (83).   

  The role that TGF-β plays in regulating CTL is not fully understood, although 

it may be through the inhibition of c-myc or T-bet. CD8 T cells activated in the presence 

of TGF-β are inhibited in their expression of perforin and IFN-γ (84, 85). CD8 T cells 
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that do not receive a full TGF-β signal due to expression of a TGF-β RII dominant 

negative have enhanced expansion in response to pathogens and an increase in SLEC 

(86). The effects of TGF-β on antigen-primed and LIP memory CD8 will be discussed in 

Ch. 2 and 3, respectively.  
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Chapter 2 

TGF-β is Required for a Robust Secondary Memory Response By CD8+ 

T Cells 
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Abstract 

After an initial infection and expansion of effector T cells, a population of memory cells 

remains that are capable of rapidly responding to secondary pathogen challenge. 

Transforming growth factor beta (TGF-β) has been implicated in restraining effector 

responses in acute and chronic infections, but the impact of TGF-β signaling on 

subsequent challenges has not been extensively studied. We examine the effect of 

dominant-negative TGF-β RII (DNRII) on development of memory CD8 T cell through 

antigen-specific priming using the intracellular pathogen Listeria monocytogenes.  

During pathogen induced responses, the expression of DNRII offers little advantage for 

CD8 T cell expansion or maintenance and in fact leads to impaired generation of 

secondary memory cells.  These data suggest TGF-β reactivity enforces CD8 T cell 

sensitivity may also enhance generation of durable antigen-driven memory CD8 T cells.  

 

 



 

Introduction 

Memory T cells are generated following the adaptive response to foreign pathogens (87). 

The pleiotropic cytokine TGF-β is implicated in control of effector function of T cells 

(85, 88, 89). Abbrogation of TGF-β signaling either by deletion of TGF-β or its receptor 

leads to lethal autoimmunity at an early age making it difficult to study the memory 

response to pathogens (90, 91). However, attenuation of TGF-β signaling by T cell 

specific expression of a dominant negative (kinase deleted) form of TGF-β RII chain 

(DNRII) leads to survival of the mice, although there is an increase in memory phenotype 

T cells, likely due to dysregulated homeostatic proliferation discussed in Chapter 3 (92, 

93).  In tumor models, T cells that do not recognize TGF-β control tumors better than 

wild-type (94). The exact effect of TGF-β on T cells is complex and highly contextual. 

McKarns and Schwartz showed that TGF-β can prevent apoptosis of activated CD8+ T 

cells through the inhibition of TNF receptor-induced death (95). On the other hand, it has 

been shown that TGF-β sensitivity increases apoptosis and limits numbers of virus 

specific CD8 during chronic infections (96). Yet another study using an acute infection 

model demonstrated that attenuated TGF-β signaling increased the population of short-

lived effector cells, but initial number of early memory CD8 are unaffected (86). Thus, 

the role of TGF-β in CD8 T cells may vary depending on stage of differentiation and 

circumstance of activation.  

In this study we analyze OT-I TCR transgenic DNRII T cells and report that 

impaired TGF-β sensitivity slightly enhances CD8 T cell expansion at the effector stage 

of a primary bacterial challenge. Furthermore, the DNRII population exhibit diminished 

generation of secondary memory T cells following boosting.  These data suggest TGF-β 
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sensitivity has a positive role in the generation or maintenance of antigen driven memory 

T cells.  



 

 

Results 

 

Lack of competitive advantage in DNRII CD8 T cell response to Listeria 

monocytogenes  

 To address the impact of TGF-β during an antigen response we used OT-I crossed 

to TGF-β RII DN (93). Previous reports using OT-I crossed to a different DNRII 

transgenic strain, reported an elevated initial response to antigen under some 

immunization conditions (86, 97). These reports focused on the effector phase of the CD8 

response, whereas our interest was on the memory phase and secondary response. We 

therefore characterized the OT-I/DNRII response to in vivo infection with the pathogen 

LM-OVA.  Initially we tested the response in normal mice that received 104 naïve OT-I or 

OT-I/DNRII cells, and were then primed and boosted with LM-OVA. Use of adoptive 

transfer into normal mice avoided concerns about a potential requirement for TGF-β in 

control of LM (98).  Use of a low dose adoptive transfer approach leads to a 

physiologically relevant contribution of the transferred OT-I cells to the immune 

response, as indicated by detection of host derived cells in the Ova/Kb specific pool 

following priming (data not shown). If impaired sensitivity to TGF-β enhances the CD8 

T cell responses, we might anticipate an advantage of OT-I/DNRII cells during expansion 

and generation of the memory pool.  We consistently found that OT-I/DNRII cells were 

present in the lymph node, spleen and liver at an elevated frequency (compared to WT 

OT-I) at the peak of the effector response (Fig 2-1a) (analogous to the results of Mehal et 

al. using peptide immunization (97)). However, surprisingly, we found no evidence for 
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enhanced expansion or maintenance by OT-I/DNRII cells at later stages of the response 

(Fig 2-1b).  Furthermore, when boosted with LM-OVA, we observed that secondary 

memory OT-I/DNRII cells were present at decreased frequencies compared to WT OT-I 

in the blood, analyzed in parallel (Fig 2-1b). OT-I/DNRII exhibited a delayed peak of 

expansion in the secondary response, with OT-I reaching maximal expansion five days 

after boosting, but OT-I/DNRII reaching the peak of response at day 7 (Fig 2-1b).  
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FIGURE 2-1 OT-I and OT-I/DNRII frequency in the blood and tissues after 

primary and secondary infection with LM-OVA. (A) Naïve OT-I and OT-
I/DNRII were transferred as individual populations into B6 hosts. Lymph nodes, 
spleen, and liver was harvested 7 days after infection. The percentage of donor 
CD8 T cells was determined by congenic marker and is indicated in the dot plot. 
(B) Naïve OT-I (n=4) and OT-I/DNRII (n=5) were transferred as individual 
populations into B6 hosts. The percentage of OT-I in the blood was determined at 
the indicated timepoints. Secondary infection occurred thirty days after the 
primary infection. (C) Recovery of OVA/Kb tetramer positive CD8 T cells at 84 
days after primary infection (54 days after secondary infection). OT-I and OT-
I/DNRII were transferred and infected, as in (B). Lymph nodes, spleen, and liver 
were harvested and the number of OVA/Kb tetramer positive CD8 T cells were 
enumerated and identified as host or transferred cells based on congenic markers.  

 

The decrease in OT-I/DNRII was not simply due to redistribution of OT-I/DNRII cells 

away from the blood, since tissue analysis during the secondary memory phase indicated 

reduced OT-I/DNRII cell numbers in spleen and lymph nodes and unchanged numbers in 

the liver (Fig 2-1c). Host derived OVA/Kb tetramer positive CD8 T cells were detected in 
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all tissues (data not shown), indicating that the transferred OT-I cell pool was 

appropriately close to the physiological precursor frequency.   

 
 To explore direct competition between OT-I and OT-I/DNRII, we co-transferred 

these populations before LM-OVA priming and boosting (the two donor cell populations 

being distinguished by congenic markers).  Figure 2-2a shows the percentage of OT-I and 

OT-I/DNRII cells within the donor population, as a function of time after immunization.  

By the peak of the primary expansion phase the mutant OT-I cells again showed a slight 

expansion advantage, but this did not persist into the memory maintenance phase (Fig 2-

2a).  As with the single transfer experiments, upon recall stimulation the OT-I/DNRII 

pool showed a competitive disadvantage relative to their WT counterparts.  This 

diminished representation of DNRII cells during the secondary response was observed in 

spleen, lymph nodes and liver (Fig 2-2), as well as blood (data not shown), suggesting 

that decreased sensitivity to TGF-β leads to less effective recall responses.  
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FIGURE 2-2 . Frequency of co-transferred OT-I and OT-I/DNRII after LM-OVA 
infection. (A) Naïve OT-I and OT-I/DNRII were co-transferred into 
B6.PLxB6.SJL hosts and infected with LM-OVA. At each timepoint lymph 
nodes, spleen, and liver were harvested (n=3) and the percentage of OT-I and OT-
I DN/RII were determined.  At day 30, mice were re-infected with LM-OVA and 
percentages were determined five days after infection (n=4).  The two donor cell 
populations were distinguished from host cells and each other using congenic 
markers.  The graphs show the frequency of OT-I/DNRII cells as a percentage of 
the total donor pool.  (B) OT-I and OT-I/DNRII were co-transferred and infected 
as in (A). The percentage of OT-I and OT-I/DNRII was determined in the blood 
as a percentage of total CD8+ T cells into the secondary memory phase.  

 
  We sought to determine the cause of poor secondary expansion of OT-

I/DNRII. As OT-I/DN RII in intact hosts cycle at a higher rate than OT-I, we wished to 

test if OT-I/DNRII exhibited altered basal proliferation rates after priming. After LM-

OVA infection, we gave mice BrdU in their drinking water during the contraction and 

memory phases to determine cycling rates. We found that BrdU incorporation was 
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consistent between OT-I and OT-I/DNRII (Fig 2-3), suggesting that altered basal 

homeostasis was not the cause.  

 

FIGURE 2-3 Basal proliferation is equivalent in OT-I and OT-I/DNRII during the 
memory phase. OT-I and OT-I/DNRII were co-transferred into B6 mice and infected 
with ΔAct-A LM-OVA. Thirty days later, mice were given BrdU in their drinking water 
for 10 days. 
 

The memory pool consists of many subsets that are only beginning to be 

identified and some subsets may be influenced by TGF-β signaling (24). To determine if 

there was a difference in the generation of TEM or TCM, we assessed CD62L expression in 

the spleen and found that the percentage of TCM was equivalent between OT-I and OT-

I/DNRII (Fig 2-4a). We also assessed the phenotype of the donor memory cells using 

markers that have been shown to predict the quality/type of memory (28, 99). We found 

that the two populations are indistinguishable based on expression of CD27 and CD43 

(Fig 2-4b) as well as CD127 and KLRG-1 (data not shown).  



 

  27 

 
FIGURE 2-4 Phenotype of OT-I and OT-I/DNRII at the secondary memory phase. 
OT-I and OT-I/DNRII were co-transferred into B6.PLxB6.SJL hosts and infected with 
ΔAct-A LM-OVA. After 30 days mice were re-infected with LM-OVA and allowed to 
form secondary memory. Congenic markers identified donor cells. (A) The expression of 
CD62L in the spleen was determined. The percentages of CD62Lhi and CD62Llo are 
indicated. (B) CD27 and CD43 expression was determined in the spleen of host mice.



 

Discussion 

 We have found that TGF-β sensitivity does not restrain the CD8 T cell response 

to foreign antigen, and may actually enhance it (selectively in the maintenance of 

secondary memory cells).  Signals, such as CD28 co-stimulation, typically occur during 

pathogen priming, and may override any restraint that TGF-β typically has on naïve cells. 

Both in vivo and in vitro studies have shown that negative effects of TGF-β can be 

overcome with sufficient CD28 stimulation (100, 101), and hence the strength of the 

response induced by LM-OVA infection in our model may equalize the response of OT-I 

and OT-I/DNRII cells.  However, the slightly reduced maintenance of OT-I/DNRII cells 

in the secondary responses, would argue that TGF-β sensitivity is important for optimal 

memory CD8 T cell recall potential, suggesting positive effects of this cytokine on 

maintenance of functional memory. Some reports suggest that TGF-β may prevent TNF-

related apoptosis, which could account for loss of the OT-I/DNRII at the peak of the 

secondary response (95, 102).  A further possibility is that TGF-β signaling leads to 

down-regulation of transcription factors associated with effector function, such as T-bet. 

T-bet expression is increased in OT-I/DNRII during LM-OVA infection and after the 

peak of the response (86). Although T-bet expression typically decreases in memory 

CD8, potentially it is not down-regulated in DNRII resulting in poor secondary 

responses. TGF-β receptor signaling is complex and further studies will be required to 

identify the pathways regulated by TGF-β in CD8 memory recall responses.  

Nevertheless, our data reveal that sensitivity to TGF-β may have differential effects on 

CD8 T cell proliferation and memory generation.  
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Materials and Methods 

Mice 

C57BL/6 (B6) and “B6-Ly5.2” (CD45.1 congenic B6 mice, termed B6.SJL in the text) 

were from NCI.  B6.PL-Thy1a (Thy-1.1 congenic B6 mice, termed B6.PL in the text) 

were from The Jackson Laboratory (Bar Harbor, ME). To avoid rejection of co-

transferred OT-I population, we used B6.PL x B6.SJL mice as recipients for double 

transfers in some experiments. B6 DNRII transgenic mice (93) were a kind gift of Dr. 

Ronald Gress (NCI, Bethesda, MD) and were back-crossed to OT-I TCR transgenic mice 

(10). Mice were bred and maintained under specific pathogen-free conditions at the 

University of Minnesota (Minneapolis, MN).  The Institutional Animal Care and Usage 

Committee of the University of Minnesota approved all experiments involving animals. 

 

Adoptive Transfer 

CD44lo OT-I wt or OT-I/DNRII were purified by negative selection using MACS 

columns (Miltenyi Biotec, Bergisch Gladbach, Germany) as previously described (103). 

Cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) as 

described (104). OT-I WT and OT-I/DNRII were used were either Thy1.2 homozygous 

or Thy1.1 homozygous or heterozygous, to allow for discrimination between each donor 

pool and host cells.  Depending on the donor/host combinations, donor cells were 

identified using expression of Thy1.1/ Thy1.2, CD45.2 and binding to Ova/Kb tetramer.   
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 One day prior to LM-OVA infection, a total of 1x104 CD44lo OT-I wt or OT-

I/DNRII were injected into B6 hosts for single transfer experiments.  For double transfer 

experiments, 1x104 total donor T cells, comprising a 1:1 ratio of CD44lo OT-I wt and OT-

I/DNRII cells, were transferred into (B6.PLxB6.SJL) F1 hosts.  A day later mice were 

infected with about 7x106 CFU ΔActA LM-OVA. For secondary infections, 2x105 CFU 

LM-OVA was injected via tail or retro-orbital vein at least thirty days after the primary 

infection.  Mice were analyzed for donor and host Ova/Kb specific T cells (discriminated 

using congenic markers and, in some experiments Ova/Kb tetramer) at the time points 

indicated.   

 

Flow Cytometry 

Donor and host cells were identified using Kb-OVA tetramer or by congenic markers 

along with CD8α (clone 53-6.7; Biolegend). Depending on the experiment, donor cells 

were identified with CD90.1 (clone HIS51; ebioscience), CD90.2 (clone 30-H12; 

Biolegend), CD45.1 (clone A2; ebioscience), and CD45.2 (clone 104; ebioscience). Flow 

cytometry was performed on an LSR II (BD Biosciences) and analyzed on FlowJo 

software (Treestar, Ashland, OR).  

 

BrdU Labeling 

Mice were given fresh BrdU (0.8mg/ml) in a 2% sucrose solution as drinking water for 

10 days. Cells were harvested and surface stained prior to fixation, permeabilization, and 

DNase treatment. Cells were then stained with α-BrdU (BD Pharmingen).  
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Statistics 

When applicable, the data are expressed as the mean ± SD.  Unpaired, two-tailed 

Student’s t- test was performed to determine significance using Prism Version 4.0a 

software (GraphPad Software, La Jolla, CA). Differences were considered statistically 

significant when p-values were <0.05. Statistical significance is indicated as follows: * 

p< 0.05, ** p<0.01, *** p<0.001.  



 

Chapter 3 

TGF-β sensitivity restrains CD8+ T cell homeostatic proliferation by 

enforcing sensitivity to IL-7 and IL-15 



 

 

 

Abstract 

 The pleiotropic cytokine TGF-β has been implicated in the regulation of 

numerous aspects of the immune response, including naïve T cell homeostasis.  Previous 

studies found that impairing TGF-β responsiveness (through expression of a dominant-

negative TGF-β RII [DNRII] transgene) leads to accumulation of memory phenotype 

CD8 T cells, and it was proposed that this resulted from enhanced IL-15 sensitivity.  Here 

we show naïve DNRII CD8 T cells exhibit enhanced lymphopenia-driven proliferation 

and generation of “homeostatic” memory cells.  However, this enhanced response 

occurred in the absence of IL-15 and, unexpectedly, even in the combined absence of IL-

7 and IL-15, which were thought essential for CD8 T cell homeostatic expansion.  DNRII 

transgenic CD8 T cells still require access to self Class I MHC for homeostatic 

proliferation, arguing against generalized dysregulation of homeostatic cues.  These 

findings suggest TGF-β responsiveness is critical for enforcing sensitivity to homeostatic 

cytokines that limit maintenance and composition of the CD8 T cell pool. 



 

Introduction 

 Memory phenotype T cells are generated following effective priming of a 

response to foreign antigens, but can also be induced by other cues, including the 

response to lymphopenia termed homeostatic proliferation (HP) (105). Previous studies 

have indicated that HP of naïve CD8 T cells leads to their acquisition of phenotypic and 

functional memory CD8 T cells characteristics, including their ability to control pathogen 

infections much like antigen-primed memory CD8 T cells (49).  While the cytokines IL-7 

and IL-15 play a key role in supporting generation and maintenance of both HP and 

conventional memory CD8 T cells, little is known about factors which negatively 

regulate memory CD8 T cell homeostasis (106).  Several groups have shown that 

abrogating transforming growth factor β (TGF-β) reactivity in T cells leads to dramatic T 

cell expansion, and can lead to autoimmunity and ultimately death (90, 91).  TGF-β can 

both positively and negatively regulate numerous immune populations, with inhibitory 

effects on Th1 and Th2 differentiation and positive effects on Treg and Th17 

development (79, 107).  In addition, TGF-β has been reported to protect T cells from 

induction of apoptosis, in certain situations (86, 95, 102). Complete loss of TGF-β RII or 

TGF-β1 leads to massive dysregulation in T cell homeostasis and fatal autoimmunity, 

mediated in part by loss of regulatory T cells (90, 108).  Attenuation of TGF-β signaling 

has also been achieved by T cell specific expression of a dominant negative (kinase 

deleted) form of TGF-β RII chain (DNRII) (92, 93).  T cells from such mice exhibit a 

profound impairment in TGF-β signaling (due to competitive blockade of TGF-β 

binding) and altered T cell homeostasis, including appearance of memory phenotype CD8 

T cells (92, 93).  In one such strain the size of the memory-phenotype CD8 T cell pool is 
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massively increased and these cells are cycling at a higher rate than litter-mate controls 

(93).  Initial studies suggested these cells were not driven by dysregulated homeostatic 

proliferation, since breeding to TCR transgenic animals corrected the skewing of the CD8 

T cell pool toward memory-phenotype cells (109).  On the other hand, a second study 

(using a different DNRII transgenic system) suggested that introduction of a TCR 

transgene delayed but did not completely prevent accumulation of memory phenotype 

CD44hi CD8 T cells (97).  Previous studies have proposed that DNRII CD8 T cells show 

enhanced proliferative responses toward IL-15, suggesting TGF-β may typically restrain 

responses to this homeostatic cytokine (109). However, no studies have directly assessed 

the impact of the DNRII receptor on homeostasis of naïve CD8 T cells, or directly tested 

the requirement for the “homeostatic” cytokines IL-7 and IL-15 in this process.    

 Hence, the role of TGF-β responsiveness in shaping CD8 T cell responses to 

homeostatic-driven cues is poorly understood.  In this study we analyzed OT-I TCR 

transgenic DNRII T cells and report that impaired TGF-β sensitivity enhances naïve CD8 

T cell expansion and production of memory-like cells in response to lymphopenia.  

Furthermore, homeostatic proliferation of DNRII was also observed in non-lymphopenic 

hosts and, unexpectedly, was found to be independent of IL-7 and IL-15.  Like wild type 

naïve CD8 T cells, however, HP of DNRII T cells was completely dependent on the 

presence of self MHC Class I molecules.  These data suggest TGF-β sensitivity is 

important for perception of homeostatic cytokines, acting as a brake on CD8 T cell 

homeostasis.  



 

 

Results 

 

Impaired TGF-β reactivity causes naïve CD8 T cells to ignore homeostatic 

constraints in lymphopenic and lymphoreplete hosts.   

 A transgene encoding a dominant negative form of the TGF-β RII receptor 

(“DNRII”) was crossed to the OT-I TCR transgenic background.  Polyclonal DNRII mice 

are characterized by a massive expansion of memory phenotype (CD44hi) CD8 T cells 

(93), but Lucas et al. reported that introduction of the H-Y or 2C TCR transgenes 

corrected the over-representation of memory-like cells (109), leading to the interpretation 

that the DNRII memory-like pool arose from immune responses to environmental 

antigens.  In contrast to those findings, we found a high frequency of memory phenotype 

(CD44high/CD122high) CD8 T cells in OT-I/DNRII mice (Fig 3-1a and S3-1a), although 

the total numbers of OT-I CD8+ T cells were similar between OT-I and OT-I/DNRII 

animals (Fig S3-1b).  These findings indicate that DNRII can dysregulate normal CD8 T 

cell homeostasis which is apparent as early as 3 weeks of age (Fig S3-1c).  A similar 

increase in the proportion of memory phenotype CD8 T cells was detected in adult OT-

I/DNRII Rag-/- animals, suggesting that this result is not due to TCRs arising from 

endogenous rearrangements (Fig S3-1e).   

 In the absence of foreign antigen stimulation, memory-like CD8 T cells can be 

generated via “homeostatic proliferation” which is induced by physiological and 

experimental lymphopenia (56). Lymphopenia induced proliferation is driven by an 

increased availability of cytokines (notably IL-7) and access to self-pMHC due to 
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eradication of competing host cells (105). To study the effect of attenuated TGF-β 

responsiveness on homeostatic proliferation of naïve OT-I T cells, we isolated naïve 

phenotype (CD44lo) OT-I or OT-I/DNRII CD8+ cells and transferred these into sub-

lethally irradiated hosts.  As expected, naïve OT-I T cells underwent HP, indicated by 

slow cell division over the first three weeks after transfer, accompanied by upregulation 

of CD122 and CD44 (Fig 3-1a). By around 3 weeks post-transfer, the OT-I/DNRII 

population showed significantly greater expansion, as detected by increased CFSE 

dilution (Fig 3-1a) and by increased accumulation of cells (Fig 3- 2a). We also used this 

approach to investigate the termination of HP in the lymphopenic hosts. Naïve OT-I and 

OT-I/DNRII cells were analyzed at 2, 3 and 4 weeks after co-transfer into sub-lethally 

irradiated B6 hosts (Fig 3-1b,c and 3-2c).  As expected from previous studies (67), OT-I 

T cell proliferation in irradiated hosts halts between week 2 and 3 post-transfer, as 

evidenced by lack of substantial additional proliferation or accumulation (Fig 3-1b and 3-

2b,c). In stark contrast, the OT-I/ DNRII pool continues proliferating (Fig 3-1b and c) 

and accumulating up to week 4 post-transfer (Fig 3-2c) and can still be observed at 3 

months post transfer (Fig S3-2).  This continued expansion of OT-I/DNRII T cells was 

evident despite the reconstitution of the host CD8 T cell pool over the same time course 

(Fig S3-3), indicating the DNRII population has impaired sensitivity to the size of the T 

cell compartment. 
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FIGURE 3-1 Attenuated TGF-β  sensitivity enhances homeostatic proliferation of 
naive OT-I CD8 T cells in lymphopenic and lymphoreplete hosts.  CFSE 
labeled CD44lo OT-I or OT-I/DNRII T cells were adoptively transferred into 
sublethally irradiated B6 recipients.  Host animals were sacrificed at the indicated 
time points and donor cells analyzed.  (A) Expression of CFSE, CD44 and CD122 
levels on donor OT-I or OT-I/DNRII cells recovered from the spleen at 7, 14, and 
20 days after single transfer into irradiated B6 hosts. OT-I and OT-I/DNRII were 
discriminated from endogenous CD8+ cells by expression of Thy1.1. (B) OT-I 
and OT-I/DNRII cells were co-transferred into irradiated hosts and analyzed 2, 3 
and 4 weeks later.  CFSE dye dilution is shown for OT-I cells (top histogram), 
and OT-I/DNRII cells. (C) The percent of OT-I or OT-I/DNRII shown in (B) that 
had undergone 2 or more divisions as determined by CFSE dilution. (D) CFSE 
dilution of OT-I and OT-I/DNRII three weeks after co-transfer into unirradiated 
(lymphoreplete) B6 hosts. Kb-OVA tetramer pulldowns were used to enrich for 
OT-I and OT-I/DNRII and congenic markers were used to discriminate between 
donor populations. The perecent ± SD of donor cells that had undergone >2 
divisions as determined by CFSE is indicated. 
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Our finding that naïve DNRII CD8 T cells seemed to ignore normal homeostatic 

restraints during “refilling” of a lymphopenic environment might suggest that such cells 

would proliferate even in the absence of lymphopenia.  To test this, we adoptively 

transferred purified naïve CD8 T cells from OT-I or OT-I/DNRII mice into 

lymphoreplete B6 hosts.  As expected, OT-I cells showed minimal proliferation in such 

hosts after 3 weeks, yet naïve OT-I/DNRII cells underwent numerous rounds of 

proliferation in this environment (Fig 3-1d).  Hence, these data support the model that 

impaired TGF-β responsiveness leads to loss of the normal constraints on homeostatic 

proliferation induced by a “full” T cell compartment.   

FIGURE 3-2 Extended accumulation of OT-I/DNRII CD8 T cells as 
lymphopenic space becomes limiting. CFSE labeled CD44lo OT-I and OT-
I/DNRII were adoptively transferred into sublethally irradiated B6 recipients. 
Host animals were sacrificed at the indicated timepoints. (A) Recovery of OT-I 
and OT-I/DN RII in the spleen after single transfer into irradiated B6 hosts at 7, 
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14, and 21 days after transfer. OT-I and OT-I./DNRII were discriminated from 
endogenous CD8+ T cells by expression of Thy1.1 (n=3). (B) Total cell recovery 
of OT-I and OT-I/DNRII in the lymph node and spleen 18 days after single or co-
transfer into sublethally irradiated B6 hosts (n=3). A total of 1x106 donor cells 
were transferred regardless of single or co-transfer. For co-transfer experiments, 
equal numbers of CD44lo OT-I and OT-I/DNRII were transferred.  (C) Recovery 
of OT-I and OT-I/DN RII in the lymph node and spleen 2, 3, and 4 weeks after 
co-transfer into sublethally irradiated B6 hosts (n=3). When different, statistical 
significance for lymph nodes in on top and spleen is on bottom at each timepoint. 
Results are expressed as mean ± SD. 
  

 It was possible that the OT-I/DNRII population may produce factors which 

accelerate HP in the lymphopenic environment and/or which delay repopulation of the 

lymphoid compartment following sublethal irradiation.  To address whether the enhanced 

HP of OT-I/DNRII cells was an autonomous effect, we studied the proliferation and 

expansion of co-transferred OT-I and OT-I /DNRII in lymphopenic hosts.  Interestingly, 

the enhanced proliferation of OT-I/DNRII cells was further exaggerated in the co-transfer 

setting, suggesting a competitive advantage of the DNRII pool over the WT OT-I 

population (Fig 3-2b and S3-4). Together, these data suggest that TGF-β signaling 

sensitivity does not influence initial stages of lymphopenia-induced HP, but has an 

autonomous role in restraining T cell homeostasis as the T cell compartment fills.  

  

Homeostatic proliferation of naïve DNRII CD8 T cells occurs in the absence of the 

homeostatic cytokines IL-7 and IL-15 

 Lymphopenia-induced proliferation of naïve CD8 T cells is driven by signals 

through both the TCR (engaging self peptide/MHC ligands) and the cytokines IL-7 and 

IL-15.  Indeed, it was proposed that TGF-β signaling attenuates the memory CD8 T cell 
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response to IL-15 by impairing CD122 expression (109) and, in keeping with this, TGF-β 

RII-deficient CD4 T cells were shown to exhibit CD122 upregulation suggesting 

increased IL-15 sensitivity (90).  On the other hand, our studies did not indicate a marked 

change in CD122 expression in naïve OT-I/DNRII (Fig S3-1a) or during HP (Fig 3-1a).  

To explore this model further, we transferred naïve OT-I and OT-I/DNRII CD8 T cells 

(together or separately) into sub-lethally irradiated IL-15 deficient hosts.  As we reported 

previously, lack of IL-15 in the lymphopenic host leads to reduced expansion of OT-I 

cells at late stages of the response (67) and this was observed for both WT and DNRII 

OT-I cells (Fig 3-3 and S3-4).  However, OT-I/DNRII T cells still exhibited an advantage 

compared to their WT counterparts in the IL-15-deficient hosts, as measured by both their 

proliferation (Fig 3-3a) and accumulation (Fig 3-3c).  We noticed only a slight increase in 

CD122 expression levels on OT-I/DN RII in IL-15-deficient hosts, which is indicative of 

CD8 that have undergone many rounds of division (Fig 3-3b). As was observed with B6 

hosts, OT-I/DNRII had an even greater advantage in situations where OT-I and OT-

I/DNRII cells were co-transferred into the same IL-15-/- recipients (Fig 3-3c and S3-2).  

Together, these data indicate that the competitive advantage of the DNRII pool over that 

of wild type CD8+ T cells during HP is not solely due to improved IL-15 sensitivity 

(although IL-15 enhances the proliferative response of both WT and DNRII populations).  
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FIGURE 3-3 IL-15 is not required for the enhanced homeostatic proliferation of 
OT-I/DNRII CD8 T cells. CFSE labeled CD44lo OT-I and OT-I/DNRII were 
adoptively transferred into sublethally irradiated IL-15-/- hosts. Host animals were 
sacrificed and donor cells were analyzed.  (A) CFSE dilution of OT-I and OT-
I/DNRII in the spleen 3 weeks after co-transfer into sub-lethally irradiated IL-15 
KO and B6 hosts. (B) Expression of CD122 on OT-I or OT-I/DNRII was assessed 
in the spleen 3 weeks after co-transfer into IL-15 KO hosts. (C) Total cell 
recovery of OT-I and OT-I/DNRII in the lymph node and spleen 18 days after 
single or co-transfer into sublethally irradiated IL-15 KO hosts (n=3). A total of 
1x106 donor cells were transferred regardless of single or co-transfer. For co-
transfer experiments, equal numbers of CD44lo OT-I and OT-I/DNRII were 
transferred.   

 
  These findings lead us to consider the additional role of IL-7, which is the 

dominant cytokine responsible for naïve T cell homeostatic proliferation in a 

lymphopenic environment (110). Mice deficient in both IL-7 and IL-15 do not support 

homeostatic proliferation of CD8 T cells (whether of naïve or memory phenotype), and 
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competition for these cytokines is a major constraint of T cell proliferation in 

lymphopenic hosts (105).  As expected then, naïve OT-I T cells transferred into IL-7/IL-

15 double knockout (DKO) animals fail to proliferate and remained of naïve phenotype 

(Fig 3-4a), similar to earlier studies (57, 111). In order to compare OT-I/DNRII to OT-I, 

we analyzed IL-7/IL-15 DKO at an early timepoint, as OT-I do not persist very well 

beyond one week in this environment.  Unexpectedly, however, naïve OT-I/DNRII T 

cells proliferated extensively in IL-7/IL-15 DKO hosts, and also converted to a CD44hi 

memory phenotype (Fig 3-4a).  One week after transfer, a significant increase in OT-

I/DNRII compared to OT-I was observed indicating that the OT-I/DNRII were also 

persisting in this environment (Fig 3-4b). These data suggest that, rather than enhanced 

sensitivity to IL-15 (or IL-7), naïve DNRII CD8 T cells are capable of undergoing 

homeostatic proliferation in the complete absence of these homeostatic cytokines.   
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FIGURE 3-4 OT-I/DNRII homeostatically proliferate in the absence of both IL-7 
and IL-15.  CFSE labeled CD44lo OT-I Rag-/- or OT-I/DNRII Rag-/- were transferred into 
sublethally irradiated IL-7-/- x IL-15-/- hosts. After 1 week, spleens were harvested from 
sacrificed mice and donor cells were analyzed. (A) CFSE dilution and CD44 expression 
of OT-I and OT-I/DNRII in the spleen 1 week after transfer into sub-lethally irradiated 
IL-7-/- x IL-15-/- hosts. The percent ± SD of donor cells that had undergone >2 divisions 
as determined by CFSE is indicated. (B) Recovery of OT-I and OT-I/DNRII 1 week after 
transfer in the spleen (n=3). Results are representative of at least 3 independent 
experiments. 
 

For cell types other than T cells, it has been hypothesized that withdrawal of 

growth factor signals in the presence of TGF-β leads to expression of pro-apoptotic 

molecules and cell death (112). To test whether or not the survival and proliferation of 

OT-I/DNRII in IL-7/IL-15 DKO was related to decreased apoptosis, we co-transferred 

naïve, CFSE labeled OT-I and OT-I bim-deficient mice into IL-7/IL-15 DKO for one 

week. OT-I bim-deficient cells did not divide, however they did persist in this 
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environment, unlike OT-I. This suggests that although survival may be enhanced in 

DNRII CD8, the ability to proliferate in IL-7/IL-15 DKO is not solely related to 

persistence (Fig 3-5). To further test the possibility that OT-I/DNRII do not require 

survival signals, we cultured OT-I and OT-I/DNRII thymocytes in the presence or 

absence of IL-7 for 48 hours and determined the percentage of apoptotic cells by Annexin 

V staining. OT-I and OT-I/DNRII were equivalent for survival without cytokine 

indicating that they are not completely cytokine independent (Fig 3-6).  

 

 
 
FIGURE 3-5 OT-I bim-deficient T cells persist in the absence of IL-7 and IL-15. 
CFSE labeled CD44lo OT-I or OT-I bim-/- were co-transferred into IL-7-/- x IL-15-/- hosts. 
After 1 week, spleens were harvested from sacrificed mice and donor cells were 
analyzed. (A) CFSE dilution of OT-I and OT-I bim-/- in the spleen 1 week after transfer 
into IL-7-/- x IL-15-/- hosts. (B) Recovery of OT-I and OT-I bim-/- 1 week after transfer in 
the spleen (n=5). Results are representative of 2 independent experiments. 
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FIGURE 3-6 OT-I/DNRII require IL-7 for survival in vitro. OT-I bim°, OT-I and OT-
I/DNRII thymocytes were incubated with and without IL-7 for 48 hours. Mature CD8 
were identified by gating on CD4-CD8+TCRβ+ cells. Results are representative of 3 
independent experiments.   
 

DNRII CD8 T cells are dependent on MHC I for Homeostatic Proliferation 

 To this point, our data suggested that diminished TGF-β sensitivity released naïve 

CD8 T cells from the normal cytokine restraints on homeostatic proliferation.  However, 

interaction with self-pMHC molecules is also important in supporting naïve (but not 

memory) CD8 T cell HP (56).  To test whether DNRII CD8 T cells were independent of 

self MHC Class I for homeostatic proliferation in vivo, we transferred low numbers of 

CFSE labeled CD44lo OT-I or OT-I/DNRII CD8 T cells into irradiated KbDb deficient 

mice to avoid donor cell interaction (113). As expected, OT-I T cells failed to undergo 

HP in the Class I MHC-deficient environment showing no CFSE dilution or expansion in 

stark comparison to their response in irradiated wild-type hosts (Fig 3-7).  Interestingly, 

naïve OT-I/DNRII CD8 T cells also failed to expand in Class I MHC deficient hosts (Fig 
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3-7), indicating that altered TGF-β sensitivity does not alter requirement for perception of 

self MHC molecules in driving homeostatic proliferation.  Taken together with the co-

transfer studies (Fig 3-2 and S3-2), this suggests that OT-I/DNRII may out compete OT-I 

for MHC I interaction resulting in the enhanced expansion of OT-I/DNRII.  This might 

suggest enhanced sensitivity of DNRII T cells for TCR stimuli:  However, when we 

assessed naïve OT-I and OT-I/DNRII cells for sensitivity to high and low affinity TCR 

ligands we found no substantial difference in their short term in vitro reactivity (Fig S3-

5).  Whether DNRII CD8 T cells show increased sensitivity to self -peptide/MHC ligands 

encountered in vivo is difficult to test directly.   

 

 

FIGURE 3-7 Homeostatic proliferation of OT-I/DNRII is MHC I dependent.  A 
total of 5x105 CFSE labeled CD44lo OT-I Rag-/- or OT-I/DNRII Rag-/- were 
transferred into irradiated KbDb-/-  or wild-type hosts. One week later, lymph 
nodes and spleen from sacrificed mice were pooled and analyzed. (A) CFSE 
dilution of OT-I and OT-I/DNRII in pooled lymph nodes and spleen one week 
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after transfer into irradiated B6 and KbDb-/- hosts. The percent ± SD of donor cells 
that had undergone >2 divisions as determined by CFSE is indicated. (B) 
Recovery of OT-I and OT-I/DNRII after one week in irradiated B6 or KbDb-/- 
hosts. Each symbol represents an individual mouse. Results are presented as the 
combination of three independent experiments.  

 

 Overall, our studies suggest that the competitive advantage demonstrated by naïve 

DNRII CD8 T cells during homeostatic proliferation is due to their independence from 

normal homeostatic cytokine restraints, but that the cells retain a requirement for TCR 

engagement with self-peptide/MHC ligands.  These data then help pinpoint the pathways 

regulated by TGF-β during normal T cell homeostasis.   
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Discussion 

 Both lymphopenia induced homeostatic proliferation and conventional antigen-

induced priming generate functional CD8+ memory T cells, albeit by very different 

mechanisms (49). We found that TGF-β reactivity acts as a brake for homeostatic 

expansion, as evidenced by the sustained proliferation of OT-I/DNRII cells in 

lymphopenic and non-lymphopenic hosts. Previous studies suggested that the DNRII 

CD8 T cells showed enhanced CD122 expression and reactivity to IL-15 (109), and the 

capacity of this cytokine to promote memory CD8 T cell proliferation might suggest an 

explanation for the increased homeostatic proliferation of OT-I/DNRII.  Sanjabi et al. 

(86) found that during an antigen driven response OT-I/DNRII have an expanded 

population of short-lived effector cells, a population that is thought to be IL-15 dependent 

(99). Altered reactivity to TGF-β might still change IL-15R signaling potential.  Indeed, 

TGF-β signaling in T cells can inhibit c-myc expression (114), and c-myc has been 

implicated in the proliferative response of CD8 T cells to IL-15 (115). This model would 

therefore predict that the competitive advantage displayed by OT-I /DNRII T cells in a 

lymphopenic environment would be driven by improved IL-15 sensitivity.  However, our 

data indicated that augmented IL-15 sensitivity was unable to account for the 

proliferative advantage of naïve DNRII cells, since their homeostatic proliferation was 

also enhanced in IL-15-/- host animals.     

 Additionally, naïve CD8 T cell homeostatic proliferation is highly dependent on 

IL-7 (1), and lymphopenic hosts devoid of both IL-7 and IL-15 fail to support 

homeostatic proliferation of either naïve or memory CD8 T cells (111). Hence it was 
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surprising that naïve OT-I/DNRII CD8 T cells underwent extensive division in an IL-

7/IL-15 DKO environment.  Whether DNRII T cells are completely independent of 

cytokine cues is not clear, and this possibility is difficult to exclude. Our in vitro culture 

data would suggest that this is not entirely the case.  It is possible that an, as yet, 

unidentified cytokine supports HP in the absence of TGF-β suppression, or that the 

accumulation of OT-I/DNRII is not sustained indefinitely. However, OT-I/DNRII clearly 

have an advantage over OT-I in an environment devoid of cytokines classically 

associated with homeostatic proliferation. In any case, our findings clearly demonstrate 

that naïve DNRII CD8 T cells exhibit a radically different cytokine requirement, which 

could account for their capacity to ignore normal homeostatic restraints in the intact 

DNRII mice as well as following adoptive transfer.  Interestingly, low surface expression 

of TGF-β RII on CD4+ T cells is observed in patients with Sézary syndrome (116), 

suggesting that aberrant expression of surface TGF-β receptor leads to increased T cell 

proliferation in humans also.  It will be interesting to explore whether this type of 

dysregulated homeostasis involves similar cytokine independence.   

 We also explored the role of impaired TGF-β sensitivity on TCR signaling 

requirements during homeostasis.  In stark contrast to their loosened cytokine 

requirements, naïve DNRII CD8 T cells still depended on encounter with self MHC Class 

I for HP.  This raised the possibility that DNRII T cells may exhibit enhanced reactivity 

toward self- pMHC, which might relieve the requirement for homeostatic cytokines.  

However, our in vitro stimulation assays suggest similar sensitivity of OT-I and OT-

I/DNRII naïve CD8 T cells to both high and low affinity TCR ligands (Fig S3-5), making 
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this scenario less likely.  However, further studies will be required to determine whether 

the reduced dependence of naïve DNRII CD8 T cells on cytokines is mediated by 

enhanced stimulation through other receptors.  

 Collectively, our data suggest that TGF-β restrains homeostatic proliferation 

through modulation of responsiveness to both IL-7 and IL-15. In our model of 

irradiation-induced lymphopenia, OT-I and OT-I/DNRII are not competing for access to 

cytokines or MHC I shortly after adoptive transfer, when the host is depleted of 

competing T cells, and similar expansion with the two populations is observed. However, 

when the host T cell compartment recovers and OT-I and OT-I/DNRII numbers increase, 

competition for resources increases. When transferred into wild-type lymphoreplete 

hosts, the naïve OT-I and OT-I/DNRII are instantly competing with endogenous cells. 

However, in this situation we still find that OT-I/DNRII proliferate much more than OT-

I. The lack of sensitivity to TGF-β allows CD8 DNRII to continue expansion, as they do 

not rely on IL-7 or IL-15 to the same extent as wild-type CD8. It is unlikely that CD8 

DNRII are oblivious to any cytokine survival cues as our in vitro data suggests and 

further work to investigate possible sources of survival and homeostatic cues is 

warranted. 
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Materials and Methods 

Mice 

B6 DNRII transgenic mice (93) were a kind gift of Dr. Ronald Gress (NCI, Bethesda, 

MD) and were back-crossed to OT-I TCR transgenic mice (10).  OT-I/DNRII were also 

crossed onto a Rag1-/- background. When OT-I/DNRII Rag1-/- mice were used in 

experiments, they were compared to OT-I Rag1-/- donor CD8 T cells. OT-I/DNRII and 

OT-I/DNRII Rag-/- both exhibit increased memory phenotype populations.  C57BL/6 

(B6) were from the NCI. C57BL/6 IL-15-/- and H-2Kb–/–H-2Db–/– (KbDb–/–) mice were 

obtained from Taconic Farms (Germantown, NY).  IL-7-/- mice were initially provided by 

Immunex (now Amgen) and IL-7-/- x IL-15-/- animals were kindly provided by Dr. 

Michael Farrar (University of Minnesota, Minneapolis, MN) which were fed with 

Uniprim chow (Harlan TEKLAD, Madison WI) every other week. Mice were bred and 

maintained under specific pathogen-free conditions at the University of Minnesota 

(Minneapolis, MN).  Experiments were conducted with approval by the University of 

Minnesota Institutional Animal Care and Usage Committee. 

 

Adoptive Transfer 

CD44lo OT-I, OT-I/DNRII, or OT-I bim-/- were purified by negative selection using 

MACS columns (Miltenyi Biotec, Bergisch Gladbach, Germany) as previously described 

(103). Cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) as 

described (104). We transferred a total of 1x106 CFSE labeled CD44lo OT-I or OT-

I/DNRII either as single populations (or as a 1:1 ratio for double transfer experiments) 
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into B6, IL-15-/- or IL-7-/- x IL-15-/- recipient mice that had been sub-lethally irradiated the 

day before (420 cGy). OT-I and OT-I bim-/- were co-transferred into IL-7-/- x IL-15-/- at a 

1:1 ratio. For experiments determining MHCI dependency, KbDb-/- and B6 mice were 

given 800 cGy one day prior to adoptive transfer of 5x105 CFSE labeled CD44lo OT-I or 

OT-I/DNRII. OT-I and OT-I/DNRII were used were either Thy1.2 homozygous or 

Thy1.1 homozygous or heterozygous, to allow for discrimination between each donor 

pool and host cells. Lymph nodes and spleens were harvested and pooled for one week 

after transfer. In experiments where the hosts were not irradiated, transferred cells were 

enriched using the tetramer pull-down method, as previously described (51). Depending 

on the donor/host combinations, donor cells were identified using expression of Thy1.1/ 

Thy1.2, CD45.2 and binding to Ova/Kb tetramer.   

 

In Vitro Culture 

Bulk thymocytes were incubated in 24-well plates at a concentration of 5x106 cells/ml. 

Cultures were either incubated with complete RPMI or supplemented with 10ng/ml rIL-7 

(R&D Systems, Minneapolis, MN). Cells were stained for CD8, CD4, and TCRβ prior to 

Annexin V staining (ebioscience).  

 

Flow Cytometry 

Donor and host cells were identified using Kb-OVA tetramer or by congenic markers 

along with CD8α (clone 53-6.7; Biolegend). Depending on the experiment, donor cells 

were identified with CD90.1 (clone HIS51; ebioscience), CD90.2 (clone 30-H12; 
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Biolegend), CD45.1 (clone A2; ebioscience), and CD45.2 (clone 104; ebioscience). The 

phenotype of donor cells was determined using antibodies for CD44 (clone IM7, BD 

Biosciences), CD122 (clone TM-β1; BD Biosciences), and CD127 (clone A7R34; 

ebiosciences). For in vitro stimulation assays, CD69 (clone H1.2F3; ebioscience) was 

used.  Flow cytometry was performed on an LSR II or FACSCalibur (BD Biosciences) 

and analyzed on FlowJo software (Treestar, Ashland, OR).  

 

Statistics 

When applicable, the data are expressed as the mean ± SD.  Unpaired, two-tailed 

Student’s t- test was performed to determine significance using Prism Version 4.0a 

software (GraphPad Software, La Jolla, CA). Differences were considered statistically 

significant when p-values were <0.05. Statistical significance is indicated as follows: * 

p< 0.05, ** p<0.01, *** p<0.001.  
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Chapter 3 Supplemental Figures 
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Supplemental Figure 3-1 Characterization of OT-I/DNRII. (A) The levels of CD44, 
CD122, CD127, and CD11a were determined for OT-I (n=2), OT-I/DNRII (n=3) 
of 10 week old littermates. MFI are indicated. The percentage of cells that are 
CD44 or CD122 positive are also indicated. (B) The number of CD8 T cells was 
determined in the spleen and lymph nodes of mice described in (A). (C)  CD44 
expression on donor OT-I/DN RII was evaluated prior to MACS purification. OT-
I/DN RII.B6 (N= 28) and OT-I/DN RII.Rag° (N=10) are indicated separately. (D) 
Comparison of OT-I.Rag° and OT-I/DN RII.Rag° littermates. The top panel 
indicates the percentage of Kb-OVA+CD8+ cells within the live gate. The middle 
panel and bottom panels indicate the percentage of CD44hi and CD122hi cells 
within the Kb-OVA+CD8+ gate, respectively.  

 
 
 

 
 
Supplemental Figure 3-2 CFSE dye dilution of OT-I and OT-I/DNRII in 

lymphopenic B6 and IL-15 KO hosts. OT-I and OT-I/DNRII were transferred 
either as single populations or as a co-transfer into sub-lethally irradiated B6 
(n=3) and IL-15 KO (n=3) mice. After 18 days, CFSE dilution was evaluated.  
Single and co-transfer experiments are each representative of at least 3 
experiments.   
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Supplemental Figure 3-3 Endogenous CD8+ T cell recovery in sub-lethally 

irradiated wild type mice.   Recovery of CD8 was evaluated 2, 3, and 4 weeks 
after irradiation and co-transfer of 1x10 6 total naïve OT-I and OT-I/DNRII.  

 

 
 
Supplemental Figure 3-4 OT-I/DN RII are maintained at an elevated frequency 
after host has refilled. OT-I Rag-/- and OT-I/DN RII Rag-/- were individually transferred 
into sub-lethally irradiated hosts and analyzed 3 and 12 weeks after transfer. OT-I/DN 
RII and OT-I/DN RII Rag-/- behave equivalently in response to lymphopenia.  
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Supplemental Figure 3-5 Similar sensitivity to high and low affinity TCR ligands by 
naïve OT-I and OT-I/DNRII CD8 T cells. (A)  CD44lo purified OT-I and OT-I/DN RII 
were incubated with the indicated peptide (left panels: SIINFEKL a high affinity ligand 
for the OT-I TCR; right panels, SIIGFEKL a low affinity ligand for the OT-I TCR) as 
either individual cultures (top panels) or co-culture (bottom panels).  Results are 
representative of at least 2 independent experiments.  
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Chapter 4 

Self-specific CD8+ T cells maintain a semi-naïve state following lymphopenia-

induced proliferation1 

                                                
1 Reprinted from the Journal of Immunology Volume 184, pp. 5604-5611, 2010, 
Johnson, LDS and Jameson, SC. “Self-specific CD8+ T cells maintain a semi-
naïve state following lymphopenia-induced proliferation”, Copyright 2010. The 
American Association of Immunologists, Inc.  
 



 

 

 

Abstract 
 
Upon transfer into T-cell deficient hosts, naïve CD8+ T cells typically undergo 

“lymphopenia-induced proliferation” (LIP, also called “homeostatic proliferation”), and 

develop the phenotypic and functional characteristics of memory CD8+ T cells.  

However, the capacity of T cells with self-peptide/MHC specificity to respond in this 

way has not been intensively studied.  We examined pmel-1 TCR transgenic CD8+ T 

cells which are specific for an epitope from gp100, a protein expressed by melanoma 

cells and normal melanocytes. Self-specific T cells could potentially be more efficient at 

homeostatic proliferation given their potential for autoreactivity. Despite their self-

specificity, naïve pmel-1 cells were inefficient at LIP in typical lymphopenic hosts.  In 

CD132 (common-γ chain) deficient hosts, pmel-1 CD8+ T cells underwent extensive 

proliferation but, surprisingly, the majority of these cells retained certain naïve 

phenotypic traits (CD44low, CD122low) , rather than acquiring the expected central-

memory phenotype.  Following LIP, pmel-1 T cells acquired the capacity to control 

B16F10 tumor growth, but only in common-γ chain deficient host mice.  Together, these 

data suggest that LIP does not always favor expansion of self-specific CD8 T cells, and 

that sustained extensive lymphopenia is required for such cells to exhibit tumor control.  



 

 
Introduction 
 
 In response to T-cell lymphopenia, most naïve T cells undergo a slow 

proliferative response termed homeostatic proliferation or lymphopenia-induced 

proliferation (LIP).  In addition to expansion, LIP induces naïve T cells to differentiate 

into memory-like cells, which display surface markers and functional properties similar 

to antigen primed central memory (TCM), despite the fact that LIP memory cells have not 

encountered foreign antigen (49, 56).  However, not all T cells undergo LIP, and it has 

been proposed that TCR affinity for self peptide/MHC ligands dictates whether, and to 

what extent, a T cell will respond to lymphopenic “space” (43, 44, 56, 117).  For 

example, use of TCR transgenic CD8 T cells reveals that cells bearing the OT-I, 2C and 

P14 TCR are efficient at LIP, while cells bearing the H-Y TCR are unable to undergo LIP 

at all in typical lymphopenic hosts, such as irradiated wild-type mice, (44, 118), but can 

be driven into LIP in the extreme lymphopenia of γC (CD132) deficient hosts (119). 

Based on the fact that the H-Y TCR induces inefficient thymic positive selection and 

naïve T cell survival, it has been proposed that the failure of these cells to undergo LIP 

reflects scarcity or poor engagement with suitable self-peptide/MHC ligands.  However, 

this has not been directly tested using T cells with known self-specificity.    

 CD8 T cells expressing the pmel-1 TCR transgene have been extensively studied 

for their capacity to control syngeneic melanoma in B6 mice (53, 120, 121).  This TCR is 

specific for an epitope in gp100, a protein produced by melanocytes but overexpressed in 

melanoma (120).  Adoptive cell immunotherapy using activated pmel-1 CD8 T cells 

allows control of established melanoma, but this requires induction of extensive 
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lymphopenia in the host animal (122).  Efficient activation of pmel-1 also leads to overt 

self-reactivity, as revealed by induction of normal melanocyte death (vitiligo).  As pmel-1 

has a self-specific TCR, it was possible that these cells would exhibit enhanced or altered 

homeostatic characteristics in lymphopenic hosts.  However, the capacity of naïve pmel-1 

cells to undergo LIP in lymphopenic hosts has not been carefully studied.   

 We found that, despite their intrinsic self-reactivity, naïve pmel-1 CD8 T cells 

undergo very inefficient LIP in conventional lymphopenic models.  Interestingly, this 

correlates with the phenotype of pmel-1 cells, which resembles H-Y TCR transgenic 

cells.  Extensive pmel-1 LIP could be induced in highly lymphopenic CD132-deficient 

hosts but, surprisingly, these cells did not acquire a typical memory phenotype and 

upregulate CD44 and CD122.  Furthermore, although LIP promoted the capacity of pmel-

1 to control B16F10 melanoma, this response required sustained extreme lymphopenia in 

the host.  These unusual responses of pmel-1 leads to the surprising conclusion that at 

least some self-specific CD8 T cells are unfavored for expansion in lymphopenic 

conditions. We also conclude that differentiation toward a memory phenotype is not an 

automatic consequence of extensive naïve T cell proliferation, nor is it indicative of a 

functional response.   

 



 

  65 

 

Results 

 

Pmel-1 undergo modest LIP in irradiated wild-type hosts.  

 

Given that pmel-1 CD8+ T cells express a self-specific TCR, it might be expected to 

promote expansion in a lymphopenic host (a process driven by recognition of self 

peptide/MHC (105).  On the other hand, published studies suggested pmel-1 T cells 

failed to proliferate when transferred into Rag-/- recipients (123), yet this was measured at 

an early time point (4 days) and assessed in tumor bearing hosts, leaving the question of 

conventional LIP unresolved.  In order to directly test the ability of naïve pmel-1 to 

undergo LIP, we adoptively transferred CD44low Rag-/- pmel-1 CD8 T cells into sub-

lethally irradiated C57BL/6 hosts, and allowed them to homeostatically proliferate for 

either10 days for 6 weeks (Fig 4-1a, top panels).  Limited proliferation, as measured by 

CFSE dye dilution, was observed at 10 days and no further cell division was observed by 

6 weeks.  This was unexpected given the rapid LIP exhibited by most TCR transgenic 

and polyclonal CD8 T cells (57).  Furthermore, we observed minimal upregulation of 

CD44 by pmel-1 cells exposed to this lymphopenic environment (Fig 4-1a), suggesting 

ineffective conversion of naïve to “homeostatic” memory cells.  We and others have 

reported that cytokines and cytokine complexes, such as IL-12, IL-15 and IL-15/IL-15Rα 

can augment LIP of naïve CD8 T cells (64, 66, 103).  However, we observed minimal 

enhancement of pmel-1 cell proliferation or CD44 upregulation by these treatments (Fig 
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4-1a,b).  Similar poor proliferation of naïve Rag-/- pmel-1 CD8 T cells was observed in 

Rag-/- deficient hosts (data not shown), suggesting that these findings were not exclusive 

to the sub-lethal irradiation model of lymphopenia.  These studies used Rag-/- pmel-1 T 

cells:  analysis of CD8 T cells from Rag+ pmel-1 mice revealed slightly enhanced LIP 

(Supplementary Fig 4-1a), but the naïve population from these animals includes T cells 

which fail to bind mgp100/Db multimers (Supplementary Fig 4-1b) and hence may 

express TCRs derived from endogenous rearrangements.  For this reason, further 

experiments utilized Rag-/- pmel-1 CD8 T cells.    
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FIGURE 4-1 pmel-1 undergo limited homeostatic proliferation in irradiated wild-
type hosts. (A) Pmel-1.Rag T cells were isolated from lymph nodes and spleens 
and further purified by MACS negative selection for CD44low CD8+. After CFSE 
labelling, pmel-1.Rag were injected into irradiated B6 hosts.  For indicated 
animals, recombinant IL-12 was administered on days 1, 2 and 3 after adoptive 
transfer.  CFSE dilution of donor T cells (upper panels) and CD44 expression 
levels on donor and host CD8 T cells (lower panels) was assessed in the spleen at 
10 days and 6 weeks after adoptive transfer. (B) Naïve pmel-1 were adoptively 
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transferred into irradiated B6 mice. One day after transfer, mice were given i.v 
injections of either PBS, IL-15 or, IL-15/Rα. Lymph nodes were harvested 3 
weeks later and CFSE dilution of donor T cells (upper panels) and CD44 
expression levels on donor and host CD8 T cells (lower panels) was assessed.  
Results are representative of 3 independent experiments.  In all cases, donor cells 
were identified by Thy-1 congenic markers.   

 

Pmel-1 Express High Levels of CD8α and Low Levels of CD5 correlating with poor 

LIP Potential 

 Previous studies have suggested that the capacity of TCR transgenic CD8 T cells 

to undergo LIP may correlate with their expression levels of CD5, CD8 and/or CD127 

(IL-7Rα) (117, 124).  These parameters were analyzed for naïve pmel-1 CD8 T cells, in 

comparison with OT-I and female H-Y TCR transgenic T cells, which exhibit strong and 

weak LIP respectively (44, 48, 125). Polyclonal B6 naïve CD8 T cells were included as a 

control.  We found an inverse correlation between expression levels of CD5 and CD8α 

(Fig 4-2a) and expression levels of CD8α and CD127 (Fig 4-2b) in these populations.  

Interestingly, these patterns of cell surface expression (especially high CD5 and low 

CD8α expression) correlate with the ability of the naïve T cell populations to undergo 

LIP (Fig 4-2a), as determined from our studies (Fig 4-1) and published reports (44, 48, 

125).  Whether and how these expression characteristics dictate the LIP potential of naïve 

CD8 T cells is not yet clear, but these data suggested the poor proliferative capacity of 

pmel-1 could have been predicted by its clustering with H-Y female TCR transgenic T 

cells using these markers.  It will be interesting to see whether CD5, CD8α and IL-7Rα 

expression levels correlate with LIP in additional TCR transgenic systems.    
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Figure 4-2 Similar expression of CD5, CD8α and CD127 on naïve pmel-1 T cells and 
female H-Y TCR transgenic T cells. B6, OT-I.Rag, HY.Rag female, and pmel-
1.Rag lymph nodes were harvested from naïve mice and analyzed for CD5, CD8α 
and CD127 (IL-7Rα ) expression levels.  (A) Expression levels of CD5 versus 
CD8α, (B) Expression levels of CD127 versus CD8α.  Each point represents an 
individual mouse and is representative of 3 independent experiments. Linear 
regression analysis in (A) is based on HY.Rag, OT-I.Rag, and B6.  Also included 
in (A) is an indication of LIP potential of the different T cell populations studied.   
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Pmel-1 acquire a unique semi-naïve phenotype after rapid proliferation in 

Common-γ chain deficient Hosts 

 

 Although female H-Y TCR transgenic CD8 T cells also show poor LIP in typical 

lymphopenic hosts (44, 48), a recent report showed that, when transferred into CD132 

(“Common-γ chain”)-deficient hosts, naïve H-Y TCR transgenic CD8 T cells undergo 

extensive LIP, including upregulation of memory markers (119).  CD132- animals are 

massively lymphopenic, lacking B, NK, and CD8 cells, although they retain a population 

of host CD4 T cells (54).  Given the similarities we observed in the LIP potential and 

phenotype of naïve H-Y and pmel-1 CD8 T cells, we next tested whether pmel-1 LIP was 

enhanced in CD132- hosts.  Indeed, in CD132- recipients, naïve pmel-1 underwent 

extensive cell division, as evidenced by CFSE dye dilution (Fig 4-3a).  Furthermore, the 

proliferation and accumulation of pmel-1 in these hosts was similar to that of OT-I T 

cells (Fig 4-3a,b).  Interestingly, while OT-I cells underwent LIP in both CD132- and 

CD132-/Rag- hosts, pmel-1 proliferation was minimal in the CD132-/Rag- recipients 

(Supplementary figure 4-2), suggesting a role for residual host lymphocytes in this 

model.   

 Surprisingly, while LIP of OT-I T cells in CD132- hosts was accompanied by the 

expected upregulation of the memory marker CD44 and retention of CD62L, the majority 

of proliferating pmel-1 retained a CD44low phenotype (Fig 4-3a,c), and a significant 

proportion of these cells were low for CD62L (Fig 4-3c).  This phenotype was not 
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correlated simply with the extent of cell division, since CFSE dye dilution was extensive 

regardless of pmel-1 phenotype (Fig 4-3d).   

 

 

FIGURE 4-3 Pmel-1 rapidly expand in Common-γ chain Deficient (CD132-) Hosts 
(A) Naïve phenotype Rag-/- OT-I or Rag-/- pmel-1 T cells were CFSE labels and 
transferred into CD132- hosts.  One week later, spleens were harvested and donor 
cells studied. (A) Shows CFSE dye dilution and CD44 expression levels on OT-I 
and pmel-1 cells.  Percentages indicate frequency of CD44hi donor cells. (B) 
Recovery of OT-I and pmel-1 donor cells. (C) Donor cells from a different 
experiment were analyzed for CFSE dye dilution, CD44 and CD62L expression 
on donor OT-I and pmel-1 T cells.  In (D) the pmel-1 population described in (C) 
were gated on CD44/CD62L phenotypic subsets (as indicated) and CFSE dye 
dilution of each group was assessed.  Data are representative of at least 3 
independent experiments.  
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 The unusual CD44low phenotype of the LIP expanded pmel-1 pool could simply 

reflect an inability of pmel-1 cells to upregulate CD44 after any stimulation.  However, 

previous studies have shown CD44 upregulation on antigen activated pmel-1 (126), and 

we confirmed this result by priming pmel-1 in vivo with vaccinia virus expressing the 

stimulatory hgp100 antigen (Fig 4-4a).  It was also possible that the CFSElow CD44low 

pmel-1 pool was derived from co-transferred stem cells, which would have developed in 

the thymus and been exported as naïve phenotype, dye-diluted cells.   This is unlikely, 

since we assessed LIP at 7-days, before a cohort of precursors could have been exported, 

and we failed to observe CD8 SP in the thymii of the host mice (data not shown).  

 Two previous studies have reported a population of mature CD8 T cells that, 

despite extensive proliferation, failed to upregulate CD44 (127, 128).  In both cases, the 

stem-cell antigen-1 (Sca-1) was used to differentiate proliferated CD44low T cells from 

naïve (127, 128). Sca-1 has been used as a useful marker of virus-specific memory cells, 

although there is no attributed function on CD8 T cells (129).  Intriguingly, we found that 

the pmel-1 population which had expanded in CD132- hosts had indeed upregulated Sca-

1, to similar levels as antigen primed memory pmel-1 (Fig 4-4a). 
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FIGURE 4-4 Pmel-1 bear some markers of memory-phenotype cells after LIP in 
Common-γ chain Deficient Hosts.  (A) Naïve pmel-1 cells were transferred into 
CD132o hosts and analyzed one week later.  For comparison, conventional 
memory pmel-1 T cells were generated by transfer of naïve pmel-1 T cells into B6 
hosts, followed by priming with VV-hgp100 and assay >60 days later.  
Expression levels of CD44 and Sca-1 are shown for both populations, in 
comparison with naïve pmel-1 cells.  In (B) naive pmel-1 and OT-I were 
transferred into CD132- hosts for 1 week and their ability to produce TNF and 
IFN-γ after in vitro peptide stimulation was assessed.  For comparison, the 
response of freshly isolated naïve pmel-1 and OT-I cells is also shown. Data are 
representative of 2 independent experiments.  
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It has been previously demonstrated that LIP induces cells which are able to 

function as memory cells, with the characteristic ability to produce IFN-γ upon in vitro 

stimulation with antigen (49). We confirmed this finding with OT-I T cells, which had 

undergone LIP in CD132- hosts (Fig 4-4b).  Interestingly, despite their lack of CD44 

upregulation, pmel-1 cells which had expanded in CD132- hosts attained a similar 

capacity to make IFN-γ.  Naïve pmel-1 and OT-I produced TNF-α but not IFN-γ upon 

cognate antigen stimulation (Fig 4-4b), as expected.  Taken together, these data suggest 

that, despite their CD44low phenotype, pmel-1 cells which undergo LIP in CD132- hosts 

express memory-like functions.   

 

 Memory phenotype CD8 T cells (whether generated by antigen-driven responses 

or LIP) typically upregulate IL-2Rβ (CD122) and show heightened responsiveness and 

dependence on IL-15 for survival (49, 56, 67).  Such upregulation was clearly seen on 

OT-I T cells undergoing LIP in CD132- hosts, but in contrast, LIP of pmel-1 lead to 

modest elevation of CD122 expression (Fig 4-5a).  Indeed, the CD122 levels expressed 

by LIP pmel-1 cells were lower than that of polyclonal CD8 memory-phenotype cells, 

and more closely resembled those on memory-phenotype CD4 T cells (Fig 4-5b).  This is 

potentially significant for understanding the poor LIP of pmel-1 cells in conventional 

lymphopenic hosts since it has been shown that IL-15 driven LIP of CD4 memory cells is 

inefficient when CD8+ and NK cells are present, likely to due to competition for IL-15 
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(130). These low levels of CD122 on both naïve and LIP pmel-1 cells may also explain 

the poor response of pmel-1 cells to IL-15/Rα complex treatment (Fig 4-1b).  

 

FIGURE 4-5 Pmel-1 do not upregulate CD122 (IL-2Rβ) extensively in CD132- 
Hosts. (A) Expression of CD122 is shown on OT-I and pmel-1 one week 
following transfer into CD132o hosts.  CD122 expression levels on freshly 
isolated naïve pmel-1 and OT-I cells shown for comparison. (B) CD122 
expression levels on pmel-1 cells isolated one week after transfer into CD132o 
hosts is compared to CD122 levels on CD44lo or CD44hi polyclonal splenic CD4+ 
or CD8+ T cells from naïve B6 mice. Data are representative of at least 3 
independent experiments.  

 

 

 

 

 



 

  76 

Pmel-1 Require Sustained Lymphopenia for Homeostatic Proliferation 

 

 Typical memory phenotype CD8 cells are able to undergo rapid proliferation in 

lymphopenic hosts (49, 56, 111).  However, LIP of pmel-1 cells induced some but not all 

memory phenotype features, hence it was unclear whether expansion of these cells in a 

CD132- host imbued them with the capacity to expand in more conventional lymphopenic 

environments.  To test this we recovered pmel-1 or OT-I cells which had undergone LIP 

for 7 days in a CD132- host, labelled the cells with CFSE and the adoptively transferred 

the populations into CD132- or sub-lethally irradiated B6 hosts. After one week, CFSE 

dilution was evaluated.  While LIP OT-I cells underwent extensive expansion in both 

adoptive hosts (Fig 4-6a,b), LIP pmel-1 cells proliferated only in the secondary CD132- 

hosts, failing to proliferate (Fig 4-6a) or accumulate (Fig 4-6b) in the irradiated B6 host.  

Furthermore, the continued proliferation of pmel-1 LIP cells in secondary CD132- hosts 

failed to change their CD44lo phenotype (Fig 4-6a, right panel).  These results indicate 

that even after LIP in a CD132- environment, pmel-1 cells behave like their naïve 

counterparts in their inability to expand in a conventional lymphopenic environment, 

further suggesting that these cells fail to compete efficiently for homeostatic cues.   
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FIGURE 4-6. Pmel-1 requires the unique environment of common- γ chain deficient 
hosts for sustained homeostatic proliferation.  Naïve pmel-1or OT-I (1x106) 
were transferred into CD132o mice and allowed to proliferate for one week. 
Spleens were harvested and the cells CFSE labeled, followed by transfer (of 
1x106 donor cells) into either CD132- or sub-lethally irradiated B6 mice as 
secondary hosts. (A) CFSE dilution (left panel) and CD44 and CD62L expression 
(right panel) was evaluated on donor cells.  (B) shows recovery of pmel-1 and 
OT-I donor. Experiment is representative of 3 independent experiments.  
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Sustained LIP of pmel-1 allows for control of Established B16F10 Tumors  

 

 Our data suggested that pmel-1 cells could undergo LIP in certain lymphopenic 

hosts, but that these cells retained some features of naïve CD8 T cells.  This raised the 

question of whether LIP pmel-1 cells were capable of controlling tumor growth.  Initial 

experiments tested control of B16F10 tumor cells injected into animals, which had 

already received pmel-1 cells.  Transfer of naïve pmel-1 cells into CD132- hosts 

prevented B16F10 growth (Supplementary Fig 4-3a), but irradiated B6 mice given pmel-

1 cells (either naïve or LIP pmel-1 recovered from primary CD132- hosts) failed to grow 

tumors at all (Supplementary Fig 4-3b).  These data suggested LIP of naïve pmel-1 was 

sufficient to eliminate tumors, but these experiments test the capacity of pmel-1 to control 

melanoma in a prophylactic rather than in a therapeutic assay.  To assess whether LIP 

pmel-1 cells were capable of controlling established tumors, we injected B16F10 cells 

into B6 or CD132- animals and allowed the tumor to grow for 6 days.  At this point, LIP 

pmel-1 were harvested after expansion in primary CD132- hosts, and transferred into the 

tumor bearing hosts.  To be consistent between the groups, all recipient mice were given 

a sublethal dose of irradiation prior to pmel-1 transfer.  In addition, some mice received 

hgp100 peptide and αCD40 one day after T cell transfer, to yield antigen primed pmel-1 

cells.  LIP pmel-1 were ineffective at controlling tumor growth when transferred into 

irradiated B6 mice, and this situation was only modestly enhanced by peptide vaccination 
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(Fig 4-7a).  These data parallel reports by others using in vitro activated pmel-1 CTL 

rather than LIP pmel-1 cells (53, 120, 121).  However, LIP pmel-1 transferred into 

CD132- provided effective tumor control, whether or not the hosts were vaccinated (Fig 

4-7a).  Interestingly, localized vitiligo was observed around the tumor injection site of 

both vaccinated and unvaccinated CD132- hosts (data not shown).  These data suggested 

that continued LIP of pmel-1 was sufficient to promote tumor clearance, and prompted 

the question of what impact peptide priming had on pmel-1 phenotype, numbers and 

function.  After tumor control in CD132- hosts, pmel-1 isolated from the spleen of 

hgp100 peptide vaccinated hosts were almost exclusively CD44hi, while those from the 

unvaccinated group retained a substantial fraction of CD44lowCD62Lhi naïve phenotype 

cells, suggesting not all these cells had encountered tumor antigen (Fig 4-7b).  However, 

total numbers of pmel-1 in the spleen of vaccinated mice were only slightly higher than 

unvaccinated animals, indicating that the vaccination had played a relatively small role in 

expanding the pmel-1 pool (Fig 4-7c). Recovery of pmel-1 from the spleen indicated that 

the transferred cells were able to make IFN-γ, TNF-α, and express LAMP at the cell 

surface upon in vitro stimulation with cognate peptide mgp100, although unvaccinated 

mice were slightly better at producing cytokine IFN-γ and TNF-α (Fig 4-7d). However, 

when IFN-γ, ΤΝF-α, and LAMP triple expression was assessed, the vaccinated and LIP 

pmel-1 were equivalent.  Thus, given a sustained lymphopenic environment, LIP was 

sufficient to promote melanoma control by pmel-1 cells, and deliberate antigen priming 

only modestly enhanced this response.   
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FIGURE 4-7 Pmel-1 are able to control established B16F10 melanoma in the 
absence of vaccination. One week after transfer into CD132o hosts, 1x106 pmel-1 
were isolated and adoptively transferred into irradiated B6 or CD132o mice 
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bearing established B16F10 tumors. One day after transfer, some mice received 
vaccination with hgp100 peptide and αCD40. (A) Tumor area was monitored by 
measured the length and width of the tumors at the time points indicated.  Graphs 
end when animals were sacrificed because of tumor outgrowth.  (B) Expression 
levels of CD44 and CD62L on pmel-1 in either unvaccinated or vaccinated 
CD132° spleens were determined at day 40. (C) Cell recovery of pmel-1 from the 
spleens of unvaccinated or vaccinated mice at day 40. (D) Splenocytes from 
unvaccinated or vaccinated CD132° mice were stimulated with mgp100 for 6 
hours to determine IFN-γ and TNF-α production and surface expression of 
LAMP. The bottom panel represents the percentage of cells that are IFN-γ+TNF-
α+ or IFN-γ+TNF-α+LAMP+. Data are presented as the mean ± SD. Data are 
representative of two independent experiments.  

 

 

Materials and Methods 
 
Mice. C57BL/6 were purchase from the NCI. Pmel-1 TCR Tg were purchased from 

Jackson Laboratory (Bar Harbor, Maine) and crossed onto a Rag 1-/- Thy1.1 background. 

Common-γ chain deficient, Rag-/- deficient mice were purchased from Taconic 

(Germantown, NJ) and were maintained or crossed onto a wild-type background. 

HY.Rag-/- were also purchased from Taconic. OT-I Rag-/- mice are maintained in our 

colony (10).  Mice were bred and maintained under specific pathogen-free conditions at 

the University of Minnesota (Minneapolis, MN).  Experiments were conducted with 

approval by the University of Minnesota Institutional Animal Care and Usage 

Committee. 

 

Tumors. The melanoma B16F10 were maintained at 37°C with 5.5% CO2 in DMEM 

supplemented with 10% FCS, non-essential amino acids, penicillin, streptomycin, 

gentamicin sulfate, 2-mercaptoethanol, L-glutamine, and HEPES. Aliquots were thawed 
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and grown for one week prior to injecting into mice. Cells were passed one day prior to 

injection. Tumors were trypsinized and washed once in HBSS and once in PBS to 

remove FBS. Cells were suspended at 2x106 cells/ml. Mice were anesthetized prior to 

receiving 100µl of B16F10 suspension subcutaneously in the flank. Tumor size was 

assessed by measuring the greatest length and width to determine area. Animals were 

euthanized when the tumor reached > 400 mm2, the tumor was necrotic, or the animals 

appeared moribund. 

 

Isolation of Tumor Infiltrating Lymphoctyes. Subcutaneous tumors were removed and 

digested with 2mg/ml Collagenase D (Roche, Mannheim, Germany) for 45 minutes at 

37°C. Digested tissue was then passed through 35µM filters. TIL were isolated by density 

centrifugation at room temperature using 80% and 40% Percoll (GE Healthcare, 

Piscataway, NJ). The interface was isolated and washed twice with PBS prior to staining 

and in vitro stimulation.  

 

Adoptive Transfer of T cells. CD44low OT-I or pmel-1 were purified by negative 

selection using MACS columns (Miltenyi Biotec, Bergisch Gladbach, Germany) as 

previously described (103). Cells were labeled with carboxyfluorescein diacetate 

succinimidyl ester (CFSE) as described (104). 1x106 cells injected either via tail vein or 

retro-orbital injection.  For adoptive transfer of cells that had already undergone HP, 

spleens were harvested and the percentages of donor cells were determined by congenic 

marker (pmel-1) or Kb-OVA tetramer staining (OT-I). Cells were then CFSE labelled 



 

  83 

and a sufficient number was transferred so that 1x106 donor cells from the original host 

were injected.  

 

Recombinant cytokine Treatment  

Murine IL-15 or IL-15 complexed to its receptor was given one day after adoptive 

transfer of pmel-1. Recombinant mouse IL-15Rα-Fc chimeric molecule (R&D Systems, 

Minneapolis, MN) was complexed with IL-15 by suspending both in PBS and incubating 

for 30 minutes at 37°C. Each mouse was injected with 2.5µg of IL-15, or the same 

amount of IL-15 complexed with 15µg of IL-15Rα-Fc.  In other experiments, mice were 

treated with recombinant IL-12 (1µg in a total volume of 200µl PBS, administered via tail 

vein injection) (R&D Systems) on days 1, 2 and 3 after adoptive transfer of pmel-1 into 

sub-lethally irradiated hosts.  

 

Viral Infection. Vaccinia virus encoding the human epitope of gp100 (VV-hgp100) was 

a kind gift of Dr. Restifo (NCI, Bethesda, MD). Mice were infected with 2x106 PFU i.p 

one day after transfer of 4x104 naïve pmel-1 into wild-type hosts. Mice were bled at day 5 

to check for expansion of pmel-1. Spleens were harvested >2 months after infection and 

CD90.1 was used to determine VV-hgp100 memory CD8+ T cells.  

 

Vaccination of Tumor Bearing Mice. Mice that had received subcutaneous B16F10 

were given low dose irradiation (420 cGy) one day prior to receiving 1x106 pmel-1 that 

had been isolated from CD132° host spleens. Twenty-four hours after adoptive transfer, 
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some mice received 1µg hgp100 (KVPRNQDWL) and 53.8µg of αCD40 (FGK4.5, 

BioXcell, West Lebanon, NH) in a total volume of 200µl PBS via retro-orbital vein.  

 

Flow Cytometric Analysis. FACS analysis was performed on a LSRII with BD FACS 

Diva software (BD Biosciences, San Jose, CA). Data analysis was performed using 

FlowJo software (Treestar, Ashland, OR). For in vitro stimulation assays, cells were 

stimulated in cDMEM/10%FBS with or without peptide for 6 hours in the presence of 

GolgiStop (BD Biosciences) in 96-well round bottom plates. For pmel-1 stimulation 

1µg/ml of mgp100 peptide (EGSRNQDWL) was used. OVAp (SIINFEKL) was used at a 

final concentration of 250nM for OT-I. Cells were then washed and surface stained prior 

to fixation and permeablilization and staining for IFN-γ and TNF-α. For surface detection 

of LAMP, CD107a and CD107b conjugated to FITC (BD Biosciences) were included 

during peptide stimulation.  

 

Statistics 

When applicable, the data are expressed as the mean ± SD.  Unpaired, two-tailed 

Student’s t- test was performed to determine significance using Prism Version 4.0a 

software (GraphPad Software, La Jolla, CA). Differences were considered statistically 

significant when p-values were <0.05. Statistical significance is indicated as follows: * 

p< 0.05, ** p<0.01, *** p<0.001. 
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Discussion 

 Central tolerance mechanisms delete highly self-reactive clones, limiting the 

potential for autoimmunity.  However, some self-reactive clones do persist and these cells 

may be kept in check by antigen ignorance and/or peripheral tolerance mechanisms.  

Indeed, the pmel-1 TCR was originally identified from melanoma infiltrating 

lymphocytes.  It was found to bear a receptor specific for a self peptide (derived from 

mgp100, recognized in the context of Db), and suitably activated pmel-1 T cells have 

been shown to be capable of responding to normal self tissue, manifest as vitiligo (120).  

Given that the reduced constraints in a lymphopenic environment might be expected to 

favor expansion of self-reactive T cells, we were initially surprised to observe very 

limited proliferation of pmel-1 cells in lymphopenic hosts (Fig 4-1).  Furthermore, we 

found that naïve pmel-1 cells were CD5low, CD127low, CD8high, a phenotype which was 

previously observed for female H-Y TCR transgenic T cells and was associated with 

inefficient LIP (117, 124).  It is interesting to contrast this with the CD8low, CD127high 

phenotype of male H-Y TCR transgenic T cells (124), which are known to be exposed to 

stimulatory self- antigen.  Earlier studies proposed that the phenotypic traits and poor LIP 

of H-Y TCR T cells was due to a poor affinity for self peptide/MHC ligands expressed in 

the host (117, 124), but this seems unlikely to account for the impaired LIP of pmel-1 

which can be overtly activated by self mgp100/Db (120).  Instead, our data might suggest 

naïve pmel-1 TCR transgenic T cells are ignorant of stimulatory self peptide/MHC 

ligands, potentially due to the fact that gp100 expression is restricted to the skin.  

Immunologic ignorance is known to be a key mechanism in preventing some forms of 
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autoimmunity, as is well documented by studies on LCMV-specific TCR transgenic 

animals which also express the target antigen in the pancreas (131).  Alternatively, pmel-

1 may have undergone some form of active tolerance following exposure to gp100 during 

development or homeostasis (as has previously been proposed (120)).  Future studies in 

which gp100 expression is manipulated (e.g. by gene disruption or transgenic expression 

for broader tissue distribution) would allow for better dissection of these possibilities.  In 

any case, our data reinforce the concept that the capacity of CD8 T cells to undergo LIP 

in conventional lymphopenic hosts is predictable by the CD5, CD8 and CD127 

phenotype of the naïve cells.   

 Further supporting similarities with female H-Y TCR transgenic T cells (119), we 

found that pmel-1 undergo vigorous LIP in common-γ chain deficient hosts.  However, 

despite extensive proliferation, the pmel-1 showed the unusual feature of being CD44low, 

in contrast with the substantial upregulation of CD44 observed in most situations of LIP 

(56), including OT-I cells which expand in CD132- hosts (Fig 4-3) (119).  Pmel-1 cells, 

which expand in a CD132- host, were also CD122int, more similar to the expression levels 

seen on memory CD4 T cells rather than memory CD8 T cells.  On the other hand, LIP of 

pmel-1 did result in other hallmarks of memory CD8 T cells, including upregulation of 

Sca-1 and the capacity to rapidly express IFN-γ following activation, similar to OT-I cells 

analyzed in parallel.  The basis for the atypical phenotype of pmel-1 cells following LIP 

is unclear.  Two previous reports described CD8+ T cells that are phenotypically naïve, 

as characterized by CD44 expression, but are antigen experienced by virtue of CFSE 

dilution and high levels of Sca-1 (127, 128). Restifo and colleagues have shown that 
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mimicking Wnt signalling during in vitro stimulation results in limited expression of 

CD44low, but that these cells are Sca-1hi and go on to protect against established B16F10 

(128). A recent study also suggests that constitutive Wnt signalling promotes 

establishment of a larger memory pool, although the CD44 phenotype of these cells was 

not reported (132).  Our studies focused on LIP rather than antigenic stimulation in 

production of pmel-1 proliferation, making it difficult to directly compare these systems.  

However, it is interesting to speculate that LIP in the CD132-environment may more 

efficiently stimulate Wnt signaling, leading to the CD44low phenotype of pmel-1 cells.  

Nevertheless, such explanations would have to reconcile the fact that CD44 is 

upregulated by OT-I T cells in CD132- hosts, indicating that the host environment is not 

the only determinant of the CD44low LIP phenotype.  Furthermore, there appears to be an 

important contribution of residual host lymphocytes to the expansion of pmel-1 CD8 T 

cells in CD132- hosts, since pmel-1 T cells failed to proliferate in CD132-/Rag- hosts.  

The nature of this contribution by host T and/or B cells is unclear, but it has previously 

been noted that a population of CD4 T cells with activated phenotype appear in such 

mice (55).  Further studies will be needed to identify whether these host cells are relevant 

for establishing essential lymphoid architecture, or generation of factors which support 

pmel-1 expansion.   

 

Ramsey et al. suggest that increased levels of IL-15 in the CD132- host play an 

important role in driving homeostatic proliferation (119). The finding that pmel-1 

undergoing LIP do not upregulate CD122 to the same extent as OT-I and polyclonal CD8 
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memory T cells may account for the inability of pmel-1 to expand in a conventional 

lymphopenic host, where residual endogenous CD8 and NK cells would compete for IL-

15. In CD132- hosts, the lack of common-γ chain signaling resulting in severe 

lymphopenia and increased availability of IL-15, provides an ideal environment to 

facilitate homeostatic proliferation of pmel-1.  Even following LIP in CD132- hosts, we 

found that pmel-1 cells were inefficient at proliferating in an irradiated host (Fig 4-6), yet 

continued to proliferate extensively in a secondary CD132- environment.  This may 

further indicate that the cells are unable to compete with other lymphocyte populations 

for suitable resources.  This correlated further with the inability of post-LIP pmel-1 cells 

to protect against B16 melanoma in irradiated recipients.  

 
 The use of T cells specific for non-mutated tumor associated antigens is at its 

most basic targeted autoimmunity.  Hence, it made sense to use a tumor model to 

determine if homeostatically proliferated self/tumor-specific CD8 could be useful. Brown 

et al. had suggested that homeostatic proliferation alone was sufficient to promote tumor 

rejection using the 2C TCR Tg and P815 mastocytoma (36).  However, the 2C TCR is 

capable of strong LIP (117), potentially allowing for efficient generation of tumor 

controlling cells. In addition, Brown et al. tested rejection of an allogeneic tumor, while 

we have focused on a syngeneic model.   Our results indicate that sustained lymphopenia 

(specifically, the extreme lymphopenia of a CD132- host) is needed for naïve pmel-1 to 

gain the ability to control established B16F10 melanomas.  While this does confirm that 

LIP alone can promote generation of CD8 T cells capable of tumor elimination, the data 
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also highlight that the threshold for efficient induction of this response may be very high 

for T cells bearing certain self-reactive TCR.  
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Chapter 4 Supplemental Figures 
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SUPPLEMENTAL FIGURE 4-1 Pmel-1.B6 have Endogenous Rearrangements that 
may Facilitate Homeostatic Proliferation. (A) CD44low CFSE labelled OT-I and pmel-1 
(both on a B6 background) were adoptively transferred into Rag° hosts. After 10 days, 
spleens were harvested, donor cells were identified by congenic marker and CFSE 
dilution was assessed. (B) Naïve pmel-1.B6 were assessed for CD44, Vβ13, and mgp100-
Db. Plots are gate on CD8+.  
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SUPPLEMENTAL FIGURE 4-2 CD132-.B6 mice support homeostatic proliferation 
of naïve pmel-1. Naïve, CFSE labeled OT-I or pmel-1 (1x106) were adoptively 
transferred into CD132-deficient hosts either on a Rag-deficient or wild-type background. 
One week post-transfer CFSE dilution was assessed in the spleens of host mice. Donor 
cells were identified by Kb-OVA (OT-I) or Thy1.1 staining (pmel-1).  
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SUPPLEMENTAL FIGURE 4-3 Pmel-1 do not control B16F10 in irradiated B6 
mice. (A) Naïve pmel-1(1x106) were injected into CD132- hosts. One week later, mice 
were challenged with 2x105 B16F10 injected subcutaneously.Tumor growth was then 
assessed. (B) Naïve pmel-1 or pmel-1 that had undergone homeostatic proliferation in a 
CD132- host were adoptively transferred into B6 mice that had been sub-lethally 
irradiated one day previously. 2x105 B16F10 were injected subcutaneously one day later 
and tumor growth was assessed.  



 

 

Chapter 5 

Discussion 



 

 

 The factors that promote homeostatic proliferation of naïve CD8+ T cells have been 

well defined, however less is known about factors that regulate or impair HP (106). We 

examined the effect of TGF-β signaling on naïve CD8+ T cell lymphopenia induced 

homeostatic proliferation and found that TGF-β slows HP. Another study investigated the 

characteristics of self-specific CD8+ T cells during homeostatic proliferation. We show 

that self-specific CD8+ T cells have limited ability to undergo homeostatic proliferation 

due to inability to compete with other CD8+ T cells for access to cytokines, notably IL-

15.  In the context of tumor immunotherapy, each element that influences the ability of 

CD8+ T cells to undergo lymphopenia-induced proliferation provides insight into how 

immunotherapies may be modulated for maximum benefit.  

 

Sensitivity to TGF-β 

 TGF-β has been implicated both as a tumor suppressor and tumor promoter and has 

multiple effects on lymphocyte function and differentiation (133). It is clear T cells are 

able to mount a more effective anti-tumor response in the absence of TGF-β (94, 134).  

These studies highlight the ability of TGF-β to dampen the immune response by evading 

regulatory elements within the tumor environment. However, the effect of TGF-β 

sensitivity on homeostatic proliferation of CD8+ T cells had not been investigated. Our 

studies highlight how TGF-β influences reactivity to the elements typically required for 

homeostatic proliferation: lymphopenia, self peptide/MHC, IL-7 and IL-15. The 

advantage that DNRII have during homeostatic proliferation is most evident at late stages 

HP, typically when wild-type CD8+ T cells have stopped proliferating. We show in 
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Chapter 3 that insensitivity to TGF-β also diminishes CD8+ T cell requirements for 

access to survival cytokines IL-7 and IL-15 (Fig 3-4). In an environment such as a TGF-β 

rich tumor site, this decreased dependence on survival cytokines may be key in 

effectively destroying stromal and tumor cells without undergoing apoptosis. This benefit 

is highlighted in experiments where tumor cells were modified to express IL-15 and are 

consequently rejected at a higher frequency than unmanipulated tumors (135, 136).  

 In contrast to HP DNRII, antigen-primed DNRII memory CD8+ T cells do not have 

an increased frequency compared to wild-type CD8+ T cells and perhaps most 

importantly, they do not appear to have an advantage upon re-challenge. Concerns over 

long-term, systemic use of TGF-β blocking agents have been allayed by studies in mice 

where they do no develop autoimmune disease (137).  However, the effect of loss of 

TGF-β blockade has not been thoroughly tested in the course of multiple interactions 

with pathogens. Levels of TGF-β in serum increase upon infection roughly consistent 

with the peak of the CD8 effector response (86) and blockade of TGF-β during Listeria 

infection has been shown to be lethal (98).  Our results suggest that recall response may 

be compromised as well.  

 

Homeostatic Proliferation of Self-Specific CD8 

 Our studies on homeostatic proliferation of self-specific CD8+ T cells were 

surprising given that lymphopenia is associated with increased potential for 

autoimmunity. Pmel-1 were resistant to classical homeostatic proliferation cues including 

IL-12 and IL-15/IL-15Rα complex treatment. The environment that could support 
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homeostatic proliferation was devoid of competition for γc cytokines and rich in lymphoid 

space. After homeostatic proliferation in γc deficient hosts, pmel-1 were able to mount an 

effective anti-tumor response even in the absence of vaccination. Thus, the original 

hypothesis that THP and TM are equivalent holds true for tumor control as well as bacterial 

infection.  

 It is enticing to extend the lack of proliferation of self-specific pmel-1 TCR Tg to 

all self-specific CD8. Kieper et al. had previously shown that CD5 expression correlates 

to strong homeostatic proliferation in a variety of TCR Tg (117).This is consistent with 

our finding that the low CD5 expression on pmel-1 predicts poor homeostatic 

proliferation capacity, Cho et al. correlated CD5 levels with decreased responsiveness to 

IL-2, IL-7, IL-15 and IL-12 as well as decreased division under lymphopenic conditions 

in polyclonal B6 (138).  Responsiveness to cytokines is more likely to be associated with 

the lipid raft formation as CD5 does not co-localize with IL-2Rβ (138). Pmel-1 only 

underwent homeostatic proliferation in the massively lymphopenic and cytokine rich 

environment of the γc-deficient mouse. We have attributed this partially due to the limited 

upregulation of IL-2Rβ. However, we cannot rule out the additional help of CD4+ T 

cells, given that pmel-1 do not proliferate in γc-deficient mice on a Rag- background. It 

remains to be seen if there is a cytokine that the CD4+ T cells are making, such as IL-2, 

that is influencing the pmel-1 or if a cytokine is acting on both the endogenous CD4 

population and the transferred pmel-1. IL-21 is an attractive candidate as it affects both 

CD4 and CD8. 

 Pmel-1 that are adoptively transferred into the γc-deficient mouse rapidly dilute 
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CFSE and acquire the functional characteristics of memory-phenotype cells. However, 

unlike OT-I, they do not upregulate CD44. Although the function on T cells is not 

completely understood, CD44 is typically thought to be a faithful marker of memory 

phenotype cells. Using the same TCR Tg under antigen stimulating conditions using 

GSK-3β blockade in vitro, the Restifo group have also been able to generate this 

phenotype and have also shown that these cells have improved tumor killing capacity 

over pmel-1 that are stimulated with peptide alone (128). It is possible that the γc –

deficient environment also leads to enhanced Wnt signaling.  

 

Self-MHC Interaction Is More Important for Homeostatic Proliferation 

 It is of interest to note that a decrease in TGF-β sensitivity does not propel pmel-

1.Rag mice into dysregulated homeostatic proliferation (data not shown). Much like OT-

I/DNRII, pmel-1.B6/DNRII mice have an increased frequency of spontaneous vitiligo 

and a higher percentage of CD44hi CD8 compared to pmel-1.B6. As we have shown in 

Chapter 4, endogenous re-arrangements of the TCRα chain leads to CD44hi CD8 that do 

not or bind weakly to gp100 and it is likely that these cells are being activated by 

environmental antigens. However, pmel-1.Rag/DNRII are phenotypically identical to 

pmel-1.Rag with almost no CD44hi CD8 in the intact host. This suggests that TCR 

affinity for self-MHC is more dominant than TGF-β sensitivity in regulating homeostatic 

proliferation. Additionally, mice expressing both pmel-1 and OT-I TCR on a Rag-

deficient background also develop spontaneous vitiligo at the same rate of pmel-1.B6. 

CD5 expression on naïve CD8 from these mice is identical to OT-I.  
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 Taken together, our results indicate that homeostatic proliferation can be enhanced 

by decreasing sensitivity to TGF-β in T cells that are already poised to undergo 

homeostatic proliferation. This decreased sensitivity results in almost no restraint on the 

CD8, with the exception of availability of self peptide/MHC I. In the other extreme, self-

specific CD8 require very special conditions under which they will homeostatically 

proliferate. Once driven to do so, they become functional CTL. These results indicate that 

lymphopenia induced proliferation is an effective method of generating memory 

phenotype cells that could be exploited for immunotherapy. 
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