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ABSTRACT 

Achieving immune homeostasis requires the functions and numbers of 

suppressive regulatory T cells (Tregs) and effector conventional T cells (conv T) to be 

balanced and precisely controlled. A decrease in Treg numbers is associated with 

autoimmune diseases such as type I diabetes and multiple sclerosis, while Treg 

numbers are increased in the tumor microenvironment. Conversely, an increase in conv 

inflammatory T cells in the tumor microenvironment is associated with better outcomes 

for cancer patients. Thus, maintaining the appropriate balance between Treg and 

conventional T cell populations is essential for controlling immune responses against 

non-self and self-antigens, as well as tumor antigens. Signaling mechanisms that 

promote the balance between regulatory and conv T cell populations remain largely 

unknown. One mechanism that could help control the balance between Treg and conv T 

cell populations is activation induced cell death (AICD). This type of apoptosis occurs 

when either Tregs or conv T cells undergo repeated stimulation in the presence of the T 

cell growth factor IL-2. If conv T cells undergo extensive AICD, then Tregs would 

dominate, and vice versa: if Treg cells undergo extensive AICD, then conv T cells would 

dominate. Our goal is to determine if conv T cells and Treg cells have different signaling 

mechanisms that lead to AICD. 

We previously discovered a novel form of AICD that occurs in vitro with plate 

bound stimulation of T cells with anti-CD3 and anti-CD28 coated antibodies. Under 

these conditions, mouse Foxp3+ Tregs expand while Foxp3- conv T cells undergo 
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massive apoptosis, indicating that these cells respond differently to anti-CD3/anti-CD28 

stimulation.  Unlike classical AICD, this form of apoptosis depends on p53, and thus we 

termed the process PICA (p53-induced CD28-dependent apoptosis).  We wanted to 

understand why Tregs could expand and survive, while conv T cells died. We found that 

the expansion and survival of Tregs requires autocrine TGF-β signaling. Conversely, 

addition of TGF-β could promote conv T cell survival.  Our work has identified that Tregs 

and conventional T cells have differences in the MAPK/ERK signaling pathways, which 

controls survival after stimulation.  Tregs maintain low RasGRP1 expression by 

autocrine TGF-β signaling, and RasGRP1 expression in conventional T cells is 

suppressed by TGF-β.  Furthermore, we found that RasGRP1 signaling is required for 

conv T cell apoptosis during PICA. For TGF-β to promote survival of conv CD4 T cells, 

we found that the transcription factor FoxO3 is critical. Finally, we studied AICD in a 

more physiological manner in CD19-specific chimeric antigen receptor (CAR) T cells. 

We found that CAR T cells undergo AICD in vitro when stimulated with large numbers of 

tumor antigens and the surviving CAR T cells are CD25+Foxp3+. Like PICA, addition of 

TGF-β can promote CAR T cell survival, but markers of CAR functionality are reduced. 

Taken together, we have identified distinct signaling pathways that promote AICD 

in T cells and determined mechanisms by which TGF-β controls survival. We propose 

that the crosstalk between the RasGRP1 and FoxO3 pathways with TGF-β signaling are 

critical for T cell survival. Results from this study could inform how conventional and 

Treg populations survive and undergo apoptosis during AICD in memory formation and 

the tumor microenvironment, among other disease states. 
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CHAPTER ONE 

LITERATURE REVIEW 

Section 1: T Cell Differentiation and Function in the Immune System 

T Cell Development 

T cells originate from hematopoietic stem cells (HSCs) that are found in the bone 

marrow.  T cell progenitors then migrate via the blood and colonize the thymus.  These 

progenitors are known as thymocytes, and thymocytes must undergo a series of 

maturation and selection steps during development before export to the periphery.  The 

thymus is critical for T cell development, as mice that are thymectomized immediately 

after birth have a defect in T cell numbers and severe immunodeficiency (Miller 1961; 

Marshall and White 1961). The earliest T cell lineage cell that seeds the thymus is 

termed the early thymic progenitors (ETP). Early thymic progenitors undergo a series of 

differentiation steps, which are classically defined by the cell surface expression of the 

co-receptors CD4 and CD8, with thymocytes first starting as CD4-CD8- double negative 

(DN), then progressing to CD4+CD8+ double positive (DP), and lastly single positive 

(SP) CD4 or CD8 T cells (Figure 1).  The DN subset can be further classified into 

distinct subsets (DN 1-4) based on surface expression of CD25 (IL-2 receptor α) and 

CD44 (adhesion molecule).  During this early DN stage, Notch signaling has been 

shown to be critical for induction of T cell lineage commitment, as mice with neonatally 

induced inactivation of Notch1 have a severe reduction in thymocyte development 

(Radtke et al. 1999). CD44+ DN1 cells that acquire CD25 expression are termed DN2 
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cells. Committed DN2 cells initiate T cell receptor (TCR)-β, TCR-γ and TCR-δ gene 

rearrangements.  During this process, the T cells undergo one of two developmental 

programs, one generating αβ T cells and the other generating γδ T cells. DN3 cells 

successfully express the pre-TCR, which is composed of the rearranged TCR-β chain 

and invariant pre-Tα chain (For TCRαβ T cells) (Mombaerts, Iacomini, et al. 1992; 

Mombaerts, Clarke, et al. 1992) or the TCR-γ and δ chains for TCRγδ T cells (Burtrum 

et al. 1996; Taghon et al. 2006). Cells die if rearrangement is unsuccessful. For TCRγδ 

T cells, expression of the γδTCR receptor allows for functional maturation and 

proliferation, without the need for further developmental stages (Prinz et al. 2006). For 

TCR αβ T cell development, expression of the pre-TCR complex at the DN3 stage 

promotes survival and extensive proliferation, enforces tcrb allelic exclusion, initiates 

TCR-α germline transcription, and silences tcrg expression to promote the αβ lineage 

(Falk et al. 2001; Hager-Theodorides et al. 2007). With a rearranged αβ TCR on the 

surface, the T cells move onto the double positive stage (DP), where the T cells express 

both CD4 and CD8 co-receptors. For T cells to become single positive CD4 and CD8 αβ 

T cells, the DP thymocytes must undergo the processes of positive and negative 

selection.  
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Figure 1. T Cell Development in the Thymus. Early thymic progenitors are termed double 
negative (DN) for CD4 and CD8 expression.  DN1 cells express CD44 and DN2 cells acquire 
expression of CD25.  Committed DN2 cells undergo TCR gene rearrangement, and cells die if 
this rearrangement in unsuccessful. For αβ T cells, with a rearranged αβ TCR on the surface, 
the T cells move to the double positive stage (DP), where the T cells express both CD4 and 
CD8 co-receptors. The DP thymocytes must undergo the processes of positive and negative 
selection to generate CD4 and CD8 single positive T cells. For γδ T cells, the successful 
rearrangement of γδ TCR on the surface at DN3 stage is sufficient for functional maturation. 

Positive and negative selection. During positive and negative selection, T cells 

recognize antigen in the context of major histocompatibility complex (MHC) (Zinkernagel 

and Doherty 1974; Reinherz et al. 1982; Bjorkman et al. 1987).  For T cells to be able to 

recognize the vast array of pathogenic and non-pathogenic antigens, there is a 

tremendous amount of diversity in the TCR.  Variation is achieved through somatic 

rearrangement of gene segments that allows for recognition of approximately 1018 
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epitopes (Market and Papavasiliou 2003). This occurs by recombining variable (V), 

diversity (D), and joining (J) gene segments in a process called V(D)J recombination, 

which requires RAG1 and RAG2 enzymes (Mombaerts, Iacomini, et al. 1992; Shinkai et 

al. 1993). These recombination events are required for the vast diversity achieved in 

TCRs, which can then recognize diverse antigens presented in the context of MHC.  

The fate of double positive thymocytes depends on the signaling events mediated by 

interaction of the TCR with self-peptide MHC ligands during selection. 

Positive and negative selection of T cells occurs in the thymic cortex and 

medulla, respectively.  During positive selection, thymocytes are selected that recognize 

peptide in the context of MHC Class I or Class II molecules expressed by dendritic cells 

(DCs) and cortical epithelial cells. These self-peptide-MHC interactions are generally 

weak, but are critical to activate the T cells and prevent apoptosis (Hogquist et al. 

1994). If there is no signaling or weak signaling from the TCR-self-peptide-MHC 

interaction, the cells undergo death by neglect. Double positive (CD4+CD8+) 

thymocytes that recognize peptide presented by MHC Class I develop into single 

positive CD8 T cells, while those that recognize MHC Class II develop into CD4 T cells 

(Teh et al. 1988).  

Negative selection removes thymocytes that bind too strongly to self-peptide-

MHC and induces downstream signaling that promotes apoptosis (Kappler, Roehm, and 

Marrack 1987). This is critical to prevent autoimmunity and promote tolerance.  If T cells 

recognize self-peptide too strongly in the periphery, this can promote inflammatory 

responses to self and adverse disease pathology. Therefore, TCRs that induce too 

weak or too strong of signaling processes lead to apoptosis, leaving mature T cells with 
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an “intermediate” affinity. This is critical to recognize foreign antigens in the context of 

MHC, and to eliminate conventional T cells that strongly recognize self-antigens.  It is 

also critical that non-thymic antigens are presented in the thymus to prevent 

autoimmunity in other tissues. A transcription factor called autoimmune regulator (AIRE) 

is critical for the expression of these antigens from other tissues by thymic epithelial 

cells (Aaltonen et al. 1997; X. Zheng et al. 2004). Mutations in the AIRE gene have 

been linked with autoimmunity in humans (Aaltonen et al. 1997). Therefore, AIRE is 

critical for negative selection of thymocytes that recognize self-antigens from tissues 

outside the thymus.  

After positive and negative selection is complete, single positive CD4 and CD8 

thymocytes undergo final maturation in the thymus before export to the periphery.  

When developing thymocytes receive TCR stimulation, they will proliferate and 

upregulate the chemokine receptor CCR7 (Ueno et al. 2004). The ligands for CCR7 are 

expressed in the medullary region of the thymus, so this supports migration from the 

cortical region to the medulla.  Additionally, T cells express the G protein coupled 

receptor sphingosine-1-phosphate receptor 1 (S1P1), that is critical for T cell egress 

from the thymus to the periphery (Matloubian et al. 2004). The ligand for S1P1, S1P, is 

present in the blood, which acts as a chemoattractant to promote T cell migration.  Once 

in the bloodstream, these naïve T cells can circulate between the blood and peripheral 

lymphoid organs, until they encounter antigen presented by antigen presenting cells 

(APCs) and initiate adaptive immune responses.  
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Treg development. Regulatory T cells (Tregs) are critical for promoting 

tolerance and suppressing T cell responses to self and other harmless antigens such as 

food and commensal bacteria.  The function and regulation of Tregs will be discussed 

later in detail, but first we will discuss the development of thymic-derived Tregs (tTregs).  

tTregs constitute ~3-5% of developing single-positive CD4 thymocytes, and ~10-15% of 

CD4 T cells in secondary lymphoid organs.  Currently, the prevailing dogma is that 

tTregs develop in a two-step process (Lio and Hsieh 2008; Burchill et al. 2008). The first 

step is driven by strong TCR stimulation in developing single positive CD4 thymocytes.  

The second is cytokine-dependent conversion of Treg progenitors into mature tTregs 

via upregulation of the transcription factor forkhead box protein P3 (Foxp3).   

As mentioned previously, the strength of TCR stimulation dictates the fate of 

developing thymocytes.  Several studies have provided evidence that the tTreg TCR 

repertoire has higher self-reactivity than its conventional counterparts.  Since tTregs 

require TCR stimulation to suppress autoreactive T cell responses, it was hypothesized 

that stronger and higher affinity antigen-peptide interactions would favor tTreg 

development over conventional CD4 T cell development (Takahashi et al. 1998; 

Thornton and Shevach 1998). It was demonstrated using TCR transgenic mice that 

autoreactive thymocytes that recognize a self-peptide can induce CD4+CD25+ tTreg 

development (Jordan et al. 2001). This was dependent on the affinity of the TCR for the 

self-peptide, as thymocytes with high-affinity TCRs developed into Tregs, while 

thymocytes with low-affinity TCRs did not.  Sequencing variable TRAV14 (Vα2) TCRα 

chains paired with a fixed TCRβ chain uncovered that tTreg TCRs are largely distinct 

from CD4+CD25- conventional CD4 T cells (less than 25% overlap) (Hsieh et al. 2004). 
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Additionally, tTregs have more efficient interactions and proliferation with self-peptides 

presented on MHC Class II compared to CD4+CD25- conventional counterparts. Single-

cell analysis also revealed that tTregs have distinct TCRs compared to CD4+Foxp3- 

counterparts, and that the diversity of tTreg TCRs was greater than that of Foxp3-CD4+ 

naïve T cells (Pacholczyk et al. 2006).  Later work using a range of TCRs with varying 

affinity for ovalbumin (OVA) demonstrated a positive linear relationship between affinity 

for OVA and Treg development (H. M. Lee et al. 2012). The threshold of TCR-reactivity 

required to elicit negative selection was ~100-fold higher than that required for Treg 

generation.  Together, these studies support the current dogma that Treg generation 

occurs with peptide-MHC interactions that have a level of affinity greater than the signal 

strength that induces conventional CD4 T cells, but lower than the strength that induces 

cell death (negative selection) (Figure 2). 
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Figure 2. TCR Strength Determines Conventional and Treg Survival. Conventional T cells 
that express TCRs that react too strongly with self-antigens under negative selection, while 
those that express TCRs with a lower level of reactivity to self-antigens survive.  Treg 
generation and survival occurs with TCRs that have higher affinity for self-antigens than 
conventional T cells.   

The second step in tTreg development is the maturation of CD4+CD25+Foxp3+ 

tTregs that requires a specific cytokine environment to induce Foxp3 expression and 

survival.  IL-2 has been implicated as a critical cytokine for this maturation process.  IL-2 

deficient mice were shown to have increased numbers of activated T cells and 

developed colitis, which gave clues that IL-2 may be important in Treg development 

(Sadlack et al. 1993). Further analysis revealed that while IL-2 deficient mice have a 

large defect in Treg numbers, IL-2Rβ deficient mice have an even larger block in Treg 

development (Burchill et al. 2007; Soper, Kasprowicz, and Ziegler 2007).  Further 

experiments revealed that IL-2 and IL-15, which both bind IL-2Rβ, were critical for Treg 

development and Foxp3 induction (Zorn et al. 2006; Burchill et al. 2007). Transforming 
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growth factor-β (TGF-β) is another cytokine that is critical for the formation and function 

of Tregs (discussed in detail later). Conditional deletion of TGF-βRI in T cells blocked 

the development of CD4+CD25+Foxp3+ tTregs days 3-5 after birth (Yongzhong Liu et al. 

2008). TGF-β was found to protect nTregs from apoptosis/negative selection, as TGF-

βRII deficient thymocytes had enhanced anti-CD3 induced-T cell apoptosis (Ouyang et 

al. 2010). Therefore, TGF-β signaling is critical for the formation of tTregs, where 

studies thus far point to a role in tTreg survival rather than a role during positive 

selection. Further investigation is needed to determine the source of these cytokines in 

the thymic milieu, as well as if there are specific APCs that are critical for Treg 

generation. Additionally, the mechanisms that render the Foxp3 locus to be available for 

binding by transcription factors downstream of cytokine signaling remain to be 

elucidated.  

T Cell Subsets and Functions 

Naïve T cells. Naïve CD4 and CD8 T cells that migrate to periphery can persist 

for many months to even years, until they encounter and recognize antigen presented 

by APCs (Sprent and Basten 1973; Tough and Sprent 1994). Proliferation of naïve T 

cells is rare, where less than 20% of naïve T cells were shown to divide in a five-week 

time period.  (Tough and Sprent 1994). This low level of homeostatic proliferation is 

thought to maintain naïve population numbers. Studies have shown that naive T cell 

homeostasis requires recognition of self-antigens in the context of MHC Class I (CD8) 

and Class II (CD4) to maintain their long-term survival (Takeda et al. 1996; Tanchot et 

al. 1997).  
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When TCR interactions with self-ligands presented on MHC are blocked, naïve 

CD8 T cells die rapidly, with a half-life on the order of days (Tanchot et al. 1997). CD4 T 

cells, on the other hand, die more slowly when these interactions are disrupted, with a 

half-life of months (Rooke et al. 1997). Naïve T cells were also shown to have sub-

optimal basal TCR signaling in vivo, that is thought to help maintain survival. This was 

seen in thymocytes and mature T cells that were shown to have low levels of 

phosphorylated TCR ζ chain, which occurs after TCR ligation (Nakayama et al. 1989; 

van Oers, Killeen, and Welss 1994). This notion is supported by studies that showed 

when TCRs were inducibly deleted in mature T cells, both CD4 and CD8 T cells died 

with similar kinetics as in studies where MHC-self ligand interactions were lost (Polic et 

al. 2001; Labrecque et al. 2001). This suggests that naïve T cells require TCR 

expression for survival, and together with other studies suggests that this TCR signaling 

occurs from self-ligand MHC interactions.  

Naïve T cells also require cytokine signaling to maintain their survival and 

homeostatic proliferation.  IL-4 and IL-7 both promote naïve T cell survival in vitro, while 

IL-7 is the predominant cytokine required for survival in vivo (Vella et al. 1997; Schluns 

et al. 2000; Vivien, Benoist, and Mathis 2001). IL-7 promotes survival in part by Bcl-2 

expression, and withdrawal of IL-7 can promote apoptosis through Bax-mediated 

signaling pathways (Von Freeden-Jeffry et al. 1997; Khaled et al. 1999). The 

mechanisms by which IL-7 promotes survival, as well as the contribution of other 

common γ chain cytokines such as IL-2 and IL-15 requires further investigation. So, in 

response to these various stimuli, how does a naïve T cell “decide” to proliferate or 

merely survive? Evidence suggests that the size of the naïve T cell compartment may 
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contribute to this “decision”. In a T cell depleted environment, T cell proliferation can be 

successfully reduced by co-transfer of increasing numbers of competitor T cells 

(Dummer et al. 2001; Ernst et al. 1999). Two models have been proposed for how 

bystander T cells can limit proliferation of naïve T cells: direct contact inhibition by 

bystander T cells and/or competition for resources.  Competition may could include 

access to IL-7 and APCs that are presenting suitable self-ligands for promoting naïve T 

cell survival. Overexpression of IL-7 was shown to increase the size of the naïve T cell 

pool and promote homeostatic proliferation, which suggests that IL-7 availability may 

limit naïve T cell expansion (Tan et al. 2001; Geiselhart et al. 2001). 

Overall, naïve T cells actively require IL-7 and APC/self-ligand interactions to 

promote survival and homeostatic proliferation. Once naïve CD4 and CD8 T cells 

recognize foreign antigen in the context of MHC and the appropriate cytokine milieu, 

such as during infection, differentiation into distinct T cell subsets occurs. This includes 

CD4 T helper subsets, and multiple subsets of effector and memory T cells that can 

mediate pathogen clearance and provide long-term protection and immunological 

memory. 

Kinetics of CD4 and CD8 responses. Upon infection with a pathogen, both 

CD4 and CD8 T cell responses can be broken down into three phases: (1) activation 

and expansion, (2) contraction, and (3) memory formation (Figure 3). During the initial 

phase that lasts about one week, naïve T cells recognize antigen presented by APCs, 

then differentiate into effector and helper subsets.  In several viral models of infection, 

between 100- and 5000-fold expansion of antigen-specific CD4 and CD8 T cells occurs 

(Tripp et al. 1995; Moskophidis et al. 1987; McHeyzer-Williams and Davis 1995). A 
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period of death then ensues, which lasts between ~days 7-30.  Most of the activated T 

cells undergo apoptosis, a process termed activation-induced cell death (AICD). As the 

amount of antigen declines, effector activity is diminished.  AICD occurs through 

Fas/FasL interactions and through TNF-cell death pathways (discussed in detail in a 

subsequent section). About 5-10% of T cells survive as memory T cells, which 

characterizes the third phase (Yang Liu and Janeway 1990; S. Webb, Morris, and 

Sprent 1990; Kawabe and Ochi 1991).  These memory T cells can be divided into 

distinct groups that perform specialized functions when pathogens are encountered 

again in the future.  

 

Figure 3. Kinetics of T Cell Responses after Infection. Upon pathogen encounter, T cells 
undergo three phases of expansion, contraction, and memory. Activation and expansion of T 
cells occurs when naïve T cells recognize antigen in the context of MHC presented by APCs 
(blue line).  Once the pathogen has been cleared (red line), the T cells undergo a contraction 
phase to eliminate a large number of antigen-specific T cells. This occurs through activation-
induced cell death (AICD).  About 5-10% of antigen-specific memory T cells survive to rapidly 
respond if the pathogen is encountered again in the future.  
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Effector T cells. During the expansion phase, naïve T cells encounter antigen 

presented in the context of MHC in lymphoid tissues. This causes clonal expansion and 

differentiation into effector T cells, known as T helper (Th) for CD4s or cytotoxic T cells 

(CTLs) for CD8s. These CD4 and CD8 T cells have diverse functions, and the 

differentiation depends on the type of antigen encountered. We will first discuss CD4 Th 

subsets, which not only are important during viral infection, but also have roles in 

normal immune homeostasis and other states of disease such as allergy, autoimmunity, 

and cancer.  

Conventional CD4 T helper cells. CD4+ T lymphocytes are critical members of 

the adaptive immune response that are required for effective cell-mediated immunity. 

CD4+ T cells have diverse functions, including promoting tolerance to commensals and 

self-antigens, directing inflammatory responses to pathogens, and orchestrating tumor 

immunity. To direct these various immune processes, naïve CD4+ T cells differentiate 

into functionally distinct CD4+ T helper (Th) subsets based on the antigen presented, 

co-stimulation, and the cytokine milieu. These subsets include: Th1, Th2, Th17, Th9, 

Th22, Treg, and TFH lineages. Th1 cells produce the proinflammatory cytokines TNF 

and IFN-ɣ and are critical for clearance of intracellular pathogens. Th2 cells produce IL-

4, IL-5 and IL-13 and are critical for antibody production by B cells, clearance of 

extracellular microbes, and expulsion of helminths (Abbas, Murphy, and Sher 1996; 

Mosmann and Coffman 1989). Exaggerated Th2 responses can lead to allergic 

responses and asthma (Robinson et al. 1992; Finotto et al. 2002). Th17 cells produce 

IL-17A, IL-17F, IL-22 and IL-21, which play a critical role in recruitment of pro-

inflammatory leukocytes and tissue inflammation, including autoimmunity (H. Park et al. 
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2005; Martinez et al. 2008). Th9 and Th22 cells have roles in tumor immunity, allergic 

inflammation and other inflammatory diseases and produce IL-9 and IL-22, respectively 

(Veldhoen et al. 2008; Eyerich et al. 2009). Tregs are critical for tolerance to self-

antigens, preventing autoimmunity, and dampening inflammation via IL-10 and TGF-β 

(discussed in detail later). 

The differentiation of naïve CD4 T cells into these distinct subsets requires 

activation by APCs. The first signal for differentiation is TCR recognizing antigen 

presented by APCs in the context of MHC class II (Eisenlohr and Hackett 1989; Weiss 

and Bogen 1989). The second signal is co-stimulation, whereby APCs provide ligands 

for co-stimulatory molecules on T cells. The major co-stimulatory molecule expressed 

on resting naïve CD4 T cells is CD28 (Burr et al. 2001; June et al. 1987). The third 

signal is the presence of cytokines in the environment of the naïve T cells, that are 

critical for polarization into distinct Th subsets (Curtsinger et al. 1999). These cytokines 

can enhance and suppress lineage decisions, and dictate signaling events that control 

expression of mater transcription factors for each lineage.  IFN-γ and IL-12 are two 

critical cytokines for Th1 polarization, which are involved in expression of the master 

transcription factor T-bet (Hsieh et al. 1993; Smeltz et al. 2002). T-bet promotes IFN-γ 

synthesis and represses IL-4 and IL-5 production, blocking Th2 polarization (Szabo et 

al. 2000; Djuretic et al. 2007). During Th2 cell differentiation, IL-4 induces the 

expression of the master transcription factor GATA3 (W. P. Zheng and Flavell 1997). IL-

2 also supports early Th2 differentiation by inducing expression of the IL-4 receptor α-

chain and expression of GATA3 (W. Liao et al. 2008; Yamane, Zhu, and Paul 2005). 
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Together, these CD4 T cell subsets are required for mediating distinct inflammatory and 

regulatory processes during infection and normal immune homeostasis (Figure 4).   

 

Figure 4. CD4 Th Differentiation. APCs present antigen to naïve CD4 T cells in the context of 
MHC Class II. Co-stimulation through CD28 and its ligands CD80/86 are required for activation. 
The polarizing cytokines in the environment dictate Th development fates.  Th subsets secrete 
distinct cytokines and mediate a variety of effector and suppressive functions.  

Effector CD8 cytotoxic T lymphocytes. Naïve CD8 T cells recognize antigenic 

peptides (such as those from viruses) in the context of MHC Class I. This recognition in 

the presence of IFN-α/β and IL-12 promotes differentiation into effector cytotoxic T 

lymphocytes (CTLs).  These CTLs specialize in the elimination of intracellular 

pathogens such as viruses, and the elimination of tumor cells. Antigen-specific CTLs 
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expand in response to IL-2 and can enter the blood and migrate to the site of infection 

(Rollings et al. 2018). CD8 T cells can kill infected cells through the production of 

granzymes and perforin, and like Th1 cells also secrete inflammatory cytokines such as 

IFN-γ and TNF (Walsh et al. 1994). Like Th1 cells, CTLs are programmed through the 

transcription factor T-bet, but also rely on the transcription factor Eomesodermin 

(Pearce et al. 2003). 

The contribution of costimulatory molecules to CD4 and CD8 effector 

differentiation are distinct. In the absence of costimulatory molecules, CD4 T cell 

responses in different infection models are severely impaired, while CD8 T cell 

responses are only moderately impaired or not affected at all (Shahinian et al. 1993; 

Whitmire et al. 1999; Andreasen et al. 2000). This suggests that different thresholds are 

required for CD4 and CD8 activation and differentiation. In order to become activated 

and proliferate, CD4 T cells required a minimum of 6 hours of stimulation with APCs, 

and more than 24 hours when co-stimulation is absent (Iezzi, Karjalainen, and 

Lanzavecchia 1998). In similar experiments, CD8 T cells could commit to activation and 

proliferation in a briefer amount of time (in as little as 2 hours) (Van Stipdonk, Lemmens, 

and Schoenberger 2001). 

CD8 T cells also have higher rates of cell division compared to CD4 T cells after 

antigen encounter, both in vitro and in vivo. During the first 24 hours of stimulation, both 

CD4 and CD8 T cells become activated and increase in size, but no cell division is 

observed. CD8 division then commences at a rapid rate (6-8 hours per division), while 

CD4 T cell division is delayed for another 12 hours and then occurs at about 10 hours 

per division (Kaech and Ahmed 2001; Mercado et al. 2000). Therefore, after initial 
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antigen encounter with APCs, CD8 T cells can become activated more quickly than 

CD4 cells and proliferate more robustly.  

Memory T cells. Following elimination of an infecting pathogen, T cells go 

through a contraction phase, where the majority of antigen-specific CD4 and CD8 T 

cells die by apoptosis. Typically, around 5-10% survive and mature into memory T cells. 

Memory T cells are maintained in an antigen-independent, cytokine dependent manner 

(IL-7 for CD4/CD8, IL-15 for CD8) (Surh and Sprent 2008; Seddon, Tomlinson, and 

Zamoyska 2003). A feature of memory CTLs is their ability to generate rapid effector 

responses after secondary exposure to infection. 

Memory T cell subsets are diverse, which is thought to ensure optimal immune 

memory through cells with distinct localization and function. Three memory subsets 

have been described: central memory (TCM), effector memory (TEM), and tissue-resident 

memory (TRM).  These subsets are defined by expression of protein surface molecules, 

anatomical location, and function.  Two markers distinguish TCM and TEM, CCR7 and 

CD62L. CCR7 is a chemokine that controls homing to secondary lymphoid organs, 

while CD62L is an adhesion molecule that is cleaved from antigen-activated cells in 

lymph nodes, allowing for T cells to reenter circulation and elicit effector functions 

(Förster et al. 1999; Galkina et al. 2003). TCM mainly home to secondary lymphoid 

organs and the bone marrow, and are characterized by a CD62LhighCCR7high 

phenotype. TEM are characterized by low expression of these markers 

(CD62LlowCCR7low), and are mostly found in non-lymphoid tissues (Sallusto et al. 1999).  

TCM and TEM are also functionally distinct. TCM cells tend to mount a more robust recall 

response and produce IL-2, while CD4 TEM cells produce cytokines such as IFN-γ and 
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TNF and CD8 TEM make cytotoxic proteins such as perforin and granzyme (Masopust et 

al. 2014; Kaech and Wherry 2007). 

TRM cells reside long-term in mucosal and tissue sites, such as the brain, lungs, 

gut and skin (Teijaro et al. 2011; Masopust et al. 2010; X. Jiang et al. 2012). These 

memory T cells show very little migration, and at many sites they have been shown to 

be functionally and transcriptionally distinct from their circulating memory T cell 

counterparts.  Since infection primarily occurs at tissue sites, these memory T cells are 

poised at these sites, ready for rapid detection and eliciting T cell immune responses. 

For example, in the gut, memory virus-specific intraepithelial lymphocytes (IELs) were 

found to be functionally and phenotypically distinct from antigen-specific TCM and TEM in 

the blood. The TRM IELs had the highest expression of granzyme B compared to other 

subsets, contained very few actively dividing cells, and had very high expression of the 

antiapoptotic molecule Bcl2 (Masopust et al. 2006). Additionally, these cells show very 

little movement through circulation in parabiosis experiments (Klonowski et al. 2004). 

Similar findings have been shown for TRM cells at other sites such as the lungs, skin, 

and brain.  Overall, TRM cells (a) express tissue-specific chemokine receptors and 

integrins (b) have low proliferative potential (c) low IL-2 production (d) little to no 

migration through circulation and (e) high levels of effector functions and cytotoxicity, 

especially viral antigen-specific TRM cells. 

Together, these memory subsets ensure optimal protective immunity with their 

distinct localization and functions. Following a secondary infection, TEM and TRM 

normally perform immediate effector functions and act as a first-line defense to 
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pathogens. TCM cells generate a larger number of secondary effector cells more rapidly 

than during initial infection to control pathogens that breach initial tissue sites.   

Section 2: Signaling Mechanisms of T Cell Activation, Proliferation and Survival 

T Cell Signaling and Activation 

T cell activation occurs when the TCR recognizes antigen peptide presented in 

the context of MHC. CD4 T cells use the CD4 coreceptor and CD8 T cells the CD8 

coreceptor to bind MHC Class II and Class I, respectively. This promotes T cell to APC 

cell-cell adhesion and stabilizes the TCR-antigen-MHC protein complex (Doyle and 

Strominger 1987; Norment et al. 1988). This interaction initiates activation of T cells, 

leading to metabolic changes, proliferation, and cytokine production.  Several signaling 

pathways coordinate to connect TCR recognition of antigen to these T cell outcomes. 

 Ligation of TCR with cognate antigen initiates TCR signaling by causing 

conformational changes in the CD3 signaling complex.  The CD3 signaling complex 

consists of the following subunits: ε, γ, δ, and ζ. These subunits form a CD3εδ 

heterodimer, a CD3εγ heterodimer, and a CD3ζζ homodimer (Kjer-Nielsen et al. 2004). 

Upon antigen recognition, the Src-family kinase, Lck gets recruited to the CD3 complex 

and subsequently phosphorylates tyrosine residues within the immunoreceptor tyrosine-

based activation motifs (ITAMs) of the CD3ζ chain (Gibson et al. 1996; Stirnweiss et al. 

2013; Mustelin, Coggeshall, and Altman 1989). CD4 and CD8 coreceptors play a key 

role in the process, as they can directly bind and recruit Lck to the immunological 

synapse (Veillette et al. 1988; Kim et al. 2003; Shaw et al. 1990).  The Src family kinase 

Fyn can also phosphorylate CD3 ITAMs (Samelson et al. 1990; Ley et al. 1994). The 

phosphorylated tyrosines within the ITAMs act as binding sites for the SH2 domains of 
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the Zeta chain-associated protein 70 (ZAP-70) kinase (Iwashima et al. 1994; Kane, Lin, 

and Weiss 2000; Straus et al. 1996). Lck binds ZAP-70 via SH2 domain interactions 

and ZAP-70 becomes activated by LCK phosphorylation of multiple tyrosine residues 

and autophosphorylation (Pelosi et al. 1999; Q. Yan et al. 2013; Neumeister et al. 1995; 

Chan et al. 1995; Watts et al. 1994). ZAP-70 phosphorylates multiple adaptor proteins 

including linker for activation of T cells (LAT) and SLP-76 (Wardenburg et al. 1996; W. 

Zhang et al. 1998). This promotes complex formation and activation of several proteins 

including Grb-2 and phospholipase C-γ1 (PLC-γ1), to initiate downstream signaling 

cascades (Williams et al. 1999; J. Lin and Weiss 2001; Yablonski, Kadlecek, and Weiss 

2001). Son of Sevenless (SOS) is a substrate for Grb-2 and is recruited to the plasma 

membrane after Grb-2 is activated in the LAT complex.  SOS is involved in ERK 

activation, as discussed more below (Ravichandran et al. 1995; Xavier et al. 1998). 

PLC-γ is also activated by phosphorylation in the LAT complex (Nishibe et al. 1990). 

Activated PLC-γ produces DAG and IP3 by cleaving phosphatidylinositol-4,5-bis 

phosphate (PIP2) (Nishibe et al. 1990). IP3 binding to IP3 receptors can lead to release 

of intracellular calcium from the ER, lysosomes and mitochondria, which promotes 

activation and nuclear localization of the transcription factor NFAT (Stankunas et al. 

1999; Serafini et al. 1995). DAG activates another Ras activator, RasGRP1, leading to 

activation of the Erk MAPK pathway (discussed in more detail below) (Ebinu et al. 

2000). All of these signaling pathways lead to T cell activation, proliferation, and 

cytokine production (Figure 5).  

One of the most well-studied outputs of TCR signaling is IL-2 production.  IL-2 

was originally identified as a T cell growth factor that is essential for T cell activation and 
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proliferation (Morgan, Ruscetti, and Gallo 1976; Taniguchi et al. 1983). After TCR 

activation, IL-2 transcription is initiated by the transcription factors NFAT and AP-1 (Jain 

et al. 1993). NFAT is activated via the calcium signaling pathway and AP-1 is regulated 

via the Ras-ERK MAP pathway. Therefore, both Ras-Erk and calcium signaling regulate 

production of IL-2 in response to TCR stimulation. 

 

Figure 5. Initial TCR Signaling Events. Antigen recognition causes TCR clustering, and co-
receptors recruit Lck to the immunological synapse. Lck phosphorylates CD3ζ and Zap-70 can 
bind to phosphorylated tyrosines. Activated ZAP-70 phosphorylates LAT, which allows for 
recruitment of Grb2 and SOS, as well as PLC-γ. PLC-γ generates IP3 + DAG, which recruits 
RasGRP. RasGRP and SOS activate the Ras and MAPK pathways. This together with other 
signaling pathways ultimately leads to IL-2 production, activation, and proliferation. 
  
RasGRP and MAPK Pathway 

It was known by the mid-90s that within minutes of TCR activation, PLC-γ1 is 

recruited to phosphorylated adaptor proteins and activated by tyrosine phosphorylation 

(Desai et al. 1990). Activated PLC-γ1 cleaves membrane phosphoinositides, which 

generates the secondary messenger diacylglycerol (DAG). DAG subsequently activates 

protein kinase C (PKC). The small GTPase Ras was known to be critical for activating a 
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kinase cascade that ultimately leads to transcription of the IL-2 gene and T cell 

proliferation (Gómez et al. 1996). Early protein kinase activity from proximal TCR 

signaling events was thought to activate Ras by somehow promoting the formation of 

Ras bound to GTP. Ras-GTP activates the Raf-Mek-Erk Map kinase (MAPK) cascade, 

which controls the level of a key transcription factor, AP1. AP1 transcription factors work 

in conjunction with NFAT to transcribe the IL-2 gene (Masuda et al. 1995; Jain et al. 

1993). 

In the late 1990s, the mechanism by which Ras was activated in T cells still was 

not fully understood. PKC was known to be critical for Ras activation, by inhibiting Ras 

GAPs (GTPase activating protein) to keep Ras in the active Ras-GTP bound state. 

However, it was also known that in most cell types, Ras is also positively regulated by 

Ras GEFs (guanine nucleotide exchange factors) that are recruited to the plasma 

membrane by tyrosine phosphorylated adaptor proteins. Due to a number of studies 

SOS was speculated to be the Ras GEF that activated Ras and MAPK signaling.  In 

1998 Ebinu et al described a novel Ras GEF, RasGRP (Ras guanyl nucleotide 

releasing protein) (Ebinu et al. 1998). RasGRP contained a catalytic domain responsible 

for catalyzing nucleotide release, a DAG-binding domain and a pair of calcium-binding 

EF hands. PMA treatment of fibroblasts caused an increased association of RasGRP 

with membranes and Ras activation (Ebinu et al. 1998). RasGRP RNA was expressed 

in numerous blood cells, including T cells (Tognon et al. 1998). These observations led 

to the hypothesis that upon TCR stimulation, activated PLC-γ1 generates DAG that 

along with possible calcium messengers binds and activates RasGRP to subsequently 

activate Ras-MAPK signaling in T cells. 
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Two studies in 2000 tested this hypothesis and found RasGRP to be the critical 

link between TCR signaling and Ras activation. Ebinu et al identified that RasGRP1 is 

expressed in primary mouse T cells and T cell tumor cell lines, but not in non-T cell lines 

such as human melanoma (Ebinu et al. 2000). Lorenzo et al showed that RasGRP1 

possesses a single C1 domain that is homologous to the C1 domain in PKC (Lorenzo et 

al. 2000). This domain binds DAG as well as the DAG analog, PMA. Upon examining 

the localization of RasGRP1, it was shown that RasGRP1 translocated to the plasma 

membrane in response to PMA treatment, where it can be subsequently activated by 

DAG. The tail domain in RasGRP1 is required for localization to the plasma membrane 

(Fuller et al. 2012). Therefore, RasGRP1 is a high affinity receptor for DAG, which 

linked DAG generation to Ras-MAPK activation (Figure 6).  
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Figure 6. RasGRP Activation of Ras/MAPK Pathways. RasGRP is activated downstream of 
TCR signaling (detailed in Figure 5). RasGRP activates Ras by exchanging Ras-GDP to Ras-
GTP. This active Ras initiates a phosphorylation cascade of the MAPK pathway, which leads to 
ERK phosphorylation of Elk. Elk positively controls transcription of Fos, which together with Jun 
can form the AP-1 complex. AP-1 targets multiple genes that control T cell activation and 
proliferation, including IL-2. 
 

In 2005, Roose et al generated RasGRP1 deficient Jurkat T cell lines to confirm 

the role of RasGRP1 in Ras activation and the MAPK signaling pathway.  RasGRP1 

was required for Ras-Erk activation, and RasGRP1 deficient Jurkats had decreased 

expression of CD69, an early T cell activation marker (Roose et al. 2005). The 

phosphorylation of RasGRP by PKC was required for Erk signaling and T cell activation, 

which showed that RasGRP was essential for Erk activation. Although SOS is 

expressed in T cells, it could not compensate for RasGRP1.  
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Why T cells express both SOS and RasGRP1 after antigen stimulation was still 

puzzling, since they seem to have redundant functions. Although SOS is expressed in T 

cells, RasGRP1 was shown to have a dominant role in activating Ras and the MAPK 

pathway downstream of TCR stim. In 2007, Roose et al showed that the crystal 

structure of SOS has a Ras-GTP binding pocket (Roose et al. 2007). RasGRP was 

shown to orchestrate Ras downstream signaling by directly activating Ras, and by 

priming SOS with Ras-GTP that binds in an allosteric pocket.  This Ras-GTP binding to 

SOS was shown to enhance its ability to activate Ras.  This is thought to create a 

positive feedback loop that allows T cells to robustly respond to low levels of 

stimulation.  In primary human T cells, RNA interference was used to demonstrate that 

TCR-mediated Erk activation requires RasGRP1, but not SOS (Warnecke et al. 2012). 

SOS, but not RasGRP1, was required for IL-2 mediated Erk activation. Thus, RasGRP1 

and SOS lead to Ras activation induced by different stimuli. 

RasGRP in T Cell Development and Function 

RasGRP is critical for T cell development in the thymus. Ras signaling promotes 

thymopoiesis, as RasGRP deficient mice have a deficiency in single-positive (CD4 and 

CD8), mature thymocytes (Dower et al. 2000; Priatel et al. 2006). This deficiency 

causes an increased frequency of double positive T cells in the thymus. Conversely, 

RasGRP1 transgenic mice that overexpress RasGRP1 had a 4-fold increase in CD8 

single-positive thymocytes (Norment et al. 2003). It was later found that thymocytes that 

express low affinity TCRs rely on Ras activation via RasGRP1, which promotes positive 

selection (Priatel et al. 2002).  On the other hand, negative selection for thymocytes 

expressing high-affinity TCRs activates Ras via the SOS pathway. In proliferation 
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assays, RasGRP1 deficient thymocytes showed a complete lack of response to TCR 

stimulation or stimulation with DAG analogues, demonstrating that RasGRP1 is required 

for lymphocyte activation during the T cell differentiation processes in the thymus. This 

further confirmed that RasGRP is the link between TCR activation/generation of DAG 

and Ras signaling.  

Although RasGRP signaling is important for T cell activation, proliferation, and 

cytokine production, sustained RasGRP/Erk signaling can promote apoptosis of 

lymphocytes.  Overexpression of RasGRP1 in a B cell line was shown to increase 

apoptosis following B cell receptor ligation (Guilbault and Kay 2004). This enhanced 

apoptosis was due to the catalytic activity of RasGRP, as a point mutation that created 

a dominant negative mutant in RasGRP suppressed apoptosis. One of the direct targets 

of Erk is the proapoptotic protein Bim, which contributes to receptor-induced apoptosis 

(Stang et al. 2009). Erk was found to phosphorylate sites on Bim that are known to 

activate Bim and induce apoptotic signaling.  In accordance with this role of RasGRP in 

T cell apoptosis, RasGRP deficient mice spontaneously develop autoimmunity, 

characterized by splenomegaly and autoantibodies (Dower et al. 2000). This 

autoimmunity is characterized by an activated and proliferating pool of CD4 T cells that 

have an exhausted phenotype, including expression of the checkpoint molecule PD-1 

and high expression of CD44 and Helios (Daley et al. 2013; Priatel et al. 2007). 

This autoimmunity manifests similar phenotypes as patients with systemic lupus 

erythematosus (SLE).  Several studies have correlated defective RasGRP1 expression 

with autoimmunity in humans. One study examined RasGRP1 splice variants in SLE 

patients compared to healthy controls (Yasuda et al. 2007). Thirteen new splice variants 
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were identified. SLE patients had increased levels and types of defective RasGRP1 

transcripts compared to healthy controls. These alternative transcripts in SLE patients 

correlated with lower levels of RasGRP1 in the SLE patients’ T cells. Furthermore, two 

SLE patients had T cells that contained little, if any functional RasGRP1 protein. 

RasGRP1 has differential roles in the thymus and in the periphery not only for 

conventional T cells, but also for other T cell subsets. Tregs had impaired development 

in the thymus of RasGRP1-/- mice, but there were increased frequencies of CD4+Foxp3+ 

Tregs in the periphery with a more activated cell surface phenotype (X. Chen et al. 

2008). RasGRP1 deficient Tregs in the periphery were more suppressive than WT 

Tregs.  CD8+CD44high Tregs were also increased in the spleen of RasGRP1 deficient 

mice, but production of IL-10 was reduced compared to WT counterparts. For γδ T cells, 

RasGRP1 is not critical for thymic development, but RasGRP1 deficient mice have 

increased γδ T cell numbers in the periphery.  Furthermore, RasGRP1 was found to be 

critical for γδ T cell proliferation and IL-17 production. RasGRP1 deficient mice also 

have a deficiency in iNKT cells, which are a CD1d restricted T cell population that 

responds to lipid stimulation (Shen et al. 2011). RasGRP1 was found to be critical for 

iNKT development, maintenance, and TCR-induced proliferation in vitro. Therefore, 

RasGRP1 plays differential roles for γδ and αβ T cell development but is critical for γδT 

cell proliferation and production of IL-17, as well as iNKT development. 

RasGRP1 deficient mice also display a weakened immune system, with a defect 

in generating pathogen-specific T cells and delayed pathogen clearance after bacterial 

or viral infection (Priatel et al. 2007). Several studies have linked mutations in RasGRP1 

with autoimmunity in humans (Winter et al. 2018; Baars et al. 2021). A patient with 
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recurrent viral and bacterial infections was found to have a biallelic stop-gain variant in 

RASGRP1, which caused a defect in ERK activation in the patient’s T cells (Salzer et al. 

2016). Another study found two siblings with Autoimmune lymphoproliferative syndrome 

(ALPS), recurrent infections, and autoantibodies among other autoimmune problems 

(Mao et al. 2018). The brothers were found to have a mutation in RasGRP1 that caused 

impaired T cell signaling, activation and proliferation of T cells, and defects in activation-

induced cell death of their T cells. Upon examining numerous patients with 

autoimmunity, active inflammation in patients correlated with reduced RasGRP1 

expression in CD4 T cells (Baars et al. 2021). In this study, A RASGRP1 enhancer was 

discovered that has SNPs associated with autoimmunity.  Disrupting this enhancer in 

healthy T cells with CRISPR-Cas9 decreased RasGRP1 expression, and decreased 

binding of two transcription factors: RUNX1 and CBFB.  Reduced RUNX1 expression 

was also found in patients with the RASGRP1 enhancer that harbors autoimmunity‐

associated SNPs. These studies suggest that RasGRP expression in T cells is critical 

for T cell homeostasis and preventing autoimmune phenotypes. 

Activation-induced Cell Death (AICD) of T Cells 

Activation-induced cell death (AICD) was first described in 1989 in thymocytes 

after engaging the CD3/TCR complex with anti-CD3 antibodies (Smith et al. 1989). This 

gave a possible explanation for a mechanism of deleting autoreactive clones in the 

thymus to promote self-tolerance.  Accumulating evidence shows that mature T cells 

can also undergo AICD. AICD is recognized as an important mechanism to terminate 

immune responses, by eliminating T cells that have been repeatedly stimulated.  After 

pathogen clearance, this allows for only a small number of memory T cells to remain, 
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poised for encountering the same pathogen again.  In mature, conventional T cells, 

AICD is modeled in vitro by restimulating T cells that have been previously activated 

(Radvanyi, Mills, and Miller 1993). This can be done by stimulating T cells with anti-CD3 

and anti-CD28 antibodies to mimic TCR and co-stimulation in the presence of IL-2. 

Then after several days (4-7 days), T cells are restimulated with anti-CD3 or 

PMA/Ionomycin.  PMA is an analog for diacylglycerol and ionomycin is a calcium 

ionophore which can increase intracellular calcium levels. These two compounds can 

therefore strongly drive T cell activation.  

Fas and FasL. Interaction of the Fas receptor with its ligand FasL is a well-

known signaling pathway that promotes AICD of T cells. Fas is a death receptor that 

belongs to the tumor necrosis factor receptor family.  In 1989 two groups identified 

monoclonal antibodies to Fas (also termed APO-1) that could induce apoptosis in 

activated lymphocytes and numerous lymphocytic tumor cell lines (Trauth et al. 1989; 

Yonehara, Ishii, and Yonehara 1989). Lymphoma cells that constitutively express Fas 

were established to further test the role of Fas in T cell apoptosis.  When the T cells 

were treated with the anti-Fas antibody, they died within 5 hours, further confirming that 

Fas transduces apoptotic signals in T cells (Oehm et al. 1992). Mutational analysis of 

the cytoplasmic tail of Fas and TNF-RI showed a conserved region of about 70 aa that 

is sufficient for transducing apoptotic signals (N. Itoh and Nagata 1993).  Fas was found 

to be highly expressed in activated mature lymphocytes, and IFN-γ can upregulate 

expression (Trauth et al. 1989; N. Itoh et al. 1991). In order to transduce apoptotic 

signals, Fas must bind to FasL either on the same cell or a neighboring cell (Dhein et al. 

1995). FasL is only expressed after T cell activation (Anel et al. 1994; Vignaux et al. 
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1995). The precise mechanisms of FasL upregulation remain underexplored, but IL-2 

signaling has been shown to be critical for transcription and subsequent cell surface 

expression of FasL (Refaeli et al. 1998). IL-2 knockout mice do not upregulate FasL and 

are more resistant to AICD.  The ligation of Fas and FasL leads to activation of the Fas-

associated death domain, followed by the formation of the death-inducing signaling 

complex (DISC) (Kischkel et al. 1995). The DISC complex can activate caspase 8 or 10 

to induce caspase-dependent apoptotic signaling events. Caspases cleave a number of 

proteins such as cytoskeletal proteins and nuclear lamins, which triggers cell 

fragmentation, blebbing, and apoptotic bodies, leading to destruction of the cell. Mice 

with mutations in fas or fasl develop autoimmunity and accumulate autoreactive 

antibodies, demonstrating the essential role for Fas/FasL in maintaining immune 

homeostasis and killing autoreactive lymphocytes (Hewicker, Kromschröder, and 

Trautwein 1990; Cohen and Eisenberg 1991). In humans, patients with autoimmune 

lymphoproliferative syndrome have mutations in the fas gene (Aspinall et al. 1999). 

Therefore, Fas/FasL is critical for inducing AICD in T cells and preventing autoimmune 

phenotypes.   

CD44 in T cell activation and AICD. CD44 is a type I transmembrane 

glycoprotein that has critical roles in T cell activation, migration, and survival.  CD44 

binds to its ligand hyaluronic acid (HA), which is a glycosaminoglycan component of the 

extracellular matrix (ECM) that helps maintain integrity of tissues (Banerji et al. 1998; 

Bajorath et al. 1998). CD44 can also bind to other parts of the ECM including fibronectin 

and collagen, but these interactions have not been verified to be physiologically relevant 

in vivo and have not been well characterized.  CD44 is expressed at low levels on naïve 
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T cells, then is upregulated after activation (Budd et al. 1987). Memory T cells maintain 

CD44 expression, and therefore CD44 has been used as a marker for memory T cells in 

the field.  The affinity of CD44 for HA is regulated by post-translational modifications 

such as sialylation and glycosylation (Skelton et al. 1998; Katoh et al. 1999).  CD44/HA 

interactions have been observed after TCR activation or exposure to pro-inflammatory 

cytokines (DeGrendele, Estess, and Siegelman 1997; Ariel et al. 2000). The most well-

characterized role for CD44 in T cells is as an adhesion receptor, critical for mediating 

entry and movement of T cells into and within target tissue sites during infection. CD44 

interacts with HA on endothelial cells to mediate tethering and rolling required for 

extravasation into an inflammatory site (DeGrendele, Estess, and Siegelman 1997; 

Mrass et al. 2008). 

The intracellular domain of CD44 has no intrinsic enzymatic activity on its own, 

but several reports have shown that it can interact with receptor tyrosine kinases such 

as LCK and Fyn (Taher et al. 1996; Llangumaran, Briol, and Hoessli 1998). Crosslinking 

of CD44 leads to activation of the ERK signaling pathway and T cell activation (Föger, 

Marhaba, and Zöller, n.d.). CD44 crosslinking has been proposed to enhance the 

strength of TCR signaling by delivering LCK to the immunological synapse, as CD44 co-

localizes with the TCR/CD3 complex when propagating these signaling events (Hegde 

et al. 2008). Deficiency of CD44 in T cells causes a defect in Th1 and Th17 

differentiation, as well as a defect in the survival of Th1 memory T cells (Baaten et al. 

2010; Guan, Nagarkatti, and Nagarkatti 2011). Survival of Th2, Th17, and CD8 T cells 

does not depend on CD44, demonstrating a specific role for Th1 memory effector T cell 

survival (Baaten et al. 2010). It has been proposed that CD44 enhances TCR signaling 
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through recruiting LCK to active signaling sites, which could be required to generate 

Th1/Th17 cells, but not Th2 (Schumann et al. 2015).  This notion of CD44 strengthening 

TCR signaling is further supported by the fact that DCs express the ligand HA, which 

has been shown to bind to CD44 on T cells and enhance DC-T cell clustering as well as 

stabilize DC-T cell interactions to enhance T cell activation and proliferation (Do, 

Nagarkatti, and Nagarkatti 2004; Hegde et al. 2008). Therefore, CD44 has an active 

role in T cell activation as well as survival and migration of memory T cells.  

While CD44 is appreciated as having a role in T cell activation and memory, 

there is now accumulating evidence that CD44 has an active role in promoting T cell 

death. Crosslinking of CD44 on peripheral T cells enhances surface expression of FasL, 

which leads to AICD (Nakano et al. 2007). HA binding to CD44 can induce apoptosis, 

and CD44 deficiency confers resistance to apoptosis (Ruffell and Johnson 2008; 

McKallip et al. 2002). HA is not expressed on resting T cells but is expressed on 

activated T cells (Mummert et al. 2002). AICD of purified T cells was reduced in the 

presence of the hyaluronic acid cleaving enzyme, hyaluronidase, suggesting that HA 

binding to CD44 can promote AICD in T cells (Nakano et al. 2007). Together, these 

studies demonstrate that CD44 has distinct roles in all phases of the T cell lifecycle, 

including T cell activation, differentiation, survival, and death.   

FoxO Signaling  

The Forkhead-box O (FoxO) family of transcription factors control a wide array of 

cellular processes, including metabolism, cellular differentiation, survival, cell-cycle 

arrest, and tumor suppression. A FoxO ortholog (Daf-16) was first identified in the 

roundworm Caenorhabditis elegans (Daf-16) (Riddle, Swanson, and Albert 1981). Daf-
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16 was found to be a critical regulator for a Dauer or a “non-aging” larval stage. In the 

1990s, a mutation in Daf-2 was found to double the lifespan of C. elegans, and this 

effect required Daf-16 (Kenyon et al. 1993). Daf-16 was found to mediate insulin-like 

metabolic signaling and confers resistance to stress as well as prolonging the C. 

elegans lifespan (Ogg et al. 1997; K. Lin et al. 1997). Shortly after in 2003, a homolog of 

daf-16 was found in Drosophila melanogaster, termed dFOXO (Kramer et al. 2003).  

Overexpression of dFOXO decreased cell size and cell number, while flies lacking 

dFOXO appeared physically normal but had heightened sensitivity to oxidative stress 

(Jünger et al. 2003). Overexpression of dFOXO in adult Drosophila increased lifespan 

significantly (Giannakou et al. 2004; Hwangbo et al. 2004). The studies in C. elegans 

and Drosophila suggested that FoxO was a “longevity gene” and prompted numerous 

studies aiming at identifying how FoxO could be a key regulator of the aging process.  

In mammals, the FoxO subclass contains four members: FoxO1, FoxO3, FoxO4 

and FoxO6.  These FoxO proteins share a winged helix forkhead DNA-binding domain 

(Furuyama et al. 2000). FoxO transcription factors can act as transcriptional activators 

or repressors, often depending on their binding partners (Dijkers et al. 2000; Paik et al. 

2007).  FoxO can form complexes with β-catenin, STAT3, Runx3, Smad3 or Smad4 to 

mediate different downstream transcriptional processes. FoxO1, 3 and 4 are all 

regulated via the PI3-kinase Akt pathway, which is one of the most well-studied 

mechanisms of FoxO regulation (A. Brunet et al. 1999). Phosphorylation and activation 

of Akt by PI3K results in phosphorylation of FoxO1, 3 and 4 at three conserved sites, 

diminishing their DNA-binding ability (Guertin et al. 2006; Rena et al. 2001).  This 

causes nuclear exclusion and degradation, resulting in lack of FoxO binding and 
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transcription of target genes.  In immune cells, the PI3K pathway can be activated by a 

variety of stimuli via specific receptors, including the B cell receptor (BCR), TCR, CD28 

signaling, as well as cytokine and chemokine receptors (Stahl et al. 2002; Wood, 

Schneider, and Rudd 2006).  Cytokine withdrawal can elicit dephosphorylation of FoxO 

proteins and activation (You et al. 2006). 

FoxO1 and FoxO3 in the immune system. FoxO1 and FoxO3 are the main 

isoforms expressed in the immune system. FoxO1 is expressed abundantly in lymphoid 

cells, and can regulate many processes including differentiation, homing and survival 

(Dejean et al. 2009). Mice with a T cell-specific deletion in FoxO1 have an expanded 

population of activated and/or memory CD4+CD44high T cells, and develop 

autoimmunity, characterized by B cell activation, autoantibodies and 

hypergammaglobulinemia (Kerdiles et al. 2010). Young mice with a T cell-specific 

FoxO1 deletion had a decrease in the proportion and number of Foxp3+ Tregs in the 

thymus, while Foxp3+ Treg numbers were normal in the periphery. However, these 

Foxp3+ Tregs in the periphery were not functionally suppressive, suggesting that 

autoimmunity in these mice could be due to impaired function of Treg cells.  FoxO1 

deficient Tregs also had decreased CTLA-4 and CD25 expression, two proteins critical 

for Treg function.  FoxO1 was found to directly control CTLA-4 expression.  Similar 

results were found in mice that had a T cell specific deletion of both FoxO1 and FoxO3.  

These mice developed systemic inflammatory disease that was fatal, impart due to 

impaired functionality of Foxp3+ Tregs (Ouyang et al. 2010). Both FoxO1 and FoxO3 

bind to the Foxp3 promoter region, and promote transcription of Foxp3.  Together, these 
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data show that FoxO1 and FoxO3 are critical for Treg function and dampening 

autoimmunity to maintain immune homeostasis.   

FoxO1 and FoxO3 appear to have some functional redundancy in T cell 

homeostasis as well as unique signaling targets. FoxO3 deficient mice show no 

significant immunological abnormalities such as spontaneous autoimmunity (Dejean et 

al. 2009; Hosaka et al. 2004). FoxO3 deficiency also does not alter the number or 

proportion of activated memory T cells in lymph nodes and spleen.  Although there was 

not a T cell-intrinsic phenotype with the loss of FoxO3 alone, mice with a T cell specific 

deletion for both FoxO1 and FoxO3 developed accelerated autoimmunity compared to 

FoxO1 deficient mice alone (Kerdiles et al. 2010). In CD8 T cells, FoxO1 and FoxO3 

have been found to have unique functions. FoxO1 deficient T cells have decreased IL-

7R and naïve CD8 T cells, while FoxO3 does not affect IL-7R expression (Kerdiles et al. 

2009; Ouyang et al. 2009). In CD8 memory and effector T cells, FoxO1 inhibits T-bet 

expression, IFN-γ, granzyme B, and promotes memory formation, while FoxO3 

promotes apoptosis of memory T cells, as FoxO3 deficient mice have increased 

memory CD8 T cells after viral infection (J. A. Sullivan et al. 2012; Rao et al. 2012). 

Therefore, FoxO1 and FoxO3 have some redundant and some non-redundant 

functions, depending on the T cell subset and context.  

Role of FoxO3 in CD4 T cell differentiation. In CD4 T cells, FoxO3 expression 

is low in resting T cells and increases after T cell receptor engagement.  Activated CD4 

cells have a 3-fold increase in FoxO3 expression compared to naïve CD4 T cells 

(Stienne et al. 2016). FoxO3 expression is positively correlated with the strength of TCR 

engagement.  After TCR stimulation, FoxO3 expression steadily increases overtime, 
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peaking at 72 hours post stimulation (Stienne et al. 2016). Thus, FoxO3 expression is 

low in resting naïve T cells, and after TCR stimulation FoxO3 expression increases and 

is higher in memory T cells.  

FoxO3 has an important role in Th1 differentiation. FoxO3 deficient CD4 T cells 

have a defect in T-bet and Eomes, two critical transcription factors for Th1 polarization.  

Mechanistically, FoxO3 was found to directly bind to Eomes locus and upregulate 

transcription of Eomes. Additionally, FoxO3 deficient CD4 T cells have a defect in IFN-γ 

and GM-CSF, cytokines that Th1 cells produce as part of mediating their critical 

functions (Stienne et al. 2016). Eomes transcriptionally controls GM-CSF and IFN-γ to 

promote T-bet expression and a Th1 phenotype. Overexpression of Eomes in FoxO3 

deficient mice is sufficient to restore cytokine production.  T cell-specific FoxO3 deficient 

mice have a defect in pathogenic Th1 responses, as the mice are less susceptible to 

EAE. Therefore, FoxO3 is critical for transcription factors and cytokines that promote 

Th1 responses. More research is needed to understand the role of FoxO3 in the 

differentiation of other CD4 Th subsets, as well as in CD8 T cell differentiation. 

Role of FoxO3 in T cell survival, function, and memory. FoxO3 has a 

dynamic role in T cell survival and apoptosis.  When T cells are initially stimulated, TCR 

and CD28 signaling as well as IL-2 production promote the phosphorylation of Foxo by 

Akt, which promotes nuclear exclusion of FoxO3 (Stahl et al. 2002). This promotes T 

cell survival and prevents FoxO3 from transcribing target genes that promote apoptosis 

(Bim and Puma).  With cytokine withdrawal, FoxO3 is dephosphorylated, and can bind 

and induce transcription of Bim and Puma to promote apoptosis (You et al. 2006). 

Overexpression of FoxO3 is sufficient to trigger T cell apoptosis (Stahl et al. 2002). 
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Therefore, expression of FoxO3 in the nucleus is tightly controlled, to dictate T cell 

survival or apoptosis.  

FoxO3 is a critical regulator of CD8 T cell memory and survival during infection. 

Studies using global and T cell-specific FoxO3-deficient mice have investigated CD8 T 

cell memory formation and survival in various viral and bacterial infections.  During 

LCMV infection, FoxO3 deficiency causes an increase in CD8 T cell memory, due to a 

reduction in apoptosis of the T cells (J. A. Sullivan et al. 2012). Similarly, during Listeria 

monocytogenes (LM) infection, a higher number of memory CD8 T cells were detected 

in FoxO3 deficient mice (Tzelepis et al. 2013). During infection with vaccinia virus, 

FoxO3 limits the primary expansion of CD8 T cells (Togher et al. 2015). Although 

FoxO3 is critical for T cell memory and survival, FoxO3 is not required for CD8 T cell 

functionality.  FoxO3 deficient CD8 T cells have similar activation, antigen presentation, 

cytokine production, and granzyme B production as FoxO3 sufficient T cells (Tzelepis et 

al. 2013; J. A. Sullivan et al. 2012). Therefore, FoxO3 is critical in CD8 T cells for 

limiting the expansion and survival after infection. A role for FoxO3 has also been found 

in the survival of CD4 central memory T cells, where TCR and cytokine signaling 

promoted FoxO3 phosphorylation which was shown to be critical for survival (Riou et al. 

2007). Further research is needed to understand the dynamics of FoxO3 signaling in 

initial T cell signaling and differentiation compared to signaling mechanisms that 

promote apoptosis. 

FoxO-TGF-β signaling crosstalk. TGF-β signaling (which will be discussed at 

length in the following section) can crosstalk with T cell signaling pathways, such as 

FoxO transcription factor signaling. As described previously, FoxO3 and FoxO1 work 
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cooperatively in T cells to control Treg differentiation (Kerdiles et al. 2010). FoxO 

proteins directly controlled transcription of Foxp3, which suggests a crosstalk between 

FoxO3 and TGF-β signaling. This is significant not only for its implications in Treg cell 

biology, but because there is very little known about how pathways downstream of TCR 

signaling (such as FoxO3) can interact with TGF-β signaling.  TGF-β also suppresses 

Tbet and Th1 differentiation, which required FoxO1 (Kerdiles et al. 2010).  In non-

lymphoid cells such as keratinocytes, FoxO3 has been shown to directly interact with 

smad transcription factors to mediate TGF-β signaling (Seoane et al. 2004; Gomis et al. 

2006). Based on these data, FoxO transcription factors may also be critical for 

mediating TGF-β signaling outcomes in conventional T cells, but this remains to be 

elucidated. 

Section 3: Transforming Growth Factor-β (TGF-β)  

TGF-β Introduction 

TGF-β is a pleiotropic cytokine, that can mediate a variety of cellular processes 

and responses in numerous cell types. This includes cell development, fibrosis, wound 

healing, carcinogenesis, metastasis, and immune responses. TGF-β is highly 

evolutionarily conserved across species and has three known family members in 

mammals: TGF-β1, 2 and 3. In the immune system, TGF-β1 is the predominant form 

that is expressed and has been the most extensively studied (M. O. Li, Sanjabi, and 

Flavell 2006; Shull et al. 1992). TGF-β1 will be the focus of our studies. 

Processing and Activation of Latent TGF-β 

Before TGF-β can mediate its diverse functions, it must be synthesized, 

processed, and activated. TGF-β is initially synthesized as a precursor molecule.  The 
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N-terminal region contains a pre-region that possesses a signal peptide, followed by a 

pro-region, also known as latency-associated peptide (LAP). The carboxy-terminal end 

contains the mature peptide region (Gray and Mason 1990; Wakefield et al. 1988). The 

pre-region is cleaved by endopeptidases, which allows for dimerization. In the Golgi, the 

endopeptidase furin cleaves LAP, which can then non-covalently associate with mature 

TGF-β and hold it in an inactive form (Claire M. Dubois et al. 2001; C. M. Dubois et al. 

1995). This formation of LAP with mature TGF-β is termed the small latency complex 

(SLC) (Kohei Miyazono, Ichijo, and Heldin 1993; K. Miyazono et al. 1991). The SLC can 

be directly secreted from cells, or the SLC can first associate with latent TGF-β binding 

protein-1 (LTBP-1) to form a large complex that gets deposited onto the extracellular 

matrix (Irene Nunes et al. 1997; Olofsson et al. 1995). TGF-β remains inactive when 

bound to LAP and LTBP-1 and must be activated before binding receptors and 

mediating downstream signaling events.  

Several mechanisms can trigger activation of latent TGF-β and its release from 

LAP. This process appears to be cell-type and TGF-β isoform specific.  Proteases and 

other components of the extracellular matrix can release active TGF-β, as well as 

changes in pH, thrombospondin in serum, and ROS (I Nunes, Shapiro, and Rifkin 1995; 

Taylor 2008). Integrins have been shown to be important activators of TGF-β under 

physiological conditions. Integrins are type I transmembrane receptors that play critical 

roles in cell adhesion and signaling (Xiong et al. 2001). Integrins bind a RGD integrin 

binding motif on LAP to liberate active TGF-β (Munger et al. 1999). Mice that possess a 

single point mutation in the RGD integrin binding motif of LAP express only latent TGF-β 

and develop lethal systemic inflammation (Yang et al. 2007). Integrins that are capable 
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of activating TGF-β are expressed on a variety of cell types, including CD4 T cells, DCs 

and epithelial cells (Travis et al. 2007). In Tregs, the integrin αVβ8 has been shown to 

activate latent TGF-β to suppress immune cells within close proximity (Liénart et al. 

2018). The precise mechanical mechanisms of integrin-mediated activation and 

liberation of TGF-β are still unknown and are actively being investigated and debated.   

TGF-β Signaling 

Once TGF-β is liberated from LAP, TGF-β can mediate downstream signaling 

events.  TGF-β signals through two related type I and type II transmembrane 

serine/threonine kinase receptors that form heteromeric complexes (Gilboa et al. 1998). 

TGF-β first binds to the constitutively active TGF-β type II receptor (TGF-βRII) (Wrana 

et al. 1992). This binding brings the TGF-βRI in close proximity to TGF-βRII, and TGF-

βRII then transphosphorylates serine and threonine resides on the glycine/serine rich 

region of the TGF-βRI that can now serve as a binding site for SMAD family of proteins 

(Luo and Lodish 1996; R. H. Chen et al. 1995; Wrana et al. 1994). Activation of TGF-

βRI can lead to canonical and non-canonical signaling mechanisms. 

Canonical signaling. During canonical TGF-β signaling, Smad proteins link 

receptor activation at the cell membrane to transcriptional regulation in the nucleus.  

Smads contain an amino-terminal MH1 domain that regulates nuclear import and DNA 

binding, and a MH2 domain that interacts with the TGF-βRI as well as other cytoplasmic 

adaptors (Abdollah et al. 1997; Lo et al. 1998). TGF-βRI activates Smads2/3 by 

phosphorylation within the MH2 domains (Qin et al. 2002). Smad2/3 can now associate 

with Smad4 and translocate into the nucleus (Y. Zhang et al. 1996; Tsukazaki et al. 

1998; Correia et al. 2001). Once in the nucleus, Smads bind to smad binding elements 
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and can mediate activation or repression of target genes as well as interact with various 

DNA binding proteins.  An inhibitory Smad, Smad7, acts as a key regulator of the TGF-β 

signaling pathway. Smad7 has been proposed to act as a negative feedback loop to 

control TGF-β signaling responses (Nakao et al. 1997). Smad7 acts at numerous stages 

in TGF-β signaling, where it can mediate degradation of TGF-βRI, inhibit 

phosphorylation of Smad2/3, and inhibit formation of Smad2/3 with co-Smad4, 

preventing translocation into the nucleus (Hayashi et al. 1997; S.-J. Zheng and Chen 

2003; Ebisawa et al. 2001).  

Non-canonical signaling. Non-canonical TGF-β signaling is Smad independent, 

where the TGF-βRI transmits signals and interacts with a variety of different cellular 

pathways.  These signaling processes have been shown to be context and cell-type 

specific.  These pathways include: TNF receptor associated factor 4 and 6 (TRAF4 and 

6), TGF-β activated kinase 1 (Tak1), phophoinositide 3-kinase (PI3K), extracellular 

signal-regulated kinase (ERK), nuclear factor-κB (NF-κB), JUN N-terminal kinase (JNK), 

among others (Hartsough and Mulder 1995; Bakin et al. 2002). These non-canonical 

signaling pathways have been investigated in tumor cells, epithelial cells, and 

fibroblasts among others, but little is known about non-canonical TGF-β signaling in T 

cells.  

TGF-β in T Cells 

The role of TGF-β in T cell differentiation, function and survival is highly context 

dependent.  TGF-β is critical for aspects of T cell differentiation, modulation of activation 

and proliferation, as well as survival. TGF-β can promote the differentiation of distinct Th 

subsets, as well as inhibit differentiation of subsets that do not require TGF-β. TGF-β 
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can also mediate the suppression of T cell activation and proliferation, but also promote 

survival of T cells during continuous stimulation. These different functions of TGF-β will 

be discussed in detail in the sections below. 

T cell development and differentiation. As discussed above, the cytokine 

milieu that T cells encounter during T cell activation dictates the subsequent subset and 

function of the T cell. Naïve T cells that are activated in the presence of TGF-β and IL-2 

can differentiate into peripheral Tregs (pTregs). pTregs are critical to maintain tolerance 

and suppress autoreactive T cell responses.  These suppressive functions require the 

transcription factor Foxp3 (discussed in detail in Treg section). Smad3 binds at the 

conserved noncoding region (CNS1) in the Foxp3 locus and regulates the transcription 

of Foxp3 along with other transcription factors and suppresses IL-2 signaling (Tone et 

al. 2008; McKarns, Schwartz, and Kaminski 2004). Th17 cells also require TGF-β for 

differentiation.  Th17 cells promote inflammation at sites of infection and contribute to 

autoimmune disease.  Mice with defective TGF-β signaling have fewer Th17 (IL-17 

producing) cells and overexpression of Tgfb1 increases the number of Th17 cells 

(Veldhoen et al. 2006; Manel, Unutmaz, and Littman 2008). TGF-β upregulates 

expression of the IL-23 receptor, which signals to induce the development of Th17 cells 

(Mangan et al. 2006). While TGF-β is critical for Treg and Th17 development, TGF-β 

also actively inhibits Th1 and Th2 development.  TGF-β signaling inhibits T-bet (master 

transcription factor for Th1 differentiation) and IFN-γ signaling (H. Park et al. 2005; I. K. 

Park, Letterio, and Gorham 2007). TGF-β1-/- mice spontaneously develop lethal 

necroinflammatory hepatitis, with a large number of CD4 Th1 cells that produce IFN-γ 

(Gorham et al. 2001). Therefore, TGF-β is critical for preventing Th1 inflammatory 
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responses.  Additionally, TGF-β inhibits GATA3 expression, which is critical for Th2 

differentiation (Gorelik, Fields, and Flavell 2000). The precise signaling mechanisms by 

which TGF-β inhibits these critical Th1 and Th2 transcription factors and cytokines 

remains unknown. 

Suppression of T cell proliferation. TGF-β signaling can directly suppress the 

proliferation and activation of T cells.  Without TGF-β signaling in vivo, lethal 

autoimmunity can develop. In TGF-β deficient mice, about 20 days post-birth, mice 

exhibit acute wasting disease, followed by death (Shull et al. 1992). This is 

characterized by excessive immune cell infiltration and tissue necrosis.  Gorelik and 

Flavell expressed a dominant-negative TGF-βRII under a T cell specific promoter, to 

determine if TGF-β signaling in T cells is required to prevent this lethal autoimmunity 

(Gorelik and Flavell 2000). These mice have circulating autoantibodies, immune 

infiltration in multiple organs, and hyperactivation of T cells.  Older mice especially have 

increased frequencies of activated memory T cells and loss of naïve T cells compared 

to WT controls. These data suggested that TGF-β signaling in T cells is required to 

prevent hyperactivation and suppress autoimmunity. 

Further investigation uncovered that TGF-β signaling acts primarily on naïve T 

cells to inhibit their proliferation and growth.  Naïve T cells are inherently more 

susceptible to TGF-β, as they have TGF-βRI and RII on their cell surface, while 

activated T cells lose expression of the receptors (Cottrez and Groux 2001; Sanjabi, 

Mosaheb, and Flavell 2009; Tu et al. 2018). Patients with autoimmunity have been 

found to have decreased TGF-βRI on their naïve T cells, which is believed to contribute 

to spontaneous T cell activation (Tu et al. 2018). TGF-β/Smad3 signaling has been 
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shown to dampen the effect of CD28 co-stimulation on T cell activation and growth. 

Smad3 specifically modulates the expression of >400 transcripts to suppress co-

stimulation dependent mobilization of T cell proliferation (Delisle et al. 2013). TGF-β 

also actively promotes survival of naïve T cells by contributing to expression of IL-7Rα, 

which enables naïve T cells to conduct IL-7 signaling that is critical for survival (Ouyang 

et al. 2013). After naïve T cells encounter antigen presented by APCs and co-

stimulation, CD28 signaling has been found to inhibit the anti-proliferative effects of 

TGF-β, which can subsequently drive activation and proliferation (Sung, Lin, and 

Gorham 2003). In activated T cells, IL-10 has been shown to upregulate expression of 

TGF-βR expression, which can make activated/memory T cell susceptible to TGF-β 

mediated suppression (Cottrez and Groux 2001).  

Another mechanism by which TGF-β blocks T cell proliferation is through 

inhibition of the T cell growth factor IL-2 (Kehrl et al. 1986; Brabletz et al. 1993).  IL-2 is 

critical for driving mitosis and expansion of T cells after activation.  TGF-β blocks IL-2 

transcriptionally through Smad signaling (Tzachanis et al. 2001). Smads can bind to the 

smad binding element in the IL-2 promoter and interact with recruited histone methyl 

transferases to directly inhibit IL-2 transcription (Wakabayashi et al. 2011). Smad 

signaling also upregulates Foxp3, which can compete with transcription factors for 

binding to the IL-2 promoter. NFAT and AP1 are two transcription factors that 

cooperatively form a complex to mediate IL-2 transcription. Foxp3 binds to NFAT to 

reduce NFAT/AP1 complex formation (Wu et al. 2006; C. Chen et al. 2006). 

Role of TGF-β in T cell survival. The effects of TGF-β on T cells depends on 

their differentiation status and history of activation.  TGF-β can potently suppress the 
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activation and proliferation of naïve T cells, but in memory T cells TGF-β promotes their 

survival and function (Filippi et al. 2008). TGF-β has been shown to rescue antigen-

specific effector T cells from AICD. Antigen-specific effector T cells were found to 

robustly proliferate and then undergo AICD in vitro after stimulation, and IL-2 and TGF-β 

could rescue cell death and promote survival (X. Zhang et al. 1995). Similarly, TGF-β 

protects conventional mouse CD4 T cells from AICD caused by continuous stimulation 

with plate-bound anti-CD3 and CD28 antibodies (Singh et al. 2010; Takami, Love, and 

Iwashima 2012). TGF-β-treated T cells have reduced Fas and FasL, which promotes 

survival and prevents apoptosis (Genestier et al. 1999; Cerwenka et al. 1996). 

Therefore, TGF-β is thought to have a critical role in promoting survival of memory T 

cells. 

In one study, Ma et al used conditional deletion of Tgfbr2 in antigen-specific T 

cells to study the effect of TGF-β signaling in T cells during the effector and memory 

phases (Ma and Zhang 2015). After bacterial infection, the number of antigen-specific 

CD8 T cells was significantly decreased in the absence of TGF-β signaling. Continuous 

TGF-β signaling in memory T cells was found to be critical to maintain their memory-

specific transcriptional programming. Similar findings were shown in CD8 memory T 

cells after Listeria infection. The concentration of TGF-β in serum was positively 

correlated with CD8 memory formation (Sanjabi, Mosaheb, and Flavell 2009). Blocking 

TGF-β signaling did not affect the effector functions of these antigen specific T cells. 

However, it did reduce the number of memory T cells by reducing pro-survival factor 

Bcl-2 and promoting apoptosis. In autoimmune disease, TGF-β has also been shown to 

promote T cell survival. In a mouse model for diabetes, the survival and function of 
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autoreactive memory T cells that promote islet destruction were dramatically reduced in 

the absence of TGF-β signaling (Filippi et al. 2008). 

Therefore, TGF-β signaling has pleiotropic effects on T cell differentiation and 

function. TGF-β can potently suppress the activation and proliferation of T cells, 

especially naïve T cells. Additionally, TGF-β can promote the differentiation of distinct 

Th subsets such as Th17 and Treg cells.  During memory formation, TGF-β signaling is 

critical for T cells to survive repeated stimulation and prevents AICD, while also 

maintaining memory T cell numbers and functions (Figure 7). 
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Figure 7. Pleiotropic Roles of TGF-β Signaling in T Cells. TGF-β signaling can affect Th cell 
differentiation by suppressing Th1 and Th2 differentiation, and promoting Treg, Th17, and Th9 
differentiation. In the thymus, TGF-β signaling supports the differentiation and survival of CD4 
and CD8 T cells. In the periphery, TGF-β supports the survival of memory T cells and protects 
from AICD and has a role in survival of gut IEL CD8αα T cells.  TGF-β suppresses CTL 
responses by blocking proliferation and inflammatory cytokine production, especially in the 
context of the tumor microenvironment.  
 

Section 4: Treg Differentiation, Function, and Homeostasis 

Regulatory T cells (Tregs) are a critical CD4 Th subset that maintains self-

tolerance and suppresses inflammatory immune responses. After birth, our bodies are 

constantly exposed to harmless and beneficial non-self-antigens from commensal 

bacteria, food, and our environment.  Tregs are essential for suppressing T cells that 

recognize these foreign antigens and self-antigens to prevent autoimmune disease. A 
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decrease in Treg numbers is associated with autoimmune diseases such as type I 

diabetes, multiple sclerosis, and inflammatory bowel disease, while Treg numbers are 

increased in the tumor microenvironment. Thus, maintaining the appropriate balance 

between Treg and conventional T cell populations is essential for controlling immune 

responses against non-self and self-antigens, as well as tumor antigens. Tregs can be 

generated in the thymus (tTregs) during negative selection, as well as the periphery 

(pTregs). pTregs are induced when naïve CD4 T cells are stimulated in the presence of 

the cytokine TGF-β and IL-2 (W. J. Chen et al. 2003).  

Discovery and Function of Tregs 

The idea of suppressive T cells dates back to 1969 (Nishizuka and Sakakura 

1969), but it took several years to identify a definitive marker for Tregs. Because of this, 

skeptism grew in the 1980s and without a definitive marker, it was difficult to show that 

Tregs were indeed responsible for suppressing autoimmunity. In a ground-breaking 

discovery in 1995, Sakaguchi et al identified that Tregs express high levels of CD25 (IL-

2 receptor α chain) (Matoba et al. 2019). When T cells depleted of CD25+ cells were 

transferred into athymic nude mice, this caused autoimmune disease, including colitis 

and the development of autoantibodies.  Co-transfer of a small number of CD4+25+ T 

cells could prevent autoimmunity.   

Like other T cell subsets, Tregs develop in the thymus. It was discovered in 1999 

that TCR transgenic mice develop suppressive CD4+CD25+ T cells that primarily 

express TCRs that utilize endogenous alpha-chains, while RAG-2-deficient TCR 

transgenic mice do not develop Tregs (M. Itoh et al. 1999). This suggested that Tregs 
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require TCR for thymic selection and development. Tregs make up approximately 10% 

of peripheral T cells in mice and humans. 

TGF-β Signaling and Foxp3  

TGF-β signaling is required for the differentiation, maintenance, and suppressive 

function of Tregs.  TGF-β signaling induces a variety of signaling processes critical for 

Tregs, including induction of the master transcription factor Foxp3 (Hori, Nomura, and 

Sakaguchi 2003). Foxp3 programs the development and function of regulatory T cells, 

and stabilizes lineage commitment (Gavin et al. 2007; Fontenot, Gavin, and Rudensky 

2003). In 2003, Hori et al mechanistically demonstrated that Foxp3 controls regulatory T 

cell development (Hori, Nomura, and Sakaguchi 2003).  Foxp3 was shown to be 

expressed in naturally arising CD4 Tregs. Additionally, retroviral gene transfer of Foxp3 

could convert naïve T cells to a regulatory phenotype, similar to Tregs. This 

demonstrated that Foxp3 is sufficient for regulatory T cell phenotypes.  While the 

precise mechanisms of Foxp3 in controlling Treg functions remain poorly understood, 

Foxp3 has been found to act as a transcriptional activator or repressor.  Foxp3 can act 

with other transcription factors to control expression of thousands of genes (Y. Zheng et 

al. 2007; Sadlon et al. 2010). This is why Foxp3 is often deemed the “master” 

transcription factor in Tregs. Foxp3 can form a complex with NFAT, which has been 

shown to upregulate CTLA-4, CD25 and repress expression of IL-2 (Marson et al. 2007; 

Wu et al. 2006). Foxp3 can also interact with AML1 or Runx1 to suppress IL-2 and IFN-

γ production, while enhancing suppressive activity and upregulating glucocorticoid-

induced TNF-receptor family-related protein (GITR) (Ono et al. 2007). GITR 
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engagement has been shown to enhance Treg proliferation and is a marker of 

functional Tregs (Ronchetti et al. 2015; G. Liao et al. 2010).  

Because Foxp3 is so critical for Treg differentiation and functions, mutations in 

Foxp3 cause fatal multi-organ autoimmune disease.  In humans, mutations in Foxp3 

cause immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome 

and a similar lymphoproliferative disease in Scurfy mice (Bennett et al. 2001; Brunkow 

et al. 2001). In Scurfy mice, transfer of Tregs from healthy mice can prevent systemic 

inflammation (Fontenot, Gavin, and Rudensky 2003). This demonstrated that Foxp3 

expression in Tregs is critical to prevent systemic autoimmunity. A critical distinction 

between mice and humans is that Foxp3 expression in mice is limited to Tregs, while 

human non-Tregs can transiently express Foxp3 after activation.  However, only Tregs 

have stable expression of Foxp3 in humans (Gavin et al. 2006). 

Mechanisms of Treg Generation and Survival  

TGF-β. TGF-β signaling is critical not only for Treg differentiation, but also for 

survival, maintenance, and expansion in the periphery.  Tregs were examined in 

transgenic mice with a dominant negative form of TGFBRII under control of the CD2 

promoter (marker for T cells and NK cells). CD4+CD25+ Tregs were decreased in these 

mice, and upon transferring TGF-βRII deficient Tregs into mice with DSS-induced 

colitis, the Tregs proliferated less than WT counterparts (Huber et al. 2004). This 

suggested that TGF-β signaling was critical for the expansion and maintenance of Tregs 

in vivo. Mice that harbor a T cell-specific deletion of TGF-βRII develop lethal 

inflammation and autoimmunity, with severely diminished survival of Tregs as well as 

other CD4 T cell subsets (M. O. Li, Sanjabi, and Flavell 2006). In 8-10 day old TGF-β1 



 
51 

 

 
 

deficient mice, peripheral, but not thymic Tregs were reduced, suggesting a critical 

function of TGF-β in the maintenance of peripheral Tregs (Marie et al. 2005). When 

Tgfbr1 is specifically deleted in Tregs, this causes a dramatic defect in the recruitment 

and retention of Tregs in the GI tract, resulting in excessive inflammation in the 

intestines (Konkel et al. 2017). These studies point to a critical role for TGF-β signaling 

in the maintenance and survival of Tregs, although the source of TGF-β that is required 

for in vivo maintenance of Tregs still remains controversial. Conventional T cells, Tregs, 

and numerous other cell types including other leukocytes and stromal cells can produce 

TGF-β.  TGF-β1 produced by T cells is dispensable for Treg generation and 

maintenance. However, TGF-β1 deficient Tregs were shown to have reduced 

suppressive function in an in vivo transfer model (M. O. Li, Wan, and Flavell 2007). 

Therefore, TGF-β produced by Tregs is critical for suppressive functions. Other cell 

types that provide TGF-β for Tregs remain to be elucidated.   

IL-2. CD25 (IL-2 receptor α chain) is not only a marker for Tregs, but is required 

for IL-2 signaling that is critical for the development, survival, and suppressive functions 

of Tregs (D’Cruz and Klein 2005; Fontenot et al. 2005). IL-2 signaling controls 

numerous signaling pathways that promote cell growth, division, survival and metabolic 

activity.  IL-2 deficient mice have a dramatic decrease in the number of Tregs and 

develop autoimmunity (Schorle et al. 1991). Additionally, antibody-mediated blockade of 

IL-2 in normal mice can cause an onset of autoimmunity and a decrease in Treg 

numbers, suggesting IL-2 is critical for peripheral maintenance of Tregs (Setoguchi et 

al. 2005). IL-2 is required for the expression of Foxp3 as IL-2 induced Stat5 can bind to 

the Foxp3 promoter and stabilize expression (Setoguchi et al. 2005; Sakaguchi et al. 
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1995). Tregs cannot make their own IL-2, and thus rely on other cell types such as 

activated T cells to produce IL-2 (Yamamoto-Taguchi et al. 2013; Cousens, Orange, 

and Biron 1995). Intravital imaging has beautifully shown that Tregs and conventional T 

cells colocalize with DCs, and in these clusters conventional T cells respond to antigen 

and produce IL-2, while Tregs are recipients of IL-2 (Z. Liu et al. 2015). 

Other survival factors. Although IL-2 is critical for survival and expansion of 

Tregs, other survival factors have been identified.  Tregs are not completely absent in 

IL-2 deficient mice, suggesting other survival factors in the absence of IL-2 (Schorle et 

al. 1991). Additionally, IL-2 is not readily available in all tissue sites, and is produced 

primarily by activated T cells and in the lamina propria (Yamamoto et al. 2013). One 

factor Tregs rely on for survival is CD28. Inducible CD28 deletion demonstrated a 

selective loss of Treg cells that showed reduced homeostatic proliferation (Gogishvili et 

al. 2013). The authors postulated that this reduction in proliferation was probably due to 

a lack of co-stimulation during self-antigen recognition. Another survival factor is TNF 

(tumor necrosis factor).  Tregs express membrane-bound TNF, which is a potent 

activator of the type 2 TNF receptor (Nelson et al. 2018). The type 2 TNF receptor 

promotes cell survival and growth. If autocrine TNF is blocked in human Tregs in vitro in 

the absence of IL-2, Tregs stop proliferating.  This showed that TNF can act as an 

autocrine Treg-derived growth factor.  Although several mechanisms of Treg survival 

and homeostasis have been studied, there is still much to be discovered regarding how 

Tregs survive in vivo in distinct immunological niches. 
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Mechanisms of Treg-mediated Suppression 

Tregs suppress inflammatory responses and proliferation of conventional T cells 

by a variety of mechanisms.  To date, many of the proposed mechanisms fit into two 

broad categories: contact-dependent and contact-independent suppression. Treg-

mediated suppression can directly target the function of effector T cells (through 

suppressor cytokines, cytolysis or consumption of IL-2) or target the APCs that are 

required for activating effector T cell responses.  While Treg suppression requires TCR 

activation, after activation Tregs can mediate suppression in an antigen-independent 

manner (Hori, Nomura, and Sakaguchi 2003).  

CTLA-4. One vital Treg suppressive mechanism is delivered through surface 

expression of cytotoxic T lymphocyte associated protein (CTLA-4). While activated T 

cells can transiently express CTLA-4, constitutive expression of CTLA-4 is restricted to 

Tregs (Read, Malmström, and Powrie 2000). Blocking CTLA-4 in vivo results in the 

development of autoimmunity and colitis in mice and prevents Tregs from mediating 

suppression of conventional T cells in vitro (Takahashi et al. 2000; Tang et al. 2004). 

Specific deletion of CTLA-4 in Tregs results in spontaneous lymphoproliferation, fatal T 

cell autoimmunity, and potent anti-tumor immunity (Wing et al. 2008). Mechanistically, 

CTLA-4 binds B7 ligands on APCs, sequestering these ligands from effector T cells that 

require them for CD28 co-stimulation and T cell activation (Oderup et al. 2006; Wing et 

al. 2008). Sequestration of these B7 ligands by CTLA-4 binding can prevent availability 

of B7 ligands for T cell co-stimulation and lead to effector T cell anergy.  Additionally, 

binding of CTLA-4 to CD80/86 B7 ligands causes an increase in IDO (Indeolamine 2,3-

dioxygenase) production by DCs (Grohmann et al. 2002; Munn et al. 1999). IDO breaks 
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down tryptophan, which can limit the availability of this proinflammatory resource to T 

cells. IDO expressing DCs possess potent tolerogenic properties that can limit T cell 

responses to antigen stimulation and promote the conversion of naïve T cells to 

regulatory T cells (Baban et al. 2009; Y. Yan et al. 2010). Thus, CTLA-4 is critical for 

Treg function, and can block effector T cell activation by sequestering B7 ligands and 

modulating APCs to indirectly block T cell responses.   

Direct killing of APcs and effector T cells. Tregs can directly kill target cells 

through cell contact-dependent cytolysis.  Tregs produce granzyme A and B, which 

enters target T cells and APCs through pores produced in the membrane by perforin 

(Grossman et al. 2004; Cao et al. 2007). Granzymes then activate caspase-mediated 

apoptosis in these target cells. Tregs can directly kill effector T cells or kill APCs, which 

is thought to indirectly diminish effector T cell responses. Another mechanism of direct T 

cell killing is through the TRAIL-DR5 (Tumor‐necrosis‐factor‐related apoptosis‐inducing 

ligand–death receptor 5) pathway.  Tregs upregulate and express TRAIL on the surface 

after activation (Ren et al. 2007). TRAIL can bind the DR5 receptor on T cells, leading 

to effector T cell apoptosis. Blocking this TRAIL-DR5 axis reduces the suppressive 

activity and cytotoxic effects of Tregs in vivo.   

Cytokine-mediated suppression. Although contact-dependent suppression is 

critical for Treg functional responses, several contact-independent mechanisms of 

suppression have been discovered.  Production of IL-10 and TGF-β by Tregs has been 

shown to suppress inflammatory T cell responses. IL-10 production by Tregs inhibits 

intestinal inflammation and colitis pathologies, and promotes tolerance to alloantigens 

(Asseman et al. 1999; Hara et al. 2001). Tregs can express soluble and membrane-
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bound TGF-β, which can act as an immunosuppressive cytokine to block T cell 

activation and proliferation.  Blocking TGF-β in an in vitro suppression assay prevents 

Treg mediated suppression of T cell proliferation (K. Nakamura et al. 2004). Production 

of TGF-β is enhanced by co-stimulation via CTLA-4.  

Another cytokine that is critical for suppression is IL-2.  Tregs express high levels 

of the IL-2 receptor alpha chain, CD25, on their cell surface. In addition to promoting 

survival and growth, the consumption of IL-2 by Tregs can limit IL-2 availability for 

effector T cells.  This deprivation of IL-2 can cause Treg-induced apoptosis of effector T 

cells, and exogenous IL-2 can rescue effector T cells from apoptosis (Pandiyan et al. 

2007). Additionally, Tregs that are activated in the presence of anti-IL-2 antibodies 

cannot mediate suppression of responder T cells (de la Rosa et al. 2004). IL-2 also 

primes Tregs to produce IL-10 upon secondary stimulation. Therefore, IL-2 can act as a 

survival factor for Tregs and promote suppressive functions.  

Section 5: T Cells in the Tumor Microenvironment 

T Cell Recognition of Tumor Antigens 

Conventional T cells recognize foreign antigens in the context of MHC, as T cells 

that recognize self-antigens with high affinity are eliminated during negative selection in 

the thymus. This allows for T cells to respond to pathogens and prevents autoimmunity.  

So, how do T cells recognize tumor cells, which are derived from our own cells?  It was 

discovered that T cells can recognize tumor associated antigens (TAA), which are 

antigens that are highly overexpressed in tumor cells compared to normal cells. 

Because of these antigens, it was demonstrated in the 1980s that tumor infiltrating 

lymphocytes (TIL) can be expanded with IL-2 and infused back into mice to target and 
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kill tumor cells (Rosenberg et al. 1988; Rosenberg, Spiess, and Lafreniere 1986). This 

was used early on to treat melanoma in mice, and TAAs such as MART-1, tyrosinase 

and MAGE-1 were among the first identified to be presented in the context of HLA-A2 

(Brichard et al. 1993; Van Der Bruggen et al. 1991; Coulie et al. 1994; Kawakami et al. 

1994). Since the discovery that T cells can target and eliminate tumor cells, there has 

been great interest in understanding T cells in the tumor microenvironment. Much 

emphasis has been put on understanding how to enhance T cell mediated killing, 

survival, and on the development of novel immune-based therapies.  

Over the past couple of decades, it has been well documented that the tumor 

microenvironment (TME) can be hostile and prevent successful immune-mediated anti-

tumor responses. This includes: (i) the induction of negative regulators on immune cells 

to shut down effector T cell responses (ii) the recruitment and induction of suppressive 

innate and adaptive immune cells and (iii) the presence of tumor metabolic pathways 

that causes a depletion of nutrients that are critical for the function and survival of T 

cells.   

Negative Regulators of T Cell Function 

As discussed previously, T cells become activated when recognizing antigen 

presented by APCs in the context of MHC.  This orchestrates activation, proliferation, 

cytokine production and killing of target cells during infection.  In the tumor 

microenvironment, T cells must recognize TAAs to become activated and eliminate 

tumor cells.  It has been documented that even if tumors express antigens that can be 

recognized by T cells, one reason T cells cannot elicit effective immunity against tumors 

is a lack of costimulatory ligands that are needed for activation (L. Chen et al. 1992; 
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Townsend and Allison 1993). Expression of B7 ligands that can bind CD28 and provide 

T cell co-stimulation has been shown to enhance T cell anti-tumor responses (Baskar et 

al. 1993; Allison, Hurwitz, and Leach 1995). After T cells become activated and perform 

their effector functions, T cells upregulate negative feedback responses to shut down T 

cell responses. This negative feedback process is critical during homeostasis to prevent 

aberrant T cell responses and autoimmunity. However, in the TME, these negative 

feedback responses can prevent successful elimination of tumors and anti-tumor 

immunity.  

Immune checkpoint molecules. Immune checkpoint molecules are the most 

well-studied molecules that promote negative feedback responses, and have been 

found to block inflammatory T cell responses in the TME. The first identified inhibitory 

receptor was CTLA-4. CTLA-4 is a homolog of CD28 that is upregulated after T cell 

activation and binds B7 family ligands with much higher affinity than CD28 (J. F. Brunet 

et al. 1988; Linsley et al. 1994; Krummel and Allison 1995). This allows CTLA-4 to 

compete with B7 ligands to block CD28 binding and thus T cell co-stimulation. 

Additionally, binding of CTLA-4 to B7 ligands negatively regulates multiple aspects of 

TCR signaling to dampen T cell responses.  CTLA-4 can recruit phosphatases that can 

decrease phosphorylation of several key proteins in the TCR signaling cascade, such 

as CD3ζ and LAT (Marengère et al. 1996; K. M. Lee et al. 1998). CTLA-4 can also 

recruit PI3-K to promote signaling that prevents death in anergic T cells (Schneider et 

al. 2008). Crosslinking of CTLA-4 in vitro inhibits T cell proliferation and IL-2 production 

induced by anti-CD3 activation and blocking CTLA-4 with Fab fragments enhances T 

cell proliferation (Walunas et al. 2011; Krummel and Allison 1995). This is required to 
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dampen overactivation of T cells and reduce inflammatory processes after pathogen 

clearance. CLTA-4 is required for immune homeostasis in T cells, as mice deficient in 

CTLA-4 develop lethal autoimmunity from massive lymphoproliferation and tissue 

destruction (Tivol et al. 1995; Waterhouse et al. 1995).  

Because CTLA-4 blocks T cell activation, it was postulated that CTLA-4 may 

function to inhibit T cell responses in the TME. Indeed, blocking CTLA-4 via injection of 

antibodies that prevent CTLA-4 ligand binding was shown to successfully eliminate B7-1 

positive colon carcinoma tumors in mice, as well as B7 negative tumors (Leach, 

Krummel, and Allison 1996).  Mice treated with blocking antibodies to CTLA-4 were also 

protected from secondary challenge of tumor cells.  Because of numerous promising 

studies in mice, CTLA-4 blockade was one of the first negative regulators to be targeted 

clinically. In 2011, the Food and Drug Administration approved the use of a monoclonal 

antibody that blocks CTLA-4, ipilimumab, in metastatic melanoma.  A second 

monoclonal antibody, tremelimumab, was approved in 2015 for mesothelioma. Both 

antibodies now have been used for clinical trials targeting other tumor types (Szostak et 

al. 2019). CTLA-4 is also highly expressed on Tregs and contributes to their 

suppressive functions, as discussed previously. Tregs with high expression of CTLA-4 

have been found in multiple tumor types, and these cells were shown to be 

Foxp3+CD25+ and have suppressive functions (Matoba et al. 2019). Additionally, CTLA-

4+ Tregs have been found to suppress NK cell cytotoxicity and correlate with poor 

prognosis (Jie et al. 2015). Therefore, there has been increasing interest in blocking 

CTLA-4 not only to remove effector T cell exhaustion, but also to block Treg responses 

in the tumor.  
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Another very well-known and studied checkpoint inhibitor is programmed cell 

death protein-1 (PD-1). Like CTLA-4, PD-1 is a critical regulator of normal T cell 

homeostasis.  PD-1 is expressed by T cells after activation, and acts as a break to 

inhibit overactivation of T cell responses. Mice deficient in Pdcd1 (which encodes PD1) 

develop lupus-like autoimmune disease (Nishimura et al. 1999). PD-1 counters T cell 

activation signals by binding to its ligand PD-L1 and/or PD-L2, that is present on APCs 

as well as tumor cells (Freeman et al. 2000; Latchman et al. 2001). High PD-1 

expression in T cells is associated with exhaustion in many biological scenarios, 

including chronic viral infection and in the TME. Blocking PD-1 or its ligands has been 

shown in these settings to partially reverse T cell exhaustion and promote T cell 

activation and killing (Barber et al. 2006; Iwai et al. 2002; Hirano et al. 2005). Similar to 

CTLA-4, because of success in anti-tumor responses in mice, several antibodies that 

target PD-1 and its ligands were approved for use in a variety of human cancers. 

Although results were promising, most patients do not show long-lasting remission.  

Therefore, there has been great interest in combining CTLA-4 and PD-1 therapy, which 

in certain cancers such as melanoma can promote enhanced efficacy of tumor immune 

responses (Wolchok et al. 2013). As we learn more, the treatment of patients with 

cancer becomes more complex and personalized, with the need to often do combination 

therapies. This includes combining PD-1/CTLA-4 blockade with other inhibitors such as 

LAG3, TIM3 or TIGIT; blocking suppressive cytokines such as IL-10, administering 

cytokines that promote T cell survival such as IL-2, IL-7 and IL-15, and delivering 

engineered T cells (discussed later on). Greater understanding of the biology of these 
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receptors and cytokines, as well as the unique tumor environments is needed to 

facilitate better treatment. 

Suppressive Immune Cells and Hostile Metabolic Environment 

When tumors start to develop, a variety of cell types are recruited to the TME that 

can antagonize effective T cell responses.  The TME is highly complex, containing 

fibroblasts, myeloid cells, suppressive B cells, endothelial cells, Tregs and γδ T cells. 

These cells can inhibit T cell responses through contact-dependent mechanisms and 

the production of soluble molecules.  Although Tregs are classically thought of as CD4+, 

CD8+ Tregs are also found in the TME and can suppress inflammatory T cell responses 

(Kiniwa et al. 2007; J. Li et al. 2011). Tolerogenic APCs can directly mediate the 

induction and/or expansion of these regulatory T cells (Sisirak et al. 2012; Faget et al. 

2012). Many of the APCs in the TME express low levels of co-stimulatory molecules 

and upregulate enzymes like inducible nitric oxide synthase (iNOS) and indoleamine 2,3 

dioxygenase (IDO) that create metabolic challenges for T cells. IDO converts tryptophan 

into metabolic byproducts called kynurenines (Higuchi and Hayaishi 1967; Shimizu et al. 

1978).  High IDO is associated with reduced T cell infiltration into tumors and increased 

numbers of Tregs (Pelak et al. 2015; T. Nakamura et al. 2007).  The diminished 

tryptophan levels in the TME prevent T cell proliferation and can induce T cell death 

(Munn et al. 2004). Another metabolic barrier is hypoxia, where areas of low oxygen in 

tumors can cause T cell dysfunction. Growing evidence shows that T cell growth and 

survival is impaired in hypoxic conditions (Atkuri, Herzenberg, and Herzenberg 2005; 

Caldwell et al. 2001). Hypoxia can inhibit CTL differentiation from precursors and can 

shift cells from IL-2, IFN-γ producing Th1 cells to a Th2 phenotype (Zuckerberg, 
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Goldberg, and Lederman 1994; Caldwell et al. 2001). In addition to hypoxia, the TME 

has low glucose availability, which can dampen T effector functions.  Tregs mainly rely 

on oxidative phosphorylation, and thus can survive better than CTLs, which rely 

primarily on glycolysis and glucose to mount their inflammatory functions (Michalek et 

al. 2011; Chang et al. 2013).  Foxp3 was found to be necessary and sufficient to 

program Tregs to utilize fatty acids and perform oxidative phosphorylation (Howie et al. 

2017). Therefore, there are several molecules and metabolic conditions in the TME that 

promote Treg survival and effector T cell disfunction.  

Role of TGF-β in Tumor-specific T Cells 

TGF-β is present in a vast variety of tumor types and has been shown to promote 

tumor growth.  TGF-β can be produced by tumor cells themselves, or it can be 

produced by other cells in the TME. Specifically, T cells, natural killer cells, 

macrophages and epithelial cells have all been shown to produce TGF-β in the TME 

(Tamada et al. 1997; Donkor et al. 2011). Regardless of its source, TGF-β in the TME 

can have a critical role in suppressing anti-tumor immune responses. T cells, which are 

necessary for killing tumors cells and promoting inflammation, can be negatively 

affected by TGF-β in the TME.  

TGF-β can suppress the proliferation, inflammatory cytokine production, and 

cytotoxic functions of T cells. Consistent with this notion, neutralization of TGF-β in the 

TME using TGF-β specific antibodies enhanced IL-2 receptor expression (CD25) and 

Th1 cytokine production by T cells (Maeda and Shiraishi 1996). This demonstrated that 

TGF-β can suppress inflammatory activities of T cells. To test if there was a specific role 

for TGF-β signaling in suppression of T cell responses, Gorelik and Flavell generated 
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transgenic mice with T cells expressing a dominant negative form of TGF-βRII, which 

prevents T cells from propagating TGF-β signaling (Gorelik and Flavell 2000). When 

mice were challenged with tumor cells, transgenic mice were able to eradicate tumors 

and survive, while WT littermates had rapid tumor progression and death. This showed 

that blocking TGF-β signaling in T cells is sufficient for T cell-mediated anti-tumor 

responses. Transgenic mice also had a greater expansion of tumor specific CD8 T cells, 

demonstrating that TGF-β actively inhibits T cell proliferation in the TME.  

TGF-β was shown to inhibit expression of several gene products that are critical 

for cytotoxic functions in tumors. These include granzyme A, granzyme B, perforin, Fas 

Ligand, and IFN-γ. Mechanistically, TGF-β activated smads cooperated with ATF1 

transcription factors to bind and block transcription of granzyme B and IFN-γ (Thomas 

and Massagué 2005). To suppress these cytotoxic T cell responses, TGF-β was also 

found to control the transcription factors Tbet and Eomes that direct CTL differentiation 

and activation.  Tbet and Eomes upregulate cytotoxic molecules such as granzyme B, 

IFN-γ and perforin (Pearce et al. 2003; B. M. Sullivan et al. 2003). In a B16 melanoma 

model, a TGF-βRI pharmacological inhibitor blocked tumor progression and enhanced 

CTL responses through restoration of Eomes and cytotoxic molecules in CTLs (Yoon et 

al. 2013). TGF-β was shown to inhibit Tbet expression in Th1 cells, which resulted in 

decreased CD8 CTL responses in human melanoma-reactive memory T cells 

(Ahmadzadeh and Rosenberg 2005). TGF-β not only inhibits Th1, but also can promote 

PD-1 expression, which can block effective T cell responses (B. V. Park et al. 2016). 

Therefore, TGF-β signaling has a role in suppressing T cell inflammatory responses 

through multiple mechanisms, which can dampen anti-tumor immunity.  
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Although TGF-β is classically thought of as inhibitory to T cell responses in the 

TME, more evidence is mounting that the effect of TGF-β on T cells is not just 

immunosuppressive.  TGF-β is critical for Th9, Th17 and resident memory T cell 

subsets, which can all initiate pro-inflammatory responses in the tumor and improved 

control of tumors.  Th9 cells are CD4 T cells that are characterized by IL-9 production 

(Schmitt et al. 1994). IL-4 and TGF-β are required for induction of Th9 cells from naïve 

T cells (Veldhoen et al. 2008). Th9 cells have several properties that promote anti-tumor 

immunity.  IL-9 can promote apoptosis of melanoma cells and can promote survival of 

tumor infiltrating T cells (Fang et al. 2015; Parrot et al. 2016). Th9 cells also recruited 

DCs to tumor sites, which were able to deliver antigen to tumor draining lymph nodes 

and activate CD8 T cells (Lu et al. 2012). Therefore, TGF-β promoting Th9 cell 

development could be beneficial for cytotoxic T cell responses.  

TGF-β also has a role in promoting resident memory T cells (TRM). These long-

lived memory T cells reside in tissues to mediate robust responses against pathogens, 

and have also been found in the TME of several cancers.  A marker for these cells is 

CD103, which is an integrin that promotes T cell contact with the epithelium (MacKay et 

al. 2013). TGF-β upregulates CD103 in TRM cells (Robertson 2001). TGF-β also 

downregulates sphingosine-1-phosphate receptor 1 (S1P1) expression, which promotes 

retention of TRM cells in tissues (Skon et al. 2013). In numerous cancers, the presence 

of CD103+ TRM cells in the TME correlates with better prognosis and improved survival 

(J. R. Webb et al. 2014; Paul 2010; Djenidi et al. 2015). This raises the possibility that 

TGF-β promotes survival of TRM cells in the TME, and could enhance their retention.  

Overall, the role of TGF-β on T cells the TME is complex, and more research is needed 
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to understand how to prevent the negative effects of TGF-β on T cell function while still 

allowing for the beneficial/homeostatic effects on certain T cell subsets. 

CAR T Cells 

Chimeric antigen receptor (CAR) T cells have revolutionized cancer 

immunotherapy over the last few decades.  As described previously, some major 

challenges in the TME is the lack of antigen presentation of tumor antigens and the lack 

of co-stimulatory molecules present to activate T cells.  Additionally, there can be a lack 

of tumor-specific T cells present in patients with a variety of tumors. CAR T cells were 

developed to attempt to overcome many of these barriers.  CAR T cells combine the 

effector functional responses of T cells with the diversity of antibody recognition.   

CAR T cell design. The first CAR T cell developed contained an extracellular 

single-chain variable fragment (scFv) linked to an intracellular signaling domain (Gross, 

Waks, and Eshhar 1989). This CAR contained a Fc receptor (FcR) γ chain signaling 

domain. Subsequent CARs contained the CD3ζ chain, which has three ITAMs 

compared to a single ITAM in the FcR γ chain, which can enhance signaling. Tumor 

antigen specificity from the extracellular domain combined with the CD3ζ intracellular 

signaling domain constitutes a first-generation CAR (Figure 8). Second generation 

CARs were developed that add a costimulatory domain, such as CD28 or 4-1BB. This 

allows the CAR T cells to receive signal 1 from antigen binding, and signal 2, through 

co-stimulation. The addition of a costimulatory domain showed enhanced cytokine 

secretion, tumor killing, and reduced apoptosis (Savoldo et al. 2011; D. W. Lee et al. 

2015). 
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Figure 8. CAR T Cell Design. CARs contain a scFv that recognize tumor antigens, followed by 
a hinge and transmembrane (TM) domain. The 1st generation contains an intracellular CD3ζ 
signaling domain. The 2nd generation adds one costimulatory domain such as CD28. The 3rd 
generation has two costimulatory domains, such as CD28 and 4-1BB.  

There has been much interest in enhancing CAR T cell effector functions, 

survival, and persistence, including the creation of third generation CARs that have two 

co-stimulatory domains, and armored CARs that can produce cytokines such as IL-12 

and IL-15. These CARs have also shown enhanced tumor killing and functionality 

compared to 1st and 2nd generation CARs (Carpenito et al. 2009; Zhong et al. 2010; 

Brentjens et al. 2003). Many clinical trials and research are ongoing to determine the 

optimal construction of the CARs, which will also depend on the specific tumor type.  

CAR T cell therapy. For treatment with CAR T cells, the patient’s own T cells 

are activated and expanded ex vivo, and commonly transduced with retroviral vectors 

containing the CAR genes and a marker for transduction. These transduced T cells can 

be purified by sorting for the marker that is only expressed in transduced cells, then 
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infused back into the patient.  These CAR T cells now have redirected specificity for the 

tumor antigen of interest (Figure 9). 

 

Figure 9. CAR T Cell Therapy. PBMCs are first removed from the patient, and T cells are 
activated in vitro. Activated and expanded T cells are transduced with CAR T cell vectors, then 
selected for by a marker gene (such as CD34).  T cells are further expanded with IL-2 and 
infused back into the patient. These CAR T cells now have redirected specificity for the tumor 
antigen of interest. 

CD19 CAR T cells are one of the most widely studied and have shown the most 

promise clinically. One of the first trials at Memorial Sloan Kettering Cancer 

Center in New York used 2nd generation CAR T cells (CD3ζ/CD28) to treat B‐cell acute 

lymphoblastic leukemia. An overall complete response rate of 91% was found for 32 

patients (J. H. Park et al. 2015).  Another clinical trial at UPenn treated pediatric and 

adult patients with 2nd generation CD3ζ/4-1BB CD19 CARs, where a 90% response rate 
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was observed (Maude et al. 2014). Several other trials also saw promising results with 

the CD19 CARs. Common toxicities that were observed were cytokine release 

syndrome (CRS) and some neurological toxicities.  Because of its success, the FDA 

approved CARs as a treatment for large B-cell lymphoma in 2017. Overall, the use CAR 

T cells, especially for treatment of B-cell malignancies, has been a significant 

breakthrough in the field of immunotherapy. 

Challenges of CAR T cell therapy. While CAR T cell therapy has shown great 

promise, especially for B cell malignancies, treatment for solid tumors remains a 

challenge. One example is in glioblastoma, where only a minority of patients showed 

any objective clinical responses after CAR therapy (Brown et al. 2016; Louis et al. 

2011). This lack of clinical efficacy in solid tumors has been attributed to a number of 

factors, including: (i) the immunosuppressive environment in the tumor, including 

regulatory T cells, that can shut down the killing activity of the CAR T cells, (ii) T cell 

exhaustion due to excessive activation and upregulation of checkpoint molecules, (iii) 

survival in the tumor microenvironment and activation induced cell death of CAR T cells.  

 Because of these barriers, different strategies have been implemented to 

engineer CARs that overcome resistance, as well as combination therapies that 

enhance CAR fitness.  Like other tumor-specific T cells, CAR T cells can express 

checkpoint molecules such as PD-1 and CTLA-4 that can bind ligands on tumor cells 

and suppress their functions (Oh et al. 2020). Combination therapies with checkpoint 

inhibitors and CAR T cell treatment are currently under investigation (Chong et al. 2017; 

Heczey et al. 2017). Another strategy has been to engineer CAR T cells themselves to 

secrete molecules that block the interactions of inhibitory receptors and their ligands 
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such as PD-1 blocking antibodies or anti-PDL-1 antibodies (Suarez et al. 2016; Zhou et 

al. 2020). Overall, CAR T cells can be powerful tools for redirecting T cells to tumor 

targets, but more research will need to uncover the optimal constructs and treatments 

for different types of tumors.   

Activation-induced cell death in CAR T cells. As described above, adoptive 

transfer of CAR T cells has shown great success for hematologic cancers such as B cell 

lymphomas. For those patients that respond, successful tumor elimination is correlated 

with the survival of CAR T cells post-transfusion (Kershaw et al. 2006; Jensen et al. 

2010). Although CAR T cells have been successful clinically, one major drawback for 

many types of cancers is the lack of CAR T cell persistence in vivo. This is especially 

true for solid tumors (D’Aloia et al. 2018). After infusion, CAR T cells must traffic to the 

tumor and survive in a highly immunosuppressive environment. Both in vitro and in vivo, 

CAR T cells have been shown to undergo activation-induced cell death (AICD), where 

repeated stimulation of the CARs results in apoptosis (Gargett et al. 2016; Wang et al. 

2021). Similar to AICD in conventional T cells, Fas/FasL causes AICD in CAR T cells 

(Künkele et al. 2015). CD28-based CAR T cells have been specifically shown to 

undergo apoptosis when repeatedly activated by antigen (Gargett et al. 2016; Guedan 

et al. 2018; Künkele et al. 2015). Changing the cytoplasmic region of CD28 to other co-

stimulatory molecules (such as 4-1BB) made the CAR T cells more resistant to AICD 

(Guedan et al. 2018; Long et al. 2015). Philipson et al found that 4-1BB co-stimulation 

enhanced NF-κB signaling, which reduced expression of the pro-apoptotic protein Bim 

(Philipson et al. 2020). The data suggest that CD28-mediated co-stimulation in CAR T 

cells may promote apoptosis more than other co-stimulators.  
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Cytokine treatment of CARs also affects their survival and resistance to AICD in 

vivo. Because of their role in T cell survival, proliferation and function, IL-2, IL-15 and IL-

7 are common cytokines used to expand CAR T cells in vitro. IL-7 promotes 

homeostasis and survival of naïve and memory T cells through the upregulation of Bcl-2 

and repression of pro-apoptotic proteins (Q. Jiang et al. 2004). IL-15 signaling is critical 

for the development and homeostasis of CD8 T cells, and inhibits AICD through the 

upregulation of Bcl-2 and Mcl1, two anti-apoptotic proteins (Sandau et al. 2010). 

Culturing CAR T cells with IL-7 and IL-15 was shown to improve in vivo persistence of 

CARs (Ghassemi et al. 2016). IL-15 and IL-7 reduces the differentiation of central 

memory into effector memory, which preserves T cells in early differentiation states. 

Another study showed that culturing CAR T cells with IL-15 and IL-7 increases CD19 

CAR T cells with a memory stem cell phenotype (Xu et al. 2014). These memory stem 

cell CAR T cells are able to resist AICD after repeated encounters with antigen and 

migrate to secondary lymphoid organs. These data suggest that IL-7 and IL-15 together 

can enhance CAR survival and resistance to AICD in vivo. Altogether, the design and 

cytokine signaling in CARs can greatly influences survival and functionality.  

Concluding Remarks 

 T cells are critical members of the adaptive immune system, with diverse subsets 

and functions. T cells control tolerance to self-antigens and commensals, mount 

inflammatory responses to pathogens, immunological memory, and are critical for anti-

tumor immunity. To perform these diverse functions, T cells have countless signals that 

control their differentiation, function, survival, and death. Although there is a great deal 

of literature on T cell functionality, much is left to uncover on the intricacies of the T cell 
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lifecycle, especially signaling mechanisms that activation-induced cell death of T cells. 

This is critical for tumor-specific T cells and CAR T cells, as their survival can be 

especially difficult in the tumor microenvironment. Continued research into the signaling 

mechanisms that control the survival and death of T cells and the complex role of TGF-

β signaling will undoubtedly uncover novel pathways that can be therapeutically 

targeted in many disease states, including cancer, autoimmunity, and improving 

immunological memory.  
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CHAPTER TWO  

MATERIALS AND EXPERIMENTAL METHODS 

Mice 

C57BL/6, CD4-CRE, and FoxO3fl/fl mice were purchased from Jackson 

Laboratory. Rasgrp1−/− mice were kindly gifted by Dr. JC Stone. FoxO3fl/fl mice contain 

loxP sites flanking exon 2 (the first coding exon) of FoxO3 gene. FoxO3fl/fl mice from 

Jackson are FVB/NJ strain. Because our in vitro activation-induced cell death assays 

(PICA) were performed in C57BL/6 mice, we generated CD4-CRE FoxO3fl/fl mice in the 

C57BL/6 background.  FoxO3fl/fl mice were first backcrossed to C57BL/6 mice for 8 

generations. Then, FoxO3fl/+ mice (C57BL/6 background) were crossed with CD4-CRE 

mice (C57BL/6 background) to generate CD4-CRE FoxO3fl/+ mice. Subsequent 

breeding was performed to generate CD4-CRE FoxO3fl/fl and littermate WT controls. All 

mice were maintained under specific pathogen-free conditions. All procedures were 

approved and monitored by the Institutional Animal Care and Use Committee of Loyola 

University Chicago. 

Culture Conditions 

Primary mouse and human cells were maintained in RPMI 1640 (GE Healthcare) 

supplemented with 10% fetal calf serum (FCS, Gemini Bioproducts), L-glutamine 

(Hyclone), a 10% solution of penicillin/streptomycin (Hyclone), 1mM sodium pyruvate 

(Corning), 0.1 M hepes (Corning), non-essential amino acids (Gibco), essential amino 
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acids (Corning), and 50 μM 2-ME (Fisher Scientific). Cells were maintained at 

37°C with 5% CO2. 

Constructs  

SAMEN retroviral vector and CAR construct: The SAMEN retroviral vector 

(including the CAR construct) was a kind gift from the Nishimura lab, and is modified from 

a MMLV-based splicing vector constructed in the Surgery Branch, NCI. The EMCV/IRES 

cassette was removed and replaced with a modified CD34 cassette which lacks it 

cytoplasmic domain, so it is incapable of signaling. The anti-CD19 CAR was cloned into 

the SAMEN retroviral vector and has been sequenced on multiple occasions.   

Cell Lines 

PG13 retroviral packaging cell line: The PG13 retroviral packaging line was 

purchased from ATCC. This cell line has been used repeatedly to make retrovirus for 

our transduction experiments. Cells were maintained in Iscove’s media with 10% FCS 

and a 10% solution of penicillin/streptomycin (Hyclone). 

Raji cell line: The Raji cell line is a human B cell line that was originally derived 

from a patient with Burkitt’s lymphoma and was purchased from ATCC. This cell line 

has been used extensively in B cell lymphoma research and CD19 CAR research in the 

field.  Cells were maintained in RPMI 1640 medium with 5% FCS and a 10% solution of 

penicillin/streptomycin (Hyclone). 

Jurkat cell line: Jurkat T cells were a gift from Dr. Arthur Weiss (UCSF, San 

Francisco, CA). Cells were maintained in RPMI 1640 medium with 5% FCS and a 10% 

solution of penicillin/streptomycin. 
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Human PBMCs 

All PBMCs used were de-identified apheresis products purchased from Key 

Biologics (Memphis, TN) or Zen Bio (Research Triangle Park, NC). PBMCs were from 

healthy donors. Mononuclear cells were enriched by density centrifugation using 

Lymphopure density gradient medium (Biolegend, San Diego, CA) and red blood cells 

were lysed with RBC lysis buffer (Biolegend, San Diego, CA). 

Cell Culture and T Cell Activation 

For CD4 and Treg isolation, splenocytes were labeled with fluorochrome 

conjugated anti-CD4 and anti-CD25 antibodies, followed by sorting of 

CD4+CD25+ tTregs and CD4+ CD25- conventional T cells using a FACSAria (BD 

Biosciences). For CD8 T cell isolation, total CD8 splenic T cells were isolated using 

negative selection with magnetic sorting (Mojosort from Biolegend). For PICA 

stimulation, tTregs and conventional T cells (1x105-3x105) were stimulated with anti-

CD3 and anti-CD28 (5 μg/mL each, leaf-grade, Biolegend) coated 60 mm plates in the 

presence IL-2 (10 ng/mL, Peprotech). For TGF-β treated conditions, TGF-β was added 

at 2.5 ng/mL on day 0 (Peprotech).  

For the culture of conventional T cells for 7 days (Figure 11B), CD4+25- T cells 

were stimulated with plate-bound anti-CD3 (5 μg/mL) and soluble anti-CD28 antibodies 

(1 μg/mL) +/- TGF-β (2.5 ng/mL,) and IL-2. After 3 days of stimulation, cells were 

harvested and removed from stimulation and were further cultured in the presence of 

TGF-β and IL-2.  

For the tTreg culture with the TGF-β signaling inhibitor (Figure 13), tTregs were 

expanded with anti-CD3/anti-CD28 antibody coated beads (4.5 μM polystyrene beads, 
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Polysciences, Inc) for 7 days in the presence of IL-2. After 7 days, tTregs were 

restimulated with immobilized anti-CD3/anti-CD28 antibodies (5 μg/mL each) coated on 

culture dishes with DMSO control or 10 μM SB-431542 (Sigma) in the presence of IL-2. 

For re-stimulation to assess TCR signaling events, expanded cells were stimulated with 

biotin-conjugated anti-CD3 Ab (5 μg/mL cross-linked by streptavidin (5 μg/mL) for 

indicated time points.  

For re-stimulation to assess TCR signaling events (Figure 10), expanded 

conventional and Treg cells were stimulated with biotin- conjugated anti-CD3 Ab (5 

μg/mL, eBiosciences, San Diego, CA USA) cross-linked by streptavidin (5 μg/mL, EMD 

Chemicals, Rockland, MA, USA) for time points indicated. 

Isolation of Small Intestine IEL and LPL  

Intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) were 

isolated from the mouse small intestine. Briefly, the small intestine was removed, and 

fecal matter and fat were removed. The intestinal tissues were opened longitudinally 

and cut into 1cm pieces. The tissues were incubated in calcium- and magnesium-free 

10% HBSS supplemented with fetal calf serum, 10mM HEPES and 1mM Dithiothreitol 

(DTT) rocking for 30 minutes in 37˚C. The tissues were then vortexed vigorously and 

intestinal IEL were obtained by filtration of the supernatant through a 100µm filter. To 

isolate LPL, the remaining tissues were further cut into smaller pieces, and incubated in 

10% HBSS supplemented with 0.1mg/ml DNAseI, 2mg/ml Collagenase D and 0.17U/ml 

Dispase, rocking for 30 minutes in 37˚C. To stop the digest, 10% HBSS supplemented 

with 5mM EDTA was added. LPL cells were then obtained by filtration of the 

supernatant through 100µm filter. Purified IEL were obtained by harvesting the cell 
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interphase of 40/70% Percoll centrifugation and LPL were obtained from 40/80% Percoll 

centrifugation.  

Generating High Titer CAR PG13 Cell Line  

Using a HEK293GP packaging cell line, retroviral supernatants were prepared 

and used to make a stable retroviral producer PG13 cell line expressing the CD19-

specific CAR in the SAMEN vector. On day 0, 3 million HEK293GPs were plated in 10 

cm plates and incubated overnight. HEK293GP cells were transiently co-transfected 

with 20 μg retroviral SAMEN vector DNA and 5 μg of a plasmid containing the VSV 

envelope gene using 50 μL Lipofectamine 2000 (Invitrogen) on day 1. Transfection 

medium was replaced 6 hours later with 10 mL fresh complete medium and incubated 

for 48 hours. On day 2, PG13 cells were seeded at 2 million in a 10 cm tissue culture 

plate. On day 3, fresh HEK293GP viral supernatant was collected and filtered using a 

0.45 μm filter. PG13 media was replaced with 9 mLs of filtered HEK293GP viral 

supernatant and 3 mL complete medium. On day 6, PG13 cells were collected and 

stained using anti-CD34 mAb (BioLegend) and analyzed for CD34 expression by flow 

cytometry. CD34 high cells were sorted using a BD FACSAria cell sorter (BD 

BioSciences, San Jose, CA) and the final PG13 cells were maintained in complete 

medium. 

Generating CAR T Cells 

T cells from healthy donors were activated with 5 ug/mL plate-bound anti-CD3 

and anti-CD28 (Biolegend, leaf-grade) in the presence of IL-2 (10 ng/mL, Peprotech).  

To make high titer retroviral supernatant, PG13 cell lines were seeded overnight at 8 

million cells/T-175 cell culture flask and incubated. On day 2, 25 mLs of complete 
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Iscove’s DMEM supplemented with 0.5 mLs (1 mM) sodium butyrate (Sigma-Aldrich) 

and 1 mL (10 mM) HEPES (Sigma-Aldrich) was added to flasks for 8-10 hours to 

stimulate virus production. Media was then replaced with fresh complete media and 

incubated overnight. Viral supernatants were collected on day 3 and filtered to remove 

any cellular debris using 0.45 μm filters. 

Activated T cells were transduced by spinoculation on day 3. Cells were mixed 

with virus supernatant (0.5 million cells/mL) with 8 ug/ml Polybrene and placed into 24 

well plates. The plates were spun for 2 hours at 2,000xg at 32°C and then incubated for 

6 hours. Viral media was replaced with fresh media containing IL-2, and T cells were 

cultured in flasks for 2 days. 2 days after transduction, transduction efficiency was 

determined by FACS analysis using anti-CD34 mAb (Biolegend). TCR transduced T 

cells were purified by positive selection using CD34 immunomagnetic beads (Miltenyi 

Biotec, San Diego, CA) and maintained in complete media with IL-2. 

CAR T Cell Culture Transwell Assay 

CAR T cells were washed and placed in complete RPMI media (10% FCS) with 

no cytokines added. Raji or Jurkat cells were irradiated (50 grays) and placed in 

complete media. CAR T cells and Rajis were placed together in the top of a transwell 

(Corning). The transwell contained 200 ul of CARs and Rajis in the 0.33 cm2 culture 

area.  The pore size was 0.4 µM, so that cells could not travel to the bottom of the 

transwell. The media at the bottom of the transwell was replaced everyday with 

complete media, leaving the CAR T cells and Rajis undisturbed in the top of the 

transwell.  Where indicated, TGF-β (10ng/uL, Peprotech) or Pan Caspase Inhibitor Z-

VAD-FMK 5µM (R&D Systems) was added on Days 1 and 3, during the media change.  
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After 5 days, CAR T cells were counted via tryphan blue exclusion, then cells were 

stained for flow cytometry analysis. For restimulation, dead Rajis were removed via ficoll 

gradient and live CAR T cells were stimulated with Rajis at a 1:1 ratio in u-bottom 96 

well plates overnight.  Cytokines were collected in the supernatants prior to staining. 

Flow Cytometry 

All fluorochrome-conjugated antibodies used were from Biolegend, unless 

otherwise indicated. For the surface staining, cells were first treated with anti-CD16/32 

Fc block followed by staining with surface antibodies on ice for 30 minutes in the dark. 

To assess psmad2/3 (BD Biosciences), cells were fixed using fix/perm reagents from 

BD Biosciences, according to the manufacturer’s instructions. For transcription factor 

staining, the true nuclear kit from Biolegend was used, according to the recommended 

protocol. Cells were stained for Foxp3 and Helios using Biolegend’s recommended 

protocol. Cells were analyzed on a BD FACSCanto II or LSRFortessa flow cytometer. 

Cell sorting was performed on a FACSAria cell sorter (BD Biosciences). Analyses were 

performed with FlowJo software (Tree Star, Ashland, OR). Cells were gated on live cells 

(exclusion of Zombie Aqua dye, Biolegend) followed by gating on single cells. 

Subsequent gating was performed as described in each figure.  

Apoptosis Analysis 

For analyzing apoptosis, mouse T cells were collected from PICA plates, washed 

in PBS, then subjected to staining. Surface markers were stained first, followed by 

Annexin V and 7AAD staining (1 ul per 0.5 million cells) in Annexin Binding Buffer at 

room temperature for 15 minutes (10X solution contains 0.1M Hepes (pH 7.4), 1.4M 

NaCl, and 25 mM CaCl2, which was diluted to 1X prior to use). Cells were immediately 
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analyzed after incubation by flow cytometry, without washing. In addition to 

7AAD/Annexin V analysis by flow cytometry, cells were counted prior to staining using 

tryphan blue exclusion.  

Western Blot Analysis 

At indicated time points, cells were collected and whole cell lysates were 

prepared at a concentration of 1 x 106 cells/50uL in sodium dodecyl sulfate (SDS) lysis 

buffer (2% SDS, 125 mM DTT, 10% glycerol, 62.5 mM Tris-HCL (pH 6.8). Equivalent 

amounts of proteins adjusted by cell number were loaded in each lane and separated 

on SDS- PAGE gels. Proteins transferred on PVDF membranes were probed with the 

following primary antibodies: antibodies specific for phospho-Erk (Thr 202/Tyr204), 

phospho-Mek1/2 (Ser 217/221), phosphor-cRaf (Ser 259), phospho-smad 2/3 (Ser 

423/425) and Mek were from Cell Signaling Technology. Antibodies specific for 

RasGRP1 and Sos1 were from Santa Cruz Biotechnology (Dallas, TX, USA). The anti-

Ras antibody was from BD Biosciences, the anti-Erk Ab was from Millipore (Billerica, 

MA, USA), the anti-Foxp3 Ab was from eBiosciences, and the anti-β actin antibody was 

from Sigma (St. Louis, MO, USA).  Enhanced Chemiluminescence (ECL) substrates 

were used to detect proteins of interest (GE Healthcare). The relative intensity of each 

band (number indicated under each lane) was normalized to β-actin as the loading 

control, as determined by ImageJ software (National Institutes of Health). 

Statistical Analysis 

Statistical significance was determined using a Student’s t test (unpaired or 

paired), as indicated. These analyses were performed using the GraphPad Prism 

software (GraphPad Software; La Jolla, CA). A p value <0.05 was considered 
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statistically significant with p<0.001 denoted as ***, p = 0.001 to 0.01 denoted as **, and 

p = 0.01 to 0.05 denoted as*. Not significant denoted as ns (p > 0.05). 
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CHAPTER THREE 

EXPERIMENTAL RESULTS 

Section 1: Identifying Signaling Differences Between Conventional and 

Regulatory T Cells and the Role of TGF-β 

Tregs and Conventional T Cells Differ in MAPK Pathway Signaling and RasGRP1 

Expression 

Activation-induced cell death (AICD) occurs after expansion of antigen-stimulated 

T cells to reduce the number of these activated T cells (Smith et al. 1989). Previously, 

we have established an in vitro system to study AICD by stimulating T cells with anti-

CD3 and CD28 antibodies coated on flat tissue culture plates. Under these conditions, a 

majority of conventional T cells undergo apoptosis in a p53- dependent manner, while 

Foxp3+ tTregs are resistant to apoptosis and expand over 7000-fold within 10 days 

(Singh et al. 2010). Since classical AICD is p53 independent (Boehme and Lenardo 

1996), we concluded that plate-bound anti-CD3/anti-CD28 antibodies induce a distinct 

mechanism of AICD and named the process p53-induced CD28-dependent T-cell 

apoptosis (PICA). Further analysis revealed that Foxp3+ Tregs require autocrine TGF-β 

to resist PICA (Takami, Love, and Iwashima 2012). Conversely, addition of exogenous 

TGF-β renders conventional T cells resistant to PICA. These data suggest that PICA 

may play a role in immune regulation by controlling the balance between tTregs and 

conventional T cells.  



 
81 

 
 

CD4+CD25+ Tregs expand and grow robustly with plate-bound antibody stimulation 

(PICA conditions), whereas conventional T cells CD4+25- undergo apoptosis. Therefore, 

we hypothesized that there are TCR-associated signaling differences between Tregs 

and conventional T cells that allow for Tregs to resist PICA. To test this hypothesis, we 

analyzed known signaling molecules that function downstream of TCR stimulation and 

compared them between mouse splenic CD4+CD25+ Tregs and conventional T cells 

(Figure 10). We found differences in the Ras/ERK signaling pathway when comparing 

stimulated Tregs and conventional T cells. Conventional T cells showed upregulation of 

phosphorylated ERK (indicative of ERK activation) 15–30 min after TCR stimulation. 

Tregs showed little, if any, upregulation of ERK phosphorylation (Figure 10A). 

Compared to conventional T cells, Tregs also showed a substantial decrease in 

phosphorylation of two molecules upstream of ERK, MEK and c-Raf. These data 

suggest that the ERK/Ras signaling pathway is closely coupled to TCR stimulation in 

conventional T cells, but not in Tregs. In T cells, activation of the MAPK/ERK pathway is 

dependent on two Ras activators, RasGRP1 and SOS-1/SOS-2. Since ERK activation 

was significantly lower in Tregs compared to conventional T cells, we expected lower 

levels of RasGRP1 and SOS-1 expression in Tregs compared to conventional T cells 

(Figures 10B and C). We found that Tregs expressed lower levels of RasGRP1 protein 

and mRNA compared to conventional T cells. Expression levels of Ras were 

comparable between conventional T cells and Tregs. SOS-1 expression by Tregs was 

slightly lower than conventional T cells. Together, the data suggest that Tregs exhibit 

reduced ERK signaling, in part due to lower levels of RasGRP1 expression. 
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Figure 10. Expression and Activation of ERK Signaling Molecules in Conventional T Cells 
and tTregs. Ex vivo expanded CD4+CD25+ tTregs and conventional (conv) CD4+ T cells 
(CD4+CD25− cells) isolated from C57BL/6 spleens were stimulated with biotin-conjugated anti-
CD3 crosslinked with avidin for 0, 15, or 30 min. (A, B) tTregs and conv cells were analyzed by 
western blot analysis. Blots are representative of three independent experiments. (C) Real-time 
PCR assays for expression of Rasgrp1 mRNA by conventional CD4+ T cells and tTregs. The 
relative amount of mRNA was determined using gapdh gene expression as a reference, 
*p<0.005 Student’s t-test. The data are representative of three independent experiments. 
Experiments performed in conjunction with Dr. Mariko Takami (Takami and Cunha et al. 2018). 
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We sought to determine the mechanism by which tTregs express lower levels of 

RasGRP1. We first determined the kinetics of RasGRP1 expression in conventional T 

cells and Tregs in unstimulated cells and after 7 days of in vitro stimulation (Figure 

11A). The expression of RasGRP1 did not significantly differ between freshly isolated 

conventional and regulatory T cells. However, after in vitro stimulation for 7 days, 

expression of RasGRP1 substantially increased in conventional T cells, but not 

dramatically in Tregs (Figure 11A). This demonstrates that Tregs and conventional T 

cells have mechanisms downstream of TCR activation that differentially controls the 

expression of RasGRP.  The data suggest that Tregs produce an inhibitory molecule(s) 

for RasGRP1 expression and/or conventional T cells produce RasGRP1 promoting 

factors during expansion. 

TGF-β Suppresses RasGRP1 in Conventional T Cells 

Our previous work showed that Tregs require TGF-β signaling to resist PICA, 

and that exogenous TGF-β confers PICA resistance to conventional T cells (Takami, 

Love, and Iwashima 2012). Tregs express active TGF-β and its receptors (Liu et al. 

2008; Chen et al. 2003). Conventional T cells also express TGF-βRI and TGF-βRII, but 

their expression of active TGF-β is limited due to a lack of TGF-β activation machinery 

(Tu et al. 2018). Based on these differences between conventional and regulatory T 

cells, we hypothesized that TGF-β controls RasGRP1 expression. If so, then 

conventional T cells upregulate RasGRP after activation due to a lack of TGF-β 

production, while production of TGF-β by Tregs suppresses RasGRP1 expression.  

Our hypothesis predicted that addition of TGF-β to activated conventional T cells would 

reduce expression of RasGRP1. When we stimulated conventional T cells, RasGRP1 
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expression substantially increased after 3 days, and this level of expression was 

maintained over 7 days (Figure 11B). In contrast, addition of exogenous TGF-β to 

conventional T cells resulted in little, if any, increase in RasGRP1 expression. These 

data show that TGF-β inhibits RasGRP1 expression in activated conventional T cells. 

TGF-β also increased Foxp3 in conventional T cells, which is a canonical transcription 

factor downstream of TGF-β signaling.    

 

 
 
Figure 11. Regulation of RasGRP1 Expression by TGF-β. (A) Tregs (4+25+) and conventional 
T cells (4+25-) were isolated from spleens of C57BL/6 mice and stimulated with anti-CD3/28 
coated beads for 7 days in the presence of IL-2. Cells harvested at day 0 and day 7 were lysed 
in SDS sample buffer for western blot analysis (B) Conventional T cells were stimulated with 
plate-bound anti-CD3 and soluble anti-CD28 antibodies in the presence or absence of TGF-β 
supplemented with IL-2. After 3 days of stimulation, cells were harvested to remove stimulation 
and were further cultured in the presence of TGF-β and IL-2 and analyzed by western blot. Data 
are representative of three independent experiments.  Experiments performed in conjunction 
with Dr. Mariko Takami (Takami and Cunha et al. 2018). 
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Canonical TGF-β signaling induces phosphorylation of SMAD2/3, which 

regulates many transcriptional targets, including Foxp3. We sought to determine if TGF-

β induces canonical phospho-smad signaling in conventional T cells to a similar extent 

as in regulatory T cells.  To assess this, we sorted Tregs and Conventional T cells 

(Figure 12A), then stimulated for 30 min in the presence or absence of TGF-β. We 

found that Tregs and conventional T cells have a basal low level of pSMAD2/3 

expression without stimulation, and upon stimulation with the addition of exogenous 

TGF-β, both Tregs and conventional T cells upregulated pSMAD2/3 expression (Figure 

12B). The data suggest that signaling processes downstream of SMAD phosphorylation 

and/or non-canonical TGF-β signaling are involved in the regulation of RasGRP1 

expression in both conventional and regulatory T cells.  
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Figure 12. Expression of pSMAD2/3 in TGF-β Treated Tregs and Conventional T cells. 
Splenocytes from C57BL/6 mice were left unstimulated or stimulated with anti-CD3 and anti-
CD28 coated plates in the presence or absence of TGF-β for 30 minutes (A) Gating strategy for 
Tregs and conventional T cells. (B) pSMAD2/3 expression (PE) in Tregs and conventional T 
cells (Conv.) Dashed line indicates isotype control. Representative data from 3 samples. 
(Takami and Cunha et al. 2018). 
 
 

A 
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Tregs Utilize Autocrine TGF-β Signaling to Suppress RasGRP1 

Because we saw that TGF-β reduces RasGRP1 expression in conventional T 

cells, we next tested if TGF-β signaling is required for low levels of RasGRP1 

expression in Tregs. If autocrine TGF-β is required, then inhibition of TGF-β signaling 

would increase RasGRP1 expression. To test this, we re-stimulated ex vivo expanded 

CD4+CD25+ Tregs in the presence or absence of a TGF-β type I receptor inhibitor (SB-

431542). Cells were harvested 5 days after stimulation and the level of RasGRP1 

expression was determined by western blot (Figure 13A). Tregs stimulated with the 

TGF-β receptor signaling inhibitor showed a significant increase in RasGRP1 

expression compared to cells stimulated with a DMSO control (Figure 13A and 4B), 

suggesting that TGF-β signaling in Tregs is required for maintaining low RasGRP1 

expression after activation. Inhibition of TGF-β signaling did not significantly reduce 

expression of Foxp3 by tTregs (Figure 13B). The data suggest that TGF-β inhibits 

RasGRP1 expression in a manner independent of Foxp3 expression. 
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Figure 13. Effect of TGFβRI Signaling Inhibition on RasGRP1 and Foxp3 Expression in 
Tregs. (A) Tregs were expanded ex vivo for 7 days in the presence of IL-2. After 7 days, cells 
were re-stimulated on anti-CD3 and anti-CD28 coated plates in the presence of IL-2 and a TGF-
β type I kinase inhibitor (SB-431542) or DMSO control. Cells were harvested 5 days after 
stimulation and lysed in SDS sample buffer. Representative blot from three independent 
experiments (B) Relative intensity of RasGRP1 and Foxp3 in SB-431542 treated Tregs 
compared to normalized DMSO control. β-actin was used as a loading control. Four spleens 
were pooled for each independent experiment. Data are shown as mean + SD (n=3) and are 
representative of three independent experiments. Student’s t-test, where p = 0.01 to 0.05 is 
denoted as *. RasGRP1 p = 0.016; Foxp3 ns p = 0.157. (Takami and Cunha et al. 2018). 
 
RasGRP1 is Critical for PICA Cell Death in Conventional T Cells 

RasGRP1 has been shown to transduce apoptotic signals in B cells (Stang et al. 

2009). Moreover, sustained ERK signaling can promote cell death (Yang et al. 2011; 

Martin et al. 2006). Therefore, we hypothesized that conventional T cells are susceptible 

to PICA because of the increase in RasGRP1 after TCR stimulation, which leads to 

sustained ERK activation and apoptosis. To test this, we cultured CD4 conventional T 

cells isolated from the spleens of RasGRP1 knockout or littermate control mice with 

plate-bound anti-CD3/anti-CD28 antibody stimulation. After 4 days, cells were stained 

with 7AAD (DNA dye) and Annexin V to detect phosphatidylserine that is only present 

on the external leaflet of the plasma membrane when cells undergo apoptosis. Cells 
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that are negative for 7AAD and Annexin V are live cells, cells that are Annexin V+ and 

7AAD- are starting to undergo apoptosis, and cells that are AnnexinV+7AAD+ are dead. 

If downregulation of RasGRP1 is important for survival under PICA inducing conditions, 

then RasGRP1 deficient conventional T cells would become resistant to PICA and have 

a higher frequency of live cells. As predicted, RasGRP1-deficient conventional T cells 

showed a greater increase in survival, with an increase in live cells after 4 days of 

stimulation and a decrease in the percentage of AnnexinV+ and 7AAD+ cells (Figure 

14A and B).  These cells were resistant to PICA and had increased cell counts 

compared to control cells that underwent apoptosis (Figure 14C). These data show that 

RasGRP1 expression is required for PICA in conventional T cells and suggest that 

reduced expression of RasGRP1 by tTregs is a mechanism by which tTregs resist 

PICA. Since low expression of RasGRP1 in tTregs requires TGF-β signaling, the data 

illustrate that TGF-β acts as a survival factor in tTregs to resist PICA.  
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Figure 14. Comparison of Cell Survival Between RasGRP1 Sufficient and Deficient 
Stimulated Conventional CD4 T Cells. Conventional CD4+T cells (CD4+CD25- T cells) 
isolated from the spleens of RasGRP1 knockout mice (Rasgrp1−/−) or littermate controls, 
(Rasgrp1+/+ or +/−) were stimulated with plate-bound anti-CD3/anti-CD28 antibodies 
supplemented with IL-2 (PICA conditions). Cells were harvested at day 4. (A) Gating strategy by 
flow cytometry after 4 days. (B) Cells were stained with Annexin V (FITC) and 7AAD and 
analyzed by flow cytometry. (C) The total number of live cells was determined by Trypan blue 
exclusion on day 4. The data are representative of four independent experiments, where two or 
three spleens were pooled for each. Data collected by Dr. Mariko Takami. (Takami and Cunha 
et al. 2018). 

Conclusions from Section 1 

Tregs and conventional T cells have differences in the RasGRP1/MAPK pathway 

downstream of TCR activation. The data suggest that Tregs have reduced MAPK 

activation and ERK signaling compared to conventional T cells, in part due to reduced 

RasGRP1 expression. Tregs utilize autocrine TGF-β signaling to suppress RasGRP1 

expression, and addition of TGF-β inhibits RasGRP1 upregulation after stimulation. 

RasGRP1 deficient T cells have reduced apoptosis during PICA stimulation.  These 
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data suggest that RasGRP1 expression is repressed in Tregs by TGF-β signaling, 

which renders Tregs resistant to apoptosis. This also suggests that reduced RasGRP1 

expression by addition of exogenous TGF-β can promote survival of conventional T 

cells during PICA stimulation (Figure 15).   

 
Figure 15. Model of PICA and RasGRP1 in Conv T Cells and Tregs. With repeated 
stimulation, conventional T cells express high levels of the RasGRP1, while Tregs maintain low 
levels of RasGRP1. TGF-β signaling suppresses RasGRP1 in Tregs, and addition of TGF-β to 
conventional T cells suppresses RasGRP1. High RasGRP1 leads to cell death in conventional T 
cells during PICA, while Tregs resist PICA and maintain low RasGRP1 expression.  

Section 2: The Role of FoxO3 in Conventional and Treg Survival and Activation 

FoxO3 is Highly Expressed in PICA Conditions and Reduced by TGF-β 

The strength of TCR stimulation as well as the duration can dictate survival or 

death of conventional T cells.  We previously established that stimulation of 

conventional T cells with plate-bound anti-CD3/anti-CD28 antibodies in the presence of 
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IL-2 (PICA conditions) causes expansion of T cells followed by massive apoptosis by 

day 4 after stimulation (Singh et al. 2010). However, conventional T cells that are 

stimulated with plate-bound anti-CD3 and soluble anti-CD28 antibodies proliferate, with 

little to no cell death.  Additionally, addition of TGF-β to plate-bound stimulated 

conventional T cells rescues them from apoptosis (Takami, Love, and Iwashima 2012).  

Our previous data demonstrated that there are fundamental differences in T cell 

activation signaling processes when CD28 is engaged by plate-bound vs soluble form 

(Singh et al. 2010).  PICA (plate-bound) cell death requires Bim, a known pro-apototic 

molecule in T cells (O’Connor et al. 1998). Bim-/- conventional T cells have dramatically 

reduced apoptosis compared to wild-type littermates (Singh et al. 2010). Additionally, 

TGF-β, which rescues T cells from apoptosis, also reduces Bim expression (Takami, 

Love, and Iwashima 2012). Therefore, conventional T cell death requires Bim, and TGF-

β reduces Bim as one mechanism to prevent apoptosis.   

We sought to determine signaling pathways that are distinct between stimulation 

conditions that promote survival (soluble anti-CD28) vs death (plate-bound anti-CD28) 

of conventional T cells. We examined expression of the Forkhead transcription family 

member FoxO3, as FoxO3 is sufficient to trigger apoptosis in T cells, and FoxO3 

positively regulates transcription of Bim (Stahl et al. 2002; You et al. 2006). Since 

FoxO3 expression controls Bim and apoptosis, we hypothesized that plate-bound 

stimulation induces higher FoxO3 than soluble anti-CD28 stimulation.  In resting 

conventional T cells (day 0), we found little to no FoxO3 expression (Figure 16).  When 

cells were stimulated with plate-bound anti-CD3/28 stimulation, FoxO3 was substantially 

increased compared to no stimulation or soluble anti-CD28 stimulation.  Addition of 
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TGF-β, which renders T cells resistant to PICA cell death, caused a marked decreased 

in FoxO3 expression in plate-bound stimulation, while causing no obvious change 

during soluble stimulation (Figure 16). Together, the data indicate that FoxO3 is strongly 

upregulated during plate-bound PICA stimulation, and that total FoxO3 expression is 

reduced by TGF-β.   

 

 
Figure 16. Effect of TGF-β on FoxO3 Expression in Stimulated Conventional T Cells. 
Splenic conventional T cells (4+25-) were left unstimulated (day 0), or stimulated for 1 day with 
plate-bound anti-CD3 along with either plate-bound or soluble anti-CD28 antibodies, +/- TGF-β.  
Cells were harvested 1 day after stimulation and lysed in SDS sample buffer for western blot 
analysis.  Relative intensity of each band (below each lane) was determined against day 0 data 
normalizing to β-actin (loading control).  Data collected by Dr. Mariko Takami.  (Takami, Love, 
and Iwashima 2012). 

Role of FoxO3 in Conventional T Cell Survival 

Because FoxO3 was strongly upregulated during PICA stimulation but not 

soluble stimulation, we hypothesized that FoxO3 signaling upstream of Bim and 

RasGRP leads to apoptosis. FoxO3 can upregulate transcription of Bim, and FoxO3 has 

a putative binding site in the RasGRP promoter, which could point to FoxO3 directly 

controlling expression of RasGRP.  To test this hypothesis, we generated mice that lack 
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FoxO3 in T cells (CD4 CRE FoxO3 flox/flox).  We sorted FoxO3-/- or WT splenic 

conventional T cells from these mice, and performed plate-bound anti-CD3/anti-CD28 

PICA stimulation conditions for 2 or 4 days. If FoxO3 is required for cell death during 

PICA, then FoxO3-/- T cells should have increased survival.   When we stimulated WT 

conventional T cells in PICA conditions, cells were activated and started to proliferate by 

2 days (Figure 17A).  As expected by day 4, WT T cells underwent massive apoptosis, 

with a large frequency staining double positive for Annexin V and 7AAD (dead cells) 

(Figure 17A and B).  When we stimulated conventional T cells from FoxO3-/- mice, we 

observed a similar activation and cell death pattern as WT cells.  Counting live cells on 

days 2 and 4 showed that the WT and FoxO3-/- T cells expanded and then underwent 

apoptosis in a similar manner (Figure 17C).  The data suggest that FoxO3 is not 

required for cell death during PICA stimulation.   
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Figure 17. Survival of FoxO3 Deficient and WT Conventional T Cells During PICA 
Stimulation. Splenic conventional T cells (4+25-) from FoxO3-/- or WT littermates were 
stimulated for 2 or 4 days with plate-bound anti-CD3/anti-CD28 antibodies with IL-2.  At 
indicated time points cells were harvested and counted, then analyzed by flow cytometry.   (A, 
B) Cells were stained with Annexin V and 7AAD and fluorescence intensity was determined by 
flow cytometry (B) Summary of frequency of 7AAD+/Annexin V+ double positive cells (C) Total 
live cell counts were determined by trypan blue exclusion. (B, C) Each dot represents one 
mouse. Data are representative from 3 independent experiments for Day 2, and 6 independent 
experiments for Day 4.   
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FoxO3 and TGF-β Crosstalk in Survival 

Since FoxO3 is not required for apoptosis, we next wondered if FoxO3 has a role 

in T cell survival in response to TGF-β signaling. Although not fully understood in T 

cells, in other cell types FoxO3 is critical for mediating TGF-β signaling. In 

neuroepithelial cells and ovarian cancer cells, FoxO3 physically interacts with SMAD 

transcription factors to control TGF-β mediated transcriptional processes (Seoane et al. 

2004; Fu and Peng 2011). If FoxO3 is critical for mediating TGF-β signaling in 

conventional T cells is unknown. Therefore, we asked if FoxO3-/- conventional CD4 T 

cells were able to respond to TGF-β signaling and survive during PICA stimulation, 

similar to WT cells.  After two days, both WT and FoxO3-/- T cells appeared activated 

and had little cell death, as evident by majority of cells staining negative for Annexin V 

and 7AAD (Figure 18A and B). The overall cell number and survival of WT and FoxO3-/- 

T cells were similar, whether TGF-β was present or not (Figure 18B and C).  As seen 

previously (Figure 17), by 4 days of stimulation WT and FoxO3-/- T cells both underwent 

massive apoptosis in the absence of TGF- β.  However, after 4 days with TGF-β, 

FoxO3-/- T cells showed a dramatic defect in responsiveness to TGF-β. FoxO3-/- T cells 

had a higher frequency of 7AAD+/AnnexinV+ dead cells compared to WT T cells with 

TGF-β (Figure 18A and B). In accordance with higher cell death, FoxO3-/- T cells also 

had lower overall cell numbers with TGF-β on day 4 compared to WT littermates (Figure 

18C).  The data suggest that FoxO3 is not critical for initial activation of conventional T 

cells (Day 2), but is important for responsiveness to TGF-β and survival of T cells after 

activation.   
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Figure 18. Effect of TGF-β Addition on Survival of FoxO3 Deficient and WT Conventional 
T Cells During PICA Stimulation. Splenic conventional T cells (4+25-) from FoxO3-/- or WT 
littermates were stimulated for 2 or 4 days with plate-bound anti-CD3/anti-CD28 antibodies with 
IL-2, +/- TGF-β.  At indicated time points cells were harvested and counted, then analyzed by 
flow cytometry.   (A, B) Cells were stained with Annexin V and 7AAD and fluorescence intensity 
was determined by flow cytometry (B) Summary of frequency of 7AAD+/Annexin V+ double 
positive cells (C) Total live cell counts were determined by trypan blue exclusion. (B, C) Each 
dot represents one mouse. Data are representative from 3 independent experiments for Day 2, 
and 6 independent experiments for Day 4.  Statistical significance determined by paired 
Student’s t test, with sex-matched age-matched littermates compared for each treatment. 
p<0.001 denoted as ***, p = 0.001 to 0.01 denoted as **, and p = 0.01 to 0.05 denoted as *. 
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FoxO3 in Treg Survival 

In addition to its role in the differentiation and apoptosis of T cells, FoxO3 and 

FoxO1 have also been shown to have a critical role in Treg development and function 

(Kerdiles et al., 2010). Tregs rely on TGF-β signaling to survive PICA stimulation, which 

suggests there could be crosstalk between FoxO3 and TGF-β signaling pathways. 

Therefore, we asked if Tregs from WT or FoxO3-/- mice differed in their survival during 

PICA stimulation.  As mentioned previously, splenic Tregs (CD4+25-) become activated 

and expand robustly during plate-bound stimulation.  We compared survival of WT or 

FoxO3-/- Tregs during plate bound PICA stimulation, with the expectation that if FoxO3 

is critical for Treg survival, then FoxO3-/- Tregs should have a defect in proliferation and 

greater cell death than WT Tregs.  When we compared the activation status (by 

FSC/SSC) and the frequency of 7AAD+/Annexin V+ cells on Day 4, WT and FoxO3-/- 

Tregs both had similar phenotypes, with majority of cells surviving (double negative for 

7AAD/Annexin V) (Figure 19A).   When we examined the frequency of dead cells by 

flow cytometry, Tregs and conventional T cells had a similar frequency of dead cells 

(Figure 19B). Although there was some variation among mice, littermates were 

comparable in their survival (Figure 19A and B) and total cell count on day 4 (Figure 19 

C).  These data suggest that FoxO3 is not required for Treg survival during PICA 

stimulation. Based on previous data that FoxO1 and FoxO3 are critical for Treg 

development and function, FoxO1 could be the dominant transcription factor that allows 

crosstalk with TGF-β signaling and survival of Tregs during PICA. 
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Figure 19. Survival of WT and FoxO3-/- Tregs During PICA Stimulation. Splenic Tregs 
(4+25+) were stimulated for 4 days with plate-bound anti-CD3/anti-CD28 antibodies with IL-2.  
Four days after stimulation cells were harvested and counted, then analyzed by flow cytometry.   
(A, B) Cells were stained with Annexin V and 7AAD and fluorescence intensity was determined 
by flow cytometry (B) Summary of frequency of 7AAD+/Annexin V+ double positive cells (C) 
Total live cell counts were determined by trypan blue exclusion. (B, C) Each dot represents one 
mouse. Data are representative from 5 independent experiments.   
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Phenotype of FoxO3-/- Tregs after PICA Stimulation  

Tregs from WT and FoxO3-/- mice had similar survival after PICA stimulation, but 

we wondered if they were phenotypically similar in expression of canonical Treg 

markers.  Tregs express high levels of the IL-2 receptor α chain CD25, as well as the 

master transcription factor Foxp3. The Ikaros family member Helios is also a 

transcription factor that has been shown to play a role in Treg stability and function. Six 

days after PICA expansion of Tregs, we compared the expression of these markers 

between WT and FoxO3-/- cells (Figure 20).  WT and FoxO3-/- deficient Tregs had high 

levels of Foxp3, CD25 and Helios, indicative of a canonical phenotype. We did not 

observe differences in expression between WT and FoxO3-/- littermates, suggesting that 

expanded Tregs from FoxO3-/- mice are similar to WT in terms of expressing proteins 

that are critical for Treg function. 

 

 



 
101 

 
 

 

Figure 20. Phenotype of WT and FoxO3-/- Tregs after PICA Expansion. Splenic Tregs 
(4+25+) were stimulated for 6 days with plate-bound anti-CD3/anti-CD28 antibodies with IL-2.  
Six days after stimulation, cells were harvested then analyzed by flow cytometry. Cells were 
gated on by FSC/SSC, live cells, single cells, CD4+, then CD25, Foxp3 and Helios expression 
was determined. Data are representative of multiple mice from 2 independent experiments.  

Conclusions from FoxO3 KO CD4 T Cells and Tregs During PICA Stimulation 

During CD3/CD28 plate-bound PICA stimulation, FoxO3 is not required for 

apoptosis, as FoxO3 deficient conventional T cells undergo massive apoptosis by day 

4, similar to WT littermates.  However, FoxO3 is critical for conventional T cells to 

survive and expand when TGF-β is added to PICA conditions.  With TGF-β, FoxO3 

deficient conventional T cells have enhanced apoptosis compared to WT cells. This 

suggests that there is a crosstalk between FoxO3 and TGF-β signaling to mediate 

survival during continuous stimulation. When Tregs are isolated from the spleens of 

FoxO3 deficient mice and subjected to PICA stimulation, they survive and expand 

similarly to WT Tregs, and also express canonical Treg markers CD25, Foxp3 and 

Helios. These data suggest that FoxO3 is not required for Treg expansion and 
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phenotype. Therefore, FoxO3 is critical for responding to TGF-β signaling in 

conventional T cells, but not for TGF-β signaling during Treg expansion.  This 

demonstrates a distinct role of FoxO3 in conventional T cells compared to Tregs in 

responsiveness to TGF-β signaling.  

Phenotype of T Cells in FoxO3-/- Mice in the Intestines and Periphery 

Since we saw differences in FoxO3 deficient T cells during PICA stimulation, we 

sought to examine FoxO3 deficient T cells in a more physiological setting. Since coating 

antibodies onto plates (PICA stimulation) and stimulating T cells in vitro does not 

perfectly mimic continuous stimulation that occurs with APC-T cell interactions, we 

sought to examine the phenotype of FoxO3 deficient T cells in vivo. One location we 

can study T cells that are continuously stimulated (similar to PICA conditions) is in the 

gut.  Immune cells in the gut are constantly exposed to a variety of antigens, including 

bacteria and food antigens. Constitutive sensing of these commensal antigens is 

thought to play a homeostatic role, as most Th1 and Th17 cells in the intestines develop 

from signals derived from the microbiota (Gaboriau-Routhiau et al. 2009; Ivanov et al. 

2008; Hegazy et al. 2017). Therefore, we examined the activation status and 

phenotypes of FoxO3-/- intraepithelial lymphocytes (IEL) and lamina propria 

lymphocytes (LPL) in the small intestines. We noticed a striking phenotype in the 

expression of the activation and memory marker, CD44.  FoxO3 deficient CD8 T cells in 

the IEL and LPL had a higher frequency of CD44 high cells, compared to WT littermates 

(Figure 21A). For CD4 T cells, FoxO3-/- mice had significantly higher frequency of CD44 

high cells in the LPL compared to WT, with similar levels of CD44 in the IEL (Figure 21A 
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and B). This suggests that FoxO3 may block CD44 expression and/or promote death of 

CD44 high cells, as mice deficient in FoxO3 have enhanced CD44 high frequency.   
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Figure 21. CD44 Expression in IEL and LPL of WT and FoxO3-/- T Cells. IEL and LPL cells 
were isolated from the small intestines of adult WT or FoxO3-/- littermates.  Cells were directly 
stained for CD44 expression after isolation. Cells were gated on CD45, CD3, then CD4 or CD8. 
(A) Frequency of CD44 high, medium and low expressing CD4 and CD8 T cells in IEL and LPL. 
(B) Summary of CD44 frequency for 3 independent experiments. Student’s t test, with sex-
matched age-matched littermates compared for each treatment. p = 0.001 to 0.01 denoted as 
**, and p = 0.01 to 0.05 denoted as *. 
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We wanted to determine if this CD44 high phenotype was specific to the 

intestines, or if T cells in the lymph node also showed differences. If the differences in 

CD44 expression is only in sites where continuous stimulation occurs, then in the 

mesenteric lymph node (MLN) we should not see differences between WT and KO T 

cells.  Indeed, in the MLN, we see that the levels of CD44 are similar between WT and 

KO T cells (Figure 22). This suggests that FoxO3 only controls CD44 expression in sites 

where T cells are actively stimulated in the gut, but not in the MLN where T cells are not 

constantly stimulated (in the absence of infection).  

 
Figure 22. CD44 Expression in MLN of WT and FoxO3-/- T Cells. MLN cells were isolated 
from adult WT or FoxO3-/- littermates.  Cells were directly stained for CD44 expression after 
isolation. Cells were gated on CD45, CD3, then CD4 or CD8. Data are representative of 4 
independent experiments with age-matched, sex-matched littermates.  
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We sought to determine if the CD44 high phenotype in FoxO3 deficient mice was 

unique to CD44, or if other T cell markers were enhanced in KO IEL and LPL. 

Therefore, we examined other markers of activation and memory, CD69 and CD25. 

CD69 was originally identified as an early T cell marker of activation and is also 

expressed by a large proportion of tissue memory CD4 and CD8 T cells in mice and 

humans (Kumar et al. 2017). CD25 is highly expressed upon T cell activation, and is not 

classically associated with memory, but has been found on some subsets of memory T 

cells (Herndler-Brandstetter et al. 2005). We examined CD25 and CD69 levels in WT 

and FoxO3 KO mice, and compared the CD4 and CD8 T cells in the MLN and gut 

fractions (Figure 23). In the LPL, CD25 expression was relatively low for both WT and 

KO CD4 and CD8 T cells (Figure 23A). Majority of the CD4 and CD8 T cells in the LPL 

expressed CD69 for both WT and KO mice.  We saw similar trends for CD25 and CD69 

in the IEL (data not shown). In the MLN, we see low expression of CD25 in WT and KO 

CD4 and CD8 T cells (Figure 23B). CD69 expression is markedly lower in the MLN than 

the LPL, and there were no significant differences between WT and KO mice.  

Together, the data suggest that FoxO3 KO mice have enhanced CD44 expression in 

the IEL and LPL, but not in the peripheral organs such as the MLN and spleen.  This is 

unique to CD44, as CD25 and CD69 expression were similar at these sites between WT 

and KO.  
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Figure 23. CD25 and CD69 expression in WT and FoxO3-/- T Cells. IEL and LPL cells were 
isolated from the small intestines of adult WT or FoxO3-/- littermates.  MLN cells were also 
harvested from the same mice. Cells were directly stained for CD25 and CD69 expression after 
isolation. Cells were gated on CD45, CD3, then CD4 or CD8. (A) Histograms showing CD69 
and CD25 expression in CD4 and CD8 T cells in IEL and LPL. (B) Histograms showing CD69 
and CD25 expression in CD4 and CD8 T cells in the MLN. Data are representative of 3 
independent experiments with age-matched, sex matched littermates. 
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Activation-induced CD44 Expression in FoxO3 KO T Cells 

FoxO3 KO mice showed enhanced CD44 expression in the IEL and LPL, where 

T cells are continuously stimulated. One hypothesis that could explain this phenotype is 

that FoxO3 signaling suppresses CD44 after T cell activation. Therefore, in FoxO3 

deficient T cells, there is hyper CD44 expression after activation compared to WT 

littermates.  To test this hypothesis, we isolated CD4 and CD8 T cells from WT or KO 

littermates, and stimulated them for one day with anti-CD3/CD28 antibodies to promote 

T cell activation. We then examined CD44 expression before and after activation. If 

FoxO3 suppresses CD44 expression, then FoxO3 KO mice should have enhanced 

CD44 after activation compared to WT T cells.  In resting conventional CD4 T cells in 

the spleen, we see that the levels of CD44highCD62Llow cells are similar between WT 

and FoxO3 KO (Figure 24A). These are classified as CD4 memory T cells, as they 

express CD44 without activation. When we stimulated conventional CD4 T cells for two 

days, we see that FoxO3 KO and WT CD4 T cells upregulate CD44 similarly (Figure 

24B). We see that CD25 expression (another marker of activation) is also similar 

between WT and KO mice after activation. In CD8 T cells, we also see similar levels of 

CD44 expression in WT and KO mice 8 hours and 24 hours after stimulation (data not 

shown). This suggests that FoxO3 signaling is not required for CD44 suppression in 

activated T cells. 
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Figure 24. Activation Phenotype of WT and FoxO3-/- CD4 T Cells. CD4+25- splenic T cells 
were isolated from WT and FoxO3-/- littermates. (A) Cells were unstimulated and directly stained 
for CD44 and CD62L expression. Cells are gated on live, single, CD4 cells (B) CD4+25- T cells 
were stimulated with plate-bound CD3/CD28 expression for 2 days in the presence of IL-2. After 
stimulation, cells were stained for flow cytometry analysis, gating strategy the same as in A. 
Data are representative of 3 independent experiments, using age-matched sex-matched 
littermates.  

CD8 T Cells in PICA Stimulation 

We have found that CD4 conventional T cells undergo massive apoptosis during 

PICA stimulation, and that TGF-β can rescue cell death. We have also found that TGF-

β and FoxO3 signaling crosstalk in conventional CD4 T cells to promote survival. 

Because CD4 and CD8 T cells differ in their effector functions, we wondered if CD8 T 
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cells would also respond similarly to CD4 T cells during PICA stimulation.  First, we 

compared the proliferation and survival of the CD8 T cells to CD4 T cells overtime in our 

PICA assay by looking at cell counts after 2 and 4 days (Figure 25).  We saw a striking 

difference in the expansion of CD8 T cells compared to CD4 conv T cells during PICA.  

On day 2 after stimulation with IL-2, there are about 0.3-0.4 million CD4 T cells, while 

there are about 1 million CD8 T cells (Figure 25A). TGF-β addition does not dramatically 

alter the CD4 or CD8 cell numbers at this time point. However, on day 4, there are 

approximately 0.1 million CD4 T cells and about 3-6 million CD8 T cells that survive. 

The addition of TGF-β on day 4 dramatically increases survival of CD4 T cells (about 6-

8-fold increase in cell number, ~0.8 million T cells). TGF-β also enhances CD8 T cell 

survival, about 2-3-fold, ~5-15 million (Figure 25A). When we examine 7AAD/Annexin V 

staining on day 4, with IL-2 CD4 T cells have 60-80% double positive dead cells, while 

CD8 T cells have 40-65% dead cells (Figure 25B). TGF-β addition decreases cell death 

in both CD4 and CD8 T cells.  Together, these data suggest that CD8 T cells have 

enhanced proliferation and survival compared to CD4 T cells, both with and without 

TGF-β. 
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Figure 25. Comparing Survival of CD4 and CD8 Conv T During PICA. CD4+25- and CD8+ 
splenic T cells were isolated from WT mice. 1.5x105 cells were stimulated on day 0 with 
standard PICA stimulation (plate-bound anti-CD3/28 + IL-2), +/- TGF-β. After 2 or 4 days, cells 
were collected and (A) counted by tryphan blue exclusion. (B) On day 4 cells were stained for 
7AAD and Annexin V and analyzed by flow cytometry. Data are from 4 independent 
experiments. 

In CD4 T cells, we observed that FoxO3 deficient CD4s have decreased survival 

with TGF-β addition (Figure 18). Therefore, we tested if FoxO3 KO CD8 T cells have a 

defect in responsiveness to TGF-β signaling on Day 4, or if this defect is specific to CD4 

conventional T cells.  We found that CD8 T cells in WT and FoxO3 KO mice have 

similar cell counts on day 4 with IL-2 (Figure 26A). With TGF-β addition, we see that 

there is a similar increase in survival for both FoxO3 KO and WT CD8 T cells.  When we 
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stain for 7AAD/Annexin V to look at dead cells on day 4, we see that with IL-2 alone, 

~50-66% of the cells are dead in both WT and KO (Figure 26B). With TGF-β, we see a 

similar reduction in cell death between WT and KO. Therefore, FoxO3 is not required in 

CD8 T cells for TGF-β-mediated cell survival.  

 

 

Figure 26. FoxO3-/- CD8 T Cells During PICA Stimulation. CD8+ splenic T cells were isolated 
from FoxO3-/- or WT littermates. 1.5x105 cells were stimulated on day 0 with standard PICA 
stimulation (plate-bound anti-CD3/28 + IL-2), +/- TGF-β. After 4 days, cells were collected from 
plates (A) Cells were counted by tryphan blue exclusion. (B) Cells were stained with Annexin V 
and 7AAD and fluorescence intensity was determined by flow cytometry. 7AAD+Annexin V+ 
indicates frequency of dead cells. Each dot represents one mouse. Age-matched sex-matched 
littermates are depicted with the same color. A and B, n.s. 
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Conclusions from Section 2 

For the first time, we have shown that FoxO3 and TGF-β crosstalk in 

conventional CD4 T cells to promote survival during continuous stimulation.  Although 

FoxO3 has been shown to promote T cell apoptosis, during PICA stimulation, FoxO3 

deficient T cells do not show enhanced survival. However, when TGF-β is added to 

PICA stimulation, FoxO3 KO mice cannot survive as well as WT controls. This suggests 

that TGF-β signaling and FoxO3 signaling crosstalk to promote T cell survival during 

AICD.  To examine continuous stimulation in a more physiological setting, we examined 

CD44 T cells in the gut of FoxO3 KO mice, as these T cells are repeatedly stimulated by 

bacteria and food antigens.  We saw that FoxO3 KO mice have enhanced CD44 

expression compared to WT littermates. This is specific to CD44 and not other markers 

of T cell activation and memory, as CD25 and CD69 expression is similar between WT 

and KO.  FoxO3 KO and WT mice upregulate CD44 expression to a similar extent after 

stimulation, suggesting that FoxO3 deficiency does not affect activation-induced CD44 

expression. Additionally, we found that CD8 T cells proliferate and survive at 

significantly higher rates than CD4 T cells during PICA stimulation. FoxO3 is not 

required for TGF-β mediated cell survival in CD8 T cells, but is critical for CD4 T cell 

survival with TGF-β. 

Section 3: Investigating AICD in CAR T Cells and the Role of TGF-β Signaling 

Creating an Experimental System to Study AICD in CAR T Cells 

Similar to conventional T cells during PICA, CAR T cells undergo AICD after 

repeated antigen stimulation in vitro and in vivo (Gargett et al. 2016; Künkele et al. 

2015). CAR T cells generally possess a tumor antigen-specific binding domain 
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generated from a single chain variable fragment, the signaling component of the T cell 

antigen receptor (cytoplasmic region of TCR ζ chain) and co-stimulatory molecules (e.g. 

CD28, 4-1BB). The CAR T cell construct used in our study was generously gifted by the 

Nishimura lab. These CD19-specific CAR T cells have the cytoplasmic region of the 

TCR ζ chain, as well as the costimulatory molecule CD28 (Figure 27).  The construct 

also contains a truncated CD34 protein (truncation prevents signaling). CD34 is not 

expressed on T cells, so expression of the truncated CD34 is a very useful way to 

identify the CAR+ T cells by flow cytometry and to column sort them using anti-CD34 

magnetic beads. Additionally, CD34 is expressed at a 1:1 ratio with the CAR construct, 

which makes it a useful marker and analogous to the amount of CAR protein made.  

 
Figure 27. CD19 CAR Construct. This second-generation CAR contains a single-chain 
variable fragment specific to CD19.  This is followed by a transmembrane domain (TM), and the 
costimulatory molecule CD28, followed by the CD3 zeta chain. The CD3 zeta chain is followed 
by the T2A self-cleaving peptide, then a truncated CD34 protein. This truncated CD34 cannot 
signal, and is therefore usual for detecting T cells with CAR on the surface. 
 

Recent work by others has shown that CD28-based CAR T cells undergo 

apoptosis when repeatedly activated by antigen (Gargett et al. 2016; Guedan et al. 

2018; Künkele et al. 2015). Additionally, replacing the cytoplasmic region of CD28 with 

other co-stimulatory molecules made the CAR T cells more resistant to AICD (Guedan 

et al. 2018). These data suggest that CD28-mediated co-stimulation in CAR T cells may 

promote apoptosis to a greater extent than other co-stimulators. Therefore, we 
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hypothesize that the signaling mechanisms involved in PICA cell death could play a 

significant role in CAR T cell apoptosis.  

In CAR T cell activation, CD3 and a co-stimulatory domain such as CD28 are co-

engaged, which is similar to plate bound activation in PICA. Thus, CAR T cells provide 

an excellent model system to study apoptotic signaling processes that occur during and 

the role of TGF-β in CAR T cell survival.  To begin to address the role of PICA in CAR T 

cells, we developed an in vitro system to study AICD of CD19-specific CAR T cells 

stimulated with the Raji B cell lymphoma line, which express high levels of CD19. We 

hypothesized that stimulation of CAR T cells with low numbers of Raji B cells, then the 

CAR T cells would survive and proliferate robustly, while large numbers of Raji B cells 

would cause AICD and decreased survival.  We predict that high numbers of Raji B 

cells mimic continuous strong TCR stimulation with plate-bound anti-CD3/CD28 during 

PICA, while low numbers of Raji B cells mimic lower strength stimulation that promotes 

expansion and survival.  

We first tested a range of Raji B cell numbers to determine the conditions to 

induce AICD.  CAR T cells and Raji B cells were placed in the top of a transwell to 

promote cell contact and media was replaced each day underneath the transwells to 

ensure CAR T cell survival was not impacted by lack of nutrients.  At the end of 5 days, 

CAR T cells were counted. CAR T cells cultured with fewer Raji B cells (1:1 and 1:10 

CAR to Raji), expanded and survived, while CAR T cells cultured with higher numbers 

of Raji B cells (1:20 and 1:40) showed decreased cell numbers and enhanced apoptosis 

(Figure 28A). We saw this phenomenon for multiple donors, where CAR T cells cultured 

at 1:1 expanded after 5 days, while 1:20 CAR to Raji conditions showed decreased 
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survival (Figure 28B). These data supported previous reports that repeated antigen 

stimulation can cause CAR T cell death (Gargett et al, 2016) and gave us a model to 

study the signaling mechanisms controlling CAR T cell death.  

 

 

Figure 28. Survival of CAR T cells after Raji Co-culture. CAR T cells (5x104) were stimulated 
for 5 days with irradiated Raji B cells. CAR T cells and Raji B cells were cultured in the top of a 
transwell (0.4 µm) to promote cell contact. Media underneath the transwell was changed daily, 
leaving CAR T cells and Raji B cells undisturbed.  After 5 days, cell counts were determined by 
tryphan blue exclusion.  Each dot represents a different CAR T cell donor.  Statistical 
significance determined by paired Student’s t test (A) ** p= 0.0064, * p=0.0192. (B) Each donor 
for 1:1 and 1:20 is connected by a single line. *** p=0.0001. 
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CAR T Cells that Survive High Dose Antigen are Predominantly Foxp3+ 

We sought to determine the phenotype of CAR T cells that survive high dose Raji 

stimulation. In our PICA model of AICD in mouse T cells, conventional CD4+Foxp3- cells 

undergo massive apoptosis, while CD4+CD25+Foxp3+ cells survive and expand 

robustly.  Therefore, we hypothesized that Foxp3+ CAR T cells would be more resistant 

to AICD with high Raji numbers compared to Foxp3- T cells. To test this hypothesis, we 

stained CAR T cells after 5 days of culture with a low ratio of CAR T cells to Raji B cells 

(1:1 CAR to Raji) or a high ratio (1:20 CAR to Raji). We expected that if Foxp3+ cells are 

resistant to AICD, we should observe a higher frequency of Foxp3+ surviving cells in 

1:20 stimulation conditions compared to 1:1 CAR to Raji stimulation after 5 days. The 

gating strategy is shown (Figure 29) for the 1:1 condition on day 5, where CAR T cells 

are gated on by live, single cells (Raji B cells are irradiated on day 0, and thus are dead 

in the culture or killed by CAR T cells). CARs are then identified by CD34 expression, 

and further subdivided into CD4 and CD8 subsets. 
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Figure 29. Representative Gating Strategy for Day 5 Stimulated CAR T Cells. CAR T cells 
(5x104) were stimulated for 5 days with irradiated Raji B cells. After 5 days, cells were stained 
for CD34 (marker for CAR), CD4, CD8, CD25, and Foxp3 and subjected to flow cytometry. Cells 
were gated on by the lymphocyte gate, then single, live cells (top row). Live, single cells were 
gated for CD34 expression (marker of CAR transduction), then the CARs were separated by 
CD4 and CD8 expression, before examining CD25 and Foxp3. Data are representative of 1:1 
culture of CAR T cells to Raji. 
 

When we stimulated CAR T cells at a 1:1 ratio with Raji B cells, CAR T cells 

expressed CD25 expression (indicative of activation), with a low frequency of Foxp3+ 

cells (Figure 30A).  However, at 1:20 CAR to Raji B cell ratios, the surviving CAR T cells 

had a high frequency of CD25+Foxp3+ cells.  We saw this trend of high Foxp3 

expression in 1:20 ratios for multiple donors, for both CD4 and CD8 CAR T cells (Figure 

30B).   
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Figure 30. Expression of Foxp3 and CD25 in Raji Stimulated CAR T Cells. CAR T cells 
(5x104) were stimulated for 5 days with irradiated Raji B cells. After 5 days, cells were stained 
for CD34 (marker for CAR), CD4, CD8, CD25, and Foxp3 and subjected to flow cytometry. (A) 
Expression of CD25 and Foxp3 is shown after gating on live, CD8+CD34+ CAR T cells. (B) 
Percent CD25+Foxp3+ CAR T cells after culture with 1:1 or 1:20 CAR to Raji ratios. Each donor 
represents a single dot, and lines are connecting the same donor that was stimulated with 1:1 or 
1:20 CAR to Raji conditions (CD4 left, CD8 right). Statistical significance determined by paired 
Student’s t test, CD4s left ** p=0.0098, CD8s right **p=0.0018. 
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This suggests that continuous high dose stimulation of CAR T cells promotes AICD of 

Foxp3- but not Foxp3+ CAR T cells.  This could occur through de novo induction of 

Foxp3 expression during high dose Raji stimulation, or through survival of Foxp3+ cells. 

The data also suggest that with low numbers of Raji B cells, Foxp3- cells are 

predominantly expanding and surviving.    

CAR Expression is Required for Foxp3 High Phenotype  

Since we saw a dramatic difference in the phenotype of CAR T cells when 

stimulated by low numbers of Raji B cells vs high numbers, we sought to determine 

what is causing Foxp3+ T cell survival.  The difference between the low dose (1:1 CAR 

to Raji) and high dose (1:20 CAR to Raji) is the high number of Raji B cells present in 

the 1:20 culture. Although the Raji B cells are irradiated and therefore do not divide, 

they are still highly metabolically active. It could be that the Raji cells are secreting a 

molecule that promotes Foxp3 expression, or preferentially promotes survival of Foxp3+ 

CAR T cells. If this was the case, then CD34- (CAR negative) T cells cultured in the 1:20 

Raji conditions would also be Foxp3+. This would indicate that Foxp3 expression is 

independent of CAR activation. To test this, we performed the co-culture of Rajis with T 

cell donors that contained CD34+ CAR T cells, as well as CD34- T cells that were not 

successfully transduced with the CAR (or did not have detectable CAR surface 

expression).  After 5 days, we compared the frequency of Foxp3+CD25+ cells in CD34+ 

CARs vs CD34- T cells from the same culture.  If CAR T cell activation by Raji B cells is 

required for Foxp3 expression or survival of Foxp3+ cells, then Foxp3 expression should 

be present only in CD34+ cells. If the culture conditions (large number of tumor cells) 

are promoting induction of Foxp3 and/or survival of Foxp3+ cells, then both CD34+ 
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CARs and CD34- T cells should express Foxp3.  After 5 days, CD34+ CAR T cells had a 

significant proportion of Foxp3+ high T cells, while CD34- T cells in the same culture had 

low levels of Foxp3 (Figure 31 A and B). Therefore, CAR expression is required for the 

survival of Foxp3+ cells.  This suggests that the culture conditions or any molecules 

produced from culturing T cells 1:20 with Raji are not the cause of Foxp3 survival, as 

CD34- T cells that survive are Foxp3-.  

 

 
Figure 31. Expression of Foxp3 and CD25 in CD34+ CAR T Cells Compared to CD34- T 
cells. CAR T cells along with CD34- T cells from the same donor were stimulated for 5 days 
with irradiated Raji B cells (1:20 CAR to Raji). After 5 days, cells were stained for CD34 (marker 
for CAR), CD8, CD25, and Foxp3 and subjected to flow cytometry. (A) Expression of CD25 and 
Foxp3 is shown after gating on live, CD8+CD34+ CARs or CD8+CD34- T cells. (B) Summary of 
frequency of CD25+Foxp3+ cells after the 5 day culture. Each dot represents a different donor. 
Statistical significance determined by paired Student’s t test, ** p=0.0031.  
 
CAR Recognition of Tumor Antigen is Required for Foxp3 Expression and 

Decreased Survival 

Since we determined that CAR expression is required for Foxp3 high phenotype 

in surviving T cells during 1:20 stimulation of CARs to Raji, we next asked if recognition 

of tumor antigen is required for the Foxp3 high phenotype and decreased survival.  To 

answer this question, we cultured CD19 specific CAR T cells with a CD19 negative 



 
122 

 
 

tumor cell line and compared the survival and CD25/Foxp3 expression to the 1:20 CAR 

with CD19+ Raji conditions.  The CD19 negative cell line used was Jurkat T cells, which 

are a T cell lymphoma cell line. We irradiated the Jurkat T cells or Raji B cells on day 0, 

then cultured the CD19 CAR T cells at a 1:1 or 1:20 ratio with Jurkat T cells or Raji B 

cells.  If the CAR binding CD19 antigen is required for Foxp3+CD25+ expression on day 

5, then CARs cultured with Jurkat T cells at 1:20 should have decreased Foxp3+CD25+ 

frequency compared to CARs cultured with Raji B cells at 1:20. When we cultured CAR 

T cells alone with no tumor cells, CAR T cells at 1:1 with Jurkat T cells or 1:1 with Raji B 

cells, we see a low frequency of Foxp3+ cells (Figure 32A).  With 1:20 Raji B cells as 

seen previously, many of the surviving CAR T cells are Foxp3+CD25+ high.  However, 

with 1:20 CAR to Jurkat T cells, we see that there is only a very low level of Foxp3, and 

no CD25 expression. These data suggests that CD25+Foxp3+ high cells that survive the 

1:20 culture of CAR to Raji require engagement of the CAR with CD19.  It should be 

noted that for the 1:1 CAR to Raji culture, some donors showed CD25 expression, while 

others did not.  However, as described previously (Figure 30), only in the 1:20 CAR to 

Raji conditions do we see high co-expression of CD25 and Foxp3 (Figure 32).  

We also examined by cell count the number of CD19 CAR T cells that survived 

and found that CAR T cells alone (no tumor cells) do not proliferate (Figure 32B). As 

expected, when CAR T cells are cultured at a ratio of 1:1 with Raji B cells, we see 

proliferation indicated by a higher cell number on day 5. When CARs are cultured 1:20 

with Raji B cells, we see a dramatic decrease in survival. However, when CAR T cells 

are cultured at 1:1 or 1:20 with CD19 negative Jurkat T cells, we see the same number 

of CAR T cells for each donor as when CAR T cells are alone (Figure 32B).  
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Figure 32. Phenotype and Survival of CAR T Cells after 5 Day Culture with Raji or Jurkat 
Cell Lines. CD34+ CAR T cells were stimulated for 5 days with irradiated Raji B cells (1:1 or 
1:20 CAR to Raji), or with irradiated Jurkat T cells (1:1 or 1:20). After 5 days, cells were counted 
then stained for CD34 (marker for CAR), CD8, CD25, and Foxp3 and subjected to flow 
cytometry. (A) Expression of CD25 and Foxp3 is shown after gating on live, CD8+CD34+ CARs. 
Data are representative of 3 independent experiments with 3 unique donors. (B) CAR cell 
counts after the 5 day culture. Each dot represents a different donor. Statistical significance 
determined by ratio paired Student’s t test, * p=0.0366. 
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Together, these data suggest a fundamental difference in response when CD19 

CARs recognize lower number of antigen positive tumor cells (1:1 CAR to Raji) 

compared to large numbers of cells (1:20 CAR to Raji). At the 1:1 ratio of CAR to Raji, 

CAR T cells expand, and the surviving population is Foxp3-. At the 1:20 ratio of Raji B 

cells, the CAR T cells undergo massive apoptosis, and surviving cells are majority 

CD25+Foxp3+. This phenotype is dependent on continuous stimulation with CD19+ Raji 

tumor cells and requires CAR engagement with CD19. 

Effect of TGF-β Treatment on CAR Survival 

TGF-β has pleotropic effects on T cell functions and survival, depending on the 

context. TGF-β can suppress the activation and proliferation of T cells, especially naïve 

T cells. On the other hand, TGF-β can promote the generation and survival of memory T 

cells (Filippi et al. 2008).  During our PICA stimulations that promote AICD of T cells, we 

found that TGF-β rescues conventional T cells from death (Singh et al. 2010; Takami, 

Love, and Iwashima 2012). Therefore, we hypothesized that TGF-β would promote 

survival of CAR T cells that undergo continuous stimulation with Raji cells at high 

concentrations (1:20 CAR to Raji).   

We stimulated CAR T cells at 1:1 or 1:20 (CAR to Raji) for 5 days in our transwell 

system that we established.  We assessed the effect of TGF-β addition on CAR T cell 

survival after 5 days.  As expected, when CAR T cells were cultured at 1:1 ratio with 

Raji B cells, they expanded robustly (50,000 cells starting on day 0 to over 300,000 cells 

on day 5) (Figure 33). When TGF-β was added to the culture at a 1:1 ratio, there was a 

significant suppression of T cell proliferation and survival. When CAR T cells were 

cultured with Raji B cells at a 1:20 ratio (CAR to Raji), there is reduced survival 
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compared to 1:1, as shown previously. However, when TGF-β is added to the 1:20 

culture, we see enhanced survival compared to 1:20 alone.  This suggests that TGF-β 

has differential effects on CAR T cells, depending on how they are engaged with 

antigen. TGF-β inhibits proliferation of CAR T cells at low ratios of Raji B cells, but can 

promote cell survival when CAR T cells are continuously stimulated with large numbers 

of Raji B cells.   

 
Figure 33. Effect of TGF-β on CAR Survival after Raji Stimulation. CD34+ CAR T cells were 
stimulated for 5 days with irradiated Raji B cells (1:1 or 1:20 CAR to Raji). In conditions with 
TGF-β, 10 ng/mL was added on days 1 and 3 after stimulation.  Cells were counted by tryphan 
blue exclusion after 5 days.  Paired T test, * p=0.0391, ** p=0.009, ***p=0.0003. 

Phenotype of CAR T Cells after TGF-β Treatment  

In the TME, TGF-β has been shown to negatively regulate T cell responses, 

including suppressing T cell inflammatory cytokine production, and upregulating 

checkpoint markers such as CTLA-4 and PD-1 (Leach, Krummel, and Allison 1996; 
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Maeda and Shiraishi 1996; Thomas and Massagué 2005). TGF-β has also been shown 

to promote survival of memory T cells in the TME (Robertson 2001; Webb et al. 2014). 

Based on these data, we hypothesized that CAR T cells treated with TGF-β that survive 

after 5 days would have phenotypic differences compared to no treatment.  We 

examined expression of CD25, CTLA-4 and Foxp3.  CD25 can be suppressed by TGF-

β signaling in the TME, which is believed to be a mechanism by which TGF-β 

suppresses IL-2 dependent growth of T cells (Maeda and Shiraishi 1996). TGF-β 

signaling can induce Foxp3 expression, and Foxp3 can upregulate CTLA-4 expression, 

as seen in Tregs in the TME (Fontenot, Gavin, and Rudensky 2003; Zheng et al. 2007). 

Therefore, if TGF-β negatively regulates T cell function, we should see an increase in 

expression of Foxp3 and CTLA-4, as well as a decrease in CD25 expression. CAR T 

cells on day 5 that were cultured with Rajis at 1:20 had high expression of CTLA-4 and 

CD25, as well as a proportion of cells that expressed Foxp3 (Figure 34).  In the 1:20 

conditions with TGF-β addition, we see for CD4 T cells similar levels of CTLA-4 and 

Foxp3 expression, and a reduction in CD25 expression (top row). In CD8 T cells, we 

see in TGF-β treated conditions enhanced CTLA-4 expression, a reduction in CD25 

expression, and similar levels of Foxp3 (bottom row). This suggests that with high 

numbers of Raji B cells, we see enhanced CAR T cell survival, but changes in protein 

expression that can diminish CAR T cell function.  
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Figure 34. Phenotype of CAR T Cells with TGF-β Treatment. CD34+ CAR T cells were 
stimulated for 5 days with irradiated Raji B cells (1:1 or 1:20 CAR to Raji). In conditions with 
TGF-β, 10 ng/mL was added on days 1 and 3 after stimulation.  After 5 days, cells were stained 
for live/single cells, CD34, CD4, CD8, CD25, CTLA-4, and Foxp3. Histograms depict expression 
of CTLA-4, CD25 and Foxp3 after cells were gated on for CD34+ CAR expression, then CD4 
(top row) and CD8 (bottom row). Surface expression was determined for CD25, and intracellular 
staining was performed for CTLA-4 and Foxp3. Data are representative of 3 different donors. 

Effect of Caspase Inhibitor on CAR T Cell Survival and Phenotype 

In our mouse model with PICA stimulation, conventional CD4+25- cells expand 

for 3 days with plate-bound anti-CD3/CD28 stimulation, then undergo massive 

apoptosis by day 4 (Singh et al. 2010). Because the caspase family of proteins is critical 

for apoptosis, our lab tested if caspase activity is required for PICA cell death, using a 

pan-caspase inhibitor.  Addition of the pan-caspase inhibitor 2 days after activation 
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dramatically reduced cell death by day 4 (~79% dead with no inhibitor and DMSO 

solvent control, and ~36% dead with the addition of the inhibitor) (Singh et al. 2010).   

These data suggest that caspase activation is required for apoptosis during PICA.  

Based on these data, and since we observed decreased CAR survival at 1:20 CAR to 

Raji compared to 1:1 with Raji, we hypothesized that CAR T cells were undergoing 

caspase-mediated cell death with high Raji numbers (1:20 CAR to Raji). To test this, we 

cultured CAR T cells with the addition of the caspase inhibitor at day 1 and day 3 after 

CAR T cells were mixed with Raji cells. If CAR T cells are undergoing caspase-

mediated apoptosis, then addition of the inhibitor should increase cell survival with 1:20 

CAR to Raji conditions. As seen previously, CAR T cells proliferate robustly when 

cultured with Raji B cells at a 1:1 ratio (Figure 35A).  At 1:20 CAR to Raji, we see 

decreased survival. Addition of the caspase inhibitor increased cell survival compared to 

the 1:20 with DMSO control. Together, the data suggest that caspase activation is 

contributing to cell death in our cultures. Other mechanisms are also contributing to 

decreased survival, as the inhibitor cannot fully rescue to the levels of the 1:1 CAR to 

Raji.  When we examined the phenotype of the surviving CAR T cells, we see that 

unlike TGF-β treatment, addition of the caspase inhibitor did not significantly alter 

expression of CTLA-4, CD25 and Foxp3 (Figure 35B). These data suggest that caspase 

activation is leading to apoptosis, while inhibiting caspase activity does not alter the 

phenotype of the CAR T cells that survive. 
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Figure 35. Survival and Phenotype of CAR T Cells with Caspase Inhibitor. CD34+ CAR T 
cells were stimulated for 5 days with irradiated Raji B cells (1:1 or 1:20 CAR to Raji). In 
conditions with caspase inhibitor, 5 µM of the pan-caspase inhibitor z-VAD-fmk or DMSO 
controls was added on days 1 and 3 after stimulation.  After 5 days (A) CAR T cells were 
counted (B) Cells were stained for CD34, CD4, CD8, CD25, CTLA-4, and Foxp3. Histograms 
depict expression of CTLA-4, CD25 and Foxp3 after cells were gated on for CD34+ CAR 
expression, then CD4 (top row) and CD8 (bottom row). Surface expression was determined for 
CD25, and intracellular staining was performed for CTLA-4 and Foxp3. Representative of 4 
donors. Paired T test, 1:1 vs 1:20 * p=0.0391, 1:20 vs caspase * p=0.0187. 
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Conclusions from Section 3 

 We determined that CAR T cell survival, phenotypes and functions are 

dependent on the number of tumor cells in the environment. With a low number of 

CD19+ Raji tumor cells (1:1 CAR to Raji), CAR T cells can proliferate and survive 

robustly. The phenotype of these cells is primarily Foxp3-. When CAR T cells are 

cultured with high numbers of Raji B cells (1:20 CAR to Raji or greater), we see a 

significant reduction in the survival of CAR T cells.  Compared the 1:1 culture condition, 

in the 1:20 ratio we see a significant increase in the frequency of CD25+Foxp3+ CAR T 

cells. CAR expression is required for this CD25+Foxp3+ phenotype, as CD34 negative 

cells are primarily Foxp3 negative.  Functionally, we see that TGF-β alters the 

phenotype of CAR T cells, increasing checkpoint molecule CTLA-4 and suppressing 

CD25 expression. These data suggest that when CAR T cells encounter a large number 

of tumor cells and continuous stimulation, this causes apoptosis of T cells.  TGF-β can 

promote survival from this apoptosis, but functionally it could negatively affect the T cell 

functionality. Caspase inhibition can promote some level of survival, without changing 

CAR phenotypes. 
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CHAPTER FOUR 

DISCUSSION 

Introduction 

 Tregs play a pivotal role in maintaining immunological self-tolerance and 

homeostasis. While conventional T cells are continuously stimulated only during times 

of infection or disease, Tregs are constantly stimulated by self-antigens. Tregs are 

primarily self-reactive and are continuously suppressing T cell responses to self-

antigens as well as antigens derived from food and commensal bacteria. Continuous 

stimulation of T cells normally results in cell death (AICD), so how do Tregs survive? 

Our previous data demonstrated that Tregs (CD4+25+) and conventional T cells 

(CD4+25-) have dramatically different responses to continuous stimulation with plate-

bound anti-CD3/CD28 antibodies.  Conventional T cells expand for 2-3 days, then 

undergo massive apoptosis by day 4, while Tregs continuously expand over 7000 fold 

within 10 days (Singh et al. 2010). The goal of this study is to determine signaling 

mechanisms that control AICD and T cell survival during continuous stimulation. 

Summary of Data 

Our data demonstrate that Tregs can survive continuous PICA stimulation, in part 

due to substantially reduced expression of proteins in the ERK signaling/RasGRP1 

signaling pathways (Figure 10). While conventional T cells strongly upregulate 

RasGRP1 expression and p-ERK minutes after stimulation, Tregs maintain low 

expression of these proteins (Figure 11). When RasGRP1-/- conventional T cells are
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stimulated with PICA conditions, we see a significant increase in cell survival, 

suggesting that high expression of RasGRP1 in conventional T cells leads to enhanced 

ERK signaling and cell death (Figure 14).  Expression of RasGRP1 in B cells was 

shown to be sufficient to promote apoptosis, suggesting that high expression of this 

pathway can promote apoptosis in T cells (Stang et al. 2009). Furthermore, we see that 

Tregs maintain low RasGRP1 expression up to a week after stimulation (Figure 11). Our 

data shows that autocrine TGF-β signaling protects Tregs from AICD (Figure 13), and 

addition of TGF-β to conventional T cells can promote survival. TGF-β signaling 

suppresses RasGRP1 expression, which we propose as a novel target of TGF-β 

signaling in T cells.  

 To investigate mechanisms of T cell death in PICA stimulation, we examined 

FoxO3 signaling. The role of FoxO3 in T cells is context dependent, as FoxO3 signaling 

can promote apoptosis of conventional and memory T cells, but FoxO3 is also critical 

for differentiation of Tregs and Th1 cells.  We discovered for the first time a crosstalk 

between TGF-β signaling and FoxO3 in conventional T cells.  During continuous 

stimulation with PICA conditions, TGF-β rescues conventional T cell death. CD4 

conventional FoxO3 KO T cells have a significant defect in survival with TGF-β addition 

(Figure 18). Regulatory T cells do not require FoxO3 for their expansion during plate-

bound stim, or expression of canonical Treg markers (Figures 19 and 20). In vivo, 

FoxO3 KO T cells in the gut were found to have enhanced expression of CD44, a 

marker of T cell activation and memory (Figure 21).   

 To investigate signaling mechanisms of AICD in a more physiological setting, we 

studied AICD in tumor-specific CAR T cells. We discovered that CAR T cells respond 
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fundamentally differently to low numbers of tumor targets compared to large numbers of 

tumor targets that cause continuous stimulation of CAR T cells. We found that 

continuous stimulation with a large number of tumor cells (CAR to Raji 1:20) causes 

decreased survival of CAR T cells compared to 1:1 stimulation (Figure 28). The 

surviving CAR T cells are primarily CD25+Foxp3+ (Figure 30). Additionally, TGF-β or a 

pan-caspase inhibitor can enhance survival of CAR T cells, but TGF-β alters the 

surviving CAR T cell phenotype (Figures 33-35). Together, these data show that 

signaling mechanisms involved in PICA during plate-bound stimulation can occur in 

AICD of tumor-specific CAR T cells, and could therefore be targeted therapeutically.  

RasGRP1 Signaling in T Cell Function and Survival 

In conventional T cells, we found that RasGRP1 is highly expressed after 

activation, and RasGRP1 signaling can promote apoptosis. How does enhanced 

RasGRP1 expression cause apoptosis in conventional T cells? This warrants further 

investigation, as it would shed light on signaling mechanisms that can promote AICD 

during times such as memory formation or in the tumor microenvironment. RasGRP1 

enhances ERK activation, and ERK has multiple targets including Fos and Elk-1 that 

transcriptionally regulate IL-2 production and T cell activation.  Zhu et al found that ERK 

activation is induced prior to the onset of AICD caused by anti-CD3 stimulation of T cells 

(Zhu et al. 1999). When ERK activation was inhibited with a chemical inhibitor, 

apoptosis was also inhibited, which suggests that ERK signaling is required for AICD. 

Furthermore, inhibition of ERK signaling also inhibited expression of Fas ligand.  

Interactions between Fas/FasL are required for AICD, as this promotes the caspase 

signaling cascade leading to apoptosis (Refaeli et al. 1998). Mice deficient in Fas (lpr) 
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develop a lymphoproliferative disorder, and this is believed to occur because of a lack of 

AICD of lymphocytes (Hewicker, Kromschröder, and Trautwein 1990; Cohen and 

Eisenberg 1991). We also found that Fas deficient conventional CD4 T cells have 

significantly enhanced survival during PICA conditions, suggesting that Fas is required 

for AICD (Singh et al. 2010). Therefore, enhanced RasGRP1 and ERK activation in 

conventional T cells could lead to enhanced FasL expression and apoptosis.  The target 

of ERK that leads to FasL upregulation is unknown. 

Based on our model, low RasGRP1/ERK activation in Tregs could therefore 

prevent upregulation of FasL and prevent apoptosis. This could be tested by 

overexpressing RasGRP1 in Tregs and determining if FasL and apoptosis is enhanced. 

Additionally, RasGRP1-/- conventional T cells may have enhanced survival due to a 

reduction in FasL, which has yet to be determined. This is supported by the in vivo 

observation that RasGRP1-/- mice develop a lymphoproliferative disorder and 

autoimmunity including autoantibodies, which could be due to a lack of AICD of T cells 

(Daley et al. 2013). Additionally in patients with lupus, there have been 13 splice 

variants for RasGRP1 detected, which resulted in reduced RasGRP1 expression 

(Yasuda et al. 2007). Patients with these splice variants have lymphoproliferative 

disorders. Another target of ERK is Bim, which has been shown to promote apoptosis of 

T cells (Stang et al. 2009). In our PICA model of apoptosis, conventional T cells 

deficient in Bim had enhanced survival (83% dead in WT mice vs 42% dead in Bim 

deficient T cells on day 4) (Singh et al. 2010).  Therefore, we propose a model where 

high expression of RasGRP1 in conventional T cells enhances ERK signaling, which 

enhances FasL and Bim expression to promote apoptosis.   
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Control of RasGRP1 Expression 

How RasGRP1 expression is regulated in conventional T cells is unknown. 

RasGRP1 signaling is thought to be critical for initial T cell activation, as ERK 

upregulates IL-2 transcription (Koike et al. 2003). RasGRP1 was shown to be the major 

Ras activator, responsible for downstream signaling that leads to ERK activation 

(Warnecke et al. 2012). Our data show that in conventional CD4 T cells, RasGRP1 

expression is dramatically increased 3 days after stimulation, and this high expression is 

stable for 7 days post-stimulation (Figure 11).  Further research will need to uncover 

how expression of RasGRP1 is regulated, and if T cells require sustained RasGRP1 

signaling to promote proliferation and other effector functions. In a recent study, Riese 

et al investigated the role of RasGRP1/ERK signaling on CD8 T cell proliferation and 

cytokine production. They used mice deficient in a negative regulator of RasGRP1 

activation (DGKζ), which resulted in robust Ras/ERK signaling and higher p-ERK after T 

cell activation (Riese et al. 2011). DGKζ deficient mice had decreased numbers of 

splenic CD8+ T cells, which based on our model could be due to enhanced 

RasGRP1/ERK signaling leading to enhanced T cell apoptosis.  Additionally, these 

deficient mice produced enhanced IL-2 and IFN-γ and had higher rates of proliferation 

compared to WT mice after proliferation.  These data suggest that RasGRP1 has a role 

in promoting effector functions, but sustained expression can trigger apoptosis. 

Investigating how RasGRP1 expression is sustained in T cells and what causes the 

switch between proliferation/cytokine production to apoptosis would be of great interest.   
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Crosstalk between TCR/RasGRP1 Pathway and TGF-β Signaling  

How do Tregs maintain low RasGRP1 expression when given the same stimuli 

as conventional T cells? Our data suggests that Tregs utilize autocrine TGF-β signaling 

to suppress RasGRP1 expression, as addition of TGF-β can promote survival and 

suppress RasGRP1 expression in conventional T cells (Figure 11). Additionally, 

blocking autocrine TGF-β signaling enhances RasGRP1 expression in Tregs.  This 

suggests that RasGRP1/ERK signaling pathway is cross talking with the TGF-β 

signaling pathway. Our lab previously identified Foxp3 binding sites in the RasGRP1 

promoter (Dr. Mariko Takami, unpublished).  Using a ChIP assay, Dr. Takami identified 

Forkhead consensus sites upstream of RasGRP1 that Foxp3 targets.  It is unknown if 

binding of Foxp3 at these sites positively or negatively regulates RasGRP1 expression. 

Our hypothesis based on our results is that autocrine TGF-β signaling in Tregs 

promotes Foxp3 binding to the RasGRP1 promoter and suppressing RasGRP1 

expression. Indeed, we saw that expanded Tregs have a significantly decreased level of 

RasGRP1 mRNA compared to expanded conventional T cells (Figure 10). This 

suggests that autocrine TGF-β signaling could suppress RasGRP1 expression at the 

level of transcription.  An interesting implication of this data is that TGF-β signaling and 

low RasGRP1 expression in Tregs could be a primary mechanism that suppresses IL-2 

production. Conventional T cells secrete IL-2 after activation, however Tregs do not 

produce their own IL-2 (Thornton and Shevach 1998).  Hickman et al demonstrated that 

enhancing PKC and Ras pathways caused Tregs to produce IL-2 and proliferate at 

higher rates (Hickman et al. 2006). This suggests that Tregs could utilize autocrine 

TGF-β signaling to actively suppress the RasGRP1/ERK pathway to suppress IL-2 
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production and proliferation. Indeed, when TGF-β signaling was blocked in Tregs 

(Figure 13), not only was RasGRP1 expression enhanced, but the Tregs appeared to 

proliferate more and become more metabolically active, similar to conventional T cells 

(visual observation). High RasGRP1 expression in conventional T cells may enhance 

IL-2 and proliferation, but also can lead to activation-induced cell death when sustained 

RasGRP1 expression promotes apoptotic pathways. TGF-β is also known to be 

important in maintaining naïve T cell homeostasis and survival (Ouyang et al. 2013). In 

naïve T cells, TGF-β signaling could mediate suppression of RasGRP1 and ERK 

signaling to promote survival while also limiting cell proliferation in the absence of 

antigen stimulation.   

TGF-β Promotes Survival of T Cells during AICD 

TGF-β has been found to have pleiotropic effects on T cell function, depending 

on the context and the lifecycle of the T cell. During thymic selection, TGF-β promotes 

CD8 and Treg differentiation and survival (Li, Sanjabi, and Flavell 2006; Yongzhong Liu 

et al. 2008). In naïve T cells TGF-β promotes the differentiation of pTregs and Th17 

cells, while inhibiting Th1 and Th2 differentiation (Gorelik, Fields, and Flavell 2000; 

Veldhoen et al. 2006). TGF-β also actively suppresses the proliferation of naïve and 

effector T cells (Shull et al. 1992).  However during memory formation, TGF-β promotes 

the survival of antigen-specific memory T cells (Ma and Zhang 2015).  How this cytokine 

can perform these context dependent functions remains unknown.  Our data show that 

TGF-β promotes survival of CD4 and CD8 T cells that undergo continuous stimulation, 

which we believe mimics the process of antigen-specific T cells that survive continuous 

stimulation after the resolution of infection. Based on the signaling pathways that TGF-β 
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targets, this could also dramatically alter the metabolic state of T cells to promote 

memory survival.  Based on our data, the following model could be tested. During naïve 

T cell homeostasis, TGF-β promotes survival of naïve T cells, and suppresses 

RasGRP1 and glycolytic metabolic pathways to prevent proliferation in the absence of 

antigen.  During an infection, continuous TCR stimulation shuts down TGF-β signaling 

processes, and allows T cells to upregulate RasGRP1, IL-2 production, and effector 

functions. After resolution of infection, TGF-β signaling suppresses RasGRP1 

expression, glycolytic activity, and promotes survival of memory T cells (Figure 36). 

 
Figure 36. Proposed Model of RasGRP and TGF-β Signaling in T cell Lifecycle. In naïve T 
cells, TGF-β is known to promote survival. Because naïve T cells have low levels of proliferation 
and glycolysis, we propose that RasGRP1 signaling is low in naïve T cells to maintain 
homeostatic proliferation.  Once T cells are activated during infection, TGF-β signaling is known 
to be significantly reduced, which is believed to promote high proliferation rates, glycolysis and 
from our data high RasGRP1 expression. During memory formation, TGF-β signaling is known 
to promote survival. Memory T cells are quiescent and have reduced proliferation, which we 
propose is mediated in part by low RasGRP1 signaling.  

Differences in CD4 and CD8 T Cells during PICA 

During an infection, antigen-specific CD8 and CD8 T cells proliferate robustly and 

perform cytolytic functions as well as secrete inflammatory cytokines and help activate 
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B cells to promote memory and antibody production.  After the pathogen has been 

cleared, AICD occurs to reduce the size of the memory T cell pool and keep only a 

small number of memory T cells (5-10%), ready to fight future infection (Yang Liu and 

Janeway 1990; Webb, Morris, and Sprent 1990; Kawabe and Ochi 1991). During our 

model of AICD in vitro (PICA stimulation conditions), we see a striking difference 

between CD4 and CD8 T cell survival (Figure 25). On day 0, 150,000 cells were plated 

for both CD4 and CD8. With IL-2 alone, CD4 T cells have ~0.1 million cells alive by day 

4, while CD8 T cells have between 3-6 million.  TGF-β enhances both CD4 and CD8 

survival, however there are ~0.8 million surviving CD4s, and ~10 million surviving CD8 

T cells (Figure 25). This demonstrates that during continuous PICA stimulation, CD8 T 

cells divide more rapidly than CD4 T cells. Because CD4 T cells have very little survival 

in the absence of TGF-β, CD4 T cells may heavily rely on TGF-β signaling during 

memory formation.  CD8 T cells have significantly higher cell numbers on day 4 after 

PICA stimulation than CD4s, as well as decreased frequency of dead cells. This 

suggests that CD8 T cells are more resistant to death during continuous stimulation, 

and may not rely on exogenous TGF-β as heavily as CD4 T cells for survival. This could 

be tested by directly comparing antigen-specific CD4 and CD8 T cell survival in the 

absence of TGF-β signaling during memory formation. 

Crosstalk between FoxO3 and TGF-β Signaling 

 During PICA stimulation, we observed that FoxO3 deficient CD4 T cells have a 

defect in survival with exogenous TGF-β addition (Figure 18). This shows for the first 

time that in conventional T cells, FoxO3-TGF-β signaling pathways crosstalk to promote 

survival. In T cells, it is currently not known how FoxO3, which is controlled by TCR 
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stimulation and PI3K pathways, can crosstalk with the TGF-β signaling pathway. In non-

lymphoid cells such as keratinocytes, FoxO3 can directly interact with smad 

transcription factors to mediate TGF-β signaling (Seoane et al. 2004; Gomis et al. 

2006). Further investigation is needed to see if FoxO3 also binds smads in T cells to 

help mediate TGF-β signaling. In Tregs, FoxO1 and FoxO3 were shown to 

transcriptionally promote Foxp3 expression, which also suggests that FoxO3 could 

mediate TGF-β signaling in conventional T cells. Previous work from our lab showed 

that TGF-β does not upregulate Foxp3 during PICA stimulation of conventional CD4 T 

cells (Takami, Love, and Iwashima 2012). Therefore, we hypothesize that FoxO3 is 

targeting TGF-β signaling processes independent of Foxp3 expression to promote 

survival.  

 FoxO3 was found to have binding sites in the RasGRP1 promoter, although it is 

unknown if FoxO3 enhances or suppresses RasGRP1 expression in T cells (Joseph et 

al. 2016). Since TGF-β reduces RasGRP1 expression, one possibility is that after TGF-

β addition, FoxO3 binds to the RasGRP1 promoter (alone or in conjunction with smads) 

and suppresses expression of RasGRP1. Based on our model, reduced RasGRP1 

expression could subsequently promote survival of the conventional T cells. During T 

cell activation, FoxO3 has also been shown to promote transcription of the pro-apoptotic 

protein Bim (Stahl et al. 2002). Our data suggests that FoxO3 is not required for death 

during PICA stimulation (Figure 17). FoxO3 still could be contributing to death, but in the 

absence of FoxO3 other apoptotic signaling pathways are still sufficient for death. We 

previously showed that during PICA stimulation, TGF-β can reduce expression of Bim, 

which we predict supports survival of T cells and blocks apoptosis (Takami, Love, and 
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Iwashima 2012).  Since FoxO3 is critical for promoting survival with TGF-β signaling, we 

hypothesize that FoxO3 promotes Bim and RasGRP in the absence of TGF-β signaling, 

and suppresses their expression when TGF-β signaling is active. These differential 

effects of FoxO3 could be mediated through the interaction of FoxO3 with distinct 

transcription factors in the presence or absence of TGF-β signaling. Further research is 

needed to determine if FoxO3 has distinct binding partners (activators/repressors) to 

initiate these different outcomes, and/or if FoxO3 can bind to different sites in the 

promoters of these genes to affect transcription. 

CD44 High T Cells in FoxO3 Deficient Mice 

To study T cells that are continuously stimulated in vivo, we looked at the small 

intestine intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL).  T 

cells in the gut are constantly exposed to commensal and food antigens, and therefore 

we reasoned this would mimic our in vitro PICA continuous plate-bound stimulation.  

When we examined the gut IEL and LPL, we found that FoxO3 deficient T cells have 

enhanced levels of CD44 (Figure 21).  This was specific to CD44 and not for other 

activation markers, CD25 and CD69 (memory and activation marker) (Figure 23).  

Additionally, as reported previously, (Dejean et al. 2009) we saw no differences in the 

MLN and spleen in CD44 expression (Figures 22 and 24). Therefore, CD44high T cells in 

FoxO3 KO mice are specific to the gut.  When examining these CD44high cells, we gated 

on CD45 (hematopoietic marker), CD3 (marker for T cells) and then looked at CD44 

expression.  In the gut, CD3 T cells contain a significant fraction of γδ TCR CD3+ T cells 

as well as αβ CD3+ T cells. We are actively investigating if both populations have CD44 

high expression, or if this is specific to one TCR subset.  Although the distinct functions 
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of γδ and αβ T cells in the gut are still being actively investigated, γδ T cells classically 

respond to antigens that include lipids and heat shock proteins, rather than peptide 

antigens like αβ T cells.  Therefore, it would be interesting to determine if FoxO3 

deficiency affects one subset or both.   

CD44 is highly expressed upon T cell activation, and is maintained in memory T 

cells (Budd et al. 1987). Our data show that CD69, a tissue-retention marker, is also 

expressed on these T cells (Figure 23). This could suggest that these CD44 high T cells 

are memory T cells, but since CD44 and CD69 are also expressed upon T cell 

activation, more research is needed to determine if these are effector T cells or more 

memory type T cells. These T cells could also be tissue-resident or effector/central 

memory T cells. Additionally, CD44 has been shown to be critical for Th1 memory 

effector T cell survival (Baaten et al. 2010).  It would be interesting to determine 

functionally what type of CD4 Th cells are CD44 high in the FoxO3 KO and WT mice, as 

well as the functionality of the CD8 T cells that have high CD44 expression. In vitro, we 

determined that FoxO3 KO splenic T cells have similar levels of CD44 expression upon 

T cell activation, suggesting that FoxO3 deficiency does not alter activation-induced 

CD44 expression in the periphery (Figure 24). More research will need to be conducted 

to determine if FoxO3 affects CD44 expression differently in the gut compared to the 

peripheral T cell populations. 

Crosstalk between TGF-β Signaling and CD44? 

CD44 is not only a marker of T cell activation and memory, but also can promote 

AICD of T cells. Crosslinking CD44 with antibodies or with its ligand HA can promote 

FasL expression and lead to AICD (Nakano et al. 2007). TGF-β signaling can protect T 
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cells from AICD, and there is high TGF-β in the gut environment. Our data show that 

FoxO3 deficient CD4 T cells have a defect in responding to TGF-β signaling in vitro, and 

we see that FoxO3 T cells have high CD44 expression in the gut. One intriguing 

hypothesis based on these data is that TGF-β signaling suppresses CD44 expression to 

protect T cells from AICD, especially in the gut environment. If this is the case, then 

FoxO3 KO T cells would maintain high CD44 expression due to their defect in 

responding to TGF-β signaling.  To test this, we can determine if TGF-β suppresses 

CD44 expression in peripheral and gut T cells, and determine if FoxO3 KO T cells have 

a defect in reducing CD44 expression in response to TGF-β. Further investigation is 

needed to determine if there is a link between CD44 expression or survival of CD44 

cells and TGF-β signaling. 

CAR T Cell AICD 

CAR T cells are efficiently generated and activated by tumor antigens, and have 

been very effective for the treatment of some cancers, particularly hematologic cancers. 

One problem, however, is that CAR T cells often do not persist in vivo, especially for 

solid tumors where CARs have been shown to undergo AICD (H. Wang et al. 2021; 

Tschumi et al. 2018). Currently, knowledge of the mechanisms of CAR T cell death and 

strategies to promote CAR T cell survival are limited. We developed a system to study 

AICD in CAR T cells by stimulating CARs with a high number of antigen positive tumor 

cells (1:20 CAR to Raji tumor cells).  In our system, we see that when CAR T cells are 

given an equal number of Rajis (1:1), the cells proliferate robustly, and have low 

expression of Foxp3 (Figure 30).  When CAR T cells are stimulated 1:20 with Raji, we 
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see that there is significantly decreased survival, and a proportion of the surviving CAR 

T cells are CD25+Foxp3+ (Figures 29 and 30).  

Our data demonstrate that CAR T cells that are continuously stimulated (1:20 

CAR to Raji) are phenotypically distinct from CARs that receive less stimulation (1:1 

CAR to Raji). What does the phenotype of CD25+Foxp3+ mean for CAR T cell 

functionality? CD25 is the alpha chain of the IL-2 receptor, and IL-2 is critical for T cell 

activation, proliferation, and survival (Morgan, Ruscetti, and Gallo 1976; Taniguchi et al. 

1983).  In the 1:1 condition with Raji, some donors show CD25 expression while others 

do not. In the 1:20 CAR to Raji conditions, almost all cells are CD25+.  We predict that 

this is due to the continuous stimulation of the CAR T cells, and is indicative of strong T 

cell activation, since CD25 is upregulated in T cells upon stimulation (Cerdan et al. 

1992). CD25 expression and IL-2 signaling is critical for AICD, and blocking CD25 

prevents AICD in T cells (Richter et al. 2009; Lenardo 1991). Therefore, CAR T cells 

with high CD25 expression during continuous stimulation with Rajis may promote IL-2-

dependent AICD. This could be tested by blocking IL-2 or CD25 in our system and 

measuring survival of CARs. CAR T cells with Rajis at a 1:1 ratio are for the most part 

able to kill Raji targets after 1 day (observations under microscope). So, we predict 

based on our data that CD25 expression is up days 1-2 post-activation, then goes back 

down by day 5. We predict that since CARs with 1:20 are continuously stimulated (and 

unable to kill all the Rajis), their CD25 expression is sustained. To test this hypothesis, 

we would need to determine the kinetics of CD25 expression with low and high dose 

Raji, and also determine if IL-2 signaling and CD25 expression is required for 

decreased survival of CARs at the 1:20 ratio.  
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Foxp3 Expression in CAR T Cells  

A significant portion of surviving CAR T cells after stimulation with a ratio of 1:20 

CAR:Rajis are Foxp3+. Foxp3 is the canonical transcription factor that controls Treg 

development and function (Fontenot, Gavin, and Rudensky 2003; Hori, Nomura, and 

Sakaguchi 2003). However, Foxp3 is not only expressed in Tregs, but is upregulated in 

human T cells upon T cell activation. During continuous stimulation of conventional CD4 

T cells with plate-bound anti-CD3 and soluble anti-CD28, a majority of T cells 

upregulate Foxp3 one day post-activation (J. Wang et al. 2007).  If T cells are 

maintained with antibody stimulation for 7 days, almost 100% of T cells express Foxp3 

at the 7-day time point.  This suggests that continuous stimulation of T cells promotes 

Foxp3 expression. Wang et al sought to determine if this expression of Foxp3 was 

stable or transient.  If the stimulated conventional CD4 T cells are rested without 

stimulation for 7 additional days in IL-2, Foxp3 expression was dramatically reduced. 

However, stimulated Tregs maintain high, stable Foxp3 expression after resting for 7 

days.  In our CAR system, we see high Foxp3 expression when CAR T cells are 

stimulated at the 1:20 ratio (CAR:Raji) (Figure 30). It would be of interest to test if this 

expression of Foxp3 is stable, or if it is transient and due to activation. If Foxp3 is stable, 

that would suggest that continuous antigen stimulation can program T cells to become 

more “Treg-like” and could diminish their effector cytokine production and functionality.  

However, if Foxp3 is transient, these T cells could potentially still elicit effector functions 

and kill tumor targets.  This could help explain a mechanism by which CAR T cells have 

difficulty surviving and promoting anti-tumor immunity in solid tumors.  If majority of CAR 

T cells in the TME undergo AICD after repeated stimulation and the surviving T cells 
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express Foxp3 in vivo, we could test if these CAR T cells are functionally impaired upon 

tumor re-challenge ex vivo. Additionally, we could track Foxp3 expression in CAR T 

cells in the TME and determine the kinetics of Foxp3 and CD25 expression, and see if 

this affects functionality.  

RasGRP1 in CAR T Cell Death? 

 Our data suggest that CAR T cells can undergo AICD when continuously 

stimulated by tumor cells.  Because we determined that RasGRP1 can promote AICD in 

mouse conventional T cells (Figure 14), sustained RasGRP1 signaling may also 

promote AICD of CAR T cells.  The kinetics of RasGRP1 expression and ERK signaling 

is unknown in CAR T cells, but based on our mouse T cell data (Figure 11), we would 

expect RasGRP1 expression to be low in unstimulated CAR T cells, and to be 

expressed by day 3 after continuous stimulation.  We hypothesize that this sustained 

RasGRP1 signaling could promote Fas/FasL mediated apoptosis, as CAR T cells have 

been shown to undergo AICD by Fas/FasL-mediated signaling during continuous 

stimulation (Tschumi et al. 2018).  In the situation where CAR T cells are stimulated with 

low numbers of Raji (1:1), CAR T cells are not continuously stimulated due to their 

ability to kill the Raji tumor targets after ~1 day. We would expect CAR T cells 

stimulated with these conditions to maintain lower levels of RasGRP1 than the 1:20 

conditions, due to the lack of continuous stimulation.  

Our data support the hypothesis that inhibition of RasGRP1 signaling would 

enhance CAR T cell survival during continuous stimulation.  To test this, we constructed 

CAR T cells that contained a DN RasGRP1, with a point mutation R271E that has been 

shown to prevent Ras activation and subsequent MAPK/ERK signaling in B cells 
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(Guilbault and Kay 2004).  A self-cleaving P2A peptide followed by DN RasGRP1 was 

inserted after CD3 zeta in the CAR construct.  The CAR, DN RasGRP1, and truncated 

CD34 marker were all under control of the same promoter, so if CD34 is expressed, so 

is the CAR and the DN RasGRP1. We were able to express these CARs in Jurkat T 

cells and show that they are functional after Raji stimulation (by activation marker and 

cytokine expression). However, due to the size of the CAR construct with the inserted 

RasGRP1, it was very difficult to transduce primary T cells and we were unable to 

obtain a sufficient number of CARs to test in our assays.  If this transduction could be 

further optimized, we would expect that DN RasGRP1 CARs would survive high dose 

Raji stimulation better than CAR alone. Additionally, if we put a different marker on the 

DN RasGRP1 CAR (such as CD14 rather than CD34), we could co-inject the DN 

RasGRP1 CAR or regular CAR into NSG mice engrafted with human B cell tumors. We 

could then test if DN RasGRP1 CARs have enhanced survival and functionality in vivo 

compared to control CARs. Optimizing CAR T cell construction is of great interest, as 

the choice of costimulatory domains, transmembrane domains and other features of the 

CARs have been shown to affect survival and functionality. For instance, 4-1BB CARs 

show enhanced survival and decreased AICD compared to CD28 based CARs (Guedan 

et al. 2018). Therefore, combining DN RasGRP1 CARs with 4-1BB co-stimulation could 

promote greater T cell survival in solid tumor models. 

Role of TGF-β and Caspase Signaling in CAR T Cell Survival 

 In our model of PICA with continuous stimulation of conventional T cells, TGF-β 

can rescue cell death (Takami, Love, and Iwashima 2012). Our data demonstrate that 

addition of TGF-β to CAR T cells can also enhance survival when stimulated with high 



 
148 

 
numbers of tumor cells (1:20 CAR to Raji) (Figure 33).  However, when stimulated with 

low numbers of tumor cells (1:1), TGF-β mediates T cell suppression.  How does TGF-β 

signaling cause massive suppression of T cells at the 1:1 ratio but survival at 1:20 CAR 

to Raji ratio? This is currently unknown. Because there are so many signaling pathways 

that can be affected by TGF-β signaling in T cells, RNA seq analysis could be beneficial 

for determining pathways that are altered in CAR T cells treated with TGF-β at 1:1 

compared to 1:20 CAR to Raji. 

When we examined expression of activation markers, we saw that TGF-β 

enhances CTLA-4 expression and suppresses CD25 expression compared to 1:20 CAR 

to Raji with no TGF-β addition (Figure 34).  So, although the CAR T cells are surviving 

better with TGF-β, upregulation of the checkpoint inhibitor CTLA-4 could prevent 

efficient tumor killing and cytokine production.  Additionally, suppression of CD25 could 

prevent IL-2 signaling and proliferation.  Blocking TGF-β signaling in tumor-specific T 

cells can enhance anti-tumor immunity (Gorelik and Flavell 2000; Maeda and Shiraishi 

1996), and our data suggest that this could be mediated through enhancing CD25 

expression and suppressing CTLA-4 expression.  

When CAR T cells were treated with a pan-caspase inhibitor at the 1:20 CAR to 

Raji, we also saw enhanced survival of CAR T cells (Figure 35). Our data suggest that 

decreased survival of CAR T cells we see with 1:20 (CAR to Raji) is mediated at least in 

part by caspase-dependent apoptosis.  However, unlike addition of TGF-β, the CAR T 

cells were phenotypically similar to 1:20 with DMSO control. We see similar levels of 

CTLA-4, CD25, and Foxp3.  This suggests that caspase inhibition does not alter the 

phenotype of CAR T cells, at least for the markers tested. The effect of caspase 
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inhibitors on improving CAR T cell survival in vivo is unknown. More rigorous studies 

would need to occur, measuring how long survival lasts, and if the CAR T cells are 

functionally different after treatment. 

Concluding Remarks 

T cells must integrate a variety of signals to promote their activation, 

differentiation, proliferation, and survival. Integrating these signals controls the balance 

between Tregs and conventional T cells, during states of homeostasis and disease.  

Tregs are constantly exposed to self-antigens and commensals, yet Treg populations 

remained balanced in healthy individuals. We propose that Tregs are able to resist 

AICD during repeated stimulation through autocrine TGF-β signaling and the 

suppression of the RasGRP1/MAPK pathways.  After infection or immunization, T cells 

are activated and proliferate to help clear the pathogen and form memory. During the 

resolution of infection, AICD reduces the numbers of effector T cells and promotes 

memory formation. Our results show that high RasGRP1 signaling can promote 

apoptosis during AICD. TGF-β is crucial for protecting T cells from AICD. We found that 

TGF-β suppresses RasGRP1 expression and FoxO3 and TGF-β signaling pathways 

integrate to promote T cell survival (Figure 37).  Understanding the mechanisms that 

control AICD in T cells is critical for our understanding of memory formation after 

infection. Additionally, understanding these signaling pathways in tumor-specific T cells 

like CAR T cells can inform strategies to enhance survival and persistence.   
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Figure 37. Model for Signaling Mechanisms that Control AICD. High RasGRP1 signaling in 
conventional T cells promotes AICD, while TGF-β can protect T cells from death. TGF-β 
signaling crosstalks with FoxO3 signaling to promote survival, and TGF-β suppresses RasGRP1 
expression. Tregs are able to resist AICD through autocrine TGF-β signaling, which suppresses 
RasGRP1 expression.  
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