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Résumé 
 

Régulation de l’apoptose des lymphocytes T par GIMAP5 (GTPase of 

Immune Associated Nucleotide Binding Protein 5) 

 
Par  

Xi-Lin Chen 

Département de pédiatrie, programme d’immunologie, 

 

Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de  

l’obtention du diplôme de doctorante (Ph.D.) en immunologie 

Faculté de médecine et des sciences de la santé, Université de Sherbrooke,  

Sherbrooke, Québec, Canada, J1H 5N4 

 

 

La survie à long terme des lymphocytes T en état de repos est essentielle pour maintenir leurs 

nombres dans les organes lymphoïdes secondaires. Le récepteur antigénique des cellules T 

(TCR) en contact avec les peptides du soi / CMH et en synergie avec l'IL-7 induit des signaux 

anti-apoptotiques pour favoriser la survie des cellules T. Ces stimuli extrinsèques sont également 

impliqués dans le métabolisme et la survie des cellules T grâce à la régulation de plusieurs voies 

de signalisation dont la voie phosphatidyl-inositol-3 kinase (PI3K) /AKT. 

 

Chez la souris et chez le rat, la perte de l’activité de GIMAP5 (GTPase of Immune Associated 

Nucleotide Binding Protein 5), provoque une lymphopénie T périphérique en raison de la mort 

spontanée des cellules T. Le mécanisme sous-jacent responsable de la fonction de survie de 

GIMAP5 dans les lymphocytes T reste largement inconnu. Nous avons observé que les cellules 

de rats déficients en GIMAP5, après stimulation par complexe TCR, montrent un afflux de 

calcium (Ca
2+

) réduit provenant du milieu extracellulaire. Dans cette thèse, J’ai caractérisé le 

mécanisme d’action de GIMAP5 dans la régulation de l'homéostasie du Ca
2+

, ainsi que les voies 

de signalisation modulées par GIMAP5 pour faciliter la survie des cellules T. 

 

Tout d'abord, j’ai étudié si GIMAP5 empêche l’apoptose des lymphocytes T en affectant la 

capacité des mitochondries à réguler la concentration du Ca
2+

, ce qui est nécessaire pour soutenir 

l’influx de Ca
2+

. J’ai trouvé que l’accumulation du Ca
2+

 mitochondrial après l’entrée capacitive 

de Ca
2+ 

est défectueuse dans les cellules T de rat déficientes en Gimap5. La disruption des 

microtubules, mais pas du cytosquelette d'actine, abroge la séquestration du Ca
2+

 mitochondrial 

dans les cellules T primaires de rat, mais pas dans les cellules T déficientes en Gimap5. J’ai 

observé que les cellules T provennant de souris deficientes en Gimap5 demontrent une 

dimunition de l’éntrée de Ca
2+

. De plus, la proliferation des cellules T deficientes en Gimap5 est 

diminué suite à la stimulation du TCR. En outre, la phosphorylation de STAT5 induit par l'IL-7 

est diminuée dans les cellules T CD4
+
 de souris déficientes en Gimap5. Également, la perte de 

Gimap5 aboutit à une activation accrue de la cible mammalienne de la rapamycine (mTOR), 

indépendamment de la protéine phosphatase 2A (PP2A) ou de la protéine kinase activée par 

l'AMP (AMPK). Au lieu de cela, l'activation constitutive de la voie PI3K contribue à une forte 

activation spontanée de mTOR. 
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Collectivement, la fonction de survie de GIMAP5 dans les lymphocytes T peut être liée à la 

régulation de différentes voies de signalisation. GIMAP5 facilite la fonction, microtubule 

dépendant, des mitochondries dans leurs actions de régulation du Ca
2+

 après l’entrée capacitive 

de Ca
2+

. GIMAP5 est nécessaire pour intégrer les signaux de survie produites suite à l'activation 

du TCR et de l’IL-7R, qui pourrait être associée à la régulation de l'activité PI3K / AKT / 

mTOR. 

 

 

Mots clés: GIMAP5, lymphocytes T, TCR, IL-7, le métabolisme, flux de calcium, mitochondrie, 

microtubules, STAT5, signalisation TCR proximale, PI3K / Akt / mTOR 
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Summary 
 

Regulation of T Lymphocytes Apoptosis by GIMAP5 (GTPase of Immune 

Associated Nucleotide Binding Protein 5) 
 

By  

Xi-Lin Chen 

 

Immunology Program, Department of Pediatrics 

 

Thesis presented at the Faculty of Medicine and Health Science to obtain 

Doctor of Philosophy (Ph.D.) degree in Immunology 

Faculty of Medicine and Health Science, University of Sherbrooke, 

Sherbrooke, Québec, Canada, J1H 5N4 

 

Long-term survival of T lymphocytes in a quiescent state is essential to maintain their cell 

numbers in secondary lymphoid organs. Interaction of the T cell antigen receptor (TCR) with 

self-peptide/MHC synergizes with IL-7-induced anti-apoptotic signals to promote T cell 

survival. These extrinsic stimuli are also implicated in T cell metabolism and survival by 

regulating several signaling pathways including the phosphatidyl-inositol-3 kinase (PI3K)/Akt 

pathway.  

 

In mice and in rats, loss of functional GTPase of the immune associated nucleotide binding 

protein 5 (GIMAP5) causes peripheral T lymphopenia due to spontaneous death of T cells. The 

underlying mechanism responsible for the pro-survival function of GIMAP5 in T lymphocytes 

remains largely unknown. Previous work form our laboratory has shown that T cells from 

GIMAP5-deficient rats show reduced influx of calcium (Ca
2+

) from the extracellular milieu 

following stimulation of the TCR complex. In this thesis, I characterized the mechanism by 

which GIMAP5 regulates Ca
2+

 homeostasis, and elucidated the signaling pathways modulated by 

GIMAP5 to facilitate the survival of T cells. 

 

Firstly, I investigated if GIMAP5 prevents apoptotic death of T lymphocytes by affecting the 

Ca
2+

 buffering capacity of mitochondria, which is required for sustained Ca
2+ 

influx via the 

plasma membrane channels. I observed that mitochondrial Ca
2+ 

accumulation following 

capacitative Ca
2+

 entry is defective in T cells from Gimap5
 
deficient

 
rats. Disruption of 

microtubules, but not the actin cytoskeleton, abrogated Ca
2+ 

sequestration by mitochondria in T 

cells from control but not Gimap5 deficient mice. Similarly, mice lacking functional GIMAP5 

displayed defective T cell development and Ca
2+ 

influx. Furthermore, I observed that the 

proximal signaling events following TCR stimulation was reduced and was accompanied by 

defective proliferation in T cells from Gimap5 deficient mice. Additionally, IL-7 induced STAT5 

phosphorylation was decreased in CD4
+
 T cells from Gimap5 deficient mice. I also showed that 

loss of functional Gimap5 results in increased basal activation of mammalian target of rapamycin 

(mTOR), independent of protein phosphatase 2A (PP2A) or AMP-activated protein kinase 

(AMPK). Instead, the constitutive activation the PI3K pathway contributed to the high mTOR 

activation. 
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Collectively, my observations suggest that the pro-survival function of GIMAP5 in T-

lymphocytes may be linked to the regulation of diverse signaling pathways in a context 

dependent manner. GIMAP5 also facilitates microtubule-dependent mitochondrial buffering of 

Ca
2+ 

following capacitative entry. GIMAP5 is required to integrate the survival signals generated 

following activation through TCR and IL-7R.  

 

 

Key words: GIMAP5, T-lymphocyte, TCR, IL-7, metabolism, calcium flux, mitochondrial, 

microtubule, STAT5, proximal TCR signaling, PI3K/Akt/mTOR 
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Background:   

1.1 Apoptotic cell death during T cell development and homeostasis 

        The hematopoietic stem cell (HSC) residing in the bone marrow is capable of differentiating 

into the lymphoid and myeloid progenitors (Kondo et al., 2003). Lymphoid progenitors give rise 

to T, B, and natural killer (NK) cells, while the myeloid progenitors can differentiate into 

megakaryocytes and erythrocytes as well as granulocytes and macrophages (Weissman, 2000). 

Among them, lymphoid progenitors that migrate to the thymus continue their development to 

give rise to T cell progenitors. These T cell progenitors undergo distinct developmental programs 

in the thymus before differentiating into mature T cells (Zuniga-Pflucker and Lenardo, 1996). 

Early thymic progenitors that lack expression of T-cell receptor (TCR), CD4 and CD8, are 

termed double-negative (DN) thymocytes. DN cells are comprised of four fractions (DN1 

through DN4), which can be identified by the differential expression of CD25, CD44 and CD117 

(Godfrey et al., 1993). As thymocytes develop through the DN2 to DN4 stages, the expressed β 

chain of the TCR (TCRβ) is associated with the precursor-α chain of the TCR (pre-TCRα) and 

form the pre-TCR complex on the cell surface (von Boehmer, 2005). These cells undergo 

substantial cell proliferation during the transition from DN4 to CD4
+
 CD8

+
 double positive (DP) 

stage (Hoffman et al., 1996). The DP thymocytes recombine the genes that generate the TCRα, 

allowing TCRα to assemble with TCR-β to form the complete αβ TCR (Manolios et al., 1991). 

The αβ TCR
+
 DP thymocytes then engage self-peptides presented by class I and II major 

histocompatibility complex (MHC) molecules expressed on thymic stromal cells, initiating 

effective maturation (positive selection), a process that allows only cells with appropriate, 

intermediate level of TCR signaling to differentiate into CD8
+
 or CD4

+
 single positive (SP) 

thymocytes. DP thymocytes that bind to MHC class I-restricted TCR differentiate into CD8
+
 SP 

cells, whereas MHC class II-restricted cells differentiate into CD4 SP cells. These SP cells are 

then ready for export as mature naïve CD4
+
 or CD8

+
 T lymphocytes to secondary lymphoid 

organs (referred to as the periphery), that includes the spleen, the lymph nodes, and mucosal-

associated lymphoid tissues (Figure 1-1) (Stefanova et al., 2002). Mature lymphocytes 

recirculate between the blood stream and the peripheral lymphoid organs until they encounter 

their specific antigen. 
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Figure 1-1: T cell development.  
Lymphoid progenitors that have developed from HSCs in the bone marrow migrate to the thymus. During 
thymic development, T cell precursors proliferate, rearrange their antigen receptor genes, develop their 
specific T cell markers, including TCR, CD3, CD4 or CD8, and eventually give rise to the mature T cell. 
During this process, thymocytes undergo thymic positive and negative selection that result in the 
apoptotic death of most cells and shape the mature T cell repertoire. (adapted from (Germain, 2002)) 

         

       Within the thymus, more than 95% of the developing thymocytes that fail to complete the 

necessary differentiation steps die of apoptosis. Apoptosis is programmed cell death executed by 

highly orchestrated cellular machinery in response to various physiological and pathological 

stimuli (Kataoka and Tsuruo, 1996; Kerr et al., 1972). The characteristic features of apoptosis 

include nuclear and cytoplasmic condensation, the formation of cell fragments and apoptotic 

bodies. These apoptotic bodies are eventually internalized and cleared by phagocytes to avoid 

inflammation and damage to surrounding cells (Earnshaw et al., 1999). At first, DN thymocytes 

that fail to rearrange a TCR  gene undergo apoptosis due to the absence of pre-TCR signaling 

(Falk et al., 2001; Mombaerts et al., 1992). During positive selection, a majority of DP 

thymocytes die by delayed apoptosis (neglect) because their TCRs fail to recognize self-MHC 

molecules (Bouillet et al., 1999; Rathmell et al., 2002). However, DP thymocytes with very 

strong affinity towards self-MHC will die from acute apoptosis (negative selection), as these 

cells can be potentially autoreactive (Bouillet et al., 2002; Villunger et al., 2004). 

        In the periphery, T cells are maintained at very stable numbers despite periodic expansion 

and contraction during an immune response (Badovinac et al., 2002; Sprent and Tough, 1994; 

Tough and Sprent, 1994; Van Parijs and Abbas, 1998). A careful balance of generation, survival, 

proliferation, differentiation and death shapes the naïve T cell repertoire.  Naïve T cells exist in a 
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resting, quiescent stage in the peripheral lymphoid organs. Continuous low-affinity interaction 

between the TCR and MHC:self-peptide complexes, as well as signals through the interleukin-7 

receptor (IL-7R) maintain the survival of naïve T cells (Maraskovsky et al., 1997; Maraskovsky 

et al., 1996; Schluns et al., 2000; Schluns and Lefrancois, 2003; Tan et al., 2001). During an 

immune response, T cells are activated by foreign antigen (Ag) presented by antigen-presenting 

cells (APC) and gain the ability to enter sites of inflammation. These Ag-specific T cells 

proliferate and differentiate extensively. CD4
+
 T cells can become T helper 1 (TH1), TH2, TH17 

cells or regulatory T (TReg) cells (Kidd, 2003; Nurieva and Chung, 2010). CD8
+
 T cells 

differentiate into cytotoxic T lymphocytes (CTLs) which kill infected cells (cellular immunity) 

(Bevan, 2004). Concomitant signaling through co-stimulatory molecules such as CD28 maintains 

the robustness of T cell response and provides survival signals by upregulating the anti-apoptotic 

molecules Bcl-2 and Bcl-xL (Boise et al., 1995). To maintain T cell homeostasis after clonal 

expansion and to avoid the development of autoimmunity and lymphomas (Krammer et al., 

2007), activated T cells are removed once the antigen is cleared, while a fraction of the Ag-

experienced T cells differentiate into long-lived memory cells (Kondrack et al., 2003; Ku et al., 

2000; Sad and Krishnan, 2003; Sallusto et al., 2004). These memory T cells are resistant to death 

by apoptosis and respond rapidly to subsequent exposure to the same antigen (Krueger et al., 

2003). Memory T cells constantly cycle in response to homeostatic pressures, without any 

significant increase in total T cell numbers (Tough and Sprent, 1994). Collectively, both 

induction and inhibition of apoptotic cell death programs are essential events in the physiology 

of T cells.  

 

1.2 Intrinsic and extrinsic pathways of T cell apoptosis     

        T cells share with most other cell types the various pro-apoptotic and anti-apoptotic 

mechanisms that determine cell death or survival. The apoptotic pathways are broadly classified 

into ‘intrinsic’ and ‘extrinsic’ pathways. The intrinsic pathway is initiated by the mitochondria in 

response to a wide range of death stimuli, including activators of tumor suppressor proteins (such 

as p53) and oncogenes (c-Myc), DNA damage, chemotherapeutic agents, endoplasmic reticulum 

(ER) stress, gamma radiation and growth factor deprivation (Harris and Thompson, 2000; 

Lorenzo and Susin, 2004). All of these stimuli cause changes in the integrity and opening of the 

permeability transition pore (PTP) complex at contact sites between the inner and outer 



 5 

mitochondrial membrane (Mattson and Kroemer, 2003). In vitro, PTP opens under conditions of 

oxidative stress, high Ca
2+

 or low adenosine triphophate (ATP) concentrations, thereby allowing 

the low-molecular weight solutes to diffuse across the inner membrane leading to mitochondrial 

swelling and permeabilization of the outer mitochondrial membrane (OMM) (Bernardi, 1999). 

During apoptosis, permeabilization of OMM occurs as an irreversible step that results in 

mitochondrial transmembrane potential (∆ψm) dissipation and the release of pro-apoptotic 

proteins including cytochrome c, from the intermembrane space into the cytosol (Scorrano and 

Korsmeyer, 2003).  This mitochondrial compartmentalization of cytochrome c is regulated by the 

Bcl-2 family, which includes anti-apoptotic (Bcl-2 like proteins, such as Bcl-2 and Bcl-xL) or 

pro-apoptotic proteins like Bax and Bak. Cytochrome c binds and activates cytoplasmic 

apoptotic-protease-activating factor 1 (Apaf-1), which recruits and activates the initiator pro-

caspase-9 (Hengartner, 2000; Lorenzo and Susin, 2004), leading to the activation of effector 

caspases such as caspase-3, caspase-6 and caspase-7. Activation of the caspase cascade, the 

family of cysteine proteases, results in the cleavage of a broad spectrum of target proteins 

including regulatory proteins, structural components, and DNase inhibitors (Nunez et al., 1998; 

Rathmell and Thompson, 1999) and eventually to cell death (Mathiasen and Jaattela, 2002).   

       The extrinsic pathway is initiated by the cell-surface death receptors containing death 

domains following their engagement by their ligands such as tumor-necrosis factor (TNF), TNF-

related apoptosis-inducing ligand (TRAIL) and CD95 ligand (CD95L; also known as FASL). 

The interaction between cell death receptors and their ligands results in the formation of a large 

protein complex called death-inducing signaling complex (DISC) at the cell membrane 

(Krammer, 2000). Formation of the DISC results in the activation of pro-caspase-8 and pro-

caspase-10, which are initiator caspases in the extrinsic pathways of apoptosis. At later stages, 

the extrinsic apoptotic pathway converges on the mitochondria at the level of the effector 

caspases (Opferman and Korsmeyer, 2003; Plas et al., 2002). Thus, mitochondria play a pivotal 

role in both intrinsic and extrinsic pathways of apoptosis (Ferri and Kroemer, 2001; Green and 

Kroemer, 2004).  Most of the activated T cells are eliminated through the extrinsic death 

pathway, refered to as ‘activation-induced cell death’. In this process, re-stimulation of activated 

T cells through the TCR in the absence of appropriate co-stimulatory signals leads to the 

engagement of cell death receptors such as CD95 and TNFR, resulting in cell death (Tibbetts et 

al., 2003).  
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1.3 GTPase of the Immune Associated Protein 5 (GIMAP5) and T cell survival 

1.3.1 GIMAP family members 

        GIMAP, previously known as immune-associated nucleotide-binding proteins (IAN) is a 

family of putative small GTP-or/and ATP binding proteins that are conserved among vertebrates 

and higher plants. All Gimap genes are clustered within a short single locus in the genome. The 

human GIMAP cluster is located on chromosome 7 and contains seven functional genes and one 

pseudogene. The murine Gimap cluster is located on chromosome 6 with eight functional genes 

and one pseudogene. The seven rat Gimap genes are clustered on chromosome 4. All GIMAP 

family members have an avirulence protein-induced gene (AIG1) domain containing a GTP-

binding motif. This GTP-binding domain comprises the five G motifs G1, G2, G3, G4, and G5, 

which are characteristic of GTP/GDP binding proteins. Only some GIMAPs have been shown to 

bind GDP/GTP or to hydrolyze GTP. GIMAP4 is the first member reported to bind GDP and 

GTP and exhibit GTPase activity (Cambot et al., 2002). Further studies have shown GIMAP2 

and GIMAP5 bind GTP with high affinity but can not hydrolyze it on their own (Schwefel et al., 

2010b). However, GIMAP7 can stimulate its own GTPase activity and enhance GTP hydrolysis 

of GIMAP2 (Schwefel and Daumke, 2011). Besides the GTPase domain, all GIMAP proteins 

contain one to three putative coiled-coil domains that are involved in protein-protein interactions. 

In addition, GIMAP1, GIMAP3, and GIMAP5 contain a transmembrane hydrophobic domain at 

the C-terminus that has been shown to mediate membrane anchoring. The GIMAP family is 

highly expressed in cells of the immune system, and is tightly associated with the development 

and maintenance of lymphocytes (Filen and Lahesmaa, 2010). GIMAP proteins are distributed in 

different subcellular organelles and membranes (Table 1-1). However, a defined phenotype has 

been attributed only to the founding member, GIMAP5 (Hernandez-Hoyos et al., 1999; Lang et 

al., 2004; Moralejo et al., 2003; Nitta et al., 2006; Pandarpurkar et al., 2003; Sandal et al., 2003; 

Zenz et al., 2004). 
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Table 1-1: Comparison of Gimap family members. 

 

 

1.3.2 Dysregulated apoptosis of T cells due to the mutation of the Gimap5 gene     

        Several studies have linked GIMAP5 to the regulation of apoptosis. The first evidence for 

this function of GIMAP5 came from studies on Bio-Breeding Diabetes-Prone (BB-DP) strain of 

rats that develop spontaneous autoimmune type 1 diabetes (Elder and Maclaren, 1983; Jackson et 

al., 1981; Poussier et al., 1982). Even though the thymic cellularity in BB-DP rats is normal and 

DN, DP and SP thymocytes show normal distribution, these rats display a 5-10 fold reduction in 

the number of CD4
+ 

TCR 
+
 T cells and a virtual absence of CD8

+
 TCR 

+
 T cells in 

secondary lymphoid organs compared to non-lymphopenic, diabetes-resistant BB-DR rats (Elder 

and Maclaren, 1983; Jackson et al., 1981; Poussier et al., 1982; Ramanathan and Poussier, 2001). 

The cell survival defect is confined to T cells in BB-DP rats. B cells are relatively unaffected as 

shown by normal B cell numbers and T independent antibody responses (Guttmann et al., 1983; 

Lang et al., 2004; Pandarpurkar et al., 2003). The genetic defect that underlies the lymphopenia 

in BB-DP rats has been mapped to the lyp locus on chromosome 4 (Jacob et al., 1992). The lyp 

allele arises from a single base pair deletion causing a frameshift mutation within the GTPase 

domain of the Gimap5 gene, resulting in a truncated protein lacking 223 amino acids at the C-

terminus that are replaced by 19 other residues (Hornum et al., 2002; MacMurray et al., 
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2002)(Figure 1-2). 

  Thymus grafts or reconstitution with T cell depleted bone marrow cells between BB-DP 

and BB-DR rats has shown that the T lymphopenia results from an intrinsic defect in T-cell 

precursors (Francfort et al., 1985). The half-life of mature T cells that have recently emigrated 

from the thymus to the periphery is markedly lower in BB-DP rats than in control rats (3 days 

versus 15 days) (Groen et al., 1995; Hernandez-Hoyos et al., 1999; Ramanathan et al., 1998; 

Ramanathan and Poussier, 2001; Zadeh et al., 1996). This accelerated death of recent thymic 

emigrants (RTE) in BB-DP rats most likely contributes to the reduction in T cell numbers. 

Following thymectomy, the size of the peripheral T cell pool drops by 80% in BB-DP rats within 

5 days while it remains relatively stable in control rats (Sarkar et al., 1994). This phenomenon is 

due to either short life span or reduced proliferative capacity of peripheral T cells. Furthermore, 

by in vivo bromodeoxyuridine (BrdU) labeling it has been shown that BB-DP rats maintain a 

small pool of cycling T cells, possibly due to homeostatic signals via TCR and cytokine 

receptors (Ramanathan and Poussier, 2001). These cells exhibit a partial activation phenotype 

characterized by downregulation of CD62L, and increased expression of MHC class I, MHC 

class II, and CD28 (Lang et al., 2004). The partial activation phenotype appears to be due in part 

to activation of NF-κB through a MAPK-dependent pathway (Kupfer et al., 2007). However, 

pulse chase analysis with BrdU revealed that the cycling T cells have a reduced half-life once 

they enter the resting phase despite the high mitotic activity of these cells (Ramanathan et al., 

1998). Consistent with the defective survival of RTE and peripheral T cells in vivo, CD4
+
 and 

CD8
+
 SP thymocytes and peripheral T cells from BB-DP rats were more prone to apoptosis 

when compared to BB-DR rats (Ramanathan and Poussier, 2001). Even though the BB-DP rat T 

cells die by apoptosis ex vivo, stimulation by mitogens such as Con A or anti-CD3 Ab induces 

proliferation, suggesting that activation rescues BB-DP rat T cells from apoptosis (Lau et al., 

1998; Lee, 1994; Ramanathan et al., 1998). Collectively, these data suggest that Gimap5 is 

required to maintain T cells in a state of quiescence. Freshly isolated BB-DP T cells exhibit a 

loss of mitochondrial integrity suggesting a dysregulated mitochondrial apoptotic pathway in 

these cells (Keita et al., 2007). Furthermore, this survival defect is not due to any defect in the 

expression of Bcl-2 and Bcl-xL in thymocytes and peripheral T cell subsets (Ramanathan and 

Poussier, 2001). Moreover, spontaneous death of BB-DP rat T cells occurs by a caspase-

independent mechanism, as broad-spectrum caspase inhibitors DEVD, ZVAD and BOC do not 



 9 

delay the accelerated death in vitro. 

        Consistent with the pro-survival function of GIMAP5 in rat T lymphocytes, anti-apoptotic 

functions of human, rat and murine GIMAP5 have been demonstrated ex vivo. Expression of 

Gimap5 mRNA is consistent and significantly increased after stimulation with apoptotic 

cytokines in two different monocyte cell lines, which could relate GIMAP5 with the anti- 

apoptotic response (Hellquist et al., 2007). Overexpression of human GIMAP5 in Jurkat T cells 

confers protection against apoptosis induced by okadaic acid and -radiation, whereas it fails to 

prevent apoptosis induced by anti-Fas, TNF, staurosporine and some chemotherapeutic drugs 

(Sandal et al., 2003). However, thymocytes and peripheral T and B cells from Gimap5
lyp/lyp 

rats 

do not show increased sensitivity to -radiation-induced apoptosis (Dion et al., 2005). siRNA 

mediated knockdown of mGIMAP5 increases apoptosis of IL-2-dependent 23-1-8 T cells caused 

by IL-2 withdrawal, which was markedly restored by the overexpression of Bcl-xL (Nitta et al., 

2006). This is recapitulated by inhibition of hGimap5 expression by RNA interference in Jurkat 

cells resulting in mitochondrial dysfunction and a significant increase in apoptotic cells 

(Pandarpurkar et al., 2003). On the contrary, Dalberg has shown that a reduction of Gimap5 by 

RNA interference had no effect on apoptosis in Jurkat cells, but overexpression of Gimap5 

results in apoptosis in Jurkat T cells as well as naive human T cells but not in activated human T 

cells. Surprisingly, over expression of rat wild type or the mutant BB-DP allele of rGIMAP5 in 

the rat T-cell line also induces spontaneous apoptosis of T cells (Dalberg et al., 2007). In mice, 

GIMAP5 was shown to be involved in the mitochondria-mediated apoptotic pathway as 

GIMAP5 interacts with members of the Bcl-2 family of anti-apoptotic proteins (Barnes et al., 

2010; Chen et al., 2011; Nitta et al., 2006; Zenz et al., 2004). GIMAP5 gene polymorphisms are 

related to susceptibility to autoimmune disorders where apoptosis and lymphopenia are key 

features, such as type I diabetes and systemic lupus erythematosus (SLE), implicating the role of 

Gimap5 in human diseases (Hellquist et al., 2007; Lim et al., 2009; Shin et al., 2007). However, 

precise mechanisms underlying the anti-apoptotic function of GIMAP5 protein remain to be 

elucidated.  

        Recently, 2 different lines of Gimap5 deficient mice were generated to define the in vivo 

function of mouse Gimap5. Gimap5
-/-

 mice were generated by selective genetic ablation of the 

translation initiation signal and the putative nucleotide-binding motif of the Gimap5 gene 

(Schulteis et al., 2008). Gimap5
sph/sph 

mice were generated by N-ethyl-N-nitrosourea (ENU)-
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induced germline mutant with a missense mutation in the P-loop of AIG1 domain of Gimap5 

(Barnes et al., 2010) (Table 1-2). Unlike Gimap5-/- mice, the mRNA expression of Gimap5 in 

Gimap5
sph/sph 

mice remains unaffected. Similar to Gimap5 mutation in the rat, survival of 

peripheral T cells is impaired in these mice. In addition, B cells and NKT cells exhibit loss of 

immune homeostasis (Aksoylar et al., 2012; Barnes et al., 2010; Chen et al., 2011; Schulteis et 

al., 2008). Even though Gimap5-deficient CD4
+
 T cells acquire a partial activation phenotype, 

they fail to proliferate following stimulation of the TCR. In addition, T-dependent and T-

independent B cell responses are abrogated. Moreover, Gimap5 deficient mice show defects in 

various hematopoietic cell types including an increase in HSCs but fewer lineage-committed 

hematopoietic progenitors. The HSC and progenitors undergo increased apoptosis and display 

impaired long-term repopulation capacity. All these observations indicate a loss of HSC 

quiescence (Barnes et al., 2010; Chen et al., 2011; Schulteis et al., 2008) (Table 1-2). These mice 

exhibit chronic hepatic extramedullary hematopoiesis with foci of hematopoietic cells associated 

with liver failure. In addition, Gimap5
sph/sph

 mice develop spontaneous colitis, resulting the early 

morbidity and weight loss (Barnes et al., 2010). Collectively, these data indicate that Gimap5 is a 

critical regulator of lymphocyte homeostasis and hematopoiesis.  

 

Table 1-2. Comparison of Gimap5 mutation in rat and mice models 
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1.3.3 Expression of GIMAP5 in lymphocytes 

        GIMAP5, the founding member of the GIMAP family, is essentially expressed in cells of 

the immune system (Krucken et al., 2004; Liu et al., 2008). In rats, the expression of Gimap5 is 

significantly increased from the early DN to DP and SP transition. Studies have shown that DP 

thymocytes are reduced and DN thymocytes are increased in the congenic Gimap5
-/-

 F344 rats. 

(Moralejo et al., 2003). The highest expression of rGimap5 was observed in peripheral T cells, 

whereas the expression of rGimap5 in B cells was lower than in different T cell subsets except 

DP cells (Dion et al., 2005).  Murine Gimap5 is expressed abundantly in CD4
+
, CD8

+
 T cells and 

B cells of the spleen and lymph nodes, but not in myeloid cells or NK cells (Dion et al., 2005; 

Nitta et al., 2006). In the thymus, murine Gimap5 expression is moderate in pre-selected DP 

thymocytes but increases significantly during maturation of DP to CD4
+
 or CD8

+
 SP thymocytes 

upon TCR mediated positive selection (Dion et al., 2005; Nitta et al., 2006).  The short hairpin 

RNA knockdown of mice Gimap5 in DN perturbs the generation of DP thymocytes and reduced 

the survival of mature T cells (Nitta and Takahama, 2007). Murine Gimap5 mRNA is also 

expressed in HSCs and hematopoietic progenitors (Chen et al., 2011). Human Gimap5 mRNA is 

highly expressed in T lymphocytes from spleen and lymph nodes, whereas weak signals can be 

detected in normal B lymphocytes (Krucken et al., 2004; Zenz et al., 2004). In contrast, human 

Gimap5 mRNA expression is increased in certain chronic lymphocytic leukemias and leukemic 

mantle cell lymphomas (Zenz et al., 2004). In primary human T cells, an increase in Gimap5 

mRNA levels is observed during T cell activation with phytohemagglutinin (PHA) and IL-2 

(Dalberg et al., 2007). 

 

1.3.4 Structure and subcellular distribution of GIMAP5 

  Based on the phenotype of Gimap5-deficient rats and mice, it is believed that all the 

domains of GIMAP5 are required for proper functioning of GIMAP5 (Figure 1-2). The putative 

GTPase domain at the N-terminal is distantly related to RAS GTPases but is homologous to the 

AIG domain in plants (Hornum et al., 2002; MacMurray et al., 2002). GIMAP5 has been shown 

to bind GTP but fails to hydrolyze GTP (Schwefel et al., 2010b).  X-ray crystallography study of 

GIMAP5 has indicated that the GTPase activity may require a GAP protein, whose identity is not 

known (Schwefel et al., 2010a). There are 2 coiled-coil domains in GIMAP5 that can function as 

oligomerization domains for structural proteins, transcription factors and motor proteins (Lupas 
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and Gruber, 2005). GIMAP5 also possesses a transmembrane hydrophobic domain at the C 

terminus, which may target it to intracellular membranes. Overexpressed GIMAP5 has been 

shown to localize to intracellular membrane fractions including the mitochondrial outer 

membrane, the ER and the centrosomal regions (Hernandez-Hoyos et al., 1999; Hornum et al., 

2002; Lau et al., 1998; Zadeh et al., 1996). Consistent with these findings, in murine T cells, 

GIMAP5 was shown to interact with members of the Bcl-2 family including anti-apoptotic Bcl-2 

and Bcl-xL and pro-apoptotic Bax, Bak, Bad and BimEL (Barnes et al., 2010; Chen et al., 2011; 

Nitta et al., 2006; Zenz et al., 2004), suggesting that Gimap5 plays a role in regulation of 

apoptosis via Bcl-2 family proteins. Accordingly, loss of GIMAP5 impairs mitochondrial 

membrane integrity (Pandarpurkar et al., 2003). Another study showed that GIMAP5 maintains 

ER homeostasis by inhibiting ER stress associated chaperones in T cells (Pino et al., 2009). Most 

of these experiments were done by overexpressing Gimap5 constructs carrying an epitope tag or 

EGFP fused to the C-terminus, which might interfere with membrane localization. In contrast, by 

using antiserum against rat GIMAP5 (rGIMAP5) raised in the rabbit and rGIMAP5 construct 

with a Myc epitope tag at the N-terminus, our lab have shown that endogenous GIMAP5 resides 

in a cellular compartment distinct from mitochondria and ER in T cells, and that neither 

endogenous rat GIMAP5 nor the overexpressed protein interacts with Bcl-2 (Keita et al., 2007). 

In addition, endogenous mouse and human GIMAP5 were found to localize to lysosomes and 

multivesicular compartments but not to ER or mitochondria (Wong et al., 2010), whose identities 

are also unknown. Despite a decade of efforts by several groups, there is a lack of consensus on 

the subcellular distribution of GIMAP5. 
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Figure 1-2. Schematic representation of Gimap5 mutation. 
GIMAP5 is a 308-amino acid protein that contains an unconventional GTP-binding motif and a coiled-coil 
domain and a C-terminal hydrophobic domain. The Lyp locus frameshift mutation mapped to gene 
encoding Gimap5 results in a truncated protein in which the C-terminal 223 amino acids are replaced by 
19 other residues. The sphinx mutation results in a glycine to cysteine substitution at position 38 of the 
AIG1 domain. A glycine at this position is conserved in all Gimap proteins. 

 

1.4 Role of GIMAP5 in cellular calcium (Ca
2+

) homeostasis 

1.4.1 Role of mitochondria in Ca
2+

 homeostasis in T lymphocytes 

        Cytosolic calcium ([Ca
2+

]c) is an important regulator of various cellular functions ranging 

from fertilization to cell death (Berridge et al., 2000). In T lymphocytes, Ca
2+

 signals are crucial 

for the proper activation, differentiation and effector functions (Berridge et al., 2000). The 

cytosolic Ca
2+

 concentration in T cells is tightly regulated and varies between ~100 nM in resting 

cells to ~1µM following TCR stimulation. Engagement of the TCR results in 

transphosphorylation and proximal activation of the Src family of protein tyrosine kinases 

(PTKs) Lck and Fyn. Either or both Lck and Fyn phosphorylate immunoreceptor tyrosine-based 

activation motifs (ITAMs) on the CD3 chains of the TCR to provide binding sites for other PTKs 

including ZAP70. Once ZAP70 is activated, it phosphorylates the downstream substrates, linker 

for activation of T-Cells (LAT) and SH2 domain-containing leukocyte protein-76 (SLP-76), to 
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recruit many other signaling molecules including phospholipase C-gamma 1 (PLC-1) (Lin and 

Weiss, 2001). Activation of PLC-1 hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) to 

produce second messengers including inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol. 

IP3 binds to its receptor IP3R on the ER and triggers Ca
2+

 release from the internal ER store. 

This Ca
2+

 store depletion can also be induced by thapsigargin (TG), the inhibitor of ATP-

dependent Ca
2+

 pump called sarco/endoplasmic reticulum Ca
2+

-ATPase (SERCA) that pumps 

Ca
2+

 into the sarcoplasmic and ER (Thastrup et al., 1990). Store depletion results in a 

conformational change in the ER-localized stromal interaction molecule 1 (STIM1) protein (Liou 

et al., 2005; Roos et al., 2005). STIM1 is transported to the plasma membrane to associate with 

the ORAI proteins of the store-operated Ca
2+

 channel (SOC) called the Ca
2+

 release-activated 

Ca
2+

 channel (CRAC), inducing the opening of CRAC and Ca
2+

 entry from the extracellular 

milieu (Berridge, 1993; Hogan et al., 2010).  Defects in ORAI proteins result in 

immunodeficiency as Ca
2+

 influx from the extracellular medium is completely absent in T 

lymphocytes (Feske et al., 2006). TCR stimulation by antigen induces sustained Ca
2+

 influx via 

CRAC channels leading to activation of Ca
2+

-dependent enzymes, such as calcineurin, and 

thereby transcription factors such as NFAT and NF-B that drive T cell activation and gene 

expression (Valitutti et al., 1995). In the absence of stimulation by nominal antigen, the 

interaction between non-stimulatory self peptides:MHC and TCR, which provides survival 

signals without inducing cell proliferation, is also capable of eliciting discernible Ca
2+

 response 

(Delon et al., 1998; Kondo et al., 2001; Revy et al., 2001; Takeda et al., 1996; Wei et al., 2007). 

        Several studies have clearly established a critical function for mitochondria in cellular Ca
2+ 

homeostasis (Contreras et al., 2010; Spat et al., 2008) (Figure 1-3). Following sustained Ca
2+

 

entry via the plasma membrane CRAC channels, the rising concentration of [Ca
2+

]c activates the 

Ca
2+

 uniporter, which is a Ca
2+

-selective channel that spans the inner mitochondrial membrane. 

This induces a slow, membrane potential-driven uptake of Ca
2+

, which is released later via the 

Na
+
/ Ca

2+
 exchanger (Pfeiffer et al., 2001). This process ensures that Ca

2+
 entering via the CRAC 

channel does not cause a feedback inhibition of the CRAC channel activity (Hajnoczky et al., 

2002; Hoth et al., 1997). Thus, intracellular Ca
2+

 is tightly controlled by the slow, non-saturable, 

non-linear buffering capacity of mitochondria, as they sequester [Ca
2+

]c following rapid Ca
2+

 

entry and release Ca
2+

 slowly to sustain the [Ca
2+

]c level even after the cessation of Ca
2+

 inflow 

(Hoth et al., 1997). Ca
2+

 uptake by mitochondria is facilitated by the movement of mitochondria 
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along the T cell cytoskeleton including microtubules or actin filaments to sites of Ca
2+

 entry (Liu 

and Hajnoczky, 2009). It is known that actin filaments control cell morphology and plasticity, 

generating the mechanical force necessary for motility (Vicente-Manzanares and Sanchez-

Madrid, 2004). The microtubular network is thought to regulate the polarized secretion of 

effector molecules by T cells and might contribute to migration and division (Sancho et al., 

2002). Following T cell activation through APCs or crosslinking by immobilized anti-TCR 

antibodies, the sustained entry of Ca
2+

 at the immunological synapse requires actin cytoskeleton 

dependent accumulation of mitochondria underneath the CRAC channels (Schwindling et al., 

2010). However Ca
2+

 uptake by mitochondria following thapsigargin or soluble anti-CD3 

antibody is mediated by the translocation of mitochondria on microtubules (Quintana et al., 

2007). Collectively, these mechanisms sustain the Ca
2+

 influx for hours, which is required for the 

activation of transcription factors NFAT, AP1 and NF-kB that drive the transcription of 

interleukin-2 (IL-2) and other genes involved in T cell activation (Feske et al., 2001). 

        Of note, Ca
2+

 acts as a physiological stimulus for ATP synthesis (Balaban, 2002). It is 

known that naïve T cells utilize the catabolic metabolism to generate ATP through the 

tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) in mitochondria. 

Uptake of Ca
2+ 

by mitochondria directly activates key mitochondrial enzymes such as Ca
2+

-

dependent dehydrogenases of the TCA cycle, driving mitochondrial NADH production and ATP 

production by OXPHOS during early T cell activation (Tarasov et al., 2012). At the 

mitochondrial inner membrane, electrons from NADH and succinate are delivered to oxygen via 

the electron transport chain (ETC). The ETC (complexes I-IV) establish a H
+
 gradient and the 

energy produced by this electrochemical gradient is then utilized by complex V to generate ATP. 

During this process, reactive oxygen species (ROS) such as superoxide anion (O2·–) and 

hydrogen peroxide (H2O2) are accidentally generated by electron transfer (Baughman and 

Mootha, 2006). ROS play an important role in shaping T cell response by activating several 

transcription factors and enzymatic cascades (Devadas et al., 2002; Droge, 2002; Jackson et al., 

2004). Studies have shown that mitochondrial ROS produced during OXPHOS is essential for T 

cell activation (Sena et al., 2013). T cells deficient for Uqcrfs1, a subunit of complex III of the 

mitochondrial ETC, display impaired mitochondrial ROS production and defects in antigen-

specific T cell activation and IL-2 production (Sena et al., 2013). However, excessive ROS 

signals are detrimental, causing Ca
2+

 overload, mitochondrial depolarization, cytochrome c 
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release, lipid peroxidation and DNA damage, leading to apoptotic and non-apoptotic cell death. 

Overall, there appears to be multifactorial crosstalk among Ca
2+

, ATP and ROS, centered on the 

mitochondria. The roles of each player are different depending on the physiological /pathological 

status of the cell. Therefore, any disturbance will have a large impact on the others (Brookes et 

al., 2004). 

 

Figure 1-3. Ca
2+

 signaling in T cells.  
Antigen recognition through the TCR results in the production of the second messengers IP3 and cADPR. 
IP3 and cADPR bind to IP3R and RYR and induce Ca

2+
 release from ER. A decrease in the ER Ca

2+
 

induces a conformational change in the ER-localized STIM1 protein, which in turn activates CRAC 
channels in the plasma membrane. Ca

2+
 influx though CRAC channels and elevated intracellular Ca

2+
 

concentration activate transcription factors and drive T cell activation. Sustained Ca
2+

 entry through the 
CRAC channel is maintained by mitochondria:  following Ca

2+
 influx via the CRAC channel, the raising 

[Ca
2+

]c activates the Ca
2+

 uniporter on the mitochondrial membrane. This induces a slow, ΔΨm-driven 
uptake of Ca

2+
, which is released later via the Na

+
/ Ca

2+
 exchanger after the cessation of Ca

2+
 entry. 

Mitochondria is also a important site of ROS production and ATP generation. 

 

1.4.2 Role of GIMAP5 in cellular Ca
2+

 homeostasis 

        Despite the uncertainty over the mechanisms underlying spontaneous apoptosis of 

Gimap5
lyp/lyp 

T cells, our work and that of many other labs have indicated that freshly isolated T 

cells from BB-DP rats showed a gradual loss of mitochondrial membrane potential over time 

upon culture in vitro (Keita et al., 2007; Pandarpurkar et al., 2003). Our group investigated 

whether GIMAP5 regulates Ca
2+

 signals generated following the cross-linking of the TCR in rat 
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T cells. T cells isolated from Gimap5
lyp/lyp

 rats display reduced Ca
2+

 flux in response to 

stimulation via the TCR. This defect is manifested in single positive mature thymocytes, where 

the survival defect is first observed (Ilangumaran et al., 2009). Our results suggested that Ca
2+

 

entry from extracellular milieu is defective in Gimap5
lyp/lyp

 T cells since the mobilization of Ca
2+

 

from the intracellular stores induced by TG, in the absence of extracellular Ca
2+

 appears to be 

normal in these cells. In human T cells from severe combined immunodeficiency (SCID) 

patients, Feske has shown that even when the Ca
2+

 release from ER stores is normal, the Ca
2+

 

influx and T cell activation are impaired, which is due to the complete lack of CRAC activity 

(Feske et al., 2005). Similarly, Schwarz has shown that a large reduction of CRAC activity by 

specific CRAC channel blockers leads to the reduction of the T cell-based immune responses 

including T cell proliferation and IL-2 secretion (Schwarz et al., 2007). The defective Ca
2+

 

response observed in Gimap5
lyp/lyp

 T cells could arise entirely from faulty activity of the plasma 

membrane Ca
2+

 channels. Therefore, we first examined whether Ca
2+

 entry across the plasma 

membrane via the CRAC channels is compromised in Gimap5
lyp/lyp

 T cells. Since the magnitude 

of Ca
2+

 influx through CRAC channel varies with changes in extracellular Ca
2+

, I first 

investigated the correlation between the opening of the CRAC channel and different external 

Ca
2+

 concentration dependent T cell proliferation. In the presence of different amounts of 

ethylene glycol tetraacetic acid (EGTA), a Ca
2+

 chelator, the sensitization of CRAC channels to 

extracellular Ca
2+

 change is comparable between Gimap5
lyp/lyp

 and control CD4
+
 lymphocytes 

(Figure 1-4A). Meanwhile, to directly confirm whether GIMAP5 regulates the CRAC channel, 

we measured the electro-physiological nature of the CRAC current (ICRAC) by the patch-clamp 

technique (Feske et al., 2005) in purified control and Gimap5
lyp/lyp

 T cells. No significant 

difference was observed between Gimap5
lyp/lyp

 and control T cells in the ICRAC current generated 

(Figure 1-4B). These observations ruled out defects in the CRAC channels in T lymphocytes 

from Gimap5-deficient rats and suggested that reduced Ca
2+

 flux in Gimap5
lyp/lyp

 T cells may 

arise from defects in other mechanisms required for sustained Ca
2+

 entry through the CRAC 

channel. However, we do not know how this is related to the known T cell survival signals. 
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Figure 1-4. Reduced Ca
2+

 entry in Gimap5
lyp/lyp 

T cells does not result from impaired opening of the 
CRAC channel.  
A. Isolated CD4

+
 lymphocytes from Gimap5

lyp/lyp
 and control rats cultured with irradiated syngeneic spleen 

cells were stimulated with A) ConA or B) anti-rat TCR monoclonal antibody R73 (10μg/ml) in the presence 
of different concentration of EGTA, followed by mesurement of 

3
H thymidine incorporation at day 3. 

Results are expressed as percentage of 
3
H-thymidine uptake over no EGTA treatment.   

B. ICRAC current was measured in T cells from Gimap
lyp/lyp

 and control rats at room temperature. The 
external solution contained 145mM NaCl, 2.8mM KCl, 10mM CaCl2, 2mM MgCl2, 10mM CsCl, 10mM 
Glucose and 10mM Hepes pH7.4. The Internal Solution (in the microelectrode): 145mM Cesium 
glutamate, 1mM MgCl2, 10mM Hepes, 2 mM thapsigargin and 100uM EGTA, pH 7.2. The currents were 
measured at -80mV. (In collaboration with Dr. Dany Salvail, IPS Therapeutics) 
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1.5 Survival signals for T lymphocytes 

1.5.1 TCR tuning and signaling pathways involved in the maintenance of 

naïve T cell survival 

        Following positive selection, T cells undergo a process of TCR tuning before entering the 

secondary lymphoid tissue (Grossman and Singer, 1996; Modiano et al., 2008). For these T cells, 

TCR tuning reduces TCR signaling to restrain cell cycle entry, thereby keeping the cells in a 

quiescent and self-tolerant state. T cell quiescence is enforced by upregulation of negative 

regulators, notably the adaptor Cbl-b, which blocks the activation of Vav (Bachmaier et al., 

2000; Chiang et al., 2000; Teh et al., 2010), SHP-1 phosphatase (Stephen et al., 2009) and CD5 

(Perez-Villar et al., 1999; Tarakhovsky et al., 1995). T cell quiescence also requires negative 

transcriptional regulators such as the transducer of ErbB2-1 (Tob1) (Tzachanis et al., 2001) and 

Krupple-like factor (KLF4) (Yamada et al., 2009), which downregulate the expression of genes 

essential for cell cycle progression. T cell quiescence also depends on repression of transcription 

factors NF-kB and NFAT, which are critically involved in cytokine production (Schorle et al., 

1991). TCR tuning also alters expression of various cell-surface molecules with costimulatory 

function such as CD8 and CD2 (Teh et al., 1997). 

        After T cells mature in the thymus and enter the periphery as antigen-inexperienced naïve 

cells, they possess both proliferative and differentiative potential that is repressed by different 

homeostatic mechanisms to maintain T cell homeostasis.  As far as we know T cell homeostasis 

requires signaling by both IL-7 and low affinity TCR engagements of self-ligands (Maraskovsky 

et al., 1997; Maraskovsky et al., 1996; Schluns and Lefrancois, 2003; Tan et al., 2001).  Studies 

have shown that depriving naïve CD8
+
 cells of contact with MHC I ligands in either 

lymphopenic (Murali-Krishna et al., 1999; Tanchot et al., 1997) or nonlymphopenic hosts 

(Takada and Jameson, 2009) leads to a shortened lifespan of CD8
+
 T cells. Half-life of naïve 

CD8
+
 T cells is also reduced following TCR expression ablation (Labrecque et al., 2001; Polic et 

al., 2001). However, CD4
+
 T cells are less dependent on MHC contact for their survival because 

the half-life of CD4
+
 T cells ranged from several days to 46 days after transferring CD4

+
 T cells 

into MHC II-/- hosts (Rooke et al., 1997; Surh and Sprent, 2005; Takeda et al., 1996) or ablating 

CD4
+
 TCR expression (Polic et al., 2001). 

        The signals delivered by the interaction with self MHC that helps naïve T cell survival have 

not been well characterized (Figure 1-5). Partial tyrosine phosphorylation of the TCR -chain has 
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been observed in naïve T cells ex vivo, and it disappears rapidly after both physiological and 

experimental interruption of T cell contact with self-peptide MHC ligands (Seddon and 

Zamoyska, 2002; Stefanova et al., 2002). Furthermore, the compromised survival of naïve T 

cells in the absence of Fyn and Lck was associated with this loss of TCR -chain 

phosphorylation, indicating that the Src family kinases are critical for TCR-mediated survival 

signals (Zamoyska et al., 2003). The TCR hyporesponsiveness associated with the impaired 

lifespan of naïve T cells are observed in mice with deletions or mutations in Vav1 (Fujikawa et 

al., 2003), Wiskott-Aldrich syndrome protein (WASP) (Cotta-de-Almeida et al., 2007), the 

adaptor protein GrpL (Yankee et al., 2004), the adaptor Nck (Roy et al., 2010), the RNA-binding 

protein hnRNPLL (Wu et al., 2008), a Rho-Rac GTP exchange factor, Dock 8 (Randall et al., 

2009), and the β3 regulatory subunit of voltage-gated calcium channels (Cavβ3) (Jha et al., 

2009). However, the exact signaling pathways mediated by TCR-self-peptide-MHC encounters 

in naive T cell maintenance remain controversial.  

 

 

Figure 1-5 TCR and IL-7 signaling pathways involved in Naïve T cell survival in a quiescent state. 
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Left: Several molecules including Lck, Fyn, Vav1, WASP and Nck are essential for T cell survival. Right: 
IL-7 binding to its receptor triggers a cascade of signaling events that induce cell survival. The activation 
of JAK/STAT5 pathway leads to STAT5 nuclear translocation and subsequent transcription factors 
induced Bcl-2 gene expression. The phosphorylation and activation of PI3K/Akt results in increased anti-
apoptotic activities.  
 

1.5.2 IL-7 acts as a survival factor at various stage of T cell development 

        IL-7, a member of the common γ-chain Rc (CD132), family of cytokines, is essential for 

maintaining lymphocyte viability, lymphocyte differentiation and lymphocyte homeostasis (Surh 

and Sprent, 2008). Genetic ablation of IL-7 expression in mice has shown that normal 

development of T cells in the thymus is dependent on IL-7 (von Freeden-Jeffry et al., 1995). 

Adoptive transfer of naïve T cells into syngeneic IL-7-deficient mice or injection of IL-7 mAb 

into normal mice result in a marked impairment of T cell survival which is accompanied by 

decreased T cell numbers (Kondrack et al., 2003; Vivien et al., 2001). Conversely, 

overexpression of IL-7 in IL-7 transgenic mice or exogenous IL-7 treatment increased the size of 

the naïve T cell pool (Geiselhart et al., 2001; Kieper et al., 2002; Mertsching et al., 1995). 

Studies have shown that in humans, CD4
+ 

lymphopenia is associated with supranormal levels of 

serum IL-7 (Bolotin et al., 1999; Fry et al., 2001; Napolitano et al., 2001). In line with this 

theory, I observed that the addition of IL-7 does not rescue Gimap5
lyp/lyp

 CD4
+
 T lymphocytes 

from apoptosis. In addition, IL-7 did not prevent the loss of ΔΨm in Gimap5
lyp/lyp

 T cells in vitro 

(Figure 1-6), which suggests that IL-7 is present at sufficient concentrations in Gimap5 deficient 

rats. Furthermore, reconstitution of lymphopenic rats with T cells from control rats restores the 

lymphopenic defect (Ramanathan and Poussier, 1999; Rossini et al., 1984; Rossini et al., 1986). 

Thus the spontaneous apoptosis of Gimap5 deficient T cells is not due to defects in the level of 

endogenous IL-7.  

In the thymus and the periphery, IL-7 is produced by non-hematopoietic stromal cells 

rather than leukocytes. IL-7 receptor consists of the IL-7 receptor alpha chain (IL-7Rα/CD127) 

and the CD132, which is a shared component of several receptors of cytokines including IL-2, 

IL-4, IL-9, IL-15 and IL-21 (Kovanen and Leonard, 2004; Ma et al., 2006). IL-7Rα is expressed 

at all developmental stages in the thymus except in DP thymocytes. After re-expression at the SP 

stage, Il-7Rα is maintained by resting T cells and is downregulated following IL-7 mediated 

signaling and /or T cell activation (Mackall et al., 2011). The members of Forkhead box family, 

Foxo1 transcription factor, were found to be critical for the expression of IL-7R in peripheral T 
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cells (Kerdiles et al., 2010). T cells of Foxo1 deficient mice display a severe defect in IL-7R 

expression. In addition, the absence of Foxo3 exacerbated the effects of the loss of Foxo1 

(Kerdiles et al., 2010). On the other hand, the deletion of a different Fox factor, Foxp1, in mature 

T cells resulted in increased IL-7R expression (Feng et al., 2010; Feng et al., 2011). 

        In all T cells, IL-7-mediated signaling triggers a cascade of downstream signaling events 

that inhibit apoptosis to maintain T cell survival (Figure 1-5). IL-7 binding to its receptor 

activates Janus kinase 1 and 3 (JAK1/3) and results in the phosphorylation and activation of 

signal transducer and activator of transcription 5 (STAT5), resulting in the migration of activated 

STAT5/ dimmers to the nucleus to regulate gene transcription including NF-κB and CREB to 

induce anti-apoptotic Bcl-2 and Mcl-1 gene expression (Mazzucchelli and Durum, 2007). Stat5 

knockout mice have decreased T cell numbers (Lin et al., 1995; Onishi et al., 1998; Teglund et 

al., 1998), while T cells from Stat5 transgenic mice have an enhanced peripheral expansion 

(Kelly et al., 2003), suggesting a critical role for STAT5 in peripheral T cell homeostasis. IL-7 

binding further triggers the phosphatidylinositol 3-kinase (PI3K) pathway, which results in 

translocation of PI3K to the membrane and catalyzes the phosphorylation of PIP2 to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 localizes the downstream target of AKT 

to the plasma membrane, where AKT is fully activated by sequential phosphorylation at 

threonine 308 (Thr308) and serine 473 (Ser473) (Vivanco and Sawyers, 2002). AKT can 

promote cell survival by preventing the intrinsic mitochondrial pathway of apoptosis. In this 

respect, the increased expression of anti-apoptotic molecules Bcl-2 and myeloid cell leukaemia 

sequence 1 (Mcl-1) either directly regulate the activity of the death effector Bcl-2-associated X 

protein (Bax) and Bak or interact with the pro-apoptotic molecules Bcl-2-interacting mediator of 

cell death (Bim) and Bcl-2 antagonist of cell death (Bad) (Chipuk and Green, 2008), which 

terminally prevent apoptosis by inhibiting the activation of caspases (Khaled and Durum, 2002).  
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Figure 1-6. IL-7 does not prevent the loss of ΔΨm and apoptosis in Gimap5
lyp/lyp

 CD4
+
 T cells. 

CD4
+
 T lymphocytes from Gimap5

lyp/lyp
 and control rats, freshly isolated or after incubation with or without 

IL-7 for different time points, were loaded with A) TMRE for 20min and B) Annexin V/7AAD for 5min. The 
dye-loaded cells were analyzed by flow cytometry. A) TMRE signal in gated live cells was evaluated to 
determine the ΔΨm. Apoptotic cells lose the ΔΨm and thus fail to retain TMRE. B) Annexin V

+
/7AAD- 

cells were defined as apoptotic cells. 

 

1.5.3 Metabolic pathways regulate T cell survival in the quiescent state 

        There is a growing appreciation for the importance of cell metabolism as a key regulator of 

T cell number and functions. The immune quiescence of naïve T cells is characterized by 

catabolic metabolism. Naïve T cells normally undergo OXPHOS and have low metabolic 

requirements. They consume glucose, amino acids, and lipids to catabolically fuel the TCA cycle 

for generating ATP in the mitochondria (Guppy et al., 1993).  Both TCR and IL-7 are important 

in this process. Weak TCR signaling is required to maintain basal expression of the glucose 

transporter Glut-1 in resting T cells, thus glucose uptake and subsequent baseline ATP 

production and biosynthetic processes are induced (Jacobs et al., 2008; Rathmell et al., 2000). 

Similarly, IL-7 promotes cell survival, glucose uptake and surface expression of Glut-1, which is 

mediated by rapid STAT5 activation and a low and sustained activation of AKT (Wofford et al., 

2008).  Moreover, IL-7 is involved in amino acid metabolism in T cells. IL-7 induced growth of 

CD8
+
 T cells and maintenance of cell size is dependent on amino acids and that amino acid 

transporter are specific transcriptional targets of IL-7 signaling (Pearson et al., 2012).  
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Collectively, without these essential extracellular signals, T cells fail to maintain sufficient 

glucose uptake and metabolism, resulting in decreased mitochondrial membrane potential and a 

fall of cellular ATP, and leading to accelerated T cell death (Rathmell et al., 2000). During an 

immune response, T cells switch from catabolic to anabolic state and then again transition into 

catabolic state in memory T cells. The activation of T cells requires increased cellular 

metabolism by aerobic glycolysis, in which glucose is converted to lactate in the cytosol that are 

required to sustain clonal cell expansion and subsequent differentiation into effector cells (Bauer 

et al., 2004; Frauwirth et al., 2002).  

        Recent studies suggest that metabolic pathways linking immune signals and metabolic cues 

for the development, function and maintenance of T cells involves AMP activated protein kinase 

(AMPK) (Tamas et al., 2006), mammalian target of rapamycin (mTOR) (Delgoffe et al., 2009; 

Delgoffe et al., 2011; Lee et al., 2010; Yang et al., 2013), MYC (Wang et al., 2011) and hypoxia-

inducibel factor 1 (HIF1).  

        AMPK is an evolutionarily conserved enzyme composed of a catalytic  subunit and  and 

 regulatory subunits, which functions as an energy sensor in energy starved states. AMPK 

maintains bioenergetic homeostasis by promoting catabolic pathways including mitochondrial 

biogenesis, transcription, lipid oxidation and antagonizes anabolic pathways like mRNA 

translation, lipid biosynthesis, proliferation (Hardie, 2007; Misra and Chakrabarti, 2007). AMPK 

deficient T cells display increased activity in response to metabolic stress. However, AMPK is 

dispensable for activation and expression of effector function in response to Ag stimulation 

(Mayer et al., 2008). In agreement with previous work, AMPKα1-deficient mice display normal 

T cell development and TCR-mediated proliferation. But the T cell viability is reduced and the 

basal metabolism of resting T cells is increased ex vivo. Moreover, AMPKα-deficient CD8
+
 T 

cells have elevated glycolytic activity and inflammatory cytokine production in vitro, which 

suggests AMPK as a negative regulator of T cell activation (MacIver et al., 2011). Recently, the 

group of Dr. Jones showed that AMPK regulates mitochondrial metabolic homeostasis to 

maintain T cell bioenergetics and viability upon T cell activation (Blagih et al., 2015).  

        In T cells, the activation of AMPK is mediated by three upstream kinases: Liver kinase B1 

(LKB1) in response to TCR and CD28 signal or bioenergetic stress like elevated AMP:ATP ratio 

(Hawley et al., 2003); calmodulin-dependent protein kinase kinase  (CamKK) in response to 

TCR-mediated Ca
2+

 flux (Mayer et al., 2008; Tamas et al., 2006); TGF-activated kinase-1 
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(TAK1) in response to cytokine signals such as TNF- (Xie et al., 2006). Notably, all three of 

these upstream kinases play roles in hematopoietic cells. Three independent groups demonstrated 

that LKB1 promotes HSC quiescence and metabolic homeostasis, which is through AMPK-

dependent and AMPK-independent mechanisms (Gan et al., 2010; Gurumurthy et al., 2010; 

Nakada et al., 2010). Loss of TAK1 function in the HSC compartment leads to depletion of HSC 

and loss of HSC quiescence (Takaesu et al., 2012).  

        The integration between immunological and metabolic pathways is not only regulated by 

LKB/AMPK pathway but also depends on PI3K/Akt/mTOR signaling pathway (Kurebayashi et 

al., 2012; Laplante and Sabatini, 2013). Antigen recognition, costimulatory ligand engagement 

and cytokine stimulation results in the activation of PI3K/Akt and subsequent activation of 

mTOR, an evolutionarily conserved 289 kDa serine/threonine (Ser/Thr) protein kinase. mTOR 

intergrates many environmental signals to regulate a variety of cellular processes, including cell 

growth, proliferation, differentiation, survival and motility (Laplante and Sabatini, 2012). 

Specifically, mTOR pathway promotes anabolic metabolism, such as protein, nucleotide and 

lipid synthesis, and represses catabolic processes. Naive T cells are catabolic and have low levels 

of mTOR activity, which is required to sustain a quiescent metabolic state that promotes survival 

of naïve T cells. Activation and effector generation for both CD8
+
 and CD4

+ 
T cells results in 

increased metabolic demands and a switch from catabolism to anabolism. By necessity mTOR 

activity is high.  

        mTOR exists in two distinct multiprotein complexes: mTOR complex 1 (mTORC1) and 

mTOR complex 2 (mTORC2) (Wullschleger et al., 2006). mTORC1 consists of mTOR, LST8 

and regulatory-associated protein of mTOR (Raptor), whereas mTORC2 contains mTOR, LST8 

and rapamycin-independent companion of mTOR (Rictor) (Guertin and Sabatini, 2005, 2007). In 

mammalian cells, mTOR is directly negatively regulated by the tuberous sclerosis 1 and 2 

complex (TSC1/2). TSC1/2 inactivates the small GTPase RAS homologue enriched in brain 

(RHEB) through GTPase-activating protein (GAP) activity of TSC1/2 (Li et al., 2004). 

mTORC1 is sensitive to the immunosuppressant rapamycin and lies downstream of PI3K/Akt 

pathway (Kurebayashi et al., 2012; Laplante and Sabatini, 2013). This upstream signal activates 

mTORC1 by phosphorylation TSC1/2 in an inhibitory manner, resulting in an accumulation of 

the active GTP-loaded form of the small GTPase RHEB (Yang et al., 2006).  

        mTOR deficiency does not disrupt peripheral T cells homeostasis under steady state. 
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Alternatively, mTOR deficient T cells fail to differentiate into Th1, Th2 or Th17 effector T cells 

both in vitro and in vivo, but rather to differentiate into Treg with potent suppressive capabilities 

(Delgoffe et al., 2009; Delgoffe et al., 2011). Interestingly, several negative regulators of mTOR 

signaling are crucial for maintaining normal T cells homeostasis. Studies have shown that 

uncontrolled mTORC1 activity in TSC1-deficient T cells results in loss of T cell quiescence and 

lymphopenia (O'Brien et al., 2011; Wu et al., 2011; Yang et al., 2011). These cells exhibit 

increased metabolic gene expression and diminished antigen-specific responses. TSC1-deficient 

T cells exhibit high ROS production, but a loss of mitochondrial content and membrane 

potential, all of which cause mitochondrial damage and activation of the intrinsic cell death 

pathway (O'Brien et al., 2011). All these suggest that TSC1 may promote T cell survival mainly 

through the maintenance of mitochondrial homeostasis. In addition, other negative regulators of 

mTOR are also participated in the homeostasis of peripheral T cell. It is known that LKB/AMPK 

suppress mTORC1 activity by phosphorylation of TSC and enhancing its activity (Inoki et al., 

2006). LKB1-deficient thymocytes do not undergo differentiation and maturation to T cells, 

which is accompanied by reduced Ca
2+

 flux (Cao et al., 2011). The increased mTORC1 activity 

in LKB knockout T cells is associated with defective survival and TCR-induced proliferation, 

increased metabolism and inflammatory cytokine production (Cao et al., 2011; Cao et al., 2010; 

MacIver et al., 2011; Tamas et al., 2010). Moreover, the deletion of phosphatase and tensin 

homologue (PTEN), a lipid phosphatase reversing the action of PI3K, exhibits increased AKT 

and mTOR activity in T cells and lymphoma (Hagenbeek and Spits, 2008; Liu et al., 2010; 

Suzuki et al., 2001; Xue et al., 2008). Altogether, increased mTORC1 activity as a result of 

PTEN, TSC1 or LKB1 deficiency impairs T cell quiescence and survival, suggesting that these 

inhibitory regulators of mTOR signaling are important for maintaining T cell homeostasis 

(Figure 1-7). Notably, HSCs lacking PTEN, TSC1 or LKB1 exhibit defects in proliferation, 

survival or function as mutant T cells (Chen et al., 2008; Gan et al., 2010; Gan et al., 2008; 

Gurumurthy et al., 2010; Nakada et al., 2010; Yilmaz et al., 2006; Zhang et al., 2006), suggesting 

that both HSCs and naive T cells require these pathways for the proper maintenance of 

homeostasis. Further, rapamycin restores normal number and function of PTEN or TSC1-

deficient HSCs (Chen et al., 2008; Gan et al., 2008; Yilmaz et al., 2006).  

        Further downstream, mTORC1 directly phosphorylates the 70-kDa ribosomal S6 kinase 

(S6K1), resulting in increased functions of translation initiation factor and ribosome biogenesis.  
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Meanwhile, mTORC1 phosphorylates the translational repressor 4 elongation factor-binding 

protein 1 (4E-BP1). The phosphorylation of 4E-BP1 prevents its binding to eukaryotic 

translation initiation factor (eIF4E), enabling eIF4E to promote cap-dependent mRNA translation 

and cell growth (Richter and Sonenberg, 2005). In contrast to mTORC1, the upstream signals 

and the biological function of mTORC2 is less clear. Recent studies have shown that the TSC 

complex can directly regulate mTORC2 in a manner independent of mTORC1 (Huang et al., 

2008). Downstream substrates of mTORC2 include Akt, protein kinase Cα (PKCα) and serum 

and glucocorticoid-inducible kinase 1 (SGK-1) (Zoncu et al., 2011). These targets are involved 

in the regulation of cell survival, metabolism and cytoskeletal organization (Figure 1-7). 

 

 

Figure 1-7 The mTORC network and key regulatory factors. 
mTORC1 activity is regulated by the balance of multiple signaling pathways, including PI3K-AKT and 
AMPK. Activation of PI3K leads to generation of PIP3, which recruits Akt and PDK1 to the cell membrane 
where PDK1 phosphorylates Akt. The activation of PI3K–AKT signaling phosphorylates and inhibits the 
GAP activity of TSC, resulting in the accumulation of GTP-bound RHEB and activation of mTORC1. By 
contrast, LKB1-AMPK signaling, in response to low levels of energy, phosphorylates TSC2 in an 
activating way, leading to RHEB-mediated GTP hydrolysis, thereby preventing activation of mTORC1. 
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Hypothesis and objectives: 

Until now, it is not known how the extracellular signals generated through the TCR and IL-7 

receptor, which are essential for the survival of T lymphocytes in vivo in a quiescent state, co-

ordinate the activation of intra-cellular signaling pathways mediating cell survival. Based on the 

previous research and the introduction above, we propose three hypotheses to connect our 

findings on the role of GIMAP5 in mediating T cell survival:  

 

(i) GIMAP5 prevents apoptotic death of T lymphocytes by regulating Ca
2+

 homeostasis at 

the level of mitochondria 

Rationale: Gimap5
lyp/lyp 

T cells display defective Ca
2+

 flux in response to TCR crosslinking. 

Studies have suggested several important consequences of Ca
2+

 buffering ability of 

mitochondria. Mitochondrial uptake may help to avert excessive increases in [Ca
2+

]c that may 

damage the cell or trigger apoptosis. By slowly releasing stored Ca
2+

, mitochondria prolong the 

period of [Ca
2+

]c elevation in response to a transient episode of Ca
2+ 

influx. It is possible that 

GIMAP5 may be required to bring mitochondria to the vicinity of membrane microdomains 

where cytosolic Ca
2+

 is available for mitochondrial uptake. 

Aim 1-1: To demonstrate whether GIMAP5 regulates Ca
2+

 accumulation within mitochondria. 

Aim 1-2: To elucidate the role of GIMAP5 in regulating the movement of mitochondria Ca
2+

 

uptake on microtubule versus actin cytoskeleton. 

 

(ii) GIMAP5 is involved in IL-7 and TCR- dependent survival pathways 

Rationale: Survival of naive T cells depends on non-antigenic self-peptides, presented by major 

MHC molecules, which provide a weak TCR stimulation capable of inducing discernible Ca
2+

 

signaling. IL-7-mediated JAK/STAT5 and PI3K/Akt survival signals are also required for 

maintaining the survival of quiescent T cells in vivo. It is possible that these survival signals are 

not integrated efficiently in Gimap5 deficient T cells. GIMAP5 may be involved in the basal 

level of Ca
2+ 

uptake by mitochondria following the delivery of survival signals via IL-7R and 

TCR. 

Aim 2-1: To demonstrate if GIMAP5 is involved in the integration of TCR-mediated survival 

pathways. 

Aim 2-2: To determine whether GIMAP5 affects IL-7 dependent survival pathways. 
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(iii) GIMAP5 enforces quiescence of T cells by repressing aberrant activation of metabolic 

signaling pathways downstream of the TCR 

Rationale: Besides signals emanating from IL-7 receptor and TCR, survival of T cells is 

characterized by catabolic metabolism, which requires LKB1-dependent activation of AMPK. 

Naive T cells also have low levels of mTOR activity, which is regulated by the upstream AMPK 

and PI3K/Akt pathways linking immune signals and metabolic cues. It is possible that the 

primary defect in GIMAP5 deficient T cells may be related to aberrant activation of metabolic 

signaling pathways.  

Aim 3-1: To determine whether GIMAP5 modulates AMPK-dependent metabolic pathways. 

Aim 3-2: To determine whether GIMAP5 promotes T cell survival by suppressing mTOR 

activity.  
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Résumé 
Les lymphocytes T matures de la lignée de rats Bio-Breeding, qui développent de façon 

spontanée le diabète, entrent en apoptose raison de la perte de la protéine GIMAP5 (GTPase of 

the immuneassociated nucleotidebinding protein 5) protéine. Or, les mécanismes sous-jacents à 

la fonction antiapoptotique de GIMAP5 ne sont pas encore élucidés dans les cellules T. Nous 

avons précédemment montré que la déficience en GIMAP5 chez les cellules T compromet 

l’entrée de Ca
2+

 dans la cellule via les canaux de la membrane plasmique après une exposition à 

la thapsigargine ou la stimulation du récepteur d'antigène de cellule T. Dans la présente étude, 

nous rapportons que cet afflux réduit de Ca
2+

 dans les lymphocytes T déficients en GIMAP5 est 

associé à l'incapacité de leurs mitochondries à séquestrer le Ca
2+

 après l'entrée capacitive, ce qui 

est nécessaire pour un influx soutenu de Ca
2+

 via les canaux de la membrane plasmique. 

Conformément au rôle que joue GIMAP5 dans la régulation mitochondriale du Ca
2+

, la 

surexpression de GIMAP5 dans des cellules HEK-293 (rein embryonnaire humain) a entraîné 

une augmentation de Ca
2+

 dans les mitochondries. La perturbation des microtubules, mais pas du 

cytosquelette d'actine, a abrogé la séquestration  mitochondrial du Ca
2+

 dans les cellules T 

primaires de rat, alors que la perturbation des microtubules et du cytosquelette d'actine est 

nécessaire pour que GIMAP5 médie l’augmentation du Ca
2+

 dans les mitochondries des cellules 

HEK-293. De plus, nous avons montré que GIMAP5 colocalise partiellement avec la tubuline 

dans les cellules HEK-293. Sur la base de ces résultats, nous proposons que l’effet 

antiapoptotique de GIMAP5 lymphocytes T pourrait être liée à sa capacité de faciliter la 

séquestration mitochondriale du Ca
2+

 d’une manière dépendante des microtubules après l'entrée 

capacitive de celui-ci. 

 

 

 

Mots clés: flux de calcium, GTPase of the immune-associated nucleotide-binding protein 5 

(GIMAP5), mitochondrie, microtubules, lymphocytes T 
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Abstract 
Mature T-lymphocytes undergo spontaneous apoptosis in the biobreeding diabetes-prone strain 

of rats due to the loss of the functional GIMAP5 (GTPase of the immuneassociated nucleotide-

binding protein 5) protein. The mechanisms underlying the pro-survival function of GIMAP5 in 

T-cells have not yet been elucidated.We have previously shown that GIMAP5 deficiency in T-

cells impairs Ca
2+

 entry via plasma membrane channels following exposure to thapsigargin or 

stimulation of the T-cell antigen receptor. In the present study we report that this reduced Ca
2+

 

influx in GIMAP5-deficient T-cells is associated with the inability of their mitochondria to 

sequester Ca
2+

 following capacitative entry, which is required for sustained Ca
2+ 

influx via the 

plasma membrane channels. Consistent with a role for GIMAP5 in regulating mitochondrial 

Ca
2+

, overexpression of GIMAP5 in HEK (human embryonic kidney)- 293 cells resulted in 

increased Ca
2+ 

accumulation within the mitochondria. Disruption of microtubules, but not the 

actin cytoskeleton, abrogated mitochondrial Ca
2+ 

sequestration in primary rat T-cells, whereas 

both microtubules and actin cytoskeleton were needed for the GIMAP5-mediated increase in 

mitochondrial Ca
2+ 

in HEK-293 cells. Moreover, GIMAP5 showed partial colocalization with 

tubulin in HEK-293 cells. On the basis of these findings, we propose that the pro-survival 

function of GIMAP5 in T-lymphocytes may be linked to its requirement to facilitate 

microtubule-dependent mitochondrial buffering of Ca
2+ 

following capacitative entry. 

 

 

 

 

Key words: calcium flux, GTPase of the immune-associated nucleotide-binding protein 5 

(GIMAP5), mitochondrion, microtubule, T-lymphocyte. 
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INTRODUCTION 

        In the BB-DP (Biobreeding diabetes-prone) strain of rats, homozygous lyp mutation causes 

a 5–10-fold reduction in CD4
+
 T-lymphocyte numbers and virtual absence of CD8

+
 T-cells in 

secondary lymphoid organs [1–3]. Mature T-cells undergo spontaneous apoptosis in BB-DP rats 

soon after they emigrate from the thymus and enter the peripheral circulation. The halflife of 

recently emigrated mature T-cells is markedly reduced in BB-DP rats compared with non-

lymphopenic diabetes-resistant (BB-DR) rats (3 days compared with >15 days) [4–8]. The 

recessive lyp allele arises from a frameshift mutation within the Gimap5 (GTPase of the 

immune-associated nucleotide-binding protein 5) gene, resulting in a truncated protein lacking 

223 amino acids at the C-terminus that are replaced by 19 other residues [9,10]. GIMAP5 is a 

member of the highly conserved GIMAP family proteins that play important roles in immune 

responses and in protecting cells from apoptosis [11,12]. In mice, GIMAP5 was shown to 

interact with members of the Bcl-2 family of anti-apoptotic proteins [13–16], whereas another 

study implicated GIMAP5 in the ER (endoplasmic reticulum) stress response [17]. In contrast, 

we have shown that endogenous GIMAP5 in rat T-cells resides in a cellular compartment distinct 

from the mitochondria and ER, and that neither endogenous rat GIMAP5 nor the overexpressed 

protein with intact C-terminus interacts with Bcl-2 [18]. However, the loss of GIMAP5 impairs 

mitochondrial membrane potential [18,19]. In agreement with the non-mitochondrial location of 

GIMAP5, a previous study showed an enrichment of human GIMAP5 in lysosomes [20]. Despite 

a decade of efforts by several groups, there is a lack of consensus on the subcellular location of 

GIMAP5. Likewise, molecular mechanisms underlying the pro-survival function of GIMAP5 

remain largely unclear.Whereas the cell survival defect is confined to T-cells in BB-DP rats, 

Gimap5-knockout mice show defects in various haematopoietic cell types, including stem cells 

[15,16,21].  

        Even though BB-DP rat T-cells are short-lived, stimulation by mitogens such as 

concanavalin A or anti-CD3 mAb (monoclonal antibody) induces proliferation, suggesting that 

strong stimulation via the TCR (T-cell antigen receptor) rescues BB-DP rat T-cells from 

apoptosis [6,22,23]. We have shown that autoantigen-dependent rescue may underlie preferential 

expansion of autoreactive T-cells in BB-DP rats, leading to autoimmune diabetes [6]. In the 

absence of strong TCR stimulation, homoeostatic survival of naïve T-cells depends on two 

essential signals, one provided by IL-7 (interleukin-7) and the other by non-antigenic self-
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peptides that elicit a basal level of TCR stimulation [24]. Although the IL-7-mediated signals are 

well characterized, the TCR-dependent survival signals remain less clear, although it is known to 

require Lck, a non-receptor tyrosine kinase activated by TCR stimulation [25]. The events 

downstream of TCR signalling produce the second messenger Ins(3,4,5)P3, which binds to its 

receptor IP3R on the ER and triggers Ca
2+ 

release from the ER store, resulting in a 

conformational change in the ER-localized STIM1 (stromal interaction molecule 1) protein 

[26,27]. This event relays a signal to open the CRAC (Ca
2+ 

release-activated Ca
2+

 channel) on 

the plasma membrane, inducing capacitative Ca
2+

 entry from the extracellular milieu [28,29]. 

TCR stimulation by antigens induces sustained Ca
2+

 influx via CRACs leading to T-cell 

proliferation [30]. Nonstimulatory self-peptides, which provide survival signals without inducing 

cell proliferation, are also capable of eliciting a discernible Ca
2+

 response [31–34]. Our earlier 

findings that TCR-induced Ca
2+

 flux is reduced in Gimap5
lyp/lyp 

T-cells [35] suggested that their 

survival defect may be related to impairment of the basal homoeostatic Ca
2+

 response elicited by 

self peptides, whereas the decreased Ca
2+

 flux following strong TCR stimulation is still sufficient 

to induce proliferation [6,22,23]. 

        Despite the uncertainties over the mechanisms underlying spontaneous apoptosis of 

Gimap5
lyp/lyp 

T-cells, we and others have consistently observed that freshly isolated T-cells from 

BB-DP rats showed a loss of mitochondrial membrane potential that increased over time upon 

culture in vitro [18,19]. Several studies have clearly established a critical function for 

mitochondria in cellular Ca
2+

 homoeostasis [36,37]. Specifically, following sustained Ca
2+

 entry 

via the plasma membrane CRACs, the rising concentration of cytosolic calcium ([Ca
2+

]c) 

activates the Ca
2+

 uniporter on the mitochondrial membrane. This induces a slow membrane 

potential (ψm)-driven uptake of Ca
2+

, which is released later via the Na
+
 /Ca

2+
 exchanger [38]. 

This process ensures that Ca
2+

 entering via the CRAC does not cause a feedback inhibition of the 

CRAC activity [39,40]. Thus mitochondria act like a slow non-saturable non-linear buffer for 

intracellular Ca
2+

 as they sequester [Ca
2+

]c during periods of rapid Ca
2+

 entry and sustain the 

[Ca
2+

]c level by releasing it slowly, even after the cessation of Ca
2+

 influx [39]. Ca
2+

 uptake by 

mitochondria is facilitated by the movement of mitochondria along the microtubules to sites of 

Ca
2+

 entry [41]. 

        In the present study,we investigated themechanistic basis of the defective Ca
2+

 response in 

Gimap5
lyp/lyp 

T-cells. Our results show that GIMAP5 is necessary for mitochondria to accumulate 
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Ca
2+

 following capacitative entry, and that this process is dependent upon microtubules in T-

cells. 

 

EXPERIMENTAL 

Animals and GIMAP5-transfected cell lines 

        ACI.1u Gimap5
lyp/lyp 

and ACI.1u Gimap5
+/+

 control rats [42] were maintained in specific 

pathogen-free conditions. All experiments involving animals were carried out in accordance with 

institutional ethics committee guidelines. Rat GIMAP5 with an N-terminal Myc or FLAG tag 

was subcloned from pCDNA3.1 [18] into the pIRES-Puro vector. HEK (human embryonic 

kidney)-293 cells were transfected using polyethylenimine (Polysciences) and the stable 

transfectants were selected using puromycin (2 μg/ml) and expression of Myc–GIMAP5 was 

confirmed by Western blotting using an anti-Myc antibody. mEGFP-a-tubulin-IRES-Puro2b 

(plasmid 21042) was obtained from Addgene. 

 

Antibodies and reagents 

        Purified anti-(rat TCR) (R73) and anti-(rat CD28) antibodies were purchased from BD 

Biosciences. Polyclonal goat antimouse antimouse antibodies for cross-linking were purchased 

from Jackson ImmunoResearch Laboratories. Anti-Miro antibody was purchased from Abnova. 

TG(thapsigargin), CCCP (carbonyl cyanide m-chlorophenylhydrazone), BAPTA [1,2-bis-(o-

aminophenoxy) ethane-N,N,N’,N’-tetra-acetic acid], nocodazole and latrunculin B were 

purchased from Calbiochem. Dynalbeads®-M450 tocylactivated beads, MitoTracker® Green, 

Texas Red® Xphalloidin, TMRE(tetramethylrhodamine ethyl ester), Fura-2 and Rhod-2were 

fromMolecular Probes. Antibodies against actin and tubulin, tissue culture medium, fetal bovine 

serum, poly-L-lysine and all other chemicals were from Sigma–Aldrich. 

 

Cell isolation, measurement of Ca
2+ 

flux and mitochondrial Ca
2+

 

        Purification of rat CD4
+
 T-lymphocytes from rat lymph nodes by negative magnetic 

selection and measurement of Ca
2+ 

mobilization in individual cells have been described 

previously [35]. For measurement of mitochondrial Ca
2+

, control and Gimap5
lyp/lyp 

CD4
+
 T-cells 

were equally loaded with MitoTracker® Green (100 nM) and Rhod-2 (5 μm) for 40 min at 37ºC. 

Cells were washed in PBS, seeded at 510
6
 cells/ml on to poly-L-lysine-coated Lab Tek II

TM
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chamber slides (Nunc) and incubated for 30 min to allow complete de-esterification of 

intracellular AM (acetoxymethyl ester) esters before starting fluorescence measurements. Cells 

were examined with a scanning confocal microscope FV1000 (Olympus) coupled to an inverted 

microscope with a 60 oil-immersion objective (Olympus). Specimens were laser-excited at 488 

nm (40 mW argon laser) and 543 nm (diode laser). All instrument settings (laser power, pixel 

excitation time, confocal slit opening, spectral bandwidth and photomultiplier sensitivity) were 

identical for control and Gimap5
lyp/lyp

 cells. Serial optical sections of 512512 pixels were taken 

at 45s intervals through the scanning process. Images were acquired from three fields for each 

experimental condition. TG or anti-TCR antibody was added to the medium in the absence and 

presence of inhibitors after recording the resting level fluorescence. Accumulation of Ca
2+

 in 

mitochondria was determined on MitoTracker® Green/Rhod-2 merged fluorescence images for 

which the dots’ fluorograms were obtained by plotting pixel intensity values of each component 

on their respective axes. Quadrant markers based on threshold level signals were placed on the 

pixel data obtained before stimulation by defining background (C), red-only (D), green-only (A) 

and colocalization areas (B) (Figure 1A). The co-localization index was calculated as (B)/(B+D), 

and percentage co-localization as (B)/(B+D)100 [43]. For the purpose of illustration, the images 

were contrast enhanced pseudocoloured according to their original fluorochromes, merged 

(FluoView software; Olympus), cropped and assembled (Adobe Photoshop software; Adobe 

Systems). 

        Cytosolic Ca
2+

 was measured using Fura-2 as described previously [35]. To equalize the 

concentration of Ca
2+ 

in the cytosol between different samples, cells were permeabilized with 

0.1% saponin in cytosol-like buffer (20 mM Tris/HCl, pH 7.4, 110 mM KCl, 10 mM NaCl, 5mM 

KH2PO4 and 2 mM MgCl2), supplemented with 20 units of creatine kinase, 20 mM 

phosphocreatine and 1 mM ATP, as described previously [44].  

 

Analysis of conjugate formation, Western blotting and confocal microscopy 

        Mouse anti-(rat TCR) mAb (clone R73) and anti-(rat CD28) mAb (clone JJ319) were 

coated to Dynalbeads®-M450 tocylactivated polystyrene beads following the manufacturer’s 

instructions. For the conjugate formation assay, the antibody-coated polystyrene beads (310
5
) 

were washed and left to adhere to poly-L-lysinecoated glass coverslips for 20 min and washed. 

Purified CD4
+
 T-cells (510

5
) from wild-type and Gimap5

lyp/lyp
 rats were added to the monolayer 



 37 

of beads and incubated at 37ºC for 30 min. After washing off the unbound cells with PBS, bound 

cells were fixed in 4% paraformaldehyde for 10 min, washed once with PBS and permeabilized 

in 0.1% of Triton X-100 in PBS for 10 min. After incubation with PBS containing 0.2% BSA for 

30 min at room temperature (25ºC), cells were labelled with anti-α-tubulin mAb overnight at 

4ºC. Alexa Fluor® 488-conjugated anti-mouse antibody and Texas Red® X-Phalloidin were 

added and incubated for 60 min. Nuclei were stained using DAPI (4’,6-diamidino-2 

phenylindole) in PBS for 5 min and washed in PBS before mounting in Vectashield® (Vector 

Labs) medium. Cell–bead conjugates were identified by DIC (differential interference contrast) 

imaging, followed by acquisition of fluorescence images using an Olympus confocal microscope 

with a 60 oil-immersion objective. Among the cells that formed conjugates with antibody-

coated beads, the ones that showed aggregation of tubulin were counted. In another set of 

experiments, 110
6
 purified CD4

+
 T-cells were stimulated with anti- TCR/anti-CD28-coated 

polysytrene beads. At the indicated time points, the cells were lysed in sample buffer, and 

proteins were separated by SDS/PAGE (12% gel) followed by immunoblotting for tyrosine-

phosphorylated proteins using the 4G10 antibody. 

        HEK-293 cells transiently transfected with Myc–GIMAP5 or FLAG–GIMAP5 expression 

constructs or the empty vector were labelled with anti-Myc and anti-α-tubulin antibodies. Cells 

were analysed by confocal microscopy as described previously [18]. For a merged image, a 

threshold flurogram was prepared and the pixel data from the area with a high degree of 

colocalization are shown in white pseudocolour. 

 

Statistical analysis 

        Assay values obtained for Gimap5
lyp/lyp

 and control T-cells, or HEK-293/vector and HEK-

293/GIMAP5 cells were compared using the Student’s t test or one-way ANOVA using the 

Prism software (Graph Pad). Pearson’s coefficient was calculated using the equation given by 

Olympus microscopy (http://www.olympusconfocal.com/java/colocalization/index.html) [45]. 

 

RESULTS 

Mitochondrial Ca
2+ 

accumulation following capacitative Ca
2+

 entry is defective in 

Gimap5
lyp/lyp 

rat T-cells 

        The observations that GIMAP5 deficiency does not completely abrogate TCR-induced Ca
2+ 
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response, but only reduces its magnitude [7,35], suggested that the impaired Ca
2+ 

response of 

Gimap5
lyp/lyp 

T-cells is unlikely to arise from defective CRAC activity. On the other hand, the 

loss of mitochondrial membrane potential in Gimap5
lyp/lyp

 T-cells [18,19] suggested that their 

impaired Ca
2+ 

response could arise from defective mitochondrial Ca
2+ 

buffering, compromising 

the ability to sustain Ca
2+

 entry via the CRAC. To test this hypothesis, we loaded CD4
+
 T-cells 

purified from control and Gimap5
lyp/lyp 

rats with the mitochondria-specific marker MitoTracker® 

Green and the Ca
2+

-indicator Rhod-2. We stimulated these cells with TG, which induces Ca
2+

 

release from the ER, leading to opening of the CRAC and mitochondrial Ca
2+ 

uptake. Rhod-2 

preferentially accumulates in the mitochondria, but it also binds cytoplasmic Ca
2+

 [39]. Even 

though cytosolic Rhod-2 can be removed by electroporation [39], we could not use this method 

as it caused an unacceptable level of cell death in Gimap5
lyp/lyp 

primary T-cells, rendering them 

unsuitable for further experiments. Therefore we determined mitochondrial Ca
2+

 accumulation 

by measuring co-localization of MitoTracker® Green and Rhod-2 (red) fluorescence (Figure 1 

and Supplementary Movies S1 and S2 at http://www.biochemj.org/bj/449/bj4490353add.htm, 

showing wild-type and Gimap5
lyp/lyp 

cells respectively). In wild-type CD4
+
 T-cells incubated in 

medium containing 2 mM Ca
2+

, the addition of TG induced discernible Ca
2+ 

accumulation within 

mitochondria at approximately 3 min,which continuedwith a faster kinetics for up to 7 min and 

then slowly reached a plateau (Figure 1). Throughout this period, mitochondrial Ca
2+ 

accumulation in Gimap5
lyp/lyp 

CD4
+
 T-cells was significantly lower in magnitude and did not 

reach the levels attained in control cells even up to 14 min. Gimap5
lyp/lyp

 T-cells also showed 

impaired mitochondrial Ca
2+

 accumulation following TCR stimulation (Figures 1C and 1D). The 

defective mitochondrial Ca
2+ 

accumulation in Gimap5
lyp/lyp

 CD4
+
 T-cells was not due to cell 

death because they showed >98%viability at the time of purification and apoptosis was not 

evident until 9 h later [8], whereas the Ca
2+ 

response experiments were completed within 3 h 

after cell purification. This contention is supported by the lower magnitude of mitochondrial 

Ca
2+

 accumulation in individual Gimap5
lyp/lyp

 T-cells after TG or TCR stimulation (Figure 1B) 

and the similarity of its kinetics with control T-cells at the population level (Figures 1C and 1D). 

These results indicate that the loss of GIMAP5 in T-cells compromises Ca
2+ 

sequestration within 

the mitochondria following a rise in intracellular Ca
2+ 

level.  
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Figure 1 GIMAP5 deficiency impairs mitochondrial Ca
2+

 uptake in T-cells 

CD4
+
 T-cells from lymphopenic Gimap5

lyp/lyp
 and control rats, purified by negative magnetic selection, were loaded 

with Rhod-2 and MitoTracker® Green and incubated in medium containing 2 mM Ca
2+

. Upon binding to cytosolic 

Ca
2+

, Rhod-2 emits red fluorescence. After beginning data acquisition using a confocal microscope and establishing 

the baseline fluorescence signals, cells were stimulated with TG (1 mg/ml) or anti-TCR cross-linking as indicated. 

(A) Merged (red plus green) fluorescence images of a representative field at one time point after the addition of TG 

(upper panels), and the corresponding pixel intensity plots for green and red fluorescence (lower panels) are shown. 

(B) Representative images and the co-localization mask of single cells. (C) Data from one representative experiment 

showing the proportion of mitochondria that have taken up Ca
2+

 at different time points following stimulation with 

TG or anti-TCR mAb. Each data point represents more than 50 cells. Cells that were completely red prior to the 

addition of TG or anti-TCR were excluded from the analysis. (D) Percentage increase in mitochondrial Ca
2+

 

concentration was calculated from the pooled data of co-localization (over total green fluorescence) from five 

independent experiments (means+S.E.M.). Arrows indicate the time of addition of reagents. ***p<0.001, ** p<0.01 

and * p<0.05. 

 

Forced expression of GIMAP5 in non-T-cells increases mitochondrial Ca
2+

 accumulation 

and reduces Ca
2+

 influx across the plasma membrane 

        Consistent with an earlier report [46], overexpression of GIMAP5 in human (Jurkat) and rat 

(C58) T-cell lines induced spontaneous cell death. Therefore we stably transfected GIMAP5 in 

HEK-293 cells in order to address the role of GIMAP5 on mitochondrial Ca
2+ 

sequestration. We 

exposed control and GIMAP5-overexpressing HEK-293 cells to TG and measured mitochondrial 

Ca
2+

 accumulation. To simultaneously determine whether Ca
2+

 that accumulates within the 

mitochondria is derived from intracellular stores, or following Ca
2+

 entry from the extracellular 

milieu, we diminished the intracellular Ca
2+ 

pool by equilibrating GIMAP5- and vector 

transfected cells in a Ca
2+

-free medium. We assessed mitochondrial Ca
2+ 

accumulation in these 

cells following exposure to TG, with or without the addition of Ca
2+

 to the culture medium. Prior 

to TG stimulation, GIMAP5-transfected cells maintained in a Ca
2+

-free or Ca
2+

-containing 

medium showed a comparable level of Rhod2 staining with minimal Ca
2+

 localization in the 

mitochondria (Figure 2A). Addition of TG caused an increase in mitochondrial Ca
2+

 content, 

which was comparable in vector- and GIMAP5-transfected cells maintained in Ca
2+

-free 

medium, but was markedly elevated in GIMAP5-expressing cells incubated in Ca
2+

-containing 

medium (Figure 2B). These findings indicate that GIMAP5 facilitates mitochondrial Ca
2+

 uptake 

following Ca
2+

 entry from the extracellular milieu. 
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        Whereas mitochondrial Ca
2+

 buffering is necessary to delay feedback inhibition of CRACs 

and to sustain Ca
2+

 influx across the plasma membrane, saturation of the mitochondrial Ca
2+

 

store results in the early attenuation of the Ca
2+

 influx [38–40]. To investigate the effect of 

increased mitochondrial Ca
2+

 levels on Ca
2+

 influx across the plasma membrane in GIMAP5- 

overexpressing HEK-293 cells, we maintained them in Ca
2+

-free medium, added TGto elicit Ca
2+

 

release from intracellular stores, then added Ca
2+

 to the culture medium to induce Ca
2+

 influx and 

measured the total intracellular Ca
2+

 levels (Figure 2C). In cells maintained in Ca
2+

-free medium, 

the TG-induced Ca
2+

 release from intracellular stores was comparable between GIMAP5-and 

vector-transfected control cells. However, subsequent to Ca
2+

 addition, the magnitude of Ca
2+

 

influx was significantly reduced in GIMAP5-transfected cells compared with control cells. These 

observations suggest that the increased mitochondrial Ca
2+

 content in GIMAP5-overexpressing 

HEK-293 cells would compromise mitochondrial Ca
2+

 buffering capacity, resulting in reduced 

Ca
2+

 influx across the plasma membrane. 
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Figure 2 Overexpression of Myc–GIMAP5 promotes mitochondrial Ca
2+

 accumulation 

(A and B) Stable transfectants of HEK-293 cells expressing Myc–GIMAP5 or empty vector maintained in Ca
2+

 -free 

medium for 2 h were loaded with Rhod-2 and MitoTracker® Green. Representative confocal images of Rhod-2 

fluorescence, MitoTracker® Green and co-localization, before and after the addition of Ca
2+

, either alone or along 
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with TG, are shown.  (C) The percentage increase in mitochondrial Ca
2+

 in cells exposed to Ca
2+

 and TG, calculated 

from three independent experiments as described in Figure 1, is shown as means+S.E.M. ** p<0.01 and * p<0.05. 

The arrow indicates the time of the addition of reagents. (D) Stable transfectants of HEK-293 cells overexpressing 

Myc–GIMAP5 or the control vector were stained with fura 2/AM, and deposited on to poly-L-lysine-coated slides. 

The bathing medium was changed to Ca
2+

 -free buffer and stimulated with TG to measure Ca
2+

 release from the ER. 

Extracellular Ca
2+

 was added as indicated to measure Ca
2+

 entry across the plasma membrane. Fura 2/AM 

fluorescence, representing free cytosolic Ca
2+

, was recorded by fluorescent digital video microscopy using the 

Metaflor® imaging system (Olympus). The mean cytosolic Ca
2+

 concentration in 100–150 cells from one 

experiment, representing three independent experiments, is shown. 

 

GIMAP5 does not directly influence mitochondrial Ca
2+

 accumulation 

        In the above experiments, it is possible that the presence or absence of GIMAP5 directly 

influenced the ability of mitochondria to accumulate Ca
2+

, rather than due to the reduced 

availability of cytosolic Ca
2+

. To determine whether GIMAP5 directly influenced the capacity of 

mitochondria to accumulate Ca
2+

, we permeabilized primary T-lymphocytes and HEK-293 cells 

overexpressing GIMAP5 with saponin to equilibrate the cytosolic Ca
2+

 and assessed Rhod-2 

fluorescence directly. Permeabilization results in the leaching of residual cytosolic Rhod-2 [39]. 

As shown in Figure 3(A), equalization of cytosolic Ca
2+

 resulted in comparable levels of Rhod-2 

staining in T-cells from Gimap5
lyp/lyp 

and control rats. Similarly, the intensity of Rhod-2 

fluorescence was comparable between vector and GIMAP5-expressing HEK-293 cells (Figure 

3B). Addition of CCCP, which uncouples the electron transport chain in mitochondria, decreased 

the accumulation of Ca
2+

 in the mitochondria in wild-type and GIMAP5-deficient T lymphocytes 

to a comparable extent (Figure 3C). Ca
2+

 release from the mitochondria has been shown to 

induce Ca
2+

 flux from the extracellular milieu [47]. We observed that the CCCP-induced 

increase in cytosolic Ca
2+

 concentration was elevated in GIMAP5-expressing HEK-293 cells 

(Figure 3E), further supporting a role for GIMPA5 in facilitating mitochondrial Ca
2+

 

accumulation. To ascertain that the subcellular source of mitochondrial Ca
2+

 is indeed the 

cytosol, we treated Gimap5
lyp/lyp

 and control CD4
+
 T-cells with BAPTA/AM [BAPTA 

tetrakis(AM)], a cell-permeable Ca
2+

 chelator [48], and then exposed the cells to TG. As shown 

in Figure 3(D), BAPTA/AM completely preventedCa
2+

 accumulation within the mitochondria in 

control as well as in Gimap5
lyp/lyp

 T-cells, indicating that the cytosol is the main source of 

mitochondrial Ca
2+

 in T-cells following capacitative Ca
2+

 entry. 
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Figure 3 Impaired accumulation of [Ca
2+

]m is not an intrinsic mitochondrial defect in Gimap5
lyp/lyp

 T-cells  

(A) CD4
+
 T-cells from Gimap5

lyp/lyp
 and control rats or (B) GIMAP5-transfected HEK-293 cells were loaded with 

Rhod-2 and MitoTracker® Green and incubated in medium containing 2 mM Ca
2+

. At 5 min before the start of data 
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acqusition, saponin was added to a final concentration of 0.1 % to equilibrate the cytosolic Ca
2+

 concentration with 

that of the extracellular milieu. Samples were analysed as described in Figure 3.1-2. As permeabilization with 

saponin results in the loss of free Rhod-2 from the cytoplasm, red fluorescence represents the mitochondrial Ca
2+

. (C 

and D) Purified CD4
+
 T-cells from Gimap5

lyp/lyp
 and control rats were loaded with Rhod-2 and MitoTracker® Green 

and then treated with CCCP (C) or BAPTA/AM (D), both at 100 μM final concentration for 30 min in Ca
2+

-

containing medium. The cells were then stimulated with TG at t0 and Ca
2+

 uptake by mitochondria was evaluated as 

described in Figure 3.1-2. Representative data from three independent experiments, each representing more than 50 

cells per time point, are shown. Note that the scale is different between wild-type and Gimap5
lyp/lyp

 T-cells. (E) 

Stable transfectants of HEK-293 cells expressing GIMAP5 or empty vector were loaded with fura 2/AM and 

transferred to medium containing Ca
2+

 and CCCP throughout the length of the experiment. Fura 2/AM fluorescence 

representing free [Ca
2+

]c was recorded as described in Figure 3.1-2.  

 

GIMAP5-dependent mitochondrial Ca
2+

 accumulation requires tubulin 

        Ca
2+

 uptake by mitochondria is dependent on their active displacement, which in turn relies 

on cytoskeletal structures consisting of actin filaments and microtubules [40,49]. In T 

lymphocytes stimulated with immobilized anti-TCR antibodies, mitochondrial movement 

towards Ca
2+

-rich subplasmalemmal microdomains, formed at the site of initiation of TCR 

signalling, requires actin polymerization [50,51]. On the other hand, sustained Ca
2+

 influx 

following stimulation of Jurkat T-cells with soluble anti-TCR antibody or TG requires 

microtubuledependent movement of mitochondria to the sub-plasmalemmal area [50,51]. To 

address whether this cytoskeleton-dependent movement of mitochondria, subsequent to the 

induction of Ca
2+

 influx across the plasma membrane, is influenced by GIMAP5, we used 

nocodazole to inhibit the microtubule-mediated movement, and latrunculin B to inhibit actin 

polymerization. We pretreated Rhod-2- and MitoTracker® Green-loaded Gimap5
lyp/lyp

 and 

wildtype T-cells with nocodazole or latrunculin B before the addition of TG. Consistent with the 

observations of Quintana et al. [50], latrunculin B did not inhibit TG-induced mitochondrial Ca
2+

 

accumulation either in the control or in Gimap5
lyp/lyp

 T-cells (Figure 4A). On the other hand, 

nocodazole treatment significantly reduced Rhod-2 fluorescence in wild-type T-cells, but it did 

not cause any further reduction in mitochondrial Ca
2+

 uptake in Gimap5
lyp/lyp

 T-cells (Figure 4B). 

These results suggest that GIMAP5 is involved in microtubule-dependent mitochondrial Ca
2+

 

sequestration in primary T-cells. 
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Figure 4 Disruption of microtubules impairs mitochondrial Ca
2+

 uptake in wild-type but not in Gimap5
lyp/lyp

 

T-cells  
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Purified CD4
+
 T-cells from Gimap5

lyp/lyp
 and control rats, maintained in Ca

2+
-free medium for 2 h and loaded with 

MitoTracker® Green and Rhod-2, were pre-incubated with vehicle, latrunculin B (15 μg/ml) for 15 min (A) or 

nocodazole (2 μM) for 35 min (B), before the addition of Ca
2+

 and TG. Localization of Rhod-2 fluorescence within 

mitochondria was evaluated as described in Figure 1. Arrows indicate the time of the addition of reagents. The data 

shown are representative of ten independent experiments. Pooled data from these experiments, expressed as 

percentage inhibition of mitochondrial Ca
2+

 accumulation by latrunculin B or nocodazole, is shown in the lower 

panels. Results are means + S.E.M. 

         

        Next, we examined the effect of nocodazole and latrunculin B on mitochondrial Ca
2+

 uptake 

in GIMAP5- or vector-transfected HEK-293 cells following exposure to TG. In contrast with 

primary T-cells, both nocodazole and latrunculin B abolished mitochondrial Ca
2+

 uptake in 

GIMAP5-transfected cells (Figure 5). On the other hand, disruption of either microtubules or 

actin polymerization had a minimal effect on mitochondrial Ca
2+

 accumulation in vector-

transfected cells (Figure 5). These results suggest that GIMAP5 may participate in both actin- 

and tubulindependent mitochondrial Ca
2+

 accumulation in non-T-cells, or it might arise from 

overexpression. 

 



 48 

 

 

Figure 5 GIMAP5-mediated mitochondrial Ca
2+

 accumulation in non-T-cells is dependent on both 

microtubules and actin cytoskeleton  

Stable transfectants of HEK-293 cells expressing Myc–GIMAP5, maintained in Ca
2+

 -free medium and loaded with 

Rhod-2 and MitoTracker® Green, were pre-incubated with vehicle, nocodazole (2 μM) for 35 min (A) or latrunculin 

B (15 μg/ml) for 15 min (B), before the addition of Ca
2+ 

and TG. Localization of Rhod-2 fluorescence in 

mitochondria in a representative experiment is shown in the upper panels. The percentage inhibition of 

mitochondrial Ca
2+

 accumulation by nocodazole or latrunculin B, calculated from three independent experiments 

(means S.E.M.), is shown in lower panels. Arrows indicate the time of addition of reagents. *** p < 0.001, ** p < 

0.01 and *P < 0.05.  
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TCR-induced cytoskeletal reorganization and proximal TCR signalling are not affected by 

GIMAP5 deficiency 

        Rearrangement of the actin and microtubule cytoskeleton play important roles in T-cell 

activation by facilitating TCR clustering at the IS (immune synapse) formed between the T-cell 

and the antigen-presenting cell, the establishment of T-cell polarity and directional secretion of 

cytokines [52–56]. These cytoskeletal structures are also required to achieve maximal Ca
2+

 flux 

during T-cell activation [30,57]. However, GIMAP5 deficiency does not compromise T-cell 

proliferation induced by alloantigens [6,23], suggesting that GIMAP5 does not participate in 

TCRstimulated cytoskeletal reorganization at the IS or in proximal TCR signalling events. To 

address this question, we assessed the reorganization of actin and microtubules in GIMAP5-

deficient CD4
+
 T-cells stimulated via the TCR. As shown in Figure 6(A), actin and tubulin 

translocated to the site of contact with anti-TCR/anti-CD28-coated beads in control and 

Gimap5
lyp/lyp

 T-cells with comparable efficiency (Figure 6A; 43% compared with 50%). As the 

interaction ofT-cells with anti-CD3/CD28-antibody coated beads mimics T-cell stimulation by 

strongly agonistic antigenic peptide by professional antigen-presenting cells, the above results 

suggest that GIMAP5 is dispensable for T-cell activation by strong TCR agonists. This was 

further supported by a similar pattern andmagnitude of protein tyrosine phosphorylation induced 

by TCR cross-linking between control and Gimap5
lyp/lyp

 T-cells (Figure 6B). In these 

experiments, we were unable to identify the key components of the TCR signalling cascade, such 

as Lck, Zap70, LAT, etc., because commercially available reagents do not recognize rat proteins. 

Nonetheless, these results indicate that GIMAP5 deficiency affects mitochondrial Ca
2+

 

sequestration without affecting the proximal TCR signalling events induced by strong TCR 

stimulation. 
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Figure 6 Cytoskeletal reorganization at the immunological synapse is not affected in Gimap5
lyp/lyp

 T-cells  

(A) Purified CD4
+
 T-cells stimulated for 30 min with anti-TCR (R73) and anti-CD28 antibody-coated polysytrene 

beads that were previously adhered to poly-L-lysine-coated slides, were fixed and stained for actin and α-tubulin as 

described in the Experimental section. The  number of cells that showed cytoskeletal reorganization at the contact 

site between the bead  and the cell over the total number of cells that was in close proximity with the beads is 

shown. (B) Purified CD4
+
 T-cells stimulated for the indicated time with anti-TCR (R73) and anti-CD28 coated 

polysytrene beads were lysed and immunoblotted for tyrosine-phosphorylated proteins with the 4G10 antibody. 

Molecular mass is shown on the left-hand side in kDa.  

 

Overexpressed Myc–GIMAP5 co-localizes with proteins involved in the movement of 

mitochondria 

        We have shown previously that neither the endogenous nor the overexpressed GIMAP5 is 

enriched in the subcellular fraction containing mitochondria [18]. However, the results presented 
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above indicate that GIMAP5 facilitates mitochondrial Ca
2+

 uptake, which is dependent on 

cytoskeletal elements. Several reports have shown variable involvement of actin filaments and 

microtubules in mitochondrial movement, and that this variability depends on the cell type and 

the nature of the stimuli [49,58–60]. Mitochondrial cargo is moved on the cytoskeletal track by 

the adaptor proteins Miro and Milton that link mitochondria to the motor proteins such as kinesin 

and dynein [41,59]. Therefore we examined whether the GIMAP5-dependent modulation of 

mitochondrial Ca
2+ 

accumulation is related to the potential interaction of GIMAP5 with the 

cytoskeletal elements and the mitochondrial adaptor proteins. As shown in Figure 7, 

overexpressed GIMAP5 co-localized with tubulin, as represented by the white pixels and the 

Pearson’s coefficient (Figure 7A). These results suggest that the interaction between GIMAP5 

and cytoskeletal elements probably underlies the GIMAP5-dependent modulation of 

mitochondrial Ca
2+

 sequestration. Furthermore, overexpressed GIMAP5 protein co-localized 

with endogenous Miro (Figure 7B), thereby implicating a role for GIMAP5 in the movement of 

mitochondria. 

 

Figure 7 Overexpressed GIMAP5 co-localizes with proteins involved in mitochondrial movement.  

HEK-293 or HeLa cells grown on coverslips and transfected with N-terminal Myc- or FLAG-tagged GIMAP5 were 

stained for (A) FLAG–GIMAP5 (red, Alexa Fluor® 633) and EGFP (enhanced green fluorescent protein)–Tubulin 

(green) or (B) Myc–GIMAP5 (green) and Miro1 (red). The nuclei are stained blue with DAPI. White regions 

represent the overlap between GIMAP5 and the mentioned proteins. Representative results from three independent 

experiments are shown. The Pearson’s coefficient for co-localization was calculated from all three experiments.  
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DISCUSSION         

        We have previously shown that rat T-cells lacking GIMAP5 display a decreased Ca
2+

 influx 

across the plasma membrane subsequent to the emptying of the ER Ca
2+

 stores by TG or 

following TCR stimulation [35]. In the present study, we have traced this defective Ca
2+

 

response in GIMAP5-deficient T-cells to the inability of their mitochondria to buffer Ca
2+

 

entering from the extracellular milieu [39], that can be either at the level of uptake, storage or 

release of Ca
2+

 from mitochondria. The observation that mitogenic activation of T-cells from 

Gimap5
lyp/lyp

 rats results in robust proliferation additionally suggests that the mitochondria 

themselves may not be defective, and that the reduced accumulation of Ca
2+

 may be the result of 

factors extrinsic to mitochondria. Even though Gimap5
lyp/lyp

 T-cells showed an increase in the 

frequency of cells that have lost the mitochondrial membrane potential after 8 h in culture 

(Supplementary Figure S1 at http://www.biochemj.org/bj/449/bj4490353add.htm) [18,19], there 

was no significant increase in the generation of reactive oxygen species in the mitochondria or in 

the cytosol (Supplementary Figure S2 at http://www.biochemj.org/bj/ 449/bj4490353add.htm). 

        In the absence of antigen stimulation, long-term survival of na¨ıve T-cells in the quiescent 

state is dependent on two essential non-redundant signals, one delivered via the IL-7 receptor 

and the other via the TCR that constantly engage the MHC molecules presenting peptides 

derived from self antigens [61–66]. At the intracellular level, IL-7 receptor signalling sustains 

cellular metabolism and up-regulates the pro-survival protein Bcl-2 [24]. The precise nature of 

the TCR-induced survival signal mediated via Lck remains poorly understood [24,25,67], and 

hence it is unclear to what extent the signals emanating from IL-7 receptor and TCR converge on 

common signalling pathways, or provide complementary signals that act in synergy to promote 

cell survival [24,68]. Normal development of B-cells and T-cells in GIMAP5-deficient rats 

indicate that these animals are not deficient for IL-7, and that IL-7 signalling is intact [7,69]. 

Gimap5
lyp/lyp

 rat T-cells proliferate robustly to cross-linked anti-TCR antibody in vitro and 

nominal antigens in vivo [6,7,23], indicating that these T-cells express functional TCRs and 

respond to antigens presented by MHC molecules. Accordingly, we observed that proximal TCR 

signalling was comparable between Gimap5
lyp/lyp

 and control rat T-cells. Therefore we propose 

that even though the magnitude of Ca
2+

 flux induced by strong TCR stimulation is reduced in 

Gimap5
lyp/lyp

 rat T-cells, it is still sufficient to induce cell proliferation. On the other hand, the 

threshold level of Ca
2+

 response elicited by weak TCR stimulation following engagement of self 

http://www.biochemj.org/


 53 

peptide MHC complexes may be so reduced in Gimap5
lyp/lyp

 rat T-cells that it is insufficient to 

provide cell survival signals in vivo. Even though this prediction is supported by defective 

homoeostasis of na¨ıve T-cells in mice lacking the Ca(v)1.4 calcium channel [70], formal proof 

would require T-lymphocytespecific ablation of the Gimap5 gene in mice, also bearing 

transgenic TCRs of differing affinities towards cognate peptides. 

        T-cell proliferation in response to optimal TCR stimulation induced by cognate antigenic 

peptides, or supra-optimal TCR stimulation induced by TCR cross-linking by mAbs, is 

associated with the formation of a stable immunological synapse, leading to sustained TCR 

signalling and a strong Ca
2+

 response [71]. In contrast, the physiological survival signal elicited 

in na¨ıve T-cells by MHC-self-peptide complexes may not result in the formation of a stable 

immunological synapse necessary to elicit sustained TCR signalling. Nonetheless the latter 

interaction stimulates a small, but clearly discernible, Ca
2+

 response [32–34,72].Whether this 

basal level of Ca
2+

 response is crucial to na¨ıve T-cell survival, and whether reaching that 

threshold level of Ca
2+

 response is dependent on mitochondrial Ca
2+

 uptake, are important 

questions that remain to be answered. Even though direct experimental evidence for these events 

would be difficult to obtain, our findings on GIMAP5-deficient rat T-cells shown in the present 

study suggest that it is a probable scenario. As a corollary, overexpression of GIMAP5 in T-

lymphocytes would result in Ca
2+

 overload in the mitochondria, resulting in cell death, which 

could explain our inability to establish T-cell lines overexpressing GIMAP5, as also reported by 

other investigators [46].On the other hand, lack of any discernible effect of GIMAP5 

overexpression on the survival and proliferation of HEK-293 cells may arise from their tolerance 

to apoptosis induced by mitochondrial Ca
2+

 overload. Overall, our data suggest that GIMAP5-

dependent regulation of mitochondrial Ca
2+

 homoeostasis may be a critical determinant of na¨ıve 

T-cell survival and homoeostasis.  

        The GIMAP5-dependent mitochondrial Ca
2+

 sequestration relies on cytoskeletal machinery 

that presumably facilitates the movement of mitochondria towards Ca
2+

-rich microdomains that 

arise transiently as sub-plasmalemmal hotspots following capacitative Ca
2+

 entry [39]. Whereas 

the disruption of microtubules, but not actin polymerization, prevented GIMAP5-dependent 

mitochondrial Ca
2+

 accumulation in primary T-cells (Figure 4) and Jurkat T-cells [50], both were 

equally effective in HEK-293 cells overexpressing Myc–GIMAP5 (Figure 5). The varying 

contributions of distinct cytoskeletal structures may reflect the type and intensity of the stimulus 
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as well as the cell-type-specific regulation. Further studies are needed to elucidate the details of 

the interaction of GIMAP5 with the cytoskeletal elements on one hand, and with the 

mitochondrial adaptor protein Miro on the other (Figure 7). T-cell stimulation following strong 

TCR activation by exogenous antigen presented on antigen-presenting cells, or by immobilized 

anti-TCR antibodies on polystyrene beads, facilitate sustained Ca
2+

 entry at the immunological 

synapse, which is accompanied by actin dependent enrichment of mitochondria beneath the 

CRACs [51]. On the other hand, soluble anti-TCR antibodies may provide qualitatively different 

signals to the TCR, such that they rely on microtubule-dependent mitochondrial movement to the 

subplasmalemmal area [50,51]. In the light of these reports, we propose that weak TCR stimuli 

induced by self-peptides would rely on GIMAP5 to facilitate mitochondrial movement along the 

microtubules in order to sequester Ca
2+

. Generation of GIMAP5-deficient TCR transgenic mice 

would help to resolve this issue. 

        On the basis of our findings shown in the present study, we propose that GIMAP5 plays an 

important role in integrating TCR-induced cell survival signals in naïve T-cells. We propose that 

GIMAP5-mediated mitochondrial Ca
2+

 sequestration may regulate the activity of plasma 

membrane Ca
2+

 channels under conditions where the IS is not formed, in order to achieve a 

threshold level of intracellular Ca
2+

 that is essential to sustain cell survival. 

 

SUPPLEMENTARY ONLINE DATA 

 

 

Figure S1 T-cells lacking functional GIMAP5 lose mitochondrial membrane potential over time 

Lymph node CD4
+
 T-cells of Gimaplyp/lyp and control rats were incubated in RPMI-1640 medium containing 10% 

fetal bovine serum. At the indicated time points, aliquots of cells were loaded with TMRE (tetramethylrhodamine 

ethyl ester) in PBS for 20 min and analysed by flow cytometry. 
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Figure S2 Generation of reactive oxygen species is not different in Gimap5lyp/lyp CD4
+
 T-cells 

Purifed CD4
+
 T-cells were incubated at 37ºC for 8 h. The generation of H2O2 (A) and superoxide radical (O2

−
 ) (B) 

was detected by flow cytometry at indicated time points by loading the cells with specific indicator dyes, CM 

H2DCFDA [5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate] and dihyroethedium respectively. 

(C)Mitochondrial O2
−
 was detected by MitoSOX. The data given is representative of three independent experiments. 

 

ACKNOWLEDGEMENTS 

We thank Dr Leonid Volkov for technical assistance with confocal microscopy. We thank Dr Markus Hoth for 

critical reading of the paper prior to submission. 

 

FUNDING 

This work was funded by the Canadian Institute for Health Research [grant number MOP- 86530 (to S.R.)]. X.L.C. 

is a recipient of a FRSQ graduate student fellowship. The Centre de Recherche Clinique Etienne-Le Bel is an FRSQ-

funded research centre. 

 

 

 

 

 

 

 

 



 56 

REFERENCES 

1  Jackson, R., Rassi, N., Crump, T., Haynes, B. and Eisenbarth, G. S. (1981) The BB diabetic  

    rat. Profound T-cell lymphocytopenia. Diabetes 30, 887–889 

2  Poussier, P., Nakhooda, A. F., Falk, J. A., Lee, C. and Marliss, E. B. (1982) Lymphopenia and  

    abnormal lymphocyte subsets in the “BB” rat: relationship to the diabetic syndrome.  

    Endocrinology 110, 1825–1827 

3  Elder, M. E. and Maclaren, N. K. (1983) Identification of profound peripheral T lymphocyte  

    immunodeficiencies in the spontaneously diabetic BB rat. J.  Immunol. 130, 1723–1731 

4  Groen, H., Klatter, F. A., Brons, N. H., Wubbena, A. S., Nieuwenhuis, P. and Kampinga, J.  

    (1995) High-frequency, but reduced absolute numbers of recent thymic migrants among  

     peripheral blood T lymphocytes in  diabetes-prone BB rats. Cell. Immunol. 163, 113–119 

5  Zadeh, H. H., Greiner, D. L., Wu, D. Y., Tausche, F. and Goldschneider, I. (1996)  

    Abnormalities in the export  and fate of recent thymic emigrants in diabetes-prone BB/W rats.    

    Autoimmunity 24, 35–46 

6  Ramanathan, S., Norwich, K. and Poussier, P. (1998) Antigen activation rescues recent thymic  

    emigrants from programmed cell death in the BB rat. J. Immunol. 160, 5757–5764 

7  Hernandez-Hoyos, G., Joseph, S., Miller, N. G. and Butcher, G. W. (1999) The lymphopenia  

    mutation of the BB rat causes inappropriate apoptosis of mature thymocytes. Eur. J. Immunol.  

    29, 1832–1841 

8  Ramanathan, S. and Poussier, P. (2001) BB rat lyp mutation and Type 1 diabetes. Immunol.  

    Rev. 184, 161–171 

9  Hornum, L., Romer, J. and Markholst, H. (2002) The diabetes-prone BB rat carries a  

    frameshift mutation in Ian4,  a positional candidate of Iddm1. Diabetes 51, 1972–1979 

10 MacMurray, A. J., Moralejo, D. H., Kwitek, A. E., Rutledge, E. A., Van Yserloo, B., Gohlke,  

     P., Speros, S. J., Snyder, B., Schaefer, J., Bieg, S. et al.  (2002) Lymphopenia in the BB rat   

     model of type 1 diabetes is due to a mutation in a novel immune-associated  nucleotide (Ian)- 

     related gene. Genome Res. 12, 1029–1039 

11 Krucken, J., Schroetel, R. M., Muller, I. U., Saidani, N., Marinovski, P., Benten, W. P.,   

     Stamm, O. and Wunderlich, F. (2004) Comparative analysis of the human gimap gene cluster  

     encoding a novel GTPase family. Gene 341, 291–304 

12 Liu, C., Wang, T., Zhang, W. and Li, X. (2008) Computational identification and analysis of   

     immune-associated nucleotide gene family in Arabidopsis thaliana . J. Plant Physiol. 165,   

     777–787 

13 Nitta, T., Nasreen, M., Seike, T., Goji, A., Ohigashi, I., Miyazaki, T., Ohta, T., Kanno, M. and    

     Takahama, Y.  (2006) IAN family critically regulates survival and development of T  

     lymphocytes. PLoS Biol. 4, e103 

14 Zenz, T., Roessner, A., Thomas, A., Frohling, S., Dohner, H., Calabretta, B. and Daheron, L.  

     (2004) hIan5: the  human ortholog to the rat  Ian4/Iddm1/lyp is a new member of the Ian  

     family that is overexpressed in B-cell lymphoid malignancies. Genes Immun. 5, 109–116 

15 Barnes, M. J., Aksoylar, H., Krebs, P., Bourdeau, T., Arnold, C. N., Xia, Y., Khovananth, K.,  

     Engel, I., Sovath, S., Lampe, K. et al. (2010) Loss of T cell and B cell quiescence precedes  

     the onset of microbial flora-dependent wasting disease and intestinal inflammation in  

     Gimap5-deficient mice. J. Immunol. 184, 3743–3754 

16 Chen, Y., Yu, M., Dai, X., Zogg, M., Wen, R., Weiler, H. and Wang, D. (2011) Critical role  

     for Gimap5 in the survival of mouse hematopoietic stem and progenitor cells. J. Exp. Med.  

     208, 923–935 



 57 

17 Pino, S. C., O’Sullivan-Murphy, B., Lidstone, E. A., Yang, C., Lipson, K. L., Jurczyk, A.,  

     diIorio, P., Brehm, M. A., Mordes, J. P., Greiner, D. L. et al. (2009) CHOP mediates   

     endoplasmic reticulum stress-induced apoptosis in  Gimap5-deficient T cells. PLoS ONE 4,    

     e5468 

18 Keita, M., Leblanc, C., Andrews, D. and Ramanathan, S. (2007) GIMAP5 regulates  

     mitochondrial integrity from a distinct subcellular compartment. Biochem. Biophys. Res.   

     Commun. 361, 481–486 

19 Pandarpurkar, M., Wilson-Fritch, L., Corvera, S., Markholst, H., Hornum, L., Greiner, D. L.,  

     Mordes, J. P., Rossini, A. A. and Bortell, R. (2003) Ian4 is required for mitochondrial  

     integrity and T cell survival. Proc. Natl.  Acad. Sci. U.S.A. 100, 10382–10387 

20 Wong, V. W. Y., Saunders, A. E., Hutchings, A., Pascall, J. C., Carter, C., Bright, N. A.,  

     Walker, S. A., Ktistakis, N. T. and Butcher, G. W. (2010) The autoimmunity-related GIMAP5  

     GTPase is a lysosome-associated protein. Self/nonself 1, 259–268 

21 Schulteis, R. D., Chu, H., Dai, X., Chen, Y., Edwards, B., Haribhai, D., Williams, C. B.,   

     Malarkannan, S.,   Hessner, M. J., Glisic-Milosavljevic, S. et al. (2008) Impaired survival of  

     peripheral T cells, disrupted NK/NKT cell development, and liver failure in mice lacking  

    Gimap5. Blood 112, 4905–4914 

22 Lee, K. U. (1994) Nitric oxide produced by macrophages mediates suppression of ConA- 

     induced proliferative responses of splenic leukocytes in the diabetes-prone BB rat. Diabetes  

     43, 1218–1220 

23 Lau, A., Ramanathan, S. and Poussier, P. (1998) Excessive production of nitric oxide by  

     macrophages from DP-BB rats is secondary to the T-lymphopenic state of these animals.  

     Diabetes 47, 197–205 

24 Takada, K. and Jameson, S. C. (2009) Naïve T cell homeostasis: from awareness of space to a  

     sense of place. Nat. Rev. Immunol. 9, 823–832 

25 Seddon, B. and Zamoyska, R. (2002) TCR and IL-7 receptor signals can operate  

     independently or synergize to  promote lymphopenia-induced expansion of naïve T cells. J.  

     Immunol. 169, 3752–3759 

26 Liou, J., Kim, M. L., Heo, W. D., Jones, J. T., Myers, J. W., Ferrell, Jr, J. E. and Meyer, T.  

     (2005) STIM is a Ca
2+

 sensor essential for Ca
2+

 -store depletion-triggered Ca
2+

 influx. Curr.  

     Biol. 15, 1235–1241 

27 Roos, J., DiGregorio, P. J., Yeromin, A. V., Ohlsen, K., Lioudyno, M., Zhang, S., Safrina, O.,  

     Kozak, J. A., Wagner, S. L., Cahalan, M. D. et al. (2005) STIM1, an essential and conserved  

     component of store-operated Ca
2+ 

channel function. J. Cell Biol. 169, 435–445 

28 Berridge, M. J. (1993) Inositol trisphosphate and calcium signalling. Nature 361,315–325 

29 Hogan, P. G., Lewis, R. S. and Rao, A. (2010) Molecular basis of calcium signaling in  

     lymphocytes: STIM and ORAI. Annu. Rev. Immunol. 28, 491–533 

30 Valitutti, S., Dessing, M., Aktories, K., Gallati, H. and Lanzavecchia, A. (1995) Sustained  

      signaling leading to T cell activation results from prolonged T cell receptor occupancy. Role  

      of T cell actin cytoskeleton. J. Exp. Med. 181, 577–584 

31 Takeda, S., Rodewald, H. R., Arakawa, H., Bluethmann, H. and Shimizu, T. (1996) MHC  

     class II molecules are not required for survival of newly generated CD4
+
 T cells, but affect  

     their long-term life span. Immunity 5, 217–228 

32 Kondo, T., Cortese, I., Markovic-Plese, S., Wandinger, K. P., Carter, C., Brown, M., Leitman,  

     S. and Martin, R.   (2001) Dendritic cells signal T cells in the absence of exogenous antigen.  

     Nat. Immunol. 2, 932–938 



 58 

33 Revy, P., Sospedra, M., Barbour, B. and Trautmann, A. (2001) Functional antigen- 

     independent synapses formed between T cells and dendritic cells. Nat. Immunol. 2, 925–931 

34 Wei, S. H., Safrina, O., Yu, Y., Garrod, K. R., Cahalan, M. D. and Parker, I. (2007) Ca
2+

  

     signals in CD4
+
 T cells during early contacts with antigen-bearing dendritic cells in lymph  

     node. J. Immunol. 179, 1586–1594 

35 Ilangumaran, S., Forand-Boulerice, M., Bousquet, S. M., Savard, A., Rocheleau, P., Chen, X.  

     L., Dupuis, G., Poussier, P., Boulay, G. and Ramanathan, S. (2009) Loss of GIMAP5  

     (GTPase of immunity-associated nucleotide binding protein 5) impairs calcium signaling in  

      rat T lymphocytes. Mol. Immunol. 46, 1256–1259 

36 Spat, A., Szanda, G., Csordas, G. and Hajnoczky, G. (2008) High- and low-calcium- 

     dependent mechanisms of mitochondrial calcium signalling. Cell Calcium 44, 51–63 

37 Contreras, L., Drago, I., Zampese, E. and Pozzan, T. (2010) Mitochondria: the calcium  

     connection. Biochim. Biophys. Acta 1797, 607–618 

38 Pfeiffer, D. R., Gunter, T. E., Eliseev, R., Broekemeier, K. M. and Gunter, K. K. (2001)  

     Release of Ca
2+

 from mitochondria via the saturable mechanisms and the permeability  

     transition. IUBMB Life 52, 205–212 

39 Hoth, M., Fanger, C. M. and Lewis, R. S. (1997) Mitochondrial regulation of store-operated  

     calcium signaling in T lymphocytes. J. Cell Biol. 137, 633–648 

40 Hajnoczky, G., Csordas, G. and Yi, M. (2002) Old players in a new role: mitochondria- 

     associated membranes, VDAC, and ryanodine receptors as contributors to calcium signal  

     propagation from endoplasmic reticulum to the mitochondria. Cell Calcium 32, 363–377 

41 Liu, X. and Hajnoczky, G. (2009) Ca2+ -dependent regulation of mitochondrial dynamics by  

     the Miro-Milton complex. Int. J. Biochem. Cell Biol. 41, 1972–1976 

42 Colle, E., Fuks, A., Poussier, P., Edouard, P. and Guttmann, R. D. (1992) Polygenic nature of  

     spontaneous diabetes in the rat. Permissive MHC haplotype and presence of the lymphopenic  

     trait of the BB rat are not sufficient to produce susceptibility. Diabetes 41, 1617–1623 

43 Manders, E. M., Verbeek, M. F. J. and Aten, J. A. (1993) Measurement of optics in dual-color  

     confocal images. J. Microsc. 169, 375–382 

44 Arguin, G., Regimbald-Dumas, Y., Fregeau, M. O., Caron, A. Z. and Guillemette, G. (2007)  

     Protein kinase C phosphorylates the inositol 1,4,5-trisphosphate receptor type 2 and decreases  

     the mobilization of Ca
2+ 

in pancreatoma AR4-2J cells. J. Endocrinol. 192, 659–668 

45 Adler, J. and Parmryd, I. (2010) Quantifying colocalization by correlation: the Pearson  

     correlation coefficient is superior to the Mander’s overlap coefficient. Cytometry, Part A 77,  

     733–742 

46 Dalberg, U., Markholst, H. and Hornum, L. (2007) Both Gimap5 and the diabetogenic BBDP  

     allele of Gimap5 induce apoptosis in T cells. Int. Immunol. 19, 447–453 

47 Ardon, F., Rodriguez-Miranda, E., Beltran, C., Hernandez-Cruz, A. and Darszon, A. (2009)  

     Mitochondrial inhibitors activate influx of external Ca
2+

 in sea urchin sperm. Biochim.  

     Biophys. Acta 1787, 15–24 

48 Szalai, G., Csordas, G., Hantash, B. M., Thomas, A. P. and Hajnoczky, G. (2000) Calcium  

     signal transmission between ryanodine receptors and mitochondria. J. Biol. Chem.  

     275,15305–15313 

49 Quintana, A., Schwarz, E. C., Schwindling, C., Lipp, P., Kaestner, L. and Hoth, M. (2006)  

     Sustained activity of  calcium release-activated calcium channels requires translocation of  

     mitochondria to the plasma membrane. J.  Biol. Chem. 281, 40302–40309 

50 Quintana, A., Schwindling, C., Wenning, A. S., Becherer, U., Rettig, J., Schwarz, E. C. and  



 59 

     Hoth, M. (2007) T cell activation requires mitochondrial translocation to the immunological  

     synapse. Proc. Natl. Acad. Sci. U.S.A.  104, 14418–14423 

51 Schwindling, C., Quintana, A., Krause, E. and Hoth, M. (2010) Mitochondria positioning  

     controls local calcium influx in T cells. J. Immunol. 184, 184–190 

52 Kupfer, A., Swain, S. L. and Singer, S. J. (1987) The specific direct interaction of helper T  

     cells and antigen-presenting B cells. II. Reorientation of the microtubule organizing center  

     and reorganization of the membrane-associated cytoskeleton inside the bound helper T cells.  

     J. Exp. Med. 165, 1565–1580 

53 Burkhardt, J. K., Carrizosa, E. and Shaffer, M. H. (2008) The actin cytoskeleton in T cell  

     activation. Annu. Rev. Immunol. 26, 233–259 

54 Gomez, T. S. and Billadeau, D. D. (2008) T cell activation and the cytoskeleton: you can’t  

     have one without the other. Adv. Immunol. 97, 1–64 

55 Holsinger, L. J., Graef, I. A., Swat, W., Chi, T., Bautista, D. M., Davidson, L., Lewis, R. S.,  

     Alt, F. W. and Crabtree, G. R. (1998) Defects in actin-cap formation in Vav-deficient mice  

     implicate an actin requirement for  lymphocyte signal transduction. Curr. Biol. 8, 563–572 

56 Martin-Cofreces, N. B., Robles-Valero, J., Cabrero, J. R., Mittelbrunn, M., Gordon-Alonso,  

     M., Sung, C. H., Alarcon, B., Vazquez, J. and Sanchez-Madrid, F. (2008) MTOC  

     translocation modulates IS formation and controls sustained T cell signaling. J. Cell Biol. 182,  

     951–962 

57 Delon, J., Bercovici, N., Liblau, R. and Trautmann, A. (1998) Imaging antigen recognition by  

     naïve CD4
+
 T cells: compulsory cytoskeletal alterations for the triggering of an intracellular  

     calcium response. Eur. J. Immunol. 28, 716–729 

58 Frederick, R. L. and Shaw, J. M. (2007) Moving mitochondria: establishing distribution of an  

     essential organelle. Traffic 8, 1668–1675 

59 Hollenbeck, P. J. and Saxton, W. M. (2005) The axonal transport of mitochondria. J. Cell Sci.  

     118, 5411–5419 

60 Yi, M., Weaver, D. and Hajnoczky, G. (2004) Control of mitochondrial motility and  

      distribution by the calcium signal: a homeostatic circuit. J. Cell Biol. 167, 661–672 

61 Maraskovsky, E., Teepe, M., Morrissey, P. J., Braddy, S., Miller, R. E., Lynch, D. H. and  

     Peschon, J. J. (1996) Impaired survival and proliferation in IL-7 receptor-deficient peripheral  

     T cells. J. Immunol. 157, 5315–5323 

62 Maraskovsky, E., O’Reilly, L. A., Teepe, M., Corcoran, L. M., Peschon, J. J. and Strasser, A.  

     (1997) Bcl-2 can rescue T lymphocyte development in interleukin-7 receptor-deficient mice  

      but not in mutant rag-1− /− mice. Cell 89, 1011–1019 

63 Schluns, K. S., Kieper, W. C., Jameson, S. C. and Lefrancois, L. (2000) Interleukin-7  

      mediates the homeostasis of naïve and memory CD8 T cells in vivo. Nat. Immunol. 1, 426– 

     432 

64 Tan, J. T., Dudl, E., LeRoy, E., Murray, R., Sprent, J., Weinberg, K. I. and Surh, C. D. (2001)  

      IL-7 is critical for homeostatic proliferation and survival of naïve T cells. Proc. Natl. Acad.  

      Sci. U.S.A. 98, 8732–8737 

65 Jameson, S. C. (2002) Maintaining the norm: T-cell homeostasis. Nat. Rev. Immunol. 2, 547– 

      556 

66 Schluns, K. S. and Lefrancois, L. (2003) Cytokine control of memory T-cell development and  

      survival. Nat. Rev. Immunol. 3, 269–279 

67 Kuo, C. T., Veselits, M. L. and Leiden, J. M. (1997) LKLF: a transcriptional regulator of  

     single-positive T cell quiescence and survival. Science 277, 1986–1990 



 60 

68 Ouyang, W. and Li, M. O. (2011) Foxo: in command of T lymphocyte homeostasis and  

     tolerance. Trends Immunol. 32, 26–33 

69 Plamondon, C., Kottis, V., Brideau, C., Metroz-Dayer, M. D. and Poussier, P. (1990)  

     Abnormal thymocyte maturation in spontaneously diabetic BB rats involves the deletion of  

     CD4-8
+
 cells. J. Immunol. 144, 923–928 

70 Omilusik, K., Priatel, J. J., Chen, X., Wang, Y. T., Xu, H., Choi, K. B., Gopaul, R., McIntyre- 

     Smith, A., Teh, H.  S., Tan, R. et al. (2011) The Ca(v)1.4 calcium channel is a critical  

     regulator of T cell receptor signaling and naïve T cell homeostasis. Immunity 35,349–360 

71 Fooksman, D. R., Vardhana, S., Vasiliver-Shamis, G., Liese, J., Blair, D. A., Waite, J.,  

     Sacristan, C., Victora, G.  D., Zanin-Zhorov, A. and Dustin, M.  L. (2010) Functional  

     anatomy of T cell activation and synapse formation.   Annu. Rev. Immunol. 28, 79–105 

72 Delon, J., Bercovici, N., Raposo, G., Liblau, R. and Trautmann, A. (1998) Antigen-dependent  

     and -independent Ca
2+

 responses triggered in T cells by dendritic cells compared with B cells.  

     J. Exp. Med. 188, 1473–1484 
 

 



 61 

 

Chapter III – Second article 

 

GIMAP5 is required for integrating survival signals in T cells 

 

Xi-Lin Chen, Daniel Serrano, Marian Mayhue, Kasper Hoebe and Sheela Ramanathan 

 

Student Contribution: I was involved in the planning of the experiments. I performed most of 

the experiments and wrote part of the paper. 

 

 

 

This article was submitted to Immunology. 

 

 

 

 

 

 

 

 

 

 



 62 

Résumé 
Les GTPases de la famille des immune associated nucleotide binding protein (GIMAP) sont des 

protéines exprimées surtout dans les cellules du système hématopoïétique. Une mutation dans le 

membre fondateur de cette famille de gènes, GIMAP5, cause une lymphopénie chez les rats de la 

lignée Bio-Breeding, qui sont susceptibles au diabète spontané. Nous avons montré 

précédemment que les cellules T provenant de ces rats ont un afflux réduit afflux de calcium à 

partir du milieu extracellulaire à cause de la capacité de tamponnage inefficace de la 

mitochondrie. Chez les souris, la suppression du gène de GIMAP5 affecte la survie et le 

renouvèlement des cellules hématopoïétiques souches en plus des défauts observés dans les 

cellules T. Nous montrons maintenant que la protéine GIMAP5 est aussi requise chez les souris 

pour le maintien de l'homéostasie du calcium dans les cellules T. Par ailleurs, GIMAP5 est 

requise pour que l’intégration des signaux de survie suivant l’activation du TCR et IL-7R sois 

efficace chez les cellules T de souris. 
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Summary 
GTPase of the immune associated nucleotide binding protein (GIMAP) family of proteins are 

expressed essentially in cells of the hematopoietic system. Mutation in the founding member of 

this gene family, Gimap5, results in the lymphopenic phenotype in Bio Breeding diabetes prone 

rats. We have shown previously that T cells from these rats exhibit reduced influx of calcium 

from the extracellular milieu due to the inefficient buffering capacity of the mitochondria. In 

mice, deletion of the functional Gimap5 gene affects the survival and renewal of hematopoietic 

stem cells in addition to the defects observed in T cells. Here we show that functional Gimap5 is 

necessary for maintaining the calcium homeostasis in T cells from mice as well. Furthermore, 

GIMAP5 is required to integrate the survival signals generated following activation through TCR 

and IL-7R in murine T cells. 

 

 

 

Keywords: GIMAP5, calcium flux, TCR, IL-7 
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Introduction 

        In diabetes prone Bio Breeding rats, the lyp allele arises from a frame-shift mutation within 

the GTPase domain of the immune associated nucleotide binding protein 5 (Gimap5) gene 
1, 2

. 

Gimap5
lyp/lyp

 rats exhibit a profound T lymphopenia in the secondary lymphoid organs, but are 

otherwise normal 
3
. In rats the lyp mutation shortens the lifespan of T cells in the secondary 

lymphoid organs despite their ability to proliferate following stimulation through TCR/CD3 

complex 
4
. It is known that the homeostatic survival of naïve T cells requires two essential 

signals, one provided by interleukin-7 (IL-7) and the other by the T cell antigen receptor (TCR) 

following the interaction with self-peptide:MHC complexes 
5
. TCR stimulation by antigen 

induces sustained Ca
2+

 influx via calcium release activated channels (CRAC) channels resulting 

in T cell proliferation 
6
. The ‘tickling’ of the TCR by self-peptide:MHC complexes that provide 

survival signals without inducing cell proliferation, are also capable of eliciting discernible Ca
2+

 

response 
7-10

. Our findings suggest that the survival defect in GIMAP5 deficient T cells 
4, 11, 12

 

may be related to the impaired Ca
2+

 response, whereas the decreased Ca
2+

 influx following 

strong TCR stimulation is still sufficient to induce proliferation 
13

. The reduced Ca
2+

 influx was 

associated with the inability of mitochondria to efficiently sequester Ca
2+ 14

, a process that is 

required to maintain the sustained Ca
2+

 influx. Since GIMAP5 does not co-localize with 

mitochondria and the mitochondrial membrane potential is not significantly decreased in 

GIMAP5-deficient T cells at t0 ex vivo 
15

, we examined whether GIMAP5 regulates 

mitochondrial movement. Mitochondria are transported along microtubules by kinesin or dynein 

motors, and on actin cytoskeleton by myosin motors 
16, 17

. Our observations suggest that 

GIMAP5 may regulate the movement of mitochondria on microtubules. In support, over 

expressed GIMAP5 co-localized with microtubules 
14

. 

        Whereas the cell survival defect is confined to T cells in Gimap5lyp/lyp rats, 2 

independently derived lines of Gimap5-deficient mice show defects in various hematopoietic cell 

types including stem cells 
18-20

. Gimap5
-/-

 mice described by Schulteis et al. 
18

 were generated by 

deleting exon 2 and part of the exon3 that code for the functional GIMAP5 protein. In contrast 

the Gimap5
sph/sph 

mice were generated by N-ethyl-Nitrosourea (ENU) mutagenesis 
19

. In these 

mice, a point mutation in the GTPase domain of GIMAP5 destabilizes the protein even if the 

mRNA is expressed normally. Nevertheless, both these lines of mice develop multi-organ failure 

due to excessive inflammation associated with extra medullary hematopoiesis. Furthermore, T 
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cells from Gimap5
sph/sph 

mice do not proliferate in response to CD3/CD28 stimulation 
19

. The 

expression of CD69 is increased with a concomitant down modulation of CD62L expression by 

T cells from older mice 
21

. These changes with age are associated with the loss of the expression 

of FOXO family of proteins 
21

. However, it is not clear how these alterations are brought about 

by the loss of functional GIMAP5. In fact, the defects in the Ca
2+

 homeostasis are early events 

that are observed even before the loss of mitochondrial membrane potential or the increase in 

apoptosis that is observed later 
4, 22

. Therefore we analyzed the proximal signaling events in T 

cells following stimulation through TCR and IL-7R. Our results show that the GIMAP5 

deficiency induces similar defects in Ca
2+

 homeostasis in T cells from Gimap5
sph/sph 

mice. 

Furthermore, our results show that GIMAP5 is also required for TCR and IL-7 mediated 

signaling. 

 

Materials and Methods 

Animals and cells 

Gimap5
sph/sph

 mice generated by the group of Dr. Hoebe (Cincinnati Children’s Hospital), has 

been described previously 
19

. Gimap5
sph/sph

 mice were intercrossed with OT-II TCR transgenic 

mice to generate OTII Gimap5
sph/sph

 mice. Gimap5
+/+

 and Gimap5
lyp/lyp

 rats in the ACI.1u 

background have been described before 
15.

 Mice and rats were housed in microisolated sterile 

cages with unlimited access to food and water under specific pathogen-free conditions. The 

institutional ethical committee approved all experimental protocols. 

 

Antibodies and reagents 

Antibodies against mouse CD3ε, CD4, CD8α, TCR and others conjugated to fluorochromes or 

biotin, and fluorescent streptavidin conjugates were purchased from eBioscience. Antibodies 

against phospho STAT5 (Y694), phospho ZAP70, phospho LAT, STAT5, ZAP70, LAT and 

FOXO1 were from Cell Signaling Technology or Santa Cruz Biotechnology Inc. Anti-mouse 

CD3 mAb (2C11) and goat anti-hamster were from BD Pharmingen Biosciences. RPMI-1640 

cell culture medium, fetal bovine serum (FBS), 4G10 that recognizes phospho-tyrosine and anti-

tubulin mAb were from Sigma Aldrich. Nocodazole, colchicine, cytochalasin D and latrunculin 

B were obtained from Calbiochem. OVA323-339 peptide (ISQAVHAAHAEINEAGR) was 

custom synthesized by Genscript (New Jersey, USA). 
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Cell isolation and Flow cytometry 

Mononuclear cell suspensions were prepared from thymus, spleen or pooled lymph nodes 

(inguinal, axillary, brachial, mesenteric and cervical) and were labeled with indicated antibodies. 

CD8
+
 SP thymocytes were isolated by depletion of CD4

+
 thymocytes, followed by positive 

selection. CD4
+
 T cells were purified by negative selection using magnetic beads from pooled 

lymph nodes (Life Technologies). Mononuclear cells were isolated from the liver following 

digestion with collagenase using GentleMACS dissociator (Miltenyi Biotech). Expression of cell 

surface markers was evaluated by flow cytometry using FACS Canto flow cytometer (Becton 

Dickinson flow cytometry systems) and the data were analyzed using the FlowJo software (Tree 

Star Inc). 

 

Calcium flux assay 

Purified CD4
+
 T cells from pooled lymph nodes were loaded with Fluo-4 AM (1 μM) at 37°C for 

30 min at a concentration of 5x10
6
 cells/ml in Ca

2+
 loading buffer (120 mM NaCl, 1 mM 

Na2HPO4, 0.5 mM MgCl2, 1 mM CaCl2, 5.5 mM glucose and 25 mM HEPES, pH 7.3). After 

washing excess dye, the dye-loaded cells were stimulated with thapsigargin (TG) during 

acquisition as indicated. Alternatively, Ca
2+

 flux was induced by crosslinking with the anti-CD3 

mAb 2C11 and goat anti-hamster (BD Biosciences). Data acquired using a FACS Canto were 

analyzed by FlowJo software as described previously 
13

. 

 

T cell proliferation assay 

CD4
+
 T cells were isolated by negative selection from pooled lymph nodes of control and 

Gimap5
sph/sph

 OTII TCR transgenic mice. Twenty thousand CD4
+
 T cells were stimulated with 

OVA peptide (0.5μM) in the presence of 200,000 irradiated splenocytes in a volume of 200 μl. 

Cell proliferation was measured by [
3
H]-thymidine incorporation 

23.
 

 

T cell stimulation, cell fractionation and immunoblotting 

Purified CD4
+
 T cells from pooled lymph nodes were cultured at 5 x10

6
 cells/ml in the presence 

of 2 nM IL-7 or by crosslinking CD3 using anti-CD3 mAb 2C11 and goat anti-hamster (BD 

Pharmingen Biosciences). CD4
+
 T cells from OT-II TCR transgenic mice were stimulated with 
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OVA peptide (0.5 μM) presented by splenic irradiated APC for the indicated duration. In certain 

experiments, CD4
+
 T cells were incubated at 37°C in the presence or absence of inhibitors for 30 

min and then activated with 2 nM IL-7 for 15 min. Cells were then resuspended in ice-cold lysis 

buffer (10 mM PIPES pH 7.30, 10 mM NaCl, 3.5 mM MgCl2, 0.5 mM EGTA, 0.5 mM EDTA, 1 

mM DTT) supplemented with protease and phosphatase inhibitors. Suspended cells were 

centrifuged at 400 g for 10 min followed by centrifugation of the supernatant at 16000 g for 30 

min. The supernatant was used as cytoplasmic extract and solubilized in 6x sample buffer. 

Nuclear pellet was resuspended in 1x sample buffer. The purity of the fractions was ascertained 

by western blot with anti-histone (nuclear) and anti-tubulin (cytoplasmic) antibodies. Lysates 

were electrophoresed, transferred onto polyvinylidene difluoride membranes, and processed for 

immunoblot analysis. 

 

Results 

Gimap5
sph/sph

 mice exhibit defects in T cell development  

        In the rats, the lyp mutation manifests itself during the late stages of thymic development
 3

. 

Thus the total numbers of thymocytes are comparable with control rat even though the numbers 

of T cells show a profound reduction in the secondary lymphoid organs of Gimap5
lyp/lyp 

rats 
3
. 

Between 4 and 6 weeks of age, there is minimal difference in the total number of thymocytes 

between control and Gimap5
sph/sph 

mice, while the thymic cellularity is significantly decreased by 

8 weeks of age in Gimap5
sph/sph

 mice when compared to controls (Fig. 1A). It is possible that this 

decrease in thymic cellularity may be secondary to the generalized inflammation that has been 

reported in other models 
24

. There was no difference in the proportions of CD4
-
CD8

-
 DN, 

CD4
+
CD8

+ 
DP, CD4

+ 
SP or CD8

+
 SP thymocytes (Fig. 1A). However, both the proportion and 

the absolute numbers of T cells were diminished in the periphery of Gimap5
sph/sph 

mice when 

compared to control mice (Fig. 1B). In fact, the lymphopenic phenotype was evident in pooled 

peripheral lymph nodes from 4 weeks of age (Fig. 1B). 

        In certain strains of Gimap5
lyp/lyp 

rats, the proportion of immature thymocytes expressing 

lower amounts of TCR is increased within the single positive (SP) CD8
+
 population 

22, 25
. As the 

thymic maturation pathways are better characterized in mice, we analyzed in detail, the 

phenotype of CD4
+
 and CD8

+
 SP thymocytes in Gimap5

sph/sph 
mice. In mice, immature SP 

thymocytes are characterized by CD24
hi

Qa2
lo

TCR
lo

CD69
lo

CD62L
lo

 phenotype, while the 



 68 

CD62L expression is high only on the ‘oldest’ SP thymocytes 
26

. The expression of TCR was 

decreased in the CD8
+
, but not in CD4

+
 SP thymocytes of Gimap5

sph/sph 
mice when compared to 

controls (Fig. 1C). Previous studies have suggested that the maturation of CD8
+
 SP thymocytes 

was defective as the frequency of CD69
lo

Qa2
lo

 cells was increased in Gimap5
-/-

 mice 
18

. 

Similarly, the expression of CD24 and CD69 was increased in CD8
+
 SP thymocytes from 

Gimap5
sph/sph 

mice 
19

. As the expression of CD62L is uniformly high in CD4
+
 and CD8

+
 SP 

thymocytes from Gimap5
sph/sph 

mice, it would suggest that the developmental defect occurs at a 

stage that is closer to thymic exit. The expression of CD24 is upregulated in mature CD8
+
 SP 

thymocytes, concomitant with the down regulation of TCR, Qa2 and CD5 in CD8
+
 SP 

thymocytes from Gimap5
sph/sph

 mice (Fig. 1C). In contrast, the proportion of late stage mature 

thymocytes appears to be increased in the CD4
+
 SP subset (Fig. 1C). Except for the increase in 

the frequency of CD24
lo

CD69
lo

 subset, the expression of other markers that define thymocyte 

maturation is comparable in CD4
+
 SP thymocytes from control and Gimap5

sph/sph 
mice (Fig. 1C). 

        In fact this TCR
lo

Qa2
lo

CD5
lo

CD24
hi

 phenotype persists in the few CD8
+
, but not CD4

+
 T 

cells that are present in the secondary lymphoid organs (Fig. 1D). However, the phenotype 

observed in the periphery may be compounded by the lymphopenia-induced activation of T cells. 

Despite the lymphopenia, in the periphery the phenotype of CD4
+
 T cells from Gimap5

sph/sph 

mice is comparable to that of control mice (Fig. 1D). In contrast to CD4
+
 T cells, the 

lymphopenia-induced activation is evident from the increase in the expression of CD44 and 

decreased expression of CD62L in CD8
+
 T cells from Gimap5

sph/sph 
mice (Fig. 1D). 
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Figure 1. Gimap5 deficiency results in disrupted T cell development. 

(A and B, left panel) Absolute number of thymocytes (A) and CD3
+
 T cells (B) from pooled lymph nodes of 

wildtype and Gimap5
sph/sph 

mice were calculated in mice at different ages. 

 (A and B, right panel) Flow cytometric analysis of thymocytes (A) and lymphocytes (B) populations by staining 

with anti-CD4 and anti-CD8 in wild-type and Gimap5
sph/sph 

mice. 

(C and D) Thymocytes (C) and peripheral lymphocytes (D) were examined for phenotype using different marker in 

gated CD4
+
 or CD8

+
 populations from wildtype and Gimap5

sph/sph
 mice.  

* p < 0.05; ** p < 0.01. Data shown are representative of 3 independent experiments. Each experiment consisted of 

analyzing 2 individual mice from each genotype that was carried out simultaneously. 
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        Similar to the previous reports, we observed that homozygous mutant Gimap5
sph/sph

 mice 

did not survive beyond 12 weeks of age (data not shown). At sacrifice, Gimap5
sph/sph

 mice 

exhibited lesions in the liver as a consequence of extra-medullary hematopoiesis in the liver (data 

not shown). Analysis of mononuclear cells isolated from the liver revealed an increase in the 

frequency of macrophages (Fig. 2A), while the frequency of CD4
+
 and CD8

+
 T cells was 

decreased (Fig. 2B). On the other hand, we did not find any evidence for inflammation in the 

colon (data not shown). As these mice were re-derived and maintained in sterilized cages with 

autoclaved food and are free of helicobacter, Klebsiella and other commensals, it is possible that 

the species of microbes that induce inflammation in the gut are absent. These observations are in 

line with the previous report that treatment with antibiotics reduced the incidence of 

inflammation in the intestine 
19

. 

 

Figure 2. Increased frequency of macrophages in mononuclear cells isolated from the liver of Gimap5
sph/sph 

mice. 

Splenocytes and mononuclear cells isolated from the liver were stained with macrophage marker CD11b (A) and 

anti-CD4, CD8 (B) antibodies. FACS data shown are representative of 3 independent experiments. Each experiment 

consisted of analyzing one individual mouse from each genotype that was carried out simultaneously. 
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Signaling through the TCR/CD3 complex is defective in CD4
+
 T cells from Gimap5

sph/sph 

mice 

        T cells from Gimap5
lyp/lyp

 rats show decreased but robust proliferative response to 

stimulation through TCR/CD3 complex as well as following polyclonal activation with mitogens 

12
. We have also shown that the proliferation induced by a nominal antigen was normal, albeit 

with a decreased magnitude of response 
4
. In contrast, CD4

+
 T cells from Gimap5

sph/sph
 mice 

show near complete absence of proliferative response following polyclonal stimulation 
19

. To 

determine if the defect in proliferative response was also observed in response to nominal 

antigens, we generated Gimap5
sph/sph 

mice that expressed the OTII TCR transgene that 

specifically recognizes the ISQAVHAAHAEINEAGR peptide from chicken ovalbumin. Purified 

CD4
+
 T cells from OTII TCR transgenic wild type and Gimap5

sph/sph
 mice were stimulated with 

the cognate peptide presented by irradiated wild type splenocytes. The proliferative response of 

OTII cells from Gimap5
sph/sph

 mice was drastically reduced (Fig. 3). These observations suggest 

that GIMAP5 is essential for the antigen-induced proliferative response of mature T cells in 

mice. 

 

 

Figure 3. Gimap5 deficiency results in the absence of proliferative response to cognate antigen in CD4
+
 T cells.  

Purified CD4
+
 T cells from OT-II TCR-transgenic wild type and Gimap5

sph/sph
 mice were activated with irradiated 

APCs in the presence of OVA peptide and cellular proliferation was measured by [
3
H]-thymidine incorporation. 

Data was pooled from 3 independent mice in each group. 

 

        Given that the proliferative response is a late stage event following T cell activation, we 

assessed TCR-induced proximal signaling in T cells from Gimap5
sph/sph

 mice. We have shown 

previously that cross-linking the TCR complex results in comparable pattern of tyrosine 
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phosphorylation in CD4
+
 T cells from Gimap5

lyp/lyp 
rats 

14
. Following engagement of the 

TCR/CD3 complex, activated LCK phosphorylates ZAP70 that is recruited to the CD3 complex. 

Following phosphorylation of the scaffold protein LAT by activated ZAP70, different signaling 

modules including phospholipase Cγ (PLCγ) are activated that culminates in T cell activation 
27

. 

As the proliferation of T cells was dramatically reduced in Gimap5
sph/sph

 mice, we evaluated the 

proximal signaling events after cross-linking of CD3 either alone or in combination with CD28 

using antibodies. Data presented in Fig. 4a shows that the phosphorylation of ZAP70 was 

comparable between CD4
+
 T cells from control and Gimap5

sph/sph
 mice. However, the 

phosphorylation of LAT was decreased following crosslinking CD3 alone or with CD28 in 

polyclonal CD4
+
 T cells from Gimap5

sph/sph
 mice (Fig. 4A). Due to the limitations in the 

availability of T cells from OTII TCR transgenic Gimap5
sph/sph

 mice, we could not carry out an 

extensive analysis of the proteins involved in T cell signaling pathway. However, we evaluated 

the global pattern of proteins that are phosphorylated on tyrosine using 4G10 mAb, following 

stimulation with the cognate ovalbumin derived peptide ISQAVHAAHAEINEAGR presented by 

irradiated splenocytes. Data presented in Fig. 4B shows reduced phosphorylation of LAT in T 

cells from OTII TCR transgenic Gimap5
sph/sph

 mice. These observations suggest that even if the 

phenotype of CD4
+
 T cells from Gimap5

sph/sph
 mice is not very different from that of their 

counterparts from control mice at 6 weeks of age (Fig. 1D), generation of proximal signals 

following TCR stimulation requires the presence of GIMAP5. 
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Figure 4. TCR-induced proximal signaling is decreased in Gimap5 deficient T cells. 

(A) Purified CD4
+
 T cells from control and Gimap5

sph/sph 
mice were left un-stimulated or stimulated with 5μg/μL 

anti-CD3 or anti-CD3/CD28 for the indicated duration. Lysates were subjected to immunoblot analysis. 

(B) CD4
+
 T cells from OT-II TCR-transgenic control and from Gimap5

sph/sph 
mice were cocultured with irradiated 

APC pulsed with OVA peptide at a ratio of APC: CD4
+
 T cells (8:1) for different duration of time. Cell lysates were 

prepared and tyrosine phosphorylation was detected using 4G10 antibody. 
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        Following TCR stimulation phosphorylated LAT recruits PLCγ which generates inositol 

triphosphate (IP3) that binds to IP3R presented on the endoplasmic reticulum (ER) and leads to 

the emptying of the ER Ca
2+

. Emptying of the ER Ca
2+

 induces oligomerization of the STIM1 

proteins that interact with and open the plasma membrane Ca
2+

 channels resulting in sustained 

influx of Ca
2+

 from the extracellular medium 
6, 28

. Cross-linking of TCR/CD3 resulted in 

diminished Ca
2+

 influx from the extracellular milieu in CD4
+
 T cells from Gimap5

sph/sph
 mice 

(Fig. 5A). As it is possible that the reduced generation of TCR proximal signals can affect IP3-

mediated Ca
2+

 release from the ER, we assessed Ca
2+

 influx following inhibition of the ER 

SERCA pump by thapsigarigin (TG) that blocks the refilling of ER Ca
2+

 store. Data presented in 

Fig. 5B shows that TG-induced Ca
2+

 influx was diminished in CD4
+
 T cells from Gimap5

sph/sph
 

mice. These results are similar to our observations in T cells from Gimap5
lyp/lyp

 rats 
13

, suggesting 

that GIMAP5 regulates Ca
2+

 homeostasis in T cells. The minimal influx of Ca
2+

 that is observed 

in T cells from Gimap5
sph/sph

 mice also suggest that the cellular Ca
2+

 homeostasis is critically 

dependent on GIMAP5 in mice than in rats. The near complete absence of Ca
2+

 influx in CD4
+ 

T 

cells from Gimap5
sph/sph

 mice following cross-linking of CD3 may explain the poor proliferative 

response of T cells from Gimap5
sph/sph

 mice in response to mitogens or cognate antigen. 

 

 

 

Figure 5.   Mouse T cells lacking a functional GIMAP5 display defective Ca
2+

 flux response.  

Purified CD4
+
 T cells from wild type and Gimap5

sph/sph
 mice were loaded with Fluo-4 in Ca

2+
 loading buffer for 30 

min at 37 C in the dark. The cells were then washed and resuspended in the same buffer for flow cytometry 

analysis. The arrows indicate the time of addition of the indicated stimulants. Data were analyzed using the FlowJo 

software and are representative of three independent experiments. 
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IL-7–induced STAT5 phosphorylation is decreased in CD4
+
 T cells from Gimap5

sph/sph
 mice 

        In addition to signals through the TCR complex, IL-7 mediated signals are required for the 

survival of T lymphocytes in the periphery. Previous reports have shown that the expression of 

IL-7 receptor α chain (CD127) is decreased in T cells from Gimap5
sph/sph

 mice 
19

 which 

correlated with the loss of FOXO family of proteins that regulate its expression 
21

. Since the loss 

of FOXO proteins increased with age in Gimap5
sph/sph

 mice, we confirmed the presence of 

FOXO1 protein at 4 weeks of age when most of the experiments were carried out. At 4 weeks of 

age, the expression of FOXO1 protein in CD4
+
 T cells from Gimap5

sph/sph
 mice was comparable 

to their counterparts from control mice (Fig. 6A) 
21

. As the expression of CD127 was also 

comparable in T cells from control and mutant mice in SP thymocytes and in CD4
+
 T cells in the 

periphery at 4 weeks of age (Fig. 6B), we determined whether IL-7 mediated signals are altered 

in T cells from Gimap5
sph/sph

 mice. As shown in Fig. 6C, phosphorylation of STAT5 was 

decreased in SP CD8
+
 thymocytes as well as in CD4

+
 T cells from Gimap5

sph/sph
 mice when 

compared to controls. The reduction was specific to signals through the IL-7 receptor, as IL-15-

induced phosphorylation of STAT5 was comparable between the 2 groups (Fig. 6C, middle 

panel). The reduced IL-7-induced phosphorylation of STAT5 was also observed in CD4
+
 T cells 

from Gimap5
lyp/lyp 

rats (Fig. 6C, right panel). Thus, GIMAP5 deficiency affects signaling 

through the IL-7 receptor in addition to the signals through the TCR/CD3 complex. 

        Phosphorylated STAT5 tetramerizes and is transported to the nucleus along microtubules 
29

. 

As we had observed that the movement of mitochondria on microtubules for buffering Ca
2+

 was 

defective in T cells from Gimap5
lyp/lyp 

rats 
14

, we hypothesized that the movement of pSTAT5 to 

the nucleus would also be reduced in T cells from Gimap5
sph/sph

 mice following IL-7 stimulation. 

Therefore we analyzed the ratio between cytosolic and nuclear phospho STAT5 (pSTAT5) in 

cell lysates following stimulation with IL-7. While the total amount of pSTAT5 appeared to be 

decreased in both the cytosol and nuclear fractions (Fig. 6D, upper panels), to our surprise, we 

did not observe any difference in the relative amounts of pSTAT5 that was present in the nucleus 

(Fig. 6D, lower panels) in lysates from Gimap5
sph/sph

 mice. These observations suggested that 

the proportion of pSTAT5 that is translocated to the nucleus was comparable in T cells from 

control and GIMAP5 deficient mice. In human T cells, IL-7-induced phosphorylation of STAT5 

as well as its translocation to the nucleus was shown to be dependent on cytoskeleton using 

specific inhibitors 
29

. However, pretreatment of resting murine CD4
+
 T cells with different 
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inhibitors of actin or microtubule polymerization had minimal influence on the level of 

phosphorylation of STAT5 even in CD4
+
 T cells from control mice (Fig. 6E). As a consequence, 

these inhibitors had minimal influence on the translocation of pSTAT5 to the nucleus (Fig. 6E, 

bottom panel). As the movement of pSTAT5 to the nucleus appears not to be dependent upon the 

microtubule network in murine T cells, it is not unexpected that we did not observe any effect of 

the loss of GIMAP5 on the movement of pSTAT5. 
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Figure 6. IL-7 induced STAT5 phosphorylation is down regulated in Gimap5-deficient T cells.   

(A) CD4
+
 T cells were purified from freshly isolated lymphocytes from wild type and Gimap5

sph/sph
 mice. Equal 

protein lysate was subjected to western blot to analyze the expression of FOXO1. 

(B) Thymocytes and lymphocytes were stained with Abs to CD4 and CD8. CD127 expression was assessed in gated 
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CD4
+
 SP, CD8

+ 
SP, CD4

+
 or CD8

+
 T cell subpopulations by flow cytometric analysis. 

(C) Purified CD8
+
 SP or CD4

+
 T from Gimap5

sph/sph
 mice or Gimap5

lyp/lyp
 rats were stimulated with IL-7 or IL-15 at 

37C. At the indicated time points the cells were lysed and proteins were immunoblotted to detect STAT5 

phosphorylation.  

(D, E) Purified CD4
+
 T cells from Gimap5

sph/sph
 mice or Gimap5

lyp/lyp
 rats were cultured with IL-7 in the absence or 

presence of cytoskeleton inhibitors (nocodazole (noco), latrunculin B (latB), cytochalasin D (CytD) or/and 

Colchicine (Colc)) for 15 minutes. Western blot analysis of whole-cell lysate (E upper two panels), cytosolic and 

nuclear fractions (D, E bottom panel) was performed using anti-phospho-STAT5 antibody. Tubulin and histone 

were used as markers for cytosolic and nuclear fractions, respectively. * p < 0.05. The data presented are 

representative of 3 independent experiments. 

 

Discussion 

        Even though the GIMAP family of proteins were identified 15 years ago, very little is 

known about the mechanism of their action 
1, 2, 30

. Among the proteins of the GIMAP family, 

Gimap5 has been studied in detail, as the gene is responsible for the lymphopenic phenotype in 

the diabetes prone Bio Breeding rats 
3
. The domains in GIMAP5 do not show specific homology 

to any known protein family despite possessing an N-terminal GTPase domain and a C-terminal 

membrane anchor that localizes the protein to the lysosomes 
31

. In rats, mutation in Gimap5 

decreases the life span of T cells to few days 
4
. In mice mutations in Gimap5 results encompasses 

NK cells, B cells and hematopoietic stem cells 
18, 19

. In contrast, a recent publication suggested 

that the simultaneous loss of Gimap5 and Gimap3 was required for the observed lymphopenic 

phenotype in the mice 
32

. The basis for the observed differences is not clear yet. In humans, mice 

and rats Gimap genes are located within a short stretch of genomic DNA. While Gimap3 is a 

pseudogene in humans and rats, Gimap3 is functional in mice 
1, 2

. Nevertheless, these knockout 

mouse models have shown that in addition to T cells, Gimap5 is required for the survival of 

hematopoietic stem cells and NK cells in mice. In the rats the lymphopenic phenotype is evident 

in the single positive thymocytes 
22, 25

 even though the expression of Gimap5 transcripts have 

been observed in double positive thymocytes 
33

. Thus at least in T cells, Gimap5 appears to have 

similar functions in rats and mice
22, 25

. 

        In contrast to what is observed in the rats, Gimap5 mutation affects the proliferation of T 

cells in mice 
12, 19

. While the proximal signaling events following the engagement of the 

CD3/TCR complex appears to be normal in T cells from Gimap5
lyp/lyp

 rats 
14

, the amplitude of 

these signals are reduced in T cells from Gimap5
sph/sph

 mice. In addition, the decreased 
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proliferation can also be attributed to a drastic reduction in the Ca
2+

 influx in T cells. It is 

possible that the strength of TCR signaling is sufficient for the release of Ca
2+

 from the 

endoplasmic reticulum, as has been observed in the Gimap5
lyp/lyp 

rats 
13

. In these rats, the inability 

of the mitochondria to buffer the Ca
2+

 influx was responsible, at least in part, to the decreased 

Ca
2+

 influx. While we were not able to carry out these experiments in mice due to technical 

difficulties, our finding (Fig.5) suggest that the release of Ca
2+

 from the endoplasmic reticulum is 

normal in T cells from Gimap5
sph/sph 

mice. 

        On the other hand, our findings show that GIMAP5 deficiency impairs IL-7-induced 

STAT5 phosphorylation in T cells from rats and mice. However, it is not clear if the signaling 

defect in IL-7 signaling is related to the defects associated with the movement of the 

mitochondria on microtubules that we had reported previously 
14

. In human T cells, IL-7 

mediated STAT5 phosphorylation and translocation of pSTAT5 to the nucleus has been shown 

to be dependent on microtubules 
29

. The data presented in Fig 6D-6E, suggest that translocation 

of pSTAT5 to the nucleus may not be dependent on the microtubules in mice and rats. Therefore 

it is not surprising that the proportion of pSTAT5 in the nucleus was comparable in T cells from 

control and Gimap5
sph/sph 

mice. Another explanation for the decreased IL-7 induced 

phosphorylation of STAT5 can also be secondary to the lymphopenic environment. The 

expression of the IL-7R has been shown to decreased in the lymphopenic environment to 

maintain the diversity of the T cell repertoire 
34

. Dissecting the relative contribution of 

lymphopenia to the signaling pathways in naïve T cells will be technically difficult. On the other 

hand, the manifestation of the Gimap5-deficiency associated phenotype in SP thymocytes 

suggests that the observed results cannot be attributed solely to lymphopenia. Thus GIMAP5 

appears to be required for both TCR and IL-7 mediate signaling in both the species. 
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Résumé 
La survie à long terme des lymphocytes T à l'état de repos est nécessaire pour maintenir leur 

abondance dans les organes lymphoïdes secondaires. Chez la souris et chez le rat, la perte de 

GIMAP5, une GTPase de la famille des immune associated nucleotide binding protein 

(GIMAP), provoque une lymphopénie en raison de la mort spontanée des cellules T. Les 

mécanismes responsables de la mort spontanée des cellules T déficientes en GIMAP5 reste 

largement inconnus. Dans notre étude, nous montrons que la perte de GIMPA5 résulte en une 

activation basale accrue de la mammalian target of rapamycin (MTOR) indépendamment de la 

protein phosphatase 2A (PP2A) ou de l’AMP-activated protein kinase (AMPK). Nos résultats 

suggèrent que l'activation constitutive de la phosphoinositide 3-kinase (PI3K) pourrait être l'une 

des conséquences de l'absence d’une GIMAP5 fonctionnelle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 84 

Abstract 

Long-term survival of T lymphocytes in quiescent state is essential to maintain their cell 

numbers in secondary lymphoid organs. In mice and in rats, the loss of functional GTPase of the 

immune associated nucleotide binding protein 5 (GIMAP5) causes peripheral T lymphopenia 

due to spontaneous death of T cells. The underlying mechanism responsible for the disruption of 

quiescence in Gimap5 deficient T cells remains largely unknown. In this study, we show that 

loss of functional Gimap5 results in increased basal activation of mammalian target of rapamycin 

(mTOR), independent of protein phosphatase 2A (PP2A) or AMP-activated protein kinase 

(AMPK). Our results suggest that the constitutive activation the phosphoinositide 3-kinase 

(PI3K) pathway may be one of the consequences of the absence of functional GIMAP5. 
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Introduction 

        The GTPase of immune-associated protein (Gimap) family is predominantly expressed in 

lymphocytes and cells of the hematopoietic system [1,2]. In diabetes prone Bio-Breeding (BB-

DP) rats, the lyp allele arises from a frame-shift mutation within the Gimap5 gene that deletes 

223 amino acids at the C-terminus [3,4]. The life span of T cells is reduced in the periphery of 

Gimap5
lyp/lyp 

rats, resulting in a profound T lymphopenia in the secondary lymphoid organs [5-7]. 

Two independently generated lines of Gimap5 deficient mice also exhibit progressive loss of T 

cell population [8,9]. Whereas the cell survival defect is confined to T cells in Gimap5
lyp/lyp 

rats, 

mice lacking Gimap5 show defects in various hematopoietic cell types including a breakdown of 

quiescence in hematopoietic stem cells [8-10]. Despite a decade of efforts by several groups, 

mechanisms underlying the pro-survival function of GIMAP5 remain unclear. 

 

        Different pathways that contribute to the maintenance of quiescence dictate the lifespan of 

naïve T cells in the periphery. Basal homeostatic signals through the T cell receptor (TCR) and 

interleukin-7 receptor (IL-7R) are required to maintain the survival of post-thymic naive T 

lymphocytes [11-15]. IL-7 promotes T cell survival through multiple downstream signaling 

pathways including Janus kinase/signal transducers and activators of transcription (JAK/STAT) 

pathway and PI3K/AKT pathway by increasing the expression of anti-apoptotic proteins such as 

BCL-2 and MCL1 [16]. The TCR-dependent survival signals remain less clear although it is 

known to require LCK, a non-receptor tyrosine kinase that is activated following TCR 

stimulation by foreign antigens [14]. Similarly absence of KLF2 and certain other genes also 

compromises survival of naïve T cells [17]. The data from our lab suggest that GIMAP5 is 

required for integrating TCR and IL-7 signals in T cells for survival, even though the 

mechanisms are not yet known (manuscript submitted). 

 

        In addition to T cell specific molecules, classical pathways that mediate survival in most of 

the cell types such as liver kinase B1 (LKB1) and AMPK are also required for the survival of T 

cells [18-20]. The quiescent state that promotes naïve T cell survival is accompanied by a 

catabolic metabolism and low mTOR activity [21,22]. LKB1 and its downstream AMPK 

regulates cellular energy metabolism and cell polarity through suppressing mTOR complex 1 

(mTORC1) by activating its suppressor, tuberous sclerosis complex 1/2 (TSC1/2)[20,23,24]. In 
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contrast, activation of AKT following engagement of the TCR complex at the immunological 

synapse phosphorylates TSC1/2 complex, thereby releasing small GTPase RAS homologue 

enriched in brain (RHEB) from suppression to activate the mTORC1 [25]. Activated mTORC1 

promotes translation and protein synthesis by activating 70-kDa ribosomal S6 kinase (S6K1) and 

releasing the suppression of eukaryotic initiation factor 4E (eIF-4E) by the repressor protein eIF-

4E binding protein 1 (4EBP1)[26]. Several studies have shown that deficiency of LKB1or 

TSC1/2 leads to high mTOR activity and loss of T cell quiescence [18,23,24,27,28]. While the 

pathways leading to the activation of mTORC1 complex following engagement of the TCR at 

the immunological synapse is well-characterized, it is not clear how homeostatic signals through 

the IL-7R and TCR molecules are integrated in T cells to promote quiescence and survival. 

 

        Our previous observations suggest that GIMAP5 deficient T cells may be ineffective in 

integrating homeostatic signals through the TCR [29,30]. Even though the pattern of tyrosine 

phosphorylation following cross-linking of CD3/CD28 complex was comparable between T cells 

from control and Gimap5
lyp/lyp

 rats, T cells from the mutant rats showed reduced calcium (Ca
2+

) 

influx from the extracellular medium. This decrease was associated with a reduction in the 

ability of the mitochondria to buffer the cytosolic calcium [30]. The above observations can be 

attributed to GIMAP5 deficiency in general, as T cells from Gimap5
sph/sph 

mice also show a 

similar phenotype, albeit, more severely (manuscript submitted). While Gimap5 mutation does 

not affect the proliferation of T cells in the rats, in mice the proliferative response is severely 

decreased following activation through the TCR/CD3 complex [8,9]. Despite the defects in the 

proliferative response, T cells from Gimap5
sph/sph

 mice and Gimap5
lyp/lyp 

rats show polarization 

towards Th1/Th17 pathway [31,32]. Furthermore the development of regulatory T cells is 

impaired in Gimap5 mutant rats and mice [32-35]. T cells from Gimap5
sph/sph 

mice exhibit 

progressive loss of forkhead box O (FOXO) proteins with age [32]. Given that the above-

described phenotypes are regulated by the AKT/mTORC1 pathways [36-38], we analyzed in 

detail the activation of the AKT pathway in T cells from Gimap5 mutant rats and mice. Here we 

report that Gimap5 deficiency results in the constitutive activation of AKT/mTORC1 pathway. 
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Materials and methods 

Animals 

 Gimap5
sph/sph 

mice in the C57Bl/6 background were generated by Dr. Hoebe [9]. Gimap5
sph/sph 

mice were crossed with OT-II TCR transgenic mice to generate OTII Gimap5
sph/sph 

mice. 

C57BL/6 mice were purchased from Charles River Canada. Gimap5
+/+

 and Gimap5
lyp/lyp 

rats in 

the ACI.1u background have been described before [39]. Mice and rats were bred and 

maintained under specific pathogen free conditions at the Université de Sherbrooke. The animals 

were housed in the appropriate cages with free access to food and water. ‘Comité Facultaire de 

Protection des animaux de Université de Sherbrooke’ committee approved all the protocols 

(protocol number 050-13B). 

 

Reagents 

        LY294002 (LY), oligomycin, fluoro-carbonyl cyanide phenylhydrazone (FCCP), rotenone, 

antimycin A, RPMI-1640 cell culture medium, fetal bovine serum (FBS) and antibody against 

actin were from Sigma Aldrich. Thapsigarigin (TG), Rapamycin, okadaic acid (OA), CAL-101 

and calyculin A were from Calbiochem. OVA323-339 peptide (ISQAVHAAHAEINEAGR) was 

custom synthesized by Genscript (New Jersey, USA). ATP detection kit, Dynabeads CD4 T cell 

kit for negative selection and dynabeads pan mouse IgG were from Life Technologies. Anti-

mouse CD3 (2C11) and anti-rat TCR (R73) were from BD Pharmingen Biosciences. Goat anti-

hamster and goat anti-mouse antibodies for cross-linking were purchased from Jackson 

ImmunoResearch Laboratories. PP2A immunoprecipitation phosphatases assay kit was from 

Upstate/Millipore. Enhanced chemiluminescence (ECL) was from GE Healthcare. Antibodies to 

phosphorylated and total AMPKa(Thr172), AMPKb1(Ser108), Acetyl CoA carboxylase(ACC) 

(Ser79), S6(S235/236), 4EBP1(Thr37/46), AKT(S473) and FOXO1(T24) were obtained from 

Cell Signaling Technology. 

 

T cell preparation and stimulation 

        CD4
+
 T cells were used for all the experiments as the paucity of CD8

+
 T cells in Gimap5 

mutant rats and mice precludes their isolation in sufficient numbers to carry out any experiment. 

Single-cell suspension from pooled lymph nodes (inguinal, axillary, brachial, mesenteric and 

cervical) of mice were prepared in PBS supplemented with 2% FCS. CD4
+
 T cells were purified 
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by negative selection using dynabeads. T cells were stimulated by crosslinking with the anti-CD3 

mAb 2C11 and goat anti-hamster antibody. OT-II CD4
+
 T cells were stimulated with OVA323-

339 peptide (0.5 μM) presented by irradiated splenocytes that served as antigen-presenting cells 

(APC) for the indicated duration. For inhibitor experiments, cells were pre-incubated in the 

presence or absence of the inhibitors in complete RPMI containing calcium for 30 min at 37°C. 

The vehicle control was PBS or DMSO that was diluted at the same concentration. The 

concentration of DMSO did not exceed 0.1%. For each experiment lymph nodes were pooled 

from 2 Gimap5
sph/sph

 mice for every control mouse and 3 Gimap5
lyp/lyp 

rats for every control rat in 

order to obtain sufficient numbers of CD4
+
 T cells. While the rat and the mice were sex-matched 

in every experiment, both males and females were used depending on the availability. The mice 

and rats were used at 4 weeks of age. 

 

PP2A activity assay 

        The PP2A protein phosphatase activity of CD4
+
 T cellular lysate was determined by 

measuring the generation of free phosphate from the threonine phospho-peptide using PP2A 

immunoprecipitation phosphatase assay kit. Cell lysates were prepared in lysis buffer (20mM 

imidazole-HCL, 2mM EDTA, 2mM EGTA, PH7.0 with protease inhibitor cocktail). Five 

hundred mg of total cell lysate was immunoprecipitated with anti-PP2A antibody. PP2A activity 

in the immunoprecipitates was determined using 750μM phospho-peptide as substrate. After 10 

minutes of incubation at 30°C malachite dye was added, and free phosphate was measured by the 

relative absorbance at 650 nM. 

 

Quantitative real-time PCR assay 

        The transcripts of many mitochondrial genes were measured by using 1 mg total DNA from 

purified CD4
+
 T cells as template. The PCR reaction was performed according to the 

manufacturer’s instructions using SYBR Green Supermix and MyiQ™ real-time PCR detection 

system (Bio-Rad). Primers are as follows: Cytochrome c oxidase subunit V (Cox5a): 5’-GCTA 

TTCTCATGGGTCACACG-3’ (forward), 5’-CAATGATTTTGGGCTCAGGAAC-3’ (reverse); 

ATP synthase subunit alpha (Atp5a1): 5’-CATTGGTGATGGTATTGCGC-3’ (forward) and 5’- 

TCCCAAACACGACAACTCC-3’ (reverse); Isocitric dehydrogenase subunit alpha (Idh3a): 5’-

ACAAGACCCATCCCAGTTTG-3’ (forward) and 5’-GATTCAAAGATGGCAACACCG-3’ 
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(reverse); NADH dehydrogenase (ubiquinone) Fe-S protein 8 (Ndufs8): 5’-GTTCATAGGGTC 

AGAGGTCAAG-3’ (forward) and 5’-TCCATTAAGATGTCCTGTGCG-3’ (reverse); 

Cytochrome c, somatic (Cycs): 5’-AAGGGAGGCAAGCATAAGAC-3’ (forward) and 5’-

ATTCTCCAAATACTCCATCAGGG-3’ (reverse); Mitochondrial 12S: 5’-ACCGCGGTCATA 

CGATTAAC-3’ (forward) and 5’-CCCAGTTTGGGTCTTAGCTG-3’ (reverse); Mitochondrial 

18S: 5’-CGCGGTTCTATTTTGTTGGT-3’(forward) and 5’-AGTCGG CATCGTTTATGGTC-

3’ (reverse). The expression of mRNA for genes of interest was normalized to the expression of 

a housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

 

Measurement of Oxygen consumption rates (OCR)  

        CD4
+
 T cells were stimulated overnight with plate-bound anti-CD3/CD28 and oxygen 

consumption rate (OCR) (in pmol/min) was measured using Seahorse XF-96 metabolic 

extracellular flux analyzer (Seahorse Bioscience). Briefly, CD4
+
 T cells were re-suspended in XF 

assay buffer and were plated onto Seahorse cell plates (6  10
5
 cells per well). T cell attachment 

was enhanced by centrifugation. Cells were incubated at 37°C in a CO2-free incubator for one 

hour prior to measurements. Then OCR was measured under basal conditions and following the 

addition of oligomycin (1 mM), FCCP (1.5 mM) and rotenone (100 nM) + antimycin A (1 mM). 

 

ATP assay 

        The cellular levels of ATP were measured using a bioluminescence assay kit according to 

the manufacturer's instructions. Briefly, rat CD4
+
 T cells were untreated or stimulated with 

antibodies to CD3 and CD28 for the indicated time. The cells were collected and lysed in lysis 

buffer. The lysates were centrifuged at 13,000g for 15 min at 4°C and supernatants were 

collected. ATP concentraion was measured in 0.5μg protein lysate. The luminescence was 

measured in a microplate luminometer by the absorbance at 560 nM. 

 

Immunoblot 

         Cells were washed with cold PBS, harvested and re-suspended in SDS-PAGE sample 

buffer (50 Mm Tris pH 6.8, 1% (w/v) SDS, 1 mM EDTA, 1 mM dithiothreitol). Equivalent 

amounts of proteins were separated in SDS-PAGE gels and transferred to polyvinylidene 

difluoride membranes. The blots were probed with primary antibodies followed by incubation 
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with the appropriate HRP-conjugated secondary antibodies and developed with ECL reagent. 

After incubating in stripping solution (2% SDS, 62.5 mM Tris pH 6.8, 100 mM 2-

mercaptoethanol) for 30 min at 55 °C, the blots were blocked and reprobed for total proteins. 

 

Statistical analysis 

         Data were analyzed using two-way ANOVA for statistical comparisons. P values less than 

0.05 were considered statistically significant. 

 

Results 

Gimap5-deficient T cells show constitutive mTORC1 activity 

        Despite the inability of CD4
+
 T cells from mice and rats with mutations in the Gimap5 gene 

to undergo robust proliferation in response to cognate antigens as well as polyclonal stimulations 

such as cross-linking CD3 and CD28 or a combination of PMA and ionomycin, these cells were 

capable of differentiating into Th17 cells [31,32]. As differentiation into Th17 cells is associated 

with the activation of the mTORC1 complex [36-38], we assessed the mTORC1 pathway by 

analyzing the phosphorylation of its canonical substrates. Phosphorylation of 4EBP1 releases 

eIF4E to initiate capdependent translation [40]. Phosphorylation of S6K activates its kinase 

activity that results in the phosphorylation of ribosomal protein S6, a component of the 40S 

ribosome, which is one of the most characterized substrate of S6K [41]. Following cross-linking 

CD3/CD28 on the surface of CD4
+
 T cells, phosphorylation of the S6 peaked between 2 and 10 

minutes in controls (Fig. 1A). To our surprise, we observed that even in the absence of any 

stimulation, S6 and 4EBP1 were heavily phosphorylated in CD4
+
 T cells from Gimap5

sph/sph 
mice 

(Fig. 1A). It is possible that the polyclonality of the T cell repertoire could have skewed the 

distribution of the T cell subsets that are present in the peripheral pool of Gimap5
sph/sph 

mice. 

Therefore, we assessed the expression of pS6 and p4EBP1 in CD4
+
 T cells from OTII transgenic 

control and Gimap5
sph/sph 

mice (OTII cells) following stimulation with the cognate peptide 

ISQAVHAAHAEINEAGR, derived from the chicken ovalbumin, that was presented by 

irradiated APC. OTII cells from control mice showed a gradual increase in pS6 protein over a 

period of 3 hours. However, similar to polyclonal T cells, OTII cells from Gimap5
sph/sph 

mice 

showed elevated basal level of expression of pS6 with minimal increase over time (Fig. 1B). The 

increased phosphorylation of S6 was not peculiar to Gimap5
sph/sph 

mice as loss of functional 
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GIMAP5 results in increased phosphorylation of S6 and 4EBP1 in Gimap5
lyp/lyp 

rats as well (Fig. 

1C). The increased phosphorylation of these proteins is not due to any non-specific effects, as 30 

min after stimulation with anti-CD3/CD28, the band corresponding to pS6 was reduced in both 

control and Gimap5
sph/sph 

T cells (Fig. 1A). These observations suggest that, even if pS6 is 

constitutively activated, pathways leading to TCR-induced de-phosphorylation of pS6 are not 

affected by Gimap5 deficiency. 

 

        As phosphorylation of 4EBP1 and S6 is mediated by signals from mTORC1, we addressed 

the role of mTORC1 in this phosphorylation. To this end, purified CD4
+
 T cells from control and 

Gimap5
sph/sph 

mice were pre-treated with rapamycin, an inhibitor of mTORC1 activity. Pre-

treatment with rapamycin inhibited the constitutive and TCR-induced phosphorylation of S6 and 

4EBP1 in CD4
+
 T cells from control and Gimap5

sph/sph 
mice (Fig. 1D, 1E). Similarly, the 

constitutive phosphorylation of S6 and 4EBP4 observed in T cells from Gimap5
lyp/lyp 

rats was 

also diminished by treatment with rapamycin (Fig. 1F) indicating that the increased mTORC1 

activity observed in CD4
+
 T cells as a consequence of the loss of GIMAP5 functions is 

comparable across species. 
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Figure 1. GIMAP5 regulates the activity of mTORC1. 

(A and C) CD4
+
 T cells from control and Gimap5 deficient mice (A) and rats (C) were left unstimulated or 

stimulated with 5μg/μL anti-CD3 or anti-CD3/CD28 for the indicated duration. Lysates were subjected to 
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immunoblot analysis for the indicated antibodies. n= 4. 

(B) CD4
+
 T cells from the OTII TCR-transgenic control and Gimap5

sph/sph 
mice were co-cultured with irradiated 

APC pulsed with the OVA peptide for the indicated duration. Cell lysates were prepared and protein expression was 

measured. n= 3. 

(D and F) CD4
+
 T cells from control and Gimap5 deficient mice (D) and rats (F) were treated with vehicle or 200 

nM rapamycin for 30 min followed by TCR cross-linking at different time points. Cell lysates were analyzed by 

western blot using indicated antibodies. n= 3. 

(E) CD4
+
 T cells from the OTII Gimap5

sph/sph 
and control mice were pretreated with vehicle or 200 nM rapamycin 

for 30 min before simulation with ova peptide for the indicated duration. Cell lysates were probed with specific 

antibodies. n= 3. For all the experiments, representative data from the indicated number of experiments with similar 

results are shown. *p <0.05 ; # p <0.05.  

 

Activation of AMPK is not altered by Gimap5 mutation 

        T cell quiescence also requires the suppression of the mTORC1 complex by signals from 

the LKB1/AMPK pathway [20]. In quiescent T cells catabolic LKB1/AMPK pathway promotes 

mitochondrial oxidative phosphorylation (OXPHOS) and autophagy to meet the energy 

requirements. Cytosolic Ca
2+

 influx that follows TCR cross-linking can also transiently activate 

AMPK to increase the ATP production in anticipation of cell growth [42]. Therefore we assessed 

the AMPK status in T cells at rest and following Ca
2+

 influx from the intracellular stores. We  

have shown previously that the Ca
2+

 release from the endoplasmic reticulum (ER) following 

TCR cross-linking was not affected in T cells from Gimap5
lyp/lyp 

rats [29]. To mimic the TCR 

induced Ca
2+

 release from the ER we used thapsigarigin (TG), a pharmacological inhibitor of the 

sarco/endoplasmic reticulum Ca
2+

-ATPase (SERCA) pump that is involved in the re-filling of 

the ER Ca
2+

 stores. As shown in Fig. 2, we did not observe any difference in the basal or Ca
2+

-

induced phosphorylation of AMPK. Furthermore, the pattern of phosphorylation of ACC, the 

downstream substrate of AMPK was also comparable between the control and Gimap5 mutants 

in both the rats and in mice. These results suggest that Gimap5 does not influence the activation 

of AMPK pathway in T cells.  
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Figure 2: Loss of GIMAP5 does not affect the activation of AMPK. 

CD4
+
 T cells from Gimap5 deficient rats or mice were stimulated with 1mM TG at indicated time. Cells were lysed 

and analyzed by western blot for the expression of the indicated proteins. Representative data from three 

experiments with similar results are shown. 

 

        Energy requirements of the quiescent cells are mostly derived from catabolic process 

involving mitochondrial oxidative respiration [43]. As Gimap5 mutation results in the loss of the 

mitochondrial membrane potential over time and reduced ability of mitochondria to buffer 

cytosolic Ca
2+

 [30], we assessed whether CD4
+
 T cells from Gimap5

sph/sph 
mice showed 

alterations in OXPHOS. To this end, we first assessed the mitochondrial content by assessing the 

expression of genes associated with mitochondria by quantitative PCR [28,44]. Mitochondrial 

content in CD4
+
 T cells from control and Gimap5

sph/sph 
mice were comparable as seen by the 

expression of mitochondrial genes and the assessment of the ratio between mitochondrial and 

nuclear rRNAs (Fig. 3A). Next, we assessed mitochondrial respiration using extracellular flux 

analyzer. Here, alterations in OXPHOS will be reflected in the amount of oxygen consumed by 

the mitochondria, which is expressed as oxygen consumption rate (OCR). Again, we did not 

observe any difference in the OCR, between T cells from control and Gimap5
sph/sph 

mice (Fig. 

3B). Similarly, mutation in Gimap5 did not affect the energy production in resting T cells or 

following cross-linking of CD3/CD28 as measured by the total ATP content in these cells (Fig. 

3C). Taken together, these observations suggest that Gimap5 does not directly influence the 

energy content in T cells. 
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Figure 3: Mitochondrial function is normal in Gimap5 deficient CD4
+
 T cells. 

(A) qPCR analyses of genes associated with mitochondrial biogenesis and OXPHOS, including Cytc, Cox5a, 

Ndufs8, Idh3a and Atp5a1 in CD4
+
 T cells from control and Gimap5

sph/sph 
mice.  

(B) CD4
+
 T cells from control and Gimap5 deficient mice were left un-stimulated or stimulated with 5μg/μL anti-

CD3 or anti-CD3/CD28 for overnight. Metabolic flux was determined using Seahorse Biosciences XF96 Analyzer. 

Measurement of OCR is shown under basal conditions and following sequential addition of oligomycin, FCCP, and 

rotenone 
+
 antimycin A.  

(C) CD4
+
 T cells from control and Gimap5

lyp/lyp 
rats were unstimulated or stimulated with CD3/CD28 for indicated 
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duration. ATP levels were measured using the bioluminescence assay.  All data shown are mean + standard 

deviation from three independent experiments. 

 

PP2A phosphatase activity is not decreased in Gimap5-deficient T cells 

        The constitutive phosphorylation of S6 and 4BP1 in T cells from Gimap5 mutation mice 

and rats can also arise from suboptimal phosphatase activity. PP2A, a serine/threonine protein 

phosphatase, is the major phosphatase responsible for the de-phosphorylation of S6 and 4EBP1 

[45]. An earlier study had shown that apoptosis induced by OA, an inhibitor of the PP2A could 

be prevented by transfection with human GIMAP5 (previously called IAN5) gene [46]. As a 

corollary, we have also observed that Gimap5
lyp/lyp 

T cells lacking functional Gimap5 showed 

increased sensitivity to OA-induced apoptosis (Supplemental Fig. 1). We confirmed the role of 

PP2A in dephosphorylating S6 and 4EBP1 by treating the cells with calyculin A, an inhibitor of 

PP2A [47]. As expected, treatment with calyculin A resulted in an increased phosphorylation of 

S6, 4EBP1 and AKT (Supplemental Fig. 2). To determine whether the constitutive 

phosphorylation of S6 and 4EBP1 could be the result of decreased PP2A activity, we measured 

the activity of PP2A in the lysates of CD4
+
 T cells from Gimap5

lyp/lyp 
rats. Under steady state 

conditions, the activity of PP2A was comparable in CD4
+
 T cells from Gimap5 deficient and 

control rats (Fig. 4). These observations suggest that the persistence of the phosphorylation of S6 

and 4EBP1 cannot be attributed to decreased phosphatase activity per se. 

 

 

Figure 4. GIMAP5 inhibits mTORC1 signaling in a PP2A-independent manner. 

CD4
+
 T cells from control and Gimap5

lyp/lyp 
rats were unstimulated or pretreated with Calyculin A for 30 min. Then 

the cells were lysed and the lysates was immunoprecipitated with anti-PP2A antibody. The immunoprecipitates were 



 97 

washed with TBS buffer followed by phosphatase reaction buffer. PP2A activity was assayed according to the 

manufacturer’s instructions. n= 3. Cumulative data (mean + SD) from three experiments are shown. Statistical 

comparison was made by two-way ANOVA. 

 

Gimap5 deficiency results in constitutively active AKT 

        Cross-linking of TCR/CD3 complex results in the recruitment of PI3K to the CD3 chains, to 

generate phosphatidylinositol (3,4,5)-triphosphate (PIP3) at the plasma membrane [48]. 

Phosphoinositide-dependent kinase-1 (PDK1) and AKT are recruited by PIP3 through their 

plekstrin homology (PH) domains leading to the phosphorylation of AKT at the Thr308, 

followed by the phosphorylation of Ser473 by mTORC2 complex [49]. Activated AKT 

phosphorylates TSC1/TSC2 complex, resulting in the inhibition of its GTPase-activating protein 

(GAP) activity and releasing the RHEB GTPase to activate mTORC1 complex [50]. We assessed 

whether the increased phosphorylation of AKT following cross-linking of TCR/CD3 complex 

and CD28 could explain the increased mTOR activity. In CD4
+
 T cells from control mice, we 

observed that the pAKT peaked between 2 and 10 minutes after CD3/CD28 cross-linking, and 

returned to the basal level by 30 minutes (Fig. 5A). In contrast, phosphorylation of AKT was 

detected even in the absence of stimulation in CD4
+
 T cells from Gimap5

sph/sph 
mice (Fig. 5A). 

Crosslinking CD3/CD28 also increased the pAKT that returned to basal level within 30 minutes 

in Gimap5
sph/sph 

CD4
+
 T cells. But it was still higher than that observed in the control cells. 

Following activation of control OTII cells with peptide/APC, phosphorylation of AKT was 

evident at 5 minutes and was strong even at 180 minutes (Fig. 5B). However, in Gimap5 mutant 

OTII cells, pAKT was detected even in the absence of stimulation and showed minimal increase 

over time (Fig. 5B). Increased basal AKT phosphorylation was also observed in CD4
+
 T cells 

from Gimap5
lyp/lyp 

rats (Fig. 5C). These results strongly indicated that loss of functional GIMAP5 

protein results in elevated basal phosphorylation of AKT in T cells. Previous report has shown 

that the expression of FOXO1, the down stream target of AKT, is reduced in CD4
+
 T cells from 

Gimap5
sph/sph

 mice after 4 weeks of age [32]. We observed that the phosphorylation of FOXO1 is 

comparable or lower in Gimap5 mutant CD4
+
 T cells even in the presence of hyperactivated Akt 

(Fig. 5 and 6). Furthermore, to confirm that the activation of AKT was not an artifact, we 

determined the phosphorylation status of AKT and FOXO1 in the cells where mTOR was 

inhibited. While phosphorylation downstream of mTORC1 was inhibited following pre-

treatment with rapamycin (Fig. 1D, 1E and 1F), phosphorylation of AKT and FOXO1 remained 
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unchanged (Fig. 5D-E). These results indicate that the constitutive activation of AKT likely 

underlies the activation of the mTORC1 pathway in T cells lacking functional GIMAP5 protein. 

 

Figure 5. Gimap5 mutation results in constitutive activation of AKT. 
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(A and C) CD4
+
 T cells from control and Gimap5 deficient mice (A) and rats (C) were stimulated with 5μg/μL anti-

CD3 or anti-CD3/CD28 for the indicated times. Lysates were subjected to immunoblot analysis with the indicated 

antibodies. n= 3-5. 

(B and E) CD4
+
 T cells from the OT-II TCR-transgenic control and Gimap5

sph/sph 
mice were simulated with OVA 

peptide presented by APC in the absence (B) or presence of rapamycin (E). Cell lysates were probed with specific 

antibodies. n= 3. 

(D) CD4
+
 T cells from control and Gimap5 deficient mice were treated with 200 nM rapamycin for 30min followed 

by TCR crosslinking at different time points. Cell lysates were subject to western blot using indicated antibodies. n= 

3. For all the experiments, representative data from the indicated number of experiments with similar results are 

shown. * p <0.05. 

 

Constitutively activated PI3K is responsible for the increased pAKT in GIMAP5 deficient 

T cells 

        Engagement of the TCR or IL-7R activates PI3K to generate PIP3 at the plasma membrane 

that results in the recruitment and activation of AKT [51]. To determine whether the 

phosphorylation of AKT was secondary to the activated state of PI3K, we pretreated the cells 

with different inhibitors of PI3K. LY294002 (LY) and CAL-101 markedly diminished the 

intensity of the pAKT in CD4
+
 T cells from control and Gimap5

sph/sph 
mice and Gimap5

lyp/lyp 
rats 

(Fig. 6, Supplemental Fig. S3). Phosphorylation of AKT following activation of OTII cells with 

ova peptide was also completely prevented by CAL-101 (Fig. 6D). More importantly, inhibition 

of PI3K greatly diminished the amount of constitutive pAKT, indicating that aberrant activation 

of PI3K is the underlying cause for the activation of the AKT/mTOR pathway. In addition, the 

level of pFOXO1, an mTORC1-independent substrate of pAKT was also reduced following 

treatment with PI3K inhibitors (Fig. 6). The pattern of inhibition between LY and CAL-101 was 

comparable in control and mutant cells (Fig. 6A versus 6C and Fig. 6B versus 6D). While LY 

is pan PI3K inhibitor, CAL-101 is specific to PI3Kdelta isoform that is active in lymphocytes 

[48]. Thus it is reasonable to conclude that the constitutive phosphorylation of AKT is essentially 

mediated by PI3K delta in the T cells from Gimap5 mutant mice. 
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Figure 6. Aberrant activation of PI3K contributes to hyper-activated AKT in Gimap5 deficient CD4
+
 T cells. 

(A and C) CD4
+
 T cells from control and Gimap5

sph/sph 
mice were treated with 10μM LY294002 (A) or 1 mM CAL-

101 (C) for 30min followed by TCR stimulation. The lysates were analyzed for indicated antibodies. n= 2. 

(B and D) CD4
+
 T cells from the OT-II TCR-transgenic Gimap5

sph/sph 
and control mice were stimulated with antigen 

in the presence of LY294002 (B) or CAL-101 (D). Cell lysates analyzed by western blot using the antibodies. n= 2. 

Representative data from two experiments with similar results are shown. 

 

Discussion 

        Long-term survival of T lymphocytes in quiescent state is essential to maintain their cell 

numbers in the peripheral circulation and in secondary lymphoid organs. Even though cytokines, 

T cell antigen receptor and various signaling pathways are implicated in the maintenance of T 

cell survival, the processes by which these signaling pathways are integrated are not yet well 

understood. In BB-DP rats, T lymphopenia that arises due to the recessive mutation in the lyp 

allele promotes abortive homeostatic expansion of T cells resulting in autoimmune diabetes [6] 

(reviewed in [7]). As a consequence of this mutation, single positive thymocytes and mature T 

lymphocytes undergo spontaneous apoptosis [52,53]. Twenty years later the mutation was 

mapped to the Gimap5 locus (formerly Ian5) leading to the discovery of a new family of proteins 
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[3,4]. A GTPase domain in the N-terminus that can potentially hydrolyze GTP characterizes 

GIMAP proteins. Some of them possess a C-terminal hydrophobic trans-membrane domain, 

which targets GIMAP5 to the lysosome [54]. While in rats the functional consequence of 

Gimap5 mutation is restricted to the T cell lineage, in mice it extends to other hematopoietic 

cells and prevents the survival of hematopoietic stem cells [8,9]. 

        In Gimap5
lyp/lyp 

rats the frame-shift mutation truncates the coding sequence at 109 amino 

acid, leading to the loss of the putative GTPase domain and the C-terminal membrane anchor 

[3,4]. Due to the instability of the mRNA, neither the mutant mRNA nor the protein are 

expressed. In Gimap5
sph/sph 

mice a point mutation disrupts the functional GTPase domain. While 

the mRNA is expressed, the protein is not detected, probably due to its lack of stability [9]. 

These observations suggest that the GTPase domain of GIMAP5 protein may be functional. 

Studies on GIMAP2 indicate that the GTPase domain in GIMAP2, 7 and 5 can bind GTP and 

can potentially hydrolyze GTP when they form dimers [55]. GIMAP5 has comparable functions 

at least in T cells, in both rats and mice as observed in this study where we have carried out most 

of the experiments in both Gimap5 mutant rats and mice. 

        Most of the GIMAP proteins are expressed in cells of the hematopoietic system [56]. 

However, the mechanisms by which GIMAP proteins promote the survival of T and B 

lymphocytes have not yet been elucidated. In mice, GIMAP5 has been reported to interact with 

the members of the Bcl-2 family [2,10]. On the other hand, we did not observe co-localization of 

Bcl-2 with rat GIMAP5 in primary rat T lymphocytes or following overexpression [39]. Our 

observations rather suggest that GIMAP5 may be involved in the integration of the survival 

signals generated through the TCR by regulating the calcium homeostasis in T lymphocytes [29]. 

In fact the TCR-induced release of Ca
2+

 from the ER stores is normal in GIMAP5 deficient T 

cells suggesting that certain aspects of the proximal TCR signaling machinery is intact in these 

cells [29]. The reduced Ca
2+

 influx can be attributed to the inability of the mitochondria to move 

on microtubules to buffer the cytosolic Ca
2+

 in the absence of functional GIMAP5 protein [30]. 

Similar function has been recently reported for GIMAP4 that interacts with actin and tubulin for 

cytokine secretion in CD4
+
 T cells [57]. These observations collectively raise the possibility that 

the survival defect in these Gimap mutant T cells can also, in part, be due to defects in vesicular 

traffic. 
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        Despite the lymphopenia and the defective proliferative response following TCR 

stimulation, Gimap5-deficient T cells do differentiate into Th17 cells and contribute to the tissue 

pathologies [9,31,58]. T cell specific deletion of regulatory associated protein of mTOR 

(RAPTOR), the mTOR binding partner that also binds p70S6k and 4E-BP1, prevents the down 

regulation of Gfi1, a negative regulator of Th17 differentiation [59]. Our observations show that 

this skewing towards Th17 differentiation in Gimap5-deficient T can be attributed to the 

increased mTORC1 signaling (Fig. 1). As a consequence, Gimap5-deficient T cells show a 

decrease in the Treg population, which can also aggravate the observed pathologies [9,33]. 

However, it is not clear if the lymphopenia influences the observed phenotypes. Competitive 

reconstitution leads to the loss of the mutant T cells over time in rats, making it difficult to 

address the role of lymphopenia [53]. However, reconstitution with Gimap5-sufficient cells 

greatly reduced the development of autoimmune diabetes in the rat model and the intestinal 

lesions in the mouse model [7,9], suggesting that the manifestation of the pathologies associated 

with the Gimap5 mutation are secondary to the lymphopenia induced activation.  

 

        Quiescence in T cells also requires the repression of mTORC1 pathway by the 

LKB1/AMPK axis that promotes catabolic pathways involving mitochondrial OXPHOS [20]. 

The activation of mTORC1 pathway is not due to defects in AMPK activation as seen from the 

equivalent activation of AMPK and the mitochondrial OXPHOS in Gimap5 deficient T cells 

(Figs. 2 and 3). Rather, Gimap5 deficient T cells show spontaneous activation of AKT, that 

activates the mTORC1 pathway through the suppression of the TSC complex (Fig. 5). The 

constitutive activation of the AKT appears to be specific to T lymphocytes as, it is not observed 

in B cells [9]. Thus activation of the mTORC1 pathway can be attributed to the spontaneous 

activation of the PI3K/AKT axis. 

 

        T cells require two signals to sustain T cell activation, cytokine production and cell 

proliferation [60]. The primary signal through the TCR needs to be accompanied by a second 

signal through the costimulatory molecules. Signals through the TCR complex alone, in the 

absence of co-stimulation results in the development of anergic T cells that do not respond to re-

stimulation through the TCR [61]. Recently two groups have reported that spontaneous gain of 

function mutations in PI3K resulted in profound immunodeficiency in patients, as these T cells 
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were unable to mount an efficient immune response to cross-linked anti-CD3/CD28 stimulation 

[62,63]. Similarly, here we show that as a consequence of the mutation in Gimap5, the 

PI3K/AKT axis is constitutively activated in the absence of overt TCR stimulation. It has been 

shown that mutations in PI3K can alter the signaling threshold during T cell development [64]. 

However, analysis of the phenotype of thymocytes in Gimap5 mutant rats and mice suggest that 

GIMAP5 is required for T cell survival during later stages of T cell development in the thymus 

and in the periphery. Thus, we propose that Gimap5 mutation provides a model to study the 

consequences of constitutive PI3K activation in peripheral T cells as well as to decipher the 

GIMAP5-dependent regulation of PI3K activity in resting T cells. 

 

 

 

SUPPLEMENTARY DATA 

 

Supplemental Figure 1: Gimap5
 lyp/lyp

 T cells are more sensitive to OA induced apoptosis. 

Total lypmphocytes from control and Gimap5
lyp/lyp 

rat were cultured with or without 200nm OA for 8 h. The 

apoptosis in gated CD4
+
 lymphocytes was analyzed by annexin V staining using flow cytometry. n= 3. 

Representative data from three experiments with similar results are shown. 
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Supplemental Figure 2: PP2A inhibitor markedly increased the basal level of phosphoraylation of PP2A 

substrates. 

CD4
+
 T cells from wild type mice were treated with PP2A specific inhibitor calyculin A for 1 h. The 

phosphorylation of S6, 4EBP1 and AKT was detected by western blotting. n= 2. Representative data from two 

experiments with similar results are shown. 

 

 

Supplemental Figure 3: Inhibition of PI3K diminished the phosphorylation of AKT in both control and 

Gimap5 deficient CD4
+
 T cells. 

CD4
+
 T cells from control and Gimap5

lyp/lyp 
rats were treated with 1 mM CAL-101 for 30 min followed by TCR 

stimulation. The lysates were analyzed for indicated antibodies. n= 3. Representative data from three experiments 

with similar results are shown. 
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        Failure to express the Gimap5 protein is associated with lymphopenia in rats and mice 

(Aksoylar et al., 2012; Barnes et al., 2010; Chen et al., 2011; Elder and Maclaren, 1983; Jackson 

et al., 1981; Poussier et al., 1982; Ramanathan and Poussier, 2001; Schulteis et al., 2008). 

Moreover, mice lacking Gimap5 display loss of HSC homeostasis as well as chronic hepatic 

extramedullary hematopoiesis and colitis (Aksoylar et al., 2012; Barnes et al., 2010; Chen et al., 

2011; Schulteis et al., 2008). Even though AIG protein that is part of the GIMAP5 family has 

been known for 19 years, the function of this protein has not yet been characterized (Reuber and 

Ausubel, 1996).  

        In mice, GIMAP5 was shown to interact with members of the Bcl-2 family of anti-apoptotic 

proteins (Barnes et al., 2010; Chen et al., 2011; Nitta et al., 2006; Zenz et al., 2004), suggesting 

that Gimap5 plays a role in regulation of apoptosis via Bcl-2 family proteins. Another study 

implicated GIMAP5 in ER stress response (Pino et al., 2009). In contrast, we have shown that in 

rat T cells, endogenous GIMAP5 resides in a cellular compartment distinct from mitochondria 

and ER, and that neither endogenous rat GIMAP5 nor the overexpressed protein interacts with 

Bcl-2 (Keita et al., 2007). In addition, GIMAP5 is essential for maintaining lymphocyte 

quiescence and immunological tolerance by regulating number and functions of regulatory T cell 

(Aksoylar et al., 2012; Poussier et al., 2005; van den Brandt et al., 2010). Despite a decade of 

efforts by several groups, the molecular mechanisms underlying its pro-survival function remain 

largely unclear. 

        It is well known that the two cell extrinsic signals, TCR ligation and IL-7, coupled with 

proper metabolic cues are required for long term survival of naïve T cells (Guppy et al., 1993; 

Maraskovsky et al., 1997; Maraskovsky et al., 1996; Schluns et al., 2000; Schluns and 

Lefrancois, 2003; Tan et al., 2001). The aim of this thesis is to test the hypothesis that GIMAP5 

may be 1) required to integrate the survival signals by regulating Ca
2+

 homeostasis; 2) enforce 

quiescence of T cells by repressing aberrant activation of TCR downstream signaling pathways. 

        First, in Chapter II, we briefly outline how Gimap5 regulates Ca
2+

 homeostasis in the 

context of mitochondrial buffering capacity. Next, in Chapter III, the requirement for Gimap5 in 

integrating T cell survival signals is considered. Finally, in Chapter IV, we investigate several 

important pathways that orchestrate cellular metabolic changes following TCR stimulation, with 

a focus on the PI3K/Akt/mTOR pathway.  
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-Role of Gimap5 in Ca
2+

 homeostasis 

        In the absence of antigen, small Ca
2+

 responses are associated with survival of naive T cells 

(Revy et al., 2001). Previous findings from our laboratory suggested Gimap5
lyp/lyp 

T cells display 

diminished Ca
2+

 flux in response to signaling via the TCR (Ilangumaran et al., 2009). 

Gimap5
sph/sph

 T cells also displayed defective Ca
2+

 flux response as shown in Chapter III 

(Figure 5). This impaired Ca
2+

 signaling might underlie spontaneous apoptosis of Gimap5 

deficient T cells. After we excluded the possibility of intrinsic defects in CRAC channels and 

mitochondria, we transferred the focus to the buffering capacity of mitochondria in regulating 

Ca
2+ 

homeostasis. We found that the loss of GIMAP5 in T cells compromises Ca
2+

 sequestration 

within the mitochondria following a rise in intracellular Ca
2+

 level (Chapter II, Figure 1). This 

defective mitochondrial Ca
2+

 uptake was not further reduced by the pretreatment with the 

microtubule inhibitor (Chapter II, Figure 4). Furthermore, overexpressed GIMAP5 co-localized 

with tubulin and the adaptor protein Miro (Chapter II, Figure 7), a Ca
2+

 sensor protein 

implicated in docking of mitochondria to the cytoskeletal network (Frederick and Shaw, 2007; 

Wang and Schwarz, 2009). All these observations suggested that GIMAP5 is required for 

microtubule-dependent mitochondrial movement to take up Ca
2+

. We concluded that the 

involvement of GIMAP5 in regulating T cell survival might be related to its role in cytoskeletal 

regulation. Additionally, immunological synapse formation as well as TCR proximal signaling 

and cell migration, which are actin dependent, appeared to be normal in Gimap5 deficient T cells 

(Chapter II, Figure 6). We proposed that survival signals generated by weak TCR stimuli 

induced by self-peptides would rely on GIMAP5 to facilitate the mitochondrial movement along 

the microtubules in order to sequester Ca
2+

. Taken together, Gimap5 might be associated with 

microtubular network and certain membranes that regulate the movement of organelles, 

including those that are invoved in Ca
2+

 homeostasis. 

 

-Role of Gimap5 in integrating survival signals in T cells 

        Similar to Gimap5
lyp/lyp

 rats, Gimap5 deficiency in mice is linked to accelerated apoptosis, 

impaired lymphocyte survival and consequent lymphopenia (Aksoylar et al., 2012; Barnes et al., 

2010; Chen et al., 2011; Schulteis et al., 2008). The maturation of CD8
+
 SP thymocytes from 

Gimap5
sph/sph

 mice is defective.  In the secondary lymphoid organs, CD8
+
, but not CD4

+
 

peripheral T cells display an activated phenotype (Chapter III, Figure 1). In contrast to what 
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was observed in T cells from Gimap5-deficient rats, phosphorylation of LAT was decreased 

following TCR activation in both polyclonal and monoclonal CD4
+
 T cells from Gimap5

sph/sph
 

mice, which may contribute to the reduced Ca
2+ 

influx and antigen-induced proliferative 

response of OTII cells from Gimap5
sph/sph

 mice (Chapter III, Figure 3-5).  It is known that the 

association of PLC- with LAT activates Ras-ERK through Ras-GRP after TCR binding 

(Samelson, 2002). Surprisingly, ERK activation in response to TCR crosslinking was normal and 

even slightly increased in Gimap5 deficient CD4
+
 T cells (Fig 5-1). One possible explanation is 

that the B lymphocyte adaptor molecule of 32 kDa (Bam32) and kinase p21-activated kinase 1 

(PAK1) compete with LAT for PLC- binding to promote PAK1 activation, which signal Raf-

ERK directly (Kortum et al., 2013). It is possible that impaired LAT phosphorylation in the 

absence of Gimap5 decreases the association and catalytic activity of PLC-, which is 

insufficient to activate Ras-ERK through Ras-GRP. As a consequence, defective LAT/PLC- 

activation is unable to release Ca
2+

 from internal ER store and cause decreased Ca
2+

 entry. 

Instead, the alternative binding between PLC- and Bam32/PAK1 could lead to ERK activation 

in CD4
+
 T cells from Gimap5

sph/sph 
mice. Further experiments are needed to test these 

predictions. 

 

 

Figure 5-1 Gimap5 mutation results LAT-RasGRP independent ERK activation.   
CD4

+
 T cells from control and Gimap5

sph/sph 
mice were stimulated with TCR crosslinking for different time 

points. The lysates were analyzed for indicated antibodies. n= 2. 

 

        Next, we determined whether IL-7 mediated signals are altered in T cells from Gimap5
sph/sph

 

mice at 4 weeks of age. At this age, the IL-7R expression in CD4
+
 T cells from Gimap5

sph/sph
 

mice was comparable to control mice (Chapter III, Figure 6). We first found phosphorylation 
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of STAT5 was decreased in SP CD8
+
 thymocytes as well as in CD4

+
 T cells from Gimap5

sph/sph
 

mice when compared to controls (Chapter III, Figure 6). Studies have shown that 

phosphorylated STAT5 tetramerizes and is transported to the nucleus along microtubules in 

human T cells (Tamarit et al., 2013). Given that we had observed the movement of mitochondria 

on microtubules for buffering Ca
2+

 was defective in T cells from Gimap5
lyp/lyp

 rats (Chen et al., 

2013), it is reasonable to predict that the movement of pSTAT5 to the nucleus would also be 

reduced in T cells from Gimap5
sph/sph

 mice following IL-7 stimulation. However, we observed 

pSTAT5 translocation to the nucleus was comparable between T cells from control and Gimap5 

deficient mice. This suggests that phospho-STAT5 interacts with tubulin in primary T 

lymphocytes in GIMAP5-independent manner. Moreover, inhibitors of microtubule 

polymerization failed to inhibit the phosphorylation and nuclear translocation of STAT5 

(Chapter III, Figure 6). It is possible that, unlike human T cells, the dynamic instability but not 

the polymerization of microtubule is required to either phosphorylation or nuclear translocation 

of STAT5 as supported by another study in adipocytes (Gleason et al., 2004). To address this 

question, further experiments by using microtubule stabilizer are required. 

        However, there is another explanation for the binding of STAT5 to microtubule network. 

STAT5 proteins consist of two distinct but closely related proteins, STAT5A and STAT5B, 

which are 91% identical at the amino acid level (Hou et al., 1995; Lin et al., 1996; Liu et al., 

1995). In response to diverse stimulations such as IL-2 family cytokines and growth factors, 

STAT5A is phosphorylated at Tyr 694 and STAT5B is phosphorylated at Tyr-699 (Lin et al., 

1996). One study has shown STAT5A phosphorylation at Tyr-694 and nuclear tranlocation is 

dependent on the integrity of microtubules in human breast cancer cells stimulated with EGF 

(Lopez-Perez and Salazar, 2006). But in hepatic cells, STAT5B translocation to the nucleus is 

specifically organized by dynamic microtubules upon growth hormone treatment, while 

STAT5A is exclusively in the cytosol (Phung-Koskas et al., 2005). In Chapter III, we used the 

antibody against Tyr-694 for IL-7 induced phosphorylation of STAT5A. Hence, we do not 

exclude the possibility that GIMAP5 might selectively favor the interaction between STAT5B 

and microtubules, which remains to be determined.  

        Collectively, TCR-mediated LAT phosphorylation and Ca
2+ 

mobilization is impaired in 

GIMAP5 deficient T cells. GIMPA5 could potentially regulate the activation of LAT, which 

facilitates the recruitment of multiple adaptor proteins and downstream signaling molecules that 



 114 

are essential for T cell survival.  On the other hand, reduced IL-7 responsiveness defined by low 

levels of STAT5 phosphorylation despite normal IL-7R expression in GIMAP5 deficient T cells 

could lead to a reduced capacity to maintain T cell survival. All these results identify a critical 

role for synergizing TCR and IL-7R signaling through GIMAP5 in T cell homeostasis. 

 

- Gimap5 inhibits activation of PI3K/AKT/mTOR pathway in T cells 

        In addition to classic T cell survival pathways, the quiescent state that promotes naïve T cell 

survival is characterized by catabolic metabolism and low mTOR activity (Yusuf and Fruman, 

2003; Zeng and Chi, 2013).  In Chapter IV, using p-S6 and p-4EBP1 as a marker for mTOR 

activation, we demonstrated a dramatic increase in basal mTORC1 activity in the CD4
+
 T cells in 

the absence of Gimap5. Furthermore, rapamycin, a prototypic mTOR inhibitor, blocked 

hyperactivation of mTOR in both the polyclonal and transgenic CD4
+
 T cells (Chapter IV, 

Figure 1), confirming that GIMAP5 regulates the mTOR signaling pathway. This activation of 

mTORC1 in Gimap5 deficient T cells did not directly influence mitochondrial OXPHOS and 

ATP generation (Chapter IV, Figure 2-3), which are thought to be important for cellular 

catabolic metabolism, survival and function (Chandel, 2014). 

        It has been shown mTORC1 is mainly activated by GTP-bound RHEB on the surface of 

lysosome (Demetriades et al., 2014; Menon et al., 2014). In response to amino acids, mTORC1 

translocates to the lysosome, where the RHEB is anchored. Once on the lysosome, growth 

factor-activated RHEB potentiates the catalytic activity of mTORC1. GIMAP5 has been reported 

to localize to the lysosome (Wong et al., 2010). However, whether GIMAP5 is involved in the 

recruitment of mTORC1 to lysosome is not known yet. Another interesting issue is like 

GIMAP5, mTOR is located in different cellular compartments including nucleus, mitochondria, 

ER, plasma membrane and cytoplasm (Bridges et al., 2012; Kim and Chen, 2000; Ramanathan 

and Schreiber, 2009; Schieke et al., 2006; Yadav et al., 2013). Further studies are required to 

determine whether GIMAP5 plays a role in regulating mTOR translocation in response to 

different cues.  

        In Chapter IV, we also investigated the role of upstream PI3K/AKT pathways in mTORC1 

activation. Our finding suggested spontaneous activation of the PI3K/AKT pathway is 

responsible for the aberrant activation of mTORC1 in Gimap5-deficient CD4
+
 T cells (Chapter 

IV, Figure 5-6). PI3K/AKT is known to play a major role in cell survival, whereas PI3K/AKT 

https://www.wikigenes.org/e/gene/e/56718.html
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hyperactivation contributes to tumorigenesis and resistance to cell death (Brown and Toker, 

2015). However, this theory does not fully explain the effect of PI3K signaling on cell survival. 

Studies have shown AKT hyperactivation increases oxidative stress and sensitizes cells to ROS-

triggered apoptosis (Hay, 2005; Nogueira et al., 2008). More interestingly, two groups have 

reported that in patients with profound immunodeficiency, spontaneous gain of function 

mutations in PI3K is associated with hyperactivation of AKT-mTOR pathway and increased T 

cell death, which can be reversed by the selective PI3K inhibitor IC87114 (Angulo et al., 2013; 

Lucas et al., 2014). Similarly, our data suggested that Gimap5 mutation causes constitutive PI3K 

activation in peripheral T cells, provide important clues to the understanding of signaling 

networks that promote T cell survival. Therefore, further experiments efforts to rescue the 

lymphopenic phenotype of Gimap5 deficient animals using a pharmacological inhibitor of PI3K 

pathway. 
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        GIMAP5 belongs to the GTPase of the immunity associated protein family that are highly 

expressed in immune cells. Gimap5 deficiency causes the abrogation of quiescence and reduced 

survival in lymphocytes. The current research shown in my thesis was carried out to elucidate the 

anti-apoptotic role of GIMAP5 in T cells. In this study, we showed that GIMAP5 integrates 

multiple signals that are involved in regulating T cell survival (Figure 6-1): (i) GIMAP5 

regulates Ca
2+

 influx in T-lymphocytes by facilitating microtubule-dependent mitochondrial 

buffering capacity; (ii) GIMAP5 integrates the survival signals generated following activation 

through TCR and IL-7R in T cells; (iii) GIMAP5 inhibits the aberrant spontaneous activation of 

PI3K/AKT in T lymphocytes. Collectively, our data indicate that GIMAP5 participates in the 

cross talk between TCR and IL-7 signaling involving Ca
2+

 homeostasis as well as LAT and 

STAT5 activation. We further extend these findings to the repression of spontaneous PI3K/AKT 

/mTOR activation by GIMAP5.   

        A major unresolved issue is how GIMAP5 functions or operates at different levels. Does 

GIMAP5 interact with distinct signaling complexes directly after sensing different immunologic 

and metabolic cues? Is GIMAP5 required for the movements of vesicle and signaling complexes 

by interaction with the cytoskeletal network? What structural elements are required for the 

function of GIMAP5? These questions are interesting points for future investigation. 

        An important observation of my project is that aberrant and dysregulated PI3K/AKT 

signaling can occur even in the absence of stimulation if the T cells lack the Gimap5 gene 

expression. The treatment by inhibitor or gene ablation of PI3K/AKT/mTOR pathway could be 

an approach to improve T cell survival in both animal models and human autoimmune diseases 

that are associated with Gimap5 mutation. 
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Figure 6-1. Schematic diagram of the role of GIMAP5 in maintaining T cell survival.  
GIMAP5 promotes T cell survival by regulating: 1) phosphorylation of STAT5 following IL-7 stimulation; 2) 
adaptor protein LAT phosphorylation as well as the translocation of mitochondria along microtubule to 
buffer bulk ca

2+
 entry following TCR signaling; 3) the activation of PI3K/AKT/mTOR signal pathway. 
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