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RÉSUMÉ 
GIMAP5 influence la survie des cellules T naïves en participant à la régulation du calcium 

emmagasiné dans les organites  

Par 
Daniel Serrano 

Programme d’immunologie 
 

Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de l’obtention du 
diplôme de Philosophiae Doctor (Ph.D.) en Immunologie, Faculté de médecine et des sciences de 

la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

 
La survie des cellules T naïves est essentielle au bon fonctionnement du système immunitaire à long 
terme. Les rats BBDP (Bio-breeding Diabetes prone) sont caractérisés par une haute prédisposition 
au développement du diabète ainsi que par une diminution significative du nombre de cellules T 
naïves. Ces rats comportent une mutation de type décalage de lecture dans le gène codant pour 
«GTPase Immunity-Associated Protein 5» (Gimap5) ce qui entraine l’apoptose des lymphocytes T. 
Le mécanisme par lequel la déficience de la protéine GIMAP5 conduit les cellules T à la mort est 
actuellement méconnu. GIMAP5 a également été associée à différentes maladies auto-immunes, ce 
qui suggère son influence dans l'homéostasie des lymphocytes T. Des résultats antérieurs de notre 
groupe de recherche ont montré que l'absence de GIMAP5 entraîne une diminution du flux de Ca2+ 
ainsi qu’une réduction de la capacité mitochondriale à emmagasiner du Ca2+ suite à la stimulation 
du TCR. Cependant, GIMAP5 n'est pas une protéine mitochondriale. Afin de mieux comprendre le 
rôle de GIMAP5 dans la biologie des cellules T, au cours de mes études doctorales, je me suis 
concentré sur la localisation cellulaire de la protéine ainsi que sur son rôle dans l'homéostasie du 
Ca2+. Comme modèle d’étude, j'ai établi des lignées cellulaires HEK293T stables pour l’expression de 
GIMAP5, ainsi que pour différents mutants  et variantes de la protéine. Ceci m’a permis d’élucider 
l'importance du domaine transmembranaire (TM) pour la localisation et le rôle physiologique de 
GIMAP5 ainsi que la différence entre les deux variantes de cette protéine. 
 
Mes résultats ont permis de montrer que l'expression de Gimap5 ne semble pas être nécessaire 
après l’activation des lymphocytes T. En parallèle, j'ai confirmé nos observations antérieures qui 
démontrent l’influence de GIMAP5 dans l'homéostasie du Ca2+ et sa colocalization avec les 
microtubules. En outre, j'ai montré que GIMAP5 se trouve dans des structures de type vésiculaire, 
particulièrement dans la membrane lysosomale où son domaine TM est essentiel à son bon 
fonctionnement et localisation. Mes résultats suggèrent que les mitochondries exhibent un défaut 
dans leur capacité à emmagasiner du Ca2+ au niveau basal, ainsi que suite à l’activation du TCR. 
Enfin, j'ai démontré pour la première fois, que l'influence de GIMAP5 sur le stockage de Ca2+ 
lysosomal peut avoir un impact sur la survie des lymphocytes T. D’après ces observations, une des 
fonctions probables de GIMAP5 serait d’empêcher la fermeture prématurée des canaux de relâche 
calcique. Finalement, GIMAP5 pourrait être engagé dans des mécanismes visant à prolonger et 
raffiner la signalisation du Ca2+ dans les cellules T. Bref, la régulation du Ca2+ lysosomal médié par 
GIMAP5  est essentielle à la survie de cellules T naïves. 
Mots Clés: GIMAP5, survie des cellules T, homéostasie du Ca2+, Ca2+ lysosomal, Ca2+ mitochondrial, 
RE, cytosquelette. 



 

iv 
 

SUMMARY 
GIMAP5 influences naïve T cell survival through organelle calcium storage regulation. 

 
By 

Daniel Serrano 
Immunology Program 

 
Thesis presented at the Faculty of medicine and health sciences for the obtention of Doctor 
Degree diploma Philosophiae Doctor (Ph.D.) in Immunology, Faculty of Medicine and health 

sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

 
Healthy and long-term survival of naïve T cells is essential for proper functioning of the immune 
system. In bio-breeding diabetes prone (BBDP) rats, there is a critical decrease in the number of 
naïve T cells. In these rats, a recessive frameshift mutation in the GTPase of Immune-Associated 
Protein 5 (Gimap5) gene induces lymphocytes to undergo spontaneous apoptosis. The death of T 
cells driven by a deficiency of the GIMAP5 is currently not fully understood. Interestingly, different 
autoimmune diseases have shown an association with perturbations in the Gimap5 gene, which 
further suggests its influence in basal lymphocyte homeostasis. Previous findings by our group have 
shown that the absence of GIMAP5 results in a decrease calcium flux following TCR stimulation and 
an impaired capacity of the mitochondria to buffer calcium entry. However, GIMAP5 is not a 
mitochondrial protein. During my Ph.D. studies, I focused on clarifying the cellular localization of 
GIMAP5 as well as its function in Ca2+ homeostasis in order to further understand its role in T cell 
biology. As a model, I established HEK293T cells stable for the expression of the different mutants 
and variants of the GIMAP5 protein. Where I uncovered the importance of the transmembrane 
domain (TM) for GIMAP5 localization and physiological role, as well as the differences between the 
two variants of GIMAP5. 
 
The results obtained show that the expression of Gimap5 is no longer needed after T cells activation. 
Moreover, our previous observations were confirmed and expanded upon regarding GIMAP5’s 
influence on Ca2+ homeostasis and colocalization with the cytoskeleton. It was also shown that 
GIMAP5 localizes to vesicular-like structures, particularly to the lysosomal membrane, where its TM 
domain is critical for proper functioning and localization. My results suggest that the mitochondria 
might be impaired to uptake as well as retain Ca2+ at their full capacity in the absence of GIMAP5. 
Finally, I observed for the first time that GIMAP5’s influence on lysosomal Ca2+ storage could impact 
lymphocyte survival. These results suggest that GIMAP5 may work as a backup mechanism to 
prevent premature closure of Ca2+ channels and Ca2+ influx or as a mechanism to prolong and refine 
Ca2+ signaling in T cells. 
 
Keywords: GIMAP5, Naïve T cell survival, Ca2+ homeostasis, Lysosomal Ca2+, Mitochondrial Ca2+, ER, 
Cytoskeleto
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1. INTRODUCTION 
 

Every minute, thousands of events and interactions occur within the human body at the 

cellular and molecular level. Physiological balance and homeostasis is essential in remaining 

alive and healthy. As living organisms, we are constantly interacting with our environment, 

the nutrients we consume through our diet, as well as to the pathogens we can be exposed, 

can directly impact our health. During evolution, defense mechanisms have developed to 

keep our body, as a whole, under constant surveillance to maintain balance and health 

during our lifespan. 

 

To pursue this goal, the immune system has taken charge of eliminating potentially 

cancerous cells and fighting against external pathogens that could impact our health. During 

the last decades, our knowledge regarding the immune system and its functions has 

advanced, which has led to the eradication of certain dangerous diseases through the use 

of vaccines. Although the increase in knowledge has helped improve our general health 

significantly, there is still much left to be understood. 

 

 Studies on the immune system have enabled us to progress from learning the existence of 

white cells to understanding, albeit incompletely, complex systems derived from two main 

branches: the innate and adaptive. Furthermore, several subtypes of immune cells have 

been uncovered, each with specific characteristics and roles. Although we rely on the 

immune system to protect us, it is also understood that an unbalanced immune system can 

lead to undesirable consequences, such as autoimmune diseases.  In addition, a perturbed 

immune system can significantly aggravate an ongoing illness, therefore reminding us of 

the importance to improve our understanding of how immune cells interact with each other 

and their environment, and how they respond to pathogenic conditions. 
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In the context of my doctoral studies, I worked on an animal model where the basal survival 

of T cells at their naïve stage was impaired. This condition led to a significant decrease in 

the number of naïve T cells in the periphery of bio-breeding diabetes prone rats, which will 

be describe later.  Specifically, I focused on uncovering the mechanisms of how a frameshift 

mutation in the GTPase Immunity-associated protein 5 (GIMAP5) can significantly affect 

naïve T cell homeostasis, driving T cells to apoptosis.  The findings obtained during my 

studies will help shed light on new factors that were previously not taken into account while 

considering the maintenance and survival of naïve T cells in the periphery. 

 

1.1. Naïve T cell homeostasis  
Healthy and mature naïve T cells are crucial in maintaining a long-term balanced and 

functional immune system. However, T cells need to undergo a selection process before 

becoming functional cells. Once hematopoietic cells from a lymphoid progenitor exit the 

bone marrow, they populate the thymus and initiate the generation of immature 

thymocytes. Thymocytes, at this stage, are double negative (DN) for CD4 and CD8. Next, by 

somatic DNA rearrangement, they generate a β-TCR that will bind to the α-TCR to form the 

pre-αβTCR (Fink, 2012). Successful pairs will stop the β chain rearrangement and proceed 

to initiate proliferation of thymocytes that express CD4 and CD8 molecules on their surface. 

These thymocytes will then become double positive (DP). In the cortex of the thymus, DP 

thymocytes will engage different self-peptides presented by major histocompatibility 

complexes (MHC) I and II, which are found in epithelial cells of the thymus cortex (Germain, 

2002). 
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Figure 1-1: T cell development. 
Hematopoietic cells give rise to lymphoid progenitors that migrate to the thymus. In the thymus, 
they turn into DN thymocytes that lack the expression of TCR, CD4 or CD8 receptor. During their 
maturation process, DN cells progress from DN1 to the DN4 stage where they first rearrange the 
TCR beta chain and then the TCR alpha chain. After correct TCR chain rearrangement, they become 
DP thymocytes and can express CD4 and CD8 receptors. Cells are selected positively for their 

capacity to recognize MHCI or MHCII. The TCR signaling force of SP CD4 or CD8 will then negatively 
select cells with high affinity against self-peptides. Finally, naïve T cells are exported from the 
thymus medulla to the peripheral lymphoid organs.  
 
During this positive selection process, DP thymocytes that can recognize the MHC molecules 

will be selected and migrate to the medulla as CD4 or CD8 thymocytes, depending on 

whether they were selected by MHC class II or I (Swain, 1983).  The thymocytes that do not 

interact with the MHC will go to death by neglect. Once in the medulla, thymic epithelial 

cells, specifically the (thymic dendritic cells that can express self-antigens from all tissues), 

will present different MHCI or MHCII self-peptides, to the single positive (SP) CD8 or CD4 

thymocytes (Figure 1-1). SP thymocytes, whose interaction is too strong, will receive an 

apoptotic signal that results in cell death. Even if the vast majority of thymocytes die after 

their migration and selection through the thymus, this process is nevertheless necessary to 

acquire a polyclonal repertoire of naïve lymphocytes that would normally not overreact 

against self-peptides (Robey and Fowlkes, 1994). 

 

After migration through the thymus, thymocytes undergo positive and negative selection 

processes prior to becoming mature naïve single positive T cells (Starr et al., 2002).  Once 

thymocytes exit the thymus, they become mature naïve T cells that migrate to secondary 
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peripheral organs, where they become part of the long-term survival pool of naïve T cells 

(Jameson, 2002; Marrack et al., 2000; Surh and Sprent, 2008).  In order to remain in a 

quiescent state, naïve T cells require both extracellular signals and internal pathways (Hua 

and Thompson, 2001). Even though the mechanisms are not entirely understood, it is 

known that naïve T cell homeostasis primarily requires two signals. These signals are 

interleukin 7 receptor stimulation by IL-7, and basal self-peptide-MHC complex engagement 

by the T cell receptor (TCR) (Krogsgaard et al., 2007; Park et al., 2007; Surh and Sprent, 

2008). These signals help to maintain the pool of naïve CD4 and CD8 T cells in the periphery. 

 

1.1.1. Interleukin 7 in naïve T cell survival  
IL-7 was first discovered as a cytokine for T cell development in the thymus and then for its 

role in the development and survival of other peripheral lymphocyte populations (von 

Freeden-Jeffry et al., 1995; Peschon et al., 1994). In the periphery, the importance of IL-7 

signaling in T cell homeostasis and survival was established by T cell-restricted deletion of 

the α subunit of the IL-7 receptor (CD127) in mice. After approximately three days, there 

was a 30% decrease in the number of CD4 and CD8 T cells in the periphery of these mice, 

which confirmed the essential role of IL-7 signaling in peripheral T cell survival (Jacobs et 

al., 2010).  

 

IL-7 is a cytokine that is mainly produced by stromal cells in the thymus and the bone 

marrow, as well as in the periphery by fibroblastic reticular cells in secondary lymphoid 

organs.  In the periphery, other sources of IL-7 can be keratinocytes, hepatocytes, as well 

as other cells in different organs such as the lung and the intestine (Kim et al., 2011; 

Mazzucchelli et al., 2009; Shalapour et al., 2010).   IL-7 binds to its receptor IL-7R, which is 

composed of an α (CD127) and a γ subunit (CD132). The latter CD132 is shared by other 

cytokine receptors of the common γ chain family, which includes interleukin receptors 2, 4, 

9, 15 and 21 (Rochman et al., 2009). 
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Once IL-7 binds the IL-7R receptor, CD127 and CD132 chains, which are associated with 

association promotes Jak1 and Jak3, to phosphorylate themselves. Once phosphorylated, 

activation of the transcription factor STAT5 through the JAK/STAT pathway will occur, 

thereby inducing the translocation of STAT5 to the nucleus. This process will result in the 

expression of survival genes, such as MCL1 and BCL2 (Jiang et al., 2004; Kimura et al., 2013; 

Takada and Jameson, 2009). Mice deficient in STAT5, CD127, or Jak3 have shown severe 

combined immunodeficiency phenotypes (Yao et al., 2006), which confirms the importance 

of these signaling events in the survival and proper function of lymphocytes.  In this way, 

the expression of the anti apoptotic genes Bcl-2 and Mcl-1 counterbalances the induction 

of apoptosis by the mitochondrial pathway (Dzhagalov et al., 2008). Similarly, pro-apoptotic 

proteins, Bad and Bax, can induce the mitochondrial apoptotic pathway after IL-7 

withdrawal (Khaled et al., 1999; Li et al., 2004). (Figure 1-2) 

In addition to its role in regulating anti-apoptotic and pro-apoptotic signals, IL-7 can also 

influence T cell survival by affecting cell metabolism through regulation of the glucose 

transporter GLUT1 (Wofford et al., 2008). 

 

Different mechanisms are in place to regulate CD127 expression on the cell.  IL-7 stimulation 

downregulates CD127 cell surface expression on the surface of the cells. The IL-7 receptor 

is not constantly expressed on the surface in the absence of IL-7 stimulation.  Therefore, 

CD127 is mainly internilized through the endo-lysosomal pathway via clathrin-coated 

vesicles, and only a relatively small number will not be recycled but will be sorted to the 

lysosomal and proteasomal pathways for degradation (Henriques et al., 2010). 

Transcription factors, like Foxo1, can also regulate the expression of CD127 through the 

downstream PI3/Akt signaling pathway following TCR activation (Fabre et al., 2008). It has 

been shown that the survival of naïve CD4 and CD8 T cells in the periphery, as well as their 

ability to populate peripheral lymph organs, can be impaired when they are deficient in 

Foxo1 gene expression (Gubbels Bupp et al., 2009; Ouyang et al., 2009).  
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Even if both CD4 and CD8 cells are dependent on IL-7 stimulation for survival, it has been 

shown that there are certain differences in their sensitivity threshold as CD8 T cells are more 

dependent on IL-7 than CD4 T cells (Carrette and Surh, 2012; Tan et al., 2002). Indeed, CD8 

expression in T cells can be upregulated with IL-7 in vivo IL-7 treatment, whereas IL-7 

deficient mice showed a decreased CD8 expression. In fact, IL-7 signaling can regulate its 

receptor in a process known as “Coreceptor tuning.” For example, in the case of naïve CD8+ 

T cells, this process will modulate the quantity of CD8+ to fine-tune TCR engagement in a 

continuous feedback loop. Cytokine signaling can then upregulate CD8, whereas TCR will 

induce a reduction in CD8 expression. In contrast, CD4 receptor does not seem to be 

regulated by IL-7 stimulation (Park et al., 2007).  

 

 

Figure 1-2: TCR and IL-7 signaling. 
Principal signaling events for naïve T cell survival. On the left part of the panel, MHC-peptide 
presentation triggers TCR downstream signaling. After the engagement, LCK and ZAP phosphorylate 
LAT, which recruits SLP-76. PLCγ is recruited to this complex and hydrolyze PIP2 into IP3 and DAG 
near the membrane. IP3 will finally induce an increase in [Ca2+]i, which will activate CaM and CN to 
enable NFAT dephosphorylation and translocation to the nucleus. In parallel, DAG will induce AP-1 
through the RAS, MAPK pathway and NF-κβ through PKCθ to activate survival and proliferation 
genes.  On the right part of the panel, IL7 stimulates its receptor, engaging the phosphorylation of 
JAKs which will induce STAT5 translocation to the nucleus. IL7 can also induce the activation and 



 

7 
 

phosphorylation of the PI3K/AKT pathway, which can promote survival and antiapoptotic gene 
expression. 

 

1.1.2. T cell receptor in naïve T cell survival 
In addition to cytokine stimuli by IL-7, once mature naïve CD4 or CD8 T cells are in the 

periphery, engagement with self-peptides on MHC is essential to induce pro-survival and 

proliferation signals through the T cell receptor (Takeda et al., 1996; Tanchot et al., 1997). 

In fact, naïve CD4 and CD8 T cells are a very rich population of cells in the context of their 

polyclonal expression of TCR with different affinities to a panoply of exogenous and self-

peptides (Mahajan et al., 2005; Qi et al., 2014). 

 

The TCR on each mature naïve T cell is prepared to specifically interact with a defined 

peptide that will transform its naïve state into an activated state and thereby initiate an 

immune response. Normally, T cell activation results in a strong signal from the TCR in 

response to an exogenous antigen/peptide presented by the MHC. Nevertheless, TCR is not 

constantly triggered strongly, and therefore most of the time the vast majority of naïve T 

cells remain in a naïve quiescent state. An important point to keep in mind is that mature 

naïve T cells are not dormant cells, but active physiological cells that require constant 

signaling to remain physiologically active in a naïve state, yet ready to respond to possible 

threats. In fact, self-peptide-MHC complexes are constantly weakly stimulating naïve T cells 

through their TCRs, initiating a set of signaling events that will end in the expression of 

survival and proliferation genes (Surh and Sprent, 2008). Various experiments have shown 

the impaired survival of T cells in the absence of TCR expression (Polic et al., 2001). Similarly, 

when naïve CD4 or CD8 T cells are restricted from their respective MHCI or MHCII ligands, 

there is a decrease in their survival rates (Labrecque et al., 2001; Tanchot et al., 1997). 

 

Once the TCR is engaged by recognition of a peptide presented by the MHC, it initiates 

conformational changes in the activation motifs of the CD3 tails. Assisted by the CD4 and 

CD8 coreceptors, leukocyte-specific tyrosine kinase (Lck) will phosphorylate the 

immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3, which will lead to the 
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recruitment of the Zeta-activated protein 70 kDa (Zap70) (Malissen and Bongrand, 2015). 

Next, Zap70 can recruit and phosphorylate the linker for the activation of T cells (LAT), which 

is a membrane-associated protein that serves as a scaffold of multiple protein complexes 

(Samelson, 2002). The phosphorylation of LAT then enables the recruitment of SH2-domain-

containing leukocyte protein of 76 kDa (Slp76), which binds to LAT via the Grb2-related 

adaptor protein 2 (Koretzky et al., 2006).  Zap70 can then phosphorylate Slp76 resulting in 

a recruitment platform formed by LAT/SLP76, which in turn will serve for the recruitment 

of other signaling effectors like the phospholipase C-γ (PLCγ), which interacts directly with 

both of them. PLCγ activation will hydrolyze phosphatidylinositol bisphosphate (PIP2) into 

diacylglycerol (DAG), and inositol trisphosphate (IP3). On one side, DAG will recruit 

downstream proteins, which include protein kinase C-θ (PKCθ) and RAS guanyl nucleotide-

releasing protein (RasGRP). RasGRP can then activate the small GTPase Ras, which in turn 

activates the mitogen-activated protein kinase (MAPK) signaling pathways. In parallel, 

phosphorylated Slp76 can recruit the (Guanine nucleotide exchange factor) GEF Vav, which 

activates the small GTPases Rac and Cdc42. 

 

On the other side, DAG and IP3, IP3 initiates a cascade of events that are calcium dependent 

and essential for the expression of several genes involved in T cell survival and proliferation. 

This pathway will be described in greater detail in subsequent sections of this introduction. 

As for DAG, two signaling pathways are initiated which are, the Ras pathway and PKCθ 

pathway (Carrasco and Merida, 2004). Ras will activate, through an MAPK/Erk signaling 

pathway, the transcription factor Fos. As for PKCθ, it will activate the IkB kinase (IkB) 

through the mucosa-associated lymphoid tissue lymphoma translocation gene 1 (MALT1), 

the caspase recruitment domain-containing membrane-associated guanylate kinase 

protein 1 (CARMA1) and the B-cell lymphoma 10 (Bcl10) (Wegener et al., 2006). These will 

induce the phosphorylation of IkB, leading to its degradation by ubiquitination.  Next, NF-

kB, which was sequestered in the cytoplasm, translocates to the nucleus and induce the 

expression of proliferation genes like IL-2.  The actin-related protein 2/3 (Arp2/3), which is 
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triggered by the LAT-Slp76 signalosome activation of Cdc42 and Rac through Vav, induces a 

burst of actin polymerization at the immunological synapse. 

 

In parallel to DAG, IP3 will stimulate the opening of the Ca2+ permeable channels in the ER, 

known as the IP3 receptors. This process will initiate the depletion of Ca2+ from the ER 

(Lewis, 2001). Decreased [Ca2+]ER are sensed by the ER membrane proteins sensors stromal 

interaction molecule1 (STIM1) and STIM2, which will then oligomerize and translocate to 

interact with the plasma membrane proteins (olfactory receptor class A related 1 ) ORA1, 

forming the Ca2+ release-activated Ca2+ channel (CRAC) (Hoth and Penner, 1992; Zweifach 

and Lewis, 1993). The opening of the CRAC channels will induce entry of Ca2+ from the 

extracellular milieu and therefore result in a rise of the intracellular Ca2+ concentration 

[Ca2+]i. STIM1 and STIM2 both detect different thresholds of a Ca2+ decrease in the ER 

lumen. On the one hand, STIM1 responds to greater changes in  [Ca2+]ER. In contrast, STIM2 

responds to small Ca2+ fluctuations and may be important to sustain and capacitative Ca2+ 

entry under basal conditions as well as to improve STIM1 recruitment to enhance Ca2+ 

signaling (López et al., 2012; Ong et al., 2015; Thiel et al., 2013). This increase in Ca2+ in the 

cytoplasm will enable the nuclear factor of activated T cells (NFAT) to translocate to the 

nucleus. In cooperation with other transcriptional partners, it will then induce the 

expression of survival and proliferation genes (Macian, 2005). In fact, NFAT which is 

dependent on Ca2+ concentration is sequestered in the cytoplasm when Ca2+ concentrations 

are low. The kinase glycogen synthase kinase 3 (GSK3) phosphorylation of NFAT induces its 

nuclear export. In contrast, once Ca2+ concentration increases following TCR stimulation, 

the Ca2+ binding protein calmodulin (CaM) will associate and activate the calcineurin (CN) 

phosphatase. This, in turn, will dephosphorylate NFAT and enable its translocation to the 

nucleus where, in conjunction with other factors from the DAG signaling, will activate 

survival and proliferation genes, like IL-2 (Oh-hora and Rao, 2008). (Figure 1-2) 

 

Regulation following TCR stimulation occurs at different levels. Lck and Zap70 are 

dephosphorylated by the tyrosine phosphatase SH2-domain-containing phosphatase 1 
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(SHP1). Lck, Zap70, as well as Vav can also be the targets of the E3 ubiquitin ligase, which 

causes them to undergo proteasomal degradation (Duan et al., 2004). For its part, 

diacylglycerol kinases (DGKs) will phosphorylate DAG to obtain phosphatidic acid (PA) 

(Zhong et al., 2008).   

Costimulatory signals, which are essential for T cell activation, will not be discussed as the 

focus of the thesis is mainly the understanding of the quiescent naïve state of T cells.  

 

1.1.3. Metabolic signals that regulate T cell survival  
As previously mentioned, IL-7 and TCR are the two most important extracellular signals that 

maintain the pool of naïve T cells. However, another important characteristic of naïve T cells 

is their metabolic status. In fact, naïve T cells remain in a quiescent, yet active catabolic 

metabolic state by favoring energetic and efficient processes, such as oxidative 

phosphorylation (OXPHOS) vs. aerobic glycolysis, which are used during the activated state 

of T cells (Wang and Green, 2012). By doing this via the tricarboxylic acid (TCA) cycle, they 

can generate around 30 to 32 molecules of ATP per molecule of glucose. Several factors are 

in charge of the maintenance and regulation of this metabolic state. The mechanistic target 

of rapamycin (mTOR) has a decisive role in T cell metabolism, and early activation of mTOR 

can impair T cell survival (Chi, 2012; Yang and Chi, 2013, 2012).  In cell metabolism, mTOR 

works as a sensor of nutrients, amino acids, and oxygen availability, as well as a modulator 

of extracellular signals that will impact the metabolic state of the cell (Heikamp and Powell, 

2012).  

 

In naïve T cells, the protein kinase that regulates the differences in the energy status 

through the AMP and ATP ratio is AMPK. As mTOR activation initiates an anabolic 

metabolism, mTOR activity is minimal in naïve T cells. In a catabolic state, high levels of AMP 

versus ATP will induce AMPK to activate the tumor suppressor tuberous sclerosis complex 

(TSC1 and TSC2) (Fingar and Blenis, 2004). Indeed, mTOR activation is negatively regulated 

by activated TSC1 and TSC2 complex, which in naïve T cells serves to maintain their catabolic 

homeostatic state, which is essential for their survival. In fact, mice KO for the expression 



 

11 
 

of TSC1, have shown a less restricted mTOR. As a result, the basal metabolic state that is 

key to naïve T cell quiescence and survival is no longer maintained. As a consequence, 

TSC1/2’s negative regulation of mTOR is essential to maintain a quiescent state and prevent 

naïve T cells from undergoing apoptosis (Qi et al., 2011; Xie et al., 2012; Yang et al., 2013, 

2011; Zhang et al., 2011). In addition, TCR stimulation contributes to an increase in the 

expression of AMPK by the liver kinase B1 (LKB1) and by an increase of the intracellular 

[Ca2+] (Fracchia et al., 2013). Thus, modulation of naïve T cell metabolism by maintaining a 

catabolic status is as important to their long-term survival as the homeostatic extracellular 

signals that induce the expression of pro-survival genes. 

 

1.2. Ca2+ homeostasis in T cell survival  
Ca2+ influx is essential for the regulation of up to 75% genes implicated in survival and 

proliferation (Feske et al., 2001). Ca2+ is one of the main second messengers. Once cells 

receive and input through receptors on the membrane, this can lead to an increase of 

intracellular Ca2 concentrations. Store-operated Ca2+ entry (SOCE) through Ca2+ release-

activated calcium (CRAC) channels is the principal mechanism of Ca2+ extracellular influx in 

lymphocytes after TCR stimulation (Lewis, 2001). An increase in intracellular Ca2 is essential 

for the activation of different enzymes as well as for the transcription of a panoply of genes 

implicated in cell survival and proliferation.  

 

Whereas CRAC channels are the principal gates for extracellular Ca2+ flux, other channels 

can also contribute, to a lesser extent, to the intracellular Ca2+ concentration. Transient 

receptor potential channels TRPM7 and TRPM2, even if not fully understood, have been 

shown to play a role in T cell Ca2+ homeostasis. They can be activated by different agonists 

such as NAAD, ADPR, and cADPR, likely produced as a result of TCR stimulation  (Beck et al., 

2006; Guse et al., 1999). In T cells, some members of the voltage-gated Ca2+ channels have 

been reported, but their contribution to Ca2+ homeostasis remains under study (Hogan et 

al., 2010). L-type “voltage-dependent” Ca2+ channel CaV1.4 has been shown to play a major 

role in the survival of naïve T cells by modulating intracellular Ca2+ storage and TCR 
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downstream Ca2+ dependent signaling events (Omilusik et al., 2009). Similarly, a recent 

study showed that Cav1.1 is expressed in naïve T cells and upregulated in activated T cells 

upon TCR stimulation (Matza et al., 2016). Another group of receptors that contribute to 

the influx of extracellular Ca2+ during T cell activation are the purinergic receptors (Schenk 

et al., 2008; Yip et al., 2009). In T cells, three purinergic receptors P2X1, P2X4, and P2X7 

have been reported to influence T cell Ca2+ flux. Indeed, ATP activation of P2X7 opens the 

channel to Ca2+ influx which activates calcineurin, resulting in IL-2 production and T cell 

proliferation (Feske, 2013; Woehrle et al., 2010).  Interestingly, ATP release by mitochondria 

near the immune synapse has been shown to play a major role in activating P2X1 and P2X4, 

and by doing so, prolonging Ca2+ influx. 

 

Nevertheless, Ca2+ is not constantly available in the cytoplasm but stored by different 

organelles, which will release it for specific needs, even in the absence of a major 

extracellular flux of Ca2+. The most well-known organelle is the endoplasmic reticulum, 

which has been recognized for a long time for its capacity to store, regulate and trigger Ca2+ 

fluxes. Even if the ER remains the leading Ca2+ store of the cell, other organelles can also 

store Ca2+ in a significant manner and therefore influence Ca2+ dependent signaling 

pathways. Contribution from other organelles, such as mitochondria and lysosomes, to the 

regulation of Ca2+ signaling dependent pathways, is necessary to better regulate the 

different Ca2+ thresholds, as well as particular needs in specific regions of the cell (Raffaello 

et al., 2016; Srikanth and Gwack, 2013).  

 

1.2.1. The endoplasmic reticulum as the main Ca2+ store 
The ER is an organelle with a multitude of functions, ranging from drug detoxification, lipid 

metabolism to post-transcriptional modifications and protein synthesis (Görlach et al., 

2006). Moreover, it also serves as the primary Ca2+ storage compartment. ER lumen Ca2+ 

concentration [Ca2+]ER can vary from cell to cell, going from 0.3 to 0.7mM (Montero et al., 

1997). The ER contributes importantly to cellular Ca2+ homeostasis and signaling. Calcium 

uptake is done by the Sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pump 
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and by the release channels IP3 and ryanodine receptors (Aulestia et al., 2011; Golovina and 

Blaustein, 1997) (Figure 1-3). In fact, mammals express three different types of SERCA 

proteins. The isoform SERCA2b is expressed ubiquitously. As a protein, the SERCA pump has 

a molecular weight of 110 kDa and can transport two Ca2+ ions for each molecule of ATP 

hydrolyzed (Zampese and Pizzo, 2012). SERCA activity can be regulated both physiologically 

and pharmacologically. Within the cells, the phospholamban protein can inhibit the SERCA 

pump, and its phosphorylation by the protein kinase A (PKA) stops this inhibition 

(MacLennan and Kranias, 2003). Artificially, three main pharmacological drugs can inhibit 

the SERCA pumps in a reversible and non-reversible way. Thapsigargin (TG), whose action 

is irreversible, is the most used SERCA inhibitor. Cyclopiazonic acid (CPA) and 2,5-di (t-butyl) 

hydroquinone are reversible blockers and have less affinity than TG for the SERCA pump 

(Pinton et al., 1998).  

 

In order to release Ca2+ into the intracellular medium, the ER relies on two ion channels: the 

inositol trisphosphate receptors (IP3R) and the ryanodine receptors (RyR) (Foskett et al., 

2007). The IP3R family includes three isoforms, whose expression varies among tissues, but 

all of them have been detected in T cells (Akimzhanov and Boehning, 2012). To regulate 

different Ca2+ signaling events, the IP3R can form homo and heterodimers that are primarily 

controlled and modulated via second messengers molecules, such as IP3, Ca2+ and ATP 

(Chandrasekhar et al., 2016; Raffaello et al., 2016). The other important Ca2+ releasing 

channels are the RyR. Similarly, as IP3R, RyR have three different isoforms whose expression 

varies within tissues. Working as homotetramers, Ca2+ release from the RyR isoforms can 

be induced in various ways by PKA, calmodulin, Ca2+, voltage-gated Ca2+ channels and cyclic 

ADP-ribose (ADPR) (Raffaello et al., 2016; Zampese and Pizzo, 2012). 

 

Recently, it has been suggested that Nicotinic Acid Adenine Dinucleotide Phosphate 

(NAADP) can also trigger RyR1 receptors and synthetic inhibition by adding NAADP to cells 

can attenuate survival and proliferation signals in T cells (Dammermann et al., 2009). This 

process, which occurs within the first milliseconds upon T cell stimulation and Ca2+ signaling, 
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may induce Ca2+ microdomains near the ER that in turn will serve as coactivators of IP3R 

channels that may later impact the final intracellular Ca2+ levels (Guse and Wolf, 2016; Wolf 

et al., 2015). 

 

1.2.2. The role of mitochondria in Ca2+ homeostasis 
Mitochondria are commonly known as the powerhouses of the cell. One of their main roles 

is to ensure the production of adenosine triphosphate (ATP) generated by aerobic 

respiration and the Krebs cycle. Mitochondria consist of an outer mitochondrial membrane 

(OMM) that interacts with the cytosol and of an inner mitochondrial membrane (IMM) that 

forms invaginations known as cristae, that helps to increase the total membrane surface 

area of the mitochondria. Mitochondrial enzymes and DNA reside in the mitochondrial 

matrix, which is enclosed in the IMM (Heath-Engel and Shore, 2006). Mitochondria are also 

key players in cell death and survival, by activating apoptosis via the intrinsic pathway. 

However, several antiapoptotic proteins from the Bcl-2 family in the OMM prevent 

apoptosis by initiating the release of other proapoptotic proteins, such as cytochrome c, 

which reside in the IMM matrix, to the cytosol (Tait and Green, 2010; Wang and Youle, 

2009). 

   

Although mitochondria are commonly viewed as rigid organelles, they are continuously 

undergoing morphological changes. These changes can differ depending on the cell type, 

making it possible to depict single mitochondrion units in neurons, or the establishment of 

a vast interconnected and more rigid mitochondrial network, commonly seen on myocytes. 

Several proteins that ensure active status are implicated in fission and fusion processes to 

shape mitochondrial morphology according to cellular physiology and needs. The incorrect 

function of these mechanisms is linked to problems in immune cell signaling, 

neurodegeneration, cell lifespan and Ca2+ signaling by impairing basal physiology and 

cellular homeostasis (Campello and Scorrano, 2010; Sheridan and Martin, 2010).  
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Figure 1-3: ER, mitochondria and lysosome Ca2+ release and uptake channels. 
The three most important organelles that can importantly store Ca2+ are ER (in gray), mitochondria 
(in amber), and lysosomes (in light red). The ER is the primary Ca2+ store, storing in its lumen around 
0.3 to 0.7 mM of Ca2+. The main Ca2+ entry goes through the SERCA pump, and the release is assured 
by the IP3R and RyR receptors. Mitochondria storage capacity ranges between 0.1 and 0.5 mM 
depending on the cell type and extent of the mitochondrial network. Ca2+ uptake is done on the 
outer membrane by the VDAC channel and more specifically to the matrix by the inner MCU channel.  
It has been proposed that mitochondrial Ca2+ release is done by the Na/Ca2+ exchanger. Lysosomes, 
which are less known for their Ca2+ storage capacity, can store around 0.5 mM of Ca2+ in their lumen. 
TRPML1 and TPC2 have been proposed to release lysosomal Ca2+.  Lysosomal Ca2+ uptake is done by 
an H+ gradient through an H+/Ca2+ exchanger. Mitochondria and ER crosstalk and exchange Ca2+ in 
rich Ca2+ microdomains between their membranes. Proteins like MFN2 and GRP75, help to link both 
organelles in this mitochondrial associated membrane sites (MAMs). Multiple contact sites (MCS) 
have also been seen in lysosomes and the ER, primarily for lipid exchange. Lysosomal Ca2+ 
management and homeostasis is a research topic under development. 

 
A less commonly associated role of mitochondria is their capacity to serve as Ca2+ storage 

organelles.  Although their ability to buffer Ca2+
 was first uncovered in the 1960s (Deluca 

and Engstrom, 1961), only a few studies regarding mitochondrial Ca2+ were performed until 

the 2000s. Once they regained attention, the molecular components of mitochondrial Ca2+ 

uptake started to be elucidated. Indeed, mitochondrial calcium concentration [Ca2+]M in the 

mitochondrial matrix can range between 0.1 to 0.5mM (Arnaudeau et al., 2001; Montero 

et al., 2000; Suzuki et al., 2014). In lymphocytes, mitochondria play a fundamental role in 

sustaining Ca2+ flux through the CRAC channels following TCR stimulation and downstream 

signaling. In fact, CRAC channels can close prematurely, through a negative regulatory 
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feedback mechanism, after high Ca2+ concentrations are achieved beneath the plasma 

membrane. Different proteins and signaling pathways depend on a sustained Ca2+ flux to 

fulfill their functions. To prevent this early closure of CRAC channels, mitochondria can 

move near the CRAC channels and buffer some of the incoming Ca2+ . Mitochondria buffer 

Ca2+ through their voltage-dependent anion channel (VDAC) on the OMM and more 

selectively, through their mitochondrial Ca2+ uniporter (MCU)  located on the IMM (Kirichok 

et al., 2004; Rizzuto et al., 2000) (Figure 1-3). Surprisingly, the affinity of the MCU for Ca2+ 

is not high. However, mitochondria can move in a [Ca2+] dependent manner to rich Ca2+ 

microdomains beneath the plasma membrane, where the Ca2+ flux through the CRAC 

channel entered the cell. This enables mitochondria to buffer the Ca2+ that is rapidly 

entering the cell in a nonlinear manner without saturation (Rizzuto et al., 1993). The 

mitochondria will then slowly release Ca2+ in the intracellular milieu via the Na+/Ca2+ 

exchanger (Griffiths, 1999; Santo-Domingo and Demaurex, 2010). This mechanism prevents 

premature closure of CRAC channels by Ca2+ feedback inhibition and assures a constant and 

adequate [Ca2+]i (Oh-hora, 2009; Parekh, 2008; Quintana et al., 2006).  

 

Mitochondrial capacity to detect different [Ca2+] is due to the mitochondrial outer 

membrane receptor protein, Rho-GTPases MIRO-1, which contains four Ca2+ binding EF-

hand motifs  (Fransson et al., 2006; Frederick et al., 2004; Klosowiak et al., 2013). 

Nevertheless, MIRO1 by itself cannot move mitochondria towards rich Ca2+ regions.  As a 

consequence, MIRO1 is linked to the kinesin-1 family (KIF5) by the adaptor protein 

trafficking kinesin (TRAK). Both proteins form an adaptor/motor complex which is essential 

for mitochondrial motility  (Fransson et al., 2003; Glater et al., 2006; Stowers et al., 2002; 

Wang and Schwarz, 2009). In fact, the mitochondrial movement to Ca2+ rich microdomains 

is ceased when elevated levels of Ca2+ stop or disassemble the MIRO1-TRAK-KIF5 complex 

(Macaskill et al., 2009; Wang and Schwarz, 2009). Another mechanism stopping the ceasing 

of mitochondrial transport is the Ca2+ induced competition for kinesin of TRAK versus 

syntaphilin, a microtubule docking protein  (Chen and Sheng, 2013). Recently, MIRO1 has 

been shown to be able to associate with the dynein complex, a process that will help to 
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better understand mitochondrial bidirectional transport (Morlino et al., 2014). Moreover, 

mitochondrial movement near Ca2+ rich domains will not only contribute to sustaining 

longer Ca2+ fluxes after TCR stimulation by buffering Ca2+ but also to producing ATP, which 

will stimulate P2X purinergic receptors that work as ATP-gated Ca2+ channels (Ledderose et 

al., 2014). 

  

Furthermore, mitochondria can also influence Ca2+ flux through its interaction and crosstalk 

with the ER. A constitutive Ca2+ transfer from the ER to the mitochondria is necessary to 

maintain ATP production and other organelle functions (Cárdenas et al., 2010). These 

interactions between the ER and the mitochondria are referred to as mitochondria-

associated membranes (MAMs) (Pizzo and Pozzan, 2007; Rusiñol et al., 1994) (Figure 1-3). 

Different proteins, such as the outer mitochondrial membrane GTPase Mitofusin 2 (MFN2), 

which is expressed in both organelles’ membranes, as well as the chaperone GRP75, which 

links VDAC on the OMM to the IP3R, are involved in maintaining those tethering sites. 

Currently, their specific roles are still under debate. (Bakowski et al., 2012; de Brito and 

Scorrano, 2008; Lionetti et al., 2013; Singaravelu et al., 2011). Moreover, MFN2, which 

assists with mitochondrial tethering to ER, can also decrease STIM1 trafficking to open CRAC 

channels when mitochondria are depolarized, possibly to prevent overload when 

mitochondrial Ca2+ uptake capacity is compromised  (Singaravelu et al., 2011).  

 

1.2.3. Lysosomes as new players in Ca2+ regulation 
Cell requirements for Ca2+ are not always equal but differ in time, concentration, and 

intensity. Although the mitochondria and ER play essential roles in Ca2+ storage and 

signaling, other compartments have recently garnered increased attention for their role in 

Ca2+ regulation.  The endo-lysosomal system, particularly the acidic compartments such as 

the lysosomes, have been established as important compartments for Ca2+ storage and 

regulation (Docampo and Moreno, 2011; Patel and Docampo, 2010).  
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Lysosomes are catabolic membrane-delimited organelles whose primary function is the 

degradation of cell components and breakdown of proteins. It is these main catabolic 

capacities that have given lysosomes their reputation as the trash cans or recycle bins of 

the cell. To fulfill its primary role, lysosomes use glycosidases, lipases, and proteases; 

containing over 60 different kinds of hydrolases (Kolter and Sandhoff, 2005). Cell nutrient 

status and signaling regulate the degradation catabolic pathways (Luzio et al., 2009). The 

cell uses two main routes for the degradation of components by the lysosomes. The 

extracellular components are delivered to the lysosomes via internalization to the endo- 

lysosomal network (Luzio et al., 2009). Other intracellular components can be targeted to 

the lysosomes via autophagy (Singh and Cuervo, 2011), a process that involves the 

formation of an autophagosome and a posterior fusion with lysosomes. Lysosomes have a 

very acidic lumen (pH around 4.5 to 5) that is crucial for its internal hydrolytic functions. An 

H+ pump in their membrane, known as the v-ATPase, constantly pumps H+ inside the 

lysosome to preserve its acidic environment, which is necessary for the lysosome’s catalytic 

functions (Forgac, 2007). In contrast, malfunction of the v-ATPase pump impairs cellular 

waste degradation, cargo sorting and can misbalance cellular metabolism (Saftig and 

Klumperman, 2009). In parallel, the acidic environment of the lysosomal compartment has 

been associated with the capacity of lysosomes to store higher concentrations of Ca2+, when 

compared with other vesicles of the endolysosomal pathway (Docampo and Moreno, 2011). 

Indeed, lysosomes can store up to 0.5mM of Ca2+ in their lumen (Lloyd-Evans et al., 2008; 

Morgan et al., 2011). The lysosomal acidic environment is one of the plausible explanations 

for why lysosomes can accumulate more Ca2+. Recently, one group has shown that for rapid 

lysosomal Ca2+ refilling, it is the ER’s close contact with lysosomes that is potentially playing 

an essential role for rapid lysosomal Ca2+ refilling (Garrity et al., 2016).  

 

The three most important Ca2+ mobilizing second messengers, IP3, cyclic ADP-ribose 

(cADPR), and NAADP, the latter is the most potent Ca2+ release messenger (Bootman et al., 

2002; Churchill and Galione, 2001; Lee and Aarhus, 2000). Interestingly, NAADP is produced 

after TCR engagement and is involved in the release of Ca2+ from acidic compartments 
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through the recently characterized two-pore channels (TPC) (Brailoiu et al., 2009; Calcraft 

et al., 2009; Dammermann and Guse, 2005). In addition to TPC2, another important Ca2+ 

release channel in lysosomes is the Mucolipin TRPs (TRPML1-3)(Cheng et al., 2010; Dong et 

al., 2010; Grimm et al., 2012) (Figure 1-3). Mutations in the Mucolipin1 gene lead to diseases 

associated with lysosomal storage (Sun, 2000). It has been shown by a patch-clamp 

technique that TRPML1 activation goes through a localized phosphatidylinositol 

biphosphate PI (3,5)P2 in the endo-lysosomal compartment  (Cheng et al., 2010). Moreover, 

the role of lysosomal Ca2+ in the overall cellular Ca2+ homeostasis has been demonstrated 

in experiments where the release of Ca2+ from the lysosomes can initiate further ER Ca2+ 

release into the cytoplasm (Penny et al., 2015).  Similarly, ER Ca2+ release has been shown 

to impact lysosomal Ca2+ concentration, which demonstrates that bidirectional 

communication is a mechanism for Ca2+ homeostasis that is constantly taken place 

intracellularly  (López-Sanjurjo et al., 2013; Morgan et al., 2013; Ronco et al., 2015).  

Furthermore, lysosomal Ca2+ is known to play a role in endocytic vesicles fusion as well as 

in the induction of expression of genes associated with the lysosomal/autophagy pathway  

(Medina et al., 2015; Settembre et al., 2013). In addition, well-characterized proteins STIM1 

and STIM2 have been reported to be expressed in acidic organelles (Zbidi et al., 2011). 

   

1.2.4. The Cytoskeleton network influences Ca2+ homeostasis via organelle 
movement regulation 

In addition to provide structural support to the cell, the cytoskeleton provides a significant 

transit network inside the cell where many types of cargoes can transit to fulfill cellular 

demands. The cytoskeleton network is mainly composed of actin filaments, intermediary 

filaments, and microtubules, which are all complementary to each other, but with different 

localization and organization within the cell (Huber et al., 2015). Actin filaments are found 

in the periphery of the cells and are composed of G-actin monomers that can agglomerate 

to form F-actin microfilaments. Two parallel F-actin microfilaments can then assemble to 

form the actin microfilaments from the cytoskeleton (Korn et al., 1987). As microtubules 

are more robust than actin filaments, they are present everywhere in the cytoplasm to 
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provide structural support as well as to help with the communication between the cell’s 

interior and its periphery by facilitating intracellular transport (Figure 1-4).  

 

Microtubules are composed of  α-tubulin and β-tubulin dimers that bind GTP in order to 

produce polymerized tubules with a positive and negative orientation, being negative the 

microtubule organization center near the nucleus and positive near the plasma membrane. 

This characteristic is key for other proteins that interact and move along microtubules 

(Carlier et al., 1984; Mitchison and Kirschner, 1984; Ohi and Zanic, 2016). The main forming 

units of the cytoskeleton network, specifically G-actin, α-tubulin, and β-tubulin, are 

abundant cellular proteins that have been highly conserved during evolution across species  

(Erickson, 2007). This particular characteristic facilitates their study among different cell 

types, but could potentially make results difficult to interpret due to their abundance. 

 

Actin filaments and microtubules are constantly used by different cargoes for transport 

across the cell (Kolomeisky and Fisher, 2007). The nature of these cargoes, ranging from 

protein complexes to whole organelles, makes this activity complex and subjected to 

regulation. In fact, cargoes by themselves cannot move along the different filaments that 

compose the cytoskeletal network. Therefore, a group of protein complexes, known as 

molecular motors, are in charge of this task.  By hydrolyzing ATP, motor proteins can 

transform chemical energy into a mechanical workforce, thus generating a movement of 

cargoes along the filaments  (Hirokawa and Takemura, 2005; Ross et al., 2008). 

 

Myosin is the main molecular motor that takes charge of the movement of cargoes over 

actin filaments.  Myosins are divided into two main groups, conventional myosin-II and 

unconventional myosins (Berg et al., 2001). While conventional myosin-II are in charge of 

contraction in muscle cells, unconventional myosins, such as myosin-V and myosin VI, are 

in charge of vesicular trafficking along actin filaments (Batters and Veigel, 2016; Lu et al., 

2014; Maravillas-Montero and Santos-Argumedo, 2012) (Figure 1-4). Due to the fact that 

actin filaments, as well as microtubules, have a polarity, cargoes travel toward positive or 
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negative ends of the polymer structure. In actin filaments, cargoes can associate with 

myosin-V to move toward the plus-end of a filament or with myosin VI to travel towards 

the opposite direction. Both myosin V and VI seem to have a monomeric conformation that 

gives the molecular motors the capacity to tether vesicles, but they require the formation 

of dimers to mechanically move cargos over actin filaments (Akhmanova and Hammer, 

2010).  

 

Figure 1-4: The cytoskeleton and the motor proteins. 
The cytoskeleton is principally composed of actin and microtubule filaments. Actin filaments are 
thinner than microtubules and are mainly localized at the periphery of the cell. On the other hand, 
microtubules are all over the cytoplasm. Both filaments shape the cell structure but also serve as a 
network to transport various cargos trough the cell. For actin filaments, myosin is the main motor 
protein in charge of cargo trafficking. As for microtubules, kinesin and dynein move cargoes in a 
specific direction. Kinesin is responsible for anterograde movement, while dynein performs the 
retrograde movement. 

 
In contrast to actin filaments, which principally support short movements, microtubules can 

support short and long movements that are regulated by the interaction of cargoes with 

the molecular motors, kinesin and dynein (Sheetz, 1996). In general, kinesin will take charge 

+ 

- 

+ 

- 



 

22 
 

of anterograde movements, which means toward the periphery of the cell, while dynein 

will control retrograde trafficking, toward the MTOC or nucleus of the cell (Mallik and Gross, 

2004).  To note, movement of cargoes over filaments required more than one motor 

protein, depending on the size of the cargo as well as to the distance to cover. Several 

kinesin motors can work together to accomplish the movement of cargo from point a to 

point b. In parallel, the tug of war model, an existing theory, suggests that motor proteins 

with different polarities, like kinesin and dynein, can compete to establish where the cargo 

or organelle will move (Müller et al., 2008). Even if several molecular motors with different 

direction affinities compete, the motor that loses the battle remains attached to the 

organelle to regulate further movement and to help the cargo overcome possible obstacles 

over the microtubule track (Bryantseva and Zhapparova, 2012). 

 

Other proteins, called adaptor proteins, also play a vital role in determining which direction 

cargoes may travel. It has been shown that MIRO1), an adaptor protein, has some calcium 

binding EF motifs, thus depending on the intracellular Ca2+ concentration can dictate the 

movement of mitochondria according to the intracellular Ca2+ concentration. MIRO1 in 

collaboration with another adaptor protein MILTON interacts with kinesin as well as with 

mitochondria. This leads to the formation of a mitochondrial transport machinery that can 

better dictate where mitochondria need to move (Wang and Schwarz, 2009). Several other 

adaptor proteins interact with both the organelles and motor proteins to further regulate 

and coordinate movement of cargoes all over the cytoplasm (Mallik and Gross, 2004). 

 

1.3. GIMAP family of proteins 
GTPases of immune associated proteins (GIMAP) are coded by a set of Gimap genes located 

in tight clusters (Krücken et al., 2004; Nitta and Takahama, 2007). Interestingly, Gimap 

genes share a conserved region with the AvrRpt2-Induced Gene1 (AIG1), a gene in charge 

of the immune response against pathogens in plants (Liu et al., 2008). In fact, Gimap genes 

are present in vertebrates and plants, which shows their conserved role among species in 

immune responses.  Gimap genes are expressed principally in immune tissues, where they 
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all seem to play a role at different stages of thymocyte maturation and T cell survival (Ciucci 

and Bosselut, 2014; Dion et al., 2005; Filén and Lahesmaa, 2010). Among the ten genes that 

compose the GIMAP family of proteins, humans express seven genes clustered on 

chromosome 7. In the same way, rats express seven genes clustered on chromosome 4, and 

mice express eight genes localized on chromosome 6 (Table-1) (Dion et al., 2005; Krücken 

et al., 2005, 2004). 

 

GIMAP 1 2 3 4 5 6 7 8 9 

Human Yes Yes Pseudogene Yes Yes Yes Yes Yes None 

Rat Yes None None Yes Yes Yes Yes Yes Yes 

Mouse Yes None Yes Yes Yes Yes Yes Yes Yes 

Table 1-1: Expression of the GIMAP family of proteins in humans, rats, and mice. 
 
In addition to plants, where the immune nucleotide associated genes have been studied for 

their importance as a defense mechanism against pathogens. In mammals, the most 

evolved members of the family of Gimap proteins have been investigated, principally, in 

rats, mice, and humans.  Phylogenetical tree comparison between the IAN/GIMAP proteins 

in higher plants, humans, mice, and rats, show how different family members are most 

closely related to them, than with others and may explain why some members have been 

associated with similar physiological roles (Figure 1-5). 

 



 

24 
 

 

Figure 1-5: Phylogenetic tree of IAN/GIMAP proteins expression in Arabidopsis thaliana, 
Homo sapiens, Mus musculus and Rattus norvegicus. 
A phylogenetic tree is showing the evolutionary relationships among the first IAN conserved protein 
in plants with the GIMAP family of proteins in the three principal organisms where the proteins have 
been studied: humans, mice, and rats.  The phylogenetic tree was generated after protein alignment 
of the different members of the IAN/GIMAP family of proteins with Clustal Omega bioinformatics 
tool (Sievers et al., 2011).  

 
All GIMAP proteins have a molecular mass between 33 and 38 kDa, except for GIMAP8, 

whose molecular weight is around 75 kDa. Similarly, they contain a conserved AIG1 domain 

at the N-terminal, where five GTP/GDP binding motifs, G1, G2, G3, G4, and G5 have been 

identified (Nitta and Takahama, 2007). Despite being small GTPases, they are not 

categorized in the known small GTPases families, RAS, RHO or Rab, making them a new 

subclass of small GTPases. Although they do not classify in the regular groups of GTPases, 

phylogenetical studies have shown that they conserved a canonical fold on their G domain 
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structure, which relates GIMAP proteins to the septin and dynamin GTPases (Schwefel et 

al., 2010).  With regards to their GTPase activity, few members have been studied for their 

capacity to hydrolyse or bind to GDP and GTP. Among the first members to be explored 

were mouse GIMAP3, which showed GTP binding activity (Dahéron et al., 2001) and human 

GIMAP4, which showed a capacity to bind GDP and GTP as well as to exhibit an intrinsic 

GTPase activity (Cambot et al., 2002). More detail and structural studies performed on 

human GIMAP2 and GIMAP7 have shown that GIMAP2 can also bind GTP. Interestingly, this 

group demonstrated that GIMAP7 was able to stimulate its own GTPase activity, and that 

of GIMAP2 by dimerization (Schwefel et al., 2013). Moreover, Schwefel et al. suggested that 

the ability of the GIMAP family to dimerize and form oligomers may constitute an important 

mechanism to activate their GTPase activity. In parallel, ongoing unpublished data by the 

same group attributes human GIMAP5 the capacity to bind to GTP. In parallel, ongoing 

unpublished data by the same group attributes human GIMAP5 the capacity to bind to GTP, 

in a similar way as GIMAP2 (Schwefel and Daumke, 2011).  

  

Besides the AIG1 conserved domain, all GIMAP family members contain a coiled-coiled 

domain, which may serve for protein-protein interactions. GIMAP proteins 1, 3 and 5 

contain one hydrophobic transmembrane region at the C-terminal and GIMAP2 contains 

two hydrophobic C-terminal regions, which play a major role in anchoring them to different 

cellular compartments. (Dion et al., 2005; Krücken et al., 2004; Nitta et al., 2006).  All 

GIMAPs are cytoplasmic intracellular proteins localized to distinct subcellular 

compartments, and they seem to have principally a physiological role in the development 

and maintenance of different cells that belong to the immune system (Filén and Lahesmaa, 

2010).  

 

GIMAP1 localizes to the ER and is primarily expressed in the lymph nodes tissues and spleen 

(Stamm et al., 2002).  Upregulation of Gimap1 mRNA has been observed in thymocytes 

development from DN to DP state, (Dion et al., 2005; Nitta et al., 2006) while it has been 

observed to be differently regulated in T helper cell differentiation (Filén et al., 2009). 
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Furthermore, conditional knockout of GIMAP1 produced a sharp decrease in T and B cells, 

suggesting its importance in their development (Saunders et al., 2010). Selective ablation 

of Gimap1 in B cells has shown that GIMAP1 is essential for their survival, independently of 

their activation state (Webb et al., 2015). In the context of mature T cells, GIMAP1 selective 

deletion induces their death by mitochondrial depolarization and apoptosis via the extrinsic 

pathway (Datta et al., 2016).  

 

GIMAP2 localizes on lipid droplets, and its expression was seen to be altered in anaplastic 

large cell lymphoma derived cell lines (Schwefel et al., 2013, 2010). GIMAP2 was also part 

of a susceptibility locus for Behcet’s disease, an inflammatory disorder, as shown by 

genome–wide association studies (Lee et al., 2013). 

 

GIMAP3 is localized to the ER and has been shown to modified mitochondrial DNA 

segregation (Jokinen et al., 2015). Furthermore, mice lacking GIMAP3 had diminished 

numbers in regards to their T cell production and seemed to cooperate with its paralogue 

GIMAP5 for the maintenance of the periphery pool of mature T cells in mice (Yano et al., 

2014).    

 

GIMAP4 has a cytoplasmic localization and associates with the trans-Golgi network, 

microtubules and actin filaments (Heinonen et al., 2014). Gimap4 is upregulated upon 

positive selection of thymocytes  (Poirier et al., 1999). mRNA level is stable in mature T and 

B cells in the naïve state and after activation, but protein levels decreased after activation 

in both T and B lymphocytes (Dion et al., 2005). Whereas T lymphocytes development, 

selection, and activation were not perturbed by the absence of GIMAP4 in knockout mice, 

the kinetics of apoptosis of T cells was slower compared to control cells (Schnell et al., 2006). 

Interestingly, deficiency of Gimap4 expression due to an AT allele insertion in the inbred 

Brown Norway rat, resulted in a similar delay in apoptosis. Moreover, GIMAP4 is associated 

with the proapoptotic protein Bax, and ectopic expression of Bax was shown to increase 

apoptosis in mice thymocytes  (Nitta et al., 2006). Apart from its proapoptotic function, 
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GIMAP4 has been shown to be regulated in CD4 T-helper cell differentiation. In fact, 

GIMAP4 is downregulated in Th2 and upregulated in Th1 cells (Filén et al., 2009). Moreover, 

siRNA depletion of GIMAP4 in activated CD4 T cells resulted in a decrease production of 

INF-γ, which is essential for Th1 differentiation phenotype (Heinonen et al., 2014).  In the 

context of human diseases, GIMAP4 have been associated with Behcet’s disease (Lee et al., 

2013). Furthermore, single nucleotide polymorphism (SNP) in GIMAP4 has been linked to 

asthma and allergic sensitization (Heinonen et al., 2015).  

 

GIMAP6 localizes to the autophagosomes in starved cells when mTOR was inhibited. In the 

same study, GIMAP6 was shown to bind and modulate the levels of GABARAPL2, an 

autophagosome-associated protein, and the authors suggested possible implications in the 

autophagy pathways  (Pascall et al., 2012). GIMAP6 gene expression was reduced in non-

small cell lung cancer (Shiao et al., 2008). Similarly, mRNA expression and protein levels of 

GIMAP6 were downregulated in tumor tissues of Hepatocellular carcinoma  (Huang et al., 

2016). 

 

GIMAP 7 localizes to the ER and Golgi, (Krücken et al., 2004) as well as lipid droplets 

(Schwefel et al., 2013).   

 

GIMAP8 localizes to the ER and Golgi  (Krücken et al., 2004). Apart from being a member of 

the GIMAP family due to its three AIG1 domains, knockout mice displayed minor impact on 

lymphocyte survival and development. Nevertheless, is importantly expressed in mature T 

and B lymphocytes and that it plays a role in circulating B cell and displays a regulatory role 

in apoptosis when expressed in vitro (Webb et al., 2014). As for GIMAP9, not much is known, 

only that it is present in B and T cells and is upregulated in SP thymocytes (Nitta et al., 2006). 

  

1.3.1. GIMAP5  
In rats, the Gimap5 gene codes principally for the expression of two different transcripts. 

The transcript that codes for the shorter protein has been shown to be more abundant in 
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comparison to the longer transcript (Andersen et al., 2004). As a result, two variants of 

GIMAP5 are present in rats, variant 1 is composed of 326 amino acids and variant 2 of 308 

amino acids.  Bioinformatics protein alignment of both variants showed that they share an 

identity of 90.8 %. Comparison of their sequences revealed that both variants differ from 

32 a.a. at N-terminal. How exactly and how much these variants impact the physiology of T 

cells, particularly variant1, is unknown. All previous studies on rat GIMAP5 have been done 

using GIMAP5 variant2 

 

Gimap5 is highly conserved among species; interestingly the human Gimap5 gene also 

codes for two variants of the GIMAP5 protein that differ at their N-terminal sites, similar to 

the rat GIMAP5 variants. The first variant and most current splicing transcript contain 307 

a.a and has a molecular weight of 34.8 kDa. The second, less common splicing product codes 

for the variant 2, which contains 347 a.a and has a molecular weight of 39.5 kDa (Krücken 

et al., 2004). In contrast, in mice, where Gimap5 is also expressed in hematopoietic and B 

cells, there is only one single variant for GIMAP5. GIMAP5 protein has a conserved 

homology between rats, mice, and humans, which can be seen in Figure 1-6. 
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Figure 1-6: GIMAP5 secondary structure in rats, mice, and humans. 
Schematic representation of the secondary structure of GIMAP5 in rat, mice, and humans. Rat 
GIMAP5, for Lyp represent the truncated protein that results from a frameshift mutation in Gimap5 
gene is also represented. UniProt: Rat v1 (Q8K3L6), v2 (Q0R3W7), Lyp (Q0R3W6), Mouse (Q8BWF2) 
and Human v1 (Q96F15), v2 (Q96F15-2). Structure domains prediction: InterPro (Mitchell et al., 
2015) Bioinformatics design software (Liu et al., 2015), AIG: AvrRpt2-Induced Gene1, cc: coiled-
coiled, TM: transmembrane. 
 

Different localization sites have been suggested for GIMAP5. GIMAP5v2 has been principally 

localized on mitochondria (Pandarpurkar et al., 2003; Zenz et al., 2004), ER (Sandal et al., 

2003) and lysosomes (Wong et al., 2010). GIMAP5 initial contradictory results about its 

localization are possibly due to overexpression of the protein, short-term transfections, as 

well as C-terminal protein tags, which can modify the anchorage of the protein. In addition, 

cellular fractionation indicated that GIMAP5 is not in the same fraction as ER or 

mitochondrial proteins (Keita et al., 2007). Thus the most plausible localization, as 

confirmed by our results are the lysosomes. 

 

GIMAP5 was first identified by positional cloning of Iddm1/lyp in the diabetes-prone BB rat 

(BBDP), where it is expressed in the thymus, spleen and lymph nodes (Hornum et al., 2002; 
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MacMurray et al., 2002). In the BB-DP rats, a virtual absence of CD8+ T cells and a significant 

decrease in CD4+ T cells, which can reach up to a 10-fold reduction, arises from a 

homozygous lyp mutation (Elder and Maclaren, 1983; Jackson et al., 1981; Poussier et al., 

1982). After thymus emigration and posterior homing of naïve lymphocytes to secondary 

organs, mature naïve T cells rapidly undergo spontaneous apoptosis. Compared to mature 

T cells from non-lymphopenic, diabetes resistant rats (BB-RD). The half-life of recent thymus 

emigrants from is almost 5 to 6 times shorter in BB-PD rats  (Hernández-Hoyos et al., 1999; 

Ramanathan and Poussier, 2001; Ramanathan et al., 1998; Zadeh et al., 1995). The lyp allele 

originates from a frameshift mutation in the Gimap5 gene. This results in the production of 

a truncated protein, where 19 a.a at the end of the C-terminal will replace the last 223 a.a 

of the original sequence (Hornum et al., 2002; MacMurray et al., 2002) (Figure1-6).   

 

Interestingly, strong TCR stimulation using superantigens, concanavalin A or anti-CD3 mAb, 

rescues the short-lived Gimap5Lyp/Lyp cells from apoptosis. This auto antigen-dependent 

rescue seems to expand autoreactive T cells preferentially, leading to autoimmune diabetes 

in BB-DP rats (Lau et al., 1998; Ramanathan et al., 1998).  In line with the anti-apoptotic 

role of GIMAP5, hGIMAP5 was shown to protect Jurkat T cells from apoptosis induced by 

the protein phosphatase-directed toxin, okadaic acid (Sandal et al., 2003). Another group 

showed that siRNA knockdown of GIMAP5 in T cells induced apoptosis and that T cell 

spontaneous apoptosis in the absence of rGIMAP5 was due to a decreased in mitochondrial 

membrane potential. In parallel, in agreement with previous studies, T cell activation 

prevented apoptosis by rescuing the mitochondrial membrane potential (Pandarpurkar et 

al., 2003). Moreover, another explanation of what may be contributing or driving naïve T 

cells to apoptosis is that GIMAP5 deficiency induces T cells to a partial activation, with may 

suggest an implication in the modulation of the TCR signaling strength (Lang et al., 2004). 

Moreover, CD5 expression, which is correlated with TCR strength, is higher in GIMAP5 

deficient T cells, when compared to control T cells, which suggests a problem in TCR tuning. 

Moreover, Dr. Scheinman group followed NF-AT and NF-κB, after TCR signaling and 

observed that in unstimulated GIMAP5 deficient lymphocytes NF-κB was already activated, 
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which suggests a more intrinsic than environmental defect due to the lack of GIMAP5 

(Kupfer et al., 2007).  In vitro overexpression of hGIMAP5 in Jurkat or naïve cells, as well as 

overexpression of rGIMAP5 in the rat T cell line C58 T can induce apoptosis. Similar results 

were obtained with the overexpression of the lymphopenia truncated protein (Dalberg et 

al., 2007). Even if these pro-apoptotic results seemed contradictory with the pro-survival 

role of GIMAP5 reported by others, it is important to understand the context in which the 

experiments were performed. Jurkat and C58 cells are tumor origin cell lines. Additionally, 

transfection times 5 hours) and the amount of transfected cDNA may in part explain part of 

the results. Nevertheless, these results help to understand that unbalanced GIMAP5 dosage 

inside cells can be a double-edged sword.   

 

Furthermore, studies in mice have suggested that the antiapoptotic effect of GIMAP5 is 

possibly due to an interaction with anti-apoptotic protein Bcl-2 (Barnes et al., 2010; Nitta 

and Takahama, 2007; Zenz et al., 2004). In contrast, we have previously observed that the 

endogenous GIMAP5, not the overexpressed protein, failed to interact with Bcl-2 and 

resides in a different cellular compartment than the ER and mitochondria (Keita et al., 

2007). Other studies suggest that the pro-apoptotic state of GIMAP5 deficient T cells could 

be a result of ER stress-mediated apoptosis through the C/EBP-homologous protein (CHOP) 

(Pino et al., 2009). In contrast, in the T-ALL leukemia disease, Gimap5 gene was the target 

of Notch (Chadwick et al., 2010, 2009). In collaboration with other mechanisms, such as 

mTOR activation by Notch-induced PI-3K\AKT (Mungamuri et al., 2006), c-Myc upregulation 

(Chan et al., 2007) and activation of the NF-κB pathway (Vilimas et al., 2007), GIMAP5 may 

protect T-ALL cell from apoptosis.  

 

While GIMAP5 protein deficiency is primarily affecting peripheral mature naïve CD4 and 

CD8 T cells numbers, in BB-DP rats, GIMAP5 protein deficiency in mice results in greater and 

more significant consequences. Different strategies have been used to generate mice that 

are deficient for the GIMAP5 protein. In the first model of Gimap5 deficient mice, the first 

130 amino acids were deleted by gene targeting  (Schulteis et al., 2008). These mice not 
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only replicated the reduction of post thymic T cells found in the BBDP rats but also had a 

deficiency in natural killer (NK) T cells, an important granulocytosis and severe liver 

pathology that compromises their survival at around 15 weeks old. Moreover, bone marrow 

transfer of Gimap5-/- to wild-type recipients did not rescue the GIMAP5 deficient T cells 

phenotype. Additionally, another group reported that Gimap5 deficiency was affecting the 

survival of hematopoietic stem and progenitor cells in the same mice model  (Chen et al., 

2011). Furthermore, they showed that Flag-tagged mouse GIMAP5 could localize to the 

mitochondria and associate with the anti-apoptotic proteins Mcl-1, Bcl-xL, Bcl2 as well as to 

HSC70, in pre-B cells (Chen et al., 2011). 

 

In the second mice model, a recessive germline mutation in the P-loop (G38C) of Gimap5 

was developed by N -ethyl- N –nitrosourea (ENU), Sphinx (Gimap5sphinx/sphinx) (Barnes et al., 

2010). This model recapitulated most of the findings in the Gimap5-/- mice, but these mice 

also developed intestinal inflammation and were unable to reconstitute the compartment 

of B cells. In contrast with GIMAP5 deficiency in rat T cells, mouse deficient GIMAP5 cells 

fail to proliferate after Ag receptor stimulation (Barnes et al., 2010). Subsequent studies in 

these mice revealed a Th17/Th1 polarization and reduced numbers of regulatory T cells, 

changes that are associated with the loss in Gimap5sphinx/sphinx mice of the Forkhead box 

group O: Foxo1, Foxo3, and Foxo4 (Aksoylar et al., 2012). Interestingly, when wild type 

Foxp3+ Treg cells were transferred to Gimap5 sphinx/sphinx mice, it prevented intestinal 

inflammation (Aksoylar et al., 2012). 

 

A third model of Gimap5 deficient-mice was generated by interrupting the expression of 

Gimap5. To achieve this goal, the first 36 bps of the coding sequence of GIMAP5 was 

replaced by the neomycin resistance gene. In contrast to the two previously generated 

Gimap5 deficient mice, these mice showed a less severe phenotype, where no decrease in 

NK, NKT, CD4 or B cells was detected as well as no reduction in the life span of the Gimap5 

deficient mice  (Yano et al., 2014). The authors suggested that discrepancies may be due to 

the genetic background of the different mice. Although in the same paper, authors also 



 

33 
 

generated Gimap3-/- mice as well as Gimap5-/- Gimap3-/- mice (Yano et al., 2014). In fact, 

GIMAP3 protein is a paralogue of GIMAP5 as both of them share an identity of 80.5%. 

Observations in Gimap3-/- mice and both Gimap3 and Gimap5 deficient mice showed that 

GIMAP3 is important to maintain the production of lymphocytes. Deficiency of both 

proteins recapitulated previous Gimap5 KO mice and showed a cooperative function of 

both proteins, not only for the production of lymphocytes but in T cell survival. 

 

Coming back to the rat model, as mentioned before, a frameshift mutation in this protein 

results in severe lymphopenia in BB-DP rat strains (Ramanathan and Poussier, 2001). 

Multiple studies have been done to elucidate the pro-survival role of GIMAP5 in naïve 

mature T cells. We and others have shown that mitochondrial membrane integrity is 

affected by the absence of GIMAP5 (Keita et al., 2007; Pandarpurkar et al., 2003).  Our group 

also showed that Ca2+ flux was decreased in GIMAP5Lyp/Lyp primary T cells, after Thapsigargin 

(TG) stimulation or TCR engaging, suggesting that a decrease in [Ca2+]i may be responsible 

for the impaired survival of these cells (Ilangumaran et al., 2009). 

 

In concordance with these observations, we have published that the mitochondrial capacity 

to accumulate Ca2+ is reduced in GimapLyp/Lyp cells. Even if the GIMAP5 protein does not 

colocalize with mitochondria, other processes necessaries for mitochondrial Ca2+ uptake, 

such as mitochondrion movement along microtubules but not actin filaments, may be 

affected by the absence of GIMAP5. Similarly, an increase in mitochondrial Ca2+ 

accumulation was observed in stable HEK293T cells expressing GIMAP5  (Chen et al., 2013). 

In concordance, analysis of GIMAP5 capacity to interact with cytoskeletal elements showed 

that GIMAP5 was able to colocalize more importantly with microtubules than with actin 

filaments (Chen et al., 2013). 

 

Furthermore, our group has recently published that basal Akt activity is increased in 

GIMAP5 deficient T cells from Gimap5Lyp/Lyp and Gimap5sphinx/sphinx, resulting in a basal 

increase of mTOR activation (Chen et al., 2015), which in other models has been associated 
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with increased apoptosis of peripheral T cells (Wu et al., 2011). Intrinsic defects that drives 

T cells to a premature apoptosis in the absence of GIMAP5 showed that a decrease 

proliferation capacity, as well as a reduction in the phosphorylation of STAT5 after IL-7 

stimulation, was perturbed via signaling through TCR and IL-7 receptor (Chen et al., 2016), 

two of the basal pathways in naïve T cells survival.     

 

Besides the lymphopenic role of GIMAP5 in BBDP rats. In other rats with different 

backgrounds, the absence of GIMAP5 has been associated with Eosinophilic bowel disease 

(Cousins et al., 2006), experimental autoimmune encephalomyelitis (EAE) (Fischer et al., 

2016)  and with an imbalance of Tregs and CD4 Th17 cells (van den Brandt et al., 2010). In 

humans, Gimap5 SNP has been associated with autoimmune diseases, such as type-1 

diabetes and systemic lupus erythematosus (Hellquist et al., 2007; Shin et al., 2007). 

Moreover, GIMAP5 upregulation or overexpression have been associated with leukemia 

and B-cell lymphoid malignancies (Armstrong et al., 2009; Zenz et al., 2004). Additionally, 

recent studies have also implicated GIMAP5 in Behcet’s disease (Lee et al., 2012), asthma  

(Heinonen et al., 2015) and hepatocellular cancer (Huang et al., 2016). Underlining the 

importance of GIMAP5 in autoimmune diseases as a key regulator that helps to balance 

survival and death signals in immune cells.   
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2. RATIONALE AND HYPOTHESIS  
 

2.1. Rationale   
The absence of the GIMAP5 protein has been associated with a decrease in naïve T cell 

survival not only in rats, where the mutation was discovered, but also in mice models where 

its deletion was induced. Uncovering the protein localization is critical to better understand 

the role of GIMAP5 in the biology of naïve T cell. Wong et al. have shown that human and 

mice GIMAP5 proteins can be associated with lysosomes (Wong et al., 2010).  In parallel, 

previous work by our group has demonstrated that deficiency of GIMAP5 protein in T cells 

from rats carrying the Lyp mutation, leads to a decrease of Ca2+ flux to the cells. In fact, 

correct intracellular [Ca2+] is essential for different downstream cellular pathways n T cells 

that end in the activation of several genes implicated in survival and proliferation.  

Current knowledge of the molecular mechanisms in which GIMAP5 is playing a specific role 

is missing.  

In a similar manner, the sequence structure of GIMAP5 shows that the protein contains a 

TM region, important for membrane anchoring as well as coiled-coiled regions, which can 

serve the protein to form complexes. Furthermore, our group has shown that GIMAP5 can 

localize with microtubules and that this colocalization may be in part responsible for the 

incapacity of mitochondria to correctly uptake entry Ca2+ into the cell. Lastly, in rats and 

humans, two variants of the protein can be found, but currently there are no studies on the 

differences among the two variants, which could give more clues in the way GIMAP5 

impacts T cell homeostasis. The main goal of this research project is to better define how 

GIMAP5 is affecting naïve T cell survival.  

As GIMAP5 seems to primarily impact Ca2+ homeostasis, I will focus on understanding how 

[Ca2+] is affected intracellularly, but also in the main organelles that contribute and regulate 

Ca2+ homeostasis, which are the ER, mitochondria, and lysosomes.  Since organelles use the 

cytoskeleton to move through the cell, I will try to understand how GIMAP5 colocalization 

with the cytoskeleton network may impact the ability of the organelles to buffer Ca2+ 

correctly. To expand our understanding of GIMAP5’s role on naïve T cells, I have cloned both 
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of the variants as well as different deletion mutants. HEK293T cells stably expressing the 

constructions were used as a model, and subsequently, key findings were confirmed in 

primary T cells. 

 

2.2. Hypothesis 
The absence of the GIMAP5 protein impairs long-term survival of naïve T lymphocytes by 

affecting intracellular [Ca2+] and its regulation via the buffering capacity of different 

organelles.  

2.2.1. Aims 
2.2.1.1. To elucidate which regions of GIMAP5 are implicated in Ca2+ 

homeostasis and cytoskeletal association 
Release of intracellular Ca2+ from the different deletion mutants, in the presence and 

absence of extra cellular Ca2+ will help to determine which regions play an important role in 

general Ca2+ homeostasis. Similarly, the different stable cells for the expression of the each 

of the mutants will be transfected or labelled for actin, tubulin or the motor proteins. 

 

2.2.1.2. To expand the understanding of how GIMAP5 is affecting 
mitochondrial [Ca2+] 

By using FCCP to depolarize mitochondrial membrane we will follow the patterns of Ca2+ 

release to the intracellular media with Fura2 –AM or by confocal microscopy labelling the 

organelle and using rhod-2 as a specific Ca2+ dye 

 

2.2.1.3. To confirm lysosomal localization and determine if GIMAP5 can 
localize elsewhere 

The different stable cell lines will be transfected with specific lysosomal and other vesicular 

markers to determine in which compartments GIMAP5 is present 

 

2.2.1.4. To determine if GIMAP5 can influence lysosomal [Ca2+] and how it 
may impact naïve T cells. 

By using GPN that leads to loss of lysosome membrane integrity, I will determine indirectly 

by Fura2-AM in the absence or presence of extracellular Ca2+the role of GIMAP5 in the 

lysosomal compartment and its effects in naïve T cells, at time 0 and after TCR stimulation.
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3. MATERIALS AND METHODS 

3.1. Constructions and Cell lines 
Rat GIMAP5 variant 2 with an N-terminal Flag-tag, was sub-cloned using a pCDNA3.1 vector, 

which contained an N-terminal Myc-tag ratGIMAP5v2 (Keita et al., 2007) to PIRES-puro3 

vector. Rat GIMAP5 variant 1, with an N-terminal FLAG-tag and human GIMAP5, was 

directly cloned from purified rat CD4 T cells or Jurkat cells into a pIRES-Puro3 vector, 

respectively. Deletion constructs were subcloned using their particular variants as 

templates. For fluorescent EGFP and mRFP GIMAP5 constructions, EGFP and mRFP proteins 

were subcloned into the pIRESpuro3 vector with flanking sites at the C-terminal that contain 

compatible restriction sites that were also designed at the N-terminal sites of GIMAP5 

sequences.  

 

The following primers were used for the cloning and sub-cloning of the different GIMAP5 

constructions: 

FLAG-GIMAP5V1 (Fw: GGAATTCGCCACCATGGATTACAAGGATGACGATGACAAGGAGGACCATGGCTTTG) 

FLAG-GIMAP5V2 (Fw: GGAATTCGCCACCATGGATTACAAGGATGACGATGACAAGGAAGGCCTTCAGAAG) 

FLAG-GIMAP5V1 and FLAG-GIMAP5V2 (Rv: CCAATGCATTGGTTCTGCAGTTTCATTTCCACCTGCCAA) 

FLAG-GIMAP5V1ΔTM and V2ΔTM: (Rv: ATGCATTGGTTCTGCAGTTTCAGCAGGACGTGACTCTGCA) 

EGFP (Fw: TGGGATATCGCCACCATGGTGAGCAAGGGCGAGGAG and Rv: CGGAATTCCTTGTACAGCTCGTCCAT) 

mRFP (Fw: TGGGATATCGCCACCATGGCCTCCTCCGAGGACGTC and Rv: CGGAATTCGGCGCCGGTGGAGTGGCG) 

GIMAP5v1 to link with EGFP or mRFP (Fw: GGAATTCGAGGACCATGGCTTTGAG) 

GIMAP5v2 to link with EGFP or mRFP (Fw: GGAATTCGAAGGCCTTCAGAAGAGC) 

human GIMAP5 (Fw: GGAATTCGCCACCATGGATTACAAGGATGACGATGACAAGGGAGGATTCCAGAGGGG)  

(Rv: TTGGCGGCCGCTTAAATGTAATGAAAGAT). 

HEK293T or HeLa cells were transfected using polyethylenimine Max 40000 (Polysciences, 

Inc) and the stable transfectants were selected using puromycin (2µg/ml). Protein 

expression was confirmed by immunofluorescence and by immunoblotting with an anti-

FLAG antibody or by immunofluorescence for constructions tagged with fluorescent 
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proteins. Other cell lines used during the study were Jurkat cells and primary T CD4 and CD8 

T cells from rats and mice. Cell lines were cultured in DMEM 5% FCS for HEK293T and HeLa 

or RPMI 10% FCS for Jurkat and primary cells. Both media contained 1% 

penicillin/streptomycin. Cells were cultured in a humidified atmosphere at 37°C in the 

presence of 5% CO2. 

 

3.2. Reagents  
Antibodies against α-tubulin, tissue culture media, fetal calf serum, poly-D-lysine, Anti-FLAG 

antibody and Anti-FLAG M2 Affinity Gel, Nocodazole, Taxol, Latrunculineβ were from Sigma-

Aldrich (Oakville, ON, Canada). Dynalbeads®-M450 tocyl activated beads, MitoTracker® 

Green, MitoTracker Deep Red, Texas Red® X-phalloidin, Fura-2, Rhod-2, Goat anti-Mouse 

IgG (H+L) Secondary Antibody and Alexa Fluor 633 were from Molecular Probes (Life 

Technologies, Carlsbad, CA, USA).  GPN (Gly-Phe-β-naphthylamide) was from Santa Cruz 

Biotechnology. Nocodazole was obtained from Calbiochem 

 

Plasmids pmEGFP_ α _tubulin_IRES_puro2b (Addgene plasmid # 21042) and pmCherry_ α 

_tubulin_IRES_puro2 (Addgene plasmid # 21043) were kind gifts from Dr. Daniel Gerlich 

(Steigemann et al., 2009).EGFP-IC2-FL (Addgene plasmid # 51409) was a gift from Dr. Trina 

Schroer (King et al., 2003). EYFP-KIF5C was a gift from Dr. Anne Stephenson (University of 

London, London, UK) (Smith et al., 2006). CMV-GFP-NMHC II-A was a gift from Robert 

Adelstein (Addgene plasmid # 11347) (Wei and Adelstein, 2000). HA-Rab1a, HA-Rab4, and 

HA-Rab6a were kind gifts of Dr. Jean-Luc Parent (Université de Sherbrooke) (Lachance et 

al., 2014). pmRFP-Rab5, pmRFP-Rab7, pDSRed-Rab9, pDSRed-Rab11 have been already 

described (Cayouette et al., 2010).     

 

3.3. Animals 
Gimap5lyp/lyp and Gimap5+/+ rats in the ACI.1u background have been previously described 

(Keita et al., 2007). Rats were housed in micro-isolated sterile cages under specific 

pathogen-free conditions.  
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For some experiments, BL56 C57Bl/6 mice were purchased from Charles River Canada as 

controls, and Gimap5sph/sph mice were generously donated by Dr. Hoebe (Barnes et al., 

2010). All experimental protocols were approved by the institutional animal ethical 

committee.   

 

3.4. Isolation of T cell subsets  
 CD4+ T lymphocytes were isolated from rat lymph nodes by negative magnetic selection, 

as described previously  (Ilangumaran et al., 2009). In brief, lymph nodes were isolated from 

rats and put in cold PBS1x –FCS 2%. Next, while maintaining the lymph nodes permanently 

in PBS1X-FCS, lymph nodes were crushed with a 100 mesh filter size strainer. Recovered 

filtered solution in cold PBS1x –FCS 2% was centrifuged for 5 minutes at 1300 rpm and the 

supernatant was discarded. The pellet was tapped, and 1 ml of Ammonium-Chloride-

Potassium (ACK) was added after 1 minute.  4 ml of PBS1x –FCS 2% were added to the tube 

and centrifuged at the same speed used previously. Next, in 1 ml of PBS –FCS 2%, 1:600 of 

OX8 antibody for CD8 depletion or W3/25 in combination with 1:500 of IgG antibody was 

added to the cells and incubated for 30 to 40 minutes at 4ºC. Afterwards, 4 ml of PBS1x –

FCS 2% were added and the tubes were centrifuged. Following this, according to cell count, 

25µl of pre-wash magnetic Dynabeads® Pan Mouse IgG were added for each 106 cells in 2 

ml of PBS1x –FCS 2% and incubated at 4ºC with constant rotation for 40 minutes. Finally, 

using negative magnetic bead selection, tubes were incubated on a magnet for 2 minutes 

and the supernatant was preserved.  For mice, CD4+ T cells were purified by negative 

selection using magnetic beads following the manufacturer’s instructions (Dynabeads, Life 

Technologies). 

 

3.5. Immunoprecipitation and western blot 
For total protein extraction, denaturing SDS-PAGE sample buffer (50 mM Tris pH 6.8, 1% 

(w/v) SDS, 1 mM EDTA, 1 mM dithiothreitol) was added directly to the cells, then heated at 

95 ºC for 5 minutes and charged into a 12% polyacrylamide gel. Proteins were transferred 

to hydrated PVDF membranes for 20 minutes at 15 volts using semidry transfer system (Bio-
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Rad). Next, membranes were blocked in 5% milk TBST for 40 minutes and incubated 

overnight at 4 ºC with primary antibodies. After 3 washes in TBS-tween buffer, membranes 

were incubated 1 hour at room temperature with the appropriate HRP-conjugated 

secondary antibodies and developed with ECL reagent (GE Healthcare). Western blot 

images were captured with the VersaDOC 5000 imaging system (Bio-Rad). 

 

For immunoprecipitation of FLAG-GIMAP5 proteins, Sigma-Aldrich Anti-FLAG M2 Affinity 

Gel, catalog # A2220 was used. As described in the company technical sheet: For a 70–90% 

confluent 100 mm dish, use 1 ml of lysis buffer (50 mM Tris-HCl, pH 7.4, with 150 mM NaCl, 

1 mM EDTA, and 1% TRITON X-100). - Remove the growth medium from the cells to be 

analyzed. Rinse the cells twice with PBS buffer, being careful not to dislodge any of the cells. 

Discard the PBS. Add lysis buffer. Next, incubate the cells for 15–30 minutes on a shaker, 

scrape and collect the cells. Centrifuge the cell lysate for 10 minutes at 12,000 ´ x g. Transfer 

the supernatant to a chilled test tube and perform all steps at 2–8 °C.  

 

Thoroughly suspend the ANTI-FLAG M2 affinity gel in the vial, to make a uniform suspension 

of the resin. The ratio of suspension to packed gel volume should be 2:1. Then, centrifuge 

the resin at 5,000–8,200 ´ x g for 30 seconds. To let the resin settle in the tube, wait for 1–

2 minutes before handling the samples. Remove the supernatant with a narrow end pipette 

tip being careful not to transfer any resin. Wash the packed gel twice with 0.5 ml of TBS. 

Next, add 200–1,000 ml of cell lysate to the washed resin. If necessary, bring the final 

volume to 1 ml by adding lysis buffer. Agitate or shake all samples and controls gently (a 

roller shaker is recommended) for 2 hours or overnight. Then, centrifuge the resin for 30 

seconds at 5,000–8,200 ´ g. Remove the supernatants and wash the resin three times with 

0.5 ml of TBS. Make sure all the supernatant is removed. Finally, add 20 ml of sample buffer 

(125 mM Tris-HCl, pH 6.8, with 4% SDS, 20% (v/v) glycerol, and 0.004% bromphenol blue) 

and boil the samples for 3 minutes. Centrifuge the samples and controls at 5,000–8,200 ´ g 

for 30 seconds to pellet any undissolved agarose. Transfer the supernatants to fresh test 

tubes, ready for loading on SDS-PAGE and immunoblotting using ANTI-FLAG. 
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3.6. Quantitative PCR 
RNA was extracted and purified from primary rat CD4 or CD8 T cells. One µg/µl of RNA was 

converted to cDNA.  The following primers were used for amplification of genes: for total 

Gimap5 both variants (Fw: ACACAGTCGAAGATGCCATG, Rv: TGGGTGAAGAGGACAATCATG), 

Gimap5v1 (Fw: CCATGACCTCAACGTCAGAA, Rv: CTCTGAGCCTGGACTCGAAC) and Gimap5v2 

(Fw: AAGGCCTTCAGAAGAGCACA, Rv: CTCTGAGCCTGGACTCGAAC). Gene expression was 

evaluated using MyQi5® cycler (Biorad) using SYBR Green Supermix (Biorad). 

 

3.7. Confocal Microscopy 
Stable HEK293T cell lines expressing the GIMAP5 constructs were grown on 15 mm 

coverslips and were transiently co-transfected with EGFP-αtubulin, EYFP-KFC5 (Kinesin) or 

EGFP-IC2-FL (Dynein). Forty-eight hours post-transfection cells were washed with PBS, fixed 

with 2% PFA for 13 minutes, washed, permeabilized with 0.2 % saponin for 12 minutes, 

washed, and blocked for 20 min with 2% milk in PBS. The slides were incubated with the 

appropriate primary Ab overnight at 4°C. After washing, the slides were stained with 

fluorochrome-conjugated secondary Abs along with DAPI that stains the nucleus. After the 

final wash, the slides were mounted with VectaShield (Vector Labs) before confocal 

microscopy. Images were acquired using an Olympus 1X81 FV1000 microscope with a 60X 

oil-immersion objective and images as well as Pearson coefficient was processed using 

Fluoview Olympus software. Pearson coefficient value over 0.5 to 1 was considered as 

significant colocalization. 

 

For live cell microscopy, cells were grown on 25 mm coverslips for 48h before experiments.  

For mitochondrial calcium measurements, cells were loaded with MitoTraker Green (100 

nM) and Rhod-2 (5µM) for 40 minutes at 37 ºC, washed and maintained in HEPES buffer 

supplemented with 2mM CaCl2 for de-esterification for 15 min before image acquisition.  

For image analysis, regions labeled for mitochondria were selected, and the Pearson 

coefficient of colocalization between Rhod-2 and MitoTracker was measured during the 

experiment time lapse. Some live cell microscopy videos were acquired using a Nikon 
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TE2000 microscope with a 100X oil-immersion objective and processed using HCImage 

imaging software (Hamamatsu Corporation). 

 

3.8. Calcium measurements  
HEK293T cells grown on 25 mm coverslips for 24-72 h or primary purified T cells were plated 

on poly-L-lysine coated coverslips were loaded with 1µM Fura 2-AM for 30 min at 37oC. 

Coverslips were washed and de-esterified for 20 minutes at room temperature in Ca2+ 

loading buffer (120mM NaCl, 1mM Na2HPO4, 0.5mM MgCl2 6H2O, 5,5 mM glucose, 25 mM 

HEPES and 2mM CaCl2, pH 7.3). Coverslips were then placed in a chamber in an Olympus 

IX71 microscope (Olympus Canada Inc., Markham, ON, Canada) equipped with a Lambda-

DG-4 illuminator (Sutter Instrument Company, Novato, CA, USA).  

 

Cytosolic Ca2+ [Ca2+]c measurements were done over an average of 50-70 cells per coverslip 

per experiment for HEK293T cells and on an average of 100-150 for primary purified CD4T 

cells. [Ca2+]c were measured at room temperature using 2 different excitation wavelengths 

of 340nm and 387nm and fluorescence emission was monitored at 510nm through a 415-

570nm dichroic mirror using an EvolveTM EMCCD camera (photometrics, Tucson, AZ, USA). 

Image digitalization was done using MetaFluor software (Universal Imaging Corporation, 

Downingtown, PA, USA). In experiments where there was no Ca2+ in the extracellular 

medium, 0.5 mM EGTA was added to the loading buffer instead of 2 mM CaCl2 to chelate 

any extra cellular Ca2+. For all experiments, a baseline time of 1 minute was done before 

treatment of cells with TG, FCCP or GPN. Free [Ca2+]i was calculated using the Grynkiewicz 

method (Grynkiewicz et al., 1985). 

3.9. Statistical analysis 
The values are presented as a mean and standard error (SEM). Data was analyzed by ANOVA 

and Student t-test. P values less than 0.05 were considered statistically significant. 
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4. RESULTS 

4.1. GIMAP5 protein constructs 
Andersen et al.  (Andersen et al., 2004) have previously shown that from several transcripts 

that can be generated from the rat Gimap5 gene; two were more abundantly expressed. 

Gimap5 variant 1 is composed of 326 amino acids and variant 2 of 308 amino acids. Protein 

alignment using the Universal Protein Resource (UniProt) showed that both proteins share 

90.8% identity and that both variants only differ in the first 32 aa (Figure 4-1A).  Of the 2 

transcripts, variant 2 (rGIMAP5v2) which is 308 a.a in length, is more abundant  (Andersen 

et al., 2004), and therefore was cloned easily from naïve T lymphocytes  (Keita et al., 2007; 

MacMurray et al., 2002). Using primers that are unique to the N-terminal sequence of 

rGIMAP5v1, we cloned rGIMAP5v1 from cDNA prepared from CD4+ T cells isolated from the 

lymph nodes of ACI.1u.Gimap5+/+ rats. As GIMAP5 has a C-terminal membrane anchor, we 

added Flag-tag to the N-terminal region. PCR-based cloning generated the different 

deletion constructs into the pIRES_puro3 vector (Figure 4-1B). The accuracy of the 

constructs was verified by sequencing. The expression at the protein level was confirmed 

by immunoblotting with anti-Flag antibodies using lysates generated from the stable 

HEK293 cells expressing each of the constructs (Figure 4-1C). Full-length versions of 

rGIMAP5v1, rGIMAP5v2, and the 2 variants lacking the transmembrane domain delta TM-

rGIMAP5v1 and Delta TM-rGIMAP5v2 were used in further studies (Figure 4-1B). 
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Figure 4- 1: Cloning of GIMAP5 variants. 
A) Protein sequence alignment of v1 and v2 variants of rat GIMAP5 protein. The predicted structure 
was obtained from http://www.uniprot.org. Accession numbers: Q8K3L6 (variant 1) and Q0R3W7 
(variant2). GIMAP5 deletions were made in the C-terminal transmembrane domains by PCR cloning. 
AIG, AIG1-type guanine nucleotide-binding; C-C, coiled-coiled; TM, transmembrane domain. All 
constructs were tagged at the N-terminus with Flag, RFP or EGFP tag. C) Western blot analysis of 
Flag-tagged GIMAP5 constructs expressed in HEK293T cells. 

 

4.2. T cells express predominantly the shorter variant of GIMAP5 
Using universal primers that recognize both forms of rGIMAP5 (Figure 4-1A), (Dion et al., 

2005) observed that transcripts for the rGIMAP5 were detected in CD4+CD8+ double positive 

(DP), CD4+ or CD8+ single positive (SP) thymocytes and peripheral T cells.  Given that we 

have previously shown that the activation of T cells from Gimap5lyp/lyp rats rescued them 

from imminent death and resulted in their proliferation (Ramanathan et al., 1998). 

Therefore,, we assessed the expression of the 2 variants of Gimap5 in rat CD4+ T cells 

following activation with PMA and ionomycin. Twenty-four hours following activation, 

http://www.uniprot.org/
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Gimap5 expression was decreased in both CD4+ and CD8+ T cells from control rats (Figure 

4.2B). Next, we assessed the expression of the 2 variant forms in naïve and activated T cells. 

The expression of the smaller variant 2 was 8-10 folds higher in comparison with the longer 

variant 1 (Figure 4-2A).  However, activation of T cells resulted in reduced expression of 

both isoforms by 24 hours.  These observations confirm the earlier prediction on the relative 

abundance of the 2 species of Gimap5 transcripts. In summary, variant 2 is expressed at a 

higher level than variant 1 in rat CD4 T cells. The decrease in Gimap5 transcripts following 

activation correlates with the functional data that activation by antigen in vivo temporarily 

overcomes the requirement for GIMAP5 (Ramanathan et al., 1998). 

 

 

Figure 4- 2: Gene expression of Gimap5 variants in rat T lymphocytes. 
A) The expression of Gimap5 mRNA in primary T cells was measured by RT-qPCR. CD4+ and CD8+ T 
cells were purified from lymph nodes of Gimap5lyp/lyp and control rats and stimulated with 
PMA/Ionomycin (P/I) for 24h. Expression of the Gimap5 variants v1 and v2 in control and stimulated 
cells was measured by RT-qPCR using specific primers. B) Expression of total Gimap5 and the 
variants in CD4+ and CD8+ T cells after activation for 24h with PMA/Ionomycin was measured using 
primers that amplify a common sequence fragment in both isoforms. 

 

4.3. GIMAP5 variants co-localize similarly with cytoskeletal elements  
We have previously shown that over-expressed GIMAP5v2 colocalized with microtubules 

(Chen et al., 2013). To determine how the 2 variants and some regions of GIMAP5 protein 

were associated with microtubules, we expressed cherry-α-tubulin in HEK293T cells stably 

expressing EGFP-tagged GIMAP5 variants. As shown in Figure 4-3, both variants colocalized 



 

46 
 

with microtubules, with a significantly higher colocalization coefficient for GIMAP5v2. On 

the other hand, GIMAP5v2 did not colocalize with actin in HEK293T stained with phalloidin 

texas red to label actin filaments (Figures 3-4). Deletion of the TM domain resulted in a 

diffuse cytoplasmic staining and showed increased colocalization with microtubules, 

probably due to the loss of the restraints posed by the TM anchor (Figure 4-3). Accordingly, 

the expression of RFP-GIMAP5v2ΔTM followed in vivo did not show any vesicular pattern 

of staining when compared to the full-length protein (Figure 4-5).  Thus, GIMAP5v2 

associates significantly higher than GIMAP5v1 with microtubule structures and their 

association with actin filaments in HEK293T cells is not significant. 

 

Figure 4- 3: Co-localization of GIMAP5 variants with microtubules. 
Stable transfectants of HEK293T cells expressing full-length and TM-deletion constructs of GIMAP5 
tagged with EGFP were transiently transfected with cherry-α-tubulin and analyzed by confocal 
microscopy (A). Bar represents 10 μm. Colocalization values are expressed as Pearson’s coefficient 
(B).   
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Distinct motor proteins are involved in the movement of organelles on microtubules 

(Hancock, 2014; Wade and Kozielski, 2000). Due to the possible implication of GIMAP5 in 

organelle movement, we investigated its colocalization with the molecular motor proteins, 

kinesin, and dynein that interact with microtubules (Hancock, 2014). 

 

Figure 4- 4: Co-localization of GIMAP5 variants with actin filaments. 
Stably HEK293T cells expressing full-length and TM-deletion construct of GIMAP5 tagged with EGFP 
were labeled with phalloidin and analyzed by confocal microscopy (A). Bar represents 10 μm. 
Colocalization values are expressed as Pearson’s coefficient (B).   
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Figure 4- 5: GIMAP5v2ΔTM diffuse cellular localization. 
HEK293T cells expressing RFP-GIMAP5v2ΔTM. Image extracted from live video acquisition under a 
100x epifluorescence microscope. 

 

Similarly, HEK293T cells were study for the capacity of GIMAP5 to colocalize with motor 

proteins kinesin and dynein. In the previously described stable cell lines for the expression 

of GIMAP5 variants and its mutants, significant colocalization of rGIMAP5v2 over 

rGIMAP5v1, occurred with kinesin but not with dynein, suggesting that GIMAP5 may be 

involved in kinesin-mediated retrograde cargo movement (Figure 4-6 and 3-7). Results for 

the TM mutants showed a similar colocalization with GIMAP5 as it was observed for 

microtubules, suggesting that the diffuse distribution of the protein without its anchorage 

region increases its colocalization coefficient with the cytoskeleton. As expected, when we 

analyzed the capacity of GIMAP5 to colocalize with the major motor protein on actin 

filaments, myosin, we observed no colocalization in HeLa cells (Figure 4-8).  
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Figure 4- 6: Co-localization of GIMAP5 variants with kinesin. 
Stably HEK293T cells expressing FLAG-tagged GIMAP5 constructs were transiently transfected with 
EYFP-KIF5C (kinesin) for 48 hours and analyzed by confocal microscopy. Bar represents 10 μm. 
Colocalization values are expressed as Pearson’s coefficient (B). 

 

To visualize the movement of GIMAP5 containing vesicles, HEK293T cells that stably express 

EGFP-tagged GIMAP5v2 were transfected with cherry-tagged α-tubulin, and the dynamics 

of GIMAP5 containing vesicles was assessed by epifluorescence microscopy. Microtubule-

associated GIMAP5v2-containing vesicles showed directional movement along the 

microtubules (Figure 4-9). This result confirms our colocalization studies showing that 

GIMAP5 is associated with the cytoskeletal network. 
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Figure 4- 7: Co-localization of GIMAP5 variants with dynein. 
Stably HEK293T cells expressing FLAG-tagged GIMAP5v2 constructs were transiently transfected 
with EGFP-IC2-FL (dynein) for 48 hours and analyzed by confocal microscopy (A). Bar represents 10 
μm. Colocalization values are expressed as Pearson’s coefficient (B). 

 

 

Figure 4- 8: Absence of co-localization of GIMAP5 with myosin. 
HeLa cells were transiently transfected with EGFP-NMHC-IIA (Myosin) and GIMAP5, RFP-GIMAP5v2 
for 48 h previous to fixation and analysis by confocal microscopy. Bar represents 10 μm 
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Figure 4- 9: GIMAP5v2 expressing vesicles move along microtubules. 
HEK293T cells stably expressing EGFP-tagged GIMAP5v2 were transiently transfected with cherry-α 
tubulin. White and yellow arrows track the movement of particular vesicles. The vesicles are either 
filamentous or spherical. The speed of their movement is not uniform. Image sequences were 
extracted from live video under 100X magnification under epifluorescence microscopy. Bar 
represents 5 μm 

 

4.4. GIMAP5v2, but not GIMAP5v1, regulates cellular Ca2+ 
While the absence of GIMAP5 results in the precocious death of T cells, its overexpression 

also induces apoptosis in T cell lines (Pino et al., 2009). In addition to apoptosis, T cells from 

Gimap5lyp/lyp rats showed diminished Ca2+ influx from the extracellular medium following 

activation through the T cell receptor (Ilangumaran et al., 2009). As Gimap5v2 was more 

abundant than Giamp5v1 in rat T lymphocytes, it is possible that Gimap5v2 mediates the 

regulation of Ca2+ homeostasis. To determine whether Gimap5v1 also regulates cellular 

Ca2+, we studied the Ca2+ flux in HEK293T cells expressing GIMAP5v1. We have shown 

previously that expression of GIMAP5v2 in HEK293T cells did not induce apoptosis but 

modulates Ca2+ flux in a manner reminiscent of the responses observed in T cells (Chen et 

al., 2013; Ilangumaran et al., 2009; Keita et al., 2007). In the absence of extracellular Ca2+, 

the wild-type GIMAP5v1 and GIMAP5v2, as well as the ΔTM constructs did not have an 

effect on thapsigargin (TG)-induced release of Ca2+ from the ER (Figure 4-10A), suggesting 

that GIMAP5 is not influencing Ca2+ release from the ER store.  
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Figure 4- 10: Full-length GIMAP5v2 regulates intracellular Ca2+ homeostasis. 
Cytosolic Ca2+ concentration following the addition of TG was measured using Fura-2 in HEK293T 
stable cell lines expressing empty vector or different GIMAP5 constructs following the addition of 
TG. A) Ca2+ release from the ER was measured in a medium containing 0mM Ca2+ and 0.5mM EGTA 
following the addition of TG. (B) The increase in cytosolic Ca2+ induced by release of the ER store 
and influx from the extracellular medium was measured following the addition of TG in the presence 
of 2mM Ca2+. For all experiments, cells were plated on coverslips 48h before analysis. Each 
experiment is an average of 40 to 60 cells. Representative data from 3 to 5 independent experiments 
with comparable results are shown. (C) The peak value for cytosolic Ca2+ influx shown in (B) is plotted 
as a bar graph and compared by Student’s t-test. * p<0.05 

 

These observations are also in agreement with our previous report that Ca2+ release from 

the ER was not affected by the lyp mutation in rat T lymphocytes (Ilangumaran et al., 2009). 

On the other hand, TG-induced Ca2+ influx in the presence of extracellular Ca2+ was modestly 

but not significantly reduced in GIMAP5v1. However, a significant reduction was observed 

in cells expressing GIMAP5v2 but not in cells expressing GIMAP5v1ΔTM or GIMAP5v2ΔTM 

(Figure 4-10 B-C). Indicating that the N-terminal domain of GIMAP5v2 and the membrane 

anchor is required for regulating Ca2+ influx. 

 

4.5. GIMAP5 influences mitochondrial Ca2+ uptake  
Engagement of TCR leads to the generation of IP3 that bind to their receptors, IP3R, present 

on the ER surface and results in calcium release from the ER. Following the emptying of the 

ER Ca2+, STIM1 that is no longer bound to Ca2+ in the ER oligomerizes and associates with 

the plasma membrane Ca2+ channels, which are referred to as store-operated calcium (SOC) 
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channels  (Vig and Kinet, 2009). Mitochondria buffer the incoming Ca2+ and thus prevent 

premature negative feedback inhibition of these channels  (Quintana and Hoth, 2012). We 

had observed defective accumulation of Ca2+ by mitochondria in T cells from Gimap5lyp/lyp 

rats following crosslinking of the T cell receptor. As a corollary, rGIMAP5v2 cells showed 

increased accumulation of mitochondrial Ca2+  (Chen et al., 2013). Given that microtubules 

and kinesin motors play a major role in the movement of organelles including that of 

mitochondria, it is possible that the interaction of GIMAP5 with microtubules and kinesin 

can modulate the movement of mitochondria and influence their ability to buffer the influx 

of Ca2+. 

 

We have previously shown that the release of Ca2+ from the endoplasmic reticulum was not 

affected by Gimap5 mutation following cross-linking of the TCR complex or inhibition of the 

SERCA pump by thapsigargin (TG) in primary T cells  (Ilangumaran et al., 2009). Similarly, 

GIMAP5 does not influence the content or the release of Ca2+ from the ER (Figure 4-10 A). 

Therefore, we assessed whether rGIMAP5v1 and the different deletion mutants affect the 

uptake of Ca2+ by mitochondria and indirectly Ca2+ homeostasis. Stable cell lines expressing 

the variants and mutants of GIMAP5 were loaded with Rhod2, a Ca2+ binding dye that 

targets mitochondria. Mitochondria were simultaneously labeled with Mitotracker green. 

Mitochondrial Ca2+ was assessed through determining the colocalization between 

Mitotracker green (green) and Rhod2 (red) fluorescence, as described previously  (Chen et 

al., 2013).  The colocalization between the red and the green fluorescence that reflects the 

mitochondrial Ca2+, [Ca2+]m, was expressed in terms of Pearson’s coefficient. Following the 

addition of TG in the presence of 2mM Ca2+ containing buffer, rGIMAP5v2 showed an 

increase of [Ca2+]m (Figure 4-11).  In contrast, rGIMAP5v1 showed only a modest increase in 

[Ca2+]m. Thus, the N-terminal domain of rGIMAP5v2 appears to regulate the mitochondrial 

Ca2+ uptake. In parallel, cells expressing C-terminal trans-membrane domain deletions 

rGIMAP5v1ΔTM and rGIMAP5v2ΔTM showed a comparable increase in [Ca2+]m to that of 

control cells (Figure 4-11). In fact, the mitochondrial accumulation Ca2+ content was 

diminished in cells expressing the deletion constructs even after the addition of TG. These 
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observations suggest that the 32 amino acids at the N-terminal of rGIMAP5v2 play a major 

role in Ca2+ homeostasis as well as the transmembrane region.  

 

Figure 4- 11: GIMAP5v2 promotes mitochondrial Ca2+ accumulation. 
Mitochondrial Ca2+ is expressed as the co-localization (Pearson’s coefficient) between Mitotracker 
green and Rhod-2 following the addition of TG in the presence of 2mM Ca2+. For all experiments, 
stably HEK293T cells were plated on coverslips 48 h before analysis. Each experiment is an average 
of 40 to 60 cells. Representative data from 3 to 5 independent experiments is shown.  

 

4.6. GIMAP5v2 influence Mitochondrial Ca2+ content 
Even though T lymphocytes from Gimap5lyp/lyp rats display impaired mitochondrial Ca2+ 

uptake, this defect was not observed when the lymphocytes were permeabilized (Chen et 

al., 2013), suggesting that the primary defect in cellular Ca2+ homeostasis in these 

lymphocytes may not be at the mitochondrial level. To determine whether there were 

differences in the mitochondrial Ca2+ content in the resting state, we probed the 

mitochondrial content by releasing its Ca2+ using carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP), that uncouples the mitochondrial membrane potential, in the 

absence of extracellular Ca2+. As shown in Figure 4-12A, the amount of Ca2+ released from 

the mitochondria in Gimap5lyp/lyp T lymphocytes was slightly lower than that observed in T 

lymphocytes from control rats. These observations suggest that the mitochondrial Ca2+ 

content may be reduced in T lymphocytes due to the lyp mutation. It is also possible that 

this reduction in the mitochondrial Ca2+ content is a reflection of the modest loss in 
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mitochondrial membrane potential ex vivo (Keita et al., 2007). To determine whether 

GIMAP5 intrinsically influences the mitochondrial Ca2+ stores directly, we assessed cytosolic 

Ca2+ released by FCCP in control and GIMAP5v2 expressing HEK293T cells. In the absence of 

extracellular Ca2+, the release of Ca2+ from mitochondria by FCCP was comparable between 

control and GIMAP5v2 expressing cells (Figure 4-12B).  

These observations suggest that GIMAP5 minimally influences the Ca2+ content of 

mitochondria at steady state. However, similar to the results obtained with TG, the entry of 

Ca2+ from extracellular milieu following FCCP was still significantly decreased in HEK293T 

cells expressing GIMAP5v2 (Chen et al., 2013). Thus, even if the Ca2+buffering capacity of 

mitochondria is higher in GIMAP5v2 expressing HEK293T cells as shown by us previously 

(Chen et al., 2013), the differences observed in Ca2+ influx from extracellular medium cannot 

be exclusively explained by alterations in the mitochondrial Ca2+ content in the steady state. 

 

Figure 4- 12: Influence of GIMAP5v2 on Ca2+ release from mitochondria. 
Cytosolic Ca2+ concentration following the addition of FCCP (50 μM) was measured in the absence 
of extracellular Ca2+ in Fura-2 -loaded (A) CD4+ T cells purified from Gimap5lyp/lyp and control rats 
and in (B) Fura-2-loaded HEK293T stable cell lines expressing empty vector or GIMAP5v2. For all 
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experiments, cells were plated on coverslips 48h before analysis. Each experiment is an average of 
40 to 60 cells. Representative data from 2 independent experiments are shown. The peak value for 
cytosolic Ca2+ influx for primary T cells is plotted as a bar graph and compared by Student’s t-test. * 
p<0.05. 

 

GIMAP5 is localized on lysosomes and certain vesicles through the C-terminal anchor 

GIMAP5 influences the mitochondria’s capacity to properly regulate Ca2+, however, it does 

not colocalize with mitochondria (Keita et al., 2007) (Figure 4-13). The TM domain, which is 

common to both GIMAP5 variants, targets the protein to certain intracellular membranes. 

Human and murine GIMAP5 proteins have been reported to be present on lysosomes in T 

lymphocytes (Wong et al., 2010).  

 

 

Figure 4- 13:  GIMAP5v2 does not colocalize with mitochondria. 
Stably HEK293T cells for the expression of GIMAP5v2 were loaded with Mitotracker deep red and 
analyzed by confocal microscopy. The image to the right represents a zoom of the cell from the 
center. Bar represents 10 μm  

 

Due to a combination of previous findings along with our observations (Figure 4-9) where 

GIMAP5 was found to be part of rounded and tubular like vesicle structures, we decided to 

further characterize its localization. First, we incubated the HEK293T stable cell lines for 

GIMAP5 expression with the lysosomal marker, Lysotracker red. Unexpectedly, neither 

GIMAP5 variant 1 nor variant 2 colocalized with Lysotracker, but interestingly we observed 

that the GIMAP5 vesicular structures contain the lysosomal marker in their lumen (Figure 
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4-14). We then, transiently transfected EGFP-GIMAP5 expressing HEK293T cells with 

LAMP1-mRFP, a known protein that resides principally in the lysosomal membrane. Since 

both proteins were fluorescently tagged, we monitored the cells in real-time. Figure 4-15 

shows that both proteins shared the same vesicular structure and that both move along in 

the same lysosomal structures, demonstrating that rat GIMAP5 resides at the lysosomal 

membrane. To further characterize GIMAP5 lysosomal localization, we transfected both of 

the GIMAP5 variants, as well as their respective mutants without the transmembrane 

regions, with the lysosomal protein LAMP2. These mutants deleted for trans-membrane 

domain did not colocalize with LAMP2 (Figure 4-16), suggesting that GIMAP5 is anchored 

on the lysosomes through the C-terminal TM domain. Due to the potential role for GIMAP5 

in regulating Ca2+ homeostasis, we transfected the cells with the recently discovered 

lysosomal resident protein, TPC2 (McCue et al., 2013), which is a Ca2+ channel in lysosomes. 

As expected, both GIMAP5 and TPC2 colocalize in the same vesicular structures (Figure 4-

17). 

 

Figure 4- 14: Co-localization of GIMAP5v2 with Lysotracker Red. 
EGFP-tagged GIMAP5v2 or GIMAP5v1 expressing HEK293T cells lines were labeled with Lysotracker 
Red that accumulates in the lysosomal lumen and analyzed by confocal microscopy. Bar represents 
10 μm. Colocalization values are expressed as Pearson’s coefficient.  
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Figure 4- 15: Movement of GIMAP5v2 and LAMP1 expressing vesicles in HEK293T stable 
cells. 
HEK293T stable transfectants of EGFP-tagged GIMAP5v2 were transiently transfected with Lamp1-
mRFP. Cells were viewed under a 100X epifluorescence microscope. In the images extracted from 
the movie, two cells stably transfected for EGFP-GIMAP5 can be seen, and the cell on the left shows 
the transient transfection for Lamp1-mRFP only.  

 

In addition to its lysosomal localization, we have also observed that GIMAP5 was present 

on other vesicle-like structures that were not labeled by lysosomal markers. Several types 

of vesicles are present within the cells for different functions (Fukuda, 2008; Stenmark, 

2009). The movement of these vesicles is tightly regulated, and they constantly dock and 

fuse with other vesicles or cellular membranes carrying and delivering various cargoes 

(Stenmark, 2009).   
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Figure 4- 16: GIMAP5 variants are anchored on the lysosomal membrane through the C-
terminal transmembrane domain. 
Stable transfectants of HEK293T cells expressing full-length or C-terminal TM domain-deleted 
GIMAP5 constructs tagged with EGFP were labeled with (B) anti-LAMP2 antibody and analyzed by 
confocal microscopy. Bar represents 10 μm. Insets show the area analyzed for colocalization. 
Colocalization values are expressed as Pearson’s coefficient. 

 

 

Figure 4- 17: GIMAP5 colocalizes with the lysosomal Ca2+ channel TPC2. 
Stable transfectants of HEK293T cells expressing full-length GIMAP5v2 constructs tagged with EGFP 
were transiently transfected with cherry-TPC2 and analyzed by confocal microscopy. Bar represents 
10 μm. Insets show the area analyzed for colocalization. Colocalization values are expressed as 
Pearson’s coefficient. 
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Rab GTPases are the largest family of small GTPases, containing more than 60 members, 

and are present in different vesicular/intracellular membrane compartments  (Pereira-Leal 

and Seabra, 2001). In addition to regulating vesicle trafficking, Rabs also serve to identify 

the different vesicle compartments in the endo-lysosomal system (Stenmark, 2009). Among 

all the various Rab proteins that have been identified, some have been reported as being 

enriched in certain types of endosomes. Early endosomes contain RAB5 and RAB4, late 

endosomes are enriched in RAB7, and RAB9 and recycling endosomes principally contain 

RAB11.  Since GIMAP5 is present in different vesicular compartments apart from lysosomes, 

we decided to better characterize the other compartments where GIMAP5 was present by 

transfecting the cells with the more known and routinely used RAB proteins. In parallel, we 

also used two RABs that are present in trans-Golgi associated vesicles. We observed that 

GIMAP5 colocalized with the early endosomal Rabs 4 and 5, with the late endosomal RAB 

proteins 7 and 9, as well as with the recycling endosomal compartment protein RAB 11. In 

contrast, no colocalization was observed with the trans-Golgi vesicle RAB proteins 1 and 6 

(Figure 4-18). 

 

The above results indicate that GIMAP5 is inserted in the lysosomal membrane as well as in 

different compartments of the endolysosomal pathway through the C-terminal anchor and 

suggest that the N-terminal regions of GIMAP5 reside in the cytosol. 
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Figure 4- 18: GIMAP5 colocalizes with different vesicles of the endo-lysosomal system. 
HEK293T cells expressing EGFP-tagged GIMAP5v2 were transiently transfected with plasmids 
expressing pmRFP-Rab5, pmRFP-Rab7, pDSRed-Rab9, pDSRed-Rab11, HA-Rab1a, HA-Rab4 or HA-
Rab6a.  HA-tagged Rabs were labeled with anti-HA antibody followed by secondary anti-mouse 
antibody tagged with Alexa Fluor 633 and analyzed by confocal microscopy. Bar represents 10 μm. 
Colocalization values are expressed as Pearson’s coefficient 
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4.7. GPN-induced Ca2+ release is increased in the absence of GIMAP5v2 
GIMAP5v2 localizes with lysosomal membrane proteins LAMP1 and TPC2 (Figure 4-16 and 

Figure 4-17). Similarly, GIMAP5v2 interacts with kinesin and the GIMAP5v2-containing 

lysosomes move along the microtubule network. Therefore it is possible that GIMAP5v2 

might be involved in the regulation of lysosomal Ca2+ homeostasis. To address this 

hypothesis, we assessed the possibility that GIMAP5 influences lysosomal Ca2+ content. In 

fact, lysosomes can store up to 0.5mM of Ca2+ in their lumen (Lloyd-Evans et al., 2008; 

Morgan et al., 2011). Hydrolysis of Gly-Phe β-naphthylamide (GPN) within the lysosomes by 

cathepsin C results in osmotic lysis of the acidic compartment (Haller et al., 1996). Thus, the 

GPN-mediated release will be a reflection of the Ca2+ content of lysosomes. Treatment with 

GPN resulted in a higher cytosolic Ca2+ content in T lymphocytes from Gimap5lyp/lyp rats 

when compared to T cells from control rats (Figure 4-19A). When GPN was added in the 

presence of extracellular Ca2+, influx from extracellular milieu was observed in T 

lymphocytes suggesting that emptying the lysosomal stores can induce the Ca2+ channels 

to open on the plasma membrane in these cells (Figure 4-19B). Strikingly, Gimap5lyp/lyp T 

cells, despite showing increased lysosomal Ca2+ release (Figure 4-19A), displayed 

substantially reduced Ca2+ influx from the extracellular medium when compared to controls 

(Figure 4-19B).  
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Figure 4- 19: GPN-mediated release of Ca2+ is increased in the absence of GIMAP5. 
Peripheral CD4+ T cells purified from Gimap5lyp/lyp and control rats were loaded with Fura-2, and 
intracellular Ca2+ was measured as described. The arrow indicates the time of addition of GPN 

(100μM). Measurement of cytosolic Ca2+ following the addition of GPN in the absence (A) or 
presence (B) of extracellular Ca2+.  The histograms represent the area under the curve (AUC) and the 
peak values. Student’s t-test ** p< 0.005. (C) Cytosolic Ca2+ was measured using Fura-2-labelled 
stable transfectants of the indicated GIMAP5 constructs. The cells were maintained in Ca2+ -free 
medium (0mM Ca2+ and 0.5mM EGTA) and GPN and TG were added sequentially as indicated before 
adding Ca2+ to the extracellular medium. (D) Ca2+ release from stable transfectants of the vector 
control or GIMAP5v2 following the addition of GPN in the presence of extracellular Ca2+. 

 

To understand the mechanisms by which GIMAP5 influences lysosomal Ca2+ compartment, 

we probed the lysosomal Ca2+ content in HEK293T cells stably expressing different 

constructs of GIMAP5. The GPN-induced Ca2+ release was reduced in cells expressing 

GIMAP5v2, but not in cells expressing empty vector, GIMAP5v1, or GIMAP5v2ΔTM (Figure  

3-19C). These observations suggest that the presence of full-length GIMAP5v2 is required 

and is sufficient to prevent the accumulation of Ca2+ by lysosomes. To determine whether 

the lysosomal and ER Ca2+ stores are related and to see if they influence each other, we 

sequentially released Ca2+ from lysosomes and ER (Figure 4-19C). The release of Ca2+ from 

the ER, after that of lysosomal Ca2+, was higher in cells expressing GIMAP5v2. Sequential 
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release of Ca2+ from lysosomes and ER in GIMAP5v2 expressing cells resulted in a greater 

influx of Ca2+ from the extracellular milieu when compared to that of control cells. As 

treatment with TG (Ilangumaran et al., 2009) or GPN alone (Figure 4-19D) resulted in 

reduced Ca2+ influx from the extracellular milieu in GIMAP5v2 expressing cells, it suggests 

that in HEK293T cells, the lysosomal and ER Ca2+ stores are independently regulated. 

 

Figure 4- 20: GPN-induced lysosomes osmotic lysis is similar for Control and GIMAP5 
expressing cells. 
HEK293T control cells and GIMAP5 stably expressing cells were incubated with Lysotracker. Next, 
the cells were visualized live under a confocal microscope and treated with GPN. Decreased of 
Lysotracker fluorescence after GPN treatment was measured using the Olympus confocal software 
and then plotted on the prism analysis software. 

 

 To discard the possibility that the stable expression of GIMAP5 in HEK293T cells may, in 

some way, influence the effect of GPN on lysosomes, control, and GIMAP5 stable cells were 

incubated with lysotracker red, which accumulates into the lysosomes, and treated with 

GPN. As showed in Figure 4-20, Lysotracker fluorescence intensity decreased at a similar 

rate for both control and GIMAP5 expressing cells. Due to the fragility of Gimap5lyp/lyp T 

lymphocytes, we could not carry out similar experiments in primary T cells. Nevertheless, 

our findings on the overexpression system lend support to the idea that dynamic interaction 
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between lysosomes and ER modulates the Ca2+ flux response  (López Sanjurjo et al., 2014; 

Morgan et al., 2013).   

 

 

Figure 4- 21: Nocodazole treatment increases the Ca2+ influx following GPN treatment. 
Cytosolic Ca 2+ was measured following addition of TG or GPN in the presence of extracellular Ca 2+ 
in T lymphocytes pretreated or not with nocodazole (2 µM) for 30 min. 
 

4.8. Nocodazole treatment increases the Ca2+ influx following GPN treatment 
Mitochondrial movement on cytoskeletal elements to Ca2+ rich microdomains is required 

for the maintenance of the steady influx of the Ca2+ (Chen et al., 2013; Hajnóczky et al., 

2002; Quintana et al., 2006).  In T lymphocytes, soluble mediators such as anti-TCR 

antibodies or TG requires the movement of mitochondria on microtubules while movement 

on actin filaments is observed to maintain the Ca2+ influx at the immunological synapse 

(Chen et al., 2013; Quintana et al., 2006). Even though the capacity of mitochondria to take 

up Ca2+ is not defective in permeabilized Gimap5lyp/lyp T lymphocytes, they were not efficient 

in buffering the Ca2+ influx (Quintana et al., 2006) . In support, nocodazole treatment of T 

lymphocytes from control rats resulted in a substantial decrease in TG-induced Ca2+ influx 

through the plasma membrane while the minimal effect was observed in T lymphocytes 

from Gimap5lyp/lyp rats (Figure 4-21). As GIMAP5 appears to be involved in the interaction 

between lysosomes and microtubules (Figure 4-9), we measured Ca2+ influx through the 

plasma membrane following GPN treatment in T lymphocytes that were pre-treated with 

nocodazole. TG-induced Ca2+ influx was decreased as early as 2 min in control T 

lymphocytes, while no difference was observed in Gimap5lyp/lyp T lymphocytes (Figure 4-21). 

These observations complement our previous report that addition of nocodazole prevented 

mitochondrial Ca2+ uptake in T lymphocytes from controls, but not in Gimap5lyp/lyp T 
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lymphocytes (Chen et al., 2013; Quintana et al., 2006). To our surprise, we observed that 

the lysis of lysosomes and the consequent release of lysosomal Ca2+ did not influence Ca2+ 

influx from the extracellular milieu in both control and Gimap5lyp/lyp T lymphocytes until 6 

min (Figure 4-21). At later time points, the Ca2+ influx was considerably increased in control 

T lymphocytes, while the mutant T lymphocytes showed a modest increase. These 

observations suggest that Ca2+ uptake by lysosomes, rather than mitochondrial 

translocation to Ca2+ rich microdomains acts as a brake on sustained Ca2+ influx through the 

plasma membrane and that GIMAP5 may have a role to play in this regulation. 

 

4.9. Lysosomes accumulate Ca2+ following cross-linking of TCR 
Given that GIMAP5 appears to regulate lysosomal Ca2+ in T cells, we assessed the 

involvement of lysosomes in Ca2+ homeostasis during T cell activation. A steady influx of 

Ca2+ through the CRAC channel is maintained by the buffering of cytosolic Ca2+ by 

mitochondria (Hoth et al., 1997). Mitochondrial Ca2+ increases within 10 to 15 min following 

cross-linking of TCR on the cell surface (Chen et al., 2013; Quintana et al., 2006). To 

determine whether lysosomes contributed to the accumulation of Ca2+ following T cell 

activation, we assessed the lysosomal Ca2+ content at various time points following TCR 

stimulation by releasing their Ca2+ with GPN. CD4+ T cells from control and Gimap5lyp/lyp rats 

were stimulated with anti-TCR antibody R73 in the presence of Ca2+. At indicated time 

points, coverslips containing stimulated T cells were transferred to the Ca2+-free medium, 

and GPN was added to measure the amount of Ca2+ released from the lysosomes (Figure 4-

21A). The lysosomal Ca2+ content was consistently higher between 30 and 90 minutes 

following cross-linking of TCR in T cells from control and Gimap5lyp/lyp rats (Figure 4-22B-C). 

This suggests that lysosomal Ca2+ accumulation may be a late event following TCR activation. 

Strikingly, Gimap5lyp/lyp T cells showed increased TCR-induced lysosomal Ca2+ accumulation 

than control cells.  To determine whether lysosomal Ca2+ accumulation was a general 

phenomenon following TCR stimulation, similar experiments were carried out on human 

and murine CD4+ T cells. In both cells, an increase in lysosomal Ca2+ content occurred at 30 

minutes following TCR stimulation (Farnaz Ghobadi generated human and mice data that 
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replicated my finding in rats). These observations suggest that lysosomal Ca2+ accumulation 

is a late event after T cell stimulation and that GIMAP5 regulates lysosomal Ca2+ 

accumulation in the absence of TCR stimulation in naïve quiescent T cells. 

 

Figure 4- 22: Lysosomes accumulate Ca2+ following activation through T cell receptor. 
A) Schematic representation of the experimental setup is indicated. Purified CD4+ T cells from (B, C) 
rats were plated on coverslips and stimulated with anti-TCR antibody R73 for rats for the shown 
duration. The cells were then loaded with Fura-2. The lysosomal Ca2+ content was probed with GPN 
in the absence of extracellular Ca2+. Representative data from one experiment is shown in B. The 
average of peak values from 3 independent experiments is shown in (C). ¶ p<0.05 between WT and 
Gimap5lyp/lyp unstimulated. * p<0.05; **p<0.01. 

 

4.10. GIMAP5 variants interact with each other  
Given that rGIMAP5v1 and rGIMAP5v2 have the same transmembrane domains, it is not 

unexpected that they localized to the same vesicular structures when they were co-

expressed in the same cell (data not shown). Previous studies have shown that other 

members of the GIMAP family of proteins were able to form homodimers or heterodimers 

(Schwefel, 2013). Human GIMAP2 has been shown to form homodimers or heterodimers 

with hGIMAP7. Since the two rGIMAP5 variants exhibited a different pattern of expression 

in primary cells, we analyzed their capacity to interact with each other. For this purpose, 

stable cell lines for the expression of Flag-GIMAP5 variant 1 or 2 were transiently 

transfected with myc-GIMAP5v2. Forty-eight hours post-transfection, cells were lysed and 
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the lysates were immunoprecipitated with anti-Myc antibodies. The immunoprecipitates 

were probed with anti-flag and anti-Myc antibodies. The data shown in 3-23 show that 

GIMAP5v2 can immunoprecipitate both variants, suggesting that both of the variants can 

form homo or heterodimers between themselves.  

 

 

Figure 4- 23: GIMAP5 variants interact with each other. 
HEK293T cells expressing Flag-tagged GIMAP5v1 or GIMAP5v2 were transfected with Myc-tagged 
GIMAP5v2, lysed and immunoprecipitated with anti-Flag antibody. The lysates and the 
immunoprecipitates were blotted with anti-Myc antibody 
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5. DISCUSSION 
 

Since the discovery and cloning of the GIMAP5 protein in the early 2000s, the overall view 

of how GIMAP5’s deficiency impact on the physiology of T cells remains unknown. Gimap5 

was identified by positional cloning as the gene responsible for lymphopenia (Hornum et 

al., 2002; MacMurray et al., 2002).  Recent studies have linked the absence or 

polymorphisms of the Gimap5 gene to other autoimmune diseases (Hellquist et al., 2007). 

In parallel, overexpression of this gene has also been associated with leukemias (Zenz et al., 

2004). Despite the fact that Gimap5 alone has not been identified as the primary cause of 

a specific disease, cumulating evidence has shown that the absence of full-length GIMAP5 

protein can impair the correct homeostasis of naïve T lymphocytes. 

 

The GIMAP5 protein was initially observed to be mutated in BBDP rats, where it caused a 

significant reduction of the pool of naïve T cells in the periphery. Interestingly, mutations or 

deletions of the Gimap5 gene in mice not only recapitulate a major decrease of naïve T cells, 

but also show a more severe phenotype.  The development of NK, B cells, as well as many 

hematopoietic progenitors, is affected in these mice (Barnes et al., 2010; Schulteis et al., 

2008; Yano et al., 2014). 

 

The findings described, provide a novel mechanism in the understanding of how the 

GIMAP5 protein influences naïve T cell survival. My results helped uncover new roles for 

the GIMAP5 protein and lysosomes as important regulators of Ca2+ homeostasis in 

lymphocytes. The data presented in this thesis demonstrates how the overexpression or 

absence of GIMAP5 impacts intracellular Ca2+ levels and dynamics by affecting the storage 

capacity of lysosomes and mitochondria, as well as the mitochondrial ability to uptake Ca2+. 

The ER and mitochondria are well known to impact and regulate Ca2+ homeostasis, but over 

the last decade, several groups have outlined the ability of lysosomes to store and 

importantly contribute to Ca2+ homeostasis. Importantly, up to 75% of genes in T cells 
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involved in survival and proliferation can be influenced by Ca2+ concentrations (Feske et al., 

2001). Nevertheless, extracellular Ca2+ flux itself is not sufficient for the differential 

regulation of several genes, but a variety of thresholds are critical to trigger or induce 

specific instructions within the cell. Therefore, GIMAP5 can act as a multiple organelle Ca2+ 

storage capacity regulator.  

 

5.1. Gimap5 expression and variants 
Previous studies have established that rats can express two variants of the Gimap5 gene. 

Variant 1 mRNA contains 1534 bp and codes for a 326 a.a protein, and variant 2 mRNA 

contains 1359 bp and codes for a 308 a.a protein, being the shorter and most abundant 

transcript (Andersen et al., 2004). In the BBDP rats, the frameshift mutation occurs in a 

region that is common for both transcripts, which indicates that two truncated proteins are 

produced as opposed to one. There is no substantial proof to suggest whether the 

endogenous truncated proteins have any residual function on the biology of T cells or if they 

are rapidly degraded.  One study revealed that overexpression of the mutant protein could 

also induce apoptosis in T cells. However, it is not clear if the EGFP N-terminal tag used by 

this group conferred additional stability to the cloned truncated protein (Dalberg et al., 

2007).  

 

Due to GIMAP5’s importance in cellular homeostasis, we cloned for the first time the longer 

transcript, the variant 1. Variant 1 and variant 2 share over 90% of sequence identity, 

differing by only 32 amino acids at the N-terminal (Figure 3-1). Interestingly, two variants 

of GIMAP5 can also be generated in humans, whereas only one variant is expressed in mice 

(Nitta et al., 2006). Mice, however, possess a functional Gimap3, which is a pseudogene in 

rats and humans (MacMurray et al., 2002). Our RT-QPCR data confirmed what was 

previously reported for the Gimap5 transcripts of both variants (Andersen et al., 2004). 

Furthermore, in agreement with our previous observations that T cell activation transiently 

rescues Gimap5-deficient T cells from death  (Ramanathan et al., 1998), expression of both 

variants is downregulated following T cell activation (Figure 3-2). These results indicate that 
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both variants are primarily regulating processes that can directly impact cell survival in naïve 

T cells. On the other hand, after T cells are activated, they become an entirely different 

population of cells with different metabolically needs as well as with distinct fates from 

naïve T cells. Decrease in Gimap5 expression after T cell activation supports its role and 

importance for naïve T cells. Recently, it has been shown that GIMAP1 protein which shares 

similarities with the GIMAP5 protein can have a half-life of 6 to 7 days  (Datta et al., 2016). 

This longer half-life for GIMAP proteins may help in the transition from naïve T cells, where 

the GIMAP5 protein is critical, to the activated state, where the protein is no longer 

expressed. However, endogenous GIMAP5 protein half-life is still unknown.  Because 

absence or overexpression of the GIMAP5 protein can be deleterious to T cells, we further 

characterized the differences between the two existing variants of the rat GIMAP5 protein 

using HEK293T stable transfection system.  

 

Previously, we have shown that the GIMAP5 protein was able to colocalize with 

microtubules. We expand our previous observations in the present study by analyzing the 

two variants as well as their respective mutants where the transmembrane domain has 

been deleted. Pearson coefficient colocalization analysis shows that both GIMAP5 protein 

variants 1 and 2 and their TM mutant deletions were able to colocalize with microtubules, 

with a slightly higher colocalization for variant 2 over variant 1. In addition, both of the 

deletions importantly colocalized with microtubules (Figure 3-3). The diffuse distribution of 

the GIMAP5 mutants suggests that the removal of the transmembrane region may explain 

these results (Figure 3-4). Thereafter, when the GIMAP5 was analyzed for its capacity to 

colocalize with motor proteins kinesin and dynein, similar results were obtained. However, 

we observed that GIMAP5 variant 2 showed a more significant colocalization coefficient for 

kinesin than for dynein. As for actin filaments and its respective motor protein myosin, no 

significant colocalization was observed. These findings first suggest that the association in 

HEK293T cells expressing GIMAP5 seems to be primarily with microtubules and its 

respective motor proteins and not with the actin filaments. Secondly, GIMAP5 probably 

favors anterograde movement over microtubules, at least under the experimental 
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conditions used. The latest may suggest a role for GIMAP5 in directing the movement of 

organelles or other cargoes near the plasma membrane.  Thirdly, the N-terminal region may 

be playing a major role in the force of interaction with microtubules and motor proteins, 

but this regulation is dependent on GIMAP5 anchorage to a membrane, as deleting the TM 

region increases the colocalization for both of the variants. 

 

5.2. GIMAP5 protein localizes in different vesicle-like structures 
GIMAP5 colocalization with microtubules and motor proteins in addition to its diffuse 

pattern without its transmembrane region suggest anchorage to membranes as a valuable 

property for GIMAP5 localization. In our current and preceding studies, we have shown that 

GIMAP5 is not present in the mitochondria or the ER as others have reported (Nitta et al., 

2006; Pandarpurkar et al., 2003; Sandal et al., 2003). To better understand its localization, 

EGFP-tagged GIMAP5 at the N-terminal was followed in vivo in stable cells. This fluorescent 

tool enabled us to confirm that GIMAP5 effectively moved along microtubule filaments. We 

also observed that EGFP-GIMAP5 was forming tubular and circle-like vesicles. These 

observations, in parallel with live and fixed colocalization with known lysosomal proteins 

LAMP1 and LAMP2, confirm and extend the previous report on the lysosomal localization 

of GIMAP5 (Wong et al., 2010). Moreover, the Lysotracker marker, which labels the 

lysosomal lumen, did not colocalize with the GIMAP5 protein. This, in addition to the 

observation that TM deleted mutants did not colocalize with lysosomal membrane proteins, 

allows us to conclude that GIMAP5 is anchored to lysosomes and other vesicles through its 

C-terminal TM region. We can, therefore, speculate that the N-terminal region may be 

facing the cytoplasm and can help the GIMAP5 protein interact with the cytoskeletal 

network or different adaptor proteins.  

 

Furthermore, GIMAP5 colocalizes with proteins associated with the main vesicular 

compartments of the endolysosomal system, such as the early, late and recycling 

compartments, which suggest that it may be implicated in cargo trafficking. Indeed, several 

signaling proteins that are essential for survival and maintenance of naïve T cells in a 
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quiescent state, such as LAT and the TCR itself, are directed to their final destination or 

recycled through vesicle trafficking proteins.  (Benzing et al., 2013; Finetti et al., 2014; Onnis 

et al., 2016). The capacity of RAB proteins to be switched from an activated to an inactivated 

state depending on their GTP or GDP association serves to direct the vesicles cargoes 

through the endo-lysosomal compartment (Jordens et al., 2005; Pfeffer, 2001). GIMAP5 

does not hydrolyze GTP independently but can bind GTP.  This can influence other RAB 

proteins and, as a consequence, cargo trafficking. Probably when GIMAP5 forms 

homodimers or heterodimers with other members of the GIMAP family of proteins and 

hydrolyze GTP, this active form can instruct cargo trafficking differently and regulate other 

RAB proteins present in the same compartment.  It is possible that GIMAP5 localizes under 

specific conditions in different vesicular compartments to help guide critical signaling 

proteins to their final destination after TCR stimuli in naïve T cells via Ca2+ regulation. 

Synaptotagmin-7 can serve as an example of a protein that can influence TCR signaling 

under appropriate intracellular Ca2+ levels (Soares et al., 2013). Our immunoprecipitation 

results (Figure 3-22) presented GIMAP5’s ability to form homo/heterodimers, as shown for 

GIMAP2 and GIMAP7  (Schwefel et al., 2013).  Thus, it is possible that GIMAP5 collaborates 

with other GIMAP family members by forming heterodimers, and can influence vesicular 

movement. GIMAP5’s implication in these functions remains to be determined.  Similarly, 

it is possible that GIMAP5 regulates autophagy by interacting with other members of the 

GIMAP family.  

 

5.3. GIMAP5 as a mediator of organelle Ca2+ regulation 
GIMAP5 protein deficiency is linked to defects in the survival of T cells. Our group has shown 

that intracellular Ca2+ flux is defective in T cells that lack Gimap5 (Ilangumaran et al., 2009). 

The regulation of cellular Ca2+ homeostasis by GIMAP5 may be an indirect effect as GIMAP5 

does not possess any known Ca2+ binding EF-motifs in its structure, and does not seem to 

form a Ca2+ channel by itself. It is plausible that GIMAP5 interacts with ubiquitously 

expressed proteins that regulate Ca2+ responses in many cell types. Both endogenous and 

overexpressed GIMAP5v2 equivalently regulate cellular Ca2+. In order to maintain a 
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constant flux of Ca2+, the Ca2+ entry into the cytoplasm is buffered by different organelles. 

By reason of the defective Ca2+ influx from the extracellular media, we decided to assess 

whether this defect was a result of incapacity of certain organelles to buffer Ca2+. 

5.4. GIMAP5 protein influences mitochondrial Ca2+ homeostasis 
Previously, we have shown that the absence of GIMAP5 decreases mitochondrial Ca2+ 

uptake in Gimap5 deficient T lymphocytes and that HEK293T stably expressing GIMAP5v2 

had an increase in mitochondrial Ca2+ uptake  (Chen et al., 2013). Following the entry of Ca2+ 

through the plasma membrane channels after TCR stimulation, mitochondria move on the 

microtubules to Ca2+ rich regions to uptake some of the incoming Ca2+ influx to prevent the 

premature closure of the CRAC channels by negative feedback (Quintana et al., 2006). In 

fact, mitochondrial movement on microtubules towards the immune synapse and 

rearrangement of actin filaments at these sites enables mitochondria to accumulate and 

contribute to Ca2+ signaling  (Quintana et al., 2007; Schwindling et al., 2009). One study 

initially suggested that the GIMAP5 protein was associated with mitochondria (Nitta et al., 

2006). However, our group has previously shown that GIMAP5 is affecting mitochondria 

from a different compartment (Keita et al., 2007). Our results confirm the lysosomal 

localization of rat GIMAP5. These results confirm and extend the observations made by 

Wong et al. (Wong et al., 2010) for human and murine GIMAP5. Also, we observed that 

GIMAP5 is present on vesicles from the early, late and recycling compartments (Figure 3-

18). The capacity of GIMAP5 to colocalize with microtubules, which are both near 

mitochondria, can explain why previously GIMAP5 was incorrectly localized to 

mitochondria.  Furthermore, GIMAP5’s association with microtubules may explain the 

differential effects of the variants on the capacity of mitochondria to accumulate Ca2+. 

Similar to the consequences of calcium influx through the plasma membrane, only 

GIMAP5v2, not v1, influences mitochondrial Ca2+. In some way, the presence of the GIMAP5 

protein variant 2 enables mitochondria to uptake more Ca2+ than control cells. As a 

consequence, the premature closure of CRAC channels occurs in HEK293T stable cells, 

which may explain why the presence of GIMAP5 decreases the extracellular Ca2+ flux in 

these cells. Interestingly, transmembrane deletion mutants of both variants showed no 
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significant effect on the capacity of mitochondria to uptake Ca2+. These results reflect, that 

even if the deletion mutants showed higher colocalization for microtubules, GIMAP5 

anchoring on lysosomes is necessary to influence mitochondrial Ca2+ uptake. It is also 

plausible that GIMAP5 presence on lysosomes and association with microtubules helps 

establish some Ca2+ crosstalk/competition between organelles to keep adequate 

intracellular Ca2+ levels, as well as to traffic specific Ca2+ amounts to determined cell regions 

to initiate signaling processes.  

 

It is surprising that the mitochondrial Ca2+ released by FCCP is not influenced by GIMAP5V2 

(Figure 3-12). However, a similar experiment in T cells showed a subtle, but significant, 

decrease of Ca2+ release from mitochondria. Previous work in our group revealed that 

GIMAP5 deficient T cells had a decrease in mitochondrial potential, which plays a major role 

in maintaining correct Ca2+ concentrations and exchanges in mitochondria. This result may 

suggest that apart from their decreased capacity to accumulate Ca2+ after influx, 

mitochondria from GIMAP5 deficient T cells are initially impaired, which exacerbates their 

incapacity to contribute to maintaining Ca2+ homeostasis in T cells correctly. 

GIMAP5 as a new player for lysosomal Ca2+ homeostasis 

GIMAP5 affects Ca2+ homeostasis by impairing mitochondrial Ca2+ storage capacity, and 

more directly, by affecting lysosomal Ca2+ concentration in both stable cell lines as well as 

in primary T cells. During the present study, we expand the concept that GIMAP5 localizes 

to the lysosomes and is anchored by its TM region. Furthermore, we reveal that GIMAP5 

expression in the cells contributes to regulating the amount of Ca2+ that lysosomes store. 

Similarly, we observed that this could dysregulate other organelles’ capacity to buffer Ca2+, 

like the ER, possibly due to the bidirectional communication that both organelles 

membranes share  (López Sanjurjo et al., 2014; Morgan et al., 2013). 

  

In HEK293T stable cell lines for GIMAP5v2, lysosomal Ca2+ is diminished, which increases 

the amount of Ca2+ available from ER after lysosomal Ca2+ release. NAADP is the most potent 

Ca2+-mobilizing second messenger, and it has been reported to release Ca2+ primarily from 
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lysosomes, which can then generate micro domains of Ca2+ rich regions that can induce IP3R 

to release Ca2+ from the ER and further impact the amount of Ca2+ influx from the 

extracellular medium  (Guse, 2015). It is possible that the inability of lysosomes to take up 

Ca2+ in the presence of GIMAP5 disrupts the cross-talk between Ca2+ storage organelles, 

making it difficult for cells to counterbalance premature closure by negative feedback of 

CRAC channels. On the other hand, the absence of the TM domains that anchor GIMAP5v2 

to the lysosomal membrane did not affect Ca2+ responses of HEK293T cells expressing 

GIMAP5v2ΔTM. 

 

Lysosomal Ca2+ stores discharge can induce extra cellular Ca2+ flux by indirectly affecting 

other organelles such as the ER, and by the reported presence of STIM1 and STIM2 on these 

acidic compartments  (Zbidi et al., 2011). In both stable and primary cells, lysosomal Ca2+ 

release in the presence of extracellular Ca2+ showed a total intracellular Ca2+ reduction 

when compared to control, similar to the reduction observed after ER depletion, although 

not as dramatic. These observations highlight the relative importance of the various Ca2+ 

stores in different cell types. 

 

Current knowledge of the role of lysosomal Ca2+ in T cell homeostasis is insufficient. 

Lysosomal Ca2+, through NAADP activation, is implicated in the release of cytotoxic granules  

(Davis et al., 2012). Lysosomal storage disorders (LSDs) are associated with immune 

dysfunctions as a consequence of the abnormal accumulation of metabolic intermediates  

(Castaneda et al., 2008). However, it is not clear whether Ca2+ homeostasis is also affected 

in T lymphocytes from these patients. Similarly, lysosomal Ca2+ is also necessary for 

lysosome motility  (Li et al., 2016). Mitochondrial dysfunction affects lysosomal activity and 

autophagy in T lymphocytes, driving T cell responses to a more proinflammatory response  

(Baixauli et al., 2015); however, the effects on lysosomal Ca2+ have not been fully studied. 

Deregulation of lysosomal functions are also associated with altered lysosomal Ca2+ content 

as translocation of the lysosomal biogenesis factor, TFEB, is dependent on Ca2+; therefore, 

increased lysosomal biogenesis can impact mitophagy and correct mTOR function 
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(Raimundo et al., 2016). The data presented here suggest that the lysosomal Ca2+ content 

of resting T cells is maintained at a low level in the presence of GIMAP5 and that it increases 

during later stages of T cell activation. IP3 generated following TCR stimulation empties the 

ER Ca2+ stores, and opens the ORAI/CRAC channels on the plasma membrane (Feske, 2007). 

The incoming Ca2+ generates rich Ca2+ microdomains that enable mitochondria that move 

on microtubules to buffer the entry Ca2+ (Quintana and Hoth, 2012). Mitochondria buffer 

the Ca2+ influx during the first 15 minutes following the opening of CRAC channels induced 

by the emptying of the ER Ca2+ (Hoth et al., 2000; Quintana et al., 2006). Our results suggest 

that in T lymphocytes, lysosomal Ca2+ storage capacity appears to be a late event that might 

add a level of fine-tuning to the vast genes that are dependent on different thresholds of 

Ca2+ concentration, which later impacts cell fate. However, because of their size and more 

rapid movement through the cell, simultaneous regulation with ER and mitochondria 

following Ca2+ influx cannot be discarded. 

 

Our results also reveal the complex nature of the interaction between the various sub 

cellular Ca2+ stores that are present in a cell and a role for GIMAP5 in regulating their 

function in a cell type-specific manner. The Ca2+ released from the ER in Ca2+ hot spots is 

taken up by ER-associated mitochondria  (Rizzuto, 1998). Lysosomes are also found in close 

association with ER, and NAADP-released Ca2+ can propagate to the ER and trigger a larger 

Ca2+ release (Kilpatrick et al., 2013). Similarly, the bi-directional Ca2+ exchange has been 

shown between ER and lysosomes (Morgan et al., 2013). In fact, this Ca2+ micro domain 

between lysosomes and the ER will be generated as a result of physical and functional 

membrane contact sites formed between both organelles (Penny et al., 2015). Crosstalk 

between organelles is a growing discipline, though not much is known about physical 

membrane contact sites between lysosomes and mitochondria in mammalian cells, other 

than for autophagy-related processes. In yeast, mitochondria and lysosome-related 

organelle vacuoles form vCLAMP (vacuole and mitochondria patch), which regulates lipid 

transport between them (Elbaz-Alon et al., 2014). Recently, these contacts appear to be 

regulated by a protein conserved among vertebrates, namely Lam6, which opens the door 
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for the study of this mechanism in mammalian cells (Elbaz-Alon et al., 2015). GIMAP5 may 

be playing a similar regulatory role for Ca2+ exchange. Interestingly, these vCLAMP sites are 

formed near the ER-mitochondria encounter structure (ERMES)  (Hönscher et al., 2014).  

While the presence of lysosomal Ca2+ appears to be normal in the physiology of non-T cells, 

as evident from the experiments with HEK293T cells, it is not clear why lysosomal Ca2+ is 

maintained at low levels in T lymphocytes by GIMAP5. It is possible that this reflects the 

requirements for adequate Ca2+ delivery from mitochondria to maintain the energy 

requirements in T cells during the initial activation phase. Naïve T cell survival, where 

deficiency of GIMAP5 protein appears to be fatal, depends on a balanced homeostatic state. 

In this context, lysosomal Ca2+ content and signaling may also play a critical role in the 

regulation of autophagy-related mechanisms through the master transcriptional regulator 

of lysosomal biogenesis and autophagy (TFEB)  (Medina et al., 2015). Naïve T cell metabolic 

status is key for their survival and proper differentiation, as KO mice for other autophagy 

regulator proteins, TSC1/2, had also showed impaired naïve T cell survival (Wu et al., 2011; 

Xie et al., 2012). Even though we have observed down-regulation of Gimap5 gene 

expression following activation, the half-life of the endogenous GIMAP5 protein in T cells is 

not known. It is possible that GIMAP5 protein downregulation is also associated with the 

activation and proliferation of T cells. Thus, turning down the expression of GIMAP5 in 

activated cells may permit cell cycle progression (Aksoylar et al., 2012).  

 

5.5. The intermediary role of GIMAP5v1 
The general pattern showed an intermediary role for GIMAP5 variant 1 when contrasted 

between control and GIMAP5 variant 2 stable cells. This set of results suggests a finer 

regulatory role for variant 1 in rats, and probably in humans, where two variants are also 

present. The conditions under which variant 1 may take the lead over variant 2 or the 

circumstances under which its expression is further upregulated remains to be determined. 

Additionally, GIMAP5 is capable of forming homo- and heterodimers, adding another layer 

of complexity to the GIMAP5 activity. Similar results have been shown for other members 
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of the GIMAP family, which have the capacity to interact with them (Schwefel et al., 2013).  

Whether GIMAP5 can also interact with other GIMAP proteins remains an open question.  

 

GIMAP5 deficiency leads to lysosomes that have a higher basal amount of Ca2+ content, 

which in the end may misbalance correct crosstalk between organelles, thus resulting in an 

overall Ca2+ homeostasis defect that contributes to compromising naïve T cell survival. 

Further studies are needed to elucidate the mechanisms by which GIMAP5 regulates the 

lysosomal calcium storage capacity, and how this may influence other signaling pathways 

that rely on organelle homeostasis. 

 

 

GIMAP5 influences naïve T cell survival through organelle calcium storage regulation. A) 
The squared region shows how mitochondria move to Ca2+ rich microdomains to buffer Ca2+ entry, 
absence of GIMAP5 impairs mitochondria Ca2+ uptake. B) GIMAP5 colocalizes with microtubules and 
motor proteins. TM mutant influence in a significant manner the ability of GIMAP5 to play its 
physiological role. C) GIMAP5 colocalizes with lysosomal membrane markers and influence the 
content of lysosomal Ca2+. Lysosomes as well as mitochondria play a critical role in naïve T cell 
survival. D and E) show future directions, membrane contact sites between organelles can be 
possibly influenced by GIMAP5. Also, trafficking of signaling molecules to the immune synapse may 
be regulated by the effect GIMAP5 can have on vesicles from the endolysosomal compartment. 
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PERSPECTIVES 
 

In future experiments it will be interesting to understand how Ca2+ is exchanged between 

the organelles in the presence or absence of GIMAP5. These experiments can be carry out 

in the stably HEK293T cells by releasing Ca2+ in different orders from each of the 

compartments. In this way we can map the crosstalk bewtween the ER, mitochondria and 

lysosomes. In parallel, immunofluorescence experiments comparing the position of the 

organelles at time 0 and after stimuli for Ca2+ uptake or release can contribute to 

understand if GIMAP5 is affecting the contact sites between organelles. 

 

Lysotracker florescence intensity was decreased at a similar rate after GPN treatment for 

control and GIMAP5 stably cells (Figure 4-20). However, initial fluoerescence intensity was 

different between both control and stably HEK293T cells. Because GIMAP5 influences 

lysosomal Ca2+ and this can impact the organelle pH, this may explain the difference in the 

amount of lysotracker that initially labelled the lysosomes. By using pH probes, it will be 

interesting to determine if effectively the presence of GIMAP5 influence the lysosomes pH.  

Vesicles move rapidly using the cytoskeletal network. Vesicle dynamics is essential not only 

for Ca2+ homeostasis but also to transport different signaling proteins to the surface of T 

cells (Martín-Cófreces et al., 2013). It will be also pertinent to labelled key signalling 

molecules as LAT, ZAP70 or Lck and follow them on GIMAP5 positive vesicles to investigate 

if GIMAP5 is playing a role in their turnover before and after T cell activation. 
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ANNEXES 
 

Construction of deletion mutants of GIMAP5 
To further study which regions of the protein are important in the role of GIMAP5, a set of 

different deletion mutants were generated by PCR cloning (Figure 5-1).  Initially, all the 

constructions were tagged with a Flag tag at N-terminal and cloned into the pIRESpuro3 

vector, which contains a puromycin resistant gene that enables the establishment of stable 

cells.  Once the cloning sequences were verified, each one of the mutants was transfected 

into HEK293T cells.  48 hours post-transfection, cells were lysed and the presence of the 

transfected protein was confirmed by western blot.  

 

Figure 5- 1: Schematic representation of other the different deletion mutants from 
GIMAP5v1. 
GIMAP5 deletions were made in the C-terminal and transmembrane domains by PCR cloning. AIG, 
AIG1-type guanine nucleotide-binding; C-C, coiled-coiled; TM, transmembrane domain. All 
constructs were tagged at the N-terminus with Flag. 
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Figure 5- 2: Protein expression of the different deletion mutants of GIMAP5. 
HEK293T cells were transiently transfected with 1µg of plasmid cDNA of each deletion mutant 
created and 48 hours after transfection cells were lysed and protein were extracted and detected 
by western blot using an anti-flag antibody. 

 

After protein expression was confirmed by western blot, HEK293T cells were again 

transfected and 48 hours after transfection 2µg/ml of puromycin were added to the culture 

media in order to establish stable cell lines. Culture medium containing puromycin was 

changed every 3 days. When cells were reaching 70 to 80% confluency, cells were 

transferred to a new petri dish containing DMEM medium in addition to puromycin. After 

3 weeks, we assumed that all the cells in the petri dish contained the transfected 

construction. As western blot analysis cannot completely confirm that the cells are 

expressing the protein, cells were fixed and analyzed by confocal microscopy with a 

secondary fluorescent antibody labeling the Flag tag. Similarly, cellular localization of the 

different mutants generated was analyzed by confocal microscopy.  As shown in Figure 4, 

all the cells were expressing the protein constructs.  However, we observed differences in 

the cellular localization of the protein. Interestingly, the punctuate-like appearance of the 

protein did not change much up to deletion of 40 a.a. On the other hand, deletion mutants 

where 60 to 100 a.a at the N-terminal were missing showed a more filament-like 

appearance. When all of the AIG1 domain was practically removed, as shown by the 

deletion of 150 and 200 a.a, the protein began to agglomerate in different parts of the cell. 

Lastly, for the mutants without a TM region, a more diffuse cytosolic localization was 

observed. 
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Figure 5- 3: Stable HEK293T cells stable for the expression of different mutants of the 
GIMAP5 protein. 
Protein expression of the different mutants in fixed cells prepared for confocal microscopy. All cells 
were incubated with a primary anti-flag antibody and with a secondary Alexa-488 antibody. 

 

These set of results suggest that compromising the integrity of the AIG1 domain is 

important for the localization of GIMAP5. Over 100 a.a. deletion resulted in protein 

agglomerates. Finally, as confirmed by other results, the absence of the transmembrane 

region delocalized the protein to a diffuse phenotype into the cytosol, underlying the 

importance for the GIMAP5 protein to be anchored to a specific membrane in order to 

function properly. 


