Targeting Drp1 and mitochondrial fission for therapeutic immune
modulation
Luca Simula1,2, Michelangelo Campanella3,4 and Silvia Campello1,*

1

Dept. of Biology, University of Rome Tor Vergata, Rome, Italy
Dept. of Paediatric Haemato-Oncology, IRCCS Bambino Gesù Children Hospital, Rome, Italy
3
Department of Comparative Biomedical Sciences, The Royal Veterinary College, University of
London, Royal College Street NW1 0TU, London, United Kingdom;
4
Consortium for Mitochondrial Research (CfMR), University College London, Gower Street, WC1E
6BT, London, UK.

SC
R

IP
T

2

*Corresponding Author and Lead Contact: Silvia Campello (silvia.campello@uniroma2.it)

Abstract

PT

ED

M

A

N

U

Graphical abstract

A

CC
E

Mitochondria are dynamic organelles whose processes of fusion and fission are tightly regulated by
specialized proteins, known as mitochondria-shaping proteins. Among them, Drp1 is the main profission protein and its activity is tightly regulated to ensure a strict control over mitochondria shape
according to the cell needs. In the recent years, mitochondrial dynamics emerged as a new player in
the regulation of fundamental processes during T cell life. Indeed, the morphology of mitochondria
directly regulates T cell differentiation, this by affecting the engagment of alternative metabolic
routes upon activation. Further, Drp1-dependent mitochondrial fission sustains both T cell clonal
expansion and T cell migration and invasivness. By this review, we aim at discussing the most
recent findings about the roles played by the Drp1-dependent mitochondrial fission in T cells, and at
highlighting how its pharmacological modulation could open the way to future therapeutic
approaches to modulate T cell response.
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Mitochondria are eukaryotic organelles ensheated by a double-membrane, the inner one
(IMM) characterized by several invaginations called cristae, where the supercomplexes of the
electron transport chain (ETC) are located. The network of mitochondria is highly dynamic and the
continuos processes of fusion and fragmentation (a.k.a. fission) are tightly regulated by several
mitochondria-shaping proteins. Fusion is mainly regulated by Mitofusin-1 and Mitofusin-2 (which
coordinate the fusion of the outer mitochondrial membrane, OMM) and Opa-1 (Optic atrophy-1,
which regulates IMM fusion) [1,2]. Opa-1 also controls the organization of mitochondrial cristae
and, therefore, directly affect the efficiency of the mitochondrial respiration (OXPHOS) [3]. The
organelle fragmentation is regulated mainly by the activity of the dynamin-like GTPase Drp1
(Dynamin-Related Protein 1) [4]. In the inactive state, this protein normally localizes in the cytosol
and is phosphorylated on serine637 (inhibitory phosphorylation) [5]. Its activation requires both the
dephosphorylation of serine637, this directing Drp1 towards the OMM, and the phosphorylation on
serine616, which activates Drp1 to execute mitochondria fragmentation [6]. Thus, Drp1 activity can
be modulated by several protein kinases and phosphatases as well as other post-translational
modifications, such as SUMOylation [5–7]. Docking of Drp1 to the OMM is regulated by different
receptors and modulators, such as Mff [8] and hFis1 [9,10,11]. Further, Dynamin2 (Dyn2) has been
recently proposed to work in concert with Drp1 to orchestrate the different steps required for
mitochondrial fragmentation [12]. Besides regulating mitochondrial fragmentation, Drp1 can also
directly control the morphology of the mitochondria cristae in a Opa-1-independent way, although
the exact mechanism is not known yet [13]. Besides the general concept that mitochondrial
dynamics are crucial for responding to distinct and specific cellular and physiological needs,
mitochondrial fragmentation is very important for cell proliferation [14,15], death [16], migration
[17], metabolism [16], ROS production [18] and mitophagic mitochondrial clearance [19], among
other processes. Interestingly, all these processes are essential for a correct function of the adaptive
immune system. Indeed, T cells continuosly migrate [20], get activated and expand extensively
upon antigen encounter [21,22], dramatically change their metabolism [23] and eventually undergo
a programmed form of cell death [24]. Consequently, several works in the recent years have linked
mitochondrial fragmentation to the adaptive immune system activity. By this review, we aim at
providing an updated and complete view of the different roles played by Drp1-dependent
mitochondrial fission in the adaptive immune cells with a critical emphasis at the possibility to
develop therapeutic strategies through the modulation of Drp1 activity in pathological contexts.
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We will focus our attention only on T cells, since, compared to the large amount of data
available about them, relatively few hints have been gained about the role played by mitochondria
fission in other adaptive immune cell subsets, such as B and NK cells [25–29].

Mitochondrial fission in T cell activation and differentiation

A

One of the first established roles for mitochondrial dynamics in T cell physiology was the
regulation of calcium currents following T Cell Receptor (TCR) stimulation. Indeed, mitochondria
can uptake calcium ions from the cytosol, so preventing accumulation of excessive cytosolic
calcium [30]. In the T cell activation context, where calcium acts as an important second messanger,
mitochondria translocate beneath the plasma membrane of the Immunological Synapse (IS) at the
contact sites with the antigen presenting cell (APC). There, the local mitochondria uptake of
calcium prevents calcium-dependent inactivation of CRAC (Calcium Release-Activated Calcium)
channels, sustaining a prolonged low-level calcium influx in the cytosol, required for optimal T cell
activation [31–34]. In turn, calcium regulates both i) AMPK (AMP-activated protein Kinase) [35]
and mTOR (mammalian Target of Rapamycin) [36] pathways, whose balance controls the transition
of activated T cell from a metabolic quiescence towards an active anabolic metabolism [37,38] and
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ii) NF-AT (Nuclear Factor of Activated T-cells) function, which drives the upregulation of glucose
transporters and regulates the production of different cytokines [39]. The same calcium influx can
also promote Drp1 activation through calcium-dependent calcineurin-regulated dephosphorylation
on serine637 [40]. Further, MAPK (Mitogen-Activated Protein Kinases) pathway activation leads to
Drp1 phosphorylation on serine616, resulting in Drp1 transition from an inactive towards a fully
active state [41,42]. Then Drp1-dependent mitochondria fragmentation promotes mitochondria
recruitment towards the IS by allowing the small and fissed mitochondria to be moved along
microtubules, [42,43]. Surprisingly, Drp1 ablation from activated T cells does not lead to a blunt
decrease in cytosolic calcium - as observed when mitochondria recruitment to the IS is prevented by
other ways [44] - but to an increased and prolonged persistence of calcium ions in the cytosol [43].
Mechanicistically, Drp1 seems to be mainly required to finely adjust the mitochondria positioning
around the actin-rich ring of the IS and its removal or inhibition in this context leads to an altered
clusering of TCR/CD3 molecules at the IS, causing excessive calcium influx and abnormal
transduction of the signalling from the TCR [43]. Such a prolonged calcium influx upon activation
in Drp1-deficient T cells leads i) to an increased expression of the cytokine IL-2 [43], presumably
due to NF-AT activation and ii) to an altered AMPK-mTOR balance, this, in turn, leading to a
defective mTOR-dependent upregulation of cMyc and, consequently, a poor engagment of
glycolysis [42] (Figure 1). Besides that, Drp1-dependent mitochondrial fission also regulates the
generation of reactive oxygen species (ROS) [45], which are essential for several mediators of T
cell activation, such as NF-κB (Nuclear Factor kappa-light-chain-enhancer of activated B cells) and
AP-1 (Activator Protein 1) [46] (Figure 1). Although the exact mechanism of action is not known, it
has been shown that ROS release from mitochondria depends on an altered functionality of the
electron transport chain (ETC) complexes and of the other proteins involved in the mitochondrial
oxidative respiration (OXPHOS) [47]. It can be speculated that, similar to what reported in other
cell types [13], the Drp1-dependent [42] fragmentation of the mitochondrial network in activated T
cells also favours the disassembly of the mitochondrial cristae [41], which are invaginations of the
IMM whose morphology controls the functionality of the ETC supercomplexes here located, and
consequently ROS production [48]. Last, Drp1-dependent mitochondrial fragmentation is required
to allow optimal clonal expansion of activated T cells, both in vitro and in vivo [42]. Drp1 may
control also cell cycle progression in different ways [14,15], and indeed, it seems that Drp1
deficient T cells have a prolonged mitosis due to an altered centrosome structure, caused by a
hyperfused mitochondria network surrounding these structures [42].
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Once released from thymus, mature naïve T cells display a low metabolic activity,
characterized by a poor engagment of mTOR signalling, a very low mitochondrial mass, due to
mitophagy-mediated degradation, and low levels of ROS production [49]. The activation of a naïve
T cell, following TCR stimulation, is accompained by a drastic alteration in its metabolic status,
which is shifted toward the engagment of anabolic reactions, essential to sustain T cell growth and
proliferation [50]. Upon activation, glucose uptake, glycolyis and glutaminolysis are strongly
upregulated [50] through the engagment of specific signalling pathways [51–54]. mTOR also
promotes the uptake and the synthesis of fatty acids for membrane biosynthesis [55]. Once
activated, T cells can differentiate toward either an effector or a memory fate. Effector T cells
mount the rapid immune response against foreign antigens, but are committed to die shortly. On the
contrary, memory T cells survive the resolution of the immune response and become long-lived
cells with the potential to generate new effector cells during a secondary response. Interestingly,
several works have demonstrated that while effector T cells show mainly a glycolytic metabolism
[56], memory T cells (and partly also regulatory T cells) mostly rely on mitochondrial OXPHOS,
sustained, at least in part, by fatty acid β-oxidation (FAO) and AMPK activity [57–60], and on the
pentose phosphate pathway, this to generate high amounts of NADPH and glutathione levels for
red-ox balance [61]. Further, the metabolic status of an activated T cell can influence its
differentiation toward an effector or a memory fate [62]. For examples, forcing glycolysis reduces
the number of memory T cells generated upon activation, while its inhibition [56], or a
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pharmacological modulation of mTOR signalling [63], promote a memory fate similar to the the
forced utilization of fatty acids as energy source [59]. Although the exact mechanism of such
regulation is still not completey understood, what is currently emerging is the idea that an activated
T cell can adjust its metabolism to control the amount and the availability of different metabolic
intermediates. The latter are then used for epigenetic reactions controlling the transcription of key
genes that instruct the cell to engage an effector or a memory differentiation programme [64].
Indeed, most metabolites produced in mitochondria-associated reactions are required for the
(de)acetylation and (de)metylation of both DNA and histones [65] and the modulation of their
levels affects T cell differentiation through epigenetic reprogramming [66–69]. The morphology of
the mitochondria network is tightly linked to the metabolic status of the cell. Indeed, fragmented
mitochondria are frequently observed in glycolytic cells, while a more elongated network, also
characterized by more efficiently assembled cristae, is found in cells with an OXPHOS-based
metabolism [16]. T cells are not an exception to this rule. Glycolysis-based T cells undergoing
towards an effector differentiation also show highly fragmented mitochondria [41], thanks to Drp1mediated mitochondrial fission [42]. Further, activated T cells generate new mitochondria, which
are specifically dedicated to the one-carbon metabolism for nucleotide biosynthesis [70]. On the
contrary, memory T cells show an increased mitochondrial mass, a more elongated network [71]
and a higher efficiency of the ETC supercomplexes, due to Opa-1-dependent cristae regulation
[41]. Such increased mitochondrial fitness and mass allows memory T cell to proliferate quickly
and to generate more cytokines upon re-activation compared to naïve T cells, this being one of the
mechanism responsible for the stronger memory-associated response upon secondary encounter of
T cells with an antigen [71,72]. It has been shown also that even before the first cell division,
following TCR stimulation, a transient phase of mitochondria elongation, and engagment of FAO,
is required to prime future memory T cells with the ability to quickly respond to a second
stimulation [73]. Consistent with what previously discussed, modulating the activity of several
mitochondria-shaping proteins, during or immediately after T cell activation, influences not only the
morphology of the mitochondrial nework and the cellular metabolism, but also the differentiation
toward an effector or a memory fate [41,42,74]. Interestingly, Drp1 seems to play a double role in
this regulation. Indeed, on one side, the Drp1-dependent [42] mitochondrial fragmentation in
effector T cells favours a less efficient organization of cristae structure, reducing OXPHOS rate
[41]; on the other side, Drp1-dependent regulation of calcium influx upon TCR stimulation sustains
the activation of the mTOR/cMyc axis (see previous paragraph), leading to the transcriptional
upregulation of the genes encoding glycolytic enzymes [42] (Figure 1). Therefore Drp1 is essential
to fully instruct T cell into an effector fate. It will be interesting in the future to investigate how
Drp1 activity modulates the metabolomics of activated T cells and how this modulation influences
the epigenetic regulation of the genes implicated in T cell differentiation.

A

In sum, Drp1-dependent mitochondria fragmentation plays an important role during T cell
activation following TCR stimulation, also by impacting on T cell metabolism and differentiation.
From a clinical point of view, these findings suggest that the modulation of Drp1 activity could be
used in the future to control the immune response following T cell activation.

Mitochondrial fission in T cell migration and death
All main processes defining a T cell life, such as APC-triggered activation, recognition of
target cells for their killing and immune-surveillance of self-tissues, require this cell being able to
correctly migrate in the right way and toward the right location. Therefore cell migration, which
relies on a fine regulation of actin filaments organization and myosin force, is critical for an
efficient T cell functionality. At variance with cancer cells and their ameboid-like migration pattern,
T cells show a different organization of their actin-myosin cytoskeleton [75]. Indeed, during their
fast directional migration, T cells accumulate their actin-myosin motor at the uropod, i.e. their rear
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edge, where the contractile force generated by myosin drives cell migration, pushing the cell from
the back. Interestingly, the high amount of ATP required for the myosin motor is produced by
mitochondria, which are actively recruited at the uropode [76]. Upon chemokine stimulation, the
activation of ERK pathway [77] leads to Drp1 phosphorylation on serine616 and the consequent
mitochondrial fragmentation, which redistributes the mitochondria at the uropode along
microtubules [42] (Figure 1). Similarly, during their trans-migration across an endothelial layer,
leukocytes squeeze their nuclei and insert them into a subendothelial pseudopodium [78]. This
process heavily relies on the activity of the myosin motor [79] and requires Drp1-dependent
mitochondria fragmentation, too [42]. Consistently, in vivo ablation of Drp1 from T cells disrupts
their normal extravasation from blood toward secondary lymphoid organs, and also a "danger site"
such as a tumor mass [42]. Interestingly, Drp1 seems to regulate also the migration of developing
thymocytes, a very important process for the correct maturation of a T cell repertoire. Indeed, Drp1
ablation reduces thymocyte migration rate, and this indirectly affects their survival during the
positive selection [42]. Beside a fast directional migration pattern, T cells may also display a slowmoving motility when probing the extracellular environment and searching for adjacent cells to
communicate with. In this case, portions of the mitochondria network are accumulated toward the
leading edge of a migrating T cell, where they are required again to supply ATP to sustain a feedforward feedback loop between chemokine and purinergic receptors, which further promotes cell
migration [80]. It is not known whether mitochondria need to be fragmented in this case and if Drp1
may play a role during slow-rate T cell migration too. However, also during in vitro T cell
degranulation, portions of the mitochondria network relocalize at the level of the IS and Drp1 is
dispensable for this process [42]. This suggests that Drp1-mediated mitochondrial fragmentation
may be mainly required when the whole network need to be relocated (such as during fastdirectional or transendothelial migration), or when the position of mitochondria need to be finely
asdjusted (such as during IS formation for full T cell activation), and not for processes requiring
only portions of the network to be recruited toward specific subcellular compartments.

A

CC
E

PT

ED

Once the source of inflamation and damage has been removed, the shut-down of the immune
response, including that of activated T cells, is essential to avoid the generation of hyper-reactive
cells and auto-immunity. While a small fraction of activated T cells return into a quiescent state,
ready for the next identical insult (i.e. they become memory cells), most of them undergo a process
of finely controlled cell death which is coupled to T cell activation. Indeed, the encounter with a
target cell triggers the stimulation of the T lymphocyte, which at the same time exposes on its
surface death ligands (such as FasL) and degranulates (releasing killing molecules) to promot target
cell death. The same cell also undergoes cell death by itself, in a process known as ActivationInduced Cell Death (AICD). It has been initially believed that AICD was mainly due to the crossactivation (i.e. in trans) of death ligands and receptors couples (such as Fas and FasL) on stimulated
T cells, which than execute the extrinsic pathway of apoptosis, including Bid truncation and
caspase-8 activation. However, several recent findings indicate that caspase-independent routes of
this specific T cell death also occur [81]. In most cases mitochondria have been shown to represent
a hub for integrating different pro-survival or anti-survival signals leading or not to cell death by
eventually releasing several death molecules, such as cytochrome-C, AIF (Apoptosis-Inducing
Factor) and Smac/Diablo (this being well known as the intrinsic apoptotic pathway). This holds true
not only for cancer cells [16], but for T cell as well [82]. In cancer cells, Drp1 has been implicated
as a regulator of the intrinsic pathway of apoptosis, which requires two different steps: the opening
of the IMM cristae (leading to cytochrome-C release toward the IMS) and the formation of the
MOMP (Mitochondria Outer Membrane Pore, which allow cytochrome-C release from the IMS
toward the cytosol). Indeed Drp1-dependent hemi-fission of the OMM favours the insertion of the
pro-apoptotic Bcl-2 family members Bax and Bak, a required step for the formation of the MOMP
[83]. In addition, Drp1 may also directly control the cristae opening upon apoptosis induction [13].
In T cells, it has been recently shown that AICD progression is characterized by the translocation of
Drp1 from the cytosol toward mitochondria [84]. Consistently, hFis1 (one of the docking receptors
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for Drp1) is localized inside OMM lipid microdomains, which are also the sites of Bax recruitment
[85]. Subsequently, mitochondria fragment, depolarize and open their cristae and, since autophagy
is preventively inhibited, not-removed damaged mitochondria can release the cell death
executioners [84]. Therefore, Drp1 play an important pro-apoptitic role also during AICD (Figure
1). However, it has been reported that one of the mechanisms by which mesenchymal stem cells
may promote chemoresistence in T-cell acute lymphoblastic leukemia (T-ALL) cells is through the
upregulation of the ERK signalling, and the consequent activation of Drp1 through phosphorylation
on serine 616 [86]. Thus, similarly to what observed in some solid cancer cell models [16], Drp1
activity may become also protective against some apoptotic stimuli in transformed T cells. Contrary
to what observed in activated mature T cells, Drp1 seems to be dispensable for the AICD of
developing thymocytes upon TCR stimulation during the processes of negative and positive
selection in the thymus [42]. Since developing thymocytes are extremely prone to cell death
following TCR stimulation to eliminate auto-reactive cells, it may be possible that multiple and
redundant pathways, compared to mature T cells, operate in thymocytes to induce the apoptotic
cascade following TCR engagment and Drp1-dependent mitochondrial fission may become
dispensable in this situation.
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In sum, Drp1-dependent mitochondria fragmentation plays an important role in promoting
both T cell migration and T cell death, and the therapeutic modulation of its activity could be
exploited as a tool to regulate the response of T lymphocytes impacting, by this way, on their
invasivness and/or survival.
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Mitochondrial fission in exhaustion
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While short-living effector T cells undergo a programmed cell death following recognition
(and killing) of a target cell, memory precursors are long-living T cells and guarantee
immunological memory. However, when the source of the infection, or damage, is not resolved
(such as during a chronic infection or tumor growth), the continuous stimulation of memory
precursor cells diverts their differentiation programm toward the generation of an non-functional
state with low proliferation potential and poor cytokine production, known as “exhaustion” [87]. In
the most recent years, impressive efforts have been engaged to revert the exhaustion state of
antigen-reactive T cells, trying to restore their functionality to bolster the immune response against
both infections and tumors [88,89]. Consistent with the emerging roles that mitochondria play
during various aspects of a T cell response, several works are now focused on these organelles, in
this context. It has already been highlighted how mitochondria-related metabolism is affected in
exhausted T cells, thus suggesting new approaches to be exploited with the aim to renvigorate the
immune response. However, besides the metabolic aspect, if and how mitochondrial dynamics are
altered upon exhaustion is still not known. Among the very few data available, it has been reported
that tumor-infiltrating T cells (including also non-exhausted T cells) in clear cell renal cell
carcinoma (ccRCC) display an abnormal fragmented mitochondrial morphology associated with
increased ROS production [90]. The latter is also observed in exhausted T cells in chronic hepatitis
B patients, characterized by reduced transcription of Opa-1, one of the main pro-fusion proteins
[91]. Last, it has been reported very recently that the metabolic quiescence of naïve CD4+ T cells is
actively maintained by the activation of LAG-3 (Lymphocyte Activation Gene-3) signalling, one of
the main inhibitory co-receptors driving T cell exhaustion. Indeed, LAG-3 signalling reduces
mitochondrial metabolism and spare respiratory capacity by dampening the IL-7-mediated STAT5
(Signal transducer and activator of transcription 5) activation [92].
One of the best characterized mediator of T cell exhaustion is PD-1 (Programmed-cell Death
Protein-1), an inhibitory co-receptor expressed in T cells upon activation [93]. PD-1 signalling
inhibits glycolysis in exhausted T cells, and promotes a shift toward FAO utilization [94]. However,
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PD-1 also down-regulates the expression of PGC-1α (Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha), the master gene driving mitochondria biogenesis. This causes a loss of
mitochondrial mass [95] and accumulation of damaged and depolarized mitochondria, which cannot
cope with their increased metabolic load, so leading to the production of high ROS amounts [96]. In
turn, this can make T cells more sensistive to cell death [97], which can be indeed prevented by
treating exhausted T cells with antioxidants [91]. Unfortunately, it is still not known how
mitochondria morphology is modulated in this scenario, but it has been reported that PD-1
modulates both mTOR and ERK (Extracellular-signal Regulated Kinase) pathways [98,99] and, as
said, both of them are regulators of the Drp1-dependent mitochondrial fission [42,100].
Interestingly, this suggests that an impairment of Drp1 activity in exhausted T cells may inhibit the
removal of such damaged and depolarized mitochondria through mitophagy, thus exacerbating the
dysfunctional state of these cells. Further, PD-1-driven down-regulation of ERK signalling causes a
paralisis of exhausted T cells [99]. Given that the ERK/Drp1 axis is an important regulator of T cell
migration [42], it will be interesting in the future to investigate if the impaired motility of exhausted
T cells may be due, at least partially, to Drp1 down-regulation (and if it could be reverted by
modulating Drp1 activity). The same holds true regarding the programmed cell death of tumor
infiltrating T lymphocytes, another process known to be regulated by the ERK signalling [101].
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In sum, when exhausted, T cells show alterations in different aspects of their behaviour,
aspects that have been shown being dependent on a fine regulation of mitochondrial morphology,
such as metabolic adaptability, cell migration, proliferation and response to cell death. Investigating
how the mitochondria morphology is consequently affected, and which roles Drp1 may play in all
these processes, could open the way in the future to new therapeutic strategies to modulate T cell
function or exhaustion by impacting on Drp1 activity. For example, this would be very important
for exhausted T cell in the tumor-microenvironment, for which it has been recently demonstrated
that improving mitochondrial fitness, in a 4-1BB-dependent way, can bolster anti-tumor T cell
response [102].
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Drugs targeting mitochondrial fission and their application in the immune system
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Given the multiple roles played by Drp1-dependent mitochondria fission in T cells, the
possibility to manipulate, pharmacologically or genetically, its activity could open the way to new
therapeutic opportunities. For example, inhibiting in vivo Drp1-dependent mitochondria
fragmentation could reduce both T cell invasivness and expansion, thus dampening T cell response.
This could have an obvious application in auto-immune diseases or in those cases in which the
aggressiveness of T cells must be kept under control. On the other side, Drp1-dependent
mitochondria fragmentation could be artificially promoted when T cell infiltration must be
increased, such as inside a tumor microenvironment [89]. However, such scenario becomes more
complicated when we consider also the effect on T cell differentiation, i.e. the generation of an
effector or a memory T cell. In this case, Drp1-dependent mitochondria fragmentation mainly
sustains the generation of glycolytic-dependent effector T cells, which are also short-living, and
prevents the generation of long-lasting OXPHOS-based memory cells. Therefore, forcing Drp1dependent mitochondria fragmentation can generate a large number of T cells with high invasive
potential, but they will have also a limited lifespan. On the contrary, Drp1 inhibition promotes the
generation of long-lasting memory cells, but they will be fewer and with a reduced migratory
capacity. This double-edge effect of Drp1 inhibition (or activation) may pose some limitations to its
application in therapy. For example, a prolonged lifespan (favored by Drp1 inhibition) and a high
invasive potential (favored by Drp1 activation) should be the best combination to be found in T
cells fighting a growing tumor. These considerations urge us to carefully plan the correct timing of
treatment, if we aim at modulating Drp1 activity during future therapeutic approaches. In addition,
given the house-keeping role of Drp1-dependent mitochondria fragmentation, in vivo treatments

with Drp1 (ant)agonist should also consider the possible side-effects on other cell types. This
suggests that ex vivo treatment of T cells with Drp1 (ant)agonists during adoptive cell immunotherapy protocols could be preferable, for example to promote the generation of long-lived memory
cells [41], without any side effect on invasive ability once these cells will be injected back into the
patients. In any case, the pharmacological modulation of Drp1 activity, either to increase or to
decrease it, requires an analysis of the drugs currently available to modulate its functionality, as it
follows.

SC
R

IP
T

The machinery driving fission of mitochondria is therefore target of pharmacological
approaches to modulate the process. In the literature a wealth of approaches is reported to
genetically manipulate Drp1 level by repressing its expression (sh/siRNA protocols) or block its
activity via dominant negative mutant [103,104]. These nonetheless bear limitations entailed in the
kinetic of action and suitability for therapy, which favours the development of chemically based
approaches. This has propelled the quest to devise tools such as peptides and/or small molecules to
impact the dynamics of mitochondrial remodelling by targeting Drp1 and its GTPase activity [104].

PT

ED

M

A

N

U

-) Peptides were designed to limit the Protein-protein interaction (PPI) between Drp1 and its
mitochondrial adaptor (i.e. Fis1) which yielded to the isolation of short types of peptides working as
effective inhibitors. Selectivity of action was recently secured with the peptide inhibitor P110 which
prevents mitochondrial fission inhibiting activation of Drp1 by blocking its interaction with Fis1
[105]. This approach proved particularly beneficial under cell stress conditions and in
neurodegenerative models of analysis, together with a proven in vivo safety profile [105].
Interestingly P110 has no effect on mitochondrial morphology and function under physiological
conditions. The knowledge gained on other Outer mitochondrial membrane (OMM) adaptors via
which Drp1 is anchored on the network, suggested to the targeting of the mitochondrial fission
factor (Mff) as alternative strategy [104]. Mff deletion establishes more elongated mitochondria and
a specific peptide against this target was therefore devised to prevent the interaction between Mff
and Drp1. The short-peptide P259 efficiently blocks the Drp1-Mff bond [106], without affecting
any of the other anchoring elements. This approach proved successful in reducing the degree of
mitochondrial fission but presented limitations due to essential role played by Mff in maintaining
mitochondrial homeostasis by trimming the network. In vitro and in vivo treatments with P259 did
cause reduction of brain ATP levels along with motor and neurological deficits [106]. This implied
that inhibiting basal mitochondrial fission via this pathway could be detrimental and not protective as originally hoped- and on the contrary favouring neuropathology. Maybe this be for detriment of
neurons as well as deficient function by microglia.
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-) In spite of their value in assessing and/or probing biological processes, peptides have limited
success in being translated into commercial drugs. The very opposite is true for small molecules.
And these have been therefore relentlessly pursued in the attempt to devise pharmacological
regulation of Drp1 for translation into therapy. The most renown example is the cell permeable
quinazolinone mdivi-1 originally described by Cassidy-Stone in 2008 [107] and enrolled since then
in over 100 primary research publications. The compound was discovered through a library
screening in yeast in which the mitochondrial morphology and organism survival were set as hits.
Biochemical analysis revealed that mdivi-1 tackles GTPase activity of Drp1. The function reported
in yeast models was subsequently confirmed in mammalian cells in which the precise activity was
not immediately determined. We now know that midivi-1 operates by preventing Drp1 selfassembly into rings and its association with mitochondria [108]. Mdivi-1 is therefore operating as
an allosteric modulator of Drp1 to prevent the essential oligomerization required for the GTPase
activity. Nevertheless, the ability of mdivi-1 to inhibit Drp1 and impact mitochondrial fission has
been recently challenged by Bordt et al. [109], in which authors did not find any effects of mdivi-1
treatment on mitochondrial morphology in mammalian cells (primary neurons and COS-7 cells)
whilst they did in yeast. A side toxic effect via the inhibition of the complex I of the electron
transport chain was also reported spelling doubts on the potential use of this compound. In spite of

this, the suitability of mdivi-1 as a tool to manipulate Drp1 function, is well corroborated even
though additional analyses (particularly in immune cells) are warranted to offset the activity of
mdivi-1 towards Drp1 ring formation and GTPase activity, as well as its potential side effects on
respiratory complexes. The evidences by Bordt was not the sole ones reporting on alterations in
oxygen consumption in mdivi-1 treated cells which are independent from its Drp1 direct function
[110,111].
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-) Beyond short-peptides and small molecules, the hormone Irisin was recently noted for the marked
ability to inhibit mitochondrial fission driven by Drp-1. Data were collected in liver, in which
treatment with Irisin mediates a protective effect on ischemia/reperfusion damage, thus increasing
mitochondrial content overall via an effect on biogenesis-related peroxisome proliferative activated
receptor-γ (PPARγ) co-activator 1α (PGC-1α) as well as the mitochondrial transcription factor A
(TFAM) expression [112]. Taming hormones in order to affect mitochondrial dynamics does appear
rather challenging and likely unfit to match the spatio-temporal requirements to be therapeutically
incisive in immunomodulation. Given the complexity of systems in which modifications of the
balance between mitochondrial fusion and fission is critical for cellular homeostasis and even more
so in specialized cells such as neurons, pharmacological tools are what is required to engage and, if
needed, address mitochondrial fission.
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Concluding remarks
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In sum, mitochondria have emerged as key hub orchestrating several aspect of T cell
biology. In these last years, it has become increasingly clear that also the morphology of the
mitochondria network plays an important role in the regulation of multiple processes in T cells,
such as activation, differentiation, apoptosis, proliferation and migration. From a pharmacological
point of view, all these findings open the way to future applications in the clinical practice, by
exploiting our ability to modulate Drp1 activity, with the aim at turning T cell behaviour at our will.
However, given the multiple roles played by Drp1 in T cells, our primary challenge in the future
will be to understand how to finely modulate its activity to maximize our results in the therapy, and
to reduce at the same time any possible side effect. Indeed, the in vivo application of current
available drugs targeting Drp1 is still limited by their numerous side effects. In this way, the
possibility to manipulate ex vivo Drp1 activity (either using drugs or genetic manipulations) in
isolated T cells seems more promising at the moment, also considering the increasing interest in
chimeric antigen receptor (CAR) T cells. Further, we very recently demonstrated that optogenetics
could be implemented in isolated T cells to modulate mitophagy [113], opening the way to future
light-based Drp1 manipulations, which could more finely tune its activity in time and space, even in
vivo.

Conflict of interest

A

The authors declare that they have no conflict of interest.

Acknowledgment
This work was funded by AIRC IG-2017 19826 to SC.

References
Y. Eura, N. Ishihara, S. Yokota, K. Mihara, Two mitofusin proteins, mammalian homologues
of FZO, with distinct functions are both required for mitochondrial fusion, J Biochem. 134
(2003) 333–344. https://www.ncbi.nlm.nih.gov/pubmed/14561718.

[2]

S. Cipolat, O. de Brito, B. Dal Zilio, L. Scorrano, OPA1 requires mitofusin 1 to promote
mitochondrial fusion, Proc Natl Acad Sci U S A. 101 (2004) 15927–15932.
doi:10.1073/pnas.0407043101.

[3]

C. Frezza, S. Cipolat, O. de Brito, M. Micaroni, G. V Beznoussenko, T. Rudka, D. Bartoli,
R.S. Polishuck, N.N. Danial, B. De Strooper, L. Scorrano, OPA1 controls apoptotic cristae
remodeling independently from mitochondrial fusion, Cell. 126 (2006) 177–189.
doi:10.1016/j.cell.2006.06.025.

[4]

H. Otera, N. Ishihara, K. Mihara, New insights into the function and regulation of
mitochondrial fission, Biochim Biophys Acta. 1833 (2013) 1256–1268.
doi:10.1016/j.bbamcr.2013.02.002.

[5]

A.B. Knott, G. Perkins, R. Schwarzenbacher, E. Bossy-Wetzel, Mitochondrial fragmentation
in neurodegeneration, Nat. Rev. Neurosci. 9 (2008) 505–518. doi:10.1038/nrn2417.

[6]

J.A. Kashatus, A. Nascimento, L.J. Myers, A. Sher, F.L. Byrne, K.L. Hoehn, C.M. Counter,
D.F. Kashatus, Erk2 phosphorylation of Drp1 promotes mitochondrial fission and MAPKdriven tumor growth, Mol Cell. 57 (2015) 537–551. doi:10.1016/j.molcel.2015.01.002.

[7]

T. Gawlowski, J. Suarez, B. Scott, M. Torres-Gonzalez, H. Wang, R. Schwappacher, X. Han,
J.R. Yates Iii, M. Hoshijima, W. Dillmann, Modulation of Dynamin-related Protein 1
(DRP1) Function by Increased O-linked-N-acetylglucosamine Modification (O-GlcNAc) in
Cardiac Myocytes, J Biol Chem. 287 (2012) 30024–34. doi:10.1074/jbc.M112.390682.

[8]

H. Otera, C. Wang, M.M. Cleland, K. Setoguchi, S. Yokota, R.J. Youle, K. Mihara, Mff is an
essential factor for mitochondrial recruitment of Drp1 during mitochondrial fission in
mammalian cells, J Cell Biol. 191 (2010) 1141–1158. doi:10.1083/jcb.201007152.

[9]

D.I. James, P.A. Parone, Y. Mattenberger, J.C. Martinou, hFis1, a novel component of the
mammalian mitochondrial fission machinery, J Biol Chem. 278 (2003) 36373–36379.
doi:10.1074/jbc.M303758200.

[10]

C.S. Palmer, L.D. Osellame, D. Laine, O.S. Koutsopoulos, A.E. Frazier, M.T. Ryan, MiD49
and MiD51, new components of the mitochondrial fission machinery, EMBO Rep. 12 (2011)
565–573. doi:10.1038/embor.2011.54.

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[1]

X. Wang, M.H. Yan, H. Fujioka, J. Liu, A. Wilson-Delfosse, S.G. Chen, G. Perry, G.
Casadesus, X. Zhu, LRRK2 regulates mitochondrial dynamics and function through direct
interaction with DLP1, Hum Mol Genet. 21 (2012) 1931–1944. doi:10.1093/hmg/dds003.

A

[11]

[12]

J.E. Lee, L.M. Westrate, H. Wu, C. Page, G.K. Voeltz, Multiple dynamin family members
collaborate to drive mitochondrial division, Nature. 540 (2016) 139–143.
doi:10.1038/nature20555.

[13]

H. Otera, N. Miyata, O. Kuge, K. Mihara, Drp1-dependent mitochondrial fission via
MiD49/51 is essential for apoptotic cristae remodeling., J. Cell Biol. 212 (2016) 531–44.
doi:10.1083/jcb.201508099.

[14]

W. Qian, S. Choi, G.A. Gibson, S.C. Watkins, C.J. Bakkenist, B. Van Houten, Mitochondrial
hyperfusion induced by loss of the fission protein Drp1 causes ATM-dependent G2/M arrest

and aneuploidy through DNA replication stress, J Cell Sci. 125 (2012) 5745–5757.
doi:10.1242/jcs.109769.
N. Ishihara, M. Nomura, A. Jofuku, H. Kato, S.O. Suzuki, K. Masuda, H. Otera, Y.
Nakanishi, I. Nonaka, Y. Goto, N. Taguchi, H. Morinaga, M. Maeda, R. Takayanagi, S.
Yokota, K. Mihara, Mitochondrial fission factor Drp1 is essential for embryonic
development and synapse formation in mice, Nat Cell Biol. 11 (2009) 958–966.
doi:10.1038/ncb1907.

[16]

L. Simula, F. Nazio, S. Campello, The Mitochondrial dynamics in cancer and immunesurveillance., Semin. Cancer Biol. 47 (2017) 29–42. doi:10.1016/j.semcancer.2017.06.007.

[17]

J. Zhao, J. Zhang, M. Yu, Y. Xie, Y. Huang, D.W. Wolff, P.W. Abel, Y. Tu, Mitochondrial
dynamics regulates migration and invasion of breast cancer cells, Oncogene. 32 (2013)
4814–4824. doi:10.1038/onc.2012.494.

[18]

J. Ježek, K. Cooper, R. Strich, J. Ježek, K.F. Cooper, R. Strich, Reactive Oxygen Species and
Mitochondrial Dynamics: The Yin and Yang of Mitochondrial Dysfunction and Cancer
Progression, Antioxidants. 7 (2018) 13. doi:10.3390/antiox7010013.

[19]

L.C. Gomes, L. Scorrano, Mitochondrial morphology in mitophagy and macroautophagy,
Biochim. Biophys. Acta - Mol. Cell Res. 1833 (2013) 205–212.
doi:10.1016/J.BBAMCR.2012.02.012.

[20]

M.F. Krummel, F. Bartumeus, A. Gérard, T cell migration, search strategies and
mechanisms, Nat. Rev. Immunol. 16 (2016) 193–201. doi:10.1038/nri.2015.16.

[21]

J.E. Smith-Garvin, G.A. Koretzky, M.S. Jordan, T Cell Activation, Annu. Rev. Immunol. 27
(2009) 591–619. doi:10.1146/annurev.immunol.021908.132706.

[22]

N.E. Harwood, F.D. Batista, Early Events in B Cell Activation, Annu. Rev. Immunol. 28
(2010) 185–210. doi:10.1146/annurev-immunol-030409-101216.

[23]

M.D. Buck, R.T. Sowell, S.M. Kaech, E.L. Pearce, Metabolic Instruction of Immunity., Cell.
169 (2017) 570–586. doi:10.1016/j.cell.2017.04.004.

[24]

S. Nagata, M. Tanaka, Programmed cell death and the immune system, Nat. Rev. Immunol.
17 (2017) 333–340. doi:10.1038/nri.2016.153.

[25]

B. Kim, A. Takeuchi, O. Koga, M. Hikida, S. Matsuoka, Pivotal role of mitochondrial Na +Ca 2+ exchange in antigen receptor mediated Ca 2+ signalling in DT40 and A20 B
lymphocytes, J. Physiol. C 2012 Authors. J. Physiol. C. 590 (2012) 459–474.
doi:10.1113/jphysiol.2011.222927.

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[15]

B. Kim, A. Takeuchi, M. Hikida, S. Matsuoka, Roles of the mitochondrial Na +-Ca 2+
exchanger, NCLX, in B lymphocyte chemotaxis OPEN, Nat. Publ. Gr. (2016).
doi:10.1038/srep28378.

A

[26]

[27]

L.R. Waters, F.M. Ahsan, D.M. Wolf, O. Shirihai, M.A. Teitell, Initial B Cell Activation
Induces Metabolic Reprogramming and Mitochondrial Remodeling, IScience. 5 (2018) 99–
109. doi:10.1016/J.ISCI.2018.07.005.

[28]

M. Bras, V.J. Yuste, G. Roué, S. Barbier, P. Sancho, C. Virely, M. Rubio, S. Baudet, J.E.
Esquerda, H. Merle-Béral, M. Sarfati, S.A. Susin, Drp1 mediates caspase-independent type
III cell death in normal and leukemic cells., Mol. Cell. Biol. 27 (2007) 7073–88.
doi:10.1128/MCB.02116-06.

[29]

E. Abarca-Rojano, S. Muñiz-Hernández, M.M.B. Moreno-Altamirano, R. Mondragón-Flores,

F. Enriquez-Rincón, F.J. Sánchez-García, Re-organization of mitochondria at the NK cell
immune synapse, Immunol. Lett. 122 (2009) 18–25. doi:10.1016/J.IMLET.2008.10.008.
M. Hoth, D.C. Button, R.S. Lewis, R.W. Tsien, Mitochondrial control of calcium-channel
gating: A mechanism for sustained signaling and transcriptional activation in T lymphocytes,
Proc Natl Acad Sci U S A. 97 (2000) 10607–10612. www.pnas.org (accessed March 4,
2019).

[31]

A. Quintana, E.C. Schwarz, C. Schwindling, P. Lipp, L. Kaestner, M. Hoth, Sustained
activity of calcium release-activated calcium channels requires translocation of mitochondria
to the plasma membrane., J. Biol. Chem. 281 (2006) 40302–9. doi:10.1074/jbc.M607896200.

[32]

A. Quintana, C. Schwindling, A.S. Wenning, U. Becherer, J. Rettig, E.C. Schwarz, M. Hoth,
T cell activation requires mitochondrial translocation to the immunological synapse, Proc
Natl Acad Sci U S A. 104 (2007) 14418–23. doi: 10.1073pnas.0703126104.

[33]

A. Quintana, C. Kummerow, C. Junker, U. Becherer, M. Hoth, Morphological changes of T
cells following formation of the immunological synapse modulate intracellular calcium
signals, Cell Calcium. 45 (2009) 109–122. doi:10.1016/J.CECA.2008.07.003.

[34]

A. Quintana, M. Pasche, C. Junker, D. Al-Ansary, H. Rieger, C. Kummerow, L. Nuñ Ez, C.
Villalobos, P. Meraner, U. Becherer, J. Rettig, B.A. Niemeyer, M. Hoth, Calcium
microdomains at the immunological synapse: how ORAI channels, mitochondria and
calcium pumps generate local calcium signals for efficient T-cell activation, EMBO J. 30
(2011) 3895–3912. doi:10.1038/emboj.2011.289.

[35]

P. Tamás, S.A. Hawley, R.G. Clarke, K.J. Mustard, K. Green, D.G. Hardie, D.A. Cantrell,
Regulation of the energy sensor AMP-activated protein kinase by antigen receptor and Ca2+
in T lymphocytes, J Exp Med. 203 (2006) 1665–1670. doi:10.1084/jem.20052469.

[36]

M. Vaeth, M. Maus, S. Klein-Hessling, E. Freinkman, J. Yang, M. Eckstein, S. Cameron,
S.E. Turvey, E. Serfling, F. Berberich-Siebelt, R. Possemato, S. Feske, Store-Operated Ca2+
Entry Controls Clonal Expansion of T Cells through Metabolic Reprogramming., Immunity.
47 (2017) 664-679.e6. doi:10.1016/j.immuni.2017.09.003.

[37]

J. Blagih, F. Coulombe, E.E. Vincent, F. Dupuy, G. Galicia-Vázquez, E. Yurchenko, T.C.
Raissi, G.J. van der Windt, B. Viollet, E.L. Pearce, J. Pelletier, C.A. Piccirillo, C.M.
Krawczyk, M. Divangahi, R.G. Jones, The energy sensor AMPK regulates T cell metabolic
adaptation and effector responses in vivo, Immunity. 42 (2015) 41–54.
doi:10.1016/j.immuni.2014.12.030.

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[30]

M.J. West, M. Stoneley, A.E. Willis, Translational induction of the c-myc oncogene via
activation of the FRAP/TOR signalling pathway, Oncogene. 17 (1998) 769–780.
doi:10.1038/sj.onc.1201990.

[39]

P.G. Hogan, Calcium–NFAT transcriptional signalling in T cell activation and T cell
exhaustion, Cell Calcium. 63 (2017) 66–69. doi:10.1016/J.CECA.2017.01.014.

[40]

G.M. Cereghetti, A. Stangherlin, O. Martins de Brito, C.R. Chang, C. Blackstone, P.
Bernardi, L. Scorrano, Dephosphorylation by calcineurin regulates translocation of Drp1 to
mitochondria, Proc Natl Acad Sci U S A. 105 (2008) 15803–15808. doi:
10.1073pnas.0808249105 (accessed March 4, 2019).

[41]

M.D. Buck, D. O’Sullivan, R.I. Klein Geltink, J.D. Curtis, C.H. Chang, D.E. Sanin, J. Qiu,
O. Kretz, D. Braas, G.J. van der Windt, Q. Chen, S.C. Huang, C.M. O’Neill, B.T. Edelson,
E.J.L. Pearce, H. Sesaki, T.B. Huber, A.S. Rambold, E.J.L. Pearce, Mitochondrial Dynamics

A

[38]

Controls T Cell Fate through Metabolic Programming, Cell. 166 (2016) 63–76.
doi:10.1016/j.cell.2016.05.035.
L. Simula, I. Pacella, A. Colamatteo, C. Procaccini, V. Cancila, M. Bordi, C. Tregnago, M.
Corrado, M. Pigazzi, V. Barnaba, C. Tripodo, G. Matarese, S. Piconese, S. Campello, Drp1
Controls Effective T Cell Immune-Surveillance by Regulating T Cell Migration,
Proliferation, and cMyc-Dependent Metabolic Reprogramming, Cell Rep. 25 (2018) 3059–
3073. doi:10.1016/j.celrep.2018.11.018.

[43]

F. Baixauli, N.B. Martín-Cófreces, G. Morlino, Y.R. Carrasco, C. Calabia-Linares, E. Veiga,
J.M. Serrador, F. Sánchez-Madrid, The mitochondrial fission factor dynamin-related protein
1 modulates T-cell receptor signalling at the immune synapse, EMBO J. 30 (2011) 1238–
1250. doi:10.1038/emboj.2011.25.

[44]

R.L. Contento, S. Campello, A.E. Trovato, E. Magrini, F. Anselmi, A. Viola, Adhesion
shapes T cells for prompt and sustained T-cell receptor signalling, EMBO J. 29 (2010) 4035–
4047. doi:10.1038/emboj.2010.258.

[45]

D. Röth, P.H. Krammer, K. Gülow, Dynamin related protein 1-dependent mitochondrial
fission regulates oxidative signalling in T cells, FEBS Lett. 588 (2014) 1749–1754.
doi:10.1016/j.febslet.2014.03.029.

SC
R

IP
T

[42]

N

U

[46] D.G. Franchina, C. Dostert, D. Brenner, D.B. Lu, ( D Brenner, Reactive Oxygen Species:
Involvement in T Cell Signaling and Metabolism, Trends Immunol. 39 (2018) 489–502.
doi:10.1016/j.it.2018.01.005.
M.M. Kamiński, S.W. Sauer, M. Kamiński, S. Opp, T. Ruppert, P. Grigaravičius, P. Grudnik,
H.-J. Gröne, P.H. Krammer, K. Gülow, T cell activation is driven by an ADP-dependent
glucokinase linking enhanced glycolysis with mitochondrial reactive oxygen species
generation., Cell Rep. 2 (2012) 1300–15. doi:10.1016/j.celrep.2012.10.009.

[48]

S. Cogliati, C. Frezza, M.E. Soriano, T. Varanita, R. Quintana-Cabrera, M. Corrado, S.
Cipolat, V. Costa, A. Casarin, L.C. Gomes, E. Perales-Clemente, L. Salviati, P. FernandezSilva, J.A. Enriquez, L. Scorrano, Mitochondrial cristae shape determines respiratory chain
supercomplexes assembly and respiratory efficiency, Cell. 155 (2013) 160–171.
doi:10.1016/j.cell.2013.08.032.

[49]

S. Zhang, X. Zhang, K. Wang, X. Xu, M. Li, J. Zhang, Y. Zhang, J. Hao, X. Sun, Y. Chen,
X. Liu, Y. Chang, R. Jin, H. Wu, Q. Ge, Newly Generated CD4 + T Cells Acquire Metabolic
Quiescence after Thymic Egress, J. Immunol. (2017). doi:10.4049/jimmunol.1700721.

CC
E

PT

ED

M

A

[47]

S. Dimeloe, A.-V. Burgener, J. Grählert, C. Hess, T-cell metabolism governing activation,
proliferation and differentiation; a modular view, Immunology. 150 (2017) 35–44.
doi:10.1111/imm.12655.

[51]

R. Wang, C.P.P. Dillon, L.Z.Z. Shi, S. Milasta, R. Carter, D. Finkelstein, L.L.L. McCormick,
P. Fitzgerald, H. Chi, J. Munger, D.R.R. Green, The transcription factor Myc controls
metabolic reprogramming upon T lymphocyte activation, Immunity. 35 (2011) 871–882.
doi:10.1016/j.immuni.2011.09.021.

[52]

E.N. McNamee, D. Korns Johnson, D. Homann, E.T. Clambey, Hypoxia and hypoxiainducible factors as regulators of T cell development, differentiation, and function, Immunol
Res. 55 (2013) 58–70. doi:10.1007/s12026-012-8349-8.

[53]

T.W. Mak, M. Grusdat, G.S. Duncan, C. Dostert, Y. Nonnenmacher, M. Cox, C. Binsfeld, Z.
Hao, A. Brüstle, M. Itsumi, C. Jäger, Y. Chen, O. Pinkenburg, B. Camara, M. Ollert, C.

A

[50]

Bindslev-Jensen, V. Vasiliou, C. Gorrini, P.A. Lang, M. Lohoff, I.S. Harris, K. Hiller, D.
Brenner, Glutathione Primes T Cell Metabolism for Inflammation., Immunity. 46 (2017)
675–689. doi:10.1016/j.immuni.2017.03.019.
K. Man, A. Kallies, Synchronizing transcriptional control of T cell metabolism and function,
Nat. Rev. Immunol. 15 (2015) 574–584. doi:10.1038/nri3874.

[55]

M. Angela, Y. Endo, H.K. Asou, T. Yamamoto, D.J. Tumes, H. Tokuyama, K. Yokote, T.
Nakayama, Fatty acid metabolic reprogramming via mTOR-mediated inductions of PPARγ
directs early activation of T cells, Nat. Commun. 7 (2016) 13683.
doi:10.1038/ncomms13683.

[56]

M. Sukumar, J. Liu, Y. Ji, M. Subramanian, J.G. Crompton, Z. Yu, R. Roychoudhuri, D.C.
Palmer, P. Muranski, E.D. Karoly, R.P. Mohney, C.A. Klebanoff, A. Lal, T. Finkel, N.P.
Restifo, L. Gattinoni, Inhibiting glycolytic metabolism enhances CD8+ T cell memory and
antitumor function, J. Clin. Invest. 123 (2013) 4479–4488. doi:10.1172/JCI69589.

[57]

R. Newton, B. Priyadharshini, L.A. Turka, Immunometabolism of regulatory T cells., Nat.
Immunol. 17 (2016) 618–25. doi:10.1038/ni.3466.

[58]

G.J. van der Windt, B. Everts, C.H. Chang, J.D. Curtis, T.C. Freitas, E. Amiel, E.J. Pearce,
E.L. Pearce, Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell memory
development, Immunity. 36 (2012) 68–78. doi:10.1016/j.immuni.2011.12.007.

[59]

D. O’Sullivan, G.J. van der Windt, S.C. Huang, J.D. Curtis, C.H. Chang, M.D. Buck, J. Qiu,
A.M. Smith, W.Y. Lam, L.M. DiPlato, F.F. Hsu, M.J. Birnbaum, E.J. Pearce, E.L. Pearce,
Memory CD8(+) T cells use cell-intrinsic lipolysis to support the metabolic programming
necessary for development, Immunity. 41 (2014) 75–88. doi:10.1016/j.immuni.2014.06.005.

[60]

M. Lochner, L. Berod, T. Sparwasser, Fatty acid metabolism in the regulation of T cell
function, Trends Immunol. 36 (2015) 81–91. doi:10.1016/J.IT.2014.12.005.

[61]

R. Ma, T. Ji, H. Zhang, W. Dong, X. Chen, P. Xu, D. Chen, X. Liang, X. Yin, Y. Liu, J. Ma,
K. Tang, Y. Zhang, Y. Peng, J. Lu, Y. Zhang, X. Qin, X. Cao, Y. Wan, B. Huang, A Pck1directed glycogen metabolic program regulates formation and maintenance of memory CD8+
T cells, Nat. Cell Biol. 20 (2018) 21–27. doi:10.1038/s41556-017-0002-2.

[62]

G.J.W. Windt, E.L. Pearce, Metabolic switching and fuel choice during T-cell differentiation
and memory development, Immunol. Rev. 249 (2012) 27–42. doi:10.1111/j.1600065X.2012.01150.x.

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[54]

K. Araki, A.P. Turner, V.O. Shaffer, S. Gangappa, S.A. Keller, M.F. Bachmann, C.P. Larsen,
R. Ahmed, mTOR regulates memory CD8 T-cell differentiation, Nature. 460 (2009) 108–
112. doi:10.1038/nature08155.

[64]

A.N. Henning, R. Roychoudhuri, N.P. Restifo, Epigenetic control of CD8+ T cell
differentiation, Nat. Rev. Immunol. 18 (2018) 340–356. doi:10.1038/nri.2017.146.

A

[63]

[65]

M.A. Reid, Z. Dai, J.W. Locasale, The impact of cellular metabolism on chromatin dynamics
and epigenetics, Nat. Cell Biol. 19 (2017) 1298–1306. doi:10.1038/ncb3629.

[66]

M.O. Johnson, M.M. Wolf, M.Z. Madden, G. Andrejeva, A. Sugiura, D.C. Contreras, D.
Maseda, M. V. Liberti, K. Paz, R.J. Kishton, M.E. Johnson, A.A. de Cubas, P. Wu, G. Li, Y.
Zhang, D.C. Newcomb, A.D. Wells, N.P. Restifo, W.K. Rathmell, J.W. Locasale, M.L.
Davila, B.R. Blazar, J.C. Rathmell, Distinct Regulation of Th17 and Th1 Cell Differentiation
by Glutaminase-Dependent Metabolism, Cell. 175 (2018) 1780-1795.e19.
doi:10.1016/J.CELL.2018.10.001.

P.A. Tyrakis, A. Palazon, D. Macias, K.L. Lee, A.T. Phan, P. Veliça, J. You, G.S. Chia, J.
Sim, A. Doedens, A. Abelanet, C.E. Evans, J.R. Griffiths, L. Poellinger, A.W. Goldrath, R.S.
Johnson, S-2-hydroxyglutarate regulates CD8+ T-lymphocyte fate, Nature. 540 (2016) 236–
241. doi:10.1038/nature20165.

[68]

T. Xu, K.M. Stewart, X. Wang, K. Liu, M. Xie, J. Kyu Ryu, K. Li, T. Ma, H. Wang, L. Ni, S.
Zhu, N. Cao, D. Zhu, Y. Zhang, K. Akassoglou, C. Dong, E.M. Driggers, S. Ding, Metabolic
control of TH17 and induced Treg cell balance by an epigenetic mechanism, Nature. 548
(2017) 228. doi:10.1038/nature23475.

[69]

M. Peng, N. Yin, S. Chhangawala, K. Xu, C.S. Leslie, M.O. Li, Aerobic glycolysis promotes
T helper 1 cell differentiation through an epigenetic mechanism, Science (80-. ). 354 (2016)
481–484. doi:10.1126/SCIENCE.AAF6284.

[70]

N. Ron-Harel, D. Santos, J.M. Ghergurovich, P.T. Sage, A. Reddy, S.B. Lovitch, N.
Dephoure, F.K. Satterstrom, M. Sheffer, J.B. Spinelli, S. Gygi, J.D. Rabinowitz, A.H.
Sharpe, M.C. Haigis, Mitochondrial Biogenesis and Proteome Remodeling Promote OneCarbon Metabolism for T Cell Activation, Cell Metab. 24 (2016) 104–117.
doi:10.1016/J.CMET.2016.06.007.

[71]

G.J. W van der Windt, B. Everts, S. Ching-Cheng Huang, M.D. Buck, J.D. Curtis, C.-H.
Chang, A.M. Smith, T. Ai, B. Faubert, R.G. Jones, E.J. Pearce, E.L. Pearce, A. contributions,
E. designed research, B. performed research, E. analyzed data, CD8 memory T cells have a
bioenergetic advantage that underlies their rapid recall ability, 110 (2013) 14336–14341.
doi:10.1073/pnas.1221740110.

[72]

G.R. Bantug, M. Fischer, J. Grählert, M.L. Balmer, G. Unterstab, L. Develioglu, R. Steiner,
L. Zhang, A.S.H. Costa, P.M. Gubser, A.-V. Burgener, U. Sauder, J. Löliger, R. Belle, S.
Dimeloe, J. Lötscher, A. Jauch, M. Recher, G. Hönger, M.N. Hall, P. Romero, C. Frezza, C.
Hess, Mitochondria-Endoplasmic Reticulum Contact Sites Function as Immunometabolic
Hubs that Orchestrate the Rapid Recall Response of Memory CD8+ T Cells., Immunity. 48
(2018) 542-555.e6. doi:10.1016/j.immuni.2018.02.012.

[73]

R.I. Klein Geltink, D. O’Sullivan, M. Corrado, A. Bremser, M.D. Buck, J.M. Buescher, E.
Firat, X. Zhu, G. Niedermann, G. Caputa, B. Kelly, U. Warthorst, A. Rensing-Ehl, R.L.
Kyle, L. Vandersarren, J.D. Curtis, A.E. Patterson, S. Lawless, K. Grzes, J. Qiu, D.E. Sanin,
O. Kretz, T.B. Huber, S. Janssens, B.N. Lambrecht, A.S. Rambold, E.J. Pearce, E.L. Pearce,
Mitochondrial Priming by CD28, Cell. 171 (2017) 385-397.e11.
doi:10.1016/J.CELL.2017.08.018.

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[67]

A.S. Rambold, E.L. Pearce, Mitochondrial Dynamics at the Interface of Immune Cell
Metabolism and Function, Trends Immunol. 39 (2018) 6–18. doi:10.1016/j.it.2017.08.006.

[75]

H.D. Moreau, M. Piel, R. Voituriez, A.-M. Lennon-Duménil, Integrating Physical and
Molecular Insights on Immune Cell Migration, Trends Immunol. 39 (2018) 632–643.
doi:10.1016/J.IT.2018.04.007.

A

[74]

[76]

S. Campello, R.A. Lacalle, M. Bettella, S. Mañes, L. Scorrano, A. Viola, Orchestration of
lymphocyte chemotaxis by mitochondrial dynamics, J Exp Med. 203 (2006) 2879–2886.
doi:10.1084/jem.20061877.

[77]

A. Bonacchi, P. Romagnani, R.G. Romanelli, E. Efsen, F. Annunziato, L. Lasagni, M.
Francalanci, M. Serio, G. Laffi, M. Pinzani, P. Gentilini, F. Marra, Signal transduction by the
chemokine receptor CXCR3: activation of Ras/ERK, Src, and phosphatidylinositol 3kinase/Akt controls cell migration and proliferation in human vascular pericytes, J Biol

Chem. 276 (2001) 9945–9954. doi:10.1074/jbc.M010303200.
S. Barzilai, S.K. Yadav, S. Morrell, F. Roncato, E. Klein, L. Stoler-Barak, O. Golani, S.W.
Feigelson, A. Zemel, S. Nourshargh, R. Alon, Leukocytes Breach Endothelial Barriers by
Insertion of Nuclear Lobes and Disassembly of Endothelial Actin Filaments, Cell Rep. 18
(2017) 685–699. doi:10.1016/J.CELREP.2016.12.076.

[79]

J. Jacobelli, M. Estin Matthews, S. Chen, M.F. Krummel, Activated T cell trans-endothelial
migration relies on myosin-IIA contractility for squeezing the cell nucleus through
endothelial cell barriers, PLoS One. 8 (2013) e75151. doi:10.1371/journal.pone.0075151.

[80]

C. Ledderose, K. Liu, Y. Kondo, C.J. Slubowski, T. Dertnig, S. Denicoló, M. Arbab, J.
Hubner, K. Konrad, M. Fakhari, J.A. Lederer, S.C. Robson, G.A. Visner, W.G. Junger,
Purinergic P2X4 receptors and mitochondrial ATP production regulate T cell migration, J.
Clin. Invest. 128 (2018) 3583–3594. doi:10.1172/JCI120972.

[81]

M. Jäättelä, J. Tschopp, Caspase-independent cell death in T lymphocytes, Nat. Immunol. 4
(2003) 416–423. doi:10.1038/ni0503-416.

[82]

A. Chhabra, Mitochondria-Centric Activation Induced Cell Death of Cytolytic T
Lymphocytes and its Implications for Cancer Immunotherapy, (2010).
doi:10.1016/j.vaccine.2010.04.074.

[83]

P. Wang, P. Wang, B. Liu, J. Zhao, Q. Pang, S.G. Agrawal, L. Jia, F.-T. Liu, P. Wang, P.
Wang, B. Liu, J. Zhao, Q. Pang, S.G. Agrawal, L. Jia, F.-T. Liu, P. Wang, P. Wang, B. Liu,
J. Zhao, Q. Pang, S.G. Agrawal, L. Jia, F.-T. Liu, Dynamin-related protein Drp1 is required
for Bax translocation to mitochondria in response to irradiation-induced apoptosis,
Oncotarget. 6 (2015) 22598–22612. doi:10.18632/oncotarget.4200.

M

A

N

U

SC
R

IP
T

[78]

ED

[84] M. Corrado, F.R. Mariotti, L. Trapani, L. Taraborrelli, F. Nazio, V. Cianfanelli, M.E.
Soriano, E. Schrepfer, F. Cecconi, L. Scorrano, S. Campello, Macroautophagy inhibition
maintains fragmented mitochondria to foster T cell receptor-dependent apoptosis, EMBO J.
35 (2016) 1793–1809. doi:10.15252/embj.201593727.
T. Garofalo, A.M. Giammarioli, R. Misasi, A. Tinari, V. Manganelli, L. Gambardella, A.
Pavan, W. Malorni, M. Sorice, Lipid microdomains contribute to apoptosis-associated
modifications of mitochondria in T cells, Cell Death Differ. 12 (2005) 1378–1389.
doi:10.1038/sj.cdd.4401672.

[86]

J. Cai, J. Wang, Y. Huang, H. Wu, T. Xia, J. Xiao, X. Chen, H. Li, Y. Qiu, Y. Wang, T.
Wang, H. Xia, Q. Zhang, A.P. Xiang, ERK/Drp1-dependent mitochondrial fission is
involved in the MSC-induced drug resistance of T-cell acute lymphoblastic leukemia cells,
Cell Death Dis. 7 (2016) 2459. doi:10.1038/cddis.2016.370.

CC
E

PT

[85]

J.M. Angelosanto, S.D. Blackburn, A. Crawford, E.J. Wherry, Progressive loss of memory T
cell potential and commitment to exhaustion during chronic viral infection, J Virol. 86 (2012)
8161–8170. doi:10.1128/JVI.00889-12.

A

[87]

[88]

A. Saeidi, K. Zandi, Y. Ying Cheok, H. Saeidi, W. Fen Wong, C. Yie Qin Lee, H. Choon
Cheong, Y. Kong Yong, M. Larsson, E. Muthu Shankar, T-Cell Exhaustion in Chronic
Infections: Reversing the State of Exhaustion and Reinvigorating Optimal Protective
Immune Responses, Front. Immunol. | Www.Frontiersin.Org. 9 (2018) 2569.
doi:10.3389/fimmu.2018.02569.

[89]

I. Caruana, L. Simula, F. Locatelli, S. Campello, T lymphocytes against solid malignancies:
winning ways to defeat tumours, Cell Stress. 2 (2018) 200–212.

doi:10.15698/cst2018.07.148.
P.J. Siska, K.E. Beckermann, F.M. Mason, G. Andrejeva, A.R. Greenplate, A.B. Sendor, Y.J.
Chiang, A.L. Corona, L.F. Gemta, B.G. Vincent, R.C. Wang, B. Kim, J. Hong, C.L. Chen,
T.N. Bullock, J.M. Irish, W.K. Rathmell, J.C. Rathmell, Mitochondrial dysregulation and
glycolytic insufficiency functionally impair CD8 T cells infiltrating human renal cell
carcinoma, JCI Insight. 2 (2017). doi:10.1172/jci.insight.93411.

[91]

P. Fisicaro, V. Barili, B. Montanini, G. Acerbi, M. Ferracin, F. Guerrieri, D. Salerno, C.
Boni, M. Massari, M.C. Cavallo, G. Grossi, T. Giuberti, P. Lampertico, G. Missale, M.
Levrero, S. Ottonello, C. Ferrari, Targeting mitochondrial dysfunction can restore antiviral
activity of exhausted HBV-specific CD8 T cells in chronic hepatitis B, Nat Med. 23 (2017)
327–336. doi:10.1038/nm.4275.

[92]

D.M. Previte, C.P. Martins, E.C. O’Connor, M.L. Marre, G.M. Coudriet, N.W. Beck, A. V.
Menk, R.H. Wright, H.M. Tse, G.M. Delgoffe, J.D. Piganelli, Lymphocyte Activation Gene3 Maintains Mitochondrial and Metabolic Quiescence in Naive CD4+ T Cells, Cell Rep. 27
(2019) 129-141.e4. doi:10.1016/j.celrep.2019.03.004.

[93]

Y. Xia, L. Jeffrey Medeiros, K.H. Young, Signaling pathway and dysregulation of PD1 and
its ligands in lymphoid malignancies, Biochim. Biophys. Acta - Rev. Cancer. 1865 (2016)
58–71. doi:10.1016/J.BBCAN.2015.09.002.

[94]

N. Patsoukis, K. Bardhan, P. Chatterjee, D. Sari, B. Liu, L.N. Bell, E.D. Karoly, G.J.
Freeman, V. Petkova, P. Seth, L. Li, V.A. Boussiotis, PD-1 alters T-cell metabolic
reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation,
Nat. Commun. 6 (2015) 6692. doi:10.1038/ncomms7692.

[95]

N.E. Scharping, A. V Menk, R.S. Moreci, R.D. Whetstone, R.E. Dadey, S.C. Watkins, R.L.
Ferris, G.M. Delgoffe, The Tumor Microenvironment Represses T Cell Mitochondrial
Biogenesis to Drive Intratumoral T Cell Metabolic Insufficiency and Dysfunction, Immunity.
45 (2016) 701–703. doi:10.1016/j.immuni.2016.08.009.

[96]

B. Bengsch, A.L. Johnson, M. Kurachi, P.M. Odorizzi, K.E. Pauken, J. Attanasio, E.
Stelekati, L.M. McLane, M.A. Paley, G.M. Delgoffe, E.J. Wherry, Bioenergetic
Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are
an Early Driver of CD8+ T Cell Exhaustion, Immunity. 45 (2016) 358–373.
doi:10.1016/J.IMMUNI.2016.07.008.

[97]

X. Chen, M. Song, B. Zhang, Y. Zhang, Reactive Oxygen Species Regulate T Cell Immune
Response in the Tumor Microenvironment, Oxid. Med. Cell. Longev. 2016 (2016) 1–10.
doi:10.1155/2016/1580967.

[98]

J.L. Riley, PD-1 signaling in primary T cells, Immunol. Rev. 229 (2009) 114–125.
doi:10.1111/j.1600-065X.2009.00767.x.

A

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[90]

[99]

B.H. Zinselmeyer, S. Heydari, C. Sacristán, D. Nayak, M. Cammer, J. Herz, X. Cheng, S.J.
Davis, M.L. Dustin, D.B. McGavern, PD-1 promotes immune exhaustion by inducing
antiviral T cell motility paralysis, J Exp Med. 210 (2013) 757–774.
doi:10.1084/jem.20121416.

[100] M. Morita, J. Prudent, K. Basu, V. Goyon, S. Katsumura, L. Hulea, D. Pearl, N. Siddiqui, S.
Strack, S. McGuirk, J. St-Pierre, O. Larsson, I. Topisirovic, H. Vali, H.M. McBride, J.J.
Bergeron, N. Sonenberg, mTOR Controls Mitochondrial Dynamics and Cell Survival via
MTFP1, Mol Cell. 67 (2017) 922-935.e5. doi:10.1016/j.molcel.2017.08.013.

[101] P.J. Ebert, J. Cheung, Y. Yang, E. McNamara, R. Hong, M. Moskalenko, S.E. Gould, H.
Maecker, B.A. Irving, J.M. Kim, M. Belvin, I. Mellman, MAP Kinase Inhibition Promotes T
Cell and Anti-tumor Activity in Combination with PD-L1 Checkpoint Blockade, Immunity.
44 (2016) 609–621. doi:10.1016/j.immuni.2016.01.024.
[102] A. V Menk, N.E. Scharping, D.B. Rivadeneira, M.J. Calderon, M.J. Watson, D. Dunstane,
S.C. Watkins, G.M. Delgoffe, 4-1BB costimulation induces T cell mitochondrial function
and biogenesis enabling cancer immunotherapeutic responses, J. Exp. Med. 215 (2018)
1091–1100. doi:10.1084/jem.20171068.

IP
T

[103] S. Frank, B. Gaume, E.S. Bergmann-Leitner, W.W. Leitner, E.G. Robert, F. Catez, C.L.
Smith, R.J. Youle, The Role of Dynamin-Related Protein 1, a Mediator of Mitochondrial
Fission, in Apoptosis, Dev. Cell. (2001). doi:10.1016/S1534-5807(01)00055-7.

SC
R

[104] M.J. Barsoum, H. Yuan, A.A. Gerencser, G. Liot, Y. Kushnareva, S. Gräber, I. Kovacs, W.D.
Lee, J. Waggoner, J. Cui, A.D. White, B. Bossy, J.C. Martinou, R.J. Youle, S.A. Lipton,
M.H. Ellisman, G.A. Perkins, E. Bossy-Wetzel, Nitric oxide-induced mitochondrial fission is
regulated by dynamin-related GTPases in neurons, EMBO J. (2006).
doi:10.1038/sj.emboj.7601253.

U

[105] X. Qi, N. Qvit, Y.C. Su, D. Mochly-Rosen, A novel Drp1 inhibitor diminishes aberrant
mitochondrial fission and neurotoxicity, J Cell Sci. 126 (2013) 789–802.
doi:10.1242/jcs.114439.

M

A

N

[106] O.S. Kornfeld, N. Qvit, B. Haileselassie, M. Shamloo, P. Bernardi, D. Mochly-Rosen,
Interaction of mitochondrial fission factor with dynamin related protein 1 governs
physiological mitochondrial function in vivo, Sci. Rep. (2018). doi:10.1038/s41598-01832228-1.

ED

[107] A. Cassidy-Stone, J.E. Chipuk, E. Ingerman, C. Song, C. Yoo, T. Kuwana, M.J. Kurth, J.T.
Shaw, J.E. Hinshaw, D.R. Green, J. Nunnari, Chemical inhibition of the mitochondrial
division dynamin reveals its role in Bax/Bak-dependent mitochondrial outer membrane
permeabilization, Dev Cell. 14 (2008) 193–204. doi:10.1016/j.devcel.2007.11.019.

PT

[108] A.A. Rosdah, J. K Holien, L.M. Delbridge, G.J. Dusting, S.Y. Lim, Mitochondrial fission - a
drug target for cytoprotection or cytodestruction?, Pharmacol Res Perspect. 4 (2016) e00235.
doi:10.1002/prp2.235.

CC
E

[109] E.A. Bordt, P. Clerc, B.A. Roelofs, A.J. Saladino, L. Tretter, V. Adam-Vizi, E. Cherok, A.
Khalil, N. Yadava, S.X. Ge, T.C. Francis, N.W. Kennedy, L.K. Picton, T. Kumar, S.
Uppuluri, A.M. Miller, K. Itoh, M. Karbowski, H. Sesaki, R.B. Hill, B.M. Polster, The
Putative Drp1 Inhibitor mdivi-1 Is a Reversible Mitochondrial Complex I Inhibitor that
Modulates Reactive Oxygen Species, Dev Cell. 40 (2017) 583-594.e6.
doi:10.1016/j.devcel.2017.02.020.

A

[110] W. Qian, J. Wang, V. Roginskaya, L.A. McDermott, R.P. Edwards, D.B. Stolz, F. Llambi,
D.R. Green, B. Van Houten, Novel combination of mitochondrial division inhibitor 1 (mdivi1) and platinum agents produces synergistic pro-apoptotic effect in drug resistant tumor cells,
Oncotarget. (2015). doi:10.18632/oncotarget.1944.
[111] S. Huang, Y. Wang, X. Gan, D. Fang, C. Zhong, L. Wu, G. Hu, A.A. Sosunov, G.M.
Mckhann, H. Yu, S.S. Du Yan, Drp1-mediated mitochondrial abnormalities link to synaptic
injury in diabetes model, Diabetes. (2015). doi:10.2337/db14-0758.
[112] J. Bi, J. Zhang, Y. Ren, Z. Du, Q. Li, Y. Wang, S. Wei, L. Yang, J. Zhang, C. Liu, Y. Lv, R.
Wu, Irisin alleviates liver ischemia-reperfusion injury by inhibiting excessive mitochondrial

fission, promoting mitochondrial biogenesis and decreasing oxidative stress, Redox Biol.
(2019). doi:10.1016/j.redox.2018.10.019.

A

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

[113] P. D’Acunzo, F. Strappazzon, I. Caruana, G. Meneghetti, A. Di Rita, L. Simula, G. Weber, F.
Del Bufalo, L. Dalla Valle, S. Campello, F. Locatelli, F. Cecconi, Reversible induction of
mitophagy by an optogenetic bimodular system, Nat. Commun. 10 (2019) 1533.
doi:10.1038/s41467-019-09487-1.

Figure Legend

A

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

Figure 1. Schematic representation of the various roles played by Drp1 in T cells. Upon TCR
engagement, Drp1 converts from an inactive (pSer637) into an active state (pSer616) and mediates
the fragmentation of the mitochondria, which then translocate toward the IS. Here, fragmented
mitochondria finely tune calcium influx, regulating mTOR and AMPK balance and leading to
optimal cMyc activation and the consequent transcription of glycolytic genes. In addition,
fragmented mitochondria may lose membrane potential due to disassembled cristae structure,
leading to increased ROS production, which are essential for the correct T cell activation. During
AICD, such depolarized mitochondria may also lose cytochrome-C, which once in the cytosol
activates the death-inducing caspases cascade. Further, during T cell migration, Drp1 is activated by
signals from chemokine receptors and promotes fragmentation of the mitochondria, which can then
be transported along microtubules toward the uropod (MTOC, microtubules organizing centre),
where they produce high local amounts of ATP to fuel myosin motors.

