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Figure 17. T cell activation induces cristae remodeling that regulates metabolism. 
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(A) Activated Opa1+/+ and Opa1-/- IL-2 TE cells were cultured overnight with D-Glucose-13C1,2 

and traced for incorporation by mass spectrometry. Heat map representation of % labeled 

carbons in listed metabolites. (B) Spleens from either polyclonal wild-type  (+/+) or Opa1 

deficient T cell animals (-/- Opa1 T) were isolated and surface marker expression assessed 

(CD44, CD62L on CD3+ CD8+ gates) by flow cytometry (top) or were further purified for CD8 

T cells to assess OCR and ECAR at baseline (below) by Seahorse EFA. Data presented with 

mean ± SEM from n=6 per genotype, ***p<0.0001. (C) EM images of IL-15 TM cell 

mitochondria over time before and after PMA and ionomycin stimulation from one experiment. 

Scale bar = 0.5 µm. (D) Immunoblot analysis of ETC complexes (CI-NDUFB8, CII-SDHB, 

CIII-UQCRC2, CIV-MTC01, CV-ATP5A) and OMM protein Tom20. Equivalent numbers of 

IL-2 TE and IL-15 TM cells lysed in native lysis buffer followed by digitonin solubilization of 

intracellular membranes. Pellet (P) and solubilized supernatant (S) fractions were resolved on a 

denaturing gel. Second experiment represented from Figure 16J. 
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Discussion 

 

Although TM cells rely on FAO for development and survival, precisely why TM cells utilize 

FAO and the signals that drive the induction of aerobic glycolysis in TE cells remain unclear. Our 

data suggest that manipulating the structure of a single organelle can have profound 

consequences that impact metabolic pathway engagement and ultimately, the differentiation of a 

cell. We found that Opa1 regulated tight cristae organization in TM cells, which facilitated 

efficient ETC activity and a favorable redox balance that allowed continued entrance of pyruvate 

into mitochondria. We originally hypothesized that Opa1 would be an obligate requirement for 

FAO. However, we found that Opa-1-/- IL-2 TE cells and ex vivo TE cells generated during 

infection utilized FAO to the same level as cells expressing Opa1. While this was true for TE 

cells, this may not be the case for TM cells, whose survival is severely impaired in vitro and in 

vivo when deficient in Opa1. It is possible that Opa1-/- T cells are unable to form TM cells 

because they cannot efficiently engage FAO under the metabolic constraints imposed during TM 

cell development. Previous studies point to the existence of a ‘futile’ cycle of fatty acid synthesis 

(FAS) and FAO within TM cells (Cui et al., 2015; O'Sullivan et al., 2014) whereby carbon 

derived from glucose oxidation is used to build fat that is subsequently burned by mitochondria 

for fuel. TM cells have a lower overall metabolic rate than TE cells, and tightly configured cristae 

might be important to ensure that any pyruvate generated will efficiently feed into the TCA cycle 

not only for reducing equivalents, but also for deriving citrate for FAS. Without tight cristae and 

efficient ETC activity, electrons may loiter in the complexes, causing more ROS, which could be 

damaging (Chouchani et al., 2014), but also provide signals that drive cell activation (Sena et al., 

2013).  
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We did not observe a defect in TM cell survival in Mfn1 and Mfn2 deficient T cells, but this does 

not exclude the possibility that OMM fusion or additional activities ascribed to each of these 

proteins are not important. Mfn1 and Mfn2 form both homotypic and heterotypic interactions, 

suggesting that in the absence of one protein, the other can compensate (Chen et al., 2003). Our 

preliminary data assessing Mfn1/2 expression in Mfn1-/- and Mfn2-/- T cells indicate that this 

might be occurring (data not shown). However, our results clearly show that unlike Opa1-/- T 

cells, in vitro cultured Mfn1-/- or Mfn2-/- T cells do not have a survival defect when differentiated 

in IL-15 (Figure 8A), even though, like Opa1-/- T cells, they are more glycolytic and OXPHOS-

impaired compared to controls (data not shown). Further investigation using Mfn1/2 double 

knockouts is underway in our laboratory to examine whether a lack of both proteins, and 

presumably total OMM fusion, impairs TM cell development in similar fashion as deficiency in 

inner membrane fusion. Our imaging data showed that TM cells maintained extended fused 

mitochondrial networks, suggesting that OMM fusion also has a compulsory role in TM cell 

development. However, unlike Opa1, retroviral expression of Mfn1 and Mfn2 did not confer a 

TM cell phenotype in TE cells. This could be due to the fact that an increase in OMM fusion, 

without a concomitant increase in inner membrane fusion, would still yield an overall loose 

cristae morphology and redox state that by default, results in sustained excretion of lactate. 

 

The question of what signals drive T cell structural remodeling of mitochondria in the first place 

still remains. In the case of TM cell development, initial withdrawal of activating signals and 

growth factors may induce fusion, consistent with previous reports that starvation induces 

mitochondrial hyperfusion (Rambold et al., 2015; Rambold et al., 2011b), an effect we also 
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observe in TE cells after IL-2 withdrawal (data not shown). However, pro-survival signals from 

cytokines such as IL-15 or IL-7 are needed to sustain TM cell viability and metabolically remodel 

these cells for FAS and FAO via increased CPT1a (van der Windt et al., 2012) and aquaporin 9 

expression (Cui et al., 2015). Factors such as these may enforce the fused state and would be 

consistent with our observations that activated T cells subsequently cultured in IL-15 become 

more fused over time (Figure 6D). Another possibility is that Opa1 is activated via sirtuin 3 

(SIRT3) under metabolically stressful conditions (Samant et al., 2014). Sirtuins are post-

translational modifiers that are activated by NAD+, directly tying their activity to the metabolic 

state of the cell (Houtkooper et al., 2012; Wang and Green, 2012). Our previous work 

demonstrated that the available NAD+ pool is higher in TM cells (van der Windt et al., 2012), 

which could correlate with this scenario. 

 

In TE cells we see an immediate activation of Drp1, prior to seeing a fissed phenotype, and 

inhibition of Drp1 prevents ECAR induction after activation. TCR signals induce Ca2+ flux that 

activates the phosphatase activity of calcineurin (Smith-Garvin et al., 2009), which in turn 

dephosphorylates Drp1 at Ser637, leading to its activation (Cereghetti et al., 2008). Initial Drp1 

activation could facilitate some level of fission and cristae remodeling, tipping off aerobic 

glycolysis via the initial shunting of pyruvate to lactate. Our data (Figure 6E) showed that Drp1 

is phosphorylated at its activating site Ser616 at day 1 after activation, which preceded 

recognizable mitochondrial fragmentation (Figure 6C). Our preliminary data did not show overt 

mitochondrial fragmentation in the initial hours after TLR stimulation of DC or macrophages 

(data not shown), but this does not exclude the possibility that Drp1 is actively mediating more 

subtle changes to mitochondrial structure that are not discernable by confocal microscopy. For 
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example, Drp1 also has been found to affect cristae structure by altering the fluidity of the 

mitochondrial membrane (Benard et al., 2007; Benard and Rossignol, 2008). Although Drp1 has 

been implicated in mitochondrial positioning at the immune synapse (Baixauli et al., 2011), 

lymphocyte chemotaxis (Campello et al., 2006), and ROS production (Roth et al., 2014) during 

T cell activation, our data suggest that in addition to these processes, fission underlies the 

reprogramming of cells to aerobic glycolysis. 

 

We show that IL-2 TE cells have a mitochondrial structure that is more susceptible to digitonin 

disruption when compared to IL-15 TM cells, which suggests a more exposed membrane with 

less densely packed protein complexes. This relatively enhanced permeability however, does not 

mean that their mitochondria are damaged, or unable to function. In fact, although TE cells have 

less efficient OXPHOS in terms of how it is coupled to ATP synthesis, TE cells are very 

metabolically active with high OCR and ECAR (Chang et al., 2013; Sena et al., 2013). Our 

experiments involving pharmacological enforcement of mitochondrial fusion promoted OCR and 

SRC (and ECAR, albeit to a lesser extent) in IL-2 TE cells. The drug modified cells maintained 

full TE cell function with no effect on their cytolytic ability or proliferation, but possessed 

enhanced cytokine expression. Fusion and/or cristae tightening boosted the TE cells’ oxidative 

capacity, endowing them with longevity and persistence, while their higher aerobic glycolysis 

supported increased cytokine production, which may explain their superior antitumor function. 

 

Our data suggest a model where morphological changes in mitochondria are a primary signal that 

shapes metabolic reprogramming during cellular quiescence or activation. We speculate that 

fission associated expansion of cristae as a result of TCR stimulation physically separates ETC 
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complexes, decreasing ETC efficiency. With delayed movement of electrons from complex I 

down the ETC, NADH levels rise in the mitochondria, slowing forward momentum of the TCA 

cycle and cause an initial drop in ATP. To correct redox balance, cells will export pyruvate to 

lactate to regenerate NAD+ in the cytosol, which can enter the mitochondria through various 

shuttles to restore redox balance (Dawson, 1979) and increase flux through glycolysis to restore 

ATP levels, all contributing to the Warburg effect in activated T cells. When cristae are tightly 

configured, the ETC works efficiently and maintains entrance of pyruvate into the mitochondria 

with a favorable redox balance. In this case, cristae morphology as a result of fusion directs TM 

cell formation and retains these cells in a quiescent state. Thus, mitochondrial dynamics control 

the balance between metabolic pathway engagement and T cell fate.  
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Figure 18. Mitochondrial dynamics controls T cell fate through metabolic programming. 

 

• TM cells have fused mitochondria while TE cells have fissed mitochondria 

• Mitochondrial fusion protein Opa1 is required for TM cells and not TE cells 

• Enforcing fusion improves adoptive cellular immunotherapy against tumors 

• Cristae remodeling via fusion/fission signals metabolic adaptations in T cells 
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