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Abstract  22 

 23 

Infusion of 13C-labeled metabolites provides a gold-standard for understanding the metabolic 24 

processes used by T cells during immune responses in vivo. Through infusion of 13C-labeled 25 

metabolites (glucose, glutamine, acetate) in Listeria monocytogenes (Lm)-infected mice, we 26 

demonstrate that CD8+ T effector (Teff) cells utilize metabolites for specific pathways during 27 

specific phases of activation. Highly proliferative early Teff cells in vivo shunt glucose primarily 28 

towards nucleotide synthesis and leverage glutamine anaplerosis in the tricarboxylic acid (TCA) 29 

cycle to support ATP and de novo pyrimidine synthesis. Additionally, early Teff cells rely on 30 

glutamic-oxaloacetic transaminase 1 (Got1)—which regulates de novo aspartate synthesis—for 31 

effector cell expansion in vivo. Importantly, Teff cells change fuel preference over the course of 32 

infection, switching from glutamine- to acetate-dependent TCA cycle metabolism late in infection. 33 

This study provides insights into the dynamics of Teff metabolism, illuminating distinct pathways 34 

of fuel consumption associated with Teff cell function in vivo. 35 

 36 

 37 

Teaser  38 

Interrogating dynamics of fuel utilization by CD8+ T cells in vivo reveals new metabolic 39 

checkpoints for immune function in vivo. 40 

 41 

 42 

  43 
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MAIN TEXT 44 

 45 

Introduction 46 

The transition of quiescent naïve CD8+ T cells (Tn)  towards an activated  cell state is marked by 47 

pronounced transcriptional and metabolic changes that support rapid cell division and acquisition 48 

of effector functions (1, 2). This transition¾often referred to as metabolic reprogramming¾is 49 

underpinned by preferential uptake and processing of nutrients to support cellular metabolism (3–50 

5). Stable isotope labeling (SIL) techniques using 13C-labeled substrates have enabled detailed 51 

mapping of intracellular nutrient utilization by immune cells (6, 7). Glucose is the most widely 52 

documented nutrient fueling T cell activation. Glycolytic breakdown and oxidation of glucose 53 

fuels energy (ATP) production (8), while secondary metabolism of glycolytic intermediates are 54 

used for post-translational modifications (i.e. histone acetylation) (9), biosynthetic programs that 55 

support proliferation (i.e. serine, nucleotide synthesis) (10, 11), and cell signaling (12–14). 56 

Targeting key metabolic nodes such as glucose uptake (15, 16), lactate metabolism (17, 18), one-57 

carbon metabolism (11, 14), and mechanistic target of rapamycin complex 1 (mTORC1) signaling 58 

(19–21) modulate T cell responses, highlighting the importance of metabolic programs to T cell 59 

function. 60 

Deciphering the cellular fates of fuels such as glucose has been modeled largely by 61 

applying SIL approaches to in vitro culture systems, which are limited by the use of 62 

supraphysiologic nutrient levels and limited metabolic diversity that fail to recapitulate physiologic 63 

environments in vivo (18, 22–24). Environmental context is an important determinant of cellular 64 

metabolic dependencies. Culturing T cells in medium that more closely models circulating 65 

metabolite levels in serum increases viability and effector cytokine (i.e., IFN-g, TNF-a) production 66 
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by human and mouse T cells, respectively (18, 25). Moreover, many substrates used to fuel 67 

oxidative metabolism in vitro are not prominently used in vivo. We previously reported that CD8+ 68 

Teff cells display distinct patterns of glucose utilization in vivo, using glucose as a substrate for 69 

biosynthesis (i.e., nucleotide, nucleotide sugar, and serine metabolism) but less for oxidative 70 

metabolism and lactate production (10). In contrast, lung tumors prominently oxidize glutamine 71 

for ATP production in vitro, but display minimal dependence on glutamine for tricarboxylic acid 72 

(TCA) cycle metabolism in vivo (26). Glutamine functions as a key anaplerotic substrate that 73 

replenishes TCA cycle intermediates in many cell types grown in vitro, including T cells (27, 28). 74 

However, how glutamine and other fuels are used by T cells in vivo has remained undefined. 75 

Here we have used infusions of various 13C-labeled substrates (13C-glucose, glutamine, and 76 

acetate) to study nutrient utilization by CD8+ T cells in vivo over the course of Listeria 77 

monocytogenes (Lm) infection. We report that CD8+ T cells¾in contrast to lung 78 

tumors¾prominently use glutamine as an oxidizable fuel source in vivo. We find that glutamine 79 

anaplerosis into the TCA cycle and aspartate synthesis (via the enzyme glutamic-oxaloacetic 80 

transaminase (Got1)) are instrumental for CD8+ T cell ATP production and cell proliferation, 81 

respectively. However, mature CD8+ Teff cells at the peak of expansion reduce their reliance on 82 

glucose and glutamine as fuel sources, switching to acetate to fuel oxidative metabolism. These 83 

data highlight a critical role for glutaminolysis for early CD8+ T cell expansion and reveal 84 

plasticity in T cell fuel choice over the course of infection in vivo.  85 

  86 

 87 

 88 

 89 
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Results 90 

 91 

Glutamine is the major TCA cycle fuel for CD8+ T cells in vivo 92 

To study glutamine utilization by Teff cells in vivo, we examined the uptake and processing of 93 

13C-labeled nutrients using stable isotope labeling (SIL) in mice infected with the Gram-positive 94 

bacterium Listeria monocytogenes (Lm). CD8+ OT-I T cells expressing a transgenic TCR specific 95 

for ovalbumin (OVA) and the congenic marker CD90.1 (Thy1.1) were adoptively transferred into 96 

naïve hosts, followed by infection with Lm expressing OVA (LmOVA) (Fig. 1a). Mice were 97 

infused for ~2-3 hours with either U-[13C]glucose or U-[13C]glutamine 3 days post infection (dpi), 98 

and naïve (Tn) or antigen-specific Teff cells isolated using magnetic beads following established 99 

protocols for rapid cell isolation (10, 29) (Fig. 1a). For the purposes of this study, “in vitro” denotes 100 

CD8+ OT-I T cells activated in vitro using standardized cell culture conditions (i.e., stimulation 101 

with OVA peptide and expansion with IL-2). “In vivo” indicates CD8+ OT-I T cells isolated from 102 

LmOVA-infected mice following 13C-metabolite infusion, while cells analyzed “ex vivo” 103 

represents CD8+ OT-I T cells isolated from LmOVA-infected mice subjected to short-term culture 104 

(< 4h) with medium containing 13C-labeled metabolites (6). 105 

We first directly compared the use of glucose versus glutamine by CD8+ Teff cells 106 

responding to LmOVA infection in vivo. Anesthetized mice were given a bolus of U-107 

[13C]glutamine (0.3mg/gBW) followed by a continuous infusion (6x10-3 mg/min/gBW) for 150 108 

min prior to isolation of CD8+ Thy1.1+ Teff or naïve T (Tn) cells from the spleens of infected 109 

animals (Fig. 1a). Infusion of U-[13C]glutamine with this protocol allowed us to achieve 13C5-110 

glutamine levels of ~40% in the blood and liver, and ~30% in the spleen (Fig. S1a). 13C labeling 111 

of tricarboxylic acid (TCA) cycle intermediates (aKG, fumarate, succinate) and TCA cycle-112 
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derived amino acids (glutamate, aspartate) was also observed in the blood, liver, and spleen of 113 

LmOVA-infected mice infused with U-[13C]glutamine (Figure S1a). 114 

Combining previously published work investigating the use of U-[13C]glucose infusion in 115 

CD8+ OT-I T cells responding to LmOVA infection (10) with the infusion of U-[13C]glutamine, 116 

we identified metabolites in Tn or Teff cells with relative fractional enrichment from 13C-glucose 117 

and/or 13C-glutamine at 3 dpi (Fig. 1b). The majority of central carbon metabolites contained 118 

heavy carbon (13C) from both glucose and glutamine; however, we observed distinct segregation 119 

of metabolites into groups that were preferentially labeled from either carbon source. Labeling 120 

from U-[13C]glucose was highly enriched in glycolytic intermediates and glycolysis-derived 121 

metabolites (i.e., purine/pyrimidine nucleotides and amino acids like serine and alanine) (Fig. 1b). 122 

Of note, in vivo-labelled Teff cells displayed a high level of labeling from 13C-glutamine in 123 

glutathione and intermediates of the TCA cycle (Fig. 1b). We estimated the contribution of glucose 124 

or glutamine to the first turn of the TCA cycle by measuring isotopologue distribution in TCA 125 

cycle metabolites: M+2 for glucose and M+4 for glutamine (see graphic in Fig. S1b). Heavy 126 

isotope labeling with U-[13C]glucose showed a M+2 label of approximately 30% in citrate and 127 

~20% in malate (Fig. 1c). In contrast, we observed a higher contribution of U-[13C]glutamine to 128 

the TCA cycle in vivo compared to glucose, with ~45% of citrate and malate containing M+4 129 

labelled carbon (Fig. 1c).  130 

Ex vivo tracing of LmOVA-specific CD8+ Teff cells using 13C-glucose or 13C-glutamine 131 

revealed similar patterns of nutrient utilization to that observed with in vivo infusion, with 13C-132 

glutamine contributing more heavy carbon to citrate and malate production than 13C-glucose (Fig. 133 

1c and S1c). In addition, the TCA cycle-derived amino acid aspartate—a critical component of 134 

pyrimidine nucleotide synthesis—was similarly enriched in 13C carbon from glutamine over 135 
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glucose (Fig. 1d and S1d). Thus, in contrast to many tumor models (26, 30), glutamine is a 136 

significant fuel for T cell oxidative metabolism in vivo and contributes more carbon than glucose 137 

to the TCA cycle. 138 

 139 

OXPHOS is fueled largely from glutamine in physiologically activated CD8+ T cells 140 

Glutamine plays an important role in the mitochondria through its anaplerotic functions in the TCA 141 

cycle (31, 32). Given the increased use of glutamine for TCA cycle metabolism by CD8+ Teff cells 142 

in vivo (Fig. 1), we examined differences in mitochondrial mass and activity between in vitro-143 

activated versus physiologically-activated (via LmOVA infection) CD8+ T cells fluorescent dyes 144 

that quantify mitochondrial mass (MitoSpy) versus mitochondria membrane potential (TMRM), 145 

respectively. CD8+ OT-I T cells activated in vitro displayed a ~2.5-fold increase in mitochondrial 146 

mass compared to OT-I T cells responding to LmOVA at 3 dpi (Fig. 2a). Despite this, OT-I T cells 147 

responding to LmOVA displayed higher TMRM staining, indicating an overall increase in 148 

mitochondrial membrane potential relative to in vitro-activated T cells (Fig. 2b). Overall, this 149 

analysis revealed that OT-I cells responding to pathogen infection in vivo displayed higher 150 

mitochondrial activity (>5-fold higher) on a per-cell basis than in vitro-activated CD8+ OT-I T 151 

cells (Fig. 2c). These data may reflect a greater reliance on TCA cycle metabolism or use of diverse 152 

fuels¾including glutamine¾for mitochondrial function by CD8+ T cells in vivo. Glutamine 153 

anaplerosis replenishes the TCA cycle intermediates, providing reducing equivalents to feed the 154 

electron transport chain, generating energy through oxidative phosphorylation (OXPHOS) in the 155 

mitochondria.  156 

We next investigated the dynamics of glutamine metabolism by T cells in vivo using SIL. 157 

At 3 dpi, CD8+ OT-I T cells actively take up extracellular glutamine, with ~100% of intracellular 158 
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glutamine fully labeled (M+5) when normalized to circulating levels of U-[13C]glutamine in serum 159 

(Fig. 2d). Glutamine enters the TCA cycle through conversion to glutamate and subsequently, 160 

conversion of glutamate to a-ketoglutarate by glutamate dehydrogenase (Fig. S1b). 161 

Approximately 60% of the intracellular glutamate pool in LmOVA-responding Teff cells was 162 

derived from U-[13C]glutamine, showing similar patterns to in vitro-activated CD8+ OT-I T cells 163 

(Fig. 2d). Examination of MIDs for U-[13C]glutamine-derived metabolites revealed key 164 

differences in glutamine utilization by CD8+ T cells in vivo. CD8+ OT-I T cells from LmOVA-165 

infected mice displayed high abundance of M+2 and M+4 labeled TCA cycle intermediates citrate, 166 

fumarate, and malate, suggesting incorporation of U-[13C]glutamine carbon through one (M+4) 167 

and two (M+2) turns of the TCA cycle (Fig. 2e). This contrasted with in vitro-stimulated Teff 168 

cells, which displayed prominent M+4 but not M+2 labeling in these intermediates (Fig. 2e). 169 

Additionally, in vitro-stimulated Teff cells contained the presence of M+5 labeling in 170 

citrate¾indicative of reductive carboxylation of a-ketoglutarate (33, 34)¾that was not observed 171 

in Teff cells in vivo (Fig. 2e). Of note, LmOVA-specific OT-I T cells cultured ex vivo with U-172 

[13C]glutamine did not display reductive carboxylation (Fig. S2a), suggesting that reductive 173 

carboxylation is a feature of in vitro-stimulated T cells. Another difference is that Teff cells from 174 

U-[13C]glutamine-infused mice contained significantly higher levels of M+2 label in TCA cycle 175 

intermediates compared to in vitro-stimulated Teff cells (Fig. 2e), suggesting increased TCA 176 

cycling by activated CD8+ T cells in vivo. Increased flux through the TCA cycle would increase 177 

the production of reducing equivalents (i.e., NADH, FADH2) for electron transport and may 178 

explain the increased mitochondrial membrane potential of Teff cells proliferating in vivo (Fig. 179 

2b-c). 180 
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Next, we used a Seahorse extracellular flux analyzer to measure the contribution of 181 

glutamine to the bioenergetics of CD8+ OT-I T cells responding to LmOVA infection at 3 dpi. 182 

Basal OCR was significantly higher in OT-I T cells isolated from LmOVA-infected mice (~240 183 

pmol/min) compared to in vitro-activated OT-I T cells (~130 pmol/min) (Fig. 2f-g), corresponding 184 

with increased mitochondrial activity associated with elevated TMRM staining in OT-I T cells 185 

analyzed ex vivo (Fig. 2b). We next analyzed the glutamine dependence of T cell bioenergetics by 186 

removing extracellular glutamine from the Seahorse medium. Dropping glutamine from the culture 187 

medium caused minimal changes to the ECAR (Fig. 2f-g) or ATP production rates from glycolysis 188 

(Fig. 2h-i) for both in vitro-activated and LmOVA-responding OT-I T cells. However, 189 

physiologically activated OT-I T cells displayed high sensitivity to glutamine withdrawal, 190 

resulting in a ~40% drop in OCR upon removal of glutamine (Fig. 2g). This analysis revealed a 191 

direct impact of glutamine availability on ATP production from OXPHOS¾with no evidence of 192 

compensation from glycolytic ATP production¾in OT-I T cells responding to pathogen infection 193 

in vivo (Fig. 2i). Together, these data indicate increased coupling of glutamine-dependent TCA 194 

cycle metabolism to oxidative ATP production in CD8+ Teff cells responding to pathogen infection 195 

in vivo compared to in vitro-stimulated T cells that do not depend on glutamine for oxidative ATP 196 

production. 197 

 198 

Teff cells use glutamine as a biosynthetic substrate 199 

Glutamine oxidation not only replenishes TCA cycle intermediates, but glutamine carbon can also 200 

be used as a biosynthetic precursor, whereby carbons from glutamine are used to synthesize other 201 

amino acids like proline and aspartate (Fig. 3a) (31). We next assessed glutamine-dependent 202 

biosynthesis in CD8+ T cells in vivo by calculating the relative fractional enrichment of glutamine-203 
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derived metabolites relative to 13C-glutamine in the spleen (for in vivo infusions) or extracellular 204 

medium (in vitro-stimulated and ex vivo cultured cells). 13C-glutamine labeling into proline was 205 

not observed in Tn cells either in vitro or from in vivo infusions (Fig. 3b); however, a substantial 206 

increase in 13C5-proline was observed in activated CD8+ T cells (both in vitro and from infusion 207 

experiments), with CD8+ Teff cells in vivo displaying higher relative enrichment of 13C-glutamine 208 

carbon into the proline pool (Fig. 3b). Similar to proline, de novo biosynthesis of aspartate 209 

significantly increased upon activation in both in vitro- and in vivo-activated T cells (Fig. 3c), with 210 

CD8+ Teff cells responding to LmOVA infection in vivo displaying higher fractional enrichment 211 

of M+4 and M+2 isotopologues of aspartate from 13C-glutamine compared to in vitro-stimulated 212 

CD8+ T cells (Fig. 3c). We observed similar increases in M+2 and M+4 aspartate from 13C-213 

glutamine in LmOVA-responding infection CD8+ Teff cells analyzed ex vivo (Fig. S3), 214 

highlighting increased aspartate synthesis as a metabolic feature of CD8+ T cells in vivo.  215 

Aspartate is a non-essential amino acid important for proliferating cells as an intermediate 216 

in protein and nucleotide biosynthesis (35). The amine on aspartate is utilized for de novo purine 217 

nucleotides and the carbon backbone of aspartate is used for pyrimidine ring biosynthesis (Fig. 218 

3d). We analyzed the 13C labeling patterns in UMP to assess the contribution of 13C-glutamine-219 

derived aspartate to pyrimidine nucleotide biosynthesis (Figs. 3e-f). We observed prominent M+3 220 

labeling of UMP from 13C-glutamine, with approximately 30% of UMP M+3 labeled in Teff cells 221 

both in vitro and from in vivo infusions (Fig. 3e). In addition, we observed significant levels of 222 

M+2 labeled UMP in LmOVA-responding Teff cells (Fig. 3e), aligning with the labeling patterns 223 

observed in 13C-glutamine-derived aspartate in vivo (Fig. 3c). The high prevalence of M+2 labeled 224 

aspartate and UMP in Teff cells in vivo likely corresponds to 13C-glutamine contributing to 225 

multiple rounds of TCA cycling. Tn cells, in contrast, displayed minimal 13C-glutamine labeling 226 
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in UMP, likely due to the low nucleotide demand of non-proliferating cells (Fig. 3e). 13C-227 

glutamine-derived aspartate was also detected in nucleotide sugar UDP-glucose (Fig. 3f), which 228 

derives its nucleotide moiety from UMP.  13C-glutamine labeling in UDP-glucose followed that of 229 

UMP, with a larger proportion of M+2 UDP-glucose observed in Teff cells following in vivo 230 

infusion compared to in vitro-stimulated T cells (Fig. 3f). Collectively, these data indicate a large 231 

proportion of glutamine carbon is used to drive TCA cycle-dependent biosynthetic reactions in 232 

CD8+ Teff cells in vivo. 233 

 234 

Got1 supports CD8+ Teff cell proliferation in vivo 235 

The level of 13C-glutamine-derived aspartate generated by CD8+ Teff cells in vivo (Fig. 3c) 236 

suggests de novo synthesized aspartate may be important for Teff cell function. Aspartate is 237 

synthesized as part of the malate-aspartate shuttle, which functions to both shuttle metabolites and 238 

control the oxidation status of NAD+ between the cytosol and mitochondria (Fig. 4a). The enzymes 239 

glutamic-oxaloacetic transaminase 1 and 2 (Got1 and Got2), which function in the cytosol and 240 

mitochondria, respectively, mediate the interconversion of oxaloacetate and glutamate to aspartate 241 

and α-ketoglutarate (Fig. 4a). We utilized short hairpin RNA (shRNA)-mediated knockdown of 242 

Got1 in CD8+ OT-I T cells to test the metabolic and functional requirements for aspartate 243 

biosynthesis in CD8+ T cells.  CD8+ T cells expressing Got1-targeting shRNAs displayed reduced 244 

Got1 protein expression (Fig. 4b), as well as reduced overall abundance of 13C-glutamine-derived 245 

aspartate (Fig. 4c) including reduced levels of M+4 aspartate (Fig. 4d). Consistent with recent 246 

results shown for Got1-/- T cells (36), silencing Got1 promoted a slight reduction in CD8+ T cell 247 

proliferation (Fig. 4e); however, the proliferation of Got1-knockdown—but not control—CD8+ T 248 

cells was selectively reduced when aspartate was removed from the cell culture medium (Fig. 4e). 249 
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These data suggest that T cells become auxotrophic for aspartate when Got1 gene expression is 250 

disrupted.  251 

 Next, we examined the role of Got1 in CD8+ T cell responses to LmOVA infection in vivo. 252 

CD8+ OT-I T cells (Thy1.1+) transduced with control or Got1-targeting shRNAs were adoptively 253 

transferred into C57BL/6J (Thy1.2+) mice, followed by infection with LmOVA one day later. At 254 

7 dpi, we observed a marked reduction in both the percentage and number of antigen-specific 255 

(Thy1.1+) CD8+ T cells responding to LmOVA infection upon Got1 silencing (Fig. 4f). Moreover, 256 

Got1 silencing altered the CD8+ T cell effector response, as evidenced by an overall lower 257 

percentage and number of IFN-g-producing CD8+ T cells in the spleens of LmOVA-infected 258 

animals (Fig. 4g). Together these data indicate a critical function for Got1 in mediating the 259 

expansion of CD8+ effector T cells in vivo, in a manner that cannot be compensated by Got2. 260 

 261 

Glutamine utilization by CD8+ T cells changes over the course of infection 262 

One of the advantages of our in vivo infusion method is the ability to examine T cell metabolism 263 

in situ at specific times during the T cell response to infection (Fig. 5a). CD8+ T cells responding 264 

early to Lm-OVA infection (3 dpi) are predominantly early effector cells (EECs, 265 

KLRG1loCD127lo), whereas Teff cells responding at the peak of the response (6-7 dpi) consist of 266 

a mix of EECs, short lived effector cells (SLECs, KLRG1hiCD127lo), and memory precursor 267 

effector cells (MPECs, KLRG1loCD127hi) (10). We previously demonstrated that the shift from 268 

EECs to more differentiated CD8+ T cell subtypes (SLECs, MPECs) corresponds to a decrease in 269 

U-[13C]glucose utilization for both bioenergetic metabolism and anabolic growth pathways (10). 270 

We therefore examined whether CD8+ T cells display similar differences in glutamine usage in 271 

vivo using U-[13C]-glutamine infusions.  272 
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We calculated the relative fractional enrichment of glutamine-derived metabolites relative 273 

to the fractional enrichment of circulating U-[13C]glutamine present in the spleen, comparing first 274 

the uptake of U-[13C]glutamine  by early (3 dpi) and late (6 dpi) CD8+ Teff cells and its subsequent 275 

conversation to 13C5-glutamate. U-[13C]glutamine was readily imported by both early and late Teff 276 

cells compared to Tn cells (relative fractional enrichment: early Teff cells, ~1; late Teff cells, ~1.3) 277 

(Fig. 5b). A relative fractional enrichment >1 in late Teff cells suggests that glutamine is not only 278 

actively imported by late Teff cells, but that it is also either being stored in T cells or actively 279 

synthesized from 13C5-glutamate present in circulation during U-[13C]glutamine infusions (Fig. 280 

S1a). Late Teff cells contain higher 13C-glutamine-derived M+5 glutamate (~0.36) compared to 281 

Tn cells (~0.13), indicating a higher glutamine-to-glutamate conversion, but this conversion was 282 

lower compared to early Teff cells (~0.61) (Fig. 5b). Surprisingly, while U-[13C]glutamine is 283 

actively imported by late Teff cells, we did not observe evidence of glutamine oxidation in the 284 

TCA cycle of late Teff cells, as noted by decreased fractional enrichment of U-[13C]glutamine-285 

derived a-ketoglutarate (M+5), fumarate (M+4), malate (M+4), and citrate (M+4) at in late Teff 286 

cells compared to early Teff cells (Fig. 5c). Similarly, we observed lower levels of M+2 labeled 287 

fumarate, malate, and citrate from U-[13C]glutamine in late versus early Teff cells, which suggests 288 

a decrease in TCA cycling in Teff cells at the peak response to infection (Fig. S4a). 289 

 Comparing the bioenergetic profiles of LmOVA-specific CD8+ Teff cells using the 290 

Seahorse extracellular flux analyzer, we found Teff cells at the peak response to infection (6 dpi) 291 

display significantly lower ECAR and OCR compared to early Teff cells (3 dpi) undergoing clonal 292 

expansion (Fig. 5d). This corresponded to a roughly 6-fold reduction in ATP production 293 

capacity¾from both glycolysis and OXPHOS¾by CD8+ T cells at 6 dpi (Fig. 5e). These data 294 

align with the reduced utilization of both U-[13C]glucose (10) and U-[13C]glutamine (Fig. 5c) by 295 
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Teff cells at the peak of the effector T cell response as determined by infusion of 13C-labeled 296 

metabolites into mice. Notably, the ATP production capacity was low despite the maintenance of 297 

robust effector function in Teff cells at 6 dpi (10). While the OCR of early Teff cells at 3 dpi was 298 

sensitive to glutamine withdrawal (Fig. 2g), both the OCR and ATP production from OXPHOS 299 

were unaffected by glutamine withdrawal in late Teff cells (Figs. 5d-e).  300 

 Finally, we assessed the contribution of U-[13C]glutamine carbon to macromolecular 301 

biosynthesis in late Teff cells in U-[13C]glutamine-infused mice. Compared to early Teff cells at 3 302 

dpi, late Teff cells at 6 dpi displayed reduced glutamine-dependent amino acid synthesis (i.e, 303 

proline and aspartate, Fig. 5f) and labeling into UMP and UDP-glucose (Fig. 5g). Together these 304 

data indicate that Teff cells reduce their reliance on glutamine for OXPHOS-dependent ATP 305 

production and TCA cycle-dependent biosynthesis by the peak of the effector response. 306 

 307 

Glutamine utilization by CD8+ T cells correlates with proliferative rate 308 

To further explore the differences in glutamine utilization by CD8+ T cells over the course of 309 

infection, we conducted ex vivo analysis of antigen-specific CD8+ Teff cells at different stages 310 

during the response to LmOVA infection. Using Ki67 as a measure of T cell proliferation, we 311 

observed similar proliferation rates between early Teff cells at 3 dpi and CD8+ T cells activated in 312 

vitro (Fig. 6a); however, we observed a dramatic 90-fold reduction in Ki67 staining in late Teff 313 

cells at 6 dpi compared to early Teff cells (Fig. 6a), indicating that Teff cells at the peak of the T 314 

cell response are a slowly proliferating population.  315 

We next examined 13C-glutamine and 13C-glucose utilization in these ex vivo sorted Teff 316 

cell populations from different timepoints of infection. Due to the bead sorting procedure 317 

following in vivo infusion, we are only able to quantify the fractional enrichment of each 318 
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metabolite, as the metabolite pool sizes is an unreliable readout due to loss of intracellular 319 

metabolites to exchanges with the sorting medium (10, 29). Isolated Teff cells were cultured for 2 320 

hours in U-[13C]glutamine or U-[13C]glucose medium in vitro. Both early (3 dpi) and late (6 dpi) 321 

Teff cells displayed comparable levels of glutamine uptake, yet glutamine-to-glutamate conversion 322 

was significantly lower in Teff cells (Figs. 6b, S5a), in line with our observations from in vivo U-323 

[13C]glutamine infusions (Fig. 5b). Also, in agreement with U-[13C]glutamine infusions, we 324 

observed a decrease in total abundance and fractional enrichment of 13C-glutamine-derived TCA 325 

cycle intermediates (i.e., citrate, a-ketoglutarate, malate) and TCA cycle-derived aspartate in late 326 

Teff cells compared to early Teff cells (Figs. 6c, S5b).  327 

One prediction is that T cells may switch to glucose to fuel TCA cycle metabolism as 328 

glutamine utilization drops late in the T cell response to infection. Through ex vivo tracing we 329 

found that U-[13C]glucose uptake was identical between early and late Teff cells (Figs. 6d, S5c). 330 

However, processing of glucose through glycolysis was reduced in late Teff cells, with decreased 331 

production of 3-phosphoglycerate (3-PG) and lactate from U-[13C]-glucose in Teff cells at 6 dpi 332 

compared to 3 dpi (Fig. 6e, S5d). Notably, early Teff cells displayed glucose-dependent lactate 333 

production consistent with the Warburg effect, which was absent in late Teff cells (Fig. 6e). 334 

Similarly, U-[13C]glucose oxidation, like glutaminolysis, was also decreased in late Teff cells 335 

compared to early Teff cells. We observed a significant decrease in both the relative abundance 336 

(Fig. 6f) and fractional enrichment (Fig. S5e) of U-[13C]glucose carbon in TCA cycle 337 

intermediates (i.e., citrate, malate) and aspartate in T cells isolated at late stages of LmOVA 338 

infection. Thus, glucose oxidation does not compensate for lower glutamine oxidation at late stages 339 

of the T cell response to infection. 340 
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Finally, we assessed changes in mitochondrial mass and activity in early and late Teff cell 341 

populations. Consistent with lower rates of OXPHOS (Fig. 5), late Teff cells displayed lower 342 

mitochondrial mass (Mitospy, Fig. 6g) and mitochondrial membrane potential (TMRM, Fig. 6h) 343 

when compared to early Teff cells. This corresponded to a significant decrease in mitochondrial 344 

activity per mitochondria (when taking the ratio of TMRM to MitoSpy) (Fig. 6i). Taken together, 345 

the reduction in OCR (Fig. 5d), ATP production capacity (Fig. 5e), 13C-glutamine- and 13C-346 

glucose-derived TCA intermediates (Figs. 6c, f), and lower mitochondrial activity (Fig. 6i) in late 347 

Teff cells indicate that T cells at the peak of the effector response to infection have a reduced 348 

bioenergetic profile compared to early effector cells undergoing clonal expansion. Our data 349 

suggest that reliance on conventional fuels¾specifically glutamine and glucose¾correlates with 350 

T cell proliferative state (Fig. 6a). 351 

 352 

Acetate is physiologic TCA cycle fuel for CD8+ T cells 353 

While the contribution of both glucose and glutamine to the TCA cycle in Teff cells declines late 354 

in infection (Fig. 6), analysis of mass isotopologues of citrate and malate indicate more glutamine 355 

incorporation into the TCA cycle than glucose (Figs. S5b,e). Specifically, the lack of M+2 labeled 356 

TCA intermediates from U-[13C]glucose in late Teff cells (Fig. S5e) suggests a secondary, non-357 

glucose source of mitochondrial acetyl-CoA contributing to the TCA cycle. We recently reported 358 

that several physiologic carbon sources absent from cell culture medium¾including b-359 

hydroxybutyrate, lactate, and acetate¾can be oxidized by in vitro-stimulated CD8+ T cells (18). 360 

As acetate is a metabolic source of acetyl-CoA, we investigated the use of acetate as a TCA cycle 361 

fuel in vivo via U-[13C]acetate infusions. As shown in Fig. 7a, we observed low incorporation of 362 

U-[13C]acetate carbon in TCA cycle intermediates of CD8+ T cells at 3 dpi, the stage of infection 363 
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when U-[13C]glutamine contribution to the TCA cycle is highest. However, fractional enrichment 364 

of U-[13C]acetate-derived carbon in TCA cycle intermediates was increased at the peak of infection 365 

(6 dpi) compared to U-[13C]glucose and U-[13C]glutamine (Fig. 7a). This increased labeling at 6 366 

dpi was attributed to both M+2 and M+4 labeling of citrate and malate from U-[13C]acetate, 367 

indicating that acetate carbon contributed to multiple turns of the TCA cycle in vivo (Fig. 7b). 368 

Additionally, Teff cells at 6 dpi displayed increased fractional enrichment of U-[13C]acetate carbon 369 

in amino acids generated from TCA cycle metabolism (i.e., glutamate, aspartate, Fig. 7c).  370 

We recapitulated findings from in vivo infusions using ex vivo U-[13C]acetate tracing of 371 

CD8+ Teff cells isolated from LmOVA-infected mice at early and late timepoints (3 and 6 dpi, 372 

respectively) (Fig. 7d-e). This analysis revealed that while acetate was a minor contributor to the 373 

overall pool of TCA cycle metabolites early during infection (i.e., less than 20% of the citrate pool 374 

at 3 dpi), late Teff cells derived most of their TCA cycle and TCA cycle-derived metabolites from 375 

acetate (Fig. 7d-e). For example, over 70% of the citrate pool and 50% of the malate pool was 376 

derived from extracellular acetate in Teff cells at 6 dpi (Fig. 7d), despite similar levels of glucose 377 

uptake (Fig. 6d). Together these data indicate that acetate is a physiologic TCA cycle fuel for 378 

CD8+ T cells in vivo independent of glucose availability and uptake (37). 379 

The overall abundance of metabolic intermediates is lower in late compared to early Teff 380 

cells (Fig. S6a-b), likely reflecting the loss of glutamine- and glucose-derived carbon in the TCA 381 

cycle at later stages of infection. However, focusing on the abundance of U-[13C]acetate-derived 382 

metabolites in Teff cells over time, the overall amount of acetate-derived TCA cycle metabolites 383 

(i.e., citrate and malate, Fig. S6a) and amino acids (i.e., glutamate, aspartate, Fig. S6b) remains 384 

fairly constant. These data argue that acetate contributes carbon to the TCA cycle of Teff cells at 385 

all stages of activation but contributes a far smaller fraction to overall TCA cycle metabolism when 386 
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glucose and glutamine are readily used as fuels. Of note, U-[13C]acetate becomes the main TCA 387 

cycle fuel source in late Teff cells, as reflected by higher-order labeling patterns (i.e., M+3-6) 388 

indicating U-[13C]acetate contribution to multiple turns of the TCA cycle in late Teff cells (Fig. 389 

S6c).  390 

 One of the critical functions of mitochondrial-derived citrate is the maintenance of 391 

cytosolic acetyl-CoA pools for cellular biosynthesis and acetylation reactions (38). Acetate being 392 

a prominent source of acetyl-CoA production (39–41), we observed enrichment of U-[13C]acetate 393 

labeling in several acetylated metabolites beyond the TCA cycle in Teff cells (Fig. 7f). As a 394 

surrogate measurement of acetyl-CoA levels, we assessed the contribution of U-[13C]glucose and 395 

U-[13C]acetate to the acetyl moiety (M+2) of acetylated metabolites in Teff cells over the course 396 

of infection. Glucose and acetate contributed equally to acetylation of carnitine and the polyamines 397 

spermidine and putrescene¾metabolites associated with effector T cell proliferation (42–44)¾in 398 

clonally expanding Teff cells at 3 dpi (Figs. 7g, S6d), while other acetylated metabolites (i.e., 399 

acetyl-alanine, acetyl-choline) were minimally labeled from either carbon source (Fig. S6e-f). 400 

Importantly, we observed a shift in acetyl-carnitine and acetyl-spermidine M+2 labeling patterns 401 

from U-[13C]glucose to U-[13C]acetate in late Teff cells (Fig. 7g), suggesting that synthesis of 402 

these metabolites is maintained from acetate at later stages of infection. These results indicate that 403 

acetate is a major source for acetyl-CoA production in Teff cells, particularly at late stages of 404 

infection. 405 

  406 
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Discussion  407 

Here we have used in vivo infusion of 13C-labeled metabolites to define the metabolic preferences 408 

of effector CD8+ T cells as they are responding to infection by a model pathogen (Lm) in vivo. 409 

This approach allowed us to track the metabolic and bioenergetic tendencies of T cells in the 410 

physiologic environment of an immune response. In contrast to our original observations that 411 

glucose is primarily used by Teff cells for biosynthetic processes (i.e., nucleotide and amino acid 412 

synthesis) in vivo (10), the data presented here establish that glutamine is both a bioenergetic and 413 

biosynthetic substrate for Teff cells. CD8+ Teff cells responding to pathogen infection shunt 414 

glutamine into the TCA cycle, where it is used to fuel OXPHOS (and ultimately ATP production) 415 

and directed towards anabolic processes such as aspartate synthesis. We demonstrate that 416 

glutamine-dependent aspartate synthesis is an essential metabolic function of effector T cells, as 417 

silencing of Got1 reduces CD8+ T cell expansion and effector function (i.e., IFN-g production) in 418 

vivo (Fig. 4). However, kinetic analysis of fuel utilization by Teff cells shows that both glucose 419 

and glutamine utilization wanes at the peak of expansion (6 dpi), despite the continuing need for 420 

ATP to fuel effector function. In contrast, the short-chain fatty acid (SCFA) acetate becomes a 421 

dominant TCA cycle fuel for effector T cells at the peak of the immune response (Fig. 7). Together 422 

our data highlight a critical role for glutaminolysis fueling early CD8+ T cell expansion in vivo, 423 

with increased plasticity in TCA cycle fuel choice by effector T cells at different stages of 424 

infection.  425 

 Glutamine is the most abundant circulating amino acid and consumed by cells up to 100-426 

fold more than other amino acids (45). Fundamental observations in cancer metabolism have 427 

established that glutamine fuels oxidative metabolism for ATP production in a majority of tumor 428 

cells (46, 47). Similar dependences on glutamine for T cell proliferation and growth in vitro have 429 
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been reported. T cells lacking glutaminase (Gls)¾the enzyme that generates glutamate from 430 

glutamine¾expand poorly and display impaired effector function in vivo (48), while glutaminase 431 

inhibitors can reduce the effectiveness of CD8+ T cells in the context of anti-tumor immunity (49). 432 

However, glutamine-derived glutamate production has several potential metabolic fates beyond 433 

oxidation, including glutathione production (50). Reductive carboxylation of glutamine-derived 434 

a-ketoglutarate is prominent alternative metabolic fate for glutamine in cells with impaired 435 

mitochondrial oxidative capacity (33). Moreover, recent reports establishing that some lung tumor 436 

cells with high glutamine requirements in vitro do not display glutamine dependency in vivo (26) 437 

have called into question whether glutamine is a bona fide TCA cycle fuel in vivo. Our in vivo and 438 

ex vivo tracing data establish that glutamine anaplerosis is a dominant metabolic process in 439 

expanding early effector T cells (EECs) in vivo, and that early proliferating T cells in vivo depend 440 

on glutamine to drive OXPHOS.  441 

Circulating glutamine concentrations in mouse plasma are considerably lower than glucose 442 

(0.4-0.9 mM, compared to 4-6 mM) (18); yet for Teff cells our infusion data indicate that glutamine 443 

contributes more carbon to TCA cycle metabolism than glucose in vivo (Fig. 1b). In addition, 444 

reductive carboxylation of a-ketoglutarate is not a metabolic fate of glutamine in Teff cells in vivo, 445 

even late in infection when mitochondrial membrane potential is lower (Figs. S5b and 6h). We 446 

hypothesize that the preferential use of glutamine over glucose to fuel ATP production in EECs is 447 

not necessarily governed by metabolite abundance, but rather by optimization of fuel choice 448 

matched to cellular function. At 3 dpi, effector T cells are rapidly proliferating and display high 449 

demand for both ATP and biosynthetic substrates for growth (i.e., nucleotides, lipids). Our in vivo 450 

tracing data demonstrate that during this anabolic growth phase glucose is used to produce ribose 451 

and amino acids needed for nucleotide synthesis (10, 11). In particular, using citrate for lipid 452 
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synthesis and aspartate for nucleotide synthesis runs the risk of depleting TCA cycle intermediates 453 

if additional carbon is not imported to replenish the cycle (51, 52). In vivo, increased 13C-glutamine 454 

uptake and input into the TCA cycle solves this issue for Teff cells.  455 

Our in vivo tracing data reveal that the metabolic requirements of Teff cells for glutamine 456 

extend beyond bioenergetics. We find infused 13C-glutamine carbon to be highly enriched in 457 

intracellular proline from Teff cells, indicating that in vivo proliferating T cells actively use 13C-458 

glutamine-derived glutamate for de novo proline synthesis. Similarly, M+3 labeling from 13C-459 

glutamine into pyrimidine nucleotides and their derivatives (i.e., UMP, UDP-Glucose) indicates 460 

that de novo aspartate production is an active anabolic node in Teff cells in vivo. Mechanistically, 461 

we show that Got1 is a regulator of glutamine-dependent aspartate production in T cells and is 462 

required for CD8+ T cell responses in vivo. We observed significant decreases in both the 463 

expansion and function of antigen-specific CD8+ Teff cells in response to Lm-OVA infection when 464 

Got1 gene expression was silenced (Fig. 4F-G). Recently published work by Xu et al. established 465 

similar requirements for Got1 in mediating T cell-mediated anti-tumor responses (36). Genetic 466 

ablation of Got1 using T cell-specific conditional deletion in mice (Got1fl/fl CD4Cre) resulted in 467 

poor control of experimental tumors (i.e., B16 melanoma), due in part to reduced perforin 468 

expression and CTL killing capacity by Got1-deficient Teff cells (36). It is unclear whether Got2, 469 

which is localized in the mitochondria, can functionally compensate for Got1 to maintain 470 

intracellular aspartate at sufficient levels to support T cell function. We show that T cells can 471 

function normally in the absence of exogenous aspartate; however, Got1-silenced T cells become 472 

dependent on exogenous aspartate for cell proliferation (Fig. 4E). These data suggest that Got1 473 

and Got2 likely work together to buffer T cells against fluctuations in environmental aspartate 474 

levels that can impact T cell proliferation.  475 
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Current models of T cell metabolism posit a binary switch between catabolic and anabolic 476 

metabolism as T cells shift from quiescent (i.e., naïve, memory) to activated (i.e., effector) states, 477 

respectively (53, 54). In this model, glucose and glutamine are the dominant fuels for effector T 478 

cells. The data presented here suggest needed refinements to this model. First, our in vivo infusion 479 

data clearly support observations from in vitro culture models that glucose and glutamine are 480 

highly consumed by proliferating T cells. However, these data also indicate that glucose and 481 

glutamine label distinct metabolite pools in Teff cells in vivo. Glucose is predominantly used for 482 

the synthesis of ribose-containing macromolecules (i.e., nucleotides, NAD+, SAM/SAH) and 483 

glycolysis-derived amino acids (i.e., alanine, serine, glycine), while glutamine provides the bulk 484 

of carbon used to power the TCA cycle and produce TCA cycle-derived amino acids (i.e., 485 

aspartate) (Fig. 1B). Thus, in proliferating T cells glutamine serves as a primary fuel source, 486 

leaving glucose to function more as a biosynthetic precursor (10).  487 

Second, the use of glutamine and glucose to fuel anabolic metabolism is highly correlated 488 

with rates of T cell proliferation. T cell bioenergetic capacity, TCA cycle metabolism, and anabolic 489 

biosynthesis are highest in EECs isolated early post infection (2-3 dpi) when CD8+ T cells are 490 

undergoing the highest rates of proliferation. At the peak of the T cell response to infection (6-7 491 

dpi), Teff cells continue to take up glucose and glutamine at similar rates to EECs but do not use 492 

these substrates to fuel TCA cycle metabolism or synthesize biomolecules as they did earlier in 493 

the T cell response. This may be due in part to changes in cellular phenotype but most likely due 494 

to the shift in proliferative rate and reduced requirements for cellular growth (Fig. 6A).  495 

Third, Teff cells at late stages of infection change their preference of oxidative fuel choice, 496 

moving away from glutamine and instead using acetate to fuel TCA cycle metabolism (Fig. 7A). 497 

We recently reported that T cells are capable of oxidizing many different carbon 498 
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sources¾including lactate, b-hydroxybutyrate (bOHB), and acetate¾when cultured under 499 

physiologic growth conditions (18), indicating that activated T cells have a high degree of 500 

flexibility when it comes to oxidative fuel choice. While acetate has previously been shown to be 501 

consumed by glucose-starved and memory-like T cells in vitro (37, 55, 56), ours is the first 502 

demonstration that Teff cells use acetate as an oxidative fuel in vivo. The mechanisms underlying 503 

this switch in fuel choice remain unclear. Interestingly, acetate appears to be oxidized by Teff cells 504 

at a consistent rate both early and late during infection but proportionally contributes more to the 505 

TCA cycle later during infection due to decreased glutamine oxidation at these later timepoints 506 

(Fig. S6A). Acetate levels have been reported to peak at sites of inflammation and is also produced 507 

by the microbiome (55–57), which may dictate the preferential use of acetate by T cells simply by 508 

being readily available. Alternatively, changes in glutamine availability may dictate the switch to 509 

acetate oxidation. Blocking glutamine utilization using the glutamine antagonist 6-diazo-5-oxo-L-510 

norleucine (DON) stimulates increased expression of the acetate-processing enzymes acyl-511 

coenzyme A (CoA) synthetase short-chain family member 1 (ACSS1) and ACSS2, leading to 512 

increased acetate utilization by CD8+ T cells (58).	 Future work will focus on the impact of acetate 513 

metabolism of effector T cell function and cell fate decisions during the late stages of infection.  514 

Together, our findings show T cells display distinct patterns of fuel choice in vivo that 515 

change over the course of an immune response to infection. These data highlight the importance 516 

of investigating the dynamics of effector CD8+ T cell metabolic patterns in vivo, which may help 517 

identify key metabolic nodes that influence T cell effector function and/or differentiation. 518 

 519 

  520 
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Materials and Methods 521 

 522 

Mice 523 

C57BL/6J, CD90.1 (Thy1.1+), and Tg(TcraTcrb)1100Mjb (OT-I) mice were purchased from The 524 

Jackson Laboratory (Bar Harbor, ME). Mice were bred and maintained under specific pathogen-525 

free conditions at McGill University and Van Andel Institute under approved protocols. 526 

Experiments were performed using mice between 6 and 20 weeks of age. Mice were kept in groups 527 

of 5 mice or less and had access to a pellet based feed and autoclaved reverse osmosis water. 528 

 529 

Cell lines 530 

Female 293T (CRL-3216) cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 531 

(Wisent Inc., St. Bruno, QC, Canada) supplemented with 10% heat-inactivated fetal bovine serum 532 

(FBS), 1% penicillin-streptomycin (Gibco), and L-glutamine at a final concentration of 6 mM. 533 

Cells were cultured at 37oC in a humidified 5% CO2 incubator. 534 

 535 

T cell purification and culture 536 

T cells were purified from the spleen and peripheral lymph nodes of C57BL/6 or OT-I mice by 537 

negative selection (StemCell Technologies, Vancouver, BC, Canada). Cells were cultured in T cell 538 

medium (TCM) containing IMDM or custom IMDM for tracing studies (without glucose, and 539 

glutamine) supplemented with 10% dialyzed FBS (Wisent, St. Bruno, QC), L-glutamine 540 

(Invitrogen, Chicago, IL), penicillin-streptomycin (Invitrogen), 2-ME (Sigma-Aldrich, St. Louis, 541 

MO), and glucose. For in vitro activation of OT-I T cells, splenocytes from OT-I mice (1 x 106 542 

cells/ml) were stimulated with OVA257 peptide (1 μM) for 2 days, and subsequently expanded in 543 
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IL2 (50 U/ml, PeproTech, Rocky Hill, NJ) for an additional 2 days. For naïve CD8+ mouse T cell 544 

cultures, naïve CD8+ T cells were purified from spleen and peripheral lymph nodes by negative 545 

selection (StemCell Technologies, Vancouver, BC, Canada). Isolated naïve CD8+ cells (1 x 106 546 

cells/mL) were cultured in TCM supplemented with 100ng/mL IL-7. CD8+ Tn or Teff cells 547 

isolated from LmOVA-infected mice by Thy1.1 positive selection kit (StemCell Technologies, 548 

Vancouver, BC, Canada) and were cultured immediately ex vivo in Seahorse XF medium (non-549 

buffered DMEM 1640 containing 25mM glucose, 2mM L-glutamine, and 1mM sodium pyruvate) 550 

or TCM containing 10% dialyzed FBS. For T cell retrovirus transduction CD8+ CD90.1+ OT-1+ T 551 

cells were stimulated with plate-bound anti-CD3ε (clone 2C11) and anti-CD28 (clone 37.51) 552 

(eBioscience, San Diego, CA) for 24 hours prior to transduction with retrovirus and expanded up 553 

1 day post-transduction in TCM for 2 days in IL2 (50 U/ml). Transduced T cells were sorted by 554 

FACS Aria/ BD FACSSymphonyS6 or MoFlo Astrios and sorted T cells were kept in culture 555 

overnight before T cell proliferation was measured by cell counts or transduced OT-I T cells 556 

transferred into mice. 557 

 558 

Infection with L. monocytogenes 559 

Mice were immunized IV with a sublethal dose of recombinant attenuated Listeria monocytogenes 560 

expressing OVA (LmOVA, 2 x 106 CFU) as previously described (27, 59). For OT-I adaptive 561 

transfer experiments (transduced cells), 5 x 103 CD8+ OT-I T cells (CD90.1+) were injected 562 

intravenously into C57BL/6 mice, followed by LmOVA infection 1 day later. Splenocytes were 563 

isolated from mice at 7 dpi and analyzed for the presence of OVA-specific CD8+ T cells by CD90.1 564 

(for adoptive transfer experiments of transduced T cells). Cytokine production by CD8+ T cells 565 

was analyzed by ICS staining following peptide re-stimulation (OVA257) as previously described 566 
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(60). To generate in vivo activated CD8+ T cells, for metabolomics, proteomics, and Seahorse 567 

bioanalyzer, CD8+ Thy1.1+ OT-I T cells were injected intravenously into C57BL/6 mice, followed 568 

by Lm-OVA infection 1 day later. 2 x 106 or 5 x 104 cells were injected and isolated at 3 or 6 dpi 569 

respectively.  570 

 571 

Retrovirus production and transduction 572 

For retrovirus production, 293T cells were co-transfected with pCL-Eco and either pLMPd-Amt 573 

shFF (control vector) or shGot1 using Lipofectamine 2000 transfection reagent (Invitrogen) 574 

according to the manufacturer’s protocol. Viral supernatants were harvested 48 and 72 h post-575 

transfection, pooled, and concentrated using Lenti-X Concentrator (Takara Bio) according to the 576 

manufacturer’s protocol. The concentrated retrovirus was added to 24 h-activated T cells together 577 

with 8 ng/mL polybrene, 200 U/mL IL-2, and 20 mM HEPES, and the cells were centrifuged at 578 

1180 RCF, 30oC for 90 min. Ametrine-positive cells were sorted by FACS 48-72 h post-579 

transduction.  580 

 581 

Flow cytometry, viability, and intracellular cytokine staining 582 

Single-cell suspensions were surface stained with fluorescently conjugated Abs against murine 583 

CD4, CD8, CD44, Thy1.1, CD62L, KLRG1, Ki67, and CD127 (eBioscience). Mitochondrial 584 

staining was assessed using MitoSpy Green, and TMRM following manufacturer’s protocol.  Cell 585 

viability was assessed using the Fixable Dye eFluor® 780 (eBioscience) following the 586 

manufacturer’s protocol. Intracellular cytokine staining (ICS) for IFN-γ was performed as 587 

previously described (Ma et al 2019). Briefly, Lm-OVA infected splenocytes at 7 dpi from mice 588 

adoptively transferred with retrovirus transduced CD8+ Thy1.1+ OT-1+ T cells were stimulated 589 
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with OVA257 peptide (1ug/mL) ex vivo for 3 hr, with Golgi Stop (Fisher Sci) added for the final 3 590 

hr of stimulation, followed by ICS and flow cytometry. Flow cytometry was performed on Cytek 591 

Aurora cytometer. Analysis was performed using with FlowJo software (Tree Star). 592 

 593 

Immunoblotting 594 

For immunoblotting, cells were lysed in modified AMPK lysis buffer as previously described  (61). 595 

Cleared lysates were resolved by SDS/PAGE, transferred to nitrocellulose, and proteins detected 596 

using primary antibodies to Got1 (NOVUS Biologicals).  597 

 598 

Metabolic assays 599 

T cell oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 600 

using a Seahorse XF96 Extracellular Flux Analyzer following established protocols (11, 28). In 601 

brief, activated T cells (2 x 105) were plated in poly-D-lysine-coated XF96 plates via centrifugation 602 

in XF medium. Cellular bioenergetics were assessed through the sequential addition of oligomycin 603 

(2.0 μM), fluoro-carbonyl cyanide phenylhydrazone (FCCP, 2.0 μM), rotenone/antimycin A (2 604 

μM), and monensin (10mM). Data were normalized to cell number. Bioenergetics data analysis 605 

was based on protocols developed by Mookerjee and Brand (62) and is available for download at 606 

https://russelljoneslab.vai.org/tools.  607 

 608 

Stable isotope labeling (SIL) and in vivo 13C infusions 609 

SIL experiments with in vitro-activated T cells using liquid chromatography (LC) or gas 610 

chromatography (GC) coupled to mass spectrometry (MS) were conducted as previously described 611 

(10, 18). In brief, in vitro-activated CD8+ T cells or OT-I T cells isolated from Lm-OVA-infected 612 
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mice were washed in IMDM or VIM medium (18) containing 10% dialyzed FBS, and re-cultured 613 

(2.5 × 106 cells/well in 24-well plates) for 2h in medium containing 13C-labeled metabolites at the 614 

following concentrations: [U-13C6]glucose, 5 mM; [U-13C2]acetate, 1 mM; or [U-13C5]glutamine, 615 

0.5 mM. Cells were transferred from tissue culture plates to falcon tubes and centrifuged at 500 616 

RCF, 4°C for 3 min. The cell pellet was washed with ice-cold saline before being snap frozen on 617 

dry ice and stored at -80°C. Metabolites were extracted as described previously (18). 618 

 In vivo infusions in Lm-OVA-infected mice were conducted as previously described (10, 619 

29). In brief, infected mice were anesthetized using continuous isoflurane exposure and infused 620 

for 2h via the tail vein. The following metabolites and delivery rates were used: 13C-glucose (100 621 

mg/ml concentration, 120 µL bolus dose, 2.5 µL/min continuous infusion); 13C-glutamine (40 622 

mg/ml concentration, 150 µL bolus dose, 3.0 µL/min continuous infusion); 13C-acetate (40 mg/ml 623 

concentration, 150 µL bolus dose, 3.0 µL/min continuous infusion). At the end of the infusion, 624 

blood was collected by cardiac puncture. Following blood collection, a lobe of liver and a piece of 625 

spleen were collected and flash frozen in liquid nitrogen and kept at -80°C. The rest of the spleen 626 

was turned into a single cell suspension, filtered through a 0.75 µm filter, and pelleted. The cell 627 

pellet was resuspended in 4 mL of EasySep buffer (PBS with 2% FBS and 1mM EDTA) and 628 

volume split equally for Thy1.1+ isolation (EasySep Mouse CD90.1 Positive Selection Kit) and 629 

naïve CD8+ T cell isolation (EasySep Mouse Naïve CD8+ T cell isolation kit). Cells were isolated 630 

as described (29) and flash-frozen for metabolomic analysis. 631 

 632 

GC-MS analysis of 13C metabolites 633 

 Gas chromatography coupled to mass spectrometry (GC-MS) was performed on T cells using 634 

previously described methods (28, 63, 64). Briefly, activated T cells were washed with PBS and 635 
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re-cultured in TCM (lacking glucose and serine) containing 10% dialyzed FBS and uniformly 636 

labeled [13C]-Glucose (Cambridge Isotope Laboratories). T cells (5 x 106 per well in 6 well plates) 637 

were cultured in 13C-containing medium for up to 6 hours. For cellular media samples, 20 µL of 638 

media were taken at indicated time points and centrifuged to remove cells, with 10 µL of media 639 

used for metabolite analysis. Metabolites were extracted using ice cold 80% methanol, sonicated, 640 

and then D-myristic acid was added (750ng/sample) as an internal standard. Dried samples were 641 

dissolved in 30 μL methozyamine hydrochloride (10mg/ml) in pyridine and derivatized as tert-642 

butyldimethylsily (TBDMS) esters using 70 μL N-(tert-butyldimethylsilyl)-N-643 

methyltrifluoroacetamide (MTBSTFA) (61).  644 

For metabolite analysis, an Agilent 5975C GC/MS equipped with a DB-5MS+DG (30 m x 645 

250 µm x 0.25 µm) capillary column (Agilent J&W, Santa Clara, CA, USA) was used. All data 646 

were collected by electron impact set at 70 eV. A total of 1 µL of the derivatized sample was 647 

injected in the GC in splitless mode with inlet temperature set to 280˚C, using helium as a carrier 648 

gas with a flow rate of 1.5512 mL/min (rate at which myristic acid elutes at 17.94 min). The 649 

quadrupole was set at 150˚C and the GC/MS interface at 285˚C. The oven program for all 650 

metabolite analyses started at 60˚C held for 1 min, then increased at a rate of 10˚C/min until 320˚C. 651 

Bake-out was at 320˚C for 10 min. Sample data were acquired both in scan (1-600 m/z) and 652 

selected ion monitoring (SIM) modes. Mass isotopomer distribution for cellular metabolites was 653 

determined using a custom algorithm developed at McGill University (65). Briefly, the atomic 654 

composition of the TBDMS-derivatized metabolite fragments (M-57) was determined, and 655 

matrices correcting for natural contribution of isotopomer enrichment were generated for each 656 

metabolite. After correction for natural abundance, a comparison was made between non-labeled 657 

metabolite abundances (12C) and metabolite abundances which were synthesized from the 13C 658 
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tracer. Metabolite abundance was expressed relative to the internal standard (D-myristic acid) and 659 

normalized to cell number. 660 

 661 

LC-MS analysis of 13C metabolites 662 

Metabolites were analyzed for relative abundance by high resolution accurate mass detection 663 

(HRAM) on two QExactive™ Orbitrap mass spectrometers (Thermo Fisher Scientific) coupled to 664 

Thermo Vanquish liquid chromatography systems as previously described (18). Separate 665 

instruments were used for negative and positive mode analysis. For negative mode analysis, an 666 

Acquity T3 HSS (1.8 µm, 2.1 mm x 150 mm) column (Waters, Eschborn, Germany) was used for 667 

chromatographic separation and the elution gradient was carried out with a binary solvent system. 668 

Solvent A consisted of 3% methanol, 10 mM tributylamine, and 15mM acetic acid in water (pH 669 

5.0 +/- 0.05) and solvent B was 100% methanol. A constant flow rate of 200 μL min−1 was 670 

maintained and the linear gradient employed was as follows: 0–2.5 min 100% A, 2.5–5 min 671 

increase from 0 to 20% B, 5–7.5 min maintain 80% A and 20% B, 7.5–13 min increase from 20 to 672 

55% B, 13–15.5 min increase from 55 to 95% B, 15.5–18.5 min maintain 5% A and 95% B, 18.5–673 

19 min decrease from 95 – 0% B, followed by 6 min of re-equilibration at 100% A. The heater 674 

temperature was set to 400° C and ion spray voltage was set to 2.75 kV. The column temperature 675 

was maintained at 25 °C and sample volumes of 10 µL were injected. A 22-minute full-scan 676 

method was used to acquire data with m/z scan range from 80 to 1200 and resolution of 70,000. 677 

The automatic gain control (AGC) target was set at 1e6 and the maximum injection time was 500 678 

ms. For positive mode analysis, an Atlantis T3 (3 µm, 2.1mm ID × 150mm) column (Waters) was 679 

used and the elution gradient was carried out with a binary solvent system Solvent A consisted of 680 

0.1% acetic acid and 0.025% heptafluorobutyric acid in water and solvent B was 100% 681 
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acetonitrile. A constant flow rate of 400 μL min−1 was maintained and the linear gradient 682 

employed was as follows: 0–4 min increase from 0 to 30% B, 4–6 min from 30 to 35% B, 6–6.1 683 

min from 35 to 100% B and hold at 100% B for 5min, followed by 5 min of re-equilibration. The 684 

heater temperature was set to 300° C and the ion spray voltage was set to 3.5 kV. The column 685 

temperature was maintained at 25 °C and sample volumes of 10 µL were injected. An 11-minute 686 

full-scan method was used to acquire data with m/z scan range from 70 to 700 and resolution of 687 

70,000. The automatic gain control (AGC) target was set at 1e6 and the maximum injection time 688 

was 250 ms. Instrument control and acquisition was carried out by Xcalibur 2.2 software (Thermo 689 

Fisher Scientific). 690 

 691 

GC-MS/LC-MS metabolite identification and relative quantification.  692 

Full scan GC-MS/LC-MS data was centroided using vendor software, converted to mzXML 693 

format, and further analyzed using customized open-source software (El-Maven). Compounds 694 

were identified by m/z and retention time: expected m/z of de-protonated species was computed 695 

based on exact monoisotopic mass, and retention times were matched to those of previously 696 

analyzed pure standards and concurrently analyzed control samples. Peak intensities were 697 

calculated as the average of the three scans around the peak apex (“AreaTop”). 698 

 699 

Statistical analysis 700 

Data are presented as mean ± SD for technical replicates or mean ± SEM for biological replicates 701 

and were analyzed using unpaired Student’s t test or One-Way ANOVA. Statistical significance is 702 

indicated in all figures by the following annotations: *, p < 0.05; **, p < 0.001; ***, p < 0.0001. 703 

  704 
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Figures 972 

Figure 1 973 

 974 

Fig. 1. Glutamine is the major TCA cycle fuel for CD8+ T cells in vivo 975 

(A) Infusion protocol schematic. One day prior to infection (day -1), Thy1.1+ CD8+ OT-I+ T (Teff) 976 

cells are transferred into sex-matched congenic Thy1.2+ recipients followed by infection with 977 

LmOVA the following day (day 0). On day 3, mice are anesthetized and infused with U-[13C]Glc 978 

or U-[13C]Gln. Homogenized spleens were split equally prior to Thy1.1+ (Teff) or naïve 979 
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CD8+/CD44low (Tn) cell selection. (B) Heat map depicting % labelling of intracellular metabolites 980 

isolated from Tn and Teff cells following 13C-Glc or 13C-Gln infusion. Regions of the heatmap 981 

with increased 13C enrichment from U-[13C]Gln (Gln>Glc) versus U-[13C]Glc (Glc>Gln) are 982 

indicated by light and dark grey shading, respectively (z-score range from -4 to 4). (C-D) Percent 983 

labeling from 13C-Glc or 13C-Gln (% of total pool) in intracellular (C) citrate (top) and malate 984 

(bottom) and (D) aspartate in CD8+ Teff cells isolated from Lm-OVA-infected mice (3 dpi) 985 

following 2h infusion (left) or cultured for 2h with 13C-Glc or 13C-Gln ex vivo. M+2, M+3, and 986 

M+4 isotopologues are shown. Data represent the mean ± SEM for biological replicates (n=3-6). 987 

 988 

  989 
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Figure 2 990 

 991 

Fig. 2. Glutamine fuels OXPHOS in physiologically activated CD8+ T cells 992 

(A-B) Histograms for Mitospy Green (A) and TMRM (B) fluorescence emission from CD8+ Teff 993 

cells following 3 days of in vitro activation or isolated from Lm-OVA-infected mice (3 dpi). 994 

Geometric mean fluorescence intensity (MFI) of Mitospy Green or TMRM staining between 995 

conditions are shown (mean ± SEM, n=5). (C) Ratio of TMRM/Mitosopy Green fluorescence for 996 
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cells in (A-B). (D) (left) Glutamine (m+5) uptake within Tn or Teff cells upon in vitro culture with 997 

13C-Gln or in vivo 13C-Gln infusion; plotted as  % of M+5 intracellular glutamine pool normalized 998 

to external (ext.) M+5 glutamine in media (in vitro) and in serum (infusion); (right) Glutamine 999 

anaplerosis plot measuring glutamate (M+5) percent of intracellular pool normalized to M+5 1000 

glutamine levels in media (in vitro) and in serum (infusion). Data represent the mean ± SEM for 1001 

biological replicates (n=3-6). (E) Measurements of 13C-Gln conversion into Citrate (Cit), Fumarate 1002 

(Fum) and Malate (Mal) for in vitro-cultured Teff cells or Teff cells isolated from Lm-OVA-1003 

infected mice following infusion; M+N isotopologues are plotted as % of pool and normalized to 1004 

external (ext.) M+5 glutamine in media (in vitro) or serum (infusion). Data represent the mean ± 1005 

SEM for biological replicates (n=3-6). (F-G) Plots of oxygen consumption rates (OCR, left) and 1006 

extracellular acidification rates (ECAR, right) for OT-I T cells (F) activated in vitro for 3 days or 1007 

(G) isolated from Lm-OVA-infected mice (3 dpi).  Plots in (F) and (G) are shown for T cells 1008 

cultured in the presence (blue) or absence (gray) of glutamine. (H) Total, glycolytic (gly), and 1009 

OXPHOS (Ox) contributions to basal ATP production (pmol ATP/min) for OT-I T cells activated 1010 

in vitro (H) or isolated from Lm-OVA-infected mice (3 dpi) (I). Data represent the mean ± SD 1011 

(n=22-25). 1012 
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Figure 3 1014 

 1015 

Fig. 3. Glutamine is a substrate for amino acid and nucleotide biosynthesis in Teff cells 1016 

(A) Schematic depicting glutamine (Gln) carbon utilization for proline and aspartate (Asp) 1017 

synthesis (Glu: Glutamate, αKG: α-ketoglutarate; OAA: oxaloacetate). (B) (left) 13C-Glutamine 1018 

(Gln) conversion to proline by Tn cells (left) and Teff cells (right) following 2h in vitro culture 1019 

with 13C-Gln or 2h in vivo 13C-Gln infusion. Total 13C enrichment in proline is plotted as the 1020 

percentage of M+5 intracellular glutamine relative to external M+5 glutamine levels in media (in 1021 

vitro) or serum (infusion). Data represent the mean ± SEM for biological replicates (n=3-6). (C) 1022 
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Conversion of 13C-Gln to aspartate for Tn and Teff cells treated as in (B). Data are plotted as the 1023 

percentage of M+2 and M+4 isotopologues normalized to M+5 glutamine in media (in vitro) and 1024 

in serum (infusion). (D) Schematic depicting the contribution of aspartate carbons to de novo 1025 

pyrimidine (UMP) synthesis. ATCase, aspartate carbamoyltransferase; OMPdc, orotidine 5’-1026 

monophosphate decarboxylase. (E-F) 13C-Gln conversion into (E) UMP and (F) UDP-Glc for Tn 1027 

and Teff cells displaying % of pools of M+2 and M+3. Data represent the mean ± SEM for 1028 

biological replicates (n=3-6). 1029 

 1030 
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Figure 4 1032 

 1033 
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Fig. 4. Got1 supports CD8+ T cell expansion in vivo  1034 

(A) Schematic of glutamic-oxaloacetic transaminase (Got) activity. Got1 (cytoplasm) and Got2 1035 

(mitochondria) catalyze the reversible transamination of oxaloacetate (OAA) to aspartate, using 1036 

glutamic acid (Glu) as a nitrogen donor. (B) Immunoblot of Got1 and b-actin protein levels in 1037 

CD8+ T cells expressing control (shCtrl) and Got1-targeting (shGot1) shRNAs. (C) Mass 1038 

isotopologue distribution (MID) of 13C-Gln labeling into the intracellular aspartate pool in shCtrl- 1039 

or shGot1-expressing CD8+ T cells.  Data represent the mean ± SEM for biological replicates 1040 

(n=3). (D) Total abundance of 12C- versus 13C-labeled intracellular aspartate in shCtrl- versus 1041 

shGot1-expresssing CD8+ T cells expressing. T cells were cultured with 13C-Gln for 2h prior to 1042 

metabolite extraction. Data represent the mean ± SEM for biological replicates. (E) Relative cell 1043 

number for shCtrl- and shGot1-expressing T cells cultured for 2 days in medium containing (+) or 1044 

lacking (-) aspartate (Asp). Data represent the mean ± SEM for biological replicates (n=3), with 1045 

cell counts normalized to cell number at day 0. (F-G) Expansion and function of shGot1-1046 

expressing CD8+ T cells. Thy1.1+ OT-I T cells were transduced with vectors co-expressing 1047 

Ametrine along with control or Got1-targeting shRNAs. Ametrine+ cells were adoptively 1048 

transferred into Thy1.2+ hosts, followed by infection with Lm-OVA. (F) Thy1.1 versus Ametrine 1049 

expression by CD8+ T cells at 6 dpi Lm-OVA infection expression. Left, representative flow 1050 

cytometry plots for Thy1.1 and Ametrine expression. Right, percentage and number of shRNA-1051 

expressing (Ametrine+) Lm-OVA-specific T cells. (G) IFN-g versus CD44 expression for shRNA-1052 

expressing OT-I T cells at 6 dpi. Left, representative flow cytometry plots for CD44 versus IFN-g 1053 

expression. Right, percentage and number of IFN-g+ shRNA-expressing (Ametrine+) T cells. Data 1054 

represent the mean ± SEM for biological replicates (n=5). 1055 

  1056 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 11, 2023. ; https://doi.org/10.1101/2023.06.09.544407doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.09.544407
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 5 1057 
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Fig. 5. Glutamine utilization by CD8+ T cells changes over the course of infection.  1060 

(A) Schematic of bacterial and CD8+ T cell numbers over the course of Lm-OVA infection. (B-C) 1061 

Fractional enrichment of 13C-Gln into intracellular metabolite pools in naïve CD8+ T cells or OT-1062 

I Teff cells isolated from Lm-OVA infected mice at early (3 dpi) or peak (6 dpi) stages of the T 1063 

cell response. Mice at each stage were infused with 13C-Gln for 2h prior to cell isolation and 1064 

extraction of intracellular metabolites. Data represent the mean ± SEM (n=5-6). (B) 13C fractional 1065 

enrichment into intracellular glutamine (M+5) and glutamate (M+5) pools. Data are normalized to 1066 

serum 13C-Gln (M+5) levels. (C) 13C fractional enrichment into intracellular a-ketoglutarate 1067 

(aKG), fumarate (fum), malate (mal) and citrate (cit) pools of Teff cells at 3 or 6 dpi. (D-E) 1068 

Bioenergetics of CD8+ Teff cells at 3 and 6 dpi. (D) ECAR and OCR measurements for Teff cells 1069 

isolated at 3 and 6 dpi and cultured in the presence (+, blue) or absence (-, grey) of glutamine. (E) 1070 

Total, glycolytic (gly), and OXPHOS (Ox) contributions to basal ATP production (pmol ATP/min) 1071 

in Teff cells isolated from Lm-OVA-infected mice (3 or 6 dpi). (F-G) 13C-glutamine (Gln) percent 1072 

labelling into intracellular (F) proline (M+5) and aspartate (M+4) pools and (G) UMP (M+3) and 1073 

UDP-Glc (M+3) pools in Teff cells at 3 and 6 dpi. Data are normalized to serum 13C-Gln (M+5) 1074 

levels (mean ± SEM, n=5). 1075 

 1076 
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Figure 6 1078 

 1079 

Fig. 6. Glutamine utilization by CD8+ T cells correlates with proliferation rate.  1080 

(A) Ki67 staining in CD8+ Teff cells. Left, Ki67 fluorescence emission (modal) histograms for 1081 

resting (naïve) CD8+ T cells, in vitro-activated T cells (anti-CD3/CD28 stimulation for 3 days), or 1082 

in vivo-activated Teff cells (isolated from Lm-OVA-infected mice 3 or 6 dpi). Right, geometric 1083 
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mean fluorescence intensity (MFI) for Ki67 staining. Data represent the mean ± SEM, n=3-16. (B-1084 

C) Relative abundance of 12C- and 13C-labelling in intracellular metabolite pools in CD8+ Teff 1085 

cells isolated from Lm-OVA-infected mice that received [U-13C]Gln infusions at 3 or 6 dpi. (B) 1086 

Abundance of 12C- versus 13C-labeled Gln (left) and Glu (right) in Teff cells. (C) Abundance of 1087 

12C- versus 13C-labeled citrate (Cit), a-ketoglutarate (aKG), malate (Mal), and aspartate (Asp). 1088 

(D-E) Relative abundance of 12C- and 13C-labelling in intracellular metabolite pools in CD8+ Teff 1089 

cells isolated from Lm-OVA-infected mice that received [U-13C]-Glc infusions at 3 or 6 dpi. (D) 1090 

Abundance of 12C- versus 13C-labeled intracellular glucose (Glc) following infusion. (E) 1091 

Abundance of 12C- versus 13C-labeled intracellular 3-phosphoglycerate (3-PG), lactate (Lac), 1092 

citrate (Cit), malate (Mal), and aspartate (Asp). (G-I) Mitochondrial mass (Mitospy) and 1093 

membrane potential (TMRM) of Teff cells isolated from Lm-OVA-infected mice at 3 or 6 dpi. 1094 

Histograms of (G) Mitospy Green (mitochondrial mass) and (H) TMRM (membrane potential) 1095 

fluorescence emission. (I) Ratio of TMRM/Mitosopy Green in Teff cells at 3 or 6 dpi. Data 1096 

represent the mean ± SEM for biological replicates (n=5). 1097 
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Figure 7 1100 

 1101 

Fig. 7. Acetate is physiologic TCA cycle fuel for CD8+ T cells 1102 

(A) Heatmap of relative 13C-labeling patterns in intracellular metabolites from Teff cells at early 1103 

(3 dpi) and peak (6 dpi) stages of Lm-OVA infection following 2h infusion of 13C-acetate (acet), 1104 
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13C-glucose (glc), or 13C-glutamine (gln). Glycolytic and TCA intermediates are highlighted. (B-1105 

C) 13C-acetate tracing into Teff cell metabolites following in vivo infusion at 3 or 6 dpi. MID of 1106 

13C-acetate labeling into intracellular (B) TCA cycle intermediates (citrate, malate) and (C) TCA 1107 

cycle-derived amino acids (glutamate, aspartate) in CD8+ Teff cells isolated from Lm-OVA-1108 

infected mice. Mice were infused with 13C-acetate for 2h prior to cell isolation. Data represent the 1109 

mean ± SEM for biological replicates (n=3-6). (D-E) 13C-acetate incorporation into intracellular 1110 

metabolites following ex vivo culture of CD8+ Teff cells with 13C-acetate. OT-I CD8+ T cells were 1111 

isolated from Lm-OVA-infected mice at 3 or 6 dpi and cultured ex vivo for 2h in medium 1112 

containing 1 mM 13C-acetate. Shown are the MID of 13C-acetate labeling into intracellular (D) 1113 

citrate and malate or (E) glutamate and aspartate in CD8+ Teff cells isolated from mice at 3 or 6 1114 

dpi. Data represent the mean ± SEM for biological replicates (n=4-5). (F) Heatmap of intracellular 1115 

metabolites in CD8+ Teff cells isolated from Lm-OVA-infected mice (3 or 6 dpi) displaying 1116 

enrichment of 13C carbon following culture with 13C-acetate for 2h ex vivo. Shown are metabolites 1117 

with significant enrichment of 13C carbon from 13C-acetate (p<0.05). (G) MID (% of pool) and 1118 

total abundance of 13C-glucose (Glc) or 13C-acetate (Acet) labeling into acetylated (M+2) carnitine 1119 

and spermidine in CD8+ Teff cells isolated from mice at 3 or 6 dpi and cultured as in (D).  1120 

 1121 

Supplementary Materials 1122 

Supplementary figures S1-S6 are available as a PDF file. Raw metabolomics data from infusion 1123 

studies will be made available as supplementary tables. 1124 
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