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Abstract

CD8 T cells and NK cells are the two major cytotoxic lymphocytes that carry out cell-mediated 

immunity and regulate other immune responses. However, we do not completely understand 

human CD8 T cell and NK cell metabolic requirements and they have not been compared in 

the same experiments. We activated human CD8 T cells by two anti–CD3/CD28 mAb methods, 

and we stimulated both CD8 T cells and NK cells with IL-12/IL-18. When glucose (Glc) could 

not be used, human CD8 T cells either died or became hypofunctional, depending upon the 

anti–CD3/CD28 activation method. In contrast, Glc starvation did not decrease the percentage of 

IL-12/IL-18–stimulated human NK cells that made IFN-γ. NK cells were relatively fuel resilient 

and used Glc, glutamine (Gln), fatty acid, or acetate to power IFN-γ expression. Surprisingly, 

strongly activated human CD8 T cells required Gln for glycolysis and Glc uptake. We showed that 

human CD8 T cells regulate Glc uptake by a novel mechanism related to the TXNIP pleiotropic 

protein. These conditions may be relevant to septic patients who have high blood Glc but low 

Gln. Under the conditions tested, Gln did not change human NK cell TXNIP expression. Our 

experiments reveal fundamental differences in human CD8 T cell and NK cell metabolism and the 

fuels needed for IFN-γ production.

INTRODUCTION

CD8 T cells and NK cells are the two major cytotoxic lymphocyte populations that carry out 

cell-mediated immunity and regulate other forms of immunity via cytotoxicity, cytokines, 

and other secreted molecules (1–5). Recent work has advanced our understanding of how 

metabolism influences T cell and NK cell development and function (6–13). Most work 
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in this field has used mouse CD4 T cells, with CD8 T cells and NK cells receiving less 

attention. Even less is known about human CD8 T cells and NK cells. To our knowledge, 

no work has yet been reported comparing function of these cells in the same context. We 

addressed this knowledge gap by studying human cytotoxic lymphocytes in parallel under 

similar conditions.

Culture media nutrient concentrations have been optimized for vigorous responses. 

Compared with typical culture media, glucose (Glc) and glutamine (Gln) concentrations 

are low in blood and even lower in tissues. Nutrients can be even lower at infected sites (14) 

and in the tumor microenvironment (8, 15–17). An interesting situation is found in sepsis, 

which is characterized by very high blood Glc and low blood and tissue Gln (18–21). To 

study lymphocyte function under nutrient-poor conditions, many investigators have limited 

fuels for a few hours to a day. We chose to expose human CD8 T cell and NK cells to low 

nutrient levels for 2 d. This relatively long nutrient deprivation is justified by the observation 

that tissue-resident memory T cells and their progeny persist for long periods in infected 

tissues (22). Furthermore, tumor-infiltrating CD8 T lymphocyte number is maintained for at 

least 6 d, despite blockade of new immigrants (23). Thus, CD8 T cells and their progeny are 

exposed to the tumor microenvironment for many days (23).

T cells use a variety of fuels in different circumstances, but multiple investigators showed 

that mouse effector T cell function requires extracellular Glc and glycolysis (6, 7, 9, 

10). However, one report concluded that human CD4 and CD8 IFN-γ production was 

independent of Glc concentration (24). Two competing paradigms explained why T cell 

IFN-γ production requires glycolysis. In the translation blockade hypothesis, GAPDH, 

when not involved in glycolysis, binds to the 3′ untranslated region of IFN-γ mRNA and 

prevents its protein synthesis (6). In the epigenetic hypothesis, low glycolysis depletes 

cytosolic acetyl-CoA, reducing histone acetylation at the IFNG gene and inhibiting 

transcription (7). Both mechanisms were supported by experiments with mice but have not 

been explored in human CD8 T cells. Despite their Glc addiction, effector T cell functions 

also require Gln. Several mechanisms have been tested in mouse T cells, but not in human 

CD8 T cells.

Human NK cells can be divided into low-cytotoxicity CD56bright cells and highly cytotoxic 

CD56dim cells (1). These cells have been characterized as “immature” and “mature,” 

respectively, but differ in turnover and sensitivity to various stimuli. Under our study 

conditions, both CD56bright and CD56dim NK cells respond vigorously to IL-12/IL-18 

monokines. Although metabolic requirements of these two NK cell populations have been 

studied in the context of unpurified human mononuclear preparations (13, 25), we are not 

aware of any study looking at the fuel requirements of purified human NK cells.

For the current study, we compare human CD8 T cells and NK cells in the same assays 

under similar conditions. We find that the T and NK cytotoxic lymphocytes differ markedly 

in their metabolic requirements. We also investigate possible metabolic differences in T cell 

activation. We test T cells under different anti–CD3/CD28–activating conditions and find 

markedly different responses to Glc deprivation. Moreover, different cytokines are regulated 

by distinct mechanisms in Glc-depleted human CD8 T cells. Finally, we uncover a novel 
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mechanism by which Gln regulates Glc use in activated human CD8 T cells. Our work has 

important implications for effector human CD8 T cell and NK cell function in nutrition-poor 

environments, including infected tissues and the tumor microenvironment.

MATERIALS AND METHODS

Human subjects and flow cytometry

In accordance with the Declaration of Helsinki (modified in 2008), all protocols were 

approved by the Institutional Review Board of the University of Kentucky, Lexington, KY. 

The male and female adult subjects were aware of the design and purpose of the studies 

and signed consent forms. Peripheral blood was collected by venipuncture and mixed with 

either human NK or CD8 T Rosette Sep Ab mixture (Stem Cell Technologies) as instructed 

by the manufacturer, diluted (1:1 v/v) with wash solution (Dulbecco PBS [without Ca2+ 

or Mg2+; Sigma-Aldrich] with 2% FBS [HyClone]). Following centrifugation on either 

Histopaque-1077 (Sigma-Aldrich) or Lymphoprep (Stem Cell Technologies) at 300 × g 
for 20 min, brake off, interface cells were washed in wash solution and washed again in 

media (Glc and Gln defficient RPMI-1640 [MP Biomedicals] with 1× nonessential amino 

acids without Gln [catalog no. M7145; Sigma-Aldrich], 1× penicillin-streptomycin, and 10% 

dialyzed FBS [catalog no. F0392; Sigma-Aldrich]). Approximately 200,000 CD8 T or NK 

cells (average purity, 90–95%) were resuspended in 0.15 ml of media with Glc and Gln 

added, as indicated, in 96-well polystyrene plates and incubated in 5% CO2 at 37°C. In some 

cases, the wells were coated with 0.15 ml of anti-human CD3 (clone OKT3, 1.0 μg/ml in 

PBS; eBioscience) for 2 d at 4°C, and washed once with PBS before cells were added. To 

these wells, soluble anti-human CD28 (clone CD28.2; eBioscience) was added to cells (final 

concentration 5 μg/ml). In other cases, human T-activator Dynabeads (Life Technologies), 

which have bound mAb to human CD3 and CD28, were added to CD8 T cells at 1:1 bead/

cell ratio. No exogenous IL-2 was added. NK and CD8 T cells were incubated for a total 

of 42 h, with IL-12/IL-18 (10 and 100 ng/ml respectively; BioLegend) added in the final 

24 h. In some experiments, PMA/A23187 (25 and 250 ng/ml, respectively; Sigma-Aldrich) 

was added 5 h before harvest. For flow cytometry analysis, 1× brefeldin A and monensin 

(BioLegend) was added 3 h before harvest. At harvest, cells were added to FACS tubes, 

cells were stripped from beads by drawing up cells 40 times in a pipette tip, and beads were 

removed with a magnet. Cells were washed with PBS and incubated with 0.1 ml of 1:1000 

diluted eFluor780 viability dye (eBioscience) in PBS for 30 min at room temperature, 

washed with FACS buffer, then surface stained for 30 min on ice. For CD8 T cell analysis, 

fluorescent mAb were specific for CD8 (RPA-T8), CD45RA (HI100), CCR7 (3D12); for 

NK cells, CD3 (UCHT1), CD16 (B73.1), CD56 (HCD56). After surface staining, cells were 

washed with 20 mM HEPES and 150 mM NaCl (Sigma-Aldrich) (pH 7.5), then with 50 

μl of this buffer with 5 mM calcium chloride (annexin buffer) and Annexin PE-Cy7 for 

15 min on ice. Cells were washed with annexin buffer and fixed with 2% formaldehyde 

dissolved in annexin buffer 15 min. Cells were then washed twice with 1× permeabilization 

buffer (eBioscience), and stained with mAb specific for IFN-γ (45.15), TNF-α (Mab11), 

or GzmB (GB11), then washed with FACS buffer and fixed in 2% formaldehyde in PBS. 

Gating strategy is described in Supplemental Fig. 1.
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For Glc uptake experiments, cells were plated in media as described above for 39 h, washed 

in media with 1% dialyzed FBS, and incubated for 3 h in 0.1 mM 2-[N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG; Cayman Chemical) in media with 

1% dialyzed FBS. Cells were harvested, treated with eFluor 780 for dead cell discrimination, 

surface stained as described above, and immediately underwent flow cytometry. For 

mitochondrial content analysis, PBMCs were stained with mAb to cell surface proteins 

and treated with 10 nM Mitoview Green (Biotium) for 1 h. In these experiments, CD3+ 

CD4− CD45RA−staining identified CD3+ CD4− CDRA− CD8 T cells; CD56dim and CD3− 

staining identified CD56dim NK cells. The median fluorescence intensity (MFI) of the 

Mitoview Green peak was subtracted from the MFI of the unstained sample to determine 

relative fluorescence. All mAb were from BioLegend, eBioscience, or BD Biosciences. 

Flow cytometry was carried out with an LSR II (BD Biosciences), and data were analyzed 

with FlowJo software.

Chemicals, ATP, and mRNA quantitation

Oligomycin A (10 mg/ml stock dissolved in 100% DMSO; Sigma-Aldrich), etomoxir (ETO; 

40 mM stock dissolved in water; Sigma-Aldrich), or sodium acetate (Sigma-Aldrich) was 

added to a final concentration indicated, at either 18 h before harvest (oligomycin), or 

through the entire incubation (ETO, acetate). Oligomycin activity was confirmed by a loss 

of oxygen consumption rate (OCR) through Seahorse analysis of CD8 T cells. ATP from 

200,000 cells was measured with an ATP-Lite Luminescence Assay Kit (Perkin-Elmer) 

using instructions from the manufacturer. Luminescence for each condition was measured 

in duplicate (80,000 cells per test), and a standard curve was prepared as instructed. 

For mRNA analysis, total RNA was prepared from 200,000 cells using an RNeasy UCP 

Micro Kit (Qiagen), and converted to cDNA using random hexamer priming with a High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems), using instructions from the 

manufacturer. Quantitative PCR was carried out with the following primers: Housekeeping 

RNA controls are as follows: PGK-1 s: 5′-GCT GGA CAA GCT GGA CGT TA-3′ as: 

5′-AGC CTT AAT CCT CTG GT-3′; GUSBs: 5′-GAA AAT ATG TGG TTG GAG AGC 

TCA TT-3′ as: 5′-CCG AGT GAA GAT CCC CTTT TTA-3′; SDHA s: 5′-TGG GAA 

CAA GAG GGC ATC TG-3′ as: 5′-CCA CTG CAT CAA ATT CAT G-3′; INTS-4 s: 

5′-GCA GCT CCA TGA AAG AGG AC-3′ as: 5′-ACC CAG ATA AGC TGG ACT GC-3′; 

RPLP0 s: 5′-GGC GAC CTG GAA GTC CAA CT-3′, as: 5′-CCA TCA GCA CCA CAG 

CCT TC-3′; U2s: 5′-TGG AGC AGG GAG ATG GAA TA-3′ as: 5′-CGT TCC TGG AGG 

TAC TGC AA-3′; U6 s: 5′-CGC TTC GGC AGC ACA TAT AC-3′ as: 5′-CGA ATT 

TGC GTG TCA TCC TT-3′; and 7SL s: 5′-ATC GGG TGT CCG CAC TAA GTT-3′ as: 

5′-CAG CAC GGG AGT TTT GAC CT-3′.Eight controls were used for IFN-γ, TNF-α, 

GzmB quantitation and all except U2 for thioredoxin-interacting protein (TXNIP) mRNA 

quantitation. Target mRNAs are as follows: IFN-γ s: 5′-CCA GAG CAT CCA AAA GAG 

TGT G-3′ as: 5′-ATT GCT TTG CGT TGG ACA TTC A-3′; TNF-α: s: 5′-CCA GGG 

ACC TCT CTC TAA TCA-3′ as: 5′-GGC TAC AGG CTT GTC ACT C-3′; GzmB, s: 

5′-TGC AGG AAG ATC GAA AGT GCG-3′ as: 5′-GAG GCA TGC CAT TGT TTC 

GTC-3′; and TXNIP, s: 5′-TGG ATG TCA ATA CCC CT-3′ as: 5′-ATT GGC AAG GTA 

AGT GTG GC-3′. All primers (Integrated DNA Technologies or Sigma-Aldrich) had 90 

and 110%, amplification efficiencies and amplicons of the correct size. The program used 
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was denaturation at 95.0°C for 5 s, annealing at 64 or 66.0°C for 10 s, and extension 

at 72°C for 30 s, using 1× SYBR green mix (Bioline). All sample volumes were 10 μl 

and amplified in triplicate reactions on a Bio-Rad CFX96 real-time system. The cycle 

quantification value was determined from amplification curves using Bio-Rad CFX manager 

software. For analysis of test mRNA, the fold change was determined from the geometric 

mean of housekeeping control RNAs using the formula 2(−[Cq target − Cq geo mean HK]).

Seahorse

Cultured cells were washed in 1× Seahorse XF RPMI media (provided by the manufacturer) 

with the appropriate amount Glc, Gln, and ETO (Sigma-Aldrich). Six hundred thousand 

CD8 T (with beads) or NK cells were resuspended in 0.2 ml of this media and added to 

wells of an eight or 96-well Seahorse plate; Cell-Tak was not used. Microscopic examination 

showed confluent cells on the Seahorse plate at the end of each experiment, but we cannot 

rule out some cell loss. It is possible that our approach might have produced extracellular 

acidification rate (ECAR) and OCR results different from those collected using Cell-Tak. 

Because of the excessive number of cells needed to receive a signal above background, all 

experiments reported had only one well of 600,000 cells per donor analyzed. Assays were 

performed with either a XF8 or XF96 Analyzer (Seahorse Bioscience); three measurements 

were averaged to calculate ECAR and OCR.

Statistical analysis

Means were compared using paired, two-tailed Student t tests, except when F-statistics 

indicated that groups had dissimilar variances. Where noted in the figure legends, data were 

logarithmically transformed, allowing Student t testing. Error bars represent SEM.

RESULTS

Activation conditions determine human CD8 T cells response to Glc

We studied human CD8 T cells and NK cells, the two major classes of cytotoxic 

lymphocytes that secrete IFN-γ and are important in cell-mediated immunity (1, 5, 26). 

Human CD8 T cells were isolated from fresh blood and were activated under a commonly-

used condition; anti-CD3 mAb was bound to the surface of polystyrene plates and soluble 

anti-CD28 mAb was added with isolated blood CD8 T cells for 2 d. We will refer to this 

condition as “plate activated.” Alternatively, we activated human CD8 T cells from the 

same subjects with anti-CD3 and anti-CD28 mAb that were both bound to Dynabeads. 

We will refer to this latter condition as “bead activated.” To mimic conditions in which 

human lymphocytes are exposed to macrophages and dendritic cell monokines, we added 

IL-12 and IL-18 (10 and 100 ng/ml, respectively) in the final 24 h. We chose these 

conditions because plate-activated CD8 T cell IFN-γ production required both Ab activation 

and monokine stimulation (Supplemental Fig. 2). Although bead-activated CD8 T cells 

produced cytokines in response to anti–CD3/CD28 alone, production was greatly boosted 

with IL-12/IL-18 monokines. CD56bright and CD56dim NK cell IFN-γ production absolutely 

required IL-12/18 stimulation (Supplemental Fig. 2). To compare the two anti–CD3/CD28 

T cell activation methods with each other and with NK cells, all cultures were treated with 

IL-12/18 for the final 24 h. Culture media consisted of Glc- and Gln-free RPMI-1640 and 
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dialyzed calf serum, which allowed us to manipulate these nutrients over a wide range. 

Human serum Glc ranges from 3.9 to 7.2 mM (27). Glc concentration has been estimated 

to range from undetectable to 1.3 mM in experimental tumors (8, 15) and also is low in 

human bacterial meningitis (14). We measured intracellular cytokines and GzmB by flow 

cytometry.

As expected, CD45RA− memory CD8 T cells made considerable cytokines and GzmB under 

these conditions, but CD45RA+ naive CD8 T cell responses varied considerably among 

research subjects and were often very low (data not shown). Therefore, we focused on 

memory T cells. Anti–CD3/CD28 bead activated human CD8 T cells produced much more 

IFN-γ, TNF-α, and GzmB than did plate-activated CD8 T cells. Fig. 1A shows a typical 

result and Fig. 1B–D show subject averages. In Fig. 1B–D (left side), percentage-expressing 

cells are shown at 11 mM Glc. For ease of comparison, normalized values (right side) are 

shown at other concentrations. Under both anti–CD3/CD28 activation conditions, human 

CD8 T cell responses were very sensitive to Glc concentration. Most anti–CD3/CD28 

plate–activated, IL-12/IL-18–stimulated human CD8 T cells showed signs of apoptosis or 

late-stage cell death in ≤0.1 mM Glc (Fig. 1E). To confirm that loss of human CD8 T 

cell responses was due to a main effect on glycolysis, we replaced Glc with galactose 

(Gal) as the major carbon source in media. Gal is not efficiently used for glycolysis in 

most cell types. Like low Glc concentrations, the replacement of Glc with Gal greatly 

reduced cytokine and GzmB responses by bead-activated human CD8 T cell and killed 

plate-activated CD8 T cells. The great majority of bead-activated CD8 T cells remained 

viable at all Glc concentrations (Fig. 1E). As an additional test of viability and function, we 

activated human CD8 T in low Glc with anti–CD3/CD28 beads, and then stimulated cells 

with PMA and calcium ionophore. With this nonphysiological stimulus, human CD8 T cell 

cytokine production was intact at all Glc concentrations tested (Fig. 1F). Together, these 

findings indicated that human memory CD8 T cells, like mouse T cells (6, 7, 10), required 

glycolysis for optimal cytokine and GzmB responses. Our findings contrast with another 

group, which concluded that human CD8 T cells do not require Glc for IFN-γ production 

(24). However, that group lowered, but did not eliminate, Glc in their culture media. Another 

notable feature of our work is that seemingly small differences in anti–CD3/CD28 activation 

yielded major differences in the responses to IL-12/IL-18 monokines. These differences 

in signal strength or quality caused human CD8 T cells either to undergo apoptosis or to 

become hyporesponsive in low Glc.

Human NK cells do not require Glc

Like mature CD8 T cells, mature NK cells are cytotoxic lymphocytes that produce IFN-γ 
and other cytokines. We wished to compare CD8 T cell results with those of isolated human 

NK cells, usually tested from the same research subjects in the same experiments with 

varying Glc concentrations. We stimulated NK cells with IL-12/IL-18 for the final 24 h of 

the 2 d culture, which elevated NK cell metabolism (nearly 3-fold increase in glycolysis and 

a 67% increase in O2 consumption), but did not change CD56bright and CD56dim ratios (data 

not shown). Under these conditions, NK cells expressed abundant IFN-γ and GzmB. TNF-α 
levels varied between donors and were often low-level. To accurately quantify decreases in 

NK cell responses, we focused on IFN-γ and GzmB. When we reduced Glc concentration, 
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the percentage of immature CD56bright and mature CD56dim NK cells expressing IFN-γ and 

GzmB remained almost constant. Replacement of Glc with Gal also had minimal effects on 

the percentage responding NK cells (Fig. 1B, 1D). GzmB MFI was only mildly sensitive 

to low Glc or to Gal (Supplemental Fig. 3A). We note that although substitution of Gal 

for Glc only slightly reduced or did not affect the percentage responding CD56bright and 

CD56dim NK cells, respectively, the amount of IFN-γ made per cell was diminished to 

~40% of control high Glc conditions (Supplemental Fig. 3B). Collectively, these results 

showed that IL-12/IL-18–stimulated human NK cell continued to express IFN-γ and GzmB 

in the absence of exogenous Glc. As expected, human NK cells also responded to PMA 

and calcium ionophore in low Glc (data not shown). Our experiments illuminated a major 

difference between human cytotoxic lymphocytes: CD8 T cells strictly required glycolysis 

for responses and/or survival, whereas NK cell function was much less dependent on 

glycolysis. This suggested that human NK cells may be effective when Glc is low, such 

as in the tumor microenvironment or infectious sites (8, 14–16).

Low Glc affects human CD8 T cell cytokines at the level of mRNA or protein

We wished to explore mechanisms of how Glc starvation inhibited effector molecule 

production in human CD8 T cells. We measured mRNA in anti–CD3/CD28 bead–activated, 

IL-12/IL-18–stimulated human CD8 T cells under different Glc levels. Metabolism changes 

gene expression, so we measured cytokine and GzmB expression, standardized against 

the geometric mean of eight control RNAs, including mRNAs and small nuclear RNAs 

(Materials and Methods). IFN-γ and GzmB mRNA levels declined with decreasing Glc and 

fell to ~10% of “full” levels at 0.1 mM Glc (Fig. 2A), paralleling the decline in protein 

levels (Fig. 1B–D). We conclude that Glc starvation reduces IFNG and GZMB transcription 

or RNA stability. In contrast, TNF-α mRNA levels declined modestly in low Glc. At 1.1 

mM Glc, TNF-α mRNA had not changed (Fig. 2A) despite a >80% loss of TNF-α protein 

(Fig.1C). We conclude that Glc starvation acted mainly to decrease human CD8 T cell 

TNF-α translation or protein stability, rather than transcription. As expected, human NK cell 

IFN-γ and GzmB mRNA, and low-level TNF-α mRNA, did not significantly decline, even 

at 0.01 mM Glc (Fig. 2B). We are extending our study of these interesting differences.

Human CD8 T and NK cell metabolism in low Glc

To understand how Glc deprivation changed metabolism, we examined acid excretion rates 

(ECAR, a measure of glycolysis) and OCR (a measure of OxPhos). As above, we activated 

human CD8 T cells with anti–CD3/CD28 and stimulated them with IL-12/IL-18, and we 

stimulated human NK cells with IL-12/IL-18. The Glc concentration present at culture 

initiation was reproduced in the Seahorse instrument. Correlating with the strength of 

signaling, bead-activated CD8 T cells had more glycolysis and consumed more O2 than 

did plate-activated T cells or NK cells (Fig. 3A, 3B). As expected, both CD8 and NK cells 

reduced glycolysis as Glc concentrations were lowered. CD8 T cell OCR gradually declined 

as Glc concentration fell. NK cells maintained OCR, suggesting that they did not require Glc 

to fuel OxPhos. Because metabolism was likely to affect energy level, we measured cellular 

ATP levels. At 11 mM Glc, anti–CD3/CD28 bead–activated, IL-12/IL-18–stimulated CD8 T 

cells had higher cellular ATP levels than did NK cells (Fig.3C). As Glc concentrations were 

lowered or as Gal was substituted for Glc, CD8 T cell ATP levels fell to less than half of 

Presnell et al. Page 7

Immunohorizons. Author manuscript; available in PMC 2022 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels in standard culture media (Fig. 3C). This ATP loss in human CD8 T cells took place 

in a 2-d culture. Others have found that a 5-h Glc starvation did not reduce mouse CD8 T 

cell ATP levels (9). Distinct from CD8 T cells, human NK cells maintained a nearly constant 

level of ATP (Fig. 3C). These results suggested that human CD8 T cells heavily relied on 

glycolysis for energy, whereas human NK cells consumed other fuels for cellular energy. 

Although human CD8 T cellular ATP fell, at 0.1 mM Glc, ATP levels were moderate (Fig. 

3C) and O2 consumption was high (Fig. 3B) compared with human NK cells. Yet this Glc 

concentration abrogated IL-12/IL-18–stimulated CD8 T cell cytokine and GzmB production, 

with modest effect on NK cell cytokine and GzmB expression (Fig. 1B–D).

Human CD8 T cell effector responses require both Glc and Gln

Given that NK cells maintained ample IFN-γ expression, O2 consumption, and cellular 

ATP despite low Glc, we explored if human cytotoxic cells use Gln. This was important 

because human carcinomas deplete Gln more than any other amino acid (16, 17), and 

sepsis is characterized by low blood Gln (20, 21). We activated human CD8 T cells with 

anti–CD3/CD28 and stimulated them with IL-12/IL-18 while varying both Glc (11, 1.1, 

or 0.1 mM) and Gln (2.0 or 0.02 mM) concentrations. As before, human CD8 T cells 

required high Glc levels for IL-12/IL-18–stimulated cytokine production or for survival, 

depending upon the activation conditions (Fig. 4A–C). With relatively weak anti–CD3/CD28 

plate activation, low Gln did not influence CD8 T cell viability when Glc ≥1.1 mM (Fig. 

4C). However, bead-activated human CD8 T cells required Gln to respond to IL-12/IL-18 

(Fig. 4A, 4B). At 0.02 mM Gln, bead-activated CD8 T cell TNF-α and IFN-γ production 

was only ~20% of that at 2 mM Gln, even when Glc was high (11 mM). We concluded 

that strongly activated human CD8 T cells required both Glc and Gln for robust cytokine 

responses. In contrast, most human CD56bright and CD56dim NK cells produced IFN-γ at 

all Glc and Gln concentrations tested (Fig. 4A). There was some decline the amount of 

IFN-γ produced per NK cell (Supplemental Fig. 3C), even while the percentage responding 

NK cells remained high. It is worth noting that despite their developmental and functional 

differences, CD56bright and CD56dim NK cells had similar fuel requirements. We concluded 

that human NK cells were relatively fuel resilient and continued to function even when both 

Glc and Gln were limited.

Human NK cells use Glc, Gln, fatty acid β-oxidation, or acetate

Because NK cells function in combined Glc and Gln deficiency, we hypothesized that NK 

cells use other energy sources to power cytokine production. Cells burn fatty acid (FA) via 

mitochondrial β-oxidation to produce ATP. To prevent β-oxidation, we treated cells with 

3 μM ETO, a dose that inhibits the mitochondrial FA transporter, Cpt1a, and subsequent 

β-oxidation but which does have not known off-target effects (28, 29). We tested our 

hypothesis with a matrix of conditions including Glc or Gln deficiency, with or without 

3 μM ETO to block FA β-oxidation during the entire 2-d culture (Fig. 5A). Under all 

fuel conditions, nearly 100% of CD56bright NK cells and the majority of CD56dim NK 

cells remained viable (Fig. 5B). We found that deficiencies of Glc, Gln, or β-oxidation 

individually failed to lower the percentage of IL-12/IL-18–stimulated human CD56bright and 

CD56dim NK cells that produce IFN-γ. Only triple Glc, Gln, and FA deficiency consistently 

reduced the number of IFN-γ–producing CD56bright and CD56dim NK cells (Fig. 5A). 
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Surprisingly, even in the absence of Glc and Gln and the presence of ETO to inhibit 

β-oxidation, nearly 50% of human CD56bright and CD56dim NK cells nonetheless produced 

some IFN-γ, although the amount of IFN-γ per cell was reduced to ~20% of control “full 

fuel” values (Supplemental Fig. 3D). Thus, nearly half of CD56bright and CD56dim NK cells 

produced some IFN-γ despite deficient Glc, Gln, and FA β-oxidation. This underscored the 

conclusion that human NK cells were fuel resilient.

Starting from pyruvate, cancer cells produce acetate and secrete it into the tumor 

microenvironment (30). After uptake into cells, acetate is converted into acetyl-CoA. 

Therefore, we explored whether NK cells used acetate. To limit other fuels, we stimulated 

NK cells with IL-12/IL-18 in the absence of Glc and Gln, with the addition of 3 μM 

ETO to inhibit FA β-oxidation. As before, the triple fuel deficiency diminished, but did 

not eliminate, human NK cell IFN-γ production (Fig. 5C). However, 20 mM acetate 

rescued CD56dim NK cell IFN-γ production (Fig. 5C) and viability (data not shown). These 

experiments indicated that human NK cells were relatively fuel resilient and used a variety 

of fuels, including Glc, Gln, FA, and acetate. These properties suggested that NK cells 

obtain various fuels in harsh environments, including infected tissues and tumors.

OxPhos is not necessary for CD8 T cell or NK cell cytokine production

Glc, Gln, and FA all can be burned as fuel by mitochondrial OxPhos. Furthermore, 

acetate is a product of OxPhos anaplerosis. This showed that OxPhos was sufficient for 

NK cell cytokine production. We investigated whether OxPhos was necessary for human 

CD8 or human NK cell IFN-γ production. Measured immediately ex vivo, CD8 T cells 

had higher mitochondrial content than did NK cells (Supplemental Fig. 4A). Among 

NK cells, immature CD56bright cells were slightly higher than mature CD56dim cells. To 

investigate the role of OxPhos in effector responses, we inhibited mitochondrial OxPhos 

using oligomycin, which has been used on lymphocytes at 0.015–2 μM (6, 11, 12). We 

found that oligomycin (0.1, 1, or 5 μM), which was present in the final 18 h of culture, 

did not significantly inhibit human CD56bright or CD56dim NK cell IFN-γ production 

(Supplemental Fig. 4B). Oligomycin at all three doses moderately reduced anti–CD3/CD28 

bead–activated human CD8 T cell IFN-γ production from a very active donor but had little 

effect on CD8 T cells from other research subjects (Supplemental Fig. 4B and data not 

shown). Taken together, our data suggested that human CD8 T cells relied on glycolysis, but 

not OxPhos, as a major energy source and that NK cells used glycolysis or OxPhos.

Human CD8 T cell glycolysis requires Gln

We explored how Gln affected CD8 and NK cell metabolism. Anti–CD3/CD28 activated, 

IL-12/IL-18–stimulated human CD8 T cells were exposed to various Glc and Gln 

conditions, which were present from the start of the 2-d culture period and in Seahorse 

plates. Consistent with results shown above, Glc starvation greatly diminished ECAR by 

bead-activated human CD8 T cell (Fig. 6A). With no available Gln, bead-activated human 

CD8 T cells also greatly reduced ECAR, which indicated a marked reduction of glycolysis 

(Figs. 6A, 7A). Human CD8 T cell glycolysis dropped in the absence of Gln, despite 

abundant (11 mM) Glc. Thus, human CD8 T cells under bead activation conditions were 

unlike mouse CD4 and CD8 T cells deprived of Gln for 5 h, which moderately lowered 
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ECAR (9). As with mouse CD4 and CD8 T cells (9), Gln starvation greatly reduced human 

CD8 T cell OxPhos (OCR, Figs. 6B, 7B). As shown by oligomycin treatment (Supplemental 

Fig. 4B), OxPhos was not required for CD8 T cell effector functions. Human CD8 T cell 

ATP levels were also sensitive to Gln concentrations (Figs. 6C, 7C). Titration experiments 

showed that Gln concentrations ≤0.02 mM dropped human CD8 T cell ECAR, OCR, and 

ATP levels. In marked contrast, human NK cell ECAR and OCR were insensitive to Gln 

loss (Figs. 6A, 6B, 7A, 7B). Importantly, Gln starvation did not diminish NK cell ATP levels 

(Figs. 6C, 7C). As expected, Glc, Gln, and FA triple fuel deficiency reduced NK cell ATP 

level (Fig. 6C). It should be noted that human anti–CD3/CD28 bead–activated, IL-12/IL-18–

stimulated CD8 T cells had much higher ECAR, OCR, and ATP under full fuel conditions, 

compared with IL-12/IL-18–stimulated NK cells (Figs. 6, 7). At 0.02 mM Gln, CD8 T cell 

and NK cells had similar ECAR, OCR, and ATP levels. Yet, at 0.02 mM Gln, CD8 T cells 

functioned poorly, but the percent responding NK cells did not decline (Fig. 4). Collectively, 

our data suggested that stimulated human CD8 T cell effector functions had much higher 

energy requirements than did human NK cells under the conditions tested.

Human CD8 T cells require Gln to suppress TXNIP and permit Glc uptake

In the presence of high Glc, some cells shut down glycolysis when Gln levels are low 

(31, 32). Mechanistically, TXNIP and ARRDC4 suppress Glc uptake, but are themselves 

regulated by Gln (31–33). Therefore, we measured TXNIP and ARRDC4 RNA levels in 

IL-12/IL-18–stimulated CD8 T cells and NK cells. TXNIP RNA was ~30- to 100-fold 

higher than ARRDC4 RNA in stimulated T and NK lymphocytes (data not shown), so we 

analyzed changes in TXNIP expression. In anti–CD3/CD28 bead–activated, IL-12/IL-18–

stimulated human CD8 T cells, increasing Gln concentrations inversely correlated with 

TXNIP RNA in a dose-dependent fashion, rising nearly 6-fold in Gln starvation (Fig. 8A). 

In contrast, IL-12/IL-18–stimulated human NK cell TXNIP RNA did not change with Gln 

concentration (Fig. 8A). Results with anti–CD3/CD28 plate–activated human CD8 T cells 

were intermediate (Fig. 8A). We next examined whether Gln influences uptake of the 

fluorescent Glc analogue, 2-NBDG. Immediately ex vivo, human CD8 T cells and NK cells 

were very similar in 2-NBDG uptake (data not shown), which suggested similar Glc import. 

However, CD8 T cells and NK cells differed markedly after activation and stimulation in 

culture for 2 d without Gln. Anti–CD3/CD28 bead–activated human CD8 T cells stimulated 

with IL-12/IL-18 in the presence of 11 mM Glc and 2 mM Gln imported considerable Glc 

tracer (2-NBDG, Fig. 8B). However, low Gln significantly inhibited Glc uptake. Notably 

Glc uptake was highly significantly inhibited when the Gln level was ≤0.02 mM (Fig. 

8B), a concentration that also greatly reduced IL-12/IL-18–stimulated IFN-γ and TNF-α 
expression (Fig. 4). For CD56bright and CD56dim NK cells and for plate-activated CD8 

T cells, Gln starvation mildly affected Glc uptake (Fig. 8B). This paralleled the finding 

that Gln starvation did not diminish IL-12/IL-18–stimulated cytokine expression in those 

cells (Fig. 4). These results revealed a fundamental difference in Glc handling between 

human CD8 T cells and human NK cells. Because human CD8 T cell cytokine production 

requires glycolysis, TXNIP regulation of Glc uptake explained why strongly stimulated T 

cells required Gln. In contrast, human NK cells were fuel resilient. The TXNIP mechanism 

was not significantly activated in NK cells and was not suppressed by Gln.
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DISCUSSION

Our work reveals three important findings. First, seemingly small differences in anti–CD3/

CD28 activation cause profound differences in human CD8 T cell response to monokine 

stimulation under different fuel conditions. Second, strongly activated human CD8 T cells 

do not import Glc unless Gln is available. Third, human NK cells are much more fuel 

resilient than are human CD8 T cells. In this respect, they differ from Glc-addicted human 

CD8 effector T cells. To our knowledge, several aspects of this work have not been reported 

heretofore.

Investigators often activate T cells with a combination of anti-CD3 and anti-CD28 mAb to 

mimic aspects of peptide-MHC and CD80/CD86 costimulation. In one common method, 

anti-CD3 mAb is immobilized on plates and anti-CD28 mAb is soluble. In another common 

method, both mAbs are immobilized on beads. We refer to these two methods as plate 

and bead activation, which in our experiments with isolated human CD8 T cells usually 

was followed by IL-12/IL-18 stimulation. Anti–CD3/CD28 bead activation induce higher 

IL-12/IL-18–stimulated CD8 T cell cytokine and GzmB responses than do plate activation. 

Bead-activated CD8 T cells also have higher glycolysis and consume much higher O2 than 

do plate-activated CD8 T cells. In the setting of Glc deprivation, bead-activated human CD8 

T cells become hypofunctional, whereas plate-activated CD8 T cells die. To our knowledge, 

this phenomenon has not been previously reported, yet the two activation techniques seem 

to be treated as equivalent in the literature. The two anti–CD3/CD28 formats likely differ in 

strength or in quality. We are investigating possible mechanistic reasons for the differences.

Our most striking discovery concerns the mechanisms underlying CD8 T cell requirements 

for Gln. T lymphocytes rely on Gln for proliferation, cytokine production, and cell surface 

molecule expression (34, 35). Others showed that T cells use Gln as a fuel to maintain TCA 

intermediates and for ATP production (9, 36, 37), to provide the biosynthetic precursors of 

polyamines, nucleotides, and UDP N-acetylglucosamine (38, 39), and to maintain mTORC1 

activity (40, 41). We describe a new role for Gln in strongly activated human CD8 effector 

T cells—Gln regulates Glc uptake. Despite their high responses, anti–CD3/CD28 bead–

activated human CD8 T cells require Gln to express cytokines, to continue glycolysis, to 

consume O2, and to maintain cellular ATP levels. Less vigorous plate-activated human 

CD8 T cells do not require Gln to produce cytokines or GzmB in response to IL-12/IL-18 

stimulation. As noted above, human CD8 T cells activated under either condition require 

ample Glc for function or for cell viability.

We investigated why strongly activated human CD8 T cells require Gln for function and to 

maintain metabolism. The answer came from lessons learned in tumor cell metabolism. The 

MondoA-MLX transcription factor complex resides on the outer mitochondrial membrane 

(32). Upon binding to its physiologic ligand, Glc-6 phosphate, MondoA-MLX translocates 

to the nucleus and engages carbohydrate response elements on the promoters of Glc-

responsive genes (32). MondoA-MLX highly upregulates TXNIP expression, which has 

pleiotropic functions, including repressing mTOR. Importantly for this discussion, TXNIP 

regulates glycolysis, acting as a feedback mechanism when glycolysis is high. TXNIP 

inhibits Glc uptake, at least in part, by binding to the GLUT1 Glc transporter and removing 
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it from the cell surface (32). TXNIP also may regulate other aspects of glycolysis. 

Interestingly, Gln inhibits Glc-6-phosphate-induced TXNIP expression at the level of the 

TXNIP promoter. Gln inhibits neither MondoA-MLX nuclear translocation nor TXNIP 
promoter binding. However, Gln does change the epigenetic landscape, which is reversed by 

inhibiting histone deacetylase (32).

We tested two key components of this pathway in human CD8 T cells. In the presence of 

ample (11 mM) Glc, we titrated Gln. When Gln concentration is lowered to ≤0.02 mM, 

TXNIP is induced and fluorescent 2-NBDG Glc tracer uptake is inhibited. The same Gln 

concentration prevents IL-12/IL-18–induced IFN-γ and TNF-α expression by anti–CD3/

CD28 bead–activated human CD8 T cells. Gln concentration ≤0.02 mM decreases CD8 T 

cell glycolysis, OxPhos, and cellular ATP level. The TXNIP mechanism may explain prior 

findings that appear to contradict our own. Others have reported that 5 h of Gln starvation 

minimally reduced mouse CD4 and CD8 T cell ECAR (9). Because Gln causes epigenetic 

changes (31, 32), TXNIP protein levels might not change after only a 5-h Gln starvation. 

As noted above, we applied Gln starvation for the entire 2 d of culture. Further work will 

be required to test whether TXNIP regulates mTORC1 activation, nucleotide synthesis, 

polyamine synthesis or O-GlcNAcylation in human CD8 T cells. Conditions tested in these 

experiments may be relevant to sepsis, in which high Glc and low Gln are found (18–21).

Human NK cell metabolism and fuel requirements contrasts with those of human CD8 T 

cells. Most IL-12/IL-18–stimulated NK cells make IFN-γ and GzmB when glycolysis is 

blocked. This includes both immature CD56bright and mature CD56dim NK cells. CD8 T 

cell OCR decline when Glc concentration become very low. In contrast, NK cell OCR is 

maintained when glycolysis is inhibited, suggesting that human NK cells maintain metabolic 

function in the absence of Glc. This conclusion was supported by measuring ATP levels. 

CD8 T cell ATP level declines in concert with glycolysis. In contrast, human NK cells 

maintain nearly constant ATP concentrations, even as glycolysis is prohibited. These data 

suggest that human NK cells are relatively fuel resilient. Furthermore, NK cells function 

well when deprived of Gln. Indeed, the absence of both fuels does not eliminate NK cell 

IFN-γ production, O2 consumption, or cellular ATP levels. Remarkably, even when FA β-

oxidation is inhibited by ETO, Glc, and Gln starvation lowers, but does not abrogate, IL-12/

IL-18–stimulated human NK cell IFN-γ synthesis. As expected, Glc starvation inhibits 

glycolysis and the combined absence of available Glc, Gln, and FA β-oxidation reduces NK 

cell O2 consumption and ATP level. Remarkably, acetate rescues NK cell function.

Our work can be compared with published studies. Cooper’s group found that mouse 

NK cells stimulated with IL-12/IL-18 made similar amounts of IFN-γ, even after 4–6 

h incubation with oligomycin and 2-deoxy-D-Glc (2DG), in the absence of Gln (12). 

Our findings are largely consistent with the conclusions suggested by these experiments, 

namely that NK cells are fuel resilient. Other work suggested that mouse NK cells required 

glycolysis for cytokine production and other functions. For example, Donnelly et al. (11) 

showed that 2DG and substitution of Gal for Glc had moderate effects on IFN-γ production. 

Loftus et al. (42) reported that 20-h Gln starvation decreased NK cell IFN-γ production. 

It is not clear whether these variances from our findings were due to species differences, 

stimulation differences, or the fact that the mouse NK cells were stimulated in the setting 
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of unseparated splenocytes. The mouse NK cells in these studies underwent a long culture 

period in the presence of splenic T cells, B cells, and myeloid cells, which may have 

influenced NK cell behavior. In the context of human PBMC, Keating et al. (13) reported 

that oligomycin decreased human NK cell IFN-γ synthesis in response to 18-h IL-12/IL-15 

stimulation. In contrast, we found that oligomycin did not inhibit IFN-γ responses by IL-12/

IL-18–stimulated enriched NK cells. It may be significant that Keating et al. (13) studied 

human NK cells in the context of unseparated PBMC because the presence of T cells, B 

cells, monocytes and other PBMC may have influenced NK cells.

Given the minimal effect that Gln starvation has on human NK cell function, metabolism 

and ATP levels, it is not surprising that Gln deprivation does not alter TXNIP expression 

and only mildly affects Glc uptake. Thus, NK cell glycolysis does not appear to be regulated 

by the MondoA-MLX and TXNIP pathways, at least under the conditions tested in this 

study. TXNIP RNA is expressed both by developing and by mature mouse NK cells, 

and the TXNIP gene is required for NK cell CD122 expression and for mouse NK cell 

development (43). These findings suggest that an inability to express TXNIP in NK cells 

does not account for differential Glc handing by CD8 T cell and NK cells. Also, “weak” 

plate–activated CD8 T cells were minimally affected by ≤0.02 mM Gln in ample Glc. 

Low Gln did not significantly diminish Glc uptake and only moderately induced TXNIP 

expression by anti–CD3/CD28 plate–activated, IL-12/IL-18–stimulated human CD8 T cells. 

We are investigating why MondoA-MLX-TXNIP regulates human CD8 T cells following 

“strong” anti–CD3/CD28 bead –activated, but not following “weak” plate-activated, CD8 T 

cell stimulation or NK cell stimulation.

Our human CD8 T cell experiments confirm and extend the work of others. As found 

with mouse and human T cells, either low Glc or 2DG inhibited cytokine production in 

response to anti–CD3/CD28, with or without additional IL-2 (6, 7, 9, 10, 44–46). Notably, 

responses were optimal in 25–35 mM Glc and were somewhat blunted by 0.35 or even 

10 mM Glc (9, 46). Confirming these general findings, we found that human CD8 T cells 

require glycolysis for optimal cytokine and GzmB responses to anti–CD3/CD28 activation 

and IL-12/IL-18 stimulation. We inhibited glycolysis using low Glc and substitution of Glc 

with Gal. We purposely avoided 2DG, which has well-documented toxic effects beyond 

inhibiting hexokinase (47, 48). T cell effector responses, especially IFN-γ production, are 

well-known to rely on glycolysis, and two mechanisms have been advanced to explain 

effector T cell Glc addiction. The translation inhibition hypothesis states that GAPDH, 

when not actively engaged in glycolysis, binds the IFN-γ mRNA 3′UTR and prevent its 

translation (6). The epigenetic hypothesis states that steady-state acetyl-CoA levels fall when 

glycolysis is low (7). This leads to a reduction in acetylated histones at the IFNG locus, 

and thus lowering transcription (7). We found that Glc starvation lowers human CD8 T 

cell IFN-γ and GzmB mRNA, which is not easily explained by the translation inhibition 

hypothesis but appears consistent with the epigenetic hypothesis. However, TNF-α RNA 

does not change markedly with mildly depressed Glc concentration, and TNF-α expression 

may be subject to GAPDH-mediated translation suppression, as reported in macrophages 

(49).
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CD8 T cells and NK cells are the two major cytotoxic lymphocytes. They kill aberrant 

cells and secrete IFN-γ and TNF-α. As such, they defend against cancers, viruses, and 

other intracellular parasites. These settings are often low in Glc and Gln. Human serum Glc 

ranges from 3.9 to 7.8 mM. Blood Gln is ~0.478–0.550 mM but is considerably lower in 

severe infection (20, 27). In experimental tumors, Glc has been estimated to range from 

undetectable to 1.3 mM (8, 15), and Gln from 0.1 to 0.7 mM (16, 17). In human pancreatic 

carcinomas, Gln had the lowest relative concentration of all the amino acids (16). In this 

study, we show that human effector CD8 T cells require both Glc and Gln. Furthermore, 

we have elucidated a novel mechanism by which Gln controls Glc usage in human CD8 T 

cells. This and other knowledge to be gained may help us to program powerful human CD8 

T cells to function in infected sites and in tumors. This is especially relevant to chimeric Ag 

receptor T cells, which have shown remarkable success with leukemias and lymphomas but 

have not been effective in solid malignancies (50).

Compared with CD8 T cells, human NK cells are fuel resilient and use Glc, Gln, FA, 

and even acetate to fuel effector functions. Therefore, NK cells may function in infected 

sites or tumor environments in which effector CD8 T cells do not function (8, 14–17). NK 

cells help control several cancers (51–55) and prevent metastases (56, 57). Cancer stem 

cells are especially susceptible to NK cell attack (58, 59). In some established tumors, 

NK cells localize at the tumor periphery (60). This is where cancer stem cells with the 

highest metastatic potential are found in some cancers (61). However, NK cells often 

do not infiltrate the tumor interior (60). Tumor infiltration is governed by a combination 

of chemokines and cellular addressin (62). If they can be engineered to respond to tumor-

infiltrating signals, fuel-resilient NK cells may be even more effective cancer-fighting cells.
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FA fatty acid

Gal galactose

Glc glucose

Gln glutamine

MFI median fluorescence intensity

2-NBDG 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose

OCR oxygen consumption rate

TXNIP thioredoxin-interacting protein
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FIGURE 1. Human CD8 T cells require glycolysis for viability or for cytokine and GzmB 
expression, but NK cells express IFN-γ and GzmB when glycolysis is low.
Purified human CD8 T cells were anti–CD3/CD28 plate–activated (plate) or bead–activated 

(bead) for 2 d. Purified human NK cells were cultured in media for 2 d. IL-12/IL-18 was 

added to all groups in the final 24 h. Media contained the indicated Glc concentration, 

or Gal was substituted for Glc from the start of the 2-d culture. (A) Flow cytometry 

histograms are shown for a representative research subject. Dotted line is isotype mAb 

control, open histogram is 11 mM Glc, filled histogram is 11 mM Gal in place of Glc. 
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Gal results are not shown for plate-activated CD8 T cells because of the massive cell 

death. (B–D) Histogram plots represent average responses at 11 mM Glc. In the histogram 

plots, significant differences are indicated between plate-activated and bead-activated CD8 

T cells, both at 11 mM Glc. Dot and line plots indicate changes in cytokine or GzmB 

expression normalized to 11 mM Glc. (B and D) IFN-γ and GzmB expression is not shown 

for plate-activated CD8 T cells at <1 mM Glc or in Gal, because of cell death. (C) Only 

bead-activated CD8 T cell results are shown with decreasing Glc concentrations or with Gal 

because of marginal TNF-α production by plate-activated CD8 T cell and NK cells, even 

in 11 mM Glc. (E) Cell viability, measured as described in Materials and Methods. (F) 

Purified CD8 T cells were bead activated for 2 d and stimulated with PMA and A23187 

calcium ionophore during the final 5 h culture, as described in Materials and Methods. 

Glc concentrations at culture initiation are indicated on the x-axis. Cells from four to five 

research subjects (B–E) or three research subjects (F) were studied. In the dot and line plots, 

statistical difference are noted within the same cell type and activation technique, comparing 

11 mM Glc and other fuel conditions. *p < 0.05, †p < 0.01.

Presnell et al. Page 20

Immunohorizons. Author manuscript; available in PMC 2022 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. Differential effect of low Glc on CD8 T cell TNF-α mRNA level compared with 
GzmB and IFN-γ mRNA levels.
Bead-activated purified CD8 T cells (A) and purified NK cells (B) from four and three 

research subjects were IL-12/IL-18 stimulated as described in Materials and Methods. The 

Glc concentrations at culture initiation are indicated. Significant CD8 T cell differences from 

the 11 mM Glc condition are indicated under the x-axis for GzmB. *p < 0.05, †p < 0.01, 

compared with 11 mM condition.
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FIGURE 3. CD8 T cells require Glc for ECAR, OCR, and ATP maintenance, but Glc 
concentration does not affect NK cell OCR and has little effect on NK cell ATP level.
Purified cells were activated and stimulated, and ECAR (A), OCR (B), and ATP, per plated 

cell (C), were measured as described above. For ease of comparison, a dashed line in (B) 

denotes NK cell OCR in 11 mM Glc. The Glc concentrations at culture initiation and in the 

Seahorse instrument are indicated. For this figure, comparison data did not have equivalent 

variance and these data were log transformed prior to Student t test. *p < 0.05, †p < 

0.01, compared with 11 mM condition within the same cell type and activation technique, 

generated from four subjects (A and B) and three subjects (C).
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FIGURE 4. CD8 T cell cytokine production requires both Glc and Gln, but NK cells are 
relatively fuel resilient.
Purified cells were activated and stimulated, and IFN-γ expression (A), TNF-α expression 

(B), and cell viability (C) were measured as described above in cells from four subjects. The 

Glc concentrations at culture initiation are indicated on the x-axis. Solid lines denote 2 mM 

Gln, dashed lines denote 0.02 mM Gln at culture initiation. In (A), the results are normalized 

from 21.5% (plate-activated CD8), 46.7% (bead-activated CD8), 95.7% (CD56bright NK), 

and 81.9% (CD56dim NK) IFN-γ–producing cells. In (B), the results are normalized from 
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38.2% TNF-α–producing bead–activated CD8 T cells. Highly significant differences ($p < 

0.01) between 2 mM and 0.02 mM Gln are indicated for bead-activated CD8 T cells at 11 

mM Glc. *p < 0.05, †p < 0.01, compared with 11 mM Glc condition within the same cell 

type and activation technique.
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FIGURE 5. NK cells are relatively fuel resilient.
Purified human NK cells were activated and stimulated, and IFN-γ expression (A and 

C) and cell viability (B) were measured as described above in cells from four subjects. 

Results are normalized (A) from 11 mM Glc responses of 90.7% and 80.4% for CD56bright 

and CD56dim NK cells, respectively. Also shown are percentage live NK cells (B) and 

percentage IFN-γ–producing CD56dim NK cells (C). At initiation, cultures contained 0 or 11 

mM Glc, 0 or 2 mM Gln. FA β-oxidation (β-oX) was allowed to proceed (+) or was blocked 

with 3 μM ETO (−). Some cultures were supplemented with 20 mM acetate (Acetate +). 

*p < 0.05; †p < 0.01, compared with the 11 mM Glc/2 mM Gln/no ETO condition or as 

indicated.
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FIGURE 6. Human CD8 T cells require both Glc and Gln for ECAR, OCR, and ATP 
maintenance, but Gln concentration does not affect human NK cell ECAR, OCR, or ATP level.
Purified cells were activated and stimulated, and ECAR (A), OCR (B), and ATP, per plated 

cell (C), were measured as described above in cells from six subjects (A and B) or three 

subjects (C). At initiation, cultures contained 0 or 11 mM Glc and 0 or 2 mM Gln. FA 

β-oxidation (β-oX) was allowed to proceed (+) or was blocked with 3 μM ETO (−). For 

this figure, comparison data did not have equivalent variance, and these data were log 

transformed prior to Student t test. *p < 0.05, †p < 0.01, compared with the 11 mM Glc/2 

mM Gln/no ETO condition.
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FIGURE 7. Effects of decreasing Gln on CD8 T cell and NK cell metabolism.
Purified cells were activated and stimulated, and ECAR (A), OCR (B), and ATP, per plated 

cell (C), were measured as described above. At initiation, cultures contained 11 mM Glc, 

and the Gln concentration indicated on the x-axis. For this figure, comparison data did not 

have equivalent variance, and these data were log transformed prior to Student t test. *p < 

0.05, †p < 0.01, compared with the 2 mM Gln condition within the same cell type generated 

from four to six subjects (A and B) or three subjects (C).
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FIGURE 8. Gln suppresses TXNIP expression and increases Glc uptake much more in human 
CD8 T cells, than in human NK cells.
Purified cells from four or more subjects were activated and stimulated in 11 mM Glc and 

the indicated Gln concentrations. (A) After 2 d, cells were harvested for RNA extraction and 

quantitative RT-PCR assay, as described in Materials and Methods. (B) 2-NBDG uptake was 

measured by flow cytometry. For 2-NBDG uptake, we distinguished CD45RA+ naive CD8 

T cells (dashed line) from CD45RA− memory T cells (solid line). Arrows indicate statistical 

significance for both CD56bright and CD56dim NK cells. *p < 0.05, †p < 0.01 compared with 

the 2 mM Gln condition within the same cell type.
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