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Abstract

Metabolism is an indispensable part of T-cell proliferation, activation, and exhaustion, yet the 

metabolism of chimeric antigen receptor (CAR)-T cells remains incompletely understood. CARs 

are comprised of extracellular domains—often single-chain variable fragments (scFvs)—that 

determine ligand specificity, and intracellular domains that trigger signaling upon antigen binding. 

Here, we show that CARs differing only in the scFv variously reprogram T-cell metabolism. Even 

without exposure to antigens, some CARs increase proliferation and nutrient uptake in T cells. 

Using stable isotope tracers and mass spectrometry, we observed basal metabolic fluxes through 

glycolysis doubling and amino acid uptake overtaking anaplerosis in CAR-T cells harboring 

a rituximab scFv, unlike other similar anti-CD20 scFvs. Disparate rituximab and 14g2a-based 

anti-GD2 CAR-T cells are similarly hypermetabolic and channel excess nutrients to nitrogen 

overflow metabolism. Modest overflow metabolism of CAR-T cells and metabolic compatibility 

between cancer and CAR-T cells are identified as features of efficacious CAR-T cell therapy.
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Author Contributions
A.L. and J.O.P. designed the study and wrote the paper with feedback from Y.Y.C. A.L., X.C., L.C.C., M.H., M.K., Y.C., and J.O.P. 
carried out the experiments. X.C., L.C.C., M.H., and M.K. generated CAR-T cells. A.L. measured nutrient uptake and byproduct 
secretion rates. X.C. and M.H. measured exhaustion and activation markers. L.C.C. performed RNA-seq. X.C. conducted in vivo 
experiments. A.L. and Y.C. performed phosphopeptide measurement. A.L. and J.O.P. performed metabolomics and metabolic flux 
analysis. A.L. and J.O.P. performed integral analysis of metabolomic, transcriptomic, and functional data using thermodynamic and 
metabolic control frameworks.

Code availability
The code for metabolic flux analysis, nutrient uptake and byproduct secretion measurement, and statistical analysis is available on the 
GitHub public repository: https://github.com/aliyalakhani/CAR-T-Cell-Metabolism

HHS Public Access
Author manuscript
Nat Metab. Author manuscript; available in PMC 2025 February 21.

Published in final edited form as:
Nat Metab. 2024 June ; 6(6): 1143–1160. doi:10.1038/s42255-024-01034-7.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/aliyalakhani/CAR-T-Cell-Metabolism


Introduction

Chimeric antigen receptors (CARs) are synthetic proteins that activate T cells upon binding 

cognate antigens1. CAR-T cell therapies targeting CD19 or B-cell maturation antigen 

(BCMA) have received FDA approval for the treatment of B-cell leukemia and lymphoma or 

multiple myeloma, respectively2–4. Despite recent successes, the design of new CARs relies 

on heuristics rather than quantitative metrics5.

Metabolism fuels T cells by supplying cellular energy and biochemical building blocks 

necessary for proliferation, cytokine production, and cytotoxicity. The inner workings of 

T-cell metabolism have become increasingly accessible due to improvements in analytical 

techniques such as electrochemical probes, NMR, and mass spectrometry6–8. Upon 

activation, T cells undergo metabolic reprogramming to meet the increased energetic and 

biosynthetic demands9. Naïve T cells are metabolically quiescent; they have slow glycolysis 

and rely more on fatty acid oxidation and oxidative phosphorylation to produce ATP9. 

The initiation of T-cell activation is triggered by T-cell receptor (TCR) signaling and 

costimulation, resulting in T-cell proliferation, differentiation, and production of effector 

molecules like cytokines10. TCR activation also triggers signaling pathways that lead to 

increased glucose uptake9,10. Activated T cells use the increased glucose flux to support 

energy metabolism, the pentose phosphate pathway (PPP), one-carbon metabolism, and 

fatty acid synthesis11,12. Similarly, when CAR-T cells encounter cognate antigens, they 

mount an immune response by increasing nutrient uptake and shifting to anabolism 

to support proliferation, differentiation, and effector functions9,13. However, persistent 

antigen stimulation exhausts T cells by impairing oxidative phosphorylation and inducing 

mitochondrial oxidative stress to limit nucleotide biosynthesis and proliferative capacity14. 

These metabolic alterations impact anti-tumor responses and contribute to the development 

of terminal dysfunction in CAR-T cells14.

As different cancer targets require different CAR-T cells, we asked whether the choice 

of CAR would affect T-cell metabolism. The antigen specificity of the CAR molecule is 

dictated by its extracellular ligand-binding domain, which is most commonly a single-chain 

variable fragment (scFv). The scFv is a fusion protein that combines the variable regions 

of the heavy chain (VH) and light chain (VL) of an antibody. Within each variable region, 

the scFv is comprised of three complementarity-determining regions (CDRs) interspersed 

among four framework regions (FRs)5. CARs that are different only in their scFv domain 

but otherwise identical have been used to target diverse antigens and tumor types5. Previous 

studies have shown that the binding affinities of scFvs can affect the selectivity of CAR 

molecules by influencing the CAR-T cells’ ability to distinguish target cells with different 

antigen expression levels15. However, if and how the choice of scFv in CAR protein design 

affects CAR-T cell metabolism remain unknown.

To answer this question, we characterized the basal metabolism of a panel of human 

T cells expressing each of seven (one anti-CD19, five anti-CD20, and one anti-GD2) 

CARs with identical transmembrane, costimulatory, and signaling domains using liquid 

chromatography-mass spectrometry (LC-MS). These CARs were chosen due to their clinical 

relevance. Like all currently FDA-approved CAR-T cell therapies targeting CD19, the 
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anti-CD19 scFv used in this study is derived from the FMC63 antibody16. Nonetheless, 

one of the reasons for cancer relapse and resistance after CAR-T cell treatment is antigen 

escape, a phenomenon in which cancer cells efface, mutate, and/or downregulate the targeted 

antigen17. Since both CD19 and CD20 are commonly expressed on B-cell lymphomas18, 

the latter has garnered interest as an alternative target for CAR-T cell therapy. Leu16 is 

an anti-CD20 monoclonal antibody (mAb) that has been clinically evaluated and has been 

reported as safe and highly efficacious in anti-CD2019 and anti-CD19/CD20 bispecific 

CAR-T cells20. Rituximab anti-CD20 mAb is used as a standard component of care for 

multiple B-cell malignancies21. CARs incorporating Leu16 and rituximab scFvs as well as 

their hybrid RFR-LCDR (FRs from rituximab and CDRs from Leu16) and alanine-inserted 

CARs have been vetted for their in vivo efficacy22. We used anti-GD2 CAR-T cells based on 

14g2a mAb, which are known for ligand-independent activation23, as a positive control.

Even in the absence of antigens, the expression of CARs altered the proliferation and 

nutrient requirements of CAR-T cells. The nature of metabolic reprogramming was 

CAR-dependent. Using 13C and 15N tracers and quantitative flux modeling, we observed 

metabolic fluxes through glycolysis doubling and amino acid uptake increasing to overtake 

anaplerosis in CAR-T cells harboring a rituximab anti-CD20 scFv compared to control 

T cells lacking CAR expression. In contrast, CAR-T cells harboring anti-CD19 scFv and 

other anti-CD20 scFvs with high sequence identity to the rituximab scFv upregulated 

metabolic activities to a lesser extent. Interestingly, 14g2a anti-GD2 and rituximab anti-

CD20 CAR-T cell variants with divergent scFv sequences exhibited similarly exorbitant 

nutrient requirements and metabolic fluxes. These hypermetabolic CAR-T cells used the 

excess amino acid intake to operate nitrogen overflow metabolism, secreting nucleobases, 

non-essential amino acids, and ammonia. The impact of the extracellular environment on 

T-cell proliferation depended on scFv-specific CAR-T cell metabolism. Ammonia addition 

decreased the proliferation rate of rituximab anti-CD20 CAR-T cells while alanine addition 

increased the proliferation of anti-CD19 and non-rituximab-based anti-CD20 CAR-T cells. 

In mice bearing Raji or Ramos lymphoma xenografts, the conjunction of modest waste 

secretion by CAR-T cells and metabolic compatibility between cancer and CAR-T cells was 

recognized as a desired feature. Since metabolism is fundamental to cellular function and 

proliferation and CAR domains alter T-cell metabolism, we propose the broad adoption of 

metabolic profiling and engineering as a critical step in the development of next-generation 

CAR-T cell therapy.

Results

CARs increase T-cell proliferation and reshape metabolome

A key step in CAR-T cell therapy development is to eliminate inefficacious CAR candidates 

before nominating clinical candidates. Here, we sought to identify metabolic phenotypes that 

could serve as telltale signs of CAR-T cell efficacy.

We generated a panel that consists of one (FMC63-based) anti-CD19 CAR and five anti-

CD20 CARs as well as a negative control expressing the truncated epidermal growth 

factor receptor (EGFRt), which serves as a non-CAR transduction marker (Fig. 1a). The 

anti-CD20 CARs were constructed with scFv domains derived from the antibodies Leu16, 
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rituximab24,25, and their hybrid RFR-LCDR (Fig. 1b), whose dissociation constants (KD) for 

CD20 were 138, 118, and 84 nM, respectively22. Furthermore, we generated rituximab.AA 

and RFR-LCDR.AA CARs, which contain insertions of two alanine residues between 

the transmembrane and cytoplasmic signaling domains of the CAR. The RFR-LCDR and 

alanine-inserted CARs have been shown to improve CAR-T cell functionality22. The anti-

CD19 CAR utilizes a 12-aa IgG4 hinge as extracellular spacer, whereas the anti-CD20 

CARs utilizes a 229-aa IgG4 hinge-CH2-CH3 spacer. The spacers were optimized for the 

respective target antigens and chosen for clinical relevance20. All CAR proteins contained 

the identical CD28 transmembrane and cytoplasmic domains and CD3ζ cytoplasmic domain 

for intracellular signaling. Thus, the CARs in our panel differed only in non-signaling 

residues.

We evaluated the impact of CAR protein expression on CAR-T cell expansion and 

metabolism during ex vivo culture (Fig. 1c). CAR-T cells maintained their cell numbers 

and viability for at least 20 days ex vivo, indicating their health and suitability for metabolic 

profiling during this period (Extended Data Fig. 1a,b). CAR surface expression in T cells 

were similar across the panel (Extended Data Fig. 1c). Consistent with most CAR-T cell 

products used clinically, the CAR-T cells used in our studies contained a mixture of CD4+ 

and CD8+ at their naturally occurring ratios, which varied from donor to donor, but CAR 

expression altered T-cell populations similarly, increasing effector memory subtype while 

decreasing naïve cells (Extended Data Fig. 1d and Supplementary Table 1). To assess how 

different scFvs affect CAR-T cell proliferation, we counted cells each day for up to three 

days in RPMI media supplemented with 10% dialyzed FBS (dFBS). The use of dFBS 

disambiguates the metabolic effects of small molecules found in FBS. A mixed-effects 

model was used to discern the effects of CARs on the proliferation of T cells originating 

from different donors. All four rituximab-based (i.e., rituximab, rituximab.AA, RFR-LCDR, 

and RFR-LCDR.AA) CAR-T cells grew significantly faster than EGFRt control T cells, 

while CD19 and Leu16 CAR-T cells grew at similar rates as the controls (Fig. 1d, Extended 

Data Fig. 1e, and Supplementary Table 2).

To investigate whether the disparate growth effects correlated with metabolism, we 

measured intracellular metabolite levels of CAR-T cells by LC-MS. T cells displayed 

metabolomic profiles that differed with CAR proteins expressed (Extended Data Fig. 2). 

Focusing on central carbon metabolism (Fig. 1e and Supplementary Table 3), we observed 

that all four rituximab-based CAR-T cells had significantly elevated levels of fructose-1,6-

bisphosphate (FBP) compared with EGFRt control T cells, reflecting enhanced glycolytic 

flux26 (Extended Data Fig. 3a). Rituximab CAR-T cells also possessed higher levels of the 

TCA cycle intermediates citrate, α-ketoglutarate (αKG), and malate than EGFRt control 

T cells (Extended Data Fig. 3b). While all CAR-T cells maintained redox homeostasis, 

rituximab CAR-T cells had a lower ATP/ADP ratio compared with EGFRt cells (Extended 

Data Fig. 3c). These observations suggested CAR-dependent reprogramming of T-cell 

energy metabolism.
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CAR expression activates aerobic glycolysis

A primary goal of cellular metabolism is to produce energy and biochemical building 

blocks. Our observation of increased proliferation in the four rituximab-based CAR-T cells 

implied increased metabolic fluxes. We first compared glycolytic fluxes among CAR-T cells 

by measuring their glucose uptake rates and lactate secretion rates (Fig. 2a). Glucose uptake 

rates doubled in rituximab and rituximab.AA CAR-T cells compared with EGFRt control T 

cells (Fig. 2b). Interestingly, Leu16 and rituximab CARs with 92% scFv sequence identity 

displayed disparate glucose uptake (Supplementary Tables 4 and 5). All four rituximab-

based CAR-T cells displayed stronger fermentative glycolysis, converting higher fractions of 

glucose into lactate, compared with EGFRt control T cells (Fig. 2b and Extended Data Fig. 

3d).

To probe how CAR-T cells utilized glucose, we traced [1,2-13C2]glucose through glycolysis 

and the PPP (Fig. 2c). Glucose-6-phosphate (G6P) is the branching point between glycolysis 

and the oxidative pentose phosphate pathway (oxPPP), which generates NADPH and 

the ribose ring of nucleotides. Glycolytic intermediates fructose-6-phosphate (F6P) and 

glyceraldehyde-3-phosphate (GAP) participate reversibly in the non-oxidative PPP (non-

oxPPP). When metabolized through the oxPPP, [1,2-13C2]glucose uniquely generates singly 

labeled (M+1) pentose phosphate and triose phosphate, whereas glycolysis generates doubly 

labeled (M+2) triose phosphate. Thus, the ratio of M+1 to M+2 lactate indicates the oxPPP 

flux relative to glycolytic flux. Across CAR-T cells, we observed lower fractions of glucose 

flux being diverted to oxPPP compared with EGFRt control T cells (Fig. 2d).

We examined the contribution of oxPPP versus non-oxPPP to pentose phosphate, a precursor 

to nucleic acid synthesis. Depending on its synthesis route (oxPPP vs. non-oxPPP), pentose 

phosphate becomes M+1 or M+2 labeled on its first two carbons (Fig. 2e). The reversibility 

of the transketolase reaction can add two 13C labeling in the last three positions of pentose, 

generating M+3 and M+4 pentose phosphate, respectively. The odd-to-even ratio of pentose 

phosphate labeling showed that CAR-T cells sourced the ribose ring of nucleotides similarly 

(Fig. 2f). Taken together, these observations suggested that CAR-T cells maintain low 

oxPPP fluxes relative to glycolysis, and rituximab-based CARs turn on aerobic glycolysis in 

T cells.

CAR expression upshifts nutrient utilization

Cell proliferation is linked to amino acid uptake as proteins account for the majority of cell 

biomass27. We measured the rates of amino acid uptake across CAR-T cells by extracellular 

metabolomics. All CAR-T cells showed overall faster nutrient uptake than EGFRt control T 

cells, with rituximab and rituximab.AA CAR-T cells increasing uptake the most (Fig. 3a). 

All T-cell variants consumed glutamine the fastest among all amino acids (Supplementary 

Table 6). Amino acids influence T-cell activation, effector function, and fate28. T-cell 

activation initially depends on extracellular asparagine although prolonged activation 

upregulates asparagine synthetase and decreases asparagine dependence29. Elevated arginine 

uptake is linked to superior T-cell survival and anti-tumor activity6. Rituximab and 

rituximab.AA CAR-T cells showed the highest increase in glutamine and arginine uptake 

along with decreased asparagine dependence (Fig. 3a), suggesting that they may be poised 
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for rapid activation and initiation of anti-tumor activity. The altered amino acid uptake 

profiles point to different abilities of CAR-T cell variants to activate and fight tumors.

All but Leu16 CAR-T cells secreted glutamate faster than EGFRt control T cells (Fig. 3b). 

The increased glutamate secretion corresponded to as much as 15% of glutamine uptake 

being “wasted” by CAR-T cells instead of being used for protein synthesis or energy 

generation (Extended Data Fig. 3e). Despite the dependence of T cells on extracellular 

alanine for protein synthesis30, rituximab and rituximab.AA CAR-T cells also secreted 

alanine at significantly elevated rates compared with control cells (Fig. 3c). To investigate 

whether extracellular alanine would deter alanine secretion, we cultured cells in RPMI-1640 

medium supplemented with 10% FBS, which resulted in a final alanine concentration of 

~150 μM (ref.30). While anti-CD19 and Leu16 anti-CD20 CAR-T cells as well as EGFRt 

control T cells consumed alanine, all four rituximab-based CAR-T cells still secreted alanine 

at significant rates (Extended Data Fig. 3f). The uptake and secretion measurements across 

CAR-T cell variants pointed to CAR-dependent nutrient utilization.

We next examined the TCA cycle, the central hub of various nutrient metabolism31, 

by tracing [U-13C6]glucose and [U-13C5]glutamine (Extended Data Fig. 4a,b and 

Supplementary Tables 7 and 8). Since the effect of alanine insertion (.AA) on nutrient 

uptake and byproduct secretion was minor compared with that of scFv choices, we 

henceforth focused on scFv-specific metabolic differences. The 13C-labeling fractions of 

the TCA cycle intermediates from [U-13C6]glucose revealed that glucose contributed fewer 

carbons to αKG, which is the first carbonaceous metabolite in glutaminolysis, in rituximab 

and RFR-LCDR CAR-T cells than in EGFRt T cells and other CAR-T cells (Extended Data 

Fig. 4c). Glutamine contributions to the TCA cycle across CAR-T cells varied to a lesser 

extent, but αKG gained significantly more 13C from [U-13C5]glutamine in rituximab CAR-T 

cells than in EGFRt T cells (Extended Data Fig. 4d). Glutamine contributed more to the 

TCA cycle metabolites downstream of citrate than glucose did on a carbon basis (Extended 

Data Fig. 4e). The flipped carbon contributions between citrate and αKG suggested 

substantial diversion of citrate away from the TCA cycle toward fatty acid synthesis.

When comparing each CAR-T cell variant against EGFRt control T cells, rituximab 

CAR-T cells displayed the greatest departure in both 13C tracing and transport fluxes 

(Fig. 2b, Fig. 3a–c, and Extended Data Fig. 4). We thus set out to quantify central 

carbon metabolism fluxes in these two T-cell variants. For 13C-based metabolic flux 

analysis (13C-MFA), we developed a carbon-balanced flux model of central carbon 

metabolism and glutaminolysis and computed flux values that best fit experimental data 

for nutrient uptake, byproduct secretion, and 13C-labeling patterns in cells that were fed 

[1,2-13C2]glucose, [U-13C6]glucose, or [U-13C5]glutamine (Supplementary Tables 9–11). 

The main intracellular flux in both T-cell variants was glycolysis. Rituximab CAR-T cells 

extensively utilized aerobic glycolysis (Fig. 3d). Compared with EGFRt control T cells, 

rituximab CAR-T cells lowered the anaplerotic flux through pyruvate carboxylase (PC) to 

compensate for the faster amino acid uptake and increased the channeling of the acetyl 

group of acetyl-CoA into fatty acid synthesis rather than oxidizing it. The differences in the 

TCA cycle turning and the PPP were muted (Fig. 3d).
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Rituximab-based CAR-T cells increase nucleotide turnover

We sought to understand the effect of increased amino acid uptake on the nitrogen 

metabolism of CAR-T cells. Since glutamine was the greatest source of nitrogen for 

T cells (Supplementary Table 6), we cultured CAR-T cells in medium containing 50% 

[γ−15N]glutamine and traced its heavy nitrogen by LC-MS. The possible fates of nitrogen 

on the amide of glutamine include proteins, asparagine, nucleotides, hexosamines, and 

ammonia (Fig. 4a). The 15N from [γ−15N]glutamine was incorporated into both purines and 

pyrimidines with up to one 15N (M+1) in UTP, two 15N (M+2) in CTP and ATP, and three 
15N (M+3) in GTP (Fig. 4b). In the same duration (72 hours) of [γ−15N]glutamine feeding, 

nucleotides in rituximab and RFR-LCDR CAR-T cells gained more 15N than EGFRt T 

cells (Fig. 4c, Extended Data Fig. 5a, and Supplementary Table 12). Consistent with the 

faster turnover of nucleotides in these two CAR-T cells, in the same duration (48 hours) 

of [1,2-13C2]glucose feeding, the ribose rings of their nucleotides gained significantly more 
13C labeling than in EGFRt T cells (Fig. 4d, Extended Data Fig. 5b, and Supplementary 

Table 13). It has been shown that effector T cells have limited pyrimidine biosynthesis 

capacity, making them sensitive to pyrimidine starvation32. Thus, the elevated pyrimidine 

biosynthesis capacity in rituximab and RFR-LCDR CAR-T cells may support effector cell 

formation and preservation.

Rituximab and RFR-LCDR CAR-T cells also increased the turnover of hexosamine 

biosynthesis pathway intermediates N-acetylglucosamine phosphate (GlcNAc-1/6P) and 

UDP-N-acetylglucosamine (UDP-GlcNAc) compared with EGFRt control T cells (Fig. 

4e and Supplementary Table 13). These metabolites may indicate the cellular nutritional 

status33 as UDP-GlcNAc synthesis requires carbohydrates, glutamine nitrogen, an acetyl 

group, and a pyrimidine. UDP-GlcNAc is a nucleotide sugar that is a donor substrate 

for protein and lipid glycosylation34. UDP-GlcNAc is also used for O-GlcNAcylation, 

which regulates cellular processes such as transcription, protein ubiquitination, and cell 

cycle35. During early stages of activation, T cells have been shown to increase flux towards 

O-GlcNAcylation as a regulatory modification to control protein function by increasing the 

levels of UDP-GlcNAc36. These observations suggested that the increased nutrient uptake by 

rituximab and RFR-LCDR CAR-T cells may entail systems-level alteration of biochemical 

networks beyond metabolism.

Rituximab CAR-T cells operate nitrogen overflow metabolism

Glutamine passes on nitrogen to glutamate and ammonia via the glutaminase reaction (Fig. 

4a). Consistent with their increased glutamine uptake and glutamate secretion (Fig. 3a,b), 

rituximab and RFR-LCDR CAR-T cells secreted ammonia faster than EGFRt control T cells 

(Fig. 5a). To test whether ammonia generation is reversible (i.e., it can be incorporated back 

into cellular metabolism), we added 15NH4Cl to the culture media and traced 15N (Extended 

Data Fig. 6a). Glutamate dehydrogenase and carbamoyl phosphate synthetase can take 

ammonia as a substrate to form glutamate and carbamoyl phosphate (as well as downstream 

amino acids, pyrimidines, and urea). While these metabolites were minimally 15N-labeled, 

we observed small increases in 15N labeling of glutamate in anti-CD19 and rituximab-based 

CAR-T cells (Extended Data Fig. 6b) and a decrease in 15N labeling of carbamoyl phosphate 

in rituximab CAR-T cells compared with EGFRt control T cells (Extended Data Fig. 6c). 
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The presence of 15N in glutamine was more substantial than in glutamate, albeit still low. We 

observed significantly lower 15N labeling in glutamine in anti-CD19 and rituximab-based 

CAR-T cells, which indicated their lower glutamine synthetase activity, than in EGFRt 

control T cells (Extended Data Fig. 6d). These results suggested that while CARs affect both 

the production and the (limited) reincorporation of ammonia by T cells, T cells do not utilize 

ammonia as a meaningful nitrogen source.

To account for the increased amino acid uptake in rituximab and RFR-LCDR CAR-T 

cells, we sought to identify other secreted nitrogenous products (Fig. 5b). Providing cells 

with 50% [γ−15N]glutamine and measuring their labeling over multiple days revealed that 

rituximab CAR-T cells secreted 15N-labeled uracil, thymine, and xanthine the fastest among 

all the T cells tested (Fig. 5c,d, Extended Data Fig. 6e, and Supplementary Table 14). Taken 

together, CAR-T cells with highly upregulated amino acid uptake operate nitrogen overflow 

metabolism, secreting ammonia, alanine, glutamate, and nucleobases. On one hand, the 

inefficient nitrogen metabolism found in such hypermetabolic CAR-T cells may portend 

poor anti-tumor efficacy, especially if cancer cells also secrete nitrogenous byproducts37. On 

the other hand, the excess pyrimidine biosynthesis capacity may serve as a reserve flux to 

support differentiation and proliferation on demand in rituximab-based CAR-T cells32.

To discern the effects of secretion products that may accumulate in the tumor 

microenvironment38–40, we treated cells with 300 μM alanine, 800 μM ammonia, 30 

mM lactate, or 800 μM ammonia and 30 mM lactate. Extracellular alanine exerted CAR-

dependent positive and negative effects on proliferation rates (Fig. 5e). Those that absorbed 

alanine (EGFRt T cells and anti-CD19 and Leu16 anti-CD20 CAR-T cells; Extended Data 

Fig. 3f) proliferated faster with alanine supplementation while the opposite was true for 

RFR-LCDR CAR-T cells. High ammonia levels have been shown to induce T-cell metabolic 

reprogramming, increase exhaustion, and decrease proliferation37, and extracellular lactate 

has been demonstrated to suppress T-cell proliferation in a concentration-dependent 

manner41. In line with these findings, the addition of ammonia and/or lactate led to 

slower proliferation of rituximab and RFR-LCDR CAR-T cells, the same ones that elevated 

the secretion of ammonia and lactate (Fig. 5e). Thus, hypermetabolic rituximab CAR-T 

cells may increasingly self-limit proliferation in the tumor microenvironment due to the 

accumulation of and low tolerance to secreted products. Our observations suggested that 

the impact of the extracellular environment on T-cell proliferation is dependent on their 

metabolic states.

To understand how the in vitro fitness translates to the in vivo efficacy of CAR-T cells, 

NOD/SCID/IL-2Rγnull (NSG) mice were intravenously injected with CD19+CD20+ Raji or 

Ramos lymphoma cells, and we observed how the subsequent injection of (CAR-)T cells 

would affect animal survival. Ramos cells grew faster than Raji cells in vitro (Extended Data 

Fig. 6f), yet Raji cells displayed faster nutrient uptake and waste secretion rates (Extended 

Data Fig. 6g and Supplementary Table 15). Against Raji cells, RFR-LCDR CAR-T cells 

have been shown to perform the best among all anti-CD19 and anti-CD20 CAR-T cells 

tested, clearing both primary and secondary tumor challenges22. However, the advantage of 

RFR-LCDR cells disappeared in the Ramos tumor model (Extended Data Fig. 6h).
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To understand why the anti-tumor efficacy of different CAR-T cells varied depending on the 

tumor model, we developed an overflow metabolism score for CAR-T cells and a metabolic 

compatibility score for pairs of CAR-T cells and cancer cells (see Supplementary Note 1). 

Overflow metabolism score represents the extent of byproduct secretion fluxes within our 

CAR-T cell panel. Metabolic compatibility score represents how dissimilar a pair of cell 

types are in terms of nutrient uptake and byproduct secretion fluxes; for example, if both 

cell types secreted (or consumed) a metabolite, compatibility is deemed low, whereas if one 

cell type consumed and the other secreted it, compatibility is deemed high. We observed that 

the longest surviving groups generally had a metabolic compatibility score of 0.4 or higher 

and an overflow metabolism score of 0.2 or higher (Fig. 5f). These results point to dual 

metabolic objectives in engineering CAR-T cells for superior antitumor efficacy of CAR-T 

cells: compatible and modest metabolic fluxes that enable T cells to endure in and adapt to 

the tumor microenvironment.

Disparate CARs may render T cells similarly hypermetabolic

With rituximab CAR elevating carbon and nitrogen metabolism of T cells the most among 

the six anti-CD20 and anti-CD19 CARs evaluated, we were curious how it would compare 

against a 14g2a-based anti-GD2 CAR, which has been reported to activate T cells by 

ligand-independent aggregation of CAR proteins mediated through the FR of the scFv23. 

We constructed the anti-GD2 CAR identically to the anti-CD20 CARs except for the 

scFv domain, which was derived from the 14g2a antibody (Fig. 6a). We compared the 

metabolic activities of rituximab anti-CD20 CAR-T cells and 14g2a anti-GD2 CAR-T cells 

by measuring their nutrient uptake and byproduct secretion rates as well as the isotope 

labeling patterns of intracellular metabolites. Transport fluxes showed some significant 

differences between the two CAR-T cell variants, but as a whole, their metabolic fluxes 

were near the line of unity (Fig. 6b). The two divergent CAR-T cell variants also exhibited 

similar metabolite labeling patterns upon feeding [U-13C6]glucose, [U-13C5
15N2]glutamine, 

or [γ−15N]glutamine (Fig. 6c). Comparing rituximab and 14g2a CAR-T cells, the total 

distances from the individual fluxes and labeling data points to the line of unity were 1.85 

and 1.61, respectively, the smallest among all pair-wise comparisons with 14g2a CAR-T 

cells (Extended Data Fig. 7a,b). The resemblance between rituximab and 14g2a CAR-T cells 

extended to the secretion of nucleobases (Extended Data Fig. 7c). Despite their sequence 

identity being only 64% (Supplementary Tables 4 and 5), 14g2a anti-GD2 CAR-T cells were 

similarly hypermetabolic as rituximab anti-CD20 CAR-T cells.

Metabolism was reprogrammed across the seven CAR-T cell variants to different extents. 

While the effect of extracellular ligand-binding domains (i.e., scFvs) was dominant, 

modifying the intracellular non-signaling component (i.e., two-alanine insertions) exerted 

small but measurable effects. Rituximab and rituximab.AA CAR-T cells differed in thymine 

and xanthine secretion (Extended Data Fig. 7d). We also observed small but significant 

differences in nucleotide and hexosamine biosynthesis with and without alanine insertions 

(Extended Data Fig. 8). Our results showed that reprogramming of the basal metabolism of 

CAR-T cells is prevalent with modifications in the non-signaling residues of the CAR, but 

the nature of the metabolic reprogramming defies easy prediction. While CARs that have 

similar sequences and target the same antigen (e.g., Leu16, rituximab, and RFR-LCDR) can 
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differentially reprogram T-cell metabolism, two CARs that have low sequence identity and 

target different antigens (e.g., rituximab and 14g2a) do not necessarily result in disparate 

metabolism.

CARs alter key signaling and metabolic steps to control flux

We set out to gain mechanistic insights into the observed metabolic rewiring in CAR-T 

cells. One of the primary factors influencing metabolic fluxes is the enzyme activity at the 

rate-determining steps. Experimental and theoretical studies have suggested the tendency 

of reactions at the beginning, the end, and the “irreversible” (i.e., thermodynamically 

forward-driven) steps of a pathway to be rate-determining26,42,43. Bulk RNA sequencing 

(RNA-seq) revealed that in unstimulated rituximab anti-CD20 and anti-GD2 CAR-T cells, 

the transcripts corresponding to the key control steps of glycolysis, nucleotide biosynthesis, 

and glutaminolysis (but not the TCA cycle or the PPP) were higher compared with other 

T cells (Fig. 6d, Extended Data Fig. 9, and Supplementary Table 16). The disparate gene 

expression may be due to unintended phosphorylation of CAR signaling molecule CD3ζ 
and/or costimulation of CD28 that initiate signaling cascades such as mTOR, GSK3, and 

GRB2-SOS pathways44.

To identify which unintended phosphorylation event initiates signaling cascades, we 

generated three mutants of the hypermetabolic rituximab CAR (rituximab.28–3z) that 

are incapable of tyrosine phosphorylation by introducing P208/211/212A and Y191F 

substitutions in CD2845,46 and/or Y-to-F substitutions in the three immunoreceptor tyrosine-

based activation motifs (ITAMs) of CD3ζ47: rituximab.28mt-3z, rituximab.28–3zmt, and 

rituximab.28mt-3zmt CAR-T cells (Fig. 6e). Non-mutated and rituximab.28mt-3z CAR-

T cells showed significantly increased proliferation rates (Fig. 6f and Supplementary 

Table 17), metabolic rates (Fig. 6g and Supplementary Table 18), and T-cell activation- 

and exhaustion-marker expression (Extended Data Fig. 10a and Supplementary Table 

19) compared to the EGFRt control T cells. In contrast, rituximab.28–3zmt and 

rituximab.28mt-3zmt CAR-T cells exhibited similar behavior as the control and Leu16 CAR-

T cells. Thus, CD3ζ signaling, rather than CD28 signaling, was the major contributor to 

unintended phosphorylation. Analysis of phosphopeptides using LC-MS corroborated that 

CD3ζ but not CD28 was phosphorylated and revealed that the higher phosphorylation of the 

second ITAM (ITAM2) of CD3ζ corresponded to hypermetabolic CAR-T cells (Extended 

Data Fig. 10b and Supplementary Table 20).

Positively charged patches (PCPs) on the surface of scFvs have been reported to affect 

CAR protein conformation and membrane transport48, and might serve to explain why 

the same signaling domains would be differentially activated in different CARs. The 

potential interaction between PCPs and negatively charged membrane molecules48 may 

trigger activation signals, akin to how the self-aggregation of anti-GD2 scFv leads to ligand-

independent activation23. We observed that the anti-GD2 and rituximab anti-CD20 scFvs 

had large PCPs as well as the highest net positive charge in our panel (Extended Data Fig. 

10c and Supplementary Table 21). Furthermore, we found that although CAR expression 

in general resulted in upregulation of several markers associated with T-cell activation and 
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exhaustion, high CD137 and LAG3 expression particularly coincided with hypermetabolism 

in CAR-T cells (Extended Data Fig. 10d and Supplementary Table 22).

Discussion

CARs enable T cells to recognize and attack target cells expressing a cognate ligand. 

The most successful CAR-T cell therapies to date target hematological malignancies 

that express CD19 or BCMA49. Expanding the applicability of CAR-T cell therapy to 

other diseases entails tuning of antigen specificity and affinity as well as intracellular 

signaling. Development of new CARs involves the combinatorial assembly of peptide 

domains responsible for these parameters, expressing CAR proteins in T cells, and 

identifying promising CAR designs through screening in tissue cultures and animal models. 

Understanding how the domains of CAR proteins impact the intracellular biochemical 

networks of T cells would streamline this process by providing an in-depth look at T-cell 

physiology and reducing trial and error.

Metabolism is a network of biochemical reactions that supports T-cell proliferation and 

anti-cancer activity by supplying cellular energy and biochemical building blocks. Different 

intracellular co-stimulatory and signaling domains can differentially modulate CAR-T 

cells’ metabolism and efficacy. CARs have been classified according to modifications in 

their intracellular signaling domains. First-generation CARs consist of the CD3ζ signaling 

domain alone, and second- and third-generation CARs include the addition of one or two 

costimulatory domains (e.g., 4–1BB and CD28)50. A study comparing T cells expressing 4–

1BB- versus CD28-containing CARs has reported that 4–1BB CARs promote mitochondria-

rich memory T cells with superior metabolic capacity, antitumor activity, and persistence; 

in contrast, CD28 CARs are more likely to yield short-lived effector T cells that rely 

on heightened glycolysis, a phenotype that could be useful in contexts where long-term 

CAR effects are intolerable51. CAR-T cells that simultaneously target two tumor-associated 

antigens while providing both CD28 and 4–1BB costimulation promote both glycolysis 

and mitochondrial respiration52. T-cell metabolism and fate are clearly influenced by the 

selection of intracellular signaling domains. CAR ectodomains (e.g., extracellular spacers) 

have also been shown to affect the anti-tumor efficacy of CAR-T cells despite their lack of 

intrinsic signaling function22,53. However, the effect of the scFv and non-signaling portions 

of CARs on T-cell metabolism remained underexplored. The present work sheds light on 

systems-level metabolic reprogramming of CAR-T cells that accompanies the modification 

of the extracellular scFv and intracellular non-signaling portions.

We quantified cell proliferation and mapped metabolic pathway utilization across seven 

CAR-T cell variants that only differed in non-signaling portions of CAR proteins. We 

varied the extracellular components with five different scFvs targeting three different 

antigens (CD19, CD20, and GD2) and, for two of the anti-CD20 CARs, we inserted 

two alanine residues between the transmembrane and intracellular domains22. Our work 

highlighted three important lessons: i) mere expression of CARs can increase T-cell 

proliferation and metabolic activity; ii) replacement of non-signaling components of CARs 

differentially rewires metabolism; and iii) CARs with similar scFv sequences can have 

disparate metabolic profiles while CARs with disparate scFv sequences can lead to similar 
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hypermetabolism in T cells. Hypermetabolic CAR-T cells operate overflow metabolism, 

secreting lactate, alanine, glutamate, ammonia, and nucleobases disproportionately fast. 

The accumulation of secreted metabolites affects T-cell proliferation in a metabolic-state-

dependent manner. Thus, while CARs reprogram T-cell metabolism rather unpredictably, 

once we profile CAR-T cell metabolism, we can predict the environments in which CAR-T 

cells thrive.

All seven CAR-T cell variants increased overall nutrient uptake, and a subset of them also 

increased proliferation rates. The choice of scFv affected metabolic fluxes to a larger extent 

than alanine insertion in the intracellular non-signaling portion of CAR. Unexpectedly, we 

saw substantial alanine production by the four rituximab-based (rituximab, RFR-LCDR, 

rituximab.AA, and RFR-LCDR.AA) CAR-T cells. This observation was in contrast to other 

anti-CD20 (Leu16) CAR-T cells, anti-CD19 CAR-T cells, and EGFRt control T cells, which 

consumed alanine, and activated T cells, which have been shown to take in extracellular 

alanine for protein synthesis30. These anomalies hinted at a potential metabolic imbalance 

in rituximab-based CAR-T cells: cells consumed more nutrients than necessary for biomass, 

cytokine, and energy generation.

Lactate secretion is the epitome of overflow metabolism, in which cells secrete seemingly 

useful molecules54. Rituximab CAR-T cells, which consumed glucose and amino acids the 

fastest among the CAR-T cells tested, secreted excess carbons the fastest through lactate. 

What about the excess nitrogen? In addition to alanine, we observed increased secretion of 

glutamate, ammonia, and nucleobases by rituximab CAR-T cells. While the accumulation of 

ammonia has been shown to have detrimental effects on T cells37, how the other nitrogenous 

molecule buildup affects T cells remains to be seen. The inefficient nitrogen metabolism 

may undermine the hyperactive CAR-T cells’ ability to proliferate and attack cancer cells in 

a tumor microenvironment containing high levels of nitrogen waste55.

On a fundamental level, our observations showed that the scFv domain has impacts on 

CAR and CAR-T cells beyond antigen specificity. Although we found that similar non-

signaling components of CARs differentially reprogram metabolism, different CARs do 

not necessarily result in different T-cell metabolism. Rituximab anti-CD20 CAR-T cells 

and 14g2a anti-GD2 CAR-T cells showed similarly hyperactive metabolism despite the 

low sequence identity. The varying expression levels, structural and electrostatic properties, 

and dissociation constants of CAR may collectively contribute to the observed metabolic 

reprogramming. Ligand-independent signaling, a phenomenon commonly referred to as 

tonic signaling, through the phosphorylation of ITAM2 of CD3ζ56 and the upregulation of 

metabolic genes at the key control steps capable of exerting changes in metabolic fluxes 

were observed as intermediate steps in reprogramming CAR-T cell metabolism.

Overall, our observations imply that simply swapping out one scFv for another may entail 

systems-level rewiring of cellular biochemical networks even if the rest of the CAR protein, 

including all signaling domains, remains the same. Despite the apparent modularity of the 

peptide domains of CARs and the widespread practice of combinatorial assembly of the 

domains to develop new CAR proteins5, a holistic assessment of CAR proteins is warranted 

Lakhani et al. Page 12

Nat Metab. Author manuscript; available in PMC 2025 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to learn how different domains within a given CAR molecule interact and how CAR proteins 

interact with each other and other cellular components.

A limitation of our study was a batch effect that is attributable to both donor-intrinsic 

differences (e.g., genetic factors, age, sex, diet, CD4+-to-CD8+ T-cell ratio, etc.) and 

batch-to-batch differences in CAR-T cell generation and cellular metabolite extraction. To 

account for donor-to-donor variability, we used mixed-effects models. The measurement 

of the isotope labeling fractions of intracellular metabolites and extracellular metabolite 

levels obviates the concerns associated with cellular metabolite extraction. An improved 

understanding and control of underlying variables that govern T-cell metabolism will enable 

more sensitive detection of CAR-dependent metabolic reprogramming.

The different metabolic rates and pathway usage across the CAR-T cell variants suggested 

that different CAR-T cells may function optimally in different nutrient environments12, 

and that the optimal CAR construct for a given tumor may be dependent on the specific 

tumor microenvironment. CAR-T cells with fast basal metabolic activity could be poised to 

unleash rapid initial anti-cancer cytotoxicity by swiftly ramping up the supply of necessary 

cellular machinery and energy. On the other hand, less metabolically active cells may be 

less effective at killing cancer cells initially but may sustain their effectiveness longer by 

having a more adaptive metabolism. While many factors influence the efficacy of CAR-T 

cell therapy, the present work identifies modest overflow metabolism of CAR-T cells 

and metabolic compatibility in the tumor microenvironment as dual metabolic objectives 

for the development of efficacious CAR-T cell therapy. With increasing knowledge 

of the metabolism of clinically successful (and unsuccessful) CAR-T cells, metabolic 

reprogramming would serve as an important prognostic marker for streamlined CAR design, 

and metabolic engineering should be an integral task in successful CAR-T cell therapy 

development.

Materials and Methods

Construction of scFvs and CARs

The anti-CD19 scFv was derived from FMC63 monoclonal antibody (mAb)57. The plasmid 

encoding the scFv sequence of rituximab was provided by Dr. Anna M. Wu of UCLA and 

City of Hope58. The plasmid encoding the scFv derived from Leu16 mAb was provided 

by Dr. Michael C. Jensen of the Seattle Children’s Research Institute59. AbYsis was 

used to obtain the VL and VH sequences of the anti-GD2 scFv from the 14g2a mAb 

(Protein Data Bank entry 4TUJ). Anti-CD20 CARs were constructed by fusing an scFv (in 

VL-VH orientation), an extracellular IgG4 hinge-CH2-CH3 spacer containing L235E N297Q 

mutations53, the CD28 transmembrane and cytoplasmic domains, the CD3ζ cytoplasmic 

domain, a T2A self-cleaving peptide sequence, and a truncated epidermal growth factor 

receptor (EGFRt) with the MSCV backbone. The 14g2a-based anti-GD2 CAR was 

constructed identically to the anti-CD20 CARs except for the scFv (in VH-VL orientation 

for anti-GD2). The anti-CD19 CAR was constructed with the FMC63-based scFv (in 

VL-VH orientation), an IgG4 hinge extracellular spacer, and the identical transmembrane 

and cytoplasmic domains as the anti-CD20 and anti-GD2 CARs. The IgG4 hinge for the 

CD19 CAR was based on previous studies showing different structural requirements for 
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optimal CD19 and CD20 antigen targeting53. CARs containing two alanine residues were 

created using DNA sequences inserted between the CD28 transmembrane and cytoplasmic 

domains using isothermal assembly. RFR-LCDR and RFR-LCDR.AA anti-CD20 CARs 

were constructed as gene block fragments (Integrated DNA Technologies) and assembled 

using digestion-ligation with MreI and BstBI. The anti-CD20 rituximab.28mt-3z CAR 

had P208/211/212A and Y191F substitutions in the CD2845 cytoplasmic domain. The 

anti-CD20 rituximab.28–3zmt CAR had Y-to-F substitutions in the three immunoreceptor 

tyrosine-based activation motifs (ITAMs) of CD3ζ47. The anti-CD20 rituximab.28mt-3zmt 

CAR had the same substitutions in both domains. EGFRt was used as a transduction and 

sorting marker22. Percent identity matrix and sequence homology of scFv was determined 

using T-Coffee60.

Retrovirus production and human primary CAR-T cell generation

Retrovirus was produced by transiently co-transfecting HEK293T cells with a plasmid 

encoding a CAR or control construct and pRD114/pHIT60 virus-packaging plasmids 

(courtesy of Dr. Steven Feldman of the National Cancer Institute) using linear 

polyethylenimine (25 kDa; Polysciences). After 48 and 72 hours, the supernatants were 

collected and filtered using a membrane filter (0.45 μm). Peripheral blood mononuclear 

cells (PBMCs) were isolated from healthy donor blood (courtesy of the UCLA Blood 

and Platelet Center) by density gradient centrifugation using Ficoll-Paque PLUS (GE 

Healthcare). On the day of isolation, CD14−/CD25−/CD62L+ naïve/memory T cells were 

enriched by depleting CD14+ and CD25+ cells and subsequently enriching CD62L+ cells by 

using microbeads with respective specificity (Miltenyi) and magnetic-activated cell sorting 

(MACS; Miltenyi). The naïve/memory T cells were stimulated with CD3/CD28 Dynabeads 

(ThermoFisher) at a 3:1 cell-to-bead ratio for one week at a seeding density of 1×106 

cells/mL. On the second and third days of Dynabeads stimulation, T cells were transduced 

with the retroviral supernatant. Five days into stimulation, T cells were washed and reseeded 

at 1×106 cells/mL to remove residual viral supernatant. Cell viability was greater than 

70%. After removing Dynabeads, CAR-T cells and EGFRt control T cells were enriched 

from the resulting T-cell population by staining EGFRt with biotinylated cetuximab (Eli 

Lilly), labeling with anti-biotin microbeads (Miltenyi), and performing MACS. T cells were 

expanded in RPMI-1640 media supplemented with 10% heat-inactivated FBS (HI-FBS) as 

well as recombinant human IL-2 (50 U/mL; ThermoFisher) and IL-15 (1 ng/mL; Miltenyi). 

IL-15 has been shown to support T-cell expansion and protect T cells against IL-2–mediated 

activation-induced cell death61,62. Since human primary T cell survival is impaired in the 

absence of cytokines, IL-2 and IL-15 were supplemented to our culture system. Ex vivo 
expansion of T cells with IL-2 and IL-15 is a widely used method and has been shown 

to work well in both preclinical and clinical settings20,22. Cell density was maintained at 

1–2×106/mL throughout the CAR-T cell production and expansion process.

CAR-T cell culture conditions

At the start of experiments for metabolic profiling and proliferation measurement, 

each CAR-T cell variant was moved to three wells in a 12-well plate containing 

RPMI-1640 media supplemented with 10% dFBS, 50 U/mL IL-2, and 1 ng/mL IL-15 

unless otherwise specified. Partial media change was performed by removing a third of 
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consumed media and adding the same volume of fresh media every 24 hours to prevent 

nutrient depletion. For isotope labeling experiments, CAR-T cells were cultured in media 

containing [1,2-13C2]glucose, [U-13C6]glucose, 50% [U-13C5
15N2]glutamine, and/or 50% 

[γ−15N]glutamine (Cambridge Isotope Laboratories) for 48–72 hours. Labeled media were 

prepared from RPMI-1640 without glucose (Gibco) by adding the desired isotopically 

labeled form of glucose to a final concentration of 2 g/L and by adding the desired 

isotopically labeled form of glutamine to a final concentration of 0.6 g/L glutamine 

(resulting in 50% labeled glutamine). To trace nitrogen from ammonia, 800 μM 15NH4Cl 

was added to media. For proliferation measurement under different extracellular conditions, 

300 μM alanine, 800 μM NH4Cl, and/or 30 mM lactate was added to media (Supplementary 

Table 23).

Proliferation rate measurement

Proliferation rate was measured based on how cell numbers changed over time starting 24 

hours after seeding the CAR-T cells in RPMI media supplemented with 10% dFBS. On 

each day, 10 μL of the well-mixed cultures were mixed with 10 μL of 1% flow cytometry 

staining buffer, and the mixture was run on a MACSQuant VYB flow cytometer, which 

reported total cell numbers and viability. Flow cytometry data were analyzed and gated 

using FlowJo (TreeStar; see Extended Data Fig. 1a for an example of gating strategy). The 

total cell count per well (C) was determined by accounting for the total culture volume in 

each well. Proliferation rate (μ) was computed using linear regression on log-transformed 

total per-well cell counts over time throughout the experimental periods of up to 72 hours 

(see Supplementary Note 2). If cell counts decreased over time, the apparent proliferation 

rate was set to 0 hr–1:

μ = max 0, Δ lnC
Δ t

Metabolite extraction and measurement

Four hours prior to metabolite extraction, culture media was partially replaced with fresh 

but otherwise identical media to prevent any nutrient depletion. As metabolites turnover 

fast, metabolism was quenched and metabolites were extracted quickly63. Cells were 

vacuum-filtered onto nylon membrane filters (0.45 μm; Millipore), resting on a glass filter 

support. Each filter was quickly submerged cell-side down in 400 μL of a –20°C pre-cooled 

extraction solvent mixture (40:40:20 HPLC-grade acetonitrile/methanol/water) in individual 

wells of a 6-well plate. The extraction continued for 20 minutes at –20°C. The filters were 

flipped cell-side up and washed thoroughly with the extraction solvent. Metabolite extracts 

were collected into Eppendorf tubes and centrifuged at 17,000 × g in 4°C for 10 minutes. 

Supernatants were dried under nitrogen gas and reconstituted in HPLC-grade water at 10–15 

μL per 1 million cells.

Cell extracts were analyzed on a Vanquish Duo UHPLC system coupled to a Q Exactive 

Plus orbitrap mass spectrometer (ThermoFisher) by electrospray ionization. The order of 

sample injection was randomized. The LC separation was performed on a XBridge BEH 

Amide XP column (150 mm × 2.1 mm, 2.5 μm particle size, Waters, Milford, MA) using 
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a gradient of solvent A (95:5 water/acetonitrile with 20 mM ammonium acetate, 20 mM 

ammonium hydroxide, pH 9.4) and solvent B (acetonitrile)64. Two independent LC flow 

paths were operated in tandem, staggered by 20 minutes. The gradient for each flow path 

was 0 min, 90% B; 2 min, 90% B; 3 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 

70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 14 min, 25% B; 16 min, 0% 

B; 20 min, 0% B; 23 min, 0% B; 27 min, 25% B; 30 min, 45% B; 33 min, 90% B; 40 

min, 90% B. The flow rate was 150 μL min−1. Injection volume was 5 μL, and autosampler 

and column temperatures were 4°C and 25°C, respectively. The MS operated in negative 

and positive ion modes with a resolution of 140,000 at mass-to-charge ratio (m/z) 200 

with scan range of m/z 60–2000. Data was collected using the software Xcalibur (v4.3) 

(ThermoFisher). With retention times determined by authenticated standards, resulting mass 

spectra and chromatograms were identified and integrated using the Metabolomic Analysis 

and Visualization Engine (MAVEN)65. No samples were excluded from the analyses.

Nutrient uptake and byproduct secretion measurement

Media samples were collected from each culture well every 24 hours during partial 

replacement of media. Glucose and lactate were measured by YSI 2950D instrument (YSI, 

Yellow Springs, OH) and LC-MS (with internal standards). Ammonia concentration was 

determined using Ammonia Assay Kit (Sigma-Aldrich AA0100) following manufactured 

specifications. Assay is based on ammonia reacting with α-ketoglutarate and NADPH in the 

presence of L-glutamate dehydrogenase to form glutamate and NADP+. Spectrophotometer 

was used to measure the absorbance at 340 nm, which declines with the oxidation 

of NADPH, thus revealing ammonia levels. For LC-MS measurement of nutrients and 

byproducts in media, HPLC-grade methanol was added to fresh and spent media samples at 

80:20 methanol/sample, mixed well, and centrifuged at 17,000 x g and 4°C for 15 minutes 

to precipitate proteins. Supernatants were collected and analyzed by LC-MS. Metabolite 

concentrations in culture media were quantified at 24, 48, and 72 hours by normalizing 

their ion counts to those of fresh media samples and standards with known concentrations. 

The order of LC-MS sample injection was randomized. As CAR-T cells did not always 

proliferate exponentially, uptake and secretion rates were obtained by fitting the rates to 

measured culture densities and extracellular metabolite concentrations (see Supplementary 

Notes 3 and 4).

Metabolic flux analysis

EGFRt T cells and rituximab CAR-T cells were labeled with [1,2-13C2]glucose, 

[U-13C6]glucose, or 50% [U-13C5
15N2]glutamine for 48–72 hours. Metabolite labeling 

measurements were corrected for natural 13C abundance and enrichment impurity of labeled 

substrate. Metabolic fluxes were obtained using the model of central carbon metabolism 

and glutaminolysis, the elementary metabolite unit (EMU) framework66, and mathematical 

optimization. Measurements of transport fluxes for glucose uptake, glutamine uptake, lactate 

secretion, glutamate secretion, alanine secretion, and pyruvate secretion were used to 

constrain the model. The 13C labeling patterns of intracellular metabolites were used to 

determine metabolic fluxes. Measured M+0 FBP labeling fraction was inexplicably high. 

Based on FBP aldolase reaction mechanism, which generates comparable fractions of M+0 

and M+4 FBP in the reverse reaction63, FBP M+0 and M+4 fractions were set equal to each 
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other in the [1,2-13C2]glucose experiments for 13C-MFA. A MATLAB-scripted algorithm 

was used to simulate mass isotopomer distributions with fluxes as a variable and identify 

the flux distribution that minimized the variance-weighted sum of squared residuals (SSR) 

between simulated and measured isotope labeling and uptake and secretion rates:

min
v

∑ isoexp − iso v
siso

2
+ ∑ vexp − v

sv

2

v is the flux vector, isoexp is the experimentally observed isotope labeling, iso v  is the 

simulated isotope labeling, vexp is the measured transport fluxes, and s denotes the standard 

deviation of the measured isotope labeling and fluxes. Flux distributions simulated all 

isotope tracer experiments simultaneously. The confidence interval (95%) of each reaction 

flux was obtained by searching for the minimum and the maximum flux values that increase 

the SSR by less than the χ2 cutoff (1 degree of freedom) of 3.84 (ref. 67).

RNA-seq for CAR-T cells

RNA from CAR-T cells was extracted using the Qiagen RNeasy Plus Mini kit (Qiagen). 

mRNA was isolated using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New 

England BioLabs). RNA library was generated using the NEBNext Ultra II Directional 

RNA Library Prep Kit (New England BioLabs) and analyzed on the Illumina NovaSeq 

S1 platform by 50-bp paired-end sequencing at the High Throughput Sequencing core at 

UCLA Broad Stem Cell Research Center. The quality of the RNA-seq data was assessed 

using FastQC (v0.11.8)68. The reads were processed using cutadapt (v1.18)69 to remove 

low-quality reads with a quality score less than 33 and to trim adapters. The trimmed reads 

were mapped to the hg38 genome using Tophat270. The fragments corresponding to each 

gene were counted using the featureCounts function in the subread package (v1.6.3)71 with 

Ensembl 38 gene sets as references. Genes with fewer than 8 mapped reads in at least one 

sample were considered below the reliable detection limit and were excluded from further 

analysis. To normalize the read counts, the Trimmed Mean of M-values method (TMM 

normalization method in edgeR running on R v3.6.3) was applied, resulting in FPKM 

(fragments per million per kilobase) values. For rank order analysis of the 36 glycolytic 

genes, the binary logarithm (log2) of expression fold-change relative to the EGFRt control 

of individual glycolytic genes was ranked in descending order. The topmost upregulated 

GLUT (SLC2A1 and SLC2A3), PFK (PFKL, PFKM, PFKP, PFKFB1, and PFKFB3), and 

MCT (SLC16A1, SLC16A3, SLC16A7, and SLC16A8) isoforms were highlighted until one 

isoform from each of the three key control steps of glycolysis was found26.

Obtaining standard Gibbs free energy of reaction

Standard Gibbs free energy of reaction (ΔrG’°) were computed on eQuilibrator, which uses 

the component contribution method72. For cytosolic reactions, pH was set to 7.2, pMg was 

set to 1.7, and physiological ionic strength was set to 0.15 M. For mitochondrial reactions, 

pH was set to 8.0, pMg was set to 1.7, and physiological ionic strength was set to 0.15 M 

(ref. 63).
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Determination of positively charged patches

SWISS-MODEL, the protein structure homology-modeling server, was used to generate the 

3D conformation of scFv73. The protein-sol heatmap software was used to calculate net 

charge per surface amino acid of CAR scFvs74.The BindUp web server was used to display 

the three largest positive electrostatic patches of CAR scFvs and compute PCP scores75.

Antibody staining for flow cytometry

Transduction efficiency and CAR expression levels were measured by antibody staining 

of EGFRt, anti-Fc, and HA22. EGFRt was labeled with biotinylated cetuximab (Eli Lilly; 

biotinylated in-house), followed by PE-conjugated streptavidin (Jackson ImmunoResearch 

#016-110-084). Anti-Fc (Alexa Fluor 488, Jackson ImmunoResearch #709-546-098) and 

HA (FITC, clone GG8–1F3.3.1, Miltenyi #130-120-722) were used to measure CAR 

expression by surface epitope staining. Antibody staining for CD25 (APC, clone BC96, 

BioLegend #302610), CD69 (FITC, clone FN50, BioLegend #310904), CD137 (Brilliant 

Violet 421, clone 4B4–1, BioLegend #309818), CTLA-4 (APC, clone BNI3, BioLegend 

#369614), PD-1 (PE/Vio770, clone PD1.3.1.3, Miltenyi #130–117–698), LAG-3 (Brilliant 

Violet 421, clone 11C3C65, BioLegend #369314), and TIM-3 (FITC, clone F38–2E2, 

BioLegend #345022) was used to measure antigen-independent activation-marker and 

exhaustion-marker expression of CAR-T cells 17 days after Dynabead addition and 10 

days after Dynabead removal. CAR-T cell subtypes were measured by antibody staining 

for CD45RO (VioBlue®, clone REA611, Miltenyi #130-119-620) and CD62L (APC, clone 

DREG56, Invitrogen #17-0629-42). Antibodies were diluted 1:100. A MACSQuant VYB 

flow cytometer (Miltenyi) and FlowJo software (TreeStar) were used for data acquisition and 

analysis.

Probing the efficacy of CAR-T cells in vivo

The animal study was performed in accordance with the protocol approved by the UCLA 

Institutional Animal Care and Use Committee (IACUC). The UCLA Department of 

Radiation and Oncology supplied six- to eight-week-old NOD/SCID/IL-2Rγnull (NSG) 

mice22. Six mice (three female and three male) per pair of cancer and CAR-T cells were 

used for probing efficacy. Mice were assigned randomly to treatment groups. In the Raji 

xenograft study, mice were injected with 5×105 Raji lymphoma cells by tail-vein injection. 

Five to nine days later, they were treated with CAR-T cells or EGFRt control T cells via 

tail-vein injection (first dose was 1.35×106, and second dose five days later was 1.5×106). 

Survival studies for the Raji tumor model had been performed previously (Raji-bearing mice 

that survived 50 days post the second CAR-T cell dose were re-challenged with 5×105 Raji 

cells)22. In the Ramos xenograft study, mice were injected with 2×106 Ramos lymphoma 

cells by tail-vain injection. Five days later, they were treated with CAR-T cells or EGFRt 

control T cells at a dose of 3×106 via tail-vein injection. Kaplan-Meier survival analysis 

was performed. Survival data was blinded to the operator. For each CAR-T cell and cancer 

cell pair, survival past EGFRt control was calculated by subtracting the average number 

days that control mice (treated with EGFRt T cells) survived from the number of days that 

mice treated with CAR-T cells survived. Mice were euthanized at humane endpoints under 

the American Veterinary Medical Association (AVMA) Guidelines. To minimize discomfort, 
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pain, distress and injury to the animals, well-trained personnel performed the procedures, 

and precautions were taken under the guidance of the UCLA Vivarium and Division of 

Laboratory Animal Medicine. No animals were excluded from the analysis. This study was 

not designed to find sex differences, and sex-based analyses were not performed.

Protein extraction and phosphopeptide measurement

Phosphorylation of peptides from CAR intracellular signaling domains was measured 

by CAR protein separation, digestion, and analysis on LC-MS/MS. CAR-T cells were 

washed with ice-cold PBS and lysed using RIPA lysis buffer (ThermoFisher) containing 

protease inhibitor (ThermoFisher) and phosphatase inhibitor (ThermoFisher) at 4°C for 30 

minutes. Cell lysate was centrifuged at 17,000 x g at 4°C for 10 min to remove debris. 

Protein concentrations were quantified by Bradford colorimetric assay. Protein samples 

were separated by SDS-PAGE using NovexTM WedgeWellTM 12% Tris-Glycine Gels 

and SimplyBlue SafeStain (ThermoFisher). Gel bands of CAR proteins were excised and 

destained twice in 100 mM ammonium bicarbonate/50% acetonitrile (ACN) solution at 

37°C for 30 minutes. The gel bands underwent reduction and alkylation to prepare for 

digestion. The gel bands were shrunk using ACN and digested overnight at 37°C with 0.01 

μg/μL trypsin dissolved in 100 mM ammonium bicarbonate. The next day, peptides were 

extracted from gel bands by 50% ACN/5% formic acid solution with incubation at 37°C 

for 15 minutes, and the extraction step was repeated twice. Vacuum operator was used to 

evaporate liquid and samples were cleaned up with Empore StageTips. Elution from the 

stage-tip was dried by SpeedVac and resuspended in 3% acetonitrile with 0.1% formic acid 

before LC-MS/MS analysis.

Protein samples were analyzed by injecting 1.0 μg protein to an UltiMate™ 3000 Nano LC 

equipped with a 25-cm long, 75 μm inner diameter fused-silica capillary, packed in-house 

with bulk 1.9 μM ReproSil-Pur beads with 120 Å pores, using a gradient of solvent A 

(H2O with 3% DMSO and 0.1% formic acid) and solvent B (ACN with 3% DMSO and 

0.1% formic acid). The nanoLC gradient was 0 min, 1% B, 0.4 μL/min; 6 min, 6% B, 0.2 

μL/min; 55 min, 25%, 0.2 μL/min; 63.5 min, 32%, 0.2 μL/min; 65 min, 80%, 0.2 μL/min; 

67 min, 80%, 0.2 μL/min; 68 min, 1%, 0.2 μL/min; 70 min, 1%, 0.2 μL/min. The nanoLC 

was coupled with a Fusion Lumos orbitrap mass spectrometer (ThermoFisher). The ESI 

voltage was set at 2.2 kV, and the capillary temperature was set at 275°C. Full spectra (m/z 

range 350–2000) were acquired in profile mode with a resolution of 120,000 at m/z 200 

with normalized AGC 50%. The order of LC-MS sample injection was randomized. The 

most abundant ions within 3 seconds of master scans were subjected to fragmentation by 

higher-energy collisional dissociation (HCD) with fixed collisional energy of 35%. MS/MS 

spectra were acquired in centroid mode with resolution 15,000 at m/z 200. The AGC target 

for fragment ions is set as standard with dynamic maximum injection time. Charge states 

2–6 were included for tandem MS experiments. Dynamic exclusion was set at 25.0 s. 

Raw data was searched against full CAR protein database using the Sequest node within 

Proteome Discoverer (v2.5) for protein identification. The following parameters were used: 

precursor mass tolerance ±10 ppm, fragment mass tolerance ±0.02 Th for HCD, up to 

two miscleavages by semi-trypsin. Variable modifications included serine, threonine, and 

tyrosine phosphorylation. Cysteine carbamidomethylation was set as fixed modification. 
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False discovery rate was at 1.0%. Amino acid sequences of the full CARs were used to 

determine peptide fragments derived from CD28 and CD3ζ. Peptide retention times and m/z 

were obtained from high confidence MS/MS data. Peaks corresponding to these retention 

time and m/z were integrated from each sample in Thermo Qual Browser. To compare 

the abundance of phosphorylated peptides across the CAR-T cell panel, the peak areas of 

phosphorylated peptides in each sample were normalized to the peak areas of the top three 

most abundant non-phosphorylated peptides derived from the intracellular domains of CAR 

within the same sample.

Statistical analysis

For data derived from multiple donors, statistical tests were performed using R by fitting 

linear mixed-effects models to the response variables. For each response variable, the 

linear mixed-effects models had CAR type and donor as the explanatory variables. The 

mixed-effects models were fit by the restricted maximum likelihood approach with CAR 

types as a fixed effect and donors as a random effect:

y = β0 + CAR β1 + Donor u0 + ε

y represents the response variable, β0, the intercept term, β1, the fixed-effect regression 

coefficients for the CAR variable, u0, the random effect for the Donor variable, and ε, the 

residuals. The random effect contributed to the intercept (β0), which was set to the reference 

measurement from EGFRt control T cells, but not the slopes (β1). With the best parameters 

that describe the random effects and the residuals, the fitted model computed the coefficients 

β1 for the fixed effects of CAR type. Statistical significance for each CAR was obtained by 

a t test comparing the full model with a simpler model, which contains one fewer parameter 

that corresponds to the CAR, using Satterthwaite’s method for approximating the effective 

degrees of freedom.

Data distribution was assumed to be normal, but this assumption was not formally tested. 

No statistical methods were used to pre-determine sample sizes, but our sample sizes are 

similar to those reported in previous publications22,42. Data collection and analysis were not 

performed blind to the conditions of the experiments.
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Extended Data

Extended Data Figure 1: CAR-T cell transduction efficiencies, growth, and subtypes.
(a) Gating strategy for counting viable cells and quantifying their viability. Cell populations 

were gated for viable cells based on side-scatter area (SSC-A) vs. forward-scatter area 

(FSC-A) profiles. Viable cells were then gated for single cells based on FSC height (FSC-H) 

vs. FSC-A profiles. (b) CAR-T cells are viable up to 20 days post-retroviral transduction 

for Donor 6. Proliferation curves of CAR-T cells from days 17 to 20 post-transduction (left) 
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and viability of CAR-T cells on day 20 post-transduction (right) are shown. (c) Antibody 

staining of EGFRt (transduction marker), IgG4 extracellular spacer (Fc), and N-terminal 

HA tag was used to quantify transduction efficiencies and CAR surface expression by 

flow cytometry. The CD19 CAR lacks the CH2-CH3 domain of the IgG4 and cannot be 

detected via Fc staining. The CD19 CAR and Leu16 CAR lack the N-terminal HA tag. 

Each box shows the three quartiles (with the center line representing the median), and 

the whiskers extend to the minimum and maximum values that are within 1.5-fold of the 

interquartile range (n=2–6 biologically independent samples). (d) CAR-T cell phenotypes 

for Donor 2 (left) and Donor 5 (right). The subtypes of CAR-T cells in in vitro culture 

were determined by CD4, CD8, CD45RA, and CD62L staining in the absence of antigen 

stimulation. (e) Growth curves of CAR-T cells generated using primary human T cells from 

healthy donors showed that most CAR-T cells and EGFRt control T cells grew after a 

complete media change to RPMI-1640 media supplemented with dFBS, IL-2, and IL-15 

on day 0. Cell counts between day 1 and the last time point for each donor were used to 

calculate proliferation rates. Panels (b) and (d) show the mean ± s.e.m. with n=3 biological 

replicates. Statistical significance in panel (c) was determined using two-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparison test to compare the pairwise 

differences in EGFRt, FC (anti-CD20 CAR-T cells only), and HA (rituximab, RFR-LCDR, 

rituximab.AA, and RFR-LCDR.AA) staining.
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Extended Data Figure 2: The metabolome of EGFRt control T cells and CAR-T cells showed 
CAR-dependent metabolic profiles.
To account for batch effects, each metabolomics sample was normalized to its median 

ion count. Within each row, yellow and blue colors indicate higher and lower levels of a 

metabolite compared to the row mean of the respective donor CAR-T cells.
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Extended Data Figure 3: Central carbon metabolites, co-factor ratios, and metabolite secretion.
(a) Fructose-1,6-bisphosphate (FBP) levels were higher in the four rituximab-based CAR-T 

cells than in EGFRt control T cells. (b) TCA cycle metabolites were higher in rituximab 

CAR-T cells than in EGFRt control T cells. (c) ATP/ADP was significantly lower in 

rituximab CAR-T cells, while glutathione/glutathione disulfide (GSH/GSSG) and NADH/

NAD+ ratios showed no statistical difference. (d) Higher fractions of glucose-derived 

carbons were secreted as lactate by the four rituximab-based CAR-T cells than by EGFRt 

control T cells. The lactate-to-glucose carbon flux ratio represents fermentative glycolytic 

activity. (e) In anti-CD19 and rituximab-based CAR-T cells, higher fractions of glutamine 
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were diverted to glutamate secretion than in EGFRt control T cells. (f) Even in the presence 

of alanine in the media, rituximab-based CAR-T cells secreted alanine at substantial rates 

unlike EGFRt control T cells, anti-CD19 CAR-T cells, and Leu16 anti-CD20 CAR-T cells, 

which consumed alanine. Each box in panels (a)-(e) shows the three quartiles (with the 

center line representing the median), and the whiskers extend to the minimum and maximum 

values that are within 1.5-fold of the interquartile range (n=3–15 biological replicates from 

up to five donors). Metabolite levels in (a)-(c) are normalized to EGFRt control T cells, and 

the ratios are taken from the normalized metabolite levels. Statistical significance in panels 

(a)-(e) was determined by two-tailed t tests for a linear mixed-effects model (see Methods) 

in reference to EGFRt control T cells (†). Panel (f) shows the mean ± s.e.m. with n=3 

biological replicates. Statistical significance in panel (f) was determined by two-tailed t test 

in reference to EGFRt control T cells (†). n.s. indicates no statistical significance.
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Extended Data Figure 4: The TCA cycle activity in CAR-T cells.
(a) [U-13C6]glucose isotope tracing shows expected labeling patterns in the TCA cycle 

intermediates. (b) [U-13C5]glutamine isotope tracing shows expected labeling patterns in 

the TCA cycle intermediates. (c) The contribution of glucose to α-ketoglutarate was lower 

in rituximab anti-CD20 CAR-T cells compared to that of EGFRt control T cells based on 

the significantly higher M+0 fraction in the former. EGFRt T cells and CAR-T cells from 

Donors 1 and 4 were labeled for 72 hours in media containing [U-13C6]glucose. Labeling 

fractions were corrected for natural isotope abundance and impurities. (d) Glutamine 
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contribution to α-ketoglutarate was significantly higher in rituximab anti-CD20 CAR-T 

cells than in EGFRt control T cells. EGFRt T cells and CAR-T cells from Donor 3 were 

labeled for 48 hours in media containing 50% [U-13C5]glutamine. Labeling fractions were 

corrected for natural isotope abundance and impurities. (e) The relative contributions of 

glucose and glutamine on a carbon basis to the TCA cycle intermediates in the CAR-T cell 

panel indicated that citrate was derived mainly from glucose while the downstream TCA 

cycle metabolites were derived mainly from glutamine. Rituximab CAR-T cells displayed 

higher glutamine-to-glucose contribution ratios compared to EGFRt control T cells. The 

carbon contributions of glucose and glutamine were obtained by measuring the fractions 

of the total carbons (12C+13C) of individual metabolites that were 13C and accounting for 

the enrichment fractions of the respective 13C tracers (see Supplementary Note 5). Panel 

(c) shows the mean ± s.e.m. with n=6 biological replicates. Panel (d) shows the mean 

± s.e.m. with n=3 biological replicates. Statistical significance in panels (c) and (d) was 

determined by two-tailed t tests in reference to EGFRt control T cells (†) for M+0 labeling. 

Panel (e) shows the mean ± propagated error, and statistical significance was determined by 

bootstrapping (see Supplementary Note 5). n.s. indicates no statistical significance.
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Extended Data Figure 5: Tracing nitrogen and carbon reveals nucleotide turnover.
(a) EGFRt T cells and CAR-T cells from Donor 4 were cultured in media containing 

50% [γ−15N]glutamine and 50% unlabeled glutamine for 72 hours. Adenosine diphosphate 

and monophosphate were labeled more in all CAR-T cells than in EGFRt control T 

cells. Uridine diphosphate in anti-CD20 CAR-T cells and many of the nucleotides in 

rituximab CAR-T cells were significantly more labeled than those of EGFRt control 

T cells. (b) EGFRt T cells and CAR-T cells from Donor 5 were cultured in media 

containing [1,2-13C2]glucose for 48 hours. Nucleotide diphosphates and monophosphates 
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were significantly more labeled in rituximab and RFR-LCDR CAR-T cells than in EGFRt 

control T cells. The greater labeling fractions in the same (48- and 72-hour) time periods 

indicated faster nucleotide turnover in rituximab and RFR-LCDR CAR-T cells. The signals 

of 13C-labeled CDP, CMP, and GMP were too low to be reliable (n.d.). 13C-labeling 

fractions were corrected for natural isotope abundance and impurities. Plots show the mean 

± s.e.m. with n=3 biological replicates. Statistical significance was determined by two-tailed 

t test in reference to EGFRt control T cells (†) for M+0 labeling. n.s. indicates no statistical 

significance.

Extended Data Figure 6: Overflow metabolism and in vivo efficacy of CAR-T cells.

Lakhani et al. Page 29

Nat Metab. Author manuscript; available in PMC 2025 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(a) Ammonia can be incorporated into metabolism via glutamate, glutamine, and carbamoyl 

phosphate. (b-e) EGFRt T cells and CAR-T cells from Donor 4 were cultured in media 

containing 800 μM 15NH4Cl for 72 hours. (b) Incorporation of 15N from the labeled 

ammonia (15NH3) into glutamate was minimal in all T cells but significantly higher for 

anti-CD19 and rituximab-based anti-CD20 CAR-T cells compared with EGFRt control T 

cells. (c) Incorporation of 15N from 15NH3 into carbamoyl phosphate was minimal in all T 

cells but significantly lower for rituximab CAR-T cells compared with EGFRt T cells. (d) 
Incorporation of 15N from 15NH3 into glutamine was significantly lower for anti-CD19 and 

rituximab-based anti-CD20 CAR-T cells compared with EGFRt control T cells. (e) EGFRt 

T cells and CAR-T cells secreted thymine, uracil, and xanthine. (f-g) Raji and Ramos 

lymphoma cells were cultured for 48 hours. (f) Proliferation rates were determined based on 

the changes in cell numbers between day 1 and day 2. (g) Nutrient uptake and byproduct 

secretion rates were compared between Raji and Ramos cells. (h) Kaplan-Meier survival 

curve against Ramos cancer cells. NOD/SCID/IL-2Rγnull (NSG) mice (n=6 animals) were 

injected intravenously with Ramos cells and subsequently treated with control (EGFRt), 

anti-CD19, or anti-CD20 CAR T cells. In panels (b)-(e), plots show the mean ± s.e.m. 

with n=3 biological replicates, and statistical significance was determined by two-tailed t 
tests in reference to EGFRt control T cells (†). Panels (f)-(g) show the mean ± s.e.m. with 

n=3 biological replicates, and statistical significance was determined by two-tailed t tests. 

Statistical significance in panel (h) was determined by multiple log-rank (Mantel-Cox) tests 

with adjustment using the Benjamini-Hochberg FDR controlling procedure.
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Extended Data Figure 7: Comparison of metabolic fluxes across CAR-T cell variants.
(a) Anti-GD2 CAR-T cells were more similar to rituximab CAR-T cells than any other 

CAR-T cell variants in terms of nutrient uptake rates (black) and byproduct secretion rates 

(red) (cf. Fig. 6b). SSD is the sum of squared differences, and L is the total distance between 

individual points and the line of unity. Plot shows the mean ± s.e.m. with n=12 biological 

replicates for EGFRt control T cells and anti-CD20 CAR-T cells and n=6 biological 

replicates for anti-GD2 CAR-T cells. (b) Metabolite labeling patterns in CAR-T cells, 

which were fed 50% [γ−15N]glutamine, [U-13C6]glucose, and [U-13C5]glutamine, showed 
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the greatest similarity between 14g2a-based anti-GD2 CAR-T cells and rituximab CAR-T 

cells (cf. Fig. 6c). (c-d) EGFRt T cells and CAR-T cells from Donor 4 were cultured in 

media containing 50% [γ−15N]glutamine for 72 hours. 15N-labeled pyrimidine and purine 

nucleobases were measured from media samples collected each day. Ion counts for xanthine 

represent the sum of M+1 and M+2 15N-labeled ions. (c) Rituximab anti-CD20 and 14g2a 

anti-GD2 CAR-T cells displayed similarly high accumulation of purine and pyrimidine 

nucleobases. (d) The four rituximab-based CAR-T cells had faster nucleotide degradation 

than EGFRt control T cells. Alanine insertions in the non-signaling intracellular domains 

of CARs resulted in significant differences in thymine secretion. Panels (c) and (d) show 

the mean ± s.e.m. with n=3 biological replicates, and statistical significance was determined 

by two-tailed t tests in reference to the day-3 media sample from EGFRt control T cells 

(†). Further statistical tests were conducted between rituximab and anti-GD2 CAR-T cells, 

rituximab and rituximab.AA CAR-T cells, and RFR-LCDR and RFR-LCDR.AA CAR-T 

cells for day-3 nucleobase measurements. n.s. indicates no statistical significance.
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Extended Data Figure 8: Tracing nitrogen and carbon in nucleotide and hexosamine biosynthesis 
in CAR-T cells with two-alanine insertions.
(a) EGFRt T cells and CAR-T cells from Donor 4 were cultured in media containing 

50% [γ−15N]glutamine for 72 hours. Many nucleotides were labeled more in rituximab-

based CAR-T cells than in EGFRt control T cells. Alanine insertions resulted in minimal 

differences. (b-c) EGFRt T cells and CAR-T cells from Donor 5 were cultured in media 

containing [1,2-13C2]glucose for 48 hours. (b) Many nucleotides were labeled more in 

rituximab-based CAR-T cells than in the EGFRt control T cells. Alanine insertions resulted 

in minimal differences. The signals of 13C-labeled CDP, CMP, and GMP were too low 

to be reliable (n.d.). (c) N-acetylglucosamine-1/6-phosphate (GlcNAc-1/6P) and UDP-N-
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acetylglucosamine (UDP-GlcNAc) were labeled more in rituximab-based CAR-T cells than 

in EGFRt control T cells. Rituximab.AA and RFR-LCDR.AA CAR-T cells with alanine 

insertions increased M+0 fractions of UDP-GlcNAc compared with rituximab and RFR-

LCDR CAR-T cells, respectively. 13C-labeling fractions were corrected for natural isotope 

abundance and impurities. Plots show the mean ± s.e.m. with n=3 biological replicates. 

Statistical significance of the observed M+0 labeling fractions was determined by two-tailed 

t test in reference to EGFRt control T cells (†), between rituximab and rituximab.AA 

CAR-T cells, and between RFR-LCDR and RFR-LCDR.AA CAR-T cells. n.s. indicates no 

statistical significance.
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Extended Data Figure 9: CAR-T cells were cultured in the absence of antigen stimulation for 
RNA-seq.
Across three donors, genes associated with (a) glycolysis, (b) the pentose phosphate 

pathway, (c) the TCA cycle, (d) nucleotide biosynthesis, (e) hexosamine biosynthesis, 

(f) pyrimidine degradation, (g) purine degradation, and (h) glutamine metabolism are 

shown. Each row indicates a donor (Donor 2, 5, or 6). Within each row, yellow and blue 

colors indicate higher and lower levels of the transcript compared with EGFRt control 

T cells. Arrow colors represent the standard Gibbs free energy of reaction ΔrG’°, which 
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approximates the extent of metabolic flux control based on how close to or far away from 

equilibrium the reaction is.

Extended Data Figure 10: Electrostatic property and phosphorylation of CARs may affect T-cell 
activation and exhaustion.
(a) Activation- (top row) and exhaustion-marker (bottom row) expression on mutant 

rituximab CAR-T cells were compared to EGFRt, Leu16 CAR-, and rituximab CAR-T cells 

(n=6 biological replicates from two donors). (b) Phosphorylation of the signaling domains 

of CARs including the three ITAM regions of CD3ζ was measured (n=2 biologically 
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independent samples). Even with good peptide sequence coverage, CD28 phosphopeptide 

was below the limit of detection. (c) Top three largest positively charged patches (PCPs) 

containing continuous positive charged residues are shown in each scFv. Dark blue, largest 

PCP; medium blue, second largest PCP; light blue, third largest PCP. PCP score (sum 

of the number of residues in the three largest PCPs) and charge per amino acid are 

displayed under each construct. (d) Activation- (top row) and exhaustion-marker (bottom 

row) expression on CAR-T cells were evaluated on day 2 or 3 without antigen stimulation 

(n=12–18 biological replicates from up to six donors). Donors 2–2 and 5–2 represent second 

batches of transduced cells from Donors 2 and 5, respectively. Each box in panels (a) and 

(d) shows the three quartiles (with the center line representing the median), and the whiskers 

extend to the minimum and maximum values that are within 1.5-fold of the interquartile 

range. Statistical significance for activation and exhaustion markers in panels (a) and (d) was 

determined by two-tailed t tests for a linear mixed-effects model (see Methods) in reference 

to EGFRt control T cells (†). Statistical significance in panel (b) was determined using 

two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test to 

compare the pairwise differences in ITAM1, ITAM2, and ITAM3 phosphorylation.
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Source data for Figures 1–6 are provided in Supplementary Tables 1–23 and the GitHub 

public repository: https://github.com/aliyalakhani/CAR-T-Cell-Metabolism

Raw MS data and search results for phosphopeptides are placed 

in the MassIVE public repository: https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?

task=ab1708b9ae434f6082da533fcf27870a (Project ID number: MSV000093637)
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The sequence and structure for the 14g2a mAb is provided through the Protein Data Bank: 

https://doi.org/10.2210/pdb4TUJ/pdb (PDB 4TUJ)

Source data are provided for this paper.
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Figure 1: Construction, proliferation, and metabolome of CAR-T cells.
(a) CAR proteins consist of extracellular domains for antigen binding and intracellular 

domains for signaling. The scFvs, which determine antigen specificity, were derived from 

three monoclonal antibodies (FMC63, Leu16, and rituximab) and fused to extracellular 

spacers followed by CD28 transmembrane (tm) and cytoplasmic (cyto) domains as well as 

CD3ζ signaling domain. Truncated EGFR (EGFRt) was co-expressed via a self-cleaving 

(T2A) peptide and used as a transduction marker. Two alanine residues were inserted 

between the transmembrane and intracellular domains in rituximab.AA and RFR-LCDR.AA 
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CARs. (b) RFR-LCDR CAR was constructed by hybridizing the framework regions (FRs) 

of rituximab and the complementarity-determining regions (CDRs) of Leu16. (c) The 

timeline marks T-cell isolation, transduction, expansion, and measurement of proliferation 

and metabolome. CAR-T cells were generated from human primary T cells between T–16 

and T–11 days. T cells were enriched for CAR+ expression by magnetic-activated cell 

sorting and seeded in fresh RPMI + dFBS media on day 0. Cells were counted for 2 or 

3 days, after which their metabolites were extracted for LC-MS analysis. (d) Proliferation 

rates were determined based on the changes in cell numbers between day 1 and the last time 

point for each donor’s cells. T cells expressing rituximab-based (rituximab, RFR-LCDR, 

rituximab.AA, and RFR-LCDR.AA) anti-CD20 CARs grew faster than EGFRt control T 

cells. Each box shows the three quartiles (with the center line representing the median), 

and the whiskers extend to the minimum and maximum values that are within 1.5-fold of 

the interquartile range (n=9 or 15 biological replicates derived from up to five donors). 

Statistical significance was determined by two-tailed t tests for a linear mixed-effects model 

(see Methods) in reference to EGFRt control T cells (†). (e) CAR-T cells showed CAR-

dependent metabolite abundances. Within each row, yellow and blue colors indicate higher 

and lower levels of a metabolite compared to EGFRt control T cells.
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Figure 2: Glycolysis and pentose phosphate pathway (PPP) activity in CAR-T cells.
(a) The experimental timeline marks T-cell seeding in isotope-labeled medium, medium 

collection, and measurement of intracellular and extracellular metabolites. CAR-T cells were 

seeded in fresh 13C- or 15N-labeled media at t=0 hours. Media samples were collected 

for LC-MS analysis between day 1 and the last time point for each donor’s cells, after 

which cells were also harvested for intracellular metabolite measurement. No media samples 

were collected for Donor 5. (b) Glucose uptake and lactate secretion rates in rituximab and 

rituximab.AA anti-CD20 CARs were elevated. Each box shows the three quartiles (with the 
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center line representing the median), and the whiskers extend to the minimum and maximum 

values that are within 1.5-fold of the interquartile range (n=6 or 12 biological replicates 

derived from up to four donors). (c-f) EGFRt T cells and CAR-T cells were cultured 

in media containing [1,2-13C2]glucose for 48 hours. (c) Singly 13C-labeled (M+1) lactate 

is only generated through the oxidative PPP (oxPPP), while doubly 13C-labeled (M+2) 

lactate comes from either glycolysis or oxPPP. (d) The (M+1)/(M+2) ratio indicates the 

activity of oxPPP relative to glycolysis. All but Leu16 CAR-T cells showed lower relative 

oxPPP activity than EGFRt control T cells. (e) Depending on its synthesis route (oxPPP 

or non-oxPPP), pentose phosphate contains odd or even numbers of 13C atoms. Pentose 

phosphate M+1 and M+3 originate from oxPPP, whereas M+2 and M+4 originate from 

non-oxPPP. (f) The odd-to-even 13C-labeling ratio of pentose phosphate indicated that the 

relative usage of oxPPP and non-oxPPP for the nucleotide precursor did not change with 

CAR expression. Panels (d) and (f) show the mean ± the standard error of the mean (s.e.m.) 

with n=3 biological replicates from Donor 5. Statistical significance of glucose uptake 

and lactate secretion rates was determined by two-tailed t tests for a linear mixed-effects 

model (see Methods) in reference to EGFRt control T cells (†). Statistical significance of 

labeling measurement was determined by one-way analysis of variance (ANOVA) followed 

by Tukey’s multiple comparison test in reference to EGFRt control T cells (†). n.s. indicates 

no statistical significance.
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Figure 3: Rituximab-based CD20 CARs increase T-cell metabolic fluxes.
(a) Amino acid uptake rates were mostly elevated in CAR-T cells compared with EGFRt 

control T cells. The data represent the mean of measurements from Donors 1–4 cells. (b) 
Glutamate secretion rates were faster in anti-CD19 and rituximab-based anti-CD20 CAR-T 

cells compared to the EGFRt control T cells. (c) Rituximab and rituximab.AA CAR-T cells 

secreted alanine significantly faster than EGFRt control T cells. Each box in (b) and (c) 

shows the three quartiles (with the center line representing the median), and the whiskers 

extend to the minimum and maximum values that are within 1.5-fold of the interquartile 

range (n=6 or 12 biological replicates from up to four donors). (d) Metabolic fluxes through 

central carbon metabolism were compared between EGFRt control T cells and rituximab 

anti-CD20 CAR-T cells, which showed the largest differences in uptake and secretion 

rates as well as isotope labeling patterns (Extended Data Fig. 4). Metabolic flux analysis 

was performed using nutrient uptake rates, byproduct secretion rates, and intracellular 

metabolite labeling patterns in cells that were fed [1,2-13C2]glucose, [U-13C6]glucose, or 

50% [U-13C5
15N2]glutamine, which were obtained from Donors 1–6 cells (see Methods). 

Arrow widths represent the magnitudes of fluxes, normalized to glucose uptake (GLC UPT), 

for EGFRt T cells. Red and blue colors indicate higher and lower fluxes in rituximab 
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CAR-T cells with respect to EGFRt control T cells, while gray indicates low-confidence flux 

shifts. Statistical significance for glutamate and alanine secretion in panels (b) and (c) was 

determined by two-tailed t tests for a linear mixed-effects model (see Methods) in reference 

to EGFRt control T cells (†).
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Figure 4: Tracing nitrogen and carbon in nucleotide and hexosamine biosynthesis.
(a) The fates of 15N in [γ−15N]glutamine include ammonia, asparagine, nucleotides, 

and hexosamines. (b) Nucleotide biosynthesis map shows how stable isotopes of 

[γ−15N]glutamine and [1,2-13C2]glucose are incorporated into pyrimidines and purines. (c) 
EGFRt T cells and CAR-T cells from Donor 4 were cultured in media containing 50% 

[γ−15N]glutamine for 72 hours. Nucleotides were labeled more in anti-CD20 CAR-T cells, 

especially those with rituximab and RFR-LCDR CARs, than in EGFRt control T cells. 

(d-e) EGFRt T cells and CAR-T cells from Donor 5 were cultured in media containing 
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[1,2-13C2]glucose for 48 hours. (d) Nucleotides were labeled more in rituximab and RFR-

LCDR CAR-T cells than in EGFRt control T cells. The greater labeling fractions in the 

same (48- and 72-hour) time periods indicated faster nucleotide turnover in rituximab and 

RFR-LCDR CAR-T cells than in EGFRt control T cells. (e) Hexosamine biosynthesis 

pathway incorporates glucose carbons and glutamine nitrogen into pathway intermediates. 

N-acetylglucosamine-1/6-phosphate (GlcNAc-1/6P) and UDP-N-acetylglucosamine (UDP-

GlcNAc) were labeled more in rituximab and RFR-LCDR CAR-T cells than in EGFRt 

control T cells, indicating their increased turnover in the CAR-T cells. 13C-labeling fractions 

were corrected for natural isotope abundance and impurities. Panels (c-e) show the mean ± 

s.e.m. with n=3 biological replicates. Statistical significance was determined by two-tailed t 
test in reference to EGFRt control T cells (†) for M+0 labeling.
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Figure 5: Overflow metabolism and metabolic compatibility.
(a) Ammonia secretion rates of CAR-T cells were measured. Each box shows the three 

quartiles (with the center line representing the median), and the whiskers extend to the 

minimum and maximum values that are within 1.5-fold of the interquartile range (n=12 

biological replicates from four donors). (b) Nucleotide degradation pathway shows the fates 

of 15N from [γ−15N]glutamine to nucleobases. Uracil, thymine, and xanthine (underlined) 

were secreted by T cells. (c) EGFRt and CAR-T cells from Donor 4 were cultured in 

media containing 50% [γ−15N]glutamine for 72 hours. 15N-labeled pyrimidine and purine 
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nucleobases were measured from media samples collected each day. (d) The fractions 

of glutamine-derived nitrogen that were secreted as glutamate, alanine, ammonia, and 

nucleobases were calculated from uptake and secretion rates. (e) Proliferation rates for 

EGFRt control T cells and CAR-T cells grown in media containing alanine, ammonia, 

and/or lactate to mimic the tumor microenvironment. Each box shows the three quartiles 

(with the center line representing the median), and the whiskers extend to the minimum and 

maximum values that are within 1.5-fold of the interquartile range (n= 3, 6, or 9 biological 

replicates from up to three donors). (f) The in vivo efficacy of CAR-T cells was plotted 

with corresponding metabolic compatibility between cancer and CAR-T cells and overflow 

metabolism score of CAR-T cells (see Supplementary Note 1). Plot shows the mean ± s.e.m. 

with n=6 or 12 biological replicates. The marker sizes and colors represent the mean and 

the relative standard deviation of the days that tumor-bearing mice (n=6 animals) survive 

with respective CAR-T cell treatment. Gray lines are visual guides for separating efficacious 

treatment groups. Statistical significance in panels (a) and (e) was determined by two-tailed 

t tests for a linear mixed-effects model (see Methods) in reference to EGFRt control T cells 

(†) for ammonia secretion and the control media condition for proliferation rates for each 

cell type. Panels (c) and (d) show the mean ± s.e.m. with n=3 biological replicates, and 

statistical significance was determined by two-tailed t tests in reference to EGFRt control T 

cells (†).
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Figure 6: Mechanistic insights into unexpected hypermetabolism in CAR-T cells.
(a) The 14g2a-based anti-GD2 (GD2) CAR was constructed similarly to the rituximab 

anti-CD20 CAR, with the scFv as the only difference. (b) Rituximab anti-CD20 CAR-T 

cells from Donors 1–4 and GD2 CAR-T cells from Donors 3 and 4 displayed similar 

rates of nutrient uptake (black) and byproduct secretion (red). SSD is the sum of squared 

differences, and L is the total distance between individual points and the line of unity. 

Plot shows the mean ± s.e.m. with n=6 or 12 biological replicates. Statistical significance 

was determined by two-tailed t test. (c) Metabolites in rituximab and GD2 CAR-T 
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cells, which were fed [γ−15N]glutamine, [U-13C6]glucose, or [U-13C5]glutamine, were 

labeled similarly. Metabolites with a distance of at least 0.05 are labeled. The transport 

fluxes and isotope labeling patterns revealed that GD2 CAR-T cells were metabolically 

most similar to rituximab CAR-T cells (cf. Extended Data Fig. 7). (d) Glycolytic gene 

expression in CAR-T cells relative to EGFRt control T cells is rank ordered with filled dots 

representing the highest ranked isoform involved in each of the three rate-determining steps 

of glycolysis: glucose import (SLC2A1 and SLC2A3), phosphofructokinase (PFKL, PFKM, 

PFKP, PFKFB1, and PFKFB3), and lactate export (SLC16A1, SLC16A3, SLC16A7, 

and SLC16A8). (e) Three mutants of rituximab CAR were generated to disable the 

phosphorylation of CD28 and/or CD3ζ signaling domains: rituximab.28mt-3z, rituximab.28–

3zmt, and rituximab.28mt-3zmt. (f) Proliferation rates of CAR-T cells were determined based 

on the cell number changes over time. Donor 2–2 represents a second batch of transduced 

cells from Donor 2. (g) The secretion rates of lactate, alanine, glutamate, and ammonia in 

mutant rituximab anti-CD20 CAR-T cells were compared to those of EGFRt control, Leu16 

CAR-, and rituximab CAR-T cells. Each box in panels (f) and (g) shows the three quartiles 

(with the center line representing the median), and the whiskers extend to the minimum and 

maximum values that are within 1.5-fold of the interquartile range (n=6 biological replicates 

from two donors). Statistical significance was determined by two-tailed t tests for a linear 

mixed-effects model (see Methods) in reference to EGFRt control T cells (†).
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