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Summary

Activation of B and T lymphocytes leads to major remodelling of the

metabolic landscape of the cells enabling their post-activation functions.

However, naive B and T lymphocytes also show metabolic differences,

and the genesis, nature and functional significance of these differences are

not yet well understood. Here we show that resting B-cells appeared to

have lower energy demands than resting T-cells as they consumed lower

levels of glucose and fatty acids and produced less ATP. Resting B-cells

are more dependent on OXPHOS, while T-cells show more dependence

on aerobic glycolysis. However, despite an apparently higher energy

demand, T lineage cells showed lower rates of protein synthesis than

equivalent B lineage stages. These metabolic differences between the two

lineages were established early during lineage differentiation, and were

functionally significant. Higher levels of protein synthesis in B-cells were

associated with increased synthesis of MHC class II molecules and other

proteins associated with antigen internalization, transport and presenta-

tion. The combination of higher energy demand and lower protein syn-

thesis in T-cells was consistent with their higher ATP-dependent motility.

Our data provide an integrated perspective of the metabolic differences

and their functional implications between the B and T lymphocyte lin-

eages.
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Introduction

B and T lymphocytes arise from a common lymphoid

progenitor (CLP) cell population, and a single CLP cell

can differentiate into both B- and T-cells.1 B or T lineage

commitment involves rearrangement of the B-cell recep-

tor (BCR) or T-cell receptor (TCR) loci, with three broad

stages of the differentiation programme.2–4 An early stage

is characterized by recombination at the BCR-heavy chain

or TCR-beta-chain loci, the pro-B and the CD4� CD8�
(double-negative-T; DN-T) stages. This transitions

through multiple rounds of proliferation to pre-B or

CD4+ CD8+ (double-positive-T; DP-T) stages during

which light chain loci undergo recombination. The resul-

tant immature-B or CD4/CD8-single-positive-T (SP-T)

cells carry full-fledged BCRs and TCRs, and mature fur-

ther into functional naive B- and T-cells that migrate to

peripheral lymphoid organs. Throughout these analogous

transitions, both lineages share microenvironmental cues,

signalling pathways and somatic DNA recombination

machinery.5–8 Developing B- and T-cells share approxi-

mately 90% of constitutively expressed genes, highlighting

the similarities between these two cell types.9

Upon activation, mature B- and T-cells undergo upregu-

lation of protein synthesis and a burst of cell proliferation.

Translational upregulation of the cap-binding factor eIF4E

is required for the proliferation of CD4 T-cells upon activa-

tion,10 and mRNA-binding protein and complexes are

involved as well.11 Once activation-induced proliferation

and effector differentiation is completed, effector T-cells

show overall protein synthesis levels similar to na€ıve

T-cells.12 However, unlike T-cells, plasma cells maintain

high levels of protein synthesis, generating and secreting

antibodies at rates of > 10 000 molecules per second.13,14

Protein synthesis thus represents a major distinction

between the effector stages of B- and T-cell lineages.

These major transitions during lineage differentiation and

immune activation likely require major cellular energy

resources. In fact, defects in immune cell metabolism have

been shown to be associated with autoimmune diseases.15 In

another interesting example, the Harlequin (Hq) strain of

mutant mice, which are hypomorphic at the gene for the

apoptosis-inducing factor (AIF), a constitutively expressed

mitochondrial protein and a component of oxidative

phosphorylation, show a specific T- but not B-cell lineage

differentiation defect.16,17 The balance of glucose utilization

between complete oxidative phosphorylation (OXPHOS) or

partial utilization via aerobic glycolysis can be modulated by

the extracellular milieu of the cells as well as the cell-type-

specific changes in gene expression. These metabolic choices

can have functional consequences. The hypoxic niche of

long-term haematopoietic stem cells is consistent with their

reliance on glycolysis rather than OXPHOS for energy

requirements.18 Peripheral trafficking and survival of resting

T-cells require mitochondrial maintenance via sphingosine-

1-phosphate signalling, indicating a crucial role for mito-

chondrial OXPHOS.19 Activation of both mature B and T

lymphocytes leads to the remodelling of their metabolism,20

the most striking feature being the upregulation of glycolytic

ATP production in both B- and T-cells despite oxygen-re-

plete conditions.21,22

On this background, it would be expected that B- and

T-cell lineages would show similar metabolic landscapes

during most of their lives, with differences arising only at

late effector stages. However, there are indications that

this may not be so. Distinct stages of T-cell activation

depend on aerobic glycolysis and OXPHOS so that initial

proliferation requires OXPHOS while cytokine secretion

depends on aerobic glycolysis.23 On the contrary, there is

little dependence of B-cells on glucose post-activation

despite increased glucose uptake, while perturbation of

OXPHOS results in poor differentiation.17,24 However,

the comparative metabolic landscape of B and T lineages

is not yet well understood.

In this context, we show data comparing basal energy

metabolism and protein synthesis in B- and T-cell lineages.

We find that resting T-cells showed higher levels of glucose

uptake as well as ATP levels compared with resting B-cells.

Resting B-cells showed increased sensitivity to inhibition of

mitochondrial OXPHOS and showed higher levels of mito-

chondrial mass. Moreover, we also observe that resting

B-cells showed increased protein synthesis compared with

resting T-cells. The two lineages showed this metabolic

divergence at early stages. The translatome of B-cells

revealed increased translation of genes associated with anti-

gen internalization and presentation, suggesting that B-cells

may be poised for post-activation functions. On the other

hand, the increased ATP content of T-cells correlated with

their higher motility. Finally, perturbation of one constitu-

tively expressed metabolic gene such as AIF results in mod-

ification of key metabolic processes such as glucose uptake

and protein synthesis in a T-cell lineage-specific fashion.

Our data provide an entry point for understanding the gen-

esis, nature and functional significance of metabolic differ-

ences between the closely related yet functionally distinct

B- and T-cell lineages.
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Materials and methods

Mice

Various strains of mice as indicated; C57BL/6 (B6),

CBA/CaJ and Hq on a mixed C57BL/6 and CBA/CaJ

background; were obtained from the Jackson Laboratory

(Bar Harbor, ME) and maintained in the animal facil-

ity of the National Institute of Immunology. All mice

used in the experiments were 6–8 weeks old. All mice

were maintained and used, and the study was carried

out in accordance with the guidelines and recommen-

dations of the Institutional Animal Ethics Committee.

The Institutional Animal Ethics Committee approved

the protocol.

Surface staining and intracellular staining for flow
cytometry

For surface staining, 0�3 9 106 to 2 9 106 cells were

incubated with 50 ll of primary staining reagent appro-

priately diluted in staining buffer [phosphate-buffered sal-

ine (PBS) containing 0�5% bovine serum albumin (BSA)

and 0�1% sodium azide], on ice for 30 min in 96-well

round-bottom polystyrene plates (Tarsons, Kolkata,

India). The cells were washed twice with cold staining

buffer, followed by incubation for 30 min with 50 ll of
appropriate secondary reagent diluted in staining buffer

at a working concentration. Finally, cells were washed

twice with ice-cold staining buffer and resuspended in

PBS to be analysed on a flow cytometer (BD FACSVerse

or BD FACSAria II; Becton and Dickinson, San Jose,

CA). PBS containing 4% paraformaldehyde (PFA) and

0�2% Triton X-100 was used for fixation and permeabi-

lization of cells for intracellular staining. Blocking was

done with 1% goat serum prior to use of goat anti-mouse

antibodies. Cell-surface staining was performed with IgM-

peridinin-chlorophyll (PerCP)-eFluor710 (clone II/41),

B220-phycoerythrin (PE)-Cy7 (clone RA3–6B2), anti-

mouse CD43-APC (clone S7), IgD-APC (clone 11-26),

CD90-APC (clone 53-2�1), CD44-PerCP-eFluor710 (clone

IM7) (BD Biosciences, eBiosciences). Data were acquired

on a flow cytometer (FACSAria II; Becton and Dickin-

son) and analysed by FLOWJO software (Treestar, Ashland,

OR, USA).

Glucose uptake estimation

Cells were cultured in glucose-free RPMI1640 containing

2-NBDG (Cayman Chemicals, Ann Arbor, MI, USA -

186689-07-6) at a concentration of 100 lM for 30 min at

37°. The reaction was stopped by adding ice-cold PBS,

and was followed by two washes with cold PBS. Cells

were then stained for cell-surface markers and analysed

flow cytometrically as above.

Tritiated leucine incorporation assay

Titrating numbers of magnetically sorted (Miltenyi Biotec,

Bergisch Gladbach, Germany) B220+ or CD90+ cells were

cultured in a 96-well plate containing 3H-leucine at

0�75 lCi/well in leucine-free medium for 12 hr. Total cul-

ture volume was 100 ll. The plate was frozen and later har-

vested onto glass-fibre filters for scintillation spectroscopy

(Microbeta1450; Perkin-Elmer, Waltham, MA, USA).

L-Homopropargylglycine (HPG) incorporation assay

Ex vivo splenocytes, thymocytes and bone-marrow cells

were incubated at a density of 4 9 106 cells/ml in

methionine-free media for 45 min at 37° followed by

addition of 25 nM HPG (Life Technologies, Carlsbad, CA,

USA - C10186) and incubated at 37° for the next 2 hr.

Post-incubation, cells were washed with 1 9 PBS and

fixed with 4% PFA (Loba Chemie, Mumbai, India) at

room temperature for 15 min, followed by washing with

3 ml PBS containing 1% BSA (Sigma). Next, permeabi-

lization was done with 0�2% Triton X-100 (Sigma-

Aldrich, St. Louis, MO, USA) containing PBS for 30 min

at room temperature and then washed with 3 ml PBS

containing 1% BSA. It was followed by incubation with

freshly prepared Click-It reaction mixture for 30 min at

room temperature, in the dark. Cells were again washed

with 3 ml PBS containing 1% BSA and stained for cell-

surface markers as previously described. The Click-It

reaction components include TRIS (100 mM), L-ascorbic

acid (20 mM; BioBasic, Markham, ON, Canada), CuSO4

(1 mM) (Qualigens, Mumbai, India) and Alexa-Fluor488

azide (20 lM; Molecular Probes, Invitrogen).

Fatty acid uptake assay

Two million ex vivo splenocytes, thymocytes and bone-

marrow cells were incubated with BODIPY (Life Tech-

nologies) at 37° for 3–4 min followed by staining with

cell-surface markers.

Motility assay

Bone-marrow-derived dendritic cells (BMDCs) were cul-

tured, as previously described.25 Sorted B220+ and

CD90+ cells were CFSE labelled and cultured on BMDC

monolayers. Cells were rested in the incubator for 2 hr,

and then images were taken on Nikon Zeiss microscope

every 5 min for 2 hr. Data were analysed in Imaris (Bit-

plane) where average track length was calculated from

multiple time-lapse movies for 35–40 cells.

Mitochondrial mass detection

Ex vivo spleen, thymus and bone-marrow cells were cul-

tured at a density of 5 9 106 cells in incomplete RPMI

with 25 lM Mitotracker Green (MG; Molecular Probes,
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Invitrogen, Eugene, OR) in the dark at 37° for 30 min.

Cells were washed twice with cold PBS followed by cell-

surface staining. Analysis was done on BD FACS Verse or

BD FACS ARIA (Becton and Dickinson).

Seahorse XFe24 analyser experiment

Seahorse XFe24 analyser experiment was performed as

previously described.26 Cells were sorted from spleen,

thymus and bone-marrow cells and rested for 1 hr in

RPMI supplemented with 10% fetal bovine serum at 37°.
The cells were washed twice in pre-warmed XF base med-

ium supplemented with 5�5 mM D-glucose, 4 mM L-glu-

tamine and 1 mM pyruvate (assay medium). XFe 24-well

plates were coated for 20 min at room temperature with

freshly prepared 22�4 lg/ml Cell tak (Corning, Corning,

NY, USA) in sodium bicarbonate solution. After aspirat-

ing the Cell-tak solution, the plate was washed twice with

sterile water; 0�3 million cells in 100 ll volume were pla-

ted in triplicate and rested for 30 min in a non-CO2

incubator. Each well was gently topped with 500 ll assay
medium and rested for another 30 min before being

loaded onto the seahorse XFe 24 extracellular flux analy-

ser (Agilent Technologies, Santa Clara, CA). Three read-

ings for oxygen consumption rate (OCR) and

extracellular acidification rate (ECAR) were taken with a

15 min break in between. The mean of three readings

was used for plotting data for each well. Data have been

represented as mean � SE for triplicate wells of each

sample.

Lactate assay

Total B- and T-cells were sorted from the spleen of a

C57BL/6 mouse and cultured in phenol red-free RPMI

for 4 hr. Culture supernatant was harvested and stored at

�80° until further processing. Biovision lactate colorimet-

ric kit was used for quantification of lactate. Samples

were diluted 1 : 1 in assay buffer and incubated with

reaction mix for 30 min. Lactate in the sample reacts to

generate a product that reacts with the probe to give a

coloured product read out at 570 nm using an ELISA

plate reader (Tecan, M€annedorf, Switzerland).

ATP content measurement

Total B- and T-cells were sorted from spleens of mice

and washed twice with cold PBS. Four-million cells were

pelleted, and the pellet was snap-frozen in liquid nitrogen

and stored until further experiment at �70°. The pellet

was thawed on ice, and the cells were lysed in 40 ll
boiled autoclaved water and further boiled on a heating

block for 10 min. Samples were then incubated on ice for

3 min followed by centrifugation at 10 000 g for 15 min

at 4°; 20 ll of diluted ATP standard in autoclaved MQ

water and test samples at various dilutions were plated in

duplicates in the 96-well plate. Master reaction mix was

prepared by mixing ATP assay mix (Sigma) and ATP

dilution buffer [50 mM Tris-HCl (pH 7�8), 0�01 M

MgSO4, 1 mM dithiothreitol (DTT), 2 mM EDTA] in

1 : 60 ratio. Twenty-five microlitres of master mix was

dispensed in each well with Orion II microplate lumi-

nometer (Berthold) and luminescence was measured with

the following parameters: dispense for 3 seconds, shake

for 3 seconds, delay for 3 seconds and luminescence for

10 seconds. ATP concentration in the samples was deter-

mined from the standard curve. The readings were nor-

malized with protein concentrations that were estimated

with micro-bicinchoninic acid kit (Pierce, Dallas, TX,

USA).

Inhibitor assays

Two-million spleen, thymus and bone-marrow cells were

incubated in the presence of 200 lM iodoacetate, 20 lM
oligomycin or 100 lM anisomycin for 2 hr. Cells were

then washed with PBS and stained for cell-surface mark-

ers as previously described. After washing with PBS, cells

were re-suspended in 0�85% saline with 500 nM SYTOX

green Nucleic Acid Stain (Invitrogen), and samples were

maintained in the dark and on ice. Analysis was per-

formed on BD FACS Verse or BD FACS ARIA (Becton

and Dickinson).

Differential expression and pathway enrichment analysis

Previously published23 gene expression (microarray) data

were obtained from Gene Expression Omnibus (GEO;

Accession number GSE15907). For comparison of B- and

T-cell subsets, data were analysed using the Geo2R tool at

GEO between splenic follicular B-cells (three replicates)

versus splenic na€ıve CD4 and na€ıve CD8 T-cells (three

replicates each). For other subset-pair comparisons, the

classification given in Table S5 was used. Differentially

expressed genes were defined as those with adjusted P-

value < 0�1 after multiple corrections. This relatively high

threshold for false discovery rate (FDR) was set to not

miss biologically important genes with lower fold changes

or borderline P-values that may otherwise be missed in

the presence of much more significant gene expression

differences between lineages. Pathway enrichment was

performed against the curated custom gene sets (provided

in Table S2) using a hypergeometric test,27 and a FDR

adjusted P-value of < 0�1 was considered significant.

Enrichment scores for each gene set were calculated as

(ratio of number of supp genes in the gene set that are

differentially expressed to the number of differentially

expressed genes considered) divided by (ratio of number

of genes in the gene set to the total number of genes in

the microarray). All analyses were done using custom

scripts in R version 3.4.2 available on request.
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Ribosome profiling and data analysis

Ribosome profiling was done as described previously.28 In

short, 60 9 106 resting B- and T-cells were sorted using

MACS, followed by incubation with 100 lg/ml cyclohex-

imide for 15 min. Cells were harvested, lysed in lysis buf-

fer [20 mM Tris Cl pH 7�4, 150 mM NaCl, 5 mM MgCl2,

1 mM DTT, 20 mg/ml cycloheximide, 1% Triton X-100,

0�2% Na-deoxycholate, 2�5 M PMSF, 40 U/ml Superase.in

(Thermo Fisher, Waltham, MA, USA), 1 9 complete pro-

tease inhibitors without EDTA (Roche)]. Extracts were

cleared by centrifugation and treated with a combination

of RNases (RNase A, Fermentas; RNase T1, Worthington;

S7 nuclease; Sigma) for 45 min on ice. Monosomes were

isolated using Gradient Station (Biocomp Instruments,

Fredericton, Canada) and RNA was purified, followed by

size selection (25–35 nt), adapter ligation, reverse tran-

scription, circularization and polymerase chain reaction

(PCR) amplification of the libraries. Barcoded libraries

were sequenced in Illumina HiSeq 2500.

After quality control (FastQC), the adapters were

removed and reads were aligned to mouse rRNA genome

using Bowtie.29 Unaligned sequences were mapped to the

mouse genome using Tophat.30 The count table was gen-

erated using HTseq.31 Differential expression was analysed

using DEseq2.32 Gene set enrichment analysis was done

using GSEA33 and clusters were visualized using Cytos-

cape.34 To estimate translation efficiency (TE), RNA-seq

experiment was performed with corresponding samples,

and the data were quality controlled and mapped to

mouse genome as described for ribosome profiling data.

The R package Ribodiff35 was used to estimate the TE.

Statistical analysis

Wherever mentioned in figure legends, data have been

compared by two-tailed Mann–Whitney tests (unequal

variance, non-parametric) or by two-tailed paired or

unpaired ‘t’-tests, and P < 0�05 was considered significant.

Results

Ex vivo unstimulated B- and T-cells exhibit distinct
energy metabolism patterns

We began looking for distinctions between B and T lin-

eages by comparing glucose uptake between ex vivo

unstimulated B- and T-cells. When spleen cells from

C57BL/6 mice were incubated with 2-(N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)amino)-2- deoxyglucose (NBDG), a

fluorescent analogue of glucose for 30 min, glucose

uptake in T-cells was > twofold higher than that in B-

cells (Fig. 1a,b). Similarly, fatty acid uptake was also

higher in T-cells as estimated using BodipyC6,C9 (Fig. 1c,

d). Consistent with this increased uptake of major energy

sources by T-cells, ATP levels in ex vivo purified T-cells

were much higher than those in B-cells (Fig. 1e).

We next examined the relative prominence of mito-

chondrial oxidative phosphorylation and aerobic glycoly-

sis. Ex vivo purified T-cells produced higher levels of

lactate, the end product of aerobic glycolysis (Fig. 1f). B-

cells exhibited higher mitochondrial mass as estimated

using MG (Fig. 1g,h). When the OCR and ECAR were

analysed, T-cells exhibited higher levels of OCR as well as

ECAR (Fig. 1i,j). We tested if these differences were func-

tionally significant by measuring the relative sensitivity to

cell death in response to inhibitors of various pathways.

B-cells were more sensitive to OXPHOS inhibition by oli-

gomycin (Fig. 1k), while inhibition of glycolysis by

iodoacetate led to more prominent cell death in T-cells

(Fig. 1l). These results suggest that the major carbon and/

or energy source for T-cells is glucose, consistent with the

higher glucose uptake by these cells.

We analysed public transcriptome profiling data of

mature B- and T-cells from the immunological genome

project 36 (GEO accession no. GSE15907). To test whether

the differentially expressed genes found (Table S1) were

enriched in metabolic pathways, we created curated lists of

genes and pathways from the Kyoto Encyclopedia of Genes

and Genomes (KEGG)36,37 and gene ontology consor-

tium38 related to our functional assays (Tables S2 and S3).

We tested for enrichment of each gene list in the top differ-

entially expressed genes between B- and T-cells, and found

that the gene sets ‘ABC transporters’, ‘glycolysis’, ‘protein

synthesis’, ‘oxidative phosphorylation’ and ‘mitochondrial

membrane potential’ were significantly enriched (FDR P-

values < 0�1; Table S4; Figs S1 and S2).

Among each category of these gene sets, some genes

showed high expression in B-cells while other genes

showed high expression in T-cells (Fig. S2). For example,

among the glycolysis genes, fatty aldehyde dehydrogenase

(ALDH3A2), dihydrolipoyl dehydrogenase (DLD), acetyl-

coenzyme A synthetase 2-like (ACSS1), phosphoenol

pyruvate carboxykinase (PCK2), aldehyde dehydrogenase

(ALDH2) and aldolase fructose bisphosphonate (ALDOC)

showed higher expression in B-cells. On the other hand,

genes such as phosphoglycerate kinase 1 (PGK1), hexoki-

nase-1 (HK1), alpha-enolase (Eno1), lactate dehydroge-

nase (LDHA, LDHB), pyruvate dehydrogenase (PDHA1)

and phosophoglucomutase-1 (PGM1) showed higher

expression in T-cells (Fig. S2). Higher LDH expression in

T-cells was also consistent with our findings of produc-

tion of higher levels of lactate by T-cells. Among ABC

transporters, genes for the ABCG family of lipid trans-

porters showed higher expression in T-cell subsets

(Fig. S2), consistent with our experimental findings of

higher lipid uptake in T-cells. Higher sensitivity to oligo-

mycin (an ATPase inhibitor) in B-cells was consistent

with lower expression of genes coding the ATPase com-

plex (ATP5G2, ATP5J, ATP5D) in B-cells compared with
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T-cells (Fig. S2). These results suggest that metabolic dif-

ferences between T- and B-cells may not be mediated by

massive changes in gene expression of all genes in a given

pathway, but rather fine-tuned by quantitative regulation

of individual genes in the pathway.

Differences in B- and T-cell metabolism are
established early in development

To address at what point during lineage differentiation

these metabolic differences between B- and T-cells are

established, cells from bone marrow, thymus and spleen

were examined for these metabolic parameters at various

B- and T-cell differentiation stages (gating strategies as

shown in Fig. S3). Differences in glucose uptake started

at early stages of T- and B-cell differentiation. Pro-B-cells

showed a modest but significantly lower glucose uptake

compared with DN thymocytes (Fig. 2a). Glucose uptake

further decreased in the pre-B stage, while it increased in

the analogous DP-T-cell stage. While there were slight

increases in subsequent B-cell stages, glucose uptake in

naive B-cells remained much lower than in the pro-B

stage (Fig. 2a). Na€ıve T-cells showed lower NBDG uptake

than SP-T thymocytes. Taken together, it is apparent that

there is a shift to lower levels of glucose uptake by B lin-

eage cells, and that it is established during the pro-B to

pre-B transition.

The mitochondrial mass also varied during differentia-

tion stages, and these transitions were quite different

between B and T lineages (Fig. 2b). It reflected glucose

uptake levels at the pre-B/DP-T stages (Fig. 2b). Notably,

the most striking difference was the reduction in
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Figure 1. Functionally significant metabolic distinctions between peripheral B- and T-cells. (a) Representative flow cytometry plot for gated

B220+ (black line) and CD90+ (grey line) spleen cells cultured in 100 lM 2-NBDG for 30 min. Grey histograms represent isotype control. (b)

MFI quantification of (a) plotted as mean � SE from nine mice. (c) Representative flow cytometry plot for Bodipy staining, gated for B220+

(Black line) and CD90+ (grey line). Grey histograms represent isotype control. (d) MFI quantification of (c) plotted as mean � SE from three

mice. (e) ATP content of sorted B220+ and CD90+ cells normalized to protein concentration. Data represent mean � SE from five mice. (f) Lac-

tate levels in the culture supernatants of sorted B-and T-cells. (g) Representative histogram overlays of gated CD90+ (grey line) or B220+ (black

line) stained with Mitotracker green (MG). Filled histograms represent negative controls. (h) MFI from (g) plotted from nine individual mice.

MFI represented as mean � SE from nine mice. (i) Extracellular acidification rate (ECAR) of sorted B- and T-cells. (j) Oxygen consumption rate

(OCR) of sorted B- and T-cells. Data represent mean � SE from four mice. (k and l) % cell death of B- and T-cells upon treatment with titrat-

ing concentrations of oligomycin and iodoacetate. CD90+ (grey line) or B220+ (black line). Data represented as mean � SE from eight mice.

*P < 0�05.
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mitochondrial mass between SP-T-cells in the thymus

and naive T-cells in the periphery (Fig. 2b), corroborating

with earlier findings,39 leading to the difference noted

above between ex vivo B- and T-cells (Fig. 1g,h).

T and B lineage stages were purified and examined for

OCR and ECAR parameters. The T lineage exhibited a

sharp decrease in OCR from the DN-T to the DP-T stage,

followed by an increase in SP-T stage and peripheral

na€ıve T-cells. On the other hand, ECAR values did not

show any differences between the DN-T and DP-T stages,

but showed an increase in later T lineage stages (Fig. 2c,

d). While pro-B-cell numbers precluded sorting in suffi-

cient numbers for meaningful analysis, both the OCR and

the ECAR values showed gradual increases through B-cell

development from pre-B-cells to naive B-cells (Fig. 2c,d).

At every comparable stage of differentiation, T lineage

cells showed higher OCR and ECAR values, consistent

with their higher glucose uptake.

Next, we tested the relative sensitivity of T and B lin-

eage cells at different developmental stages to cell death

in response to inhibitors of OXPHOS or glycolysis. Inhi-

bition of OXPHOS using oligomycin led to increased cell

death in all B lineage stages, while T lineage stages were

less affected (Fig. 2e). Interestingly, pro-B-cells exhibit

high oligomycin-induced cell death, as well as maximal

sensitivity to cell death in response to inhibition of gly-

colysis with iodoacetate as well (Fig. 2f), indicating that

both glycolysis and OXPHOS are important for pro-B-

cells. It should be noted that, although oligomycin sensi-

tivity declined in the B-cell lineage beyond the pro-B

stage, all stages exhibited > 50% cell death (Fig. 2e).

Among T lineage, DN-T-cells exhibited maximum sensi-

tivity to oligomycin (> 50%) and least sensitivity to

iodoacetate (~20%; Fig. 2e,f). Transition from the DP-T

stage to SP-T-cells was accompanied by increased sensi-

tivity to iodoacetate (Fig. 2f).

These data indicated that as T-cells mature, they

become more dependent on glycolysis than OXPHOS,

while the B lineage depends more on OXPHOS through-

out differentiation.

Expression of metabolic genes are distinct in B and T
lineages during development

To compare the levels of expression of genes related to

metabolic pathways of our interest (Tables S2 and S3) in

these B and T lineage stages, we utilized the gene expression

(microarray) data of T and B subsets from the immunolog-

ical genome project36 that mapped to the classification

scheme we used (Table S5). The downloaded data satisfied

quality control (Fig. S4a), with no outliers or batch effects

(Fig. S4b). Genes from the metabolic pathways of our

interest (Tables S2 and S3) assembled the subsets into dis-

tinct clusters on principal component analysis (PCA;

Fig. 3a,b). The principal component 1 (PC1) separated the

immature subsets from the mature subsets, and PC2
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Figure 2. Differences in energy metabolism are

established early during B and T lineage differ-

entiation. (a) Ex vivo spleen, thymus and

bone-marrow cells were cultured in the pres-

ence of NBDG for 30 min and counterstained

for cell-surface markers to define subsets. (b)

Spleen, thymus and bone-marrow cells were

stained with Mitotracker green (MG) and

counterstained for cell-surface markers. Data

represent mean � SE. n = 9 mice/group. (c

and d) Different developmental stages were

sorted from spleen, thymus and bone-marrow,

and oxygen consumption rate (OCR) (c) and

extracellular acidification rate (ECAR) (d) were

analysed. ND: not determined due to insuffi-

cient cell numbers. (e and f) Cell death in the

presence of oligomycin (e) and iodoacetate (f)

are shown. *P < 0�05, **P < 0�01.
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separated the B and T lineages (Fig. 3a). PC3 separated

immature subsets from mature subsets in both T- and B-

cells, although less clearly than PC1 (Fig. S5). Together,

PC1, PC2 and PC3 accounted for about 70% of the vari-

ance (Fig. 3b). When cell subsets were separated using

Euclidean distances, subsets within a lineage and develop-

mental stage clustered together (Fig. 3c). Feature extraction

revealed that a total of 605 genes contributed to the first

three PCs; with 335 genes contributing to PC1, 197 genes

contributing to PC2, and 290 genes contributing to PC3

(Fig. 3d; Table S6). Interestingly, 38 genes contributed to

all three PCs (intersecting portion in Fig. 3d), suggesting

that these could contribute to biological differences across

lineages as well as within lineages, and hence likely to be

biologically interesting (Fig. S6). PCA-extracted genes were

also significantly differentially expressed, as shown in the

significant overlap between these two gene lists (P-value for

overlap < 0�001 by hypergeometric test; Figs 3e and S6).

When a GO enrichment analysis was done for PC1, PC2

and PC3 genes, keeping all metabolic genes as background,

PC1 genes were enriched for ‘mitochondrial proteins’

(GO:0098798), specifically for ‘inner mitochondrial mem-

brane localization’ (GO:0098800), whereas PC2 and PC3

genes were enriched for cytosolic localization (GO:0044445).

PC2 genes were also enriched for ‘regulation of cytokine

secretion’ (GO:0050707), ‘regulation of lipid metabolic pro-

cess’ (GO:0019216) and ‘positive regulation of cellular pro-

tein metabolic process’ (GO:0032270). PC3 genes were also

enriched for cytosolic localization (GO:0005737), and for

the terms ‘endopeptidase regulator activity’ (GO:0061135)

and ‘regulation of protein metabolic process’ (GO:0051246).

The finding that PC2 genes are enriched in cytokine secre-

tion and in lipid metabolic processes correlates with PC2

representing the B versus T separation.

In order to analyse changes in metabolism-related gene

expression during consecutive developmental stages
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Figure 3. B and T lineage cells have divergent

expression patterns of metabolic pathway

genes. (a) Principal component analysis (PCA)

of B and T development subsets according to

gene expression in metabolism-associated

genes. PC1 versus PC2 plots showing clustering

and separation of the two lineages and devel-

opmental stages when metabolism-associated

gene expression levels are considered. (b) Scree

plots of (a) showing the percentage of vari-

ances explained by each PC. (c) Network map

showing Euclidean distances between each cell

subset based on expression of metabolism-as-

sociated genes. Nodes represent cell subsets as

indicated. Edges indicate the strength of con-

nection, with darker lines indicating closer dis-

tances than lighter lines. (d) Overlap in genes

that contribute to PC1, PC2 and PC3 indicated

by the Venn diagram. (e) Significant overlap in

genes differentially expressed between any two

cell subsets and genes contributing to the first

three PCs. (f) Heatmap showing enrichment

scores of each metabolic pathway (rows) for

inter-lineage cell subset pairs (columns).

Higher intensity of colour indicates higher

enrichment scores. White cells represent no

significant enrichment. (g) Heatmap showing

enrichment scores of each metabolic pathway

(rows) for each developmental transition in B-

cell and T-cell lineage (columns). Higher

intensity of colour indicates higher enrichment

scores. White cells represent no significant

enrichment.
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within a lineage as well as similar developmental stages

across lineages (Table S7), we tested the top differentially

expressed genes characterizing each transition for enrich-

ment against the curated gene sets of our interest. For

each developmental transition in B- and T-cells, the sig-

nificantly enriched pathways (FDR < 0�1) were scored

according to the degree of enrichment measured by

enrichment score (details of calculation in methods;

Fig. 3f; Table S8). T-cell developmental transitions are

more dynamic with accompanied metabolic transitions at

each stage, from DN to DP, DP to SP, and SP to mature

T-cell stages in various pathways, as shown in Fig. 3(f).

On the other hand, in the B-cell development trajectory,

the most substantial metabolic changes occur with the

pre-B to immature B transition; the highest changes were

observed in ‘TCA + OXPHOS’ genes, genes associated

with ‘mitochondrial membrane potential’, ‘mitochondrial

proteins’ and ‘protein degradation’. Together with the

data showing that pre-B-cells exhibited the least glucose

uptake and OCR, these gene expression data suggested

that the pre-B stage may be a metabolic hinge during B-

cell differentiation.

Comparison of corresponding developmental stages of

B and T lineages revealed that each stage of these lineages

exhibit differences in most pathways analysed (Fig. 3g).

Consistent with the experimental findings (Figs 1 and 2),

differences in ‘glycolysis’ and ‘TCA + OXPHOS’ were

consistently seen across all B and T developmental stages

(Fig. 3g). Interestingly, genes associated with protein syn-

thesis and degradation were also significantly enriched in

the genes differentially expressed among B and T lineages

(Fig. 3f).

Resting B-cells exhibit higher levels of protein
synthesis

Because protein synthesis is one of the most energy-con-

suming cellular processes,40 we analysed the uptake of tri-

tiated leucine to estimate the rate of protein synthesis in

resting B- and T-cells. Interestingly, B-cells showed higher

levels of tritiated leucine incorporation compared with T-

cells, indicating higher protein synthesis (Fig. 4a). We con-

firmed this with a flow cytometric assay (Fig. 4b,c), in

which cells were cultured in medium containing the amino

acid analogue HPG, followed by detection of incorporated

HPG using click chemistry coupling to a fluorescent azide

for flow cytometric detection.41 Using this assay, it was

evident that all stages of the B lineage exhibited higher

protein synthesis rates compared with the T-cell lineage

(Fig. 4d). We also found that all stages in the B-cell lineage

were much more sensitive than T lineage stages to cell

death via anisomycin, an inhibitor of protein synthesis

(Fig. 4e). Taken together, these results suggest that despite

lower glucose uptake, B-cells have a higher protein synthe-

sis rate, which is required for B-cell survival.

Thus, it appeared that, while peripheral T-cells showed

higher glucose uptake, they showed lower rates of protein

synthesis. As the peripheral B- and T-cells ex vivo used in

this study are not in cell cycle, we speculated that this

marked difference could be plausibly correlated with

functional differences between them. Activation of T-cells

depends on the extensive scanning of antigen-presenting

cells (APCs), such as dendritic cells (DCs).42–44 While B-

cell activation can also involve some cell movement in

the secondary lymphoid organs,45 they bind directly to

target antigens in extracellular fluid in vivo.46 Thus, cell

motility appears to be an important and potentially dif-

ferential factor in recognition of antigen and activation of

T versus B lymphocytes. We therefore asked if B- and T-

cells differed in their motility. Cell motility assays per-

formed with sort-purified peripheral B- and T-cells cul-

tured on BMDCs showed that the average length

traversed in 1 hr was higher for T-cells than B-cells

(Fig. 4f). In support of this, phalloidin staining of B- and

T-cells showed higher F-actin content in T-cells (Fig. 4g).

These results, showing that T-cells exhibited higher motil-

ity, appeared consistent with their higher glucose uptake.

The higher protein synthesis observed in resting B-cells

compared with resting T-cells also prompted us to follow

this difference consequent to activation. HPG incorpora-

tion was assayed in peripheral B- and T-cells activated for

6, 12 and 24 hr using either lipopolysaccharide (LPS) or

anti-CD3+ anti-CD28, respectively. At 6 hr post-activa-

tion, T-cells showed a drastic increase in HPG incorpora-

tion, while B-cells exhibited only a marginal increase

(Fig. 4h,i). Interestingly, as a result, HPG incorporation

levels were now comparable between B- and T-cells. At

longer times post-activation, both B- and then T-cells

began to show even higher levels of HPG incorporation

(Fig. 4h,i), presumably consistent with further cell cycle

stages.

Next, we tested if the increased amino acid uptake by

B-cells is also reflected in their polysome levels. Indeed,

B-cells have higher polysome levels compared with T-cells

(Fig. 4j), and the polysome : monosome ratio was mod-

estly but significantly higher in B-cells (Fig. 4k). An

increase in protein synthesis in response to a stimulus or

proliferation is generally associated with activation of the

mTOR pathway. One of the downstream targets of the

mTOR pathway is the phosphorylation of the ribosomal

protein S6. We examined phospho-S6 levels in B- and T-

cells, and found no differences (Fig. 4k,l), suggesting that

the mTOR pathway was not differentially activated in

resting B-cells.

Genes undergoing higher protein synthesis in B-cells
are broadly distributed

To further characterize the protein synthesis landscape in

B- and T-cells, we performed a coupled ribo-seq-RNAseq
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Figure 4. B-cells exhibit higher protein synthesis, while T-cells exhibit higher cell motility. (a) Quantitation of uptake of tritiated leucine by B-

and T-cells. (b) Representative flow cytometry plot for L-homopropargylglycine (HPG) uptake by B- and T-cells. (c) MFI for HPG uptake from

(b) quantified and data represented as mean � SE from nine mice. (d) HPG uptake by developmental intermediates of B- and T-cells. (e) Sensi-

tivity of B- and T-cell intermediates to anisomycin. (f) Motility of sorted B- and T-cells on cultured bone-marrow-derived dendritic cells

(BMDCs). Data represent average track length � SE traversed by B- and T-cells in 1 hr in 35–40 individual cells. (g) Actin levels in B- and T-
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from (k) quantified and data represented as mean � SE from nine mice. *P < 0�05, **P < 0�01.
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study. Ribo-seq provides a snapshot of the translatome

where the normalized read counts indicate levels of trans-

lation of mRNA (Table S9), while RNA-seq provides a

measure of the relative steady-state levels of mRNAs in

the transcriptome. Our RNA-seq data were in agreement

with the microarray data used for the analyses above

(Figs 3 and S7). We next asked if the cellular transcrip-

tome was broadly represented in the B-cell translatome.

Scatterplots comparing the RNA-seq and ribo-seq read

counts for B-cells exhibited good positive correlation

[Pearson’s correlation coefficient (PCC) = 0�69; Fig. 5a],

indicating that total mRNA levels drive the ribosome

occupancy. T-cells also showed a positive correlation

between RNA-seq and ribo-seq read counts, albeit lower

than that of B-cells (PCC = 0�39; Fig. 5b). Cumulative

distribution of TEs of B- and T-cells (Table S10) rules

out the possibility that the mRNAs in B-cells have an

overall increase in TE (Fig. 5c). These data suggested that

the cellular transcriptome was broadly represented in the

higher levels of mRNA translation in B-cells.

However, the small subgroups of mRNAs that exhib-

ited the highest and lowest TE in each cell type existed

as two distinct populations in the scatterplots compar-

ing mRNA-seq and ribo-seq reads (Fig. 5a,b; blue and

red dots). One group showed relatively lower mRNA-

seq reads and higher ribo-seq reads, while the second

group exhibited relatively lower ribo-seq reads and

higher RNA-seq reads. We examined the composition

of these two populations in B- and T-cells. High-TE

(Fig. 5d; upper panel) and low-TE (Fig. 5d; lower

panel) genes overlapped considerably in B- and T-cells,

suggesting that these are common features of resting

lymphocytes.

Many of the genes showing the lowest TE (Fig. 5a,b;

blue dots) are those coding for ribosomal proteins in

both cell types (Fig. 5e), while those showing high TE are

mostly histone-coding genes (Fig. 5f). The high TE of

histone-coding mRNAs in these cells is consistent with

the well-known mechanisms of mammalian histone gene

expression control.47 Replication-associated histones are

produced only in the S phase of the cell cycle, though

their mRNAs are generated throughout the cell cycle.

Outside the S phase, these mRNAs are degraded in a

translation-dependent manner. Because these mRNAs are

degraded immediately upon initial translation, the ratio

of ribo-seq reads to RNA-seq reads is likely to be rela-

tively higher, which would be interpreted as a high TE.

The TE of ribosomal protein mRNAs is regulated by

mTOR via 4EBP, and mTOR activation occurs in lym-

phocytes after stimulation.48 The reduced TE for these

mRNAs in resting B- and T-cells could be due to the rel-

atively low baseline mTOR activity in these cells.
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Figure 5. Distinctions in the translatomes and

transcriptomes of B- and T-cells. (a and b)

Scatter plots showing comparison of normal-

ized RNA-seq counts and ribosome profiling

(ribo-seq) counts for B-cells (a) and T-cells

(b). (c) A scatter plot showing the translation

efficiency (TE) of mRNAs in B- and T-cell

translatomes. (d) Venn diagrams showing the

overlap between the gene sets with highest TE

(upper panel) and lowest TE (lower panel) in

B- and T-cells. (e and f) Pie charts showing

the distribution of genes in low TE set (e) and

high TE set (f). (g and h) Distribution of -

log10(P-value) of gene sets associated with

groups identified by Enrichment Map and

Autoannotate in ribo-seq (g) and RNA-seq

(h). Red font indicates the groups that are

involved in antigen internalization and presen-

tation.
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Resting B- and T-cells show different functionally
significant elements in their translatomes

To explore the functional significance of higher protein

synthesis levels in B-cells, we further analysed the mRNAs

that were relatively enriched in B-cell or T-cell trans-

latomes. We subjected the ribosome profiling data to

gene set enrichment analysis (GSEA),33 followed by clus-

tering and annotation using Enrichment Map33,49 and

Autoannotate34 in Cytoscape. Apart from TCR and TCR

signalling genes, the major gene sets enriched in T-cells

were those involved in cell–cell adhesion and the regula-

tion of cell–cell adhesion (Fig. 5g). The TEs of genes

belonging to these groups were not significantly enriched,

and several of these gene sets were also enriched in the

RNA-seq data (Fig. 5h), suggesting a transcriptional level

of control of gene expression. The higher expression of

genes associated with cell–cell interaction was consistent

with APC-scanning by T-cells, and with their higher

motility on APCs as above.

A similar analysis of mRNAs enriched in the B-cell

translatome revealed gene sets primarily associated with

vesicular traffic networks. The prominent groups found

in the ribo-seq data were endocytosis, phagocytosis, cla-

thrin-coated vesicles, endoplasmic reticulum, Golgi and

unfolded protein response (Fig. 5g), as well as MHC class

II (MHCII); processes related to antigen internalization

via BCR, processing and MHCII-mediated presentation.

As in the case of T-cells, many of these gene sets are also

enriched in the RNA-seq dataset as well, indicating their

control at the transcriptional level.

AIF hypomorphism results in metabolic alterations
only in T lineage cells

We have previously shown that AIF hypomorphism in

Hq mice leads to a T-cell lineage, but not B-cell lineage,

deficiency with T-cell development halted during the DN

to DP transition due to its defective oxido-reductase

function.16,50,51 The mitochondrial role of AIF has been

specifically shown to be important for T-cells and not B-

cells.17 We tested if the metabolic differences observed

above between B- and T-cell lineages were altered due to

AIF hypomorphism.

We began by estimating the degree of correlation in

gene expression between Aif (Aifm1) and the metabo-

lism-associated genes selectively expressed in B-cells or T-

cells (Table S1). For this, we used the resource ‘Immuno-

navigator’,52 a gene co-expression database for immune

cell subsets. PCCs of each top differentially expressed lin-

eage-specific gene with Aifm1 for B-cells and T-cells were

plotted as a cumulative distribution function (Fig. 6a).

The top differentially expressed genes (black dots, Fig. 6a,

c) showed a shift to the right (higher PCC values, positive

correlation) compared with other genes in CD4 and CD8

cells (Fig. 6b,c), but not in B-cells (Fig. 6a), indicating an

enrichment in genes highly correlated with Aif in the

CD4 and CD8 cells. The enrichment is also evident in

‘barcode plots’33 (Fig. 6d,f) showing the location of dif-

ferentially expressed genes (vertical lines in the lower half)

when all the genes were rank-ordered according to their

correlation with Aifm1. While in B-cells the metabolic

genes were spread uniformly (with a slight enrichment

towards the ends; Fig. 6d), in CD4 and CD8 cells, the

metabolic genes showed a clear grouping of vertical lines

closer to the right side (the side with higher PCC values;

Fig. 6e,f). This density was reflected in density histograms

(upper half, Fig. 6d,f). When genes were rank-ordered

according to their PCC values [highest rank (rank 1) cor-

responding to highest PCC values with positive correla-

tion], B-cell-expressed metabolism genes tended to be

ranked lower than T-cell-expressed metabolism genes in

terms of their mean ranks53 (Fig. 6g,h). The average rank

of T-cell-specific metabolism genes in terms of their cor-

relation with Aifm1 tended to be lower in CD4 (Fig. 6g)

and CD8 (Fig. 6h) cells compared with B-cell-specific

metabolism genes in B-cells, suggesting that Aif was more

‘connected’ to T-cell-specific metabolism-associated genes

than to B-cell-specific metabolism-associated genes. Thus,

these analyses suggested that Aif hypomorphism would

affect metabolism in the T-cell lineage differently from

the B-cell lineage.

We therefore tested glucose uptake at each stage of T-

and B-cell differentiation in wild-type (WT) and Aif-hypo-

morphic Hq mice. Glucose uptake was by and large lower

in the Hq than WT T-cell lineage, while it remained more

or less unaltered in the B-cell lineage (Fig. 6i). An interest-

ing exception was the higher glucose uptake in DP-T-cells,

a stage in which the Hq genotype showed a major defect

during T-cell development.16,50 Tritiated leucine incorpo-

ration rates were comparable between peripheral WT and

Hq B-cells, whereas Hq T-cells showed higher rates than

WT T-cells (Fig. 6j). The HPG incorporation was also

higher in Hq T-cells than in WT T-cells, with comparable

rates between WT and Hq B-cells (Fig. 6k). Upregulation

of HPG uptake in Hq T-cell lineage began at the SP-T-cell

stage (Fig. 6k). Thus, loss of function of a single constitu-

tively expressed gene can differentially affect the metabolic

landscape as well as development and function of these clo-

sely related lineages.

Discussion

We have previously shown that hypomorphism in AIF, a

constitutively expressed gene coding for a mitochondrial

oxido-reductase, results in a T-lineage-specific defect

while B-cell development and function remains unal-

tered,16 leading us to hypothesize that constitutively

expressed metabolic circuitry might be different in these

two closely related lineages. In the present study, we
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demonstrate that ex vivo resting T-cells have higher glu-

cose and lipid uptake along with higher lactate generation

corroborating with higher ECAR and OCR levels than

peripheral resting B-cells do. Thus, T-cells appear to be

more reliant on glycolysis, while resting peripheral B-cells

may rely more on mitochondria-driven oxidative
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phosphorylation. This metabolic programming is func-

tionally relevant, as B- and T-cells show dramatically dif-

ferent susceptibilities to oligomycin- versus iodoacetate-

mediated cell death. Our analysis of the publicly available

gene expression data supports these interpretations. While

previous studies have focused mainly on metabolic alter-

ations in B- and T-cells post-activation, one earlier study

has reported no difference in OCR between resting B-

and T-cells, and a higher ECAR in B-cells.54 This differ-

ence may likely be due to their use of B-cell activating

factor, a pro-survival cytokine known to have effects on

B-cell metabolism.55,56

Our results also follow the establishment of these dif-

ferences during the development of these lineages. Early

during lineage differentiation, the differences in the meta-

bolic landscape between the B- and T-cell lineages in

terms of NBDG uptake, mitochondrial content and rela-

tive susceptibility to oligomycin- versus iodoacetate-medi-

ated cell death are relatively modest, in comparison to

later stages of lineage differentiation, even though the

stages themselves are closely analogous. The B-cell lineage

shows reduced NBDG uptake and remains susceptible to

oligomycin, while the T-cell lineage maintains NBDG

uptake and loses oligomycin susceptibility. However,

there are interesting differences in the changes in each

lineage as well. When the various stages of B-cell develop-

ment are compared, the mitochondrial mass, ECAR and

OCR also show their lowest levels in the pre-B-cells,

despite the fact that proliferation prior to VDJ recombi-

nation and during heavy chain selection occurs during

these transitions.57–60 Mitochondrial mass is reduced in T

lineage cells only at the last stage of post-thymic matura-

tion. Interestingly, proliferation of naive T-cells upon

activation also depends more on OXPHOS than aerobic

glycolysis.23 The mechanisms and significance of these

metabolic re-wiring events during lineage developmental

transitions are likely to be of great interest.

Aif hypomorphism in the immune system has conse-

quences only in the T-cell lineage, where mitochondrial

function appears crucial. It is therefore possible that other

metabolic changes may occur to compensate for Aif. In

such a case, metabolism-related genes crucial in T-cells

may show correlated co-expression with Aif. As expected,

Aifm1 is significantly co-expressed with T-cell cluster

genes, and not with B-cell cluster genes. This analysis sug-

gests that although at a functional level we find clear-cut

differences in metabolic functions between cell lineages

across developmental stages, this is not mediated at the

gene-expression level by differences in expression profiles

along clear-cut pathways, but rather by clusters of genes.

Each lineage and developmental stage thus likely has what

can be called a signature metabolic gene cluster that

defines its metabolic profile at the functional level. If a

molecule like AIF is well connected to the signature meta-

bolic gene cluster specific to a lineage, disruption in AIF

will affect only that lineage and will spare other lineages,

even if AIF itself is expressed similarly across lineages.

Our data also show that hypomorphic AIF expression

results in modifications in glucose uptake as well as pro-

tein synthesis specifically in the T-cell lineage. Increase in

glucose uptake in the absence of AIF has been previously

demonstrated in liver, muscle and cancer cells,61,62 and

confirms our finding in T-cells.

Our data also show that the rate of constitutive protein

synthesis ex vivo is significantly higher in resting B-cells

compared with resting T-cells. Rates of protein synthesis

in cells are known to be regulated by nutrient availability

and by mitogens, primarily through the mTOR pathway.

Both B- and T-cells are known to activate mTOR after

activation. Our findings that the phosphorylation of S6

protein, a downstream target of the mTOR pathway, is

comparable between B- and T-cells, and that the riboso-

mal protein-coding mRNAs, well-known targets of the

mTOR pathway, possess the lowest TE in both cell types,

indicate that the contribution from the mTOR pathway

may be negligible in leading to the observed higher pro-

tein synthesis in B-cells. Comparisons of the translatome

and transcriptome of peripheral B- and T-cells rule out

gene-specific translational upregulation as the major con-

tributing factor for the increased protein synthesis rate in

Figure 6. Apoptosis-inducing factor (AIF) hypomorphism results in metabolic alterations only in T lineage cells. (a) Cumulative distribution

function plots of Pearson correlation coefficient (PCC) of Aifm1 with top 100 B-cell differentially expressed metabolism-related genes (black dots)

and with the rest of the genes (red) in the B-cell lineage (P = 0�012). (b and c) Cumulative distribution function plots of PCC of Aifm1 with

top 100 T-cell differentially expressed metabolism-related genes (black dots) and with the rest of the genes (red) in (b) CD4 lineage (P = 3�5e-
14) and (c) CD8 lineage (P = 1�5e-07). (d) ‘Barcode plots’ indicating the position of top B-cell expressed metabolism-related genes in the ranked

list of PCC statistics. PCC between Aifm1 and each gene (in B-cell lineage) is ranked left to right from lowest to highest (x-axis). The position of

each of the top 100 B-cell expressed metabolism-related gene is indicated as a vertical line. The density of the vertical line is indicated in the

upper part of the figure. (e and f): similar to (d), but showing the position of top 100 metabolism-related T-cell expressed genes in the ranked

list of PCC for the (e) CD4 and (f) CD8 lineages. (g and h) Differentially expressed B- and T-cell metabolism-associated genes are rank ordered

according to the PCC values (correlation of each gene with Aifm1) in each lineage separately. Density histograms showing different distributions

in (b), CD4 and CD8 lineages. (i and k) Ex vivo spleen, thymus and bone-marrow cells from wild-type (WT) and Harlequin (Hq) mice were cul-

tured in the presence of NBDG for 30 min (i) or L-homopropargylglycine (HPG) for 2 hr (k), and counterstained for cell-surface markers to

define subsets. The ratio of Hq/WT MFI was calculated for each subset. (j) Sorted B220+ and CD90+ cells ere cultured for 12 hr with 3H-leu-

cine-containing medium. Data represent mean � SE of triplicate cultures. *P < 0�05, **P < 0�01.
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B-cells. In other words, B-cells show a globally high level

of protein synthesis.

Internalization of antigen-BCR complexes and antigen

presentation by B-cells occur within 2–8 hr post-activa-

tion.63–65 Activated B-cells upregulate their translation in

phases only after this time window.66 The lack of increase

in protein synthesis rates in B-cells in the first 6 hr of

activation suggests that resting B-cells may already main-

tain protein synthesis to sustain immediate events after

activation. In support of this, the mRNAs that are maxi-

mally translated in resting B-cells are part of the vesicular

trafficking network, which are required for antigen inter-

nalization, processing and presentation on the surface.

Apart from B-cells, macrophages and DCs constitute two

major APC lineages. Interestingly, the kinetics of antigen

presentation is much faster in macrophages compared

with B-cells,67 and upon activation with LPS, macro-

phages immediately increase their protein synthesis.68

Unlike B-cells, protein synthesis in DCs also increases

dramatically upon stimulation with LPS within 4 hr.69

Moreover, in contrast to B-cells, which show a sharp

increase in protein synthesis after 12 hr of activation,

DCs show a decrease in protein synthesis beyond 4 hr of

activation.66 It is apparent from these observations that

the dynamics of protein synthesis in B-cells is different

from other professional APCs, which may influence the

differences in kinetics of antigen presentation. Taken

together, the protein synthesis landscape of resting B-cells

appears to be poised for antigen internalization and pre-

sentation, and further studies are required to delineate its

role on the kinetics of B-cell response.

T-cell migration is a prerequisite for T-cell responses,70

and aerobic glycolysis is essential for T-cell motility post-

activation.71 Each T-cell expresses a unique TCR, and it is

estimated that 1 out of 105–106 T-cells is specific for an

antigen.72 The frequency of specific individual cognate

peptide-MHC complexes is low and, for productive

encounters to occur, T-cells must search and scan many

APCs rapidly. Our data show that even non-activated T-

cells are more motile than B-cells. As cell motility is an

energy-intensive process, this difference is consistent with

a 10-fold higher ATP production in the more motile T-

cells as compared with B-cells, which do not rely on cell–
cell contact for antigen encounter. Aerobic glycolysis, and

not mitochondrial ATP, has been found to be essential

for motility in other cell types as well, and has been asso-

ciated with fluctuations in membrane pump.27,73

T-cell-mediated functions have to be mediated on loca-

tion with cell–cell contact, while effector functions of

B-cells, namely, antibody production, can be mediated at a

distance. Thus, it is likely that T-cells function in a wide

variety of limiting and metabolically diverse microenviron-

ments. The ability of T-cells to thrive by major reliance

on glycolysis would also enable them to survive under

the hypoxic conditions found in many target

microenvironments such as chronic inflammatory sites or

solid tumours, with high lactate content74 and a predomi-

nance of T-cells over B-cells.75 Our study thus underlines a

number of previously under-appreciated metabolic distinc-

tions between B- and T-cells that are likely to be of sub-

stantial functional relevance in disease microenvironments.
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