
Articles
https://doi.org/10.1038/s42255-018-0025-4

1Department of Immunology, Graduate School of Medicine, Chiba University, Chuo-ku, Chiba, Japan. 2Laboratory of Medical Omics Research, KAZUSA 
DNA Research Institute, Kisarazu, Chiba, Japan. 3Department of Advanced Allergology of the Airway, Graduate School of Medicine, Chiba University, 
Chuo-ku, Chiba, Japan. 4Department of Tropical Medicine, The Jikei University School of Medicine, Tokyo, Japan. 5Centre for Cancer Biology, University of 
South Australia and SA Pathology, Adelaide, SA, Australia. 6AMED-CREST, AMED, Chuo-ku, Chiba, Japan. *e-mail: tnakayama@faculty.chiba-u.jp

Immunological memory is a hallmark of adaptive immunity1–6, and 
the quality of adaptive immune responses depends highly on the 
size of the antigen-specific memory T cell pool7–10. In recent years, 

mounting evidence has shown the importance of cellular metabo
lism in many aspects of T cell biology11–18. Inhibition of mTOR,  
a critical kinase that regulates cellular metabolism via glycolysis, 
glutaminolysis and fatty acid biosynthesis, enhances the generation 
of memory CD8+ T cells19.

Metabolic profiling has revealed that naive T cells mainly rely 
on fatty acid oxidation (FAO) as a primary energy source12,14,15,20. In 
contrast, after antigen recognition, T cells reprogram their cellular 
metabolism to aerobic glycolysis to acquire effector function12,14,15,20. 
Similar to naive T cells, memory T cells use FAO to meet their 
energy demands12,14,15,20. This metabolic switch from glycolysis to 
FAO is essential for the development and survival of memory CD8+ 
T cells12,14,15,20. Blockade of glycolysis supports memory CD8+ T cell 
formation, suggesting that graded levels of glycolytic flux in the 
effector phase can act as a metabolic rheostat to control CD8+ T cell 
fate determination21.

Lipid biosynthesis is controlled by sterol regulatory element–
binding protein (SREBP), and SREBP expression is increased in 
activated CD4+ and CD8+ T cells22. Increased cholesterol and fatty 
acid metabolism generates a series of metabolites that are essential 
for the early activation of T cells22,23. Activated T cells or tissue resi-
dent T cells take up exogenous fatty acid and cholesterol from their 
environment23,24. Recently, we and other groups have reported that 
differentiating Th17 cells are highly dependent on the de novo fatty 
acid synthetic pathway25–27. The inhibition of fatty acid biosynthe-
sis either by the pharmacological inhibitor TOFA or using CD4+ 
T cell–specific ACC1-deficient cells significantly inhibits Th17 cell 

differentiation and Th17 cell–induced autoimmune disorders25–27. 
These data revealed that de novo fatty acid biosynthesis controls the 
balance between Th17 cells and regulatory T cells during effector 
CD4+ Th cell differentiation. However, much less is known about 
the specific lipid metabolic regulators that control the generation of 
memory CD4+ T cells.

In the present study, we investigated the role of ACC1 in the gen-
eration of memory CD4+ T cells. We found that the genetic deletion 
or pharmacological inhibition of ACC1 led to increased memory 
CD4+ T cell formation via alteration of the intrinsic metabolic 
profiles of effector T cells to resemble those of memory T cells. In 
individual cells, Acaca expression was inversely correlated with the 
memory gene signature. We also found that early memory precur-
sors were enriched in the CCR7hiCD137lo population. Thus, fatty 
acid metabolism directs cell fate determination during the genera-
tion of memory CD4+ T cells.

Results
ACC1 controls the formation of memory CD4+ T cells. To explore 
key metabolic pathways that may control the generation of func-
tional memory CD4+ T cells, we began by comparing gene expres-
sion profiles of naive CD4+ T cells, effector Th cells and memory 
CD4+ T cells (Supplementary Fig. 1). The expression of Acaca, 
which encodes ACC1, a rate-limiting enzyme for fatty acid bio-
synthesis, and that of several other genes associated with fatty 
acid biosynthesis was increased in effector Th cells and decreased 
in memory CD4+ T cells (Supplementary Fig. 1a). Memory Th1 
cells generated in our study expressed a substantial proportion 
of the genes previously identified as CD8+ T cell memory signa-
ture genes; these included Il7r, Klf2, Tcf7, Irf7, Foxp1 and Foxo1 
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Fig. 1 | Pharmacological inhibition of ACC1 function enhances the formation of antigen-specific memory CD4+ T cells. a, TOFA-treated effector Th1 
or Th2 cells expressing the DO11.10 TCR were intravenously transferred into syngeneic BALB/c mice. Memory Th1 or Th2 cells were generated in vivo 
4–5 weeks after cell transfer as in Supplementary Fig. 2a. Proportions of KJ1+ memory Th1 and Th2 cells in the spleen, lymph node (LN), lung and liver  
was determined by flow cytometry (DMSO, n =​ 4; TOFA, n =​ 4 biologically independent samples). NS, not significant. b, Intracellular staining profiles 
of IFN-γ​ and IL-4 in PMA and ionomyin-stimulated memory Th1 or Th2 cells, respectively. Flow cytometry gates for positive or negative IFN-γ​ and IL-4 
expression were determined by staining without re-stimulation. c, Naive CD4+ T cells (5 ×​ 105) from DO11.10 TCR transgenic mice were transferred into 
naive BALB/c mice. Kinetics of ovalbumin-specific KJ1+CD4+ T cells in PBMCs of ovalbumin-immunized BALB/c mice treated with TOFA (from day –1  
to day 4 post-immunization) or DMSO (DMSO, n =​ 5; TOFA, n =​ 6 biologically independent samples). d, Ovalbumin-specific memory CD4+ T cells  
(day 40 post-immunization) were generated in vivo in the presence of TOFA. Cell number of KJ1+ memory CD4+ T cells in spleen was determined by flow 
cytometry (DMSO, n =​ 5; TOFA, n =​ 5 biologically independent samples). e, TOFA treatment enhances production of high-affinity antibodies in vivo. Naive 
CD4 T cells from DO11.10 TCR transgenic mice were transferred into naïve BALB/c mice, and the mice were then immunized i.p. with 100 μ​g NP-ovalbumin 
plus alum. Ovalbumin-immunized BALB/c mice were treated with TOFA (from day –1 to day 4 post-immunization) or DMSO (DMSO, n =​ 6; TOFA, 
n =​ 6 biologically independent samples). Blood samples taken at each time point were analyzed for anti-NP48-IgG1 and anti-NP4-IgG1 by enzyme-linked 
immunosorbent assay (ELISA). f, Susceptibility to apoptosis of effector Th1 or Th2 cells treated with or without TOFA was investigated by annexin V and  
PI staining (n =​ 3 per each group biologically independent samples). **P <​ 0.01, *P <​ 0.05 (one-way analysis of variance (ANOVA) with Mann-Whitney 
U-test (a,f) or two-tailed Student’s t-test (c–e)). Each symbol (a,d,f) represents an individual mouse; the measure of center (a,c–f) indicates mean ±​ s.e.m 
(a,c,d) or s.d. (e,f). Three technical replicates were performed for ELISA (e). Three independent experiments were performed with similar results for  
a–e. Five independent experiments were performed with similar results for f.
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(Supplementary Fig. 1b)28. Gene set enrichment analysis revealed 
significantly decreased transcription of genes involved in the fatty 
acid biosynthesis pathway in memory T cells when compared to 
effector cells (Supplementary Fig. 1c). Recently, we and other groups 
have reported that differentiating Th17 cells are highly dependent 
on the de novo fatty acid synthetic pathway using Acaca−/− mice25–27. 
In the present study, we define a new function for ACC1 as a reg-
ulator of the CD4+ T cell effector-memory fate decision. We first 
treated ovalbumin-specific differentiating Th1 and Th2 cells in vitro 
with TOFA, an allosteric inhibitor of ACC1, and then transferred 
these cells into syngeneic recipient mice to monitor antigen-specific 
Th1 and Th2 cells persisting in vivo (Supplementary Fig. 2a). TOFA 
had no effect on the differentiation of effector Th1 and Th2 cells, as 
has been reported previously25 (Supplementary Fig. 2b). However, 
TOFA treatment in vitro significantly increased the proportion and 
number of antigen-specific memory Th1 and Th2 cells in the spleen, 
lymph node, lung and liver (Fig. 1a and Supplementary Fig. 2c–f).  
Enhanced generation of memory Th1 cells in TOFA-treated cells 
was seen 1 week after cell transfer and persisted for >​4 weeks 
(Supplementary Fig. 2e). Similar cytokine production profiles were 
observed for interferon-γ​ (IFN-γ​) and interleukin-4 (IL-4) in the 
TOFA-treated groups, indicating that TOFA does not alter the func-
tional polarization of memory CD4+ T cells (Fig. 1b).

We next examined the effect of in vivo administration of TOFA 
on memory CD4+ T cell generation (Supplementary Fig. 3a). 
Ovalbumin-specific T-cell receptor (TCR)-transgenic naive CD4+ 
T cells were intravenously transferred into syngeneic mice. These 
mice were then injected with ovalbumin adsorbed to alum, followed 
by intraperitoneal (i.p.) administration of TOFA (1 mg kg–1) or the 
solvent dimethylsulfoxide (DMSO) as a control. Similar proportions 
of ovalbumin-specific effector CD4+ T cells were observed in the 
control and TOFA-treated groups with a peak on day 5 after immu-
nization; however, mice from the TOFA-treated group showed sig-
nificantly less contraction of this population compared to the control 
group (Fig. 1c). The number of ovalbumin-specific CD4+ T cells  
was significantly higher in the TOFA-treated group than in the 
control group at 40 days after initial antigen exposure (Fig. 1d 
and Supplementary Fig. 3). Furthermore, TOFA administration 
led to significantly higher (4-hydroxy-3-nitrophenyl)acetyl (NP)-
specific high-affinity (Fig. 1e, center and right), but not low-affinity,  

antibody 28 days after immunization with NP-coupled ovalbumin 
plus alum (Fig. 1e, left), whereas on day 7, the levels of high-affin-
ity and low-affinity IgG1 were comparable (Fig. 1e). Owing to the 
strong effects of TOFA on the formation of antigen-specific mem-
ory Th cells, the enhancement in high-affinity antibody production 
is probably due to increased help from antigen-specific Th cells. To 
investigate the mechanism underlying ACC1-mediated control of 
memory CD4+ T cell generation, we assessed apoptotic cell death 
of in vitro–differentiated Th1 and Th2 cells by measuring the num-
ber of annexin V+ and propidium iodide (PI)+ cells after 1-day cul-
ture without cytokines. TOFA-treated Th1 and Th2 cells showed 
significantly decreased apoptosis compared to control cells (Fig. 1f 
and Supplementary Fig. 7a,b). Similarly, TOFA treatment showed 
decreased apoptosis of human Th1 and Th2 cells (Supplementary 
Fig. 7e). Notably, TOFA treatment did not inhibit apoptotic cell 
death of Th17 cells or CD8+ T cells (Supplementary Fig. 7f,g),  
consistent with a previous study using Acaca−/− CD8+ T cells29.

We then analyzed the effect of ACC1 on the generation of mem-
ory CD4+ T cells using inducible ERT2-Acaca-deficient mice30 
(Supplementary Fig. 4a,b). ACC1-mediated fatty acid biosynthesis is 
required for early activation and proliferation of T cells23. Therefore, 
to avoid effects of ACC1 deficiency during initial activation of  
T cells, we added 4-hydroxy tamoxifen (4-OHT) into the in vitro 
culture from day 2 to day 5 to delete Acaca for analysis of the gene
ration of memory CD4+ T cells. Th1 and Th2 cell differentiation was 
unaffected by genetic deletion of Acaca (Supplementary Fig. 4c).  
Both the proportion and number of memory Th1 and Th2 cells were 
significantly increased in ERT2-cre+Acacafl/fl (Acaca−/−) groups as 
compared to Acaca+/+ groups, as noted in the TOFA-treatment exper-
iments (Fig. 2a and Supplementary Fig. 4d). We also confirmed simi-
lar cytokine production profiles of IFN-γ​ and IL-4 in Th1 and Th2 
cells, respectively, in the absence of ACC1 (Fig. 2b). Furthermore, we 
examined the effect of Acaca deletion on the formation of memory 
CD4+ T cells using an ovalbumin immunization system (Fig. 2c and 
Supplementary Fig. 5a,b). Ovalbumin-specific CD4+ T cells preferen-
tially use the Vα​2+ T cell receptor31. To analyse polyclonal ovalbumin 
specific T cells, we therefore analysed Vα​2+CD4+ T cells that expressed 
the activation and memory marker CD44 and were negative for the 
regulatory T cell marker Foxp3 (Vα​2+CD44hiFoxp3−CD4+ T cells).  
We observed that the number of Vα​2+ memory CD4+ T cells was 

Fig. 2 | Genetic deletion of ACC1 enhances formation of antigen-specific memory CD4+ T cells. a, Ly5.1+ effector Th1 or Th2 cells were differentiated 
from ERT2-cre+ Acaca+/+ or ERT2-cre+ Acacafl/fl mice–derived naive CD4+ T cells in the presence of 4-OHT (100 nM, days 2–5) and intravenously 
transferred into syngeneic B6 mice. Acaca+/+- or Acaca−/−-memory Th1 or Th2 cells were generated in vivo 4–5 weeks after the cell transfer. Summary data 
for the memory Th1/Th2 cell population (Ly5.1 and CD4) in splenocytes from mice receiving Acaca+/+- or Acaca−/−-effector Th1 or Th2 cells (Acaca+/+, 
n =​ 5; Acaca−/−, n =​ 5 biologically independent samples). b, Intracellular staining profiles of IFN-γ​ for Th1 and IL-4 for Th2 in Acaca+/+- or Acaca−/−-memory 
Th1 or Th2 cells. IFN-γ​-positive or negative or IL-4-positive or negative cells were determined by the staining of these cells without re-stimulation with 
PMA plus ionomycin. c, Naive CD4+ T cells from ERT2-Cre+Acaca+/+- or ERT2-Cre+Acacafl/fl-Ly5.1+OT II transgenic mice were transferred into naive 
C57BL/6 mice. Ovalbumin-specific memory CD4+ T cells (day 40 post-immunization) were generated in vivo in the presence of tamoxifen (from day 2 to 
day 6). On day 40, these mice were challenged with ovalbumin for analysis of re-expansion. The proportion and number of donor-derived Ly5.1+ memory 
CD4+ T cells in the lung was determined by flow cytometry (Acaca+/+, n =​ 4; Acaca−/−, n =​ 4 biologically independent samples). d, CD4-Cre+Acaca+/+ or 
CD4-Cre+Acacafl/fl mice were immunized with ovalbumin-alum, and these mice were challenged with ovalbumin on day 40. The number of CD44hiVα​
2+Foxp3−CD4+ T cells in the lung was determined by flow cytometry (Acaca+/+, n =​ 5; Acaca−/−, n =​ 5 biologically independent samples). e, Intracellular 
staining profiles of IL-4 in Acaca+/+- or Acaca−/−-CD44hiVα​2+Foxp3−CD4+ T cells (Acaca+/+, n =​ 5; Acaca−/−, n =​ 5 biologically independent samples).  
f, Acaca+/+ (Ly5.1+Ly5.2−) or Acacafl/fl (Ly5.1+Ly5.2+) naive CD4+ T cells were transferred into normal recipient mice, and these mice were infected with  
Nb with the administration of tamoxifen (from day 10 to day 14). On day 40, these mice were re-infected with Nb for analysis of recall responses.  
The proportion and number of donor-derived memory CD4+ T cells in the spleen and lung were determined by flow cytometry (Acaca+/+, n =​ 5; Acaca−/−, 
n =​ 5 biologically independent samples). g, Intracellular staining profiles of IFN-γ​ and IL-4 for helminth-induced Acaca+/+- or Acaca−/−-memory CD4+  
T cells (Acaca+/+, n =​ 5; Acaca−/−, n =​ 5 biologically independent samples). h, Absolute number of worms in small intestine on day 7 after subcutaneous 
inoculation of 2,000 Nb L3. i, Susceptibility to apoptosis of Acaca+/+- or Acaca−/−-effector Th1 or Th2 cells was investigated by annexin V and PI staining 
(n =​ 4 biologically independent samples per group). j, Susceptibility to apoptosis of Acaca+/+- or Acaca−/−-effector Th1 or Th2 cells was investigated  
ex vivo (48 h after cell transfer into syngeneic B6 mice; n =​ 4 biologically independent samples per each group). **P <​ 0.01, *P <​ 0.05 (one-way ANOVA with 
Mann-Whitney U-test (i,j) or two-tailed Student’s t-test (a,c–h)). Each symbol (a,c–h) represents an individual mouse; the measure of center (a,c–j) 
indicates mean ±​ s.e.m. (a,c–h) or s.d. (i,j). Three independent experiments were performed with similar results for a,b. Five independent experiments 
were performed with similar results for i. Two independent experiments were performed with similar results for c–h,j.

Nature Metabolism | VOL 1 | FEBRUARY 2019 | 261–275 | www.nature.com/natmetab 263

http://www.nature.com/natmetab


Articles NATURe MeTAbOlIsm

significantly higher in the Acaca−/− group than in the Acaca+/+ group 
without adoptive transfer (Fig. 2d and Supplementary Fig. 5c,d). 
IL-4-producing Vα​2+ memory CD4+ T cells were also increased in 
the Acaca−/− group in this system (Fig. 2e).

To address ACC1-regulated memory CD4+ T cell generation and 
function in an infection model, we examined T cell–specific ablation 
of ACC1 in a helminth infection model (Supplementary Fig. 6a).  
A significantly greater proportion and number of memory CD4+ 

T cells were detected in the Acaca−/− group (Ly5.1+Ly5.2+) as 
compared to the Acaca+/+ group (Ly5.1+Ly5.2−) (Fig. 2f). We also 
observed increased numbers of PD1+CXCR5+ follicular helper  
T cells in the Acaca−/− group (Supplementary Fig. 6b–d). Consistent 
with these results, GL-7+Fas+ markers for germinal center B cells were 
increased in the Acaca−/− group (Supplementary Fig. 6e–g). We also 
confirmed that equivalent proportions of Acaca−/− CD4+ T cells pro-
duced IL-4 upon reinfection with Nippostrongylus brasiliensis (Nb) 
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(Fig. 2g). Furthermore, we examined the effect of Acaca deletion on 
memory T cell-mediated protection against Nb infection without 
adoptive T cell transfer (Supplementary Fig. 6h). Numbers of Nb 
worms in the intestine of Acaca−/− mice 7 days after secondary inoc-
ulation with Nb were lower than those in wild-type mice (Fig. 2h).  
These results show that both genetic deletion and functional inhibi-
tion of ACC1 enhances the formation of antigen-specific memory 
CD4+ T cells while leaving their ability to produce signature cyto-
kines intact. Similar to the results obtained from TOFA treatment, 
Acaca-deficient Th1 and Th2 cells showed significantly decreased 
apoptosis compared to control cells in in vitro and ex vivo experi-
mental systems (Fig. 2i,j and Supplementary Fig. 7c,d). Inhibition 
of glycolysis by treatment with 3-bromopyruvate32, a pharmacologi-
cal inhibitor of hexokinase 2, did not affect apoptotic cell death of  
Th1 or Th2 cells (Supplementary Fig. 7h). Thus, fatty acid bio
synthesis in effector Th1 and Th2 cells may have a critical influence 
on their formation of memory Th1 and Th2 cells via regulation of 
cell survival.

ACC1 controls cellular metabolites associated with TCA cycle. 
Metabolome analysis was next carried out to determine how ACC1 
influences the metabolic profiles of both effector and memory 
CD4+ T cells. We found that almost all metabolites associated with 
the tricarboxylic acid (TCA) cycle were increased in TOFA-treated 
effector Th1 cells compared to control cells (DMSO-treated group) 
(Fig. 3a and Supplementary Fig. 8a). A group treated with the 
mTOR inhibitor rapamycin was included as a positive control, and 
as we expected, similarly enhanced levels of TCA-cycle-associated 
metabolites were induced. Ratios of NADPH/NADP+, GSH/GSSG, 
and AMP/ATP, indicators of a cellular redox state and susceptibil-
ity to apoptosis, were also all increased in TOFA-treated effector 
Th1 cells compared to control cells (Fig. 3b). In contrast, the levels 
of glycolysis-associated metabolites, such as glucose-6p, fructose-
6p or phosphoenolpyruvate, were decreased by TOFA treatment 
(Supplementary Fig. 8b). Similarly increased levels of TCA-cycle-
associated metabolites and ratios of NADPH/NADP+, GSH/GSSG 
and AMP/ATP were also observed in Acaca-deficient effector Th1 
cells (Fig. 3c,d and Supplementary Fig. 8c). Moreover, increased lev-
els of TCA cycle–associated metabolites were detected in memory 
Th1 cells that were very similar to Acaca-deficient effector Th1 cells 
(Fig. 3c,d). These results indicate that inhibition of ACC1-mediated 
fatty acid biosynthesis alters the metabolic profile of effector T cells 
to resemble that of memory T cells.

We next directly assessed mitochondrial function and rate of 
acid efflux in TOFA-treated or Acaca-deficient CD4+ T cells by 
monitoring the oxygen consumption rate (OCR) and extracellu-
lar acidification rate in response to sequential treatment with the 
ATPase inhibitor oligomycin, the uncoupling agent carbonyl cya-
nide 4-(trifuluoromethoxy)phenylhydrazone (FCCP), and the 
electron-transport-chain inhibitors rotenone and antimycin A. 
TOFA-treated or Acaca-deficient effector Th1 or Th2 cells demon-
strated significantly more mitochondrial spare respiratory capacity 

(SRC) than control cells (Fig. 3e,f and Supplementary Fig. 8f), con-
sistent with the increased TCA cycle–associated metabolites iden-
tified in the metabolome analysis (Fig. 3a,c). Conversely, the level 
of extracellular acidification rate was decreased in TOFA-treated  
or Acaca-deficient effector Th1 and Th2 cells, again consistent  
with the levels of glycolysis-associated metabolites (Supplementary 
Fig. 8d,e,g). In addition, TOFA-treated human Th1 cells showed sig-
nificantly more mitochondrial SRC than control cells (Supplementary 
Fig. 8h,i). Therefore, TOFA-treated and Acaca-deficient effector  
Th cells have a metabolic phenotype closely resembling memory  
Th cells that is accompanied by increased mitochondrial activity.

ACC1 controls anti-apoptotic program via regulation of FAO. To 
analyze the interrelationship between enhanced memory cell forma-
tion and cellular metabolic changes in Acaca−/− Th cells, we first exam-
ined the expression of anti-apoptotic genes including Bcl2, Bcl211 and 
Mcl1. Consistent with longevity, these factors were enriched in TOFA-
treated- or Acaca−/− Th1 and Th2 cells (Fig. 4a and Supplementary 
Fig. 9a). The longevity of memory T cells requires programs to reduce 
oxidative stress33. We therefore tested intrinsic oxidative stress levels, 
mitochondrial mass, and mitochondrial membrane potential in these 
cells. The deficiency of ACC1 in Th cells led to reduced reactive oxy-
gen species (ROS) levels as measured by CellRox, a novel fluorogenic 
ROS probe (Fig. 4b). Acaca−/− Th cells also showed decreased mito-
chondrial membrane potential by tetramethylrhodamine, ethyl ester 
(TMRE) staining without affecting mitochondrial mass (Fig. 4b).  
Furthermore, these cells had reduced levels of DNA damage, as 
assayed by Ser139 phosphorylated histone variant H2A.X (Fig. 4c). 
In addition, mRNA expression of ROS-detoxifying enzymes includ-
ing superoxide dismutase 1 and superoxide dismutase 2 (encoded 
by Sod1 and Sod2, respectively) was increased in Acaca−/− Th cells 
(Supplementary Fig. 9b). A series of experiments demonstrated that 
Acaca−/− Th cells are more resistant to oxidative stress and ROS-
induced DNA damage, which may predispose these cells to longevity. 
Acaca−/− Th cells also displayed increased levels of carnitine palmitoyl 
transferase 1a (encoded by Cpt1a), the rate-limiting enzyme asso-
ciated with transport of fatty acid into the mitochondria for subse-
quent β​-oxidation (Fig. 4d). Recent findings have revealed a strong 
link between FAO and T cell longevity34. To determine whether the 
enhanced SRC and longevity in Acaca−/− Th cells depends on FAO, 
we cultured these cells under glucose-free or fatty acid–free condi-
tions. In fatty acid–free conditions, apoptosis of Acaca-deficient 
Th cells was increased to levels similar to those in Acaca+/+ Th cells  
(Fig. 4e and Supplementary Fig. 9c). Similar results were detected for 
Acaca−/− Th cells treated with the Cpt1 inhibitor etomoxir (Fig. 4f  
and Supplementary Fig. 9d). Furthermore, extracellular fatty acid 
deprivation impaired SRC in Acaca-deficient Th cells and returned 
SRC to levels similar to those in Acaca+/+ cells (Fig. 4g). The genera-
tion of memory Th1 cells from Acaca−/− effector Th1 cells cultured 
under fatty acid-free conditions was also impaired (Fig. 4h). Together, 
our data suggest that Acaca-deficient Th cells use the FAO program, 
which enables these cells to establish long-term persistence in vivo.

Fig. 3 | ACC1 controls intracellular metabolites associated with TCA cycle and mitochondrial respiration in early-differentiating effector CD4+ T cells.  
a, Metabolome analysis of effector Th1 cells treated with rapamycin (Rap.), TOFA or DMSO. Value for each metabolite represents average of triplicates.  
α​-KG, α​-ketoglutaric acid. b, Ratio of NADPH/NADP+, GSH/GSSG and AMP/ATP in effector Th1 (eTh1) cells treated with rapamycin, TOFA or DMSO.  
c, Metabolome analysis of Acaca+/+- or Acaca−/−-effector Th1 cells and memory Th1 (mTh1) cells. OAA, oxaloacetic acid. d, Ratio of NADPH/NADP+,  
GSH/GSSG or AMP/ATP in Acaca+/+- or Acaca−/−-effector Th1 cells and memory Th1 cells. Value for each metabolite represents average of triplicates.  
e, OCR of effector Th1 cells treated with or without TOFA under basal conditions (time point 0) and in response to sequential treatment with oligomycin, 
FCCP and rotenone-antimycin A (DMSO, n =​ 5; TOFA, n =​ 5 biologically independent samples). f, OCR of Acaca+/+- or Acaca−/−-effector Th1 cells under 
basal conditions (time point 0) and in response to sequential treatment with oligomycin, FCCP and rotenone-antimycin A (Acaca+/+, n =​ 5; Acaca−/−, 
n =​ 5 biologically independent samples). **P <​ 0.01, *P <​ 0.05 (one-way ANOVA with Mann-Whitney U-test (a–d) or two-tailed Student’s t-test (e,f)). 
Each symbol (a–d) represents an individual mouse; the measure of center (a–f) indicates mean ±​ s.e.m. Three biological replicates were performed for 
metabolome analysis (a–d). Four biological replicates were performed for seahorse analysis (e,f). Two independent experiments were performed with 
similar results for e,f.
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Acaca-controlled genes predicts memory CD4+ T cell fates. We 
hypothesized that ACC1 might repress a genetic program that con-
fers specialization from effector to memory T cells. To characterize 
the genetic profiles of memory T cells and assess the influence of 
ACC1 expression on the memory T cell genetic signature, we used a 
combination of genome-wide and single-cell gene-expression pro-
filing. We first did microarray analysis to identify memory-specific 

and also ACC1-controlled genes in naive CD4+ T, effector Th1, 
TOFA-treated effector Th1, memory Th1 and memory Th2 cells. 
A schematic representation of the method used to select candidate 
genes is in Supplementary Fig. 10a. Focusing on the fatty acid bio-
synthesis program, we selected 96 of the 147 candidate genes for 
single-cell gene-expression profiling (Supplementary Fig. 10b). 
These genes encode regulators of apoptosis, metabolic enzymes, 
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transcription factors, cytokines and cytokine receptors, cell sur-
face molecules, and signaling molecules (Supplementary Fig. 10b). 
Expression of 15 of these genes in naive CD4+ T cells, effector Th1 
and memory Th1 cells was confirmed by quantitative real-time 
polymerase chain reaction (quantitative rtPCR) (Supplementary 
Fig. 11). Fluidigm 96.96 Dynamic Arrays were then used to perform 
simultaneous quantitative rtPCR measurement of the expression of 
the 96 selected genes in 96 individual cells35,36 isolated from popula-
tions of naive CD4+ T cells, effector Th1 cells and memory Th1 cells. 
We used principal component analysis (PCA) to visualize the gene 
expression pattern in each T cell population. The PCA revealed that 
effector Th1 cells formed a cluster distinct from naive CD4+ T cells 
and memory Th1 cells (Supplementary Fig. 12a). Notably, PCA of 
a set of seven genes related to fatty acid biosynthesis demonstrated 
that a proportion of the effector Th1 cells were positioned away 
from the bulk of the effector Th1 cells and were more similar to 
memory Th1 cells (indicated by dotted line box in Supplementary 
Fig. 12b, left panel). This separation of the effector Th1 subset was 
not evident when six genes related to glycolysis were analyzed by 
PCA (Supplementary Fig. 12b, right panel). Violin plots of expres-
sion of individual genes in each cell revealed that effector Th1 cells 
were clearly divided into two populations based on expression of the 
fatty acid biosynthetic genes Acaca, Acsl3, Fads2 and Mcat (Fig. 5a). 
These two subpopulations could not be resolved by analysis of bulk 
populations of effector Th1 cells (Supplementary Fig. 12c). In con-
trast to the fatty acid biosynthetic genes, glycolytic genes seem to 
show a more homogeneous expression pattern in effector Th1 cells 
(Fig. 5b). Similar observations were made using single-cell analysis 
of effector Th2 cells (Supplementary Fig. 12d–g). These results led 
us to postulate that expression of Acaca might distinguish effector 
lineage cells from memory lineage cells at the early stages of differ-
entiation from naive to effector Th1 and Th2 cells.

Statistical analysis using a chi-squared test based on the expres-
sion of Acaca in single cells showed that expression of Acaca was 
negatively correlated with that of memory signature genes Klf2, Ccr7, 
Tcf7, Irf7, Gpr34 and Foxo1 and was positively correlated with expres-
sion of Ltb4r1, Fads2, Tnfrsf9, Hsd17b7, Caspase9, Acsl3, Mcat and 
Hmgcs1 in both effector Th1 and Th2 cells (see shared genes in Fig. 5c 
and Supplementary Fig. 12h). Klf2, Ccr7 and Tcf7 are associated with 
the memory cell population, and Caspase9 and fatty acid biosynthetic 
enzymes are strongly induced in effector cells1. We also visualized the 
relationship between expression of Acaca and other genes in single 
CD4+ T cells at different stages of differentiation (Acacahi-, Acacalo-, 
TOFA-treated- and Acaca−/−-effector Th1 and Th2 and memory  
Th1 and Th2 cells) using PCA, violin plots and heat map analysis 
(Fig. 5d–f and Supplementary Fig. 12i). PCA of the genes that were 
expressed in concert with Acaca in Acacahi-, Acacalo–- and Acaca−/−-
effector Th1 cells and memory Th1 cells showed that Acacalo- and 

Acaca−/−-effector Th1 cells tended to more closely resemble memory 
Th1 cells than Acacahi-effector cells (Fig. 5d). Several of the genes whose 
expression was negatively correlated with the expression of Acaca 
(Ccr7, Tcf7 and Gpr34) were more highly expressed in Acacalo-, TOFA-
treated- and Acaca−/−-effector Th1 cells and memory Th1 cells at the 
single-cell level as compared to their expression in Acacalo-Th1 cells  
(Fig. 5e). In contrast, genes whose expression was positively corre-
lated with that of Acaca (Tnfrsf9, Caspase9, Gipr and Emilin2) showed 
a similar expression pattern to that of Acaca and were expressed less 
in single Acacalo-, TOFA-treated- and Acaca−/−-effector Th1 and 
memory Th1 cells. Heatmap analysis showed that the expression 
of Klf2, Ccr7, Tcf7, Irf7 and Gpr34 was higher in single Acacalo- and 
Acaca−/−-effector Th1 and Th2 cells and single memory Th1 and Th2 
cells compared to single Acacahi-effector Th1 and Th2 cells (Fig. 5f,g 
and Supplementary Fig. 12i). In contrast, the expression of Ltb4r1, 
Tnfrsf9, Caspase9 and Gipr was lower in Acacalo- and Acaca−/−-
effector and memory Th1 cells at the single-cell level (Fig. 5f,g).  
A similar pattern for Caspase9, Ltb4r1, Tnfrsf9 and CCR4 was detected 
in Th2 cells (Supplementary Fig. 12i). Thus, Acacalo effector Th1 and 
Th2 cells show preferential expression of memory-signature genes.  
These results indicate that the absence of Acaca upregulation during 
early effector Th cell may be characteristic of progenitor cells with 
memory T cell potential.

CCR7 and CD137 define memory T precursor–enriched popula-
tion. Whether it is possible to define separate lineages of memory 
and effector T cells during the early stages of an immune response 
is a major unanswered question in immunology. We next sought 
to determine whether we could use our single-cell gene-expression 
analysis to identify surface markers that can distinguish effector 
and memory cell lineages during the early stages of differentiation 
from naive CD4+ T cells into effector Th cells. Our single-cell gene 
expression profiling showed that expression of CD137 (gene prod-
uct of Tnfrsf9) was closely correlated with Acaca expression, and 
that CCR7 was inversely correlated with Acaca expression. Tnfrsf9 
was also detected in the gene set that is downregulated in memory 
T cells (Supplementary Fig. 1b). These cell surface molecules may 
therefore distinguish memory precursor and short-lived effector 
cell fates, and thus we examined the expression of CCR7 and CD137 
in antigen-specific CD4+ T cells at various stages of differentiation 
(naive, early-differentiating effector and memory) (Supplementary 
Fig. 13a). Antigen-specific naive and memory CD4+ T cells showed 
a CCR7hiCD137lo phenotype, whereas the majority of early-differen-
tiating effector cells displayed a CCR7loCD137hi phenotype (Fig. 6a).  
TOFA-treated effector Th1 or Th2 cells and human Th1 or Th2 cells 
showed an increase in the CCR7hiCD137lo population (Fig. 6b and 
Supplementary Figs. 13b and 14a). Similarly, genetic deletion of 
Acaca enhanced the proportion of CCR7hiCD137lo cells (Fig. 6c and 

Fig. 4 | ACC1 controls anti-apoptotic program via regulation of fatty acid oxidation in early-differentiating effector CD4+ T cells. a, Quantitative rtPCR 
analysis of anti-apoptotic genes including Bcl2 and Bclxl in TOFA-treated-Acaca+/+- or Acaca−/−-effector Th1 and Th2 cells. b, Oxidative stress levels 
(CellRox), mitochondrial mass (Mitotracker) and mitochondrial membrane potential (TMRE) in Acaca+/+- or Acaca−/−-effector Th1 and Th2 cells. Summary 
data of relative mean fluorescence intensity (MFI) of TMRE and CellRox is in lower panels. (Acaca+/+, n =​ 3; Acaca−/−, n =​ 3 biologically independent 
samples). c, Phosphorylated histone variant H2A.X (pH2AX) in Acaca+/+- or Acaca−/−-effector Th1 and Th2 cells. d, Quantitative rtPCR analysis of Cpt1a in 
TOFA-treated-Acaca+/+- or Acaca−/−-effector Th1 and Th2 cells. e, Apoptosis of Acaca+/+- or Acaca−/−-effector Th1 cells cultured with control, glucose-free 
or fatty acid (FA)-free medium was investigated (n =​ 4 biologically independent samples per each group). f, Apoptosis of Acaca+/+- or Acaca−/−-effector 
Th1 cells in presence or absence of etomoxir was investigated by annexin V and PI staining (n =​ 4 biologically independent samples per each group).  
g, OCR of Acaca+/+- or Acaca−/−-effector Th1 cells cultured in control or fatty acid–free medium (n =​ 4 biologically independent samples per each group). 
h, Memory Th1 cell population (Ly5.1 and CD4) in splenocytes from mice receiving Acaca+/+- or Acaca−/−-effector Th1 cells cultured in control or fatty 
acid–free medium (Acaca+/+, n =​ 4; Acaca−/− control medium, n =​ 4; Acaca−/− fatty acid–free medium, n =​ 4 biologically independent samples). Mean values 
with s.e.m. are shown for a–g,j–m. Mean values with s.d. are shown for b,h. **P <​ 0.01, *P <​ 0.05 (one-way ANOVA with Mann-Whitney U-test (i,j), or 
two-tailed Student’s t-test (a,c–h)). Each symbol (a,c–h) represents an individual mouse; the measure of center (a,c–j) indicates mean ±​ s.e.m. (h) or s.d. 
(a,b,d–g)). Four biological replicates were performed for seahorse analysis (g). Three technical replicates and four biological replicates were performed 
for quantitative rtPCR analysis (a,d). Two independent experiments were performed with similar results for b,c,g,h. Three (e,f) and four (a,d) independent 
experiments were performed with similar results.
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Supplementary Fig. 13c). For other differentially expressed surface 
molecules identified in Fig. 5 such as GPR34 and GIPR, no clear 
distinction was observed between Acaca+/+ and Acaca−/− Th cells 
(Supplementary Fig. 13d).

These results prompted us to perform RNA-sequencing (RNA-
seq) analysis to characterize the transcriptional profiles of these 
two populations (CCR7hiCD137lo and CCR7loCD137hi popula-
tions) in early-differentiating effector cells in detail. A total of 157 
genes showed greater than two-fold change (with a false discovery  

rate <​ 0.05), including 44 upregulated and 113 downregulated 
genes in the putative memory precursor CCR7hiCD137lo popula-
tion (Fig. 6d, Supplementary Fig. 13e and Supplementary Table 1). 
Gene ontology and pathway analyses using the National Institute 
of Allergy and Infectious Diseases (NIAID) DAVID and KEGG 
databases showed significant enrichment of several functional cat-
egories, including cytokine receptor and activator in the upregu-
lated genes, and apoptosis, repressor, and fatty acid biosynthesis 
in the downregulated genes (Fig. 6e). Gene expression analysis by  
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Fig. 6 | Segregation of CCR7 and CD137 expression during early effector cell differentiation influences transcriptional profiles. a, Cell surface expression 
profiles of CCR7 and CD137 on naive CD4+ T cells, early-differentiating effector CD4+ T cells (day 4 post-immunization) and memory CD4+ T cells (day 
40 post-immunization). b, Cell surface expression profiles of CCR7 and CD137 on TOFA-treated effector Th1 cells in vitro and memory Th1 cells. c, Cell 
surface expression profiles of CCR7 and CD137 on Acaca+/+- or Acaca−/−-effector Th1 cells. CCR7-positive or negative or CD137-positive or negative cells 
were determined by staining of these cells with isotype control antibody (a–c). d, Heatmap depicting differentially expressed genes in the CCR7hiCD137lo 
and the CCR7loCD137hi populations of early-differentiating effector Th1 cells. e, RNA-seq analyses of CCR7hiCD137lo and CCR7loCD137hi populations in early-
differentiating effector Th1 cells (n =​ 2 biologically independent samples) were analyzed using DAVID and KEGG databases (P <​ 0.01, one-tailed EASE score, 
the modified Fisher’s exact P value). The nature (keyword) of upregulated and downregulated genes are shown. f,g, Expression of fatty acid biosynthetic 
enzymes (f) and Acaca-correlated genes (g) in CCR7hiCD137lo (red) and CCR7loCD137hi (green) Th1 cell populations. h, Summary data of relative MFI of 
cell surface staining in Supplementary Fig. 15 (n =​ 3 biologically independent samples). *P <​ 0.05 (one-way ANOVA with Mann-Whitney U-test (h)). Each 
symbol (h) represents an individual mouse; the measure of center (f–h) indicates mean ±​ s.d. Three technical replicates and four biological replicates were 
performed for quantitative rtPCR analysis (f,g). More than three independent experiments were performed with similar results for a–c,f–h.
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quantitative rtPCR confirmed that expression of Acaca, Fads2, Scd1 
and Scd2 was significantly lower in the CCR7hiCD137lo popula-
tion than in the CCR7loCD137hi population of early-differentiating 
effector Th1 cells (Fig. 6f), ovalbumin-specific early-differentiating 
effector CD4+ T cells (Supplementary Fig. 13f) and human Th1 
cells (Supplementary Fig. 14b). The expression of genes increased 
in early-differentiating effector cells, such as Tnfrsf9, Prdm1, Ltb4r1, 
Casp3, and Fasl, was lower in the CCR7hiCD137lo population than in 
the CCR7loCD137hi population (Fig. 6g and Supplementary Fig. 13g).  
Notably, the expression of Prdm1 (encoding Blimp1), reported to 
be critical for terminal differentiation of CD8 T cells but not mem-
ory formation37,38, was significantly lower in the CCR7hiCD137lo 
population than in the CCR7loCD137hi population (Fig. 6d,g and 
Supplementary Fig. 13g). In contrast, the expression of genes asso-
ciated with the memory signature, including CCR7, Tcf7, Irf7, Lef1 
and Il15ra, was higher in the CCR7hiCD137lo population than in the 
CCR7loCD137hi population. Similar results were detected in human 
effector Th1 cells (Supplementary Fig. 14c). These transcriptional 
analyses revealed that ACC1 may control not only Th17-regulatory 
T cell balance26 but also the CD4+ T cell effector-memory fate deci-
sion during early differentiation from naive into effector Th cells. 
Furthermore, we also characterized the expression of conventional 
effector and memory molecules in these two populations, and found 
that the expression of CD62L, CD127 (IL-7Rα​), CD27 and Fas was 
significantly higher in the CCR7hiCD137lo population than in the 
CCR7loCD137hi population of early-differentiating Th1 (Fig. 6h  
and Supplementary Fig. 15) and Th2 cells (Supplementary Fig. 13h).  
In contrast, the expression of CD25 (IL-2Rα​) was lower in the 
CCR7hiCD137lo population than in the CCR7loCD137hi population 
of early-differentiating Th1 (Fig. 6h and Supplementary Fig. 15) and 
Th2 cells1,35,38 (Supplementary Fig. 13h). The expression of CD43 
was comparable between the two, and KLRG1 was not detected in 
these populations (Fig. 6h). We further investigated whether sup-
plementation of fatty acids to Acaca-deficient T cells could reverse 
the proportion of CCR7hiCD137lo cells in which memory precursors 
were highly enriched. Oleic acid strongly reversed the proportion 
of CCR7hiCD137lo population in Acaca-deficient cells, whereas sup-
plementation with palmitic acid did not (Supplementary Fig. 13j).

We next compared the mitochondrial activity of the 
CCR7hiCD137lo and CCR7loCD137hi populations. Oxygen con-
sumption studies showed that the CCR7hiCD137lo population had 
significantly higher respiratory capacity, but the rate of glycoly-
sis was not markedly different between the populations (Fig. 7a 
and Supplementary Fig. 13i). Furthermore, analysis of apoptosis 
revealed that the CCR7hiCD137lo population was comparatively 

resistant to cytokine withdrawal–induced apoptosis in both mice 
(Fig. 7b) and humans (Supplementary Fig. 14d).

Finally, we assessed the ability of these markers to identify cell 
populations with increased memory potential by transferring 
purified CCR7loCD137lo, CCR7hiCD137lo, CCR7loCD137hi and 
CCR7hiCD137hi early-differentiating Th1 cell populations into 
syngeneic recipient mice. The CCR7hiCD137lo population showed 
a robust and significant increase compared to CCR7loCD137lo 
and CCR7loCD137hi populations, and also a significant increase 
compared to the CCR7hiCD137hi population in efficiency of 
memory cell formation (Fig. 7c,d and Supplementary Fig. 16a,b). 
These results indicate that the combination of CCR7 and CD137 
expression identifies the population in which memory precursors 
are highly enriched. We next rechallenged the mice that received 
CCR7hiCD137lo or CCR7loCD137hi populations with ovalbumin 
intranasally, and monitored their expansion. The CCR7hiCD137lo 
population again persisted better and exhibited robust re-expansion 
after ovalbumin rechallenge (Fig. 7e,f, and Supplementary Fig. 16c).

Discussion
We show that after activation, most naive CD4+ T cells differen-
tiate into a ACC1hiCCR7loCD137hi effector cell population that is 
CD62LloIL-7Rα​loIL-2Rα​hiCD27loFasloBlimp1hiTCF1lo with a pheno-
type characterized by high fatty acid biosynthesis and low respiratory 
capacity. This population is relatively short lived, presumably owing 
to a failure to metabolically transition from activated to a quiescent 
state during the contraction phase (Fig. 7f). We also identified a 
smaller ACC1loCCR7hiCD137lo population that is CD62LhiIL-7Rα​hi 
IL-2Rα​lo CD27hiFashiBlimp1loTCF1hi with a phenotype character-
ized by low fatty acid biosynthesis and high respiratory capacity. 
This population is capable of long-term survival in vivo and can 
efficiently form memory cells. Although these populations may still 
have a great deal of heterogeneity, the memory Th cell precursor 
population is highly enriched in the CCR7hiCD137lo population of 
early-differentiating effector Th cells and has a unique transcrip-
tional profile of memory signature genes.

In summary, we have identified a memory CD4+ Th1 or Th2 cell 
precursor-enriched population (CCR7hiCD137lo) and demonstrated 
a critical link between ACC1-mediated fatty acid metabolism and 
memory T-cell fate determination. Our findings have implications 
for understanding memory cell fate determination in antigen-stim-
ulated effector CD4+ T cells via mechanistic insights into cellular 
metabolism. In addition, the identification of markers of memory 
precursors may prove valuable for vaccine development and adop-
tive immunotherapy approaches.

Fig. 7 | Segregation of CCR7 and CD137 expression during early effector cell differentiation influences metabolic signature and cell fates. a, OCR of 
CCR7hiCD137lo and CCR7loCD137hi Th1 cell populations (n =​ 4 biologically independent samples per group). b, Susceptibility to apoptosis of CCR7hiCD137lo 
and CCR7loCD137hi Th1 cell populations was investigated by annexin V and PI. Summary data of apoptosis assay were also shown (n =​ 4 biologically 
independent samples per group). c,d, Summary data for memory Th1 cells (Thy1.1 +) in CD4+ splenocytes from mice receiving CCR7loCD137lo (grey), 
CCR7hiCD137lo (red), CCR7loCD137hi (green) or CCR7hiCD137hi (blue) Th1 cell populations (n =​ 6 biologically independent samples per each group). 
e, Ovalbumin-specific early-differentiating effector CD4+ T cells (day 4 post-immunization) were subjected to cell sorting for CCR7hiCD137lo and 
CCR7loCD137hi populations, and these cells (1 ×​ 106 cells per mouse) were transferred separately into syngeneic BALB/c mice. On day 40, the mice were 
challenged intranasally with ovalbumin. The proportion or cell number of donor-derived KJ1.26+ memory CD4+ T cells in the lung was determined by 
flow cytometry (CCR7hiCD137lo, red, n =​ 5; CCR7loCD137hi, green, n =​ 5 biologically independent samples). f, Most naive CD4+ T cells differentiate into a 
CCR7loCD137hi CD62LloIL-7Rα​loIL-2Rα​hiCD27loFasloIL-15Rα​loLTB4R1hiFASLhiBlimp1hiTCF1lo Th1 or Th2 cell population with higher expression of Acaca, Fads2, 
Scd1 and Scd2 that is characterized by high fatty acid biosynthesis and low respiratory capacity. This population is relatively short lived presumably owing 
to the failure of metabolic transition from metabolically activated to quiescent status during the contraction phase. A minor CCR7hiCD137loCD62LhiIL-7Rα​hi 
IL-2Rα​loCD27hiFashiIL-15Rα​hiLTB4R1loFASLloBlimp1loTCF1hi cell population shows low fatty acid biosynthesis and high respiratory capacity. This population 
has lower expression of Acaca, Fads2, Scd1 and Scd2, and shows long-term survival and efficient memory cell generation, and thus the memory Th cell 
precursor population is enriched in the CCR7hiCD137lo population with unique transcriptional profiles of memory signature genes, higher levels of Tcf7,  
Irf7, Lef1 and lower levels of Prdm1 and Caspase3. **P <​ 0.01, *P <​ 0.05 (two-tailed Student’s t-test (a–e)). Each symbol (b–e) represents an individual 
mouse; the measure of center (a–f) indicates mean ±​ s.e.m (c–d) or s.d (a,b)). Four biological replicates were performed for seahorse analysis (a).  
Two independent experiments were performed with similar results for a–e.
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Methods
Mice. The animals used in this study were backcrossed to BALB/c or C57BL/6 mice 
ten times. Acacafl/fl mice30 were crossed with CD4-cre or ERT2-cre mice (Jackson 
Laboratory) and were maintained on a C57BL/6 background. Ovalbumin-specific 
TCR-α​β​ (DO11.10) transgenic mice were provided by D. Loh (Washington 
University School of Medicine)39. Ly5.1 and Thy1.1 mice were purchased from 
Sankyo Laboratory. C57BL/6 mice and BALB/c mice were purchased from Clea. 
All of the mice were used at 6–8 weeks of age and maintained under specific-
pathogen-free conditions. For all experiments, age-matched (7–14 weeks) and  

sex-matched littermate mice maintained under specific-pathogen-free conditions 
were used. The research proposals were reviewed by the ethics committee for 
animals at Chiba University (registration number 29-98, 29-99).

Reagents. The reagents used in this study were as follows: FITC-, APC-,  
PE/Cy7-, BV421- and BV510-conjugated anti-CD4 (FITC, 100406; PE, 100408;  
APC, 100412; PE/Cy7, 100422; BV421, 100438; BV510, 100449; GK1.5, 1 μ​g ml−1); 
PE-conjugated anti-CD8 (100708, 53-6.7, 1 μ​g ml−1), PE-, APC- and PE/Cy7-
conjugated anti-CD62L (PE, 104408; APC, 104412; PE/Cy7, 104418; MEL-14,  
1 μ​g ml−1); FITC- and PE-conjugated anti-CD44 (FITC, 103006; PE, 103024; IM7, 
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1 μ​g ml−1); FITC- and BV-421-conjugated Ly5.2 (FITC, 109806; BV421, 109382; 
104, 1 μ​g ml−1) and Ly5.1 (FITC, 110706; BV421, 110732; A20, 1 μ​g ml−1);  
PE/Cy7-conjugated Thy1.2 (105326, 30-H12, 1 μ​g ml−1) and Thy1.1 (202518, OX-7,  
1 μ​g ml−1); PE-conjugated anti-CCR7 (120106, 4B12, 1 μ​g ml−1), anti-GL7 (144608, 
GL7, 1 μ​g ml−1) and anti-PD1 (135206, 29F.1A12, 1 μ​g ml−1); APC-conjugated anti-
CD137 (106110, 17B5, 1 μ​g ml−1) and anti-KLRG1 (138412, 2F1/KLRG1, 1 μ​g ml−1); 
Alexa647-conjugated anti-Foxp3 (126408, MF-14, 1 μ​g ml−1); FITC-conjugated 
anti-CD11a (101106, M17/4, 1 μ​g ml−1), anti-CD25 (101908, 3C7, 1 μ​g ml−1),  
anti-CD27 (124208, LG.3A10, 1 μ​g ml−1), anti-CD43 (121206, 1B11, 1 μ​g ml−1),  
anti-122 (123208, TM-β​1, 1 μ​g ml−1), anti-CD127 (135008, A7R34, 1 μ​g ml−1),  
anti-KJ1 (118506, KJ1-26, 1 μ​g ml−1) and anti-Fas (152606, SA367H8, 1 μ​g ml−1) 
and APC/cy7-conjugated anti-CXCR5 (145526, L138D7, 1 μ​g ml−1) were purchased 
from BioLegend. Alexa 488-conjugated anti-GPR34, anti-GIPR and anti-TCF1 
(6444, C63D9, 1 μ​g ml−1) and Alexa 647-conjugated anti-pH2A.X (Ser139) (9720, 
20E3, 1 μ​g ml−1) were purchased from Cell Signaling. TOFA, 3-bromopyruvate, 
rapamycin and etomoxir purchased from Merck were used as pharmacological 
inhibitors. CellRox, Mitotracker and TMRE were purchased from Thermo  
Fisher Scientific.

Mouse T cell cultures. Naive (CD44loCD62Lhi) CD4 T cells were purified from 
the spleens of mice. After lysis of red blood cells, the CD4+ T cells were obtained 
using a CD4 T cell isolation kit with anti-CD4 microbeads (Miltenyi Biotec), and 
naive CD44loCD62Lhi cells were then further sorted to >​99.5% purity using a 
fluorescence-activated cell sorting (FACS) Aria cell sorter (BD Biosciences). Naive 
CD4+ T cells were plated onto 24-well tissue culture plates (Costar) precoated  
with 10 μ​g ml−1 agonistic antibody to TCR-λ​ (clone H57-597) with 1 μ​g ml−1 
agonistic antibody to CD28 (clone 37.51; Biolegend). The Th1 cell cultures 
contained IL-2 (15 ng ml−1), recombinant mouse IL-12 (10 ng ml−1) (Wako) and 
antibody to IL-4 (BD Bioscience, BVD4-1D11). The Th2 cell cultures contained 
IL-2 (15 ng ml−1), recombinant mouse IL-4 (100 ng ml−1) (Peprotech) and antibody 
to IFN-γ​ (Biolegend, R4-6A2). The Th17 cell cultures contained antibody to IL-2 
(BD biosciences), recombinant mouse IL-6 (Peprotech) (10 ng ml−1), recombinant 
human TGF-β​ (1 ng ml−1) (Peprotech), recombinant mouse IL-1β​ (10 ng ml−1) 
(Peprotech), recombinant mouse IL-23 (10 ng ml−1) (R&D Systems) and antibodies 
to IL-4 and IFN-γ​. Oleic acid or palmitic acid (Sigma-Aldrich) was dissolved in 
ethanol with a final concentration of 100 mM or 10 mM, respectively, and was 
complexed to BSA. Acacafl/fl naive CD4 T cells were cultured under Th1 conditions 
in the presence of the indicated concentrations of fatty acids.

Human T cell cultures. Whole blood was obtained from healthy donor volunteers 
with given consent. The research proposals were reviewed by the ethics committee 
at Chiba University (registration number 1016). Human CD4+ T cells were 
collected by a Ficoll gradient. For human naive CD4+ T cells, CD45RA+CD45RO− 
cells were collected using a FACS Aria cell sorter (BD Biosciences). Human naive 
CD4+ T cells were plated onto 48-well tissue culture plates (Costar) precoated with 
1 μ​g ml−1 anti-CD3 (clone OKT3) with 1 μ​g ml−1 anti-CD28 (clone CD28.2) in the 
presence or absence of TOFA. Th1 cell cultures contained IL-2 (15 ng ml−1), IL-12 
(15 ng ml−1) and antibody to IL-4 (1 μ​g ml−1), and Th2 cell cultures contained IL-2 
(15 ng ml−1), IL-4 (15 ng ml−1), and antibody to IFN-γ​ (1 μ​g ml−1).

Generation of effector and memory Th1 and Th2 cells. Effector and memory 
Th1 and Th2 cells were generated as described40. Splenic CD62L+CD44− naive 
KJ1+CD4+ T cells from DO11.10 ovalbumin-specific TCR transgenic mice, or 
ERT2-cre+Acaca+/+ or ERT2-cre+Acacafl/fl (Acaca−/−) naive CD4+ T cells from OTII 
transgenic mice, were stimulated with an ovalbumin peptide (Loh15, 1 μ​M) plus 
APC (irradiated splenocytes) under Th1- or Th2-culture conditions for 6 d in 
vitro. 4-OHT (100 nM) was added into cultures on day 2. In some experiments, 
differentiating Th cells were treated with TOFA (10 μ​M), rapamycin (5 nM) or 
3-bromopyruvate (10 μ​M) on day 2. These effector Th1 or Th2 cells (1 ×​ 107) were 
transferred intravenously into BALB/c nu/nu, BALB/c recipient mice or syngeneic 
C57BL/6 mice. At 5 weeks after the cell transfer, KJ1+CD4+ T cells or Ly5.1+ cells 
in organs including spleen, lymph nodes, lung and liver were analyzed. For the 
detection of cytokine production, KJ1+CD4+ T cells or Ly5.1+ donor cells in the 
spleen were purified by auto-MACS (Miltenyi Biotec) and cell sorting (BD Aria II) 
and then were stimulated with phorbol myristate acetate (PMA) plus ionomycin. 
In some experiments, Acaca+/+ or Acaca−/− effector Th1 cells were cultured under 
glucose-free (RPMI 1640 medium, no glucose; 11879020, Sigma) or fatty acid–free 
(BSA, fatty acid–free; 011-15144, Wako) conditions.

Generation of antigen-specific effector and memory CD4+ T cells. Splenic 
CD62L+CD44− naive KJ1+CD4+ T cells from Thy1.1+DO11.10 ovalbumin-specific 
TCR transgenic mice were transferred intravenously into BALB/c recipient mice. 
These mice were injected with alum (Thermo Fisher Scientific)–emulsified 
ovalbumin on day 1. Ovalbumin-immunized BALB/c mice were treated with 
TOFA (from day –1 to day 4 post-immunization) or not treated. Ovalbumin-
specific effector CD4+ T cells were analyzed on day 5, and memory CD4+ T cells 
were analyzed on day 40. Recall responses were analyzed on day 42 after ovalbumin 
rechallenge. For detection of ovalbumin-responsive memory CD4+ T cells,  
Vα​2+CD44hiFoxp3−CD4+ T cells were measured. For analysis of kinetics  

of ovalbumin-specific KJ1+CD4+ T cells, peripheral blood mononuclear cell 
(PBMCs) of ovalbumin-immunized BALB/c mice were analyzed using FACS. For 
CCR7/CD137 subpopulation experiments, each subpopulation was separated 
based on the expression of CCR7 and CD137 on day 2 or 3, and subsequently these 
populations were analyzed with RNA-seq or seahorse assay, or injected into other 
syngeneic BALB/c mice.

Conditional deletion of Acaca on memory CD4+ T cells. Splenic ERT2-
cre+Acaca+/+ or ERT2-cre+Acacafl/fl naive CD4+ T cells from Ly5.1+OTII transgenic 
mice were transferred intravenously into syngeneic C57BL/6 recipient mice.  
These mice were injected with alum-emulsified ovalbumin on day 1. Subsequently, 
mice were injected (i.p.) with 3.125 μ​l of tamoxifen dissolved in corn oil at a 
concentration of 10 mg ml–1 from days 2 to 6. Ovalbumin-specific memory CD4+ 
T cells were analyzed on day 40. Recall responses were analyzed on day 42 after 
ovalbumin rechallenge. In some experiments, Acaca+/+ or CD4-cre+Acacafl/fl mice 
were directly injected with alum-emulsified ovalbumin on day 1. Ovalbumin-
specific memory CD4+ T cells were analyzed on day 40. Recall responses were 
analyzed on day 4 after ovalbumin rechallenge. For analysis of kinetics of 
ovalbumin-specific KJ1+CD4+ T cells, PBMCs of ovalbumin-immunized BALB/c 
mice were analyzed using FACS.

Helminth infection. Splenic ERT2-cre+Acaca+/+ or ERT2-cre+Acacafl/fl naive 
CD4+ T cells from Ly5.1+ or Ly5.1+5.2+ mice were transferred intravenously 
into syngeneic C57BL/6 recipient mice. These mice were infected with Nb by 
subcutaneous injection of 500 third-stage larvae (L3). Subsequently, mice were 
injected (i.p.) with 3.125 μ​l of tamoxifen dissolved in corn oil at 10 mg ml–1 from 
days 10 to 14. Memory CD4+ T cells were analyzed on day 40. Recall responses 
were analyzed on day 45 after helminth re-infection. In some experiments, Acaca+/+ 
or CD4-cre+Acacafl/fl mice were directly infected with Nb by subcutaneous injection 
of 500 third-stage larvae (L3) on day 1. Subsequently, these mice were re-infected 
with 2,000 Nb L3 on day 40. The absolute number of worms in the small intestine 
on day 7 after subcutaneous inoculation of Nb L3 was analyzed. For follicular 
helper T cells and germinal center detection, CXCR5+PD-1+ expression on donor-
derived Ly5.1+CD4+ T cells for follicular helper T cells or Fas+GL7+ expression on 
B220+ cells for germinal center cells in the spleen was analyzed.

Enzyme-linked immunosorbent assay for antibodies. NP-specific antibodies 
in serum were measured by plate-coated NP4- and NP48-BSA. Hapten-specific 
antibodies were detected with alkaline phosphatase–conjugated antibodies to 
mouse IgG1 (Southern Biotechnology).

Detection of apoptotic cells. For detection of apoptotic cells, an Annexin VFITC 
apoptosis detection kit II (BD Biosciences) was used in accordance with the 
manufacturer’s protocol.

Gene chip hybridization of microarrays and data analysis. DNA microarray 
analysis of gene expression was performed at Takara Bio. A 250-ng aliquot of 
total RNA from each sample was hybridized to a GeneChip Mouse Genome 
430.2.0 array (Affymetrix). The expression values were determined with the 
GeneChip Operating Software (GCOS) program. A more than two-fold increase 
or decrease in the sample groups as compared to other sample groups was defined 
as significant (with a false discovery rate <​ 0.05). Gene ontology analysis was 
performed using the NIAID DAVID website (http://david.abcc.ncifcrf.gov) with 
statistical analysis (P values).

Metabolic profiling. Unbiased metabolic profiling was performed by Human 
Metabolome Technologies using ovalbumin-specific control, TOFA-treated, 
rapamycin treated and Acaca−/− effector Th1 cells and memory Th1 cells. At the 
end of culturing, 50 million cells were spun down and the pellets were washed 
with 5% mannitol before being frozen in methanol with internal standard solution 
(10 μ​M). Relative quantities of each metabolite were estimated by comparison of 
peak area with that of a standard compound in Internal Standard Solution 1,  
and the values were determined as relative peak area. In data processing of 
relative peak area, the metabolites detected in triplicate were used for calculation 
of means, standard deviations and other analyses. All the samples were analyzed 
through capillary electrophoresis time-of-flight mass spectrometry at Human 
Metabolome Technologies.

Seahorse analysis. The OCR and extracellular acidification rate were measured 
with an XF96 analyzer (Seahorse Bioscience). In detail, cultured CD4 T cells were 
seeded at a density of 200,000 cells per well on a XF96 cell culture microplate. 
Before assay, cells were equilibrated for 1 h in unbuffered XF assay medium 
supplemented with 25 mM glucose and 1 mM sodium pyruvate. Mixing, waiting 
and measure times were 2, 2 and 4 min, respectively. Compounds were injected 
during the assay at the following final concentrations: 0.2 μ​M oligomycin, 0.5 μ​M 
FCCP and 0.75 μ​M rotenone-antimycin A.

Quantitative real-time PCR. Total RNA was isolated using the TRIzol reagent 
(Invitrogen). cDNA was synthesized using oligo(dT) primers and Superscript II RT 
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(Invitrogen). Quantitative rtPCR was performed as described previously25 using 
an ABI PRISM 7500 Sequence Detection System. The primers and TaqMan probes 
were purchased from Applied Biosystems. The primers and Roche Universal 
probes used were purchased from Sigma and Roche, respectively. Gene expression 
was normalized using the Hprt mRNA signal or the 18S ribosomal RNA signal.

RNA sequencing. Total cellular RNA was extracted with TRIzol reagent 
(Invitrogen). For cDNA library construction, we used TruSeq RNA Sample Prep 
Kit v2 (Illumina) according to the manufacturer’s protocol. Sequencing the library 
fragments was performed on the HiSeq 2500 system. For data analysis, read 
sequences (50 bp) were aligned to the mm10 mouse reference genome (University of 
California Santa Cruz, December 2011) using Bowtie (version 0.12.8) and TopHat 
(version 1.3.2). Fragments per kilobase of exon per million mapped reads (FPKM) 
for each gene were calculated using Cufflinks (version 2.0.2). Genes with an absolute 
FPKM >​ 1 (mean from duplicate samples) were defined as expressed genes.

Single-cell quantitative rtPCR. The primer pairs were pooled together in DNA 
Suspension buffer (Teknova) to a final concentration of 0.2×​ for each of the 96 
gene-expression assays. Single CD4+ T cells were sorted directly into RT-PreAmp 
Master Mix (Life Technologies) containing the pooled assays using an Aria cell 
sorter. Cell lysis, sequence-specific reverse transcription and sequence-specific 
amplification of cDNA were performed in accordance with the manufacturer’s 
protocol. High-throughput quantitative PCR was done on 96.96 Dynamic Arrays 
with a BioMark system (Fluidigm). The cycling threshold values were calculated 
with the BioMark system software program from SINGuLar. After completion 
of the initial quantitative PCR analysis using BioMark Realtime PCR analysis 
software, data were exported using the ‘export heatmap’ option, which generates 
comma-separated value (*.csv) files suitable for import into R using script packages 
produced by Fluidigm—SINGuLar Analysis Toolsets 2.1 and 3.0.

Data and processing. The log expression of each gene was computed as follows: 
log[expression] =​ 35 – Ct, where Ct is the cycling threshold value obtained from 
the BioMark (Fluidigm). Cells with undefined cycling threshold values (Ct =​ 999) 
for both gene Gapdh and gene Actb were also removed from our analyses. The 
remaining cells in each population were deemed sufficient for all subsequent 
analysis. Data sets with outliers removed were used for further analysis using the 
autoAnalysis command in SINGuLar. Briefly, this command performs a series 
of statistical analyses on the data sets and additional commands can be used to 
further evaluate the data sets. We used PCA to diminish dimensionality of the data 
with a linear transformation and projected data from their original 96 dimensions 
to the first two principal components. The data were then plotted in two 
dimensions, with the first two principal components on opposing axes, and with 
each point on the PCA scatter plot representing an individual single-cell sample 
with relative positions reflecting similarity on the basis of the first two principal 
components. Based on the log[expression] =​ 35 – Ct of Acaca and other 95 genes 
at the single-cell level, the genes negatively correlated with or positively correlated 
with Acaca were obtained by chi-squared test.

Statistical analysis and general methods. Data are expressed as mean ±​ s.d. or 
mean ±​ s.e.m. The data were analyzed with the Graphpad Prism software program 
(version 6). Differences were assessed using two-tailed Student’s t-tests, or 
nonparametric Mann-Whitney U-test where appropriate. Differences with P <​ 0.05 
or 0.01 were considered to be significant. Sample size for animal studies was 
chosen based on prior experience with similar models of memory cell formation. 
No data were excluded from the analysis of experiments. Mice were commercially 
sourced and randomized into experimental groups upon arrival, and all animals 
within a single experiment were processed at the same time. For cell sorting and 
RNA-seq analysis the investigator was blinded. For cell transfer experiments the 
investigator was not blinded. Data display similar variance between groups and are 
normally distributed where parametric tests are used.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data presented in this article are available in the main and supplementary 
figures, or upon request from corresponding authors. RNA-seq, microarray and 
single-cell rtPCR data in this manuscript are available in the Gene Expression 
Omnibus database (http://www.ncbi.nlm.nih.gov/geo) under accession number 
GSE122863 (SuperSeries). All data that support the findings of this study are 
available from the corresponding author upon reasonable request.
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Software and code
Policy information about availability of computer code

Data collection FACSDiva v8.0.1, StepOne v2.1. and 96.96 Dynamic Arrays with a BioMark system. For additional details please refer to Methods.

Data analysis FlowJo v8.5.3; Prism v6.0; Excel v14.5.1; GSEA v3.0, GeneChip Operating Software, Bowtie version 0.12.8, TopHat version 1.3.2, Cufflinks 
version 2.0.2 and Hallmark version 6.2 for database. For additional details please refer to Methods.
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All RNA-seq, microarray, and scRT-PCR data generated in this study are deposited in Gene Expression Omnibus (GEO) under accession code GSE122863. The data 
that support the findings of this study are available from the corresponding author upon reasonable request.
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Sample size Sample size was chosen according to standard practices in the field.

Data exclusions For single-cell qRT-PCR analysis, cells with undefined cycling threshold values (Ct= 999) for both gene = Gapdh and gene = Actb were  excluded 
from our analyses.

Replication We considered all of data were successfully reproduced by each attempt if similar results were obtained from at least 2 independent 
experiments.

Randomization For in vivo experiments, mice of similar ages and sex were randomly used for all the experiments reported.  In vitro experiments were all 
performed in parallel. Treatment wells were randomized in seahorse extracellular flux experiments to prevent variation due to micro-
atmospheric conditions but otherwise we did not randomize in vitro experiments.

Blinding The investigators were not blinded to the identities of the samples because treatments and data collection were performed by the same 
people. All samples were collected and analyzed at the same time under the same conditions. Blinding was not relevant for most in-vitro 
procedures as the readouts were automated and quantitative.
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The reagents used in this study were as follows: the FITC-, APC-, PE/Cy7-, BV421- and BV510-conjugated anti-CD4 (FITC; 100406, 

PE; 100408, APC; 100412, PE/Cy7; 100422, BV421; 100438, and BV510; 100449, GK1.5, 1 μg ml-1); PE-conjugated anti-CD8 
(100708, 53-6.7, 1μg ml-1), PE-, APC-, and PE/Cy7-conjugated anti-CD62L (PE; 104408, APC; 104412, and PE/Cy7; 104418, 
MEL-14, 1μg ml-1); FITC- and PE-conjugated anti-CD44 (FITC; 103006, PE; 103024, IM7, 1 μg ml-1); FITC- and BV-421-conjugated 
Ly5.2 (FITC; 109806, BV421; 109382, 104, 1μg ml-1) and Ly5.1 (FITC; 110706, BV421; 110732, A20, 1μg ml-1); PE/Cy7-conjugated 
Thy1.2 (105326, 30-H12, 1μg ml-1) and Thy1.1 (202518, OX-7, 1μg ml-1); PE-conjugated anti-CCR7 (120106, 4B12, 1 μg ml-1), 
anti-GL7 (144608, GL7, 1μg ml-1), and anti-PD1 (135206, 29F.1A12, 1μg ml-1); and APC-conjugated anti-CD137 (106110, 17B5, 1 
μg ml-1), and anti-KLRG1 (138412, 2F1/KLRG1, 1μg ml-1); Alexa647-conjugated anti-Foxp3 (126408, MF-14, 1μg ml-1); FITC-
conjugated anti-CD11a (101106, M17/4, 1μg ml-1), anti-CD25 (101908, 3C7, 1μg ml-1), anti-CD27 (124208, LG.3A10, 1μg ml-1), 
anti-CD43 (121206, 1B11, 1μg ml-1), anti-122 (123208, TM-β1, 1μg ml-1), anti-CD127 (135008, A7R34, 1μg ml-1), anti-KJ1 
(118506, KJ1-26, 1μg ml-1), anti-Fas (152606, SA367H8, 1μg ml-1); APC/cy7-conjugated anti-CXCR5 (145526, L138D7, 1μg ml-1), 
agonistic anti-CD28 (102102, 37.51, 1 μg ml-1),  anti-IFNγ (505707, R4-6A2, 1μg ml-1) were purchased from BioLegend (San 
Diego, CA). Anti-IL-4 (554386, BVD4-1D11, 1 μg ml-1) was purchased from BD Biosciences. 
Alexa 488-conjugated anti-GPR34, anti-GIPR, and anti-TCF1 (#6444, C63D9, 1μg ml-1); Alexa 647-conjugated anti-pH2A.X 
(ser139)(9720, 20E3, 1 μg ml-1) were purchased from Cell Signaling. Agonistic anti-TCRβ (H57-597, 10 μg ml-1) was homemade.

Validation Antibodies were chosen based on the validation statements for species (mouse) and application (FACS) on the manufacturer's 
website.  For example, according to the manufacturer's website (https://www.biolegend.com/nl-nl/products/fitc-anti-mouse-
cd4-antibody-248), the anti-CD4-FITC antibody was validated at least for the use of FACS analysis of mouse cells.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The animals used in this study were backcrossed to BALB/c or C57BL/6 mice 10 times.  Acacafl/fl mice 1 were crossed with CD4-
cre or ERT2-cre mice (Jackson Laboratory) and were maintained on a C57BL/6 background.  OVA-specific TCR-αβ (DO11.10) 
transgenic (Tg) mice were provided by Dr. D. Loh (Washington University School of Medicine, St. Louis).  Ly5.1 and Thy1.1 mice 
were purchased from Sankyo Laboratory.　 C57BL/6 mice and BALB/c mice were purchased from Clea Inc., Tokyo, Japan.  The 
sex-matched mice were used at 7-14 weeks of age and maintained under specific-pathogen-free (SPF) conditions.  The research 
proposals were reviewed by the ethics committee for animals atChiba University (registration number: 29-98, 29-99).

Wild animals This study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Human research participants
Policy information about studies involving human research participants

Population characteristics 2 randomly selected healthy male and female donors

Recruitment Blood from healthy donors was obtained from Chiba University, and used in compliance with Chiba University Administrative 
Panel for human subjects (authorization #1016). There was no selection bias.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation See Methods.

Instrument Becton Dickinson 3-laser FacsCantoII for analysis and Aria III for cell sorting.

Software BD FACSDiva software (BD Biosciences) for data acquisition and analyzed using FlowJo software v 8.5.3 (Tree Star). Data was 
graphed using Prism 6 (Graphpad).

Cell population abundance The purities of sorted cell populations were consistently > 90-98%.

Gating strategy The gating strategy is shown in each Figure.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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