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SUMMARY

Regeneration requires related cells to diverge in fate.
We show that activated lymphocytes yield sibling
cells with unequal elimination of aged mitochondria.
Disparate mitochondrial clearance impacts cell fate
and reflects larger constellations of opposing meta-
bolic states. Differentiation driven by an anabolic
constellation of PI3K/mTOR activation, aerobic
glycolysis, inhibited autophagy, mitochondrial sta-
sis, and ROS production is balanced with self-
renewal maintained by a catabolic constellation of
AMPK activation, mitochondrial elimination, oxida-
tive metabolism, and maintenance of FoxO1 activity.
Perturbations up and down the metabolic pathways
shift the balance of nutritive constellations and cell
fate owing to self-reinforcement and reciprocal inhi-
bition between anabolism and catabolism. Cell fate
and metabolic state are linked by transcriptional reg-
ulators, such as IRF4 and FoxO1, with dual roles in
lineage and metabolic choice. Instructing some cells
to utilize nutrients for anabolism and differentiation
while other cells catabolically self-digest and self-
renew may enable growth and repair in metazoa.

INTRODUCTION

Clonal selection of B and T lymphocytes during an immune

response requires an activated progenitor cell to produce

differentiated functional descendants, marked by PI3K-driven

silencing of the developmentally critical transcription factors

Pax5 and TCF1, respectively (Lin et al., 2015, 2016; Nish et al.,

2017). Sibling cells of differentiated progeny, by contrast, appear

to self-renew owing to unequal transmission of PI3K signaling.

In view of the suggested importance of clearance of aged mito-

chondria in self-renewal (Garcı́a-Prat et al., 2016; Ito et al.,
3142 Cell Reports 17, 3142–3152, December 20, 2016 ª 2016 The A
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2016; Katajisto et al., 2015; O’Sullivan et al., 2015), we examined

the stasis and clearance of mitochondria in activated lympho-

cytes. We found that unequal elimination of aged mitochondria

between differentiating and self-renewing lymphocytes was a

reflection of amore global bifurcation of anabolic versus catabolic

signaling, which is coupled to control of their divergent cell fate.

RESULTS

Clearance and Stasis of Aged Mitochondria Impact
Lymphocyte Cell Fate
T cells undergoing TCF1 silencing during functional differentiation

are incapable of reverting to TCF1 expression under physiological

conditions in vivo and in vitro (Im et al., 2016; Lin et al., 2016; Nish

et al., 2017; Utzschneider et al., 2016). Plasma cell differentiation

during immunization and modeled differentiation is characterized

by a bifurcation of self-renewing Pax5hi B cells and differentiated

Pax5lo plasma cells (Figure S1A; Lin et al., 2015; Shi et al., 2015;

Xu et al., 2015). We tested whether PI3K-driven differentiation

in vitro using lipopolysaccharide (LPS) (Keppler et al., 2015)

causes irreversible commitment to Pax5 silencing. Stimulation

of splenic B cells mirrors the response of purified naive follicular

B cells, with Pax5lo cells arising after several divisions (Fig-

ure S1B). Using cells from Pax5-IRES-human CD2 reporter

mice (Fuxa and Busslinger, 2007), we sorted Pax5(hCD2)hi and

Pax5(hCD2)lo cells from later cell generations of splenic B cells

activated by LPS and re-plated them in fresh media containing

LPS. Pax5lo cells were incapable of reverting to Pax5 expression,

whereas Pax5hi cells remained bi-potent, capable of producing

Pax5lo progeny and self-renewing the Pax5hi lineage (Figure 1A).

Like TCF1 silencing in T cells (Lin et al., 2016), silencing of Pax5

required cell cycle progression (Figure S1C).

Using genetic and pharmacological approaches to interfere

with Dynamin-related protein 1 (Drp1), which is essential for

mitochondrial fission and autophagy (Mishra and Chan, 2014),

we began testing the role of mitochondrial clearance in lympho-

cyte fate. Transduction of activated B and T cells with dominant-

negative (DN) Drp1 retroviral vector (Frank et al., 2001) or the
uthor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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pharmacological inhibitor of Drp1, mDivi-1, led to enhanced

plasmablast and effector T cell differentiation, as measured by

more frequent repression of Pax5 and TCF1, respectively (Fig-

ure 1B). In addition, DN Drp1 and mDivi-1 caused reciprocal

elevation in IRF4 abundance in B cells (Figure 1B), a character-

istic of committed plasmablasts (Figure S1A; Lin et al., 2015;

Xu et al., 2015).

We used flow cytometry to monitor clearance of aged mito-

chondria in relation to cell division number (Figure S1D). Prior to
Figure 1. Clearance and Stasis of Aged Mitochondria Impact Lymphoc

(A) Left plots: LPS-activated, Pax5(hCD2) reporter B cells were sorted from later

is shown. Right plots: pre-sort Pax5 protein staining of fixed cells next to Pax5

populations 1 day after re-plating in fresh media containing LPS are shown. Plo

(mean ± SD, n = 5) for frequency of cells in the corresponding gate.

(B) Top left panel: cell division versus Pax5 and IRF4 expression of naive B cells st

control retrovirus (RV) or RV encoding dominant-negative (DN) Drp1 and returned

numbers denote the frequency of cells within a bound area (i.e., gate). Adjacent g

and IRF4hi (n = 3; *p < 0.05, two-tailed paired t test) cells among B cells transduc

cells from 25.3 ± 7.6 to 86.9 ± 6.1 and IRF4hi cells from 39.2 ± 8.5 to 75.5 ± 2.6 co

were stimulated with anti-CD3 and anti-CD28 antibodies with IL-2 for 36 hr, then tr

cell sorting (FACS) for cell division versus TCF1 expression 36 hr after transducti

T cells among cells transduced with control or DN Drp1 RV (n = 3; *p < 0.05, two

20.1 ± 8.6 to 88.4 ± 16.2 compared to control RV (mean ± SD). Top right panel: CT

or presence of mDivi-1 (10 mM) inhibitor of Drp1 for 66 hr. Graphs indicate the frequ

presence of mDivi-1 (n = 7; ***p < 0.005, two-tailed paired t test). mDivi-1 increase

cells from 29.5 ± 6.9 to 41.3 ± 9.5 compared to no drug treatment (mean ± SD). Lo

gp33-41 and IL-2 for 4 days in the absence or presence of mDivi-1 (10 mM). Graph

or presence of mDivi-1 (n = 5; **p < 0.01, two-tailed paired t test). mDivi-1 incre

compared to no drug.

(C) FACS of CTV-labeled andMitoTracker Green FM (MTG)-pulsed activated B ce

peptide and IL-2, respectively, for 66 hr. Cells were cultured in the absence or pre

(1 nM) as indicated. Reverse arrow on the y axis indicates dilution plus elimination

division (x axis). Upper row statistics are the frequency of cells within the entire

signal in the fourth cell division (right) (n = 3; **p < 0.01 and ***p < 0.005 for indicate

way ANOVA). Lower row graphs are the frequency of cells within entire trapezoida

*p < 0.05 or **p < 0.01 for treated versus control group, repeated-measures one

(D) CTV and MTG pulse-labeled P14 CD8+ T cells (top row) and OT-II CD4+ T ce

cipients challenged with Listeria (LMgp33) or PR8-OVA influenza virus, respective

non-transferred cells as a control for starting fluorescence of MTG pulse labeling.

et al., 2015, 2016]) CD8+ donor T cells from recipient mice 3 days post Listeria cha

of all cells in the indicated KLRG1� and KLRG1+ groups (right) (n = 3; **p < 0.01,

versus mitoclearance in draining lymph nodes (LNs), non-draining LNs, and lung

are the frequency within gates encompassing divided cells. CD4+ FACS plots ar

(E) Top panels: MitoTracker Red FM (MTR)-pulsed, LPS-stimulated B cells fixed

sentative metaphase (symmetric), telophase (symmetric), and cytokinetic (asymm

n = 11 cells; telophase, n = 8 sibling pairs; and cytokinesis, n = 18 sibling pairs). Th

ofMTR and tubulin (*p < 0.05, Fisher’s exact test). Bottompanels: two representati

tubulin RV and pulsed with MTG 16 hr prior to imaging are shown. Frames, left to

bars, 5 mm.

(F) Confocal images of live, LPS-stimulated B cells transduced with mCherry-a

cytokinetic sibling pairs are shown (n = 19 sibling pairs, 74% asymmetric; ***p

stimulated B cells transduced with mCherry-alpha-tubulin RV and co-pulsed wit

concordant asymmetric MTG and LysoTracker abundance (n = 11 sibling pairs).

(G) LPS-activated, Pax5(hCD2) reporter B cells 3 days post-stimulation were sorte

were then labeled with MTG and LysoTracker DeepRed (top panels show repre

image). Steady-state mitophagy was determined by co-localization of individua

indicates the number of co-localized MTG/LysoTracker DeepRed puncta among

punctum, respectively (***p < 0.005, Mann-Whitney test). Top right graph indic

Pax5(hCD2)hi cells sorted from cultures stimulated in the absence (n = 15) or p

respectively (***p < 0.005, Mann-Whitney test). Bottom graph indicates the num

(n = 19) cells, with a mean of three puncta and one punctum, respectively (*p <

zoomed-in version of the third panel.

See also Figure S1.
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activation, lymphocytes were pulsed with both a fluorescent

mitochondrial dye (Chazotte, 2011) and a fluorescent dye that la-

bels cellular proteins andallowsdeterminationof division number

(Quah and Parish, 2012). Following activation, dilution of the divi-

sion dye (x axis leftward progression) and clearance (sum of pas-

sive dilution plus active destruction) of mitochondrial dye (y axis

downward progression) could be monitored with flow cytometry

(Figures 1C andS1D). Treatment withmDivi-1 increased stasis of

aged (pulsed) mitochondria comparably to treatment with an
yte Cell Fate

cell generations based on hCD2 expression, and post-sort purity of live cells

protein staining of sorted cells, followed by Pax5 protein staining of sorted

ts depict one representative experiment and numbers are summary statistics

imulated in vitro with LPS. At 36 hr after stimulation, cells were transduced with

to stimulatory conditions for 36 hr. Only transduced cells are shown. Horizontal

raphs denote the frequency of Pax5lo (n = 4; **p < 0.01, two-tailed paired t test)

ed with control or DN Drp1 RV. DN Drp1 RV increased the frequency of Pax5lo

mpared to control RV (mean ± SD). Lower left panel: CTV-labeled CD8+ T cells

ansduced with control or DN Drp1 RV, and analyzed by fluorescence-activated

on. Only transduced cells are shown. Graph indicates the frequency of TCF1lo

-tailed paired t test). DN Drp1 RV increased the frequency of TCF1lo cells from

V-labeled B cells from wild-type mice were stimulated with LPS in the absence

ency of Pax5lo and Pax5loIRF4hi B cells among cells activated in the absence or

d the frequency of Pax5lo cells from 27.8 ± 4.9 to 39.41 ± 8.5 and Pax5loIRF4hi

wer right panel: CTV-labeled P14 transgenic CD8+ T cells were stimulated with

indicates the frequency of TCF1lo T cells among cells activated in the absence

ased the frequency of TCF1lo cells from 12.5 ± 1.8 to 26.0 ± 5.1 (mean ± SD)

lls (top row) and P14 CD8+ T cells (bottom row) stimulated with LPS or gp33-41

sence of mDivi-1 (10 mM), Chloroquine (1 and 5 mM, left to right), or rapamycin

of pre-labeled (pulsed) mitochondria, termed mitoclearance, in relation to cell

trapezoidal MTG low gate (left) and mean fluorescence intensity (MFI) of MTG

d treated groups compared to no drug control group, repeated-measures one-

l MTG low gate (left) and MFI of MTG signal in the fifth cell division (right) (n = 3;

-way ANOVA).

lls (bottom panels) were adoptively transferred into congenically disparate re-

ly. For CD8+ T cells, the left plot depicts cell division versus mitoclearance for

Middle and right plots represent KLRG1� and KLRG1+ (known to be TCF1lo [Lin

llenge. Statistics denote the frequency of MTG high cells (left) and theMTGMFI

two-tailed paired t test). For CD4+ T cells, the upper row depicts cell division

tissue; the bottom row depicts cell division versus TCF1 expression. Numbers

e representative of two identical experiments.

after 44 hr and stained with DNA dye and anti-tubulin antibodies. One repre-

etric) event is shown. The experiment was repeated three times (metaphase,

e graph depicts the percentage of sibling cell pairs with equal or unequal ratios

ve time-lapse series of LPS-stimulated B cells transducedwithmCherry-alpha-

right, represent 3-min (upper row) and 2-min (lower row) intervals (n = 3). Scale

lpha-tubulin RV and labeled with CYTO-ID. Top panel: three representative

< 0.005, Fisher’s exact test). Bottom panel: confocal images show live, LPS-

h MTG and LysoTracker 16 hr prior to imaging. Of the cells imaged, 73% had

Scale bars, 5 mm.

d from later cell generations based on surface hCD2 expression, as in (A). Cells

sentative image) or CYTO-ID and MTR (bottom panels show representative

l mitochondrial puncta with LysoTracker or CYTO-ID puncta. Top left graph

Pax5hi (n = 35) and Pax5lo (n = 17) cells, with a mean of two puncta and one

ates the number of co-localized MTG/LysoTracker DeepRed puncta, among

resence (n = 21) of mDivi-1, with a mean of three puncta and one punctum,

ber of co-localized MTR/CYTO-ID puncta among Pax5hi (n = 14) and Pax5lo

0.05, Mann-Whitney test). Scale bars, 5 mm. The fourth panel in each row is a



Figure 2. ROS Mediate the Effects of, and Reinforce the Stasis of, Aged Mitochondria

(A) CTV-labeled B cells (upper row) and P14 CD8+ T cells (lower row) stimulated with LPS or gp33-41 peptide and IL-2, respectively, in the absence or presence of

mDivi-1 (10 mM) and analyzed on day 3 for cell division versus mitochondrial ROS (MitoSOX). Horizontal numbers denote the frequency of cells within gate.

Vertical numbers denote MFI of all cells, not simply those within gate. Upper graphs display MitoSOXMFI (left) and the frequency of MitoSOXhi cells (right) among

B cells stimulated in the absence or presence of mDivi-1 (n = 3; *p < 0.05 or **p < 0.01, two-tailed paired t test). Lower graphs display MitoSOX MFI (left) and the

frequency of MitoSOXhi cells (right) among T cells stimulated in the absence or presence of mDivi-1 (n = 3; *p < 0.05, two-tailed paired t test).

(B) B cells stimulated with LPS (left panels) or P14 CD8+ T cells stimulated with gp33-41 peptide and IL-2 (right panels) in the absence or presence of mDivi-1

(10 mM), without or with the addition of NAC (3mM for B cells and 5mM for T cells) and analyzed for Pax5 or TCF1 expression. Left graph displays the frequency of

(legend continued on next page)
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inhibitor of general macro-autophagy (chloroquine) and in

contrast to treatment with a stimulant of general macro-auto-

phagy (rapamycin), which increased clearance (Figure 1C).

Because inheritance of some parent cell mitochondria was

evident for at least six cell generations (Figures 1C and S1D),

we examined T cells undergoing differentiation in vivo. At

3 days following Listeria infection, terminally differentiated

CD8+ KLRG1+ T cells, a subset of effector-determined TCF1lo

cells (Lin et al., 2015, 2016), were enriched with high levels of

aged mitochondria (Figure 1D). At 4 days following respiratory

infection with influenza virus, CD4+ Th1 effector cells (largely

TCF1lo) left the draining lymph node to populate the lung, while

self-renewing TCF1hi central memory cells left the draining

lymph node to recirculate through non-draining nodes (Nish

et al., 2017). Lung-resident effector cells were enriched with

the stasis of aged mitochondria (Figure 1D). Self-renewing,

non-draining lymph node CD4+ T cells were reciprocally en-

riched with the clearance of aged mitochondria (Figure 1D).

Cellular progeny that are destined for differentiation in vivo are

thus marked by the stasis of aged mitochondria.

Using confocal microscopy, we found that subcellular distri-

bution of aged (pulsed) mitochondria was generally symmetric

in metaphase and early telophase cells (Figure 1E). In cytoki-

nesis, however, we found that the abundance of agedmitochon-

dria between sibling pairs was frequently discordant (Figure 1E).

Autophagosome abundance was also unequal in cytokinetic,

conjoined sibling cells (Figure 1F), and the clearance of aged

(pulsed) mitochondria was coordinate with the clearance of

aged (pulsed) lysosomes (Figure 1F). To determine whether

mitochondrial digestion correlated with cell fate, we sorted

self-renewing Pax5(hCD2)hi and differentiated Pax5(hCD2)lo

singlet cells from the same range of later cell generations, and

then we stained mitochondria together with either lysosomes

or autophagic organelles. Co-localization of mitochondrial

puncta with lysosomal or autophagic puncta occurred at

increased incidence in self-renewing Pax5hi cells (Figure 1G).

In addition, mDivi-1 treatment, which reduces mitoclearance

by flow cytometry (Figure 1C), decreased the steady-state inci-

dence of co-localized mitochondrial and lysosomal puncta in

Pax5hi cells (Figure 1G). Together these findings suggest that

the stasis of aged mitochondria characterizes and drives func-

tional differentiation of T and B cells.

Reactive Oxygen Mediates the Effects of, and
Reinforces the Stasis of, Aged Mitochondria
Impaired self-renewal resulting from the stasis of agedmitochon-

dria can be mediated by elevated reactive oxygen species (ROS)

(Garcı́a-Prat et al., 2016; O’Sullivan et al., 2015). We found

mitochondrial and cellular ROS increased after mDivi-1 treatment
Pax5lo B cells in groups stimulated under the indicated conditions (n = 6; *p < 0.05

frequency of TCF1lo cells in groups stimulated under the indicated conditions (n

(C) CTV-labeled, MTG-pulsed B cells stimulated with LPS (top panels) or P14 C

absence or presence of mDivi-1 (10 mM), metformin (300 nM), rapamycin (1 nM),

mitoclearance on day 3. Data are representative of two experiments for each ce

trapezoidal MTG low gate (left) andMFI of MTG signal in the fourth cell division (righ

to no drug control group, repeated-measures one-way ANOVA). Lower row statis

and MFI of MTG signal in the fourth cell division (right) (n = 3; *p < 0.05 or **p < 0

See also Figure S2.
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(Figures 2A and S2A). Scavenging ROS with N-Acetyl-L-cysteine

(NAC) promoted self-renewal (less frequent repression of Pax5

and TCF1) under normal stimulatory conditions and suppressed

the over-differentiation phenotype of mDivi-1 treatment and DN

Drp1 expression (Figures 2B and S2B). Consistent with a model

whereinROSpromotesdifferentiation, cellswith highermitochon-

drial ROS content were enriched with greater stasis of agedmito-

chondria (Figure S2C). Unexpectedly, we found that ROS not only

mediate the effects of mitochondrial stasis but also perpetuate

mitochondrial stasis. Scavenging ROS stimulated the clearance

of aged mitochondria (Figure 2C) in a manner mimicking other

stimulants of general macro-autophagy (Figures 1C and 2C).

Aerobic Glycolysis Linking an Anabolic Constellation to
Differentiation
The self-reinforcing relationship between mitochondrial stasis

and ROS prompted us to test the effects of metabolism on

lymphocyte differentiation. Both B and T cells utilize aerobic

glycolysis during activation and differentiation (Caro-Maldonado

et al., 2014; Chang et al., 2013; Frauwirth et al., 2002; Sukumar

et al., 2013). Treatment with 2-Deoxy-D-glucose (2-DG), to

inhibit glycolytic flux, shifted the balance of lymphocyte fate

toward self-renewal under normal stimulatory conditions (Fig-

ure 3A). 2-DG treatment also suppressed the over-differentiation

phenotype of mDivi-1 treatment (Figure 3A). In contrast, stimula-

tion of glycolytic flux by retroviral overexpression of the rate-

limiting enzyme hexokinase 2 (Roberts and Miyamoto, 2015)

resulted in an over-differentiation phenotype with more cells un-

dergoing Pax5 and TCF1 repression, respectively (Figure 3B).

Preventing aerobic glycolysis by substituting galactose for

glucose also skewed cell fate toward self-renewal, while

inhibiting oxidative phosphorylation with oligomycin stimulated

greater differentiation (Figure S3A). Inhibiting glycolytic flux

also increased the clearance of aged mitochondria, augmented

general macro-autophagy, reduced cellular ROS content, and

suppressed mTOR activation (Figures 3C and S3B).

Anabolic versus Catabolic Bistability Balancing
Differentiation and Renewal
The foregoing results suggest that anabolism associated with

aerobic glycolysis, mitochondrial stasis, inhibited autophagy,

and elevated ROS content is in a positive feedback loop that re-

inforces anabolic signal transduction for continued nutrient up-

take and utilization. We, therefore, assessed the relationship be-

tween anabolic and catabolic signaling in activated lymphocytes.

Deprivation of glucose led to rapid downregulation of anabolism-

associatedmTOR activation (phospho-S6) and reciprocal induc-

tion of catabolism-associated AMPK activation (as indicated by

an increase in phospho-Acetyl-CoA Carboxylase) (Figures 4A
or ***p < 0.005, repeated-measures one-way ANOVA). Right graph displays the

= 5; *p < 0.05 or **p < 0.01, repeated-measures one-way ANOVA).

D8+ T cells stimulated with gp33-41 peptide and IL-2 (bottom panels) in the

or NAC (5 mM for B cells and 7 mM for T cells) analyzed for cell division versus

ll type. Upper row statistics denote the frequency of B cells within the entire

t) (n = 3; *p < 0.05, **p < 0.01, or ***p < 0.005 for drug-treated groups compared

tics are the frequency of T cells within the entire trapezoidal MTG low gate (left)

.01, two-tailed paired t test).



Figure 3. Aerobic Glycolysis Linking an Anabolic Constellation to Differentiation

(A) Top panels: cell division versus Pax5 expression of CTV-labeled B cells stimulated with LPS for 3 days in the absence or presence of mDivi-1 (10 mM) and

increasing doses of 2-Deoxy-D-glucose (2-DG) (0, 0.25, 0.50, and 0.75 mM left to right). In these B cell experiments, drug variables were added 18 hr after

stimulation. Bottom panels: cell division versus TCF1 expression of CTV-labeled P14 CD8+ T cells stimulated for 4 days with gp33-41 peptide plus IL-2 in the

absence or presence of mDivi-1 and increasing doses of 2-DG (0, 0.5, 1.0, and 2.0 mM), present from the beginning of stimulation, is shown. Upper statistical

graph depicts the frequency of Pax5lo B cells in the indicated conditions (n = 6; ***p < 0.005, repeated-measures one-way ANOVA). Lower statistical graph depicts

the frequency of TCF1lo CD8+ T cells in the indicated conditions (n = 5; **p < 0.01 or ***p < 0.005, repeated-measures one-way ANOVA).

(B) Top panels: CTV-labeled B cells stimulated for 36 hr with LPS prior to transduction with control or hexokinase 2 (HK-2)-encoding RV and analyzed 36 hr

after transduction for cell division versus Pax5 and IRF4. Only transduced events are shown. Statistics are the frequency of Pax5lo (upper) and IRF4hi (lower)

cells among cells transduced with control or HK-2 RV (n = 3; *p < 0.05, two-tailed paired t test). Bottom panels: CTV-labeled CD8+ T cells were stimulated with

anti-CD3 and anti-CD28 antibodies with IL-2 for 36 hr prior to transduction with control RV or HK-2-encoding RV and analyzed 36 hr after transduction for cell

division versus TCF1. Only transduced events are shown. The statistical graph depicts the frequency of TCF1lo cells among cells transduced with control or HK-2

RV (n = 3; *p < 0.05, two-tailed paired t test).

(C) Upper left row: cell division versus mitoclearance of P14 CD8+ T cells stimulated for 3 days with gp33-41 peptide and IL-2 in the absence or presence of 2-DG

(2.0mM) or rapamycin (10 nM). Statistics contain the frequency of cells within theMTG low trapezoidal gate (left) and themeanMFI of MTG signal in the fourth cell

(legend continued on next page)
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and S3B). We also found that PI3K signaling was essential for

mTOR activation (Figure 4B) while AMPK signaling was actively

suppressing anabolic signaling, as indicated by the augmen-

tation of pS6 found in AMPKa1-deficient cells (Figure 4B).

More downstream perturbations to the catabolic process, such

as inhibiting Drp1 (Figure 4B), caused similar augmentation in

anabolic activation, further underscoring the negative feedback

of catabolism on anabolism.

The anabolic versus catabolic signaling pathways also were

found to have opposing effects on cell fate. Inhibitors of anabo-

lism-associated PI3K/AKT/mTOR limit lymphocyte differentia-

tion under normal conditions (Lin et al., 2015) and suppress the

mDivi-1 over-differentiation phenotype (Figure 4C), analogously

to scavenging ROS (Figure 2B) and inhibiting glycolysis (Fig-

ure 3A). Rapamycin, 2-DG, and NAC each caused a reduction

in cell size (Figure S4), consistent with roles of mTOR, glycolytic

flux, and ROS in cellular protein synthesis and anabolism (Iritani

and Eisenman, 1999; Rathmell et al., 2000). Conversely, the

inhibition of catabolism-associated FoxO1 stimulated greater

plasma cell differentiation (Lin et al., 2015) and added to or syn-

ergized with a defective self-renewal phenotype that arose from

mDivi-1 treatment and AMPKa1 deficiency (Figure 4C), a finding

compatible with the loss of memory in AMPKa1-deficient T cells

(Rolf et al., 2013).

IRF4, an essential transcription factor for plasmablast differen-

tiation (Klein et al., 2006; Xu et al., 2015), has emerged as a regu-

lator of glycolytic anabolism in lymphocytes (Lin et al., 2015; Man

et al., 2013). We found that IRF4-deficient B cells exhibit exces-

sive catabolism (hyper-elimination of aged mitochondria and

reduced cell size), defective anabolism (weaker mTOR activation

and glucose uptake), and absent Pax5 repression (Figures 4D

and S4). Together with prior findings that FoxO1, a key mediator

of cellular and organismal catabolism, is an essential guardian of

Pax5 and TCF1 gene expression and lymphocyte self-renewal

(Figure 4C; Lin et al., 2015), the present results are compatible

with a model wherein some key transcription factors evolved

to have dual functions as regulators of both metabolic state

and cell fate.

DISCUSSION

Mitochondrial quality control and dynamics have been linked to

stem cell renewal, tissue remodeling, cellular metabolism, and

healthy aging, although the unifying mechanisms underlying their

importance are not fully understood (Mishra and Chan, 2014).

Clearance of aged mitochondria promotes self-renewal of he-

matopoietic, muscle, breast, and natural killer cells (Garcı́a-Prat
division (right); (n = 3; *p < 0.05 or **p < 0.01, two-tailed paired t test). Middle

stimulated for 3 days with gp33-41 peptide and IL-2 in the absence or presence

Statistics are MFI of CYTO-ID signal for the indicated groups (n = 3; *p < 0.05,

production (DCFDA stain) of P14 CD8+ T cells stimulated for 4 days with gp33-41

glucose-free media replete with glucose (10 mM) versus galactose (10 mM) (low

presence of 2-DG is shown in the upper statistical graph (n = 2). DCFDA staining in

lower graph (n = 3; **p < 0.01, two-tailed paired t test). Lower left row: cell division

3 days in the absence or presence of 2-DG (0, 0.25, 0.5, and 1.0 mM left to right

conditions (n = 3; **p < 0.01 or ***p < 0.005 comparing 2-DG-treated groups to n

See also Figure S3.
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et al., 2016; Ito et al., 2016; Katajisto et al., 2015; O’Sullivan

et al., 2015). Mitochondrial biogenesis (Bengsch et al., 2016;

Scharping et al., 2016) and fusion (Buck et al., 2016; Khacho

et al., 2016; Luchsinger et al., 2016) also support self-renewal of

hematopoietic, neural, and memory T cells. Mitochondrial clear-

ance, biogenesis, and fusion seemingly facilitate cellular self-

renewal by eliminating dysfunctional organelles, making new

organelles, and fusing nascent mitochondria to optimize the effi-

ciency of oxidative metabolism.

The present findings support a model wherein mitochondrial

stasis is part of a larger anabolic constellation of PI3K/AKT/

mTOR activation, IRF4 induction, aerobic glycolysis, inhibited

autophagy, mitochondrial stasis, ROS production, and inactiva-

tion of FoxO1 leading to silencing of Pax5 or TCF1. Conversely,

mitochondrial clearance appears to be part of a larger catabolic

constellation of AMPK activation, autophagy, mitochondrial

elimination, oxidative metabolism, maintenance of FoxO1 activ-

ity, and Pax5 or TCF1 expression. Metabolic signaling appears

to be inherently bi-stable, with each side (anabolism versus

catabolism) having positive feedback of itself and mutual inhibi-

tion of the other side (double-negative feedback). Further inves-

tigation will be needed to determine what cellular component(s)

are unequal at metaphase that drive the disparate metabolic

constellations and cell fates. Determining whether cells with

particular fates can change their patterns of glycolytic or respira-

tory metabolism also could lead to novel strategies for truncating

or prolonging immune responses.
EXPERIMENTAL PROCEDURES

Mice

All animal work was conducted in accordance with Institutional Animal Care

and Use Guidelines of Columbia University. Mice were housed in specific-

pathogen-free conditions. C57BL/6 mice, Pax5-IRES-hCD2 reporter mice

(Fuxa and Busslinger, 2007), P14 T cell receptor (TCR) transgenic mice recog-

nizing LCMV peptide gp33-41/Db, OTII mice expressing an I-Ab-restricted

TCR specific for ovalbumin amino acids 323–339, AMPKa1-knockout mice

(Jørgensen et al., 2004) (Prkaa1tm1Vio), and IRF4-knockout mice (Klein

et al., 2006) have been described previously. Mice that were 8–12 weeks old

were used for most experiments.

Lymphocyte Activation

Spleens from mice were isolated and processed using established protocols.

B cells were enriched from spleens by magnetic bead negative selection with

MACS B cell isolation kit (Miltenyi Biotec). B cells (5 3 105 cells per well in 48-

well plate) were cultured in Iscove’s (Corning Life Sciences) complete media,

unless specified otherwise, with LPS (20 mg/mL; InvivoGen) for up to 3 days.

Enriched CD8+ T cells were obtained from spleens by magnetic bead negative

selection with MACS CD8+ T cell isolation kit (Miltenyi Biotec). CD8+ T cells
left row: cell division versus autophagy (CYTO-ID stain) of P14 CD8+ T cells

of 2-DG (2.0 mM) or rapamycin (10 nM) prior to CYTO-ID staining is shown.

two-tailed paired t test). Right panels: cell division versus total cellular ROS

peptide plus IL-2 in the absence or presence of 2-DG (2 mM) (upper row) or in

er row) is shown. MFI of DCFDA staining in cells stimulated in the absence or

cells stimulated inmedia containing glucose versus galactose is depicted in the

versus phosphorylated S6 ribosomal protein in B cells stimulated with LPS for

) is shown. The graph indicates the frequency of pS6hi B cells in the indicated

o drug-treated group, repeated-measures one-way ANOVA).



Figure 4. Anabolic-Catabolic Bistability Balancing Differentiation and Renewal

(A) Top panels: cell division versus activation of mTOR (pS6, first two columns) or AMPK (indexed by phospho-Acetyl-CoA Caboxylase, second two columns).

Top row: CTV-labeled B cells were stimulated with LPS for 68 hr, without or with glucose starvation for the last 2 hr. Bottom row: CTV-labeled P14 CD8+ T cells

were stimulated with gp33-41 peptide and IL-2 for 3 days, without or with glucose starvation for the last 2 hr. Statistics denote MFI of pS6 staining for LPS-

activated B cells (upper left) and gp33-41 peptide/APCs/IL-2-activated P14 CD8+ T cells (lower left) and MFI of pACC staining for LPS-activated B cells (upper

right) and activated P14 CD8+ T cells (lower right) done after no glucose starvation or 2 hr of glucose starvation (n = 3 for each cell type; *p < 0.05 or **p < 0.01, two-

tailed paired t tests).

(B) Left panels: cell division versusmTORactivation (pS6) in the absence or presence of PI3K inhibitor (5 mM; added 18 hr after stimulation for B cells). CTV-labeled

B cells stimulated with LPS (upper row) and CTV-labeled P14 CD8+ T cells stimulated with gp33-41 peptide and IL-2 (lower row) were each analyzed 3 days after

stimulation. Statistics are MFI of pS6 (left) frequency of pS6hi cells (right) (n = 3 for each cell type; *p < 0.05 or **p < 0.01, two-tailed paired t tests). Right panels: B

(legend continued on next page)
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(5 3 105 cells per well) were cultured in Iscove’s complete media containing

human recombinant IL-2 (100 units/mL) in 48-well plates coated with anti-

CD3/anti-CD28 antibodies (1 mg/mL; Bio X Cell).

For stimulation of CD8+ T cells from P14 mice, single-cell suspensions from

whole spleens were prepared and cultured in Iscove’s complete media,

unless specified otherwise, containing gp33-41 peptide (1 mg/mL) plus IL-2

(100 units/mL). For glucose deprivation experiments, B cells or P14 CD8+

T cells were cultured in glucose-free/2 mM glutamine-replete RPMI (Gibco)

supplemented with fetal calf serum (dialyzed overnight with SnakeSkin dialysis

tubing 10K MWCO; Thermo Fisher Scientific) and either 10 mM D-(+)-glucose

(Sigma) or 10 mM D-(+)-galactose (Sigma). Compounds used in cell culture

included the following: mDivi-1 (Cayman), Chloroquine (Enzo Life Sciences),

metformin (AMPK activator; Calbiochem), rapamycin (mTOR inhibitor; Selleck-

chem), NAC (Sigma), 2-DG (Sigma), LY294002 (PI3K inhibitor; Cell Signaling

Technology), Triciribine (AKT inhibitor; Cayman), AS1842856 (FoxO1 inhibitor;

Calbiochem), and oligomycin (Sigma).

Retroviral Transduction

Enriched B cells or CD8+ T cells were stimulated with LPS or plate-bound anti-

CD3/anti-CD28 antibodies plus IL-2, respectively, for 36 hr prior to retroviral

transduction. Cells were then re-plated in supernatant collected prior to trans-

duction. Retroviral constructs used were as follows: mCherry-alpha-tubulin

fusion protein (Day et al., 2009); mouse dominant-negative Drp1(K38A), a

gift from David Chan (Addgene plasmid 26049) and subsequently cloned

into theMSCV-IRES-Thy1.1 plasmid, a gift fromAnjana Rao (Addgene plasmid

17442); and hexokinase 2, made by subcloning the rat hexokinase 2 coding

sequence into an MSCV-IRES-GFP vector. Empty MSCV-IRES-Thy1.1 or

MSCV-IRES-GFP vectors were used as controls.

Organelle Pulse Labeling

Cells were labeled with Cell Trace Violet (CTV; Thermo Fisher Scientific) prior to

stimulation to track cell division. Mitochondria were pulse-labeled with Mito-

Tracker Green FM or MitoTracker Red FM (200 nM per 1 3 106 cells) at

37�C for 15min. Lysosomeswere labeled with LysoTracker Deep Red (Thermo

Fisher Scientific; 50–75 nM) for 30 min at 37�C in media. Labeling steps were

followed by at least two washing steps in cell culture media. For in vivo infec-

tions, Thy1.1+ P14+ CD8+ T cells were purified and pulse-labeled with CTV and

MitoTracker Green FM and then adoptively transferred into Thy1.2+ recipients

that had been infected intravenously 4 hr prior with Listeria monocytogenes-

expressing LCMV gp33-41 peptide (LMgp33; 5,000 colony-forming units

[CFUs]/mouse). Also, 1 3 106 OT-II Thy1.1+ CD4 T cells were purified,

pulse-labeled with CTV and MitoTracker Green FM, and then adoptively

transferred into Thy1.2+ recipients 24 hr before intranasal infection with 250

50%-tissue culture-infective dose PR8-OVA influenza virus.

Flow Cytometry

Detection of intranuclear antigens was performed using antibodies as previ-

ously described (Lin et al., 2015). For detection of phosphorylated antigens,

cells were fixed in 4%paraformaldehyde (PFA; ElectronMicroscopy Sciences)

for 15 min, treated with ice-cold methanol (Sigma) for 10 min, and washed
cells from wild-type and AMPKa1-knockout mice stimulated with LPS for 3 days

versus pS6. Data are representative of two identical experiments.

(C) Upper panels: cell division versus Pax5 expression of CTV-labeled B cells stim

PI3K (5 mM), AKT (50 nM), andmTOR (1 nM). Graph contains the frequency of Pax5

measures one-way ANOVA). Cells activated in the presence of PI3K inhibitor are

panels: cell division versus Pax5 expression of CTV-labeled B cells from wild-typ

presence ofmDivi-1 (10 mM), FoxO1 inhibitor (1 mM), or both inhibitors is shown. Th

conditions indicated (n = 3; *p < 0.05, **p < 0.01, or ***p < 0.005 comparing gro

measures one-way ANOVA).

(D) Left two columns: B cells from wild-type and IRF4-knockout mice left unstimu

cell division versus mitoclearance. The graph contains MFI of MTG signal in first c

two columns: CTV-labeled B cells from wild-type and IRF4-knockout mice stim

uptake (2-NBDG), Pax5, and IRF4. Statistics denote MFI of pS6 (left) and the freq

uptake is representative of two identical experiments. Pax5 and IRF4 staining is

See also Figure S4.
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twice prior to staining with antibodies (all from Cell Signaling Technology) spe-

cific to the following phosphorylated antigens: S6 Ribosomal Protein-S235/

236 (clone D57.2.2E conjugated to phycoerythrin (PE); 1:100–400) and

Acetyl-CoA Caboxylase (ACC)-S79 (clone D7D11 unconjugated; 1:100). Un-

conjugated rabbit antibodies (p-ACC) were detected by staining cells with

goat anti-rabbit antibodies conjugated to AlexaFluor647 (Thermo Fisher Sci-

entific; 1:1,000). Autophagic organelles were labeled with CYTO-ID Autophagy

Detection Kit (Enzo Life Sciences; 1:1,000 dilution of stock) according to the

manufacturer’s instructions. ROSwere detected by incubating cells with Mito-

SOX Red Mitochondrial Superoxide Indicator (Thermo Fisher Scientific; 5 mM)

for 15 min at 37�C in media or CM-H2DCFDA (Thermo Fisher Scientific; 5 mM)

for 30min at 37�C inmedia. Glucose uptake wasmeasured by incubating cells

in 2-NBDG (Cayman; 100 mM) for 45 min at 37�C in glucose-free media. Flow

cytometry data were analyzed using FlowJo software (version [v.] 8 and v. 10).

Confocal Microscopy

Confocal microcopy was performed as described (Chang et al., 2011; Lin et al.,

2015). Using transmitted light morphology, tubulin bridge staining, and DNA

staining, specific identification of telophase or cytokinetic sibling pairs, with

the exclusion of any spurious neighboring but unrelated cell pairs, was

achieved (Lin et al., 2015). For fixed-cell imaging, cells were adhered to poly-

l-lysine- (Sigma) coated coverslips (1.5; Thermo Fisher Scientific) and treated

with freshly prepared 3.7% PFA (Sigma) diluted in cell culture media (pH 6.8)

in order to preserve mitochondrial morphology and MitoTracker Red FM fluo-

rescence intensity. Following a brief treatment with 0.1% triton, cells were

stained with antibody against a-tubulin (clone YOL1/34; Abcam; 1:300) and

then anti-rabbit antibody conjugated to AlexaFluor568 (Thermo Fisher Scienti-

fic) in a PBS solution containing 0.01% saponin and 0.25% fish skin gelatin

(Sigma). For live-cell imaging, cells were transferred to poly-L-lysine-coated

eight-chambered coverglass wells (1; LabTek) in warm cell culture media and

allowed to adhere briefly before imaging. Images were acquired on inverted

confocalmicroscopes (Zeiss LSM710or Nikon Ti Eclipse) and processed using

ImageJ (v. 1.46r) or Fiji (v. 2.0) software. Total fluorescence in defined regions of

single cells was quantitated using the integrated density function in ImageJ.

Statistical Analyses

Significance between experimental groups was determined using two-tailed t

tests or two-tailed ratio t tests for paired data, two-tailed Mann-Whitney test

for unpaired data, or repeated-measures one-way ANOVA. Two-tailed Fisher’s

exact test was used to determine significance for contingency statistics of

microscopy data comparing asymmetric versus symmetric fluorescence in-

tensity of molecules between sibling pairs. Statistical analyses and summary

statistics to determinemeans and SDswere carried out using GraphPad Prism

software v. 7 (*p < 0.05, **p < 0.01, and ***p < 0.005).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and can be found with this

article online at http://dx.doi.org/10.1016/j.celrep.2016.11.065.
in the absence or presence of mDivi-1 (10 mM) were analyzed for cell division

ulated with LPS for 66 hr in the absence or presence of mDivi-1 and inhibitors of
lo B cells among the indicated groups (n = 4; *p < 0.05 or ***p < 0.005, repeated-

not included in graph but representative of two identical experiments. Lower

e and AMPK-knockout mice stimulated with LPS for 3 days in the absence or

e graph contains the frequency of Pax5hi cells in the last cell division among the

ups with one or more perturbations to group with no perturbation, repeated-

lated (bottom row) or stimulated with LPS for 66 hr (top row) were analyzed for

ell generation of stimulated cells (n = 3; *p < 0.05, two-tailed paired t test). Right

ulated with LPS for 66 hr were analyzed for cell division versus pS6, glucose

uency of pS6hi cells (right) (n = 3; *p < 0.05, two-tailed paired t test). 2-NBDG

repetitive of published findings (Lin et al., 2015).
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