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Article

Calcium signals regulate the functional
differentiation of thymic iNKT cells
Meng Zhao1,2,3,*,†,‡ , Ariel Quintana4,5,†, Chen Zhang4,†, Alexander Y Andreyev6,†, William Kiosses7,

Tomomi Kuwana8, Anne Murphy9, Patrick G Hogan4,10,**,‡ & Mitchell Kronenberg1,11,***,‡

Abstract

How natural or innate-like lymphocytes generate the capacity to
produce IL-4 and other cytokines characteristic of type 2 immu-
nity remains unknown. Invariant natural killer T (iNKT) cells dif-
ferentiate in the thymus into NKT1, NKT2, and NKT17 subsets,
similar to mature, peripheral CD4+ T helper cells. The mechanism
for this differentiation was not fully understood. Here, we show
that NKT2 cells required higher and prolonged calcium (Ca2+)
signals and continuing activity of the calcium release-activated
calcium (CRAC) channel, than their NKT1 counterparts. The
sustained Ca2+ entry via CRAC pathway in NKT2 cells was appar-
ently mediated by ORAI and controlled in part by the large mito-
chondrial Ca2+ uptake. Unique properties of mitochondria in NKT2
cells, including high activity of oxidative phosphorylation, may
regulate mitochondrial Ca2+ buffering in NKT2 cells. In addition,
the low Ca2+ extrusion rate may also contribute to the higher
Ca2+ level in NKT2 cells. Altogether, we identified ORAI-dependent
Ca2+ signaling connected with mitochondria and cellular metabo-
lism, as a central regulatory pathway for the differentiation of
NKT2 cells.
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Introduction

Invariant natural killer T (iNKT) cells are a group of innate-like T

lymphocytes. They are distinguishable from mainstream CD4+ and

CD8+ T cells by many features, including the expression of the semi-

invariant T-cell receptors (TCRs), restriction by the non-polymorphic

MHC-class I-like molecule CD1d, specificity for lipid antigens, tissue

residency, and, importantly, their rapid effector functions upon acti-

vation (Kronenberg, 2005; Godfrey et al, 2010; Brennan et al, 2013).

Unlike mainstream T cells, which undergo activation and prolifera-

tion in the periphery before differentiating into effector T cells with

defined profiles of cytokine production, iNKT cells differentiate

during thymic development into functional subsets, NKT1, NKT2,

and NKT17, analogous to Th1, Th2, and Th17 CD4+ helper T

lymphocytes. The subsets differ for the expression of hundreds of

genes (Engel et al, 2016; Georgiev et al, 2016; Lee et al, 2016).

Several transcription factors and cytokines have been shown to influ-

ence the prevalence of the iNKT cell subsets (Salio et al, 2014; Krovi

& Gapin, 2018). The selective activation of these subsets could be the

mediators for the divergent effects of the total population of iNKT

cells, which are in some situations anti-inflammatory, while in

others pro-inflammatory (Kronenberg, 2005; Wang et al, 2018; Zhao

et al, 2018). For example, recently IFNc-producing NKT1 cells were

shown to be important in preventing severe disease in an autoim-

mune arthritis model (Zhao et al, 2018). Therefore, despite their

similar TCRs and specificity, iNKT cell subsets represent lympho-

cytes that physiologically are highly different.

It has been shown that thymic iNKT cells have many important

functions. In particular, thymic NKT2 cells are a major IL-4

producer at steady state, which has striking consequences for the

homeostasis of thymic cell populations (Lee et al, 2013; Kang et al,
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2016). The development of iNKT cells in the thymus requires a

stronger signal than required for mainstream CD4+ or CD8+ T cells,

a process also known as agonist-mediated positive selection (Bald-

win et al, 2004; Cheroutre et al, 2009). We and others have recently

shown that TCR signaling strength regulates the differentiation of

iNKT cell subsets; and NKT2 cells require optimal zeta chain of

TCR-associated protein kinase 70 (Zap70)-mediated signals (Tuttle

et al, 2018; Zhao et al, 2018), which is consistent with the higher

expression level of Nur77 reporter (Moran et al, 2011; Lee et al,

2013) in mature NKT2 cells.

Engagement of the TCR causes phosphorylation of phospholipase

C (PLC), which hydrolyzes phosphatidylinositol 4,5 bisphosphate

(PIP2) to inositol 1,4,5 trisphosphate (InsP3) and diacylglycerol

(DAG; Courtney et al, 2018). InsP3 releases calcium (Ca2+) from the

endoplasmic reticulum (ER) intracellular Ca2+ stores, causing the

activation of Ca2+ release-activated Ca2+ (CRAC)/ORAI channels

through the stromal interaction molecule (STIM; Hogan & Rao, 2015;

Bird & Putney, 2018; Ong et al, 2019). The development of iNKT cells

and other agonist-selected T cells requires STIM-ORAI Ca2+ signaling

(Oh-Hora et al, 2013). In contrast, mainstream or conventional

thymocytes can develop but are hypo-responsive in the absence of

CRAC/ORAI function. Downstream of Ca2+ entry, the calcineurin-

nuclear factor of activated T-cell (NFAT) pathway is particularly

important for iNKT cell differentiation, as is early growth response 2

(Egr2), a transcription factor regulated by NFAT (Shao et al, 1997;

Rengarajan et al, 2000; Lazarevic et al, 2009). Egr2 directly regulates

pro-myelocytic leukemia zinc finger (PLZF ) expression in iNKT cells

(Seiler et al, 2012), which is important for their acquisition of

effector functions (Kovalovsky et al, 2008; Savage et al, 2008). NKT2

cells express higher amount of Egr2 (Georgiev et al, 2016) and PLZF

(Engel et al, 2016), in line with the influence of stronger TCR signals

in driving this subset. Nevertheless, it is unknown whether Ca2+

signaling is differentially regulated in thymic iNKT cell subsets and

whether processes related to the intracellular Ca2+ homeostasis are

important for subset differentiation.

Apart from acting in the cytoplasm, Ca2+ is taken up by mitochon-

dria and regulates the activity of oxidative phosphorylation, the main

pathway for ATP production in na€ıve T cells (Contreras et al, 2010;

van der Windt & Pearce, 2012). The differentiation of iNKT cells to

acquire effector function is bioenergetically demanding (Pearce et al,

2013). The extent to which thymic iNKT cells are metabolically

distinct from the mainstream thymic T cells remains to be fully char-

acterized. However, deletion of genes encoding metabolic regulators

such as c-Myc, and Raptor (Mycko et al, 2009; Zhang et al, 2014)

specifically abolished iNKT cell development, but not conventional T

cells. Furthermore, a recent study showed that knocking out Uqcrfs1,

the gene encoding an essential subunit of mitochondrial respiratory

chain complex III, RISP, also resulted in a diminished iNKT cell

compartment without affecting the development of conventional T

cells, indicating that oxidative phosphorylation is essential for iNKT

cell development. It remains to be determined, however, how meta-

bolic regulation differentially controls the development of the iNKT

cell subsets, but Rictor deletion has been implicated as a requirement

for NKT2 cells (Prevot et al, 2015).

In this study, we showed that the two most abundant subsets,

thymic NKT1 and NKT2 cells, display distinct intracellular Ca2+

homeostasis downstream of TCR activation and have a different

requirement of Ca2+ for proliferation and differentiation.

Furthermore, thymic iNKT cells have significantly higher ATP

demand, and uniquely active mitochondria respiration, as compared

to conventional T cells. We also showed that BTP2, a CRAC channel

inhibitor abolishes Ca2+ influx downstream of TCR in NKT2 cells,

and further dampens their development. Furthermore, mitochondria

in NKT2 cells not only exhibited a structural basis for high oxidative

phosphorylation in these cells, but also played a role in regulating

Ca2+ signaling in NKT2 cells.

Results

Different Ca2+ influx in activated iNKT cell subsets

We have recently shown that NKT2 cells required optimal TCR

signals to develop, whereas NKT1 cells differentiated even when

TCR signals were reduced due to two different hypomorphic Zap70

mutations (Zhao et al, 2018). In addition, we found that mRNA

expression of genes that regulate TCR signal transduction is signifi-

cantly different in iNKT cell subsets (Zhao et al, 2018), suggesting

that their TCR signaling pathways are controlled differentially. One

of the early signaling cascade triggered upon TCR activation is the

rise of intracellular Ca2+ as a result of Ca2+ influx through plasma

membrane Ca2+ channels. We monitored Ca2+ influx after TCR acti-

vation using flow cytometry (Fig 1A), gating on the two major

thymic subsets of CD1d tetramer+ iNKT cells: NKT1 (ICOSloCD4+/�)
and NKT2 (ICOShiCD4+), after iNKT cell enrichment by negative

selection. Ratiometric dye Indo-1 was used to report cytoplasmic

Ca2+ concentration ([Ca2+]) (Bailey & Macardle, 2006). Antibody

cross-linker (goat anti-Armenian hamster IgG (H + L)) was added in

the absence of extracellular Ca2. Upon addition of 1mM Ca2+ solu-

tion, cytoplasmic Ca2+ rapidly and transiently increased as a result

of TCR signaling-induced Ca2+ influx. There are number of dif-

ferences, but importantly, the maximal cytoplasmic [Ca2+] was

higher in NKT2 cells, and the cytoplasmic [Ca2+] was sustained at a

higher level in NKT2 cells during the analysis (Fig 1A). To assess

the heterogeneity of these thymic populations, we carried out

single-cell Ca2+ imaging, as published previously (Sharma et al,

2013). Freshly sorted thymic NKT1 and NKT2 cells were labeled

with Fura-2, another ratiometric fluorescent Ca2+ indicator (Grynkie-

wicz et al, 1985), stimulated with anti-CD3e and anti-CD28 antibod-

ies in the absence of extracellular Ca2+, and Ca2+ influx was

observed upon 1mM Ca2+ perfusion (Fig 1B, Appendix Fig S1A and

B). This analysis confirmed the higher maximal Ca2+ signals, and

more sustained Ca2+ increase in NKT2 cells than in NKT1 cells.

While the magnitude of the NKT1-NKT2 divergence was different in

the two assays, and there was some overlap for the maximal cyto-

plasmic Ca2+ in the single-cell analysis (Appendix Fig S1C), the data

clearly indicate the two populations can be distinguished by maxi-

mal and sustained Ca2+ influx (Fig 1B and Appendix Fig S1C).

Therefore, TCR activation induced a higher and more prolonged

Ca2+ signal in differentiated thymic NKT2 cells.

We next analyzed thymus iNKT cell subsets from SKG mice,

which have a hypomorphic mutation in Zap70. Using Indo-1 and

flow cytometry-based assay of cell populations, SKG NKT1 cells

exhibited a similar cytoplasmic Ca2+ profile upon TCR activation as

compared to WT NKT1 cells (Fig 1C), whereas in SKG NKT2 cells,

the maximal Ca2+ level was significantly reduced compared with
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WT NKT2 cells (Fig 1D). Because NKT2 cell differentiation is

impaired in SKG mice due to Zap70 mutation (Zhao et al, 2018),

these data indicate that differential regulation of Ca2+ homeostasis

downstream of ZAP70 may be important for subset differentiation,

or related to the accumulation of differentiated NKT2 cells, for

example by increasing proliferation.

Higher Ca2+ is required for TCR-induced NKT2 proliferation

Because the specific TCR a gene rearrangement that commits cells

to the iNKT cell lineage is infrequent, iNKT cells must undergo

intra-thymic proliferation to generate the populations of 5 × 105 or

more mature iNKT cells that are typically observed in young adult

mouse thymus. Ca2+ signals regulate cell proliferation (Rodrigues

et al, 2007), and therefore, we compared TCR-induced proliferation

in vitro using sorted NKT1 and NKT2 thymocytes. NKT2 cells were

more proliferative (Fig 2A), consistent with transcriptomic analysis

(Engel et al, 2016). To examine the requirement for extracellular

Ca2+ for proliferation, EGTA was added to Ca2+-free DMEM culture

medium. The Ca2+ in the medium comes from the FBS supplement.

In order to measure effects on proliferation accurately, aside from

effects on cell survival, we monitored the survival rate of iNKT cell

subsets in the presence of different EGTA concentrations. At

0.45 mM EGTA, the percentage of live cells was significantly

reduced for both iNKT cell subsets, whereas there was no effect at

0.40 mM and lower concentrations (Appendix Fig S2). Importantly,

EGTA inhibited NKT2 cell proliferation in a dose-dependent manner

at concentrations where cell viability was not reduced, whereas

NKT1 cell proliferation was maintained (Fig 2A and B). To test for

the Ca2+ dependence of NKT1 and NKT2 cell proliferation without
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Figure 1. Distinct Ca2+ influx in thymic iNKT cell subsets.

A Population analysis. Pre-enriched iNKT cells from WT BALB/c mice (NKT1, Red; NKT2, Black) were stained with Indo-1. As a measure of intracellular [Ca2+], the ratio
of Indo (Violet) and Indo (Blue) was analyzed by flow cytometry. Timing of the addition of cross-linker, goat anti-Armenian hamster IgG (H + L), and extracellular
calcium (mM) was as indicated.

B Single-cell analysis. Average profiles of Ca2+ influx induced by anti-CD3e, and anti-CD28 in freshly sorted individual NKT1 (Red) and NKT2 (Black) cells, labeled by
Fura-2. The average signal from more than 200 cells is shown. The timing of antibody addition, and the extracellular [Ca2+] are indicated (mM).

C, D Pre-enriched thymocytes from WT BALB/c thymi as in (A) were labeled by CFSE (CFSE+), mixed with pre-enriched thymocytes from SKG thymi (CFSE�), loaded with
Indo-1, and stimulated as in (A). Ratio of Indo (Violet) and Indo (Blue) was analyzed by flow cytometry. Comparison of cytoplasmic Ca2+ profiles between WT and
SKG NKT1 (C) and NKT2 (D) cells in the same test tube are shown. Data are representative from one of at least three independent experiments. Graphs represent
the average Ca2+ levels.
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Figure 2. NKT2 cells require more Ca2+ for proliferation and differentiation.

A Sorted thymic NKT1 and NKT2 cells were labeled with CellTrace Violet, and activated by anti-CD3e/CD28 Dynabeads for 2 days, in the presence of different [EGTA] in
the medium. CellTrace Violet/CTV signal in living cells at the end of the culture is shown.

B Cell proliferation was quantified as division index based on CTV signals in (A).
C–I Thymic lobes from new born (day 0) BALB/c mice were cultured in vitro for 6 days. (C, D) EGTA was added from the start of culture (day 0), and the percentages of

CD4+ T cells (C) and iNKT cells (D) among live cells are shown. (E–I) EGTA was added 48 h after the start of culture (day 2), and the percentage of iNKT cells (E), the
percentage of Tbethi population in iNKT cells (F), and the expression of CXCR3 (G), PLZF (H), and PD1 (I) in total iNKT cells are shown.

Data information: Data are representative from one of at least three independent experiments. Graphs represent mean � SD with three replicate samples (B) or symbols
representing individual thymic lobes (C–I). For (B), ****P < 0.0001; n.s. not significant (nonparametric Spearman correlation between division index and EGTA
concentration); For (C–I), *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s. not significant (unpaired two-tailed Student’s t-test).
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EGTA, we dialyzed FBS against Ca2+-free DMEM to reduce the Ca2+

concentration in the medium and added known amounts of CaCl2.

We found that while cell survival was not affected (Appendix Fig

S3A), increasing Ca2+ promoted NKT2 cell proliferation in a dose-

dependent fashion up to at least 0.4 mM, whereas NKT1 cell prolif-

eration was not sensitive to Ca2+ changes (Appendix Fig S3B).

Collectively, these data show that increased Ca2+ availability upon

TCR triggering was required for optimal NKT2 cell proliferation.

NKT2 differentiation is sensitive to Ca2+ chelation

We have established a fetal thymic organ culture (FTOC) system

that not only recapitulates the early events during iNKT cell onto-

geny but provides for the differentiation of functional iNKT cell

subsets (Zhao et al, 2018). To examine further the role of Ca2+

during subset differentiation, EGTA (1 mM) was added at different

times to the FTOC. The development of iNKT cells was abolished by

day 0 addition of EGTA, whereas conventional CD4+ and CD8+ T

cells were not affected (Fig 2C and D, Appendix Fig S4A). This

shows that iNKT cells required higher Ca2+ signals to develop. In

the FTOC, iNKT cells emerged at the third day of culture (Zhao

et al, 2018). When EGTA was added at 48 h (day 2), the total

number of iNKT cells was not reduced (Fig 2E), suggesting that

optimal Ca2+ is necessary during the early commitment to become

an iNKT cell, but less so during their subsequent expansion and

further differentiation. However, when examining the subsets aris-

ing after day 2 EGTA addition, the NKT1 population (Tbethi) was

increased, together with higher expression of NKT1 markers CXCR3

and CD122 (Fig 2F and G; Appendix Fig S4B). In contrast, the NKT2

cell population was reduced, as evidenced by lower expression of

NKT2 markers PLZF, PD1, and Slamf6 (Fig 2H and I; Appendix Fig

S4C). The reciprocal increase in NKT1 and decrease in NKT2 cells is

most consistent with the hypothesis that continued and optimal

Ca2+ is critical for NKT2 cell differentiation.

NKT2 cells are metabolically active

Consistent with higher proliferative capacity of NKT2 cells, RNA-seq

analysis comparing thymic NKT1 and NKT2 cells from WT BALB/c

mice indicated that pathways related to cell cycle regulation showed

significant enrichment in NKT2 cells, as well as biosynthesis path-

ways for nucleotides and amino acids, building blocks for DNA,

RNA, and protein (Fig 3A). Interestingly, genes related to oxidative

phosphorylation, mitochondrial function, and glycolysis were also

enriched in NKT2 cells suggesting that they are more metabolically

active. Compared with CD4+ T cells from the thymus, we found

NKT1 and NKT2 cells had a higher ATP level per cell, with NKT2

cells having the highest ATP content of any of the mature thymocyte

populations tested (Fig 3B). Flow cytometry analysis indicated

NKT2 cells are larger, but when corrected for cell size, NKT2 cells

still had a higher ATP concentration (Appendix Fig S5).

Na€ıve T cells depend on mitochondrial oxidative phosphoryla-

tion to generate ATP (Pearce et al, 2013). Mitochondrial Ca2+ uptake

stimulates the aerobic synthesis of ATP through the activation of the

pyruvate, a-ketoglutarate, and isocitrate dehydrogenases (Contreras

et al, 2010). Thus, we hypothesized that Ca2+-dependent mitochon-

drial function was distinctively important for NKT2 cells. To directly

test the activity of mitochondrial respiration, we carried out the Mito

Stress test using the Seahorse instrument (Fig 3C). We measured

metabolic parameters such as basal and maximal oxidative phos-

phorylation, glycolysis, and ATP demand as described in

Appendix Fig S6. The oxygen consumption rate (OCR) is a specific

measurement of mitochondrial activity. The higher basal OCR in

NKT2 cells than in NKT1 and CD4+ T cells from the thymus is

indicative of higher mitochondrial respiration at steady state

(Fig 3D). Spare respiratory capacity (SRC) is an indicator of the

respiratory potential available to a cell to produce energy under

stress. NKT1 and NKT2 cells had a higher SRC than mainstream,

mature thymocytes (Fig 3E). NKT2 cells specifically had the highest

basal/maximal/spare respiration among all mature thymic T popu-

lations tested, indicating that mitochondria in NKT2 cells are partic-

ularly active (Fig 3D, Appendix Fig S7A, Fig 3E). The extracellular

acidification rate (ECAR, Appendix Fig S7B) measures pH changes

in the microwell and reflects the rate of lactate production from

glucose, as well as carbon dioxide production from glycolytically

produced pyruvate (CO2 dissolved in the medium). In the presence

of oligomycin, however, mitochondrial ATP synthesis, and conse-

quently, respiration and pyruvate utilization are suppressed nearly

completely (so-called respiratory control). This is evident from

almost no difference between OCRs in the presence of oligomycin

versus respiratory inhibitor myxothiazol (Fig 3C, Appendix Fig

S6A). As no CO2 is produced in this case, the ECAR reports exclu-

sively lactic acid production/glycolic activity. This activity reflects

maximal capacity of glycolysis to respond to the basal ATP demand

of the cells (Fig 3F, Appendix Fig S6). We calculated (using

approach described in Appendix Fig S6) that these maximal capaci-

ties can meet only between 20% (NKT1) and 40% (NKT2) of the

total ATP demand (Appendix Fig S7C) of the cell. Thus, both types

of iNKT cells, as well as T cells, are critically dependent on oxida-

tive phosphorylation for energy (Appendix Fig S7D), although NKT2

cells are capable of higher, albeit transient, glycolytic activity than

other T cells (Appendix Fig S7B). Also, by subtracting ECAR read-

ings in glucose-free medium (supplemented with pyruvate and

glutamine to provide substrate for mitochondria, Appendix Fig S6),

we were able to determine the relative contribution of glycolysis to

bioenergetics of T cells under basal conditions and demonstrated

that NKT2 cells have higher spare glycolytic capacity (Fig 3F and

G), while NKT1 cells are more similar to other mature CD4 and CD8

thymocytes. Overall, metabolism of NKT2 cells is uniquely high

among tested thymocytes. The total basal ATP demand, measured

as the combination of basal ATP production from oxidative phos-

phorylation and glycolysis (Appendix Fig S6), in iNKT cells, espe-

cially NKT2 cells, is significantly higher than in conventional CD4+

and CD8+ T cells (Appendix Fig S7C). The vast majority of the ATP

demand is met by oxidative phosphorylation in all thymocyte popu-

lations tested (Appendix Fig S7D). The higher ATP production in

iNKT cells may be critical to meet the bioenergetic demand for

effector functions, such as iNKT cell IL-4 production at steady state

that affects other thymocytes (Lee et al, 2013; Miller et al, 2018).

Mitochondria reflect activities of oxidative phosphorylation in
iNKT cell subsets

The vast majority of mitochondrial proteins are encoded by nuclear

genes and are transported from the cytosol to mitochondria via

protein import machinery (Pfanner et al, 2019). Several translocases
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Figure 3. NKT2 cells are more metabolically active.

A Enriched pathways comparing BALB/c thymic NKT1 and NKT2 transcriptomes.
B ATP content from sorted thymic T-cell populations.
C Oxygen consumption rate (OCR) from sorted thymic T-cell populations measured in a Seahorse Mitostress test.
D, E (D) basal OCR and (E) spare respiratory capacity (SRC) were calculated based on data from (C).
F, G (F) maximal glycolytic activity and (G) spare glycolytic capacity were calculated as in Appendix Fig S6.

Data information: Data are representative from one of at least three independent experiments. Graphs represent mean � SD with symbols representing individual
samples. ***P < 0.001; ****P < 0.0001; n.s. not significant (unpaired two-tailed Student’s t-test).
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of the outer membrane (TOM), Tomm20 and Tomm40, and translo-

cases of the inner membrane (TIM), Timm8a1 and Timm9, were

expressed significantly higher in NKT2 cells than in NKT1 cells

based on mRNA levels (Appendix Fig S8A). Although a minor frac-

tion of mitochondrial proteins, a few proteins, including key

components in the electron transport chain, are encoded by the

mitochondrial DNA (mtDNA) and are translated in mitochondria

(Johnston & Williams, 2016). All the differentially expressed genes

encoding mitochondrial ribosomal proteins were expressed at

higher level in NKT2 cells than in NKT1 cells, including mitochon-

drial ribosomal proteins S6 (encoded by Mrps6), S28 (Mrps28), L54

(Mrpl54), and L34 (Mrpl34). Similarly, Gfm1 and Gfm2 encoding

mitochondrial elongation factors G1 and G2, and Mrrf encoding

mitochondrial ribosome recycling factor, were also expressed higher

in NKT2 cells. Consistent with the higher expression of genes

encoding mitochondrial proteins (Appendix Fig S8A) and higher

level of oxidative phosphorylation (Fig 3), MitoTracker green stain-

ing showed that the mitochondrial mass was increased in NKT2

compared with NKT1 cells (Fig 4A and B). 3D confocal imaging by

staining for Tim23, a key translocase of inner membrane for protein

transport, further showed the higher mitochondria volume in NKT2

cells as normalized to total cell volume (Fig 4C and D). Using

Stochastic Optical Reconstruction Microscopy (STORM), we were

able to measure the number of Tom22 molecules, a mitochondrial

outer membrane protein, on a single-cell basis, and found that

NKT2 cells expressed a higher amount of Tom22 although there

was a similar mRNA level as compared to NKT1 cells

(Appendix Fig S8B). Overall, these data indicate that NKT2 cells

have higher mitochondria content. Furthermore, electron micro-

scopy (EM) analysis revealed the size of individual mitochondrion

in NKT2 cells was significantly larger than in NKT1 cells (Fig 4E

and F). Mitochondrial cristae are folds of the inner membrane

where oxidative phosphorylation takes place. The cristae length

(normalized to individual mitochondria perimeter) in NKT2 cells

was significantly higher (Fig 4G). Mitochondrial membrane poten-

tial in NKT2 cells was also significantly higher than in NKT1 cells

as shown by Tetramethylrhodamine ethyl ester (TMRE) staining

(Appendix Fig S8C and D). Therefore, the larger content, together

with the morphological and structural features of mitochondria in

NKT2 cells, supports the higher oxidative phosphorylation activity

and capacity as compared to NKT1 cells in the thymus. MitoTracker

green staining also showed that splenic NKT2 cells have higher

mitochondria mass than NKT1 cells, suggesting that the differences

in mitochondria in thymic subsets may persist in the peripheral

organs (Appendix Fig S8E).

CRAC channel is essential for iNKT subsets

Ca2+ influx through the STIM-ORAI-dependent calcium release-

activated calcium (CRAC) channels is the primary calcium entry

pathway downstream of TCR activation in mature T lymphocytes

(Hogan & Rao, 2015; Vaeth et al, 2020). RNA-seq analysis showed

that STIM1, STIM2, ORAI1, ORAI2, and ORAI3 genes were not

uniformly expressed at a higher level in NKT2 cells (Appendix Fig

S9). To investigate the role of CRAC/ORAI channel activity in iNKT

cell subsets, we used BTP2, a CRAC channel inhibitor (Zitt et al,

2004; He et al, 2005; Steinckwich et al, 2007). BTP2 treatment effec-

tively reduced the [Ca2+] peak downstream of TCR activation in

NKT1 cells and completely blocked Ca2+ influx in NKT2 cells

(Fig 5A, Appendix Fig S10A). This suggests that similar to main-

stream T cells, the CRAC channel is the predominant Ca2+ entry

pathway downstream of the TCR in NKT2 cells, and a major Ca2+

channel in NKT1 cells, although there may be ORAI-independent

Ca2+ channels operating in NKT1 cells as well (Fig 5A). A similar

effect of BTP2 was also observed in SKG NKT1 and NKT2 cells

(Appendix Fig S10B–D).

Given that Ca2+ signals are required for NKT2 differentiation

(Fig 2), we tested the role of CRAC channels in FTOC. BTP2 treat-

ment in FTOC abolished the development of iNKT cells, but not

conventional T cells (Fig 5B, Appendix Fig S10E and F), confirming

the previous discovery that the Stim/ORAI pathway is critical for the

development of agonist-selected T cells, including iNKT cells (Oh-

Hora et al, 2013). Delayed addition of BTP2 allowed for a normal

percentage of total iNKT cells in FTOC (Appendix Fig S10G–K).

However, the differentiation of iNKT cell subsets was skewed toward

NKT1 cells, as shown by the increased expression of NKT1 markers

CXCR3 and CD122, and the reduced expression of NKT2 markers

PLZF, PD1, and Slamf6 (Fig 5C–F, Appendix Fig S10J and K). The

similar inhibitory effects of BTP2 and EGTA on iNKT cell differentia-

tion suggest that ORAI channel-mediated Ca2+ entry is critical not

only for the emergence of iNKT cell precursors, but also for main-

taining the essential Ca2+ signals required for NKT2 differentiation.

Mitochondria in NKT2 cells regulate store dependent
Ca2+ signaling

Given the importance of CRAC/ORAI in iNKT cell subset differentia-

tion, we further examined the regulation of CRAC channel activation

in iNKT cell subsets. We used single-cell recording and cells were

treated with the specific and irreversible sarco/endoplasmic reticu-

lum Ca2+-ATPase (SERCA) blocker thapsigargin (TG) in the absence

of extracellular Ca2+ in order to induce the full depletion of the ER

Ca2+ store. The store depletion is the main signal for the activation

of CRAC channel; thus, maximal depletion of ER Ca2+ stores results

in maximal activation of CRAC channels (Prakriya et al, 2006).

Subsequently, a Ca2+-containing solution (1 mM) was perfused to

the extracellular media. The cytoplasmic Ca2+ concentration ([Ca2+])

quickly increased as a result of Ca2+ influx through CRAC channels.

WT and SKG iNKT cells had comparable level of the TG-induced

Ca2+ influx (Fig 6A, Appendix Fig S11C); meanwhile, the addition of

BTP2 could inhibit the Ca2+ influx process in both cells

(Appendix Fig S11). These data indicate that the CRAC channel

could function when bypassing the TCR stimulation. Consistent

with anti-CD3e/CD28 stimulation (Fig 1), TG treatment resulted in

higher Ca2+ in NKT2 cells than in NKT1 cells (Fig 6A and C),

suggesting that CRAC channel-mediated Ca2+ signaling is regulated

differently in NKT2 cells than in NKT1 cells. When [Ca2+] reached a

plateau (Fig 6A), extracellular Ca2+ removal induced a rapid

decrease in the cytoplasmic Ca2+ signal likely a result of the halting

of Ca2+ influx, as well as the Ca2+ exportation mechanism at the

plasma membrane. After intracellular Ca2+ has been reduced to near

the baseline level, ionomycin treatment (Fig 6A, blue arrow, Fig 6C)

released the remaining Ca2+ from intracellular Ca2+ stores and

increased the cytoplasmic [Ca2+]. As TG irreversibly inhibits SERCA

pump on ER, the increase in cytoplasmic [Ca2+] after ionomycin is

mainly mediated by non-ER Ca2+ stores.
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Mitochondria are the major non-ER Ca2+ store and have been

reported to sequester Ca2+ upon Ca2+ influx through CRAC channels

(Quintana et al, 2011). Mitochondrial Ca2+ uptake promotes the

long-lasting activity of CRAC/ORAI1 channels in human and rat

leukemia cell lines (Quintana et al, 2011), as well as human primary

CD4+ T cells (Quintana et al, 2007) by modulating the slow Ca2+-

dependent inactivation of CRAC/ORAI channels at the vicinity or

microdomain of the channel opening (Schwindling et al, 2010).

Therefore, we asked whether our findings in NKT2 cells would be

consistent with a mechanism in which Ca2+ sequestration in
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Figure 4. Mitochondria in NKT2 support robust oxidative phosphorylation.

A MitoTracker green staining in iNKT cell subsets ex vivo.
B Quantification of mean fluorescence intensity (MFI) of MitoTracker green staining in iNKT cell subsets.
C Confocal images of Tim 23 (Alexa Fluor 488, green) and MitoTracker deep red (Alexa Fluor 647, red) in freshly isolated thymic NKT1 (c1, 2) and NKT2 (c5, 6) cells

using Airyscan technology. 3D images reconstructed by Imaris software in NKT1 (c3, 4) and NKT2 cells (c7, 8). Dotted line in panel (5–8) indicates juxtaposition of
two NKT2 cell images taken with the same resolution and magnification as NKT1 cells.

D Mitochondrial volume estimated by Tim 23 staining as in (C), and presented as % of total cell volume.
E Representative images of electron microscopy in NKT1 and NKT2 cells.
F, G (F) individual mitochondria size and (G) cristae perimeters normalized to mitochondria perimeter based on EM in (E).

Data information: Data are representative from three independent experiments. Graphs represent mean � SD with symbols representing individual mice (B), individual
cells (D), or individual mitochondrion (F, G). *P < 0.05; ***P < 0.001; ****P < 0.0001; n.s. not significant (unpaired two-tailed Student’s t-test).
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mitochondria (Fig 6C) contributes to a reduced local Ca2+ concentra-

tion and Ca2+-dependent CRAC/ORAI inactivation, thereby sustain-

ing the Ca2+ entry upon TG treatment and contributing to the high

cytoplasmic Ca2+ plateau in NKT2 cells after TG (Fig 6A and D). We

treated the cells with TG in 0 extracellular Ca2+ as in the control

(Fig 6A), then applied acutely extracellular Ca2+ (0.5 mM) together

with the mitochondrial uncoupler CCCP, which abrogates mitochon-

drial Ca2+ uptake by disrupting the mitochondrial membrane poten-

tial (Fig 6B). We used lower Ca2+ in the perfusion medium (0.5mM),

because 1mM Ca2+ as in the control condition will lead to saturation

of the florescent signals from Fura-2. Although lower extracellular

Ca2+ affects Ca2+ influx in both NKT1 and NKT2 cells, CCCP treat-

ment revealed the role of mitochondria in creating the different Ca2+

homeostasis in NKT1 and NKT2 cells (Fig 6A), while still maintain-

ing the dynamic range of the Ca2+ signals. As a consequence, the

ionomycin peak in both NKT1 and NKT2 cells was diminished, con-

firming that the increase in cytoplasmic [Ca2+] after ionomycin in the

control condition (TG followed by ionomycin, Fig 6A, blue arrow,

6c) was contributed by mitochondrial Ca2+. Importantly, while in the

control group NKT2 cells had a higher Ca2+ plateau than NKT1 cells,

the maximal [Ca2+] was significantly lower in NKT2 cells than in

NKT1 cells when CCCP was present (Fig 6D). If Ca2+ entry through

CRAC/ORAI was maintained during CCCP treatment, inhibition of

mitochondrial Ca2+ uptake should have increased the level of cyto-

plasmic [Ca2+]. Instead, our data suggest that mitochondria sequester

incoming Ca2+ from CRAC/ORAI channels and might help in main-

taining the activity of CRAC/ORAI channels, probably through

reducing Ca2+-dependent inactivation of the channels. When this

important mitochondrial regulation is absent upon CCCP treatment,

the increase rate of cytoplasmic Ca2+, which was measured when

extracellular Ca2+ was applied, was drastically reduced in NKT2 cells

as compared to NKT1 cells (Fig 6A,B,E).

The amount of Ca2+ sequestered in mitochondria is directly corre-

lated with the level of Ca2+ in the cytoplasm as previously reported

(Hoth et al, 1997; Quintana et al, 2011; Quintana & Hoth, 2012).

Since NKT2 cells showed a significantly higher Ca2+ plateau

iNKT
0.0

0.1

0.2

0.3

0.4

%

NT
**

BTP2
day 0

NT

BTP2
day 2

CXCR3
0

100

200

300

400

500

M
FI

****

PD1
0

200

400

600

800

1000

M
FI

****

B C

F

0

500

1000

1500

[C
a2+

] m
ax

 (n
M

)

**** ****
****

BTP2:   -        +         -        +

NKT1 NKT2

A

D E

NT

BTP2
day 2

PLZF 
0

500

1000

1500

2000

M
FI

****

Tbet
0

2000

4000

6000

8000

M
FI

n.s.

Figure 5. ORAI is required for iNKT cell subset differentiation.

A Maximal cytoplasmic [Ca2+] in single, freshly sorted NKT1 and NKT2 cells following TCR stimulation in the presence or absence of BTP2 (1 lM).
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Data information: Data are representative from one of three independent experiments. Graphs represent mean � SD with symbols representing individual cells (A), or
individual thymic lobes (B–F). **P < 0.01; ****P < 0.0001; n.s. not significant (unpaired two-tailed Student’s t-test).
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(Fig 6A), and in order to estimate the real Ca2+ sequestration capac-

ity by the mitochondrial network in each cell type, we normalized

the ionomycin-induced Ca2+ peak to the Ca2+ plateau for each indi-

vidual cell. As shown in Appendix Fig S12, considering the dif-

ference in cytoplasmic Ca2+ level during TG treatment, the

mitochondrial network in NKT2 cells showed a higher capacity to

store Ca2+ after TG-induced Ca2+ influx than NKT1 cells.

The ability of mitochondria to modulate the accumulation of

Ca2+ near the microdomains and control the Ca2+-dependent channel

inactivation is related to the distance between the mitochondria and

the plasma membrane, which can be a stand-in for distance

between mitochondria and immune synapse/ER-PM junction where

CRAC/ORAI channels are located (Hogan, 2015). Quantification of

the distance between mitochondria and plasma membrane (PM)

based on the confocal imaging of Tim23 (Fig 4C) revealed that mito-

chondria in NKT2 cells positioned closer to the PM (Appendix Fig

S13). Therefore, higher mitochondria content (Fig 4, Appendix Fig

S8A and B), the more negative mitochondrial membrane potential

(Appendix Fig S8C and D), and the mitochondrial proximity to

plasma membrane (Appendix Fig S13) facilitate the mitochondria in

NKT2 cells to sequester a large amount of Ca2+ in the vicinity of

CRAC/ORAI channel and thereby efficiently reducing the Ca2+-

dependent channel inactivation.

Ca2+ dynamics are generated by the interplay of Ca2+ influx and

efflux pathways. In addition to Ca2+ entry, we asked whether the

Ca2+ exportation pathways contribute to the higher Ca2+ signals

observed in NKT2 cells. There are two major systems for Ca2+ extru-

sion, Na+/Ca2+ exchanger (NCX) and the plasma-membrane Ca2+

ATPase (PMCA; Brini & Carafoli, 2011). RNA-seq analyses revealed

that NCX genes are not expressed in iNKT cells, whereas two

isoforms of PMCA, ATP2b1/Pmca1 and ATP2b4/Pmca4, are

expressed, and at a significantly higher level in NKT1 than in NKT2

cells, with fold changes of 2.46 and 10.42, respectively

(Appendix Fig S14). Therefore, we hypothesized that Ca2+ extrusion

is less efficient in NKT2 cells than in NKT1 cells, which may contri-

bute to the higher and prolonged Ca2+ signals in NKT2 cells after

stimulation (Figs 1 A and B and 6A). The activity of PMCA is modu-

lated by the cytosolic Ca2+ concentration (Brini & Carafoli, 2011)

(Appendix Fig S15). Therefore, PMCA activity should be compared

between cells that show the similar Ca2+ plateau, so-called iso-cells

(Bautista et al, 2002; Bautista & Lewis, 2004; Quintana et al, 2011;

Appendix Fig S15). The Ca2+ efflux rate measured within 10 s upon

Ca2+ removal in cells showing similar plateau [Ca2+] (iso-cells) was

significantly faster in NKT1 than in NKT2 cells under control or

CCCP conditions (Appendix Fig S15 and Fig 6F). Although these

data do not exclude the participation of other potential Ca2+ efflux

mechanisms, they suggest that the PMCA activity is significantly

lower in NTK2 cells compared with NKT1 cells. We propose the low

Ca2+ extrusion by PMCA significantly contributes to the higher and

prolonged Ca2+ signals in NKT2 cells, but also highlights the critical

role of mitochondria in buffering the incoming Ca2+ near the micro-

domains that control the Ca2+-dependent inactivation of CRAC/

ORAI channels.

Compared with CCCP treatment, similar results were observed

when cells were treated with antimycin A, which specifically targets

complex III of the respiratory chain (bc1-complex) and thereby inhi-

bits the electron transport chain and disrupts the formation of a

proton gradient via a distinct mechanism as compared to CCCP. As

shown in Appendix Fig S16, antimycin A had a differential effect on

the TG-induced Ca2+ influx in NKT1 and NKT2 cells, as reflected by

the changes in maximal Ca2+ concentration ([Ca2+]max), and the

kinetics of Ca2+ influx and efflux. Collectively, we propose that

NKT2 cells, compared with NKT1 cells, are more dependent on

mitochondria for proper ORAI-mediated Ca2+ signaling. Inhibition of

mitochondrial Ca2+ uptake by either CCCP or antimycin A prohibited

Ca2+ signaling in NKT2 cells, whereas in NKT1 cells it was mini-

mally affected. Therefore, we identified mitochondria and PMCA as

important potential regulators for Ca2+ homeostasis in iNKT cell

subsets (Fig 7 graphic summary).

Discussion

The functional subsets of iNKT cells are present in different organs

of mice at steady state, they maintain tissue homeostasis, influence

the microbiome (Brailey et al, 2020), and carry out immediate

responses during inflammation and infection (Vivier et al, 2012;

Crosby & Kronenberg, 2018). The subsets of iNKT cells express

highly overlapping TCRs (Tuttle et al, 2018). Therefore, it is

puzzling how the diversification of iNKT cells during differentiation

is controlled. In this study, we focused on the two major subsets of

iNKT cells: NKT1 and NKT2 cells. We discovered that Ca2+ differen-

tially regulated development of these iNKT cell subsets and their

responses to TCR activation. Furthermore, CRAC/ORAI-mediated

Ca2+ signaling is a major control point and is regulated in part by

mitochondria.

The differentiation of iNKT cells in vivo is dependent on NF-jB
proteins and other factors that are only essential for peripheral CD4

and CD8 immune responses, but not for their differentiation (Engel

& Kronenberg, 2014). These additional requirements likely reflect

the fact that iNKT cells undergo rounds of expansion in the thymus.

Compared with conventional or mainstream CD4+ and CD8+ T cells,

we showed that the development of the total iNKT cell population

in organ cultures depended on both a higher amount of extracellular

Ca2+ in the media and optimal activity of CRAC channels (Fig 2).

This is in line with the fact that iNKT cells required STIM-ORAI

◀ Figure 6. Mitochondrial uncoupler differently affects ORAI mediated calcium signals in NKT1 and NKT2 cells.

A, B Profiles showing average Ca2+ influx induced by Thapsigargin (TG) in freshly sorted NKT1 (Red) and NKT2 (Black) cells. The timing of TG (1 lM), ionomycin (Iono)
(2 lM), and CCCP (1 lM) addition, and extracellular [Ca2+] in mM are shown.

C–F Single-cell quantification related to the data in (A) and (B). (C) cytoplasmic [Ca2+] after ionomycin; (D) maximal cytoplasmic [Ca2+] after TG; (E) increase rate of
cytoplasmic [Ca2+] when extracellular Ca2+ is applied; (F) decrease rate of cytoplasmic [Ca2+] when extracellular Ca2+ is removed in NKT1 and NKT2 cells which
have similar Ca2+ plateau level (iso-cells; 900–1,200 nM for control group (A), and 400–700 nM for CCCP group (B)).

Data information: Data are representative from one of three independent experiments. Graphs represent the average Ca2+ concentration in lM (A, B) or mean � SD with
symbols representing individual cells (C–F). ***P < 0.001; ****P < 0.0001; (unpaired two-tailed Student’s t-test).
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expression in vivo (Oh-Hora et al, 2013), and is consistent with the

hypothesis that iNKT cells are selected by self-agonists.

Regarding the iNKT cell subsets, NKT2 cells depended on higher

TCR signal strength than NKT1 cells, as we and others recently

demonstrated using mice expressing mutant ZAP70 (Tuttle et al,

2018; Zhao et al, 2018). Here, we showed that SKG mice expressing

hypomorphic ZAP70 had abnormal TCR-mediated Ca2+ flux only in

NKT2 cells, with the NKT1 cells unimpaired, consistent with a link

between Ca2+ homeostasis and iNKT cell subset differentiation

(Fig 1). As NKT2 cells also needed more Ca2+ for proliferation

in vitro (Fig 2), the need for increased and prolonged Ca2+ in NKT2

cells could reflect positive selection, TCR-induced proliferation of

already committed NKT2 cells, or both. Separating TCR-induced

proliferation from positive selection is especially difficult consider-

ing iNKT cells. Regardless, the increased requirement for Ca2+ in

NKT2 cells is clearly established here.

One of the important downstream effects of Ca2+ in developing

iNKT cells is likely the increased activation of NFAT and Egr

proteins, especially as NKT2 cells differentiate. Ca2+ is also a critical

co-factor for mitochondrial respiration, however, and it stimulates

the aerobic synthesis of ATP (Contreras et al, 2010). Here, we

provide the first in-depth analysis of the metabolism of iNKT cell

subsets, and our data indicate that Ca2+ can be taken up by mito-

chondria after activation, and therefore may regulate metabolism

during iNKT cell differentiation. Thymic iNKT cell subsets, especially

NKT2 cells, maintained a higher level of cellular ATP at steady state

and showed higher activity of mitochondrial respiration, as

compared with conventional T cells. NKT2 cells also had a high

glycolytic potential, although oxidative phosphorylation is the

predominant pathway for ATP production in thymic T cells

(Appendix Fig S7). The uniquely high metabolic activity in iNKT

cells, specifically in NKT2 cells, may reflect the requirement for their

thymic differentiation. Consistent with our observation, a recent

study showed that deletion of Rieske iron–sulfur protein (RISP), a

critical component of ETC complex III, specifically abolished iNKT

cell development not conventional T cells, indicating oxidative phos-

phorylation is essential to drive iNKT cell development (Weng et al,

2021). Based on our data, we hypothesize that the differentiation of

NKT2 cells may require a higher level of mitochondrial metabolism

than NKT1 cells. This should be investigated in the future. Addition-

ally, higher metabolic activity may be required to meet the energetic

demand for carrying out homeostatic functions, as iNKT cells are

relatively long-lived in the thymus (Kronenberg, 2005). For example,

NKT2 cells are a major IL-4 producer at steady state in the thymus,

and they influence the development of memory-like CD8+ T cells(Lee

et al, 2013), Foxp3+ regulatory T cells(Kang et al, 2016), and thymic

dendritic cells(Lee et al, 2013). A recent study suggest that oxidative

phosphorylation in total splenic iNKT cells is higher than CD4+ T

cells (Kumar et al, 2019). We also showed mitochondrial mass in

splenic NKT2 cells was higher than in NKT1 cells (Appendix Fig

S8E). These data suggest the mechanisms regulating thymic differen-

tiation and the response to TCR-mediated activation may also apply

to peripheral iNKT cell subsets, which like their thymic counterparts

are mostly not recirculating (Crosby & Kronenberg, 2018).

It has been reported that mitochondria regulate the activity of

CRAC/ORAI channel in T cells by modulating the accumulation of

Ca2+ near the microdomains that control the Ca2+-dependent chan-

nel inactivation (Hoth et al, 1997; Makowska et al, 2000; Quintana

et al, 2006; Quintana et al, 2007; Schwindling et al, 2010; Quintana

et al, 2011; Quintana & Hoth, 2012). It has been proposed that mito-

chondria do so through either limiting ER Ca2+ refilling (Zweifach &

Lewis, 1995; Gilabert & Parekh, 2000; Hoth et al, 2000) or lowering

the local Ca2+ concentration near the CRAC channels (Hoth et al,

1997; Gilabert & Parekh, 2000; Hoth et al, 2000; Hogan, 2015). Mito-

chondrial Ca2+ uptake through the mitochondrial calcium uniporter

(MCU; Marchi & Pinton, 2014) is dependent on the high negative

mitochondrial membrane potential (�170 mV). The disruption of

the mitochondrial membrane potential, by either CCCP or antimycin

A treatment, resulted in the block of mitochondrial Ca2+ uptake.

Subsequently, we observed striking reduction in CRAC-mediated

Figure 7. Thymic iNKT cell subsets show distinctive regulation of calcium homeostasis and cellular metabolism.

CRAC/ORAI channel functions down stream of TCR activation, and plays important roles for iNKT cell differentiation and activation. NKT2 cells show higher and prolong
Ca2+ signals than NKT1 cells after CRAC/ORAI activation. We propose this is regulated by two mechanisms: Mitochondria in NKT2 cells sequester Ca2+ at the vicinity of
the channel to reduce Ca2+-dependent inactivation of CRAC/ORAI and help maintain the channel activity for Ca2+ entry; Lower PMCA expression and slower Ca2+

exportation in NKT2 further contribute to higher and sustained Ca2+ signals in NKT2 cells. Ca2+ in mitochondria is an important co-factor for key metabolic enzymes
(PDH: pyruvate dehydrogenase; IDH: isocitrate dehydrogenase; OGDH: 2-oxoglutarate dehydrogenase). Consistently, NKT2 cells show more robust respiration and higher
cellular ATP. Note: ER is an important regulator of Ca2+ homeostasis and is not shown for purpose of simplicity. Figure was generated using BioRender.
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Ca2+ influx in NKT2 cells, reflected by both the plateau level and the

rate of influx, while the effect in NKT1 was minimal (Fig 6,

Appendix Fig S16). These data suggest that mitochondria act as a

potent intracellular Ca2+ buffer for regulating the Ca2+-dependent

ORAI channel inactivation and the subsequent Ca2+ signaling in

NKT2 cells, with analogy to other T cells as shown previously (Hoth

et al, 1997; Makowska et al, 2000; Quintana et al, 2006; Schwindling

et al, 2010; Quintana et al, 2011; Quintana & Hoth, 2012). Therefore,

mitochondria may influence NKT2 cell activation and differentiation

through regulating Ca2+ homeostasis.

In addition to Ca2+ entry mechanisms, Ca2+ clearance pathways

also actively shape the Ca2+ homeostasis. Consistent with a major

role of Plasma Membrane Ca2+ ATPase (PMCA) in the removal of

Ca2+ in T cells (Lewis, 2001), we found both PMCA1 and PMCA4

are expressed in iNKT cells, whereas genes encoding Na+/Ca2+

exchangers (NCXs) are not. Importantly, PMCAs are expressed at

significantly higher level in NKT1 than in NKT2 cells, suggesting

that Ca2+ extrusion in NKT1 cells is more efficient (Appendix Fig

S14). When controlling for the difference in the intracellular [Ca2+],

we confirmed that the Ca2+ efflux rate in NKT1 after TG treatment is

significantly higher than in NKT2 cells (Appendix Fig S15). There-

fore, PMCAs activity may also potentially affect the Ca2+-dependent

cellular function of iNKT cells.

Overall, we propose that Ca2+ homeostasis is regulated differently

in NKT1 and NKT2 cells. Although the CRAC/ORAI channel is the

major Ca2+ entry pathway in both NKT1 and NKT2 cells, there may

be alternative Ca2+ channel(s) functioning in NKT1 cells as

evidenced by the residual Ca2+ signals upon BTP2 treatment (Fig 5A,

Appendix Figs S10 and S11). The identity of this Ca2+ channel(s)

remains to be defined. Our data suggest that CRAC/ORAI channel

activity is positively regulated by mitochondria in NKT2 cells but not

in NKT1 cells during activation, likely due to the quantitative and

qualitative differences in mitochondria in these two populations as

mentioned above. Conceivably, the lack of mitochondria buffering

can lead to faster inactivation of CRAC/ORAI in NKT1 cells, which,

when combined with faster Ca2+ clearance by PMCA, result in lower

Ca2+ signals during stimulation. On the contrary, mitochondrial

buffering to maintain CRAC/ORAI activity, as well as slower Ca2+

efflux, may help to sustain higher and prolonged Ca2+ signals

required for NKT2 cell proliferation and differentiation (Fig 7).

In summary, our study showed the uniquely important role of

Ca2+ signals downstream of TCR for iNKT cell differentiation

compared with mainstream T cells, and distinguishing NKT2 from

NKT1 cells. We provided further evidence that ORAI is the critical

calcium channel (Oh-Hora et al, 2013), and we showed distinct modu-

lation for Ca2+ homeostasis involving mitochondria and possibly also

PMCA in NKT1 and NKT2 cells. Overall, our data provide new

insights into the regulatory mechanisms of iNKT cell differentiation

leading to the acquisition of different effector functions with implica-

tions for understanding the acquisition of natural type 2 immunity.

Materials and Methods

Mice

BALB/cJ and C57BL6/J were from Jackson Laboratories. SKG mice

were obtained from S. Sakaguchi (Osaka University) via N. Bottini

(UC-San Diego). Mice were bred and housed at the La Jolla Institute

for Immunology (LJI) vivarium and Oklahoma Medical Research

Foundation (OMRF) vivarium under specific pathogen-free condi-

tions (SPF). All experiments were conducted in accordance with the

protocols approved by the Institutional Animal Care and Use

Committee of LJI and OMRF.

Flow cytometry and antibodies

Single-cell suspensions were prepared from thymus. Before antibody

staining, cells were pre-incubated with Fc block (BD Biosciences).

CD1d-aGalCer tetramers were prepared in our laboratory as

described previously (Sidobre & Kronenberg, 2002) or were

obtained from the NIH Tetramer Facility, and used at a dilution of

1:200. Staining for transcription factors was performed using

reagents and protocols from the Transcription Factor (TF) Buffer Set

(BD Biosciences). The complete list of other antibodies and reagents

used is as follows: Live/Dead-Yellow (Thermo Fisher), anti-TCRb
(H57-597), anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD19 (6D5),

anti-CD24 (M1/69), anti-CD44 (IM7) and anti-NK1.1 (PK136), anti-

CXCR3 (CXCR3-173), anti-CD49A (Ha31/8), anti-CD122(TM-beta1),

anti-CD5(53-7.3), anti-PD-1(29F.1A12), anti-ICOS (C398.4A), anti-

FR4(12A5), anti-Slamf6(330AJ), anti-Sdc-1(281-2), anti-TOM20

(D8T4N), anti-TIM23(32/Tim23), anti-TOM22(ab57523), anti-PLZF

(R17-809), anti-T-bet (O4-46), and anti-RORct (Q31-378 or B2D).

Stained samples are analyzed using either LSRII or Fortessa flow

cytometers (BD Biosciences) and FlowJo software (Treestar), or

using microscopy as detailed below.

Pre-enrichment and isolation of thymic iNKT cell subsets

Thymic iNKT cells were negatively enriched from total thymocytes

by using ani-CD8a, CD24, CD19, and Ter119. For iNKT cell subset

sorting by FACS, pre-enriched thymocytes were stained with TCRb,
CD1d-aGalCer tetramers, ICOS, CD49a, and CD4. NKT1 cells were

TCRbint,CD1d-aGalCer tetramer+ICOSloCD49a+, and NKT2 cells were

TCRbint,CD1d-aGalCer tetramer+ICOShiCD4+Sdc1-. Sdc1 was used to

select against IL-17-producing NKT17 cells (Dai et al, 2015). Subsets

verified by transcription factors staining as shown in (Zhao et al,

2018).

In vitro iNKT cell proliferation

Flow-sorted iNKT cell subsets were stained with Cell Trace Violet

dye and cultured in vitro with anti-CD3e/CD28 Dynabeads at

4 × 104 cells/1ul beads in complete DMEM medium supplemented

with IL-7 (5 ng/ml) and IL-15/IL15Ra (5 ng/ml, Thermo Fisher) for

2 days. Cell division index is calculated based on Cell Trace Violet

signal using FlowJo software (Treestar).

Calcium flux assay

As described (Fu & Gascoigne, 2009), thymocytes from WT mice

pre-enriched for iNKT cells (see above) were labeled with CFSE

(20 nM) in PBS for 10 min at 37°C, washed, and mixed with thymo-

cytes from SKG mice (CSFEneg) at a 1:1 ratio. Cells were then loaded

with a 2 lM concentration of Indo-1 AM (Thermo Fisher) with

4 lM probenecid (Thermo Fisher) in RPMI with 1% FBS. After
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washing, cells were stained with CD1d-aGalCer tetramers and anti-

bodies against TCRb, CD4, and ICOS. For TCR activation-induced

Ca2+ influx measurement, cells were also stained with purified

hamster anti-mouse CD3e antibodies (10 ug/ml, 145-2C11; BioLe-

gend) on ice. Cells were resuspended in PBS, and goat anti-

Armenian hamster IgG (H + L) (Jackson Immuno Research) was

used as a cross-linker. For Thapsigargin (TG)-induced Ca2+ influx,

cells were incubated with TG (1 lM) in PBS while baseline calcium

signal was recorded. Calcium flux was initiated after addition of

CaCl2 (1mM). The mean fluorescence ratio of Indo-1 violet to Indo-1

blue was calculated using FlowJo software (Tree Star, Inc.).

Thymic organ culture

Timed breedings were set up and thymic lobes were harvested from

e18.5 embryos or d0 mice. Lobes were cultured on cell culture

inserts with 0.4 lm pore in 6-well culture dishes (Sigma #CLS3450)

on top of 1.6 ml complete DMEM supplemented with 10% FBS.

Medium was exchanged daily until thymic lobes were dissociated

into single-cell suspensions for staining with antibodies for flow

cytometric analysis.

Compounds and reagents

MitoTracker Green and TMRE were from Thermo Fisher. EGTA

solution was from BioWorld. BTP2, Thapsigargin, and CCCP were

from Tocris. Oligomycin, DNP, and Myxothiazol were from Sigma.

CellTiter-Glo Luminescent ATP assay kit was from Promega.

Single-cell Ca2+ imaging

Sorted iNKT cells were loaded with 1–2 lM Fura-2/AM in RPMI-

1640 medium supplemented with 10mM HEPES and 0.1% Pluronic

F-127 (PF-127, Sigma). After 20 min, cells were washed twice in

RPMI-1640 medium and then immobilized on 10 ug/ml poly-

ornithine coated 18 mm coverslips. Olympus IX 71 microscope

equipped with an Olympus UPLSAPO ×20, numerical aperture (NA)

0.75 objective was used for the Ca2+ influx assays. Cells were alter-

nately illuminated at 340 and 380 nm with the polychrome V

monochromator (TILL Photonics) using an ET FURA2 filter set

(Chroma Technology Corp). The fluorescence emission at

k > 400 nm (T400lp dichroic beamsplitter, ET510/80m emission fil-

ter) was captured with a CCD camera (SensiCam, TILL Imago), digi-

tized, and analyzed by TILL Vision software. Ratio images were

recorded at intervals of 2s. Ca2+ concentration was estimated from

the relation: [Ca2+]i = K × (R-Rmin)/(Rmax-R), in which the values of

K, Rmin, and Rmax were determined from an in situ calibration of

Fura-2 in iNKT cells.

During the recorded imaging time, cells were first washed with

modified 0.5 mM Ca2+ Ringer’s solution (mM): 20 HEPES, 125 NaCl,

5 KCl, 2 MgCl2, 0.5 CaCl2, 10 D-glucose (pH 7.4 with NaOH). Anti-

body stimulation was achieved by using an anti-CD3e + anti-CD28

mAb (5 lg/ml) mixture. ER Ca2+ store depletion was achieved by

perfusion with 1 lM TG in 1 mM EDTA containing Ringer’s solu-

tion. For control cells, 1 mM Ca2+ Ringer buffer (mM): 20 HEPES,

125 NaCl, 5KCl, 1.5 MgCl2, 1.0 CaCl2, and 10 D-glucose was used for

initiating Ca2+ influx. For drug treatment groups, cells were either

treated with 1 lM CCCP or 1 lM antimycin in the presence of

0.5 mM Ca2+ Ringer buffer. For BTP2 treatment, cells were

pretreated with BTP2 (1 lM) for 30 min before the recording. Data

were analyzed using TILL vision (TILL Photonics) and Igor Pro

(WaveMetrics).

LSM confocal microscopy and analysis

All images were acquired in Airscan mode on a Zeiss LSM 880

Airyscan Confocal Microscopy (Zeiss Inc.) as z stacks using a 63×

(1.46na) objective, at 0.18 lm step sizes (nyquist optimal settings).

Following acquisition using a module within the Zeiss Zen software

(Zeiss, Inc.), all z stacks of each image were auto-post processed by

the Zen software as a Sheppard Sum image and deconvolved into

the final super-resolved and corrected image prior to importing into

IMARIS software (Bitplane Inc.) for 3D analysis of mitochondrial

and whole-cell volume rendering. To define the 3D spatial localiza-

tion of mitochondria, the TIM23 fluorescent signal was iso-surfaced

and rendered as numerous 3-dimensional regions of interest (ROI).

To define the whole-cell periphery (plasma membrane), the WGA

and/or autofluorescence signal was used to render a 3D cell outline

ROI. Both mitochondrial ROIs and whole-cell ROIs were imported

into the Imaris Cell module where the software automatically calcu-

lated the closest (um) distances between the mitochondrial iso-

surfaced membranes and the cell periphery or plasma membrane

and the results were exported into excel.

Super-resolution STORM imaging

As outlined in Fan et al (2019), images were captured using 100×

1.49 NA Apo TIRF objective either with TIRF illumination on a

Nikon Ti super-resolution microscope. Images were collected on an

ANDOR IXON3 Ultra DU897 EMCCD camera using the multicolor

sequential mode setting in the NIS-Elements AR software (Nikon

Instruments Inc., NY). Power on the 488-, 561-, and 647-nm lasers

was adjusted to 50% to enable collection of between 100 and 300

molecules per 256 × 256 camera pixel frame in the center of the

field at appropriate threshold settings for each channel. Collection

was set to 20,000 frames, yielding 1–2 million molecules, and the

super-resolution images were reconstructed with the Nikon STORM

software. Positions of individual molecules have been localized with

high accuracy by switching them on and off sequentially using the

488-, 561-, and 647-nm lasers at appropriate power settings. The

positions determined from multiple switching cycles can show a

substantial drift over the duration of the acquisition. This error is

considerably reduced by calculating and correcting for sample drift

over the course of the experiment by an auto-correlation method

used by the Nikon software. This is done by correlating STORM

images reconstructed from 200 to 1,000 frames to that from the

beginning of the acquisition (Fan et al, 2019). The number of frames

used in a set is based on the number of molecules identified, and by

default, this is set to 10,000 molecules. Displacement is corrected by

translational displacement in the X, Y direction for 2D STORM. Axial

drift over the course of the acquisition is minimized by engaging the

Nikon perfect focus system. Calibration of chromatic shift (warp

correction) was carried out using a multicolored 100 nm TetraSpeck

beads using minimum density per field of over 100 beads. Calibra-

tion for warp correction for 2D STORM was executed using the 2D

warp calibration feature of the Nikon STORM software. Briefly, a
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total of 201 images were collected for each of the color channels

(488, 561, and 647 nm) without the cylindrical lens in place. Frames

1–20 and frames 182–201 are collected at the focal position. Frames

21–181 are collected across a range of 1.6 microns in 10 nm steps in

the Z (covering 800 nm above and 800 nm below the focal plane).

The calibration files generated from this macro (software feature)

were applied during analysis for the correction of the STORM

images. Blinking events were followed for successive frames to

ensure single molecule isolation by filtering out molecules with

traces longer than 5 frames during analysis. Moreover, individual

molecules were localized using point spread function (PSF) width

filters of 200–400 nm based on a 100× 1.49 objective and restric-

tions were placed on photon count signals associated with camera

noise of the ANDOR EMCCD (estimated at 100 intensity units above

0). The data were further filtered based on empirical observation of

photon count signals (peak height when converted to an intensity

value) found in cells vs background staining on the glass slide

surface (generally values above 300–700 intensity units above

camera noise). The precision of the localization during a switching

cycle is calculated from these multiple parameters and from photon

counts using molecules that are ultimately well separated in the

sample itself (Rust et al, 2006; Huang et al, 2008; Fan et al, 2019).

Electron microscopy

Freshly sorted iNKT cell subsets were immediately fixed. Sample

processing was carried out by the UCSD Electron Microscopy Core

Facility. Mitochondrial morphology was visualized by transmission

electron microscopy. Mitochondrial size and cristae length were

quantified using Fiji ImageJ software.

Seahorse metabolic assay

Flow-sorted iNKT cell subsets were washed with Seahorse assay

buffer (DMEM with 1 mM pyruvate, 2 mM glutamine, and 10 mM

glucose, pH 7.4), and seeded in XF96 well microplate coated with

CellTek at 3 × 105/well. The plate was spun at 500 g for 5 min to

attach the cells to the bottom of the wells. When measuring glycoly-

sis, glucose-free buffer was used (see Appendix Figs S6 and S7).

Standard procedures were followed according to Agilent Seahorse

XF Cell Mito Stress test protocol using Seahorse XFe96 bioanalyzer

(Agilent Technologies).

Data availability

RNA-seq data in this study have been deposited in GEO with the

accession codes GSE114555 (http://www.ncbi.nlm.nih.gov/geo/que

ry/acc.cgi?acc=GSE114555). Other data that support the findings of

this study are available from the corresponding authors upon

reasonable request.

Expanded View for this article is available online.
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