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T CELL ACTIVATION

Mitochondria maintain controlled activation state of
epithelial-resident T lymphocytes
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INTRODUCTION

The epithelia are the largest potential port for microbial invasion,
especially the intestines, which harbor up to 100 trillion micro
organisms (1). The intestines, essential to absorb nutrients, need to
balance the maintenance of beneficial microbes yet offer robust pro
tection against invasion, avoiding tissue damage. The intestines have
at least two anatomically distinct immune compartments, the intra
epithelial lymphocytes (IELs) residing between the epithelial cells of
the villi and the deeper layer of lamina propria lymphocytes (2).
Intestinal IELs are composed of two main subsets, natural and in
duced T cells (3). Induced IELs express CD8 and T cell receptor
(TCR)  and are part of an important memory population of tissue-
resident memory (TRM) cells. Natural IELs express either the TCR
composed of the  chains or the TCR in association with CD8
homodimers. IELs are found at the barrier site, providing regional
immune surveillance and protection against reinfection (4). IELs do not
recirculate (5) and have reciprocal interactions with intestinal epithelial
cells with which they contribute to tissue homeostasis. Thus, the main
tenance of IELs is of importance to preserve a healthy epithelial barrier.
Upon activation, a limited number of precursor T cells proliferate
rapidly, gaining the ability to kill target cells and secrete cytokines
such as tumor necrosis factor (TNF) and interferons (IFNs) (6). Pro
liferation ensures that sufficient numbers of T cells migrate throughout
the body to remove infected cells and pathogens (7). Quiescent lym
phocytes, which do not undergo clonal division or secrete substantial
amounts of soluble factors, have limited metabolic needs. They make
optimal use of available carbons by using oxidative phosphorylation,
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obtaining maximum energy without diverting resources to the gener
ation of biomolecules. Activated lymphocytes proliferate, differentiate,
and require large amounts of energy and biomolecules. The effector
phase is not sustained, and most effector cells die in a contraction
phase with some acquiring a quiescent metabolic state (8). This enables
long-term maintenance of memory cells, which have the potential to
increase their metabolism faster than naive cells (9).
Most T lymphocytes, such as IELs, are tissue-resident, with
properties that are not typical of memory or effector T cells. Intestinal
IELs share characteristics with effector memory T cells, expressing
CD44 and low levels of CD62L. IELs express early activation markers,
contain cytolytic and microbicidal proteins, and have the capacity
to release cytokines (10). However, despite having these effector-
like properties, IELs are arrested in a poised activation state, are long-
lived, and are oligoclonal (10–12), characteristics shared with memory
T cells. IELs are metabolically prepared for action, containing high
levels of mRNA for metabolic enzymes, particularly of those involved
in lipid metabolism (13, 14). The epithelia are lipid-rich, which may
provide a readily available source of nutrients for IELs (15), which
express surface molecules involved in lipid uptake (13). Skin TRM cells
use lipids via intracellular transport including fatty acid–binding pro
teins 4 and 5, supporting their longevity and protective function (16).
The increased presence of receptors and enzymes involved in
metabolism compared with conventional T cells suggests that altered
metabolism may contribute to IEL maintenance. It remains to be
determined whether altered lipid metabolism sets IELs apart from
conventional T cells or whether it reflects their semi-activation status.
Acetyl-CoA (coenzyme A) generated during glycolysis can be used
in de novo fatty acid synthesis and may be stored for future use in
fatty acid oxidation (FAO), supporting memory T cell differentiation
(17). In this study, we assessed the poised activation status of IELs
and whether increased transcripts of metabolic enzymes are unique
to IELs. We show that increased metabolic potential is shared with
recently activated T cells, reflecting the semi-activation status of IELs.
We uncovered that IELs are metabolically arrested from progressing
to full activation and show an altered mitochondrial lipid makeup,
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Epithelial-resident T lymphocytes, such as intraepithelial lymphocytes (IELs) located at the intestinal barrier, can offer
swift protection against invading pathogens. Lymphocyte activation is strictly regulated because of its potential
harmful nature and metabolic cost, and most lymphocytes are maintained in a quiescent state. However, IELs are
kept in a heightened state of activation resembling effector T cells but without cytokine production or clonal proliferation. We show that this controlled activation state correlates with alterations in the IEL mitochondrial membrane,
especially the cardiolipin composition. Upon inflammation, the cardiolipin composition is altered to support IEL
proliferation and effector function. Furthermore, we show that cardiolipin makeup can particularly restrict swift
IEL proliferation and effector functions, reducing microbial containment capability. These findings uncover an alternative mechanism to control cellular activity, special to epithelial-resident T cells, and a novel role for mitochondria,
maintaining cells in a metabolically poised state while enabling rapid progression to full functionality.
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the cardiolipins (CLs). We correlate the activation status of IELs with
alterations in CL makeup and demonstrate the particular importance
of mitochondria alterations, especially CL composition, in IEL acti
vation compared with conventional T cells.
RESULTS

IELs have enhanced metabolic and cytotoxic potential
Intestinal IELs consist largely of CD8+ T cells. To define IELs for this
study, we used CD8+ lymphocytes from 8- to 12-week old C57BL/6J
mice. In line with previous studies, intestinal IELs express the tissue-

Fig. 1. IELs have a heightened metabolic state. (A) Memory CD8+ T cells from spleen or intestinal IEL fraction were
isolated by flow-sorting (purity, >98%) and differential expression (DESeq) analysis of gene expression was performed.
Heatmap of normalized gene expression of differentially expressed mRNAs associated with lipid metabolism is shown
(n = 3). (B and C) Flow-sorted CD8+ T cells sourced from the spleen (CD44lo, naive; CD44hi, memory) or intestinal IEL
fraction were stained with Nile Red. Cells were analyzed by (B) fluorescence microscopy counterstained with DAPI in
blue. Representative overview (left column) and closeup (right column) pictures of more than four biological repeats,
or (C) flow cytometry (n = 4) for mean fluorescence intensity (MFI) of Nile Red. a.u., arbitrary units; ns, not significant.
Scale bars, 5 m. (D) Naive CD8+ T cells were purified by magnetic cell sorting and stimulated with plate-bound anti-
CD3/CD28 for 2 days, cells were maintained in IL-2 (diamonds) and analyzed daily by flow cytometry, and Nile Red
fluorescence intensity levels were plotted (n = 3; three samples were analyzed in this experiment shown, representative
of three biological repeats). Ex vivo isolated IELs (triangle) assessed on the same day are shown. For statistical analysis,
one-way ANOVA with multiple comparison test was used. Error bars indicate SDs. **P < 0.01, ***P < 0.001.
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)
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IEL activation is curtailed
Our data confirmed that IELs are in a
heightened state of activation comparable
with recently activated effector CD8+
T cells (21). Yet, IEL populations, like those
in the epidermis, which are only generated
during a narrow time window in the em
bryonic thymus (22), are maintained in
this heightened metabolic state over a long
time in contrast to effector T cells (fig. S3,
A and B). The long-term maintenance of
IELs suggests that they are metabolically
fit and could undergo mitochondrial bio
genesis similar to memory CD8+ T cells
(23). EM analysis detected mitochondria
in IELs at increased numbers compared
with naive T cells (Fig. 3A and fig. S3C).
Extracellular flux analysis was used
to test the metabolic capacity of CD8+
T cell subsets. All cell populations ex
hibited a similar basal oxygen consump
tion rate (OCR) (Fig. 3B and fig. S3D).
Consistent with published data (23), mem
ory CD8+ T cells showed an enhanced
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resident integrin CD103 (integrin E) (18) and the C-type lectin CD69
(13). Antibody staining for CD8, CD69, CD62L, and CD103 of lym
phocytes sourced from the intestinal intraepithelial fraction provides
a homogeneous IEL cell population, in contrast to CD8+ T cells found
in secondary lymphoid organs (fig. S1, A to C) (13).
Altered metabolic pathways may set IELs apart from other lympho
cytes not undergoing clonal expansion, naive and memory T cells. Upon
analysis of the transcriptional profile of small intestinal CD8+ IELs, we
confirmed increased expression of metabolic enzymes involved in
lipid uptake and metabolism in IELs compared with CD44hiCD8+
memory T cells (13, 14). This was particularly the case for enzymes
involved in the mevalonate, lanosterol,
and cholesterol synthesis pathways, sug
gesting increased lipid metabolite gen
eration (Fig. 1A). Lipid staining indicated
increased presence of lipid metabolites
stored in droplets in IELs compared with
similar nonproliferating naive and memory
CD8+ T cells (Fig. 1, B and C). However, in
creased lipid metabolism is a consequence
of the activation status of IELs, because
stimulation of naive CD8+ T cells resulted
in lipid droplet generation (Fig. 1D) (19).
Differential gene expression and flow
cytometry analysis of IELs showed strong
predisposition to cytotoxic potential with
high levels of intracellular lysosomal-
associated membrane protein-1(LAMP-1;
CD107a), lysosomal compartment, and
lytic effector molecules such as granzymes
(Fig. 2, A to C, and fig. S2A). Electron micros
copy (EM) analysis revealed dark granular
structures previously identified as secretory
granules or lysosomes (Fig. 2D) (20).

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

Downloaded from http://immunology.sciencemag.org/ by guest on September 29, 2020

Fig. 2. IELs are in heightened activation state.
(A and B) CD8+ T cells obtained from the spleen
(CD44lo, naive; CD44hi, memory) or small intestinal IEL fraction were stained intracellular for (A)
LAMP-1 (CD107a) and (B) Lysotracker (n = 4).
MFIs are shown. (C) Differential expression (DESeq,
Negative Binomial Distribution) analysis comparing
flow cytometry–sorted spleen sourced CD8+
memory cells (CD44hi) and small intestinal CD8+ IELs.
Heatmap of normalized gene expression of genes
associated with cytotoxic potential in T cells is
shown (n = 3). (D) Representative EM pictures of
flow-sorted CD8+ T cells; naive and memory T cells
from the spleen and IELs. Indicated with arrows
are secretory granules. For statistical analysis, one-
way ANOVA with multiple comparison test was
used. Error bars indicate SDs. *P < 0.05, **P <
0.01, ***P < 0.001.

Fig. 3. IELs are metabolically arrested. (A) Flow-
sorted CD8+ T cells were processed for imaging
with TEM, and the number of mitochondria per cell
was quantified (n = 10). (B to E) Naive CD8+CD44lo
or memory CD8+CD44hi T cells obtained from
spleens and IELs obtained from the small intestine were flow-sorted (>98% purity) and assessed
on a Seahorse analyzer. (B) Extracellular flux analysis comparing CD8+ T cell subsets sourced from
the spleen (CD44lo, naive; CD44hi, memory; naive
T cells after 24 hours of anti-CD3/CD28 stimulation, effector) and IELs from the small intestine.
OCR is plotted against time under basal conditions and in response to indicated chemicals.
Oligo, oligomycin; Rot, rotenone; Ant, antimycin
A. (C) SRC (maximum OCR/baseline OCR) for indicated cell subsets. (D) ECAR for indicated CD8+
T cell populations. (E) As described in (B), but upon
flow-sorting of the two major IEL populations,
via negative sorting based on TCR identity, TCR
or TCR T cells were assessed separately compared with memory T cells. Data are representative of at least two experiments performed in
triplicate. For statistical analysis, one-way ANOVA
with multiple comparison test was used. Error bars
indicate SDs. *P < 0.05, **P < 0.01, ***P < 0.001.

mitochondrial OCR and markedly increased spare respiratory ca
pacity (SRC; the ratio between maximal OCR and basal OCR) com
pared with naive CD8+ T cells (Fig. 3C). Because IELs are partially
activated (21), we also assayed recently activated effector T cells.
After 24 hours in vitro anti-CD3/CD28 stimulation, these cells
express high levels of CD69 comparable with IELs, use aerobic
glycolysis measured by the extracellular acidification rate (ECAR)
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)
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(Fig. 3D), a consequence of lactic acid production, and show a
strong SRC (Fig. 3, B and C). In contrast, IELs, expressing either
TCR or TCR, showed no SRC compared with other CD8+
T cells tested (Fig. 3, B and E). IELs did not show an OCR above basal
levels to increasing concentrations of the mitochondrial uncoupler
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (fig.
S3, E to G). Despite the controlled activation state and increased
3 of 11
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mitochondrial presence, IEL metabolic capacity does not resemble
that of effector or classic memory T cells.
Diminished mitochondrial MitoTracker binding in IELs
The low SRC of IELs could not be explained by a decrease in mito
chondrial numbers (Fig. 3A). Thus, we explored the state of the
mitochondria using MitoTracker Green, a carbocyanine-based probe
that localizes to mitochondria (23, 24). The mitochondria lined the
cytoplasm of naive T cells and were often found in clusters in memory
T cells. Despite the increase in the number of mitochondria (Fig. 3A
and fig. S3C), MitoTracker staining was markedly reduced in
IELs compared with other CD8+ T cells (Fig. 4, A and B). The use of

Fig. 4. IELs have altered mitochondria. (A and B) Flow-sorted CD8+ T cells sourced from the spleen (CD44lo, naive;
CD44hi, memory) or the small intestinal IEL fraction were stained with MitoTracker Green. Cells were analyzed by (A)
fluorescence microscopy counterstained with DAPI in blue (representative picture of four independent biological
repeats) or (B) flow cytometry (n = 3 to 4) for MFI of MitoTracker Green. Scale bars, 5 m. (C) Naive CD8+ T cells were
purified by magnetic cell sorting and stimulated with plate-bound anti-CD3/CD28 for 2 days, and cells were maintained in IL-2 (diamonds). Cells were analyzed daily by flow cytometry, and MitoTracker fluorescence intensity levels
were plotted. Freshly obtained intestinal IELs were analyzed simultaneously (n = 3; three biological repeats), and average
values were plotted as a triangle. (D to F) Mitochondrial membrane potential (MTO M7510) (D) (pooled data from two
experiments with n = 3), mitochondrial (MitoSOX) (E), or total cellular (H2DCFDA) ROS production (F) (pooled data
from two experiments with n = 2 to 3). For statistical analysis, one-way ANOVA with multiple comparison test was
used. Error bars indicate SDs. ***P < 0.001.
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)

22 June 2018

Mitochondrial status correlates
with IEL activity
IELs cannot be maintained in steady state
in vitro. Adoptive IEL transfer into a lympho
penic host showed a robust MitoTracker
staining accompanied by increased cell
proliferation (Fig. 5A), suggesting that
IEL mitochondrial membranes are altered
upon activation. To prompt the effector
function of IEL in protecting small in
testinal epithelium, we infected mice
with the small intestinal parasite Eimeria
vermiformis (Ev) (26, 27). This resulted
in increased MitoTracker staining in ileum-
sourced IELs; increased IEL numbers; and
increased mitochondrial ROS, IFN, and
TNF production (Fig. 5B and fig. S5, A to
D). IELs showed similar enhanced mi
tochondrial detection in interleukin-22
(IL-22)–deficient mice, in which barrier pro
tection is compromised so that immune cells
get increased exposure to microorganisms
(28). The detection of IEL mitochondria in
IL-22–deficient mice returned to steady-
state levels upon antibiotic-mediated bac
terial depletion (Fig. 5C). Injection of
anti-CD3, resulting in activation of all T
cells, was sufficient to increase mito
chondrial staining and proliferation of
TCR and TCR IEL populations (Fig. 5,
D to H). Upon activation, mitochondrial
membrane potential was increased in IELs
compared with steady state (Fig. 5I).
These data indicate that MitoTrackerbased mitochondrial staining is an indi
cator of the IEL activation status.
IEL mitochondria have different
CL composition
EM analysis revealed reduced mitochon
drial surface area in IELs, indicating po
tential alterations at the mitochondrial
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MitoTracker Deep Red resulted in a similar profile (fig. S4A), but anti
body staining against the outer mitochondrial membrane protein
Tom20 did not show an altered staining profile between CD8+ T cells
from the spleen and IELs (fig. S4B).
Low mitochondrial staining in IELs was not due to cell activation.
Stimulated CD8+ T cells maintained a strong staining over time
(Fig. 4C). However, we observed reduced mitochondrial membrane
potential in IELs compared with splenic CD8+ T cells (Fig. 4D and
fig. S4, C and D), with similar limited mitochondrial reactive oxygen
species (ROS) production in all nonproliferating T cell subsets
but with lower cellular ROS levels observed in IELs compared with
memory CD8+ T cells (Fig. 4, E and F, and table S1). This suggested
that reduced mitochondrial detection
with MitoTracker dyes could result from
altered mitochondrial membrane modi
fications specific to IELs (25).
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level (Fig. 6A). CLs are phospholipids found exclusively in mitochon
dria, strongly associated with membranes in which proteins of the elec
tron transport chain are located, essential for the optimal function
of enzymes involved in mitochondrial energy metabolism (29, 30).
Absence of CLs does not reduce basal oxidative phosphorylation rate
but results in significant uncoupling at higher rates of respiration (31).
The use of 10-N-nonyl acridine orange (NAO), the fluorescence of which
is associated with the organization of the mitochondrial membrane (32),
suggested altered CL content, organization, or composition in IELs
compared with splenic CD8+ T cells (Fig. 6B). The NAO staining in

Fig. 5. IEL mitochondrial staining correlates with activation. (A) IELs were purified by flow cytometry and transferred intravenously into lymphopenic hosts. After 6 weeks, MitoTracker Deep Red–based detection of mitochondria
was performed in indicated cell populations [trIELs (transferred IEL)] (pooled data from two experiments with n = 3).
(B) C57BL/6 mice were infected intragastrically with 1000 E. vermiformis oocysts, and MitoTracker Green–based detection of mitochondria was performed on IELs harvested at indicated time points after infection from the ilea (n = 5).
dpi, days post infection. (C) IELs were purified from control mice and IL-22–deficient mice treated or not with broad-
spectrum antibiotics (ABX) and mitochondria assessed with MitoTracker Green (pooled data from two experiments
with n = 4). (D to I) C57BL/6 mice were intraperitoneally injected with anti-CD3, and (D) MitoTracker Green–based
detection of mitochondrial mass was assessed at indicated time points (pooled data from three experiments with n = 2
to 3). (E) Proportion of IELs positive for Ki67 and (F) number of T cells by flow cytometry analysis at indicated time
points after anti-CD3 administration (representative of three biological repeats, n = 4 to 5). MitoTracker Green–based
detection of mitochondria was performed in indicated cell populations, naive and memory CD8+ cells from the spleen,
and TCR (G) and TCR (H) IELs isolated from the small intestine at indicated time points after anti-CD3 injection
(representative of more than three biological repeats, n = 5 to 10). (I) Mitochondrial membrane potential (MTO M7510)
on indicated CD8+ T cell populations at indicated time points after anti-CD3 injection (pooled data from two experiments). One-way ANOVA with multiple comparison test was used. Error bars represent SDs. **P < 0.01, ***P < 0.001.
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)
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Alterations in CLs correlate with
IEL activation
To correlate the alterations in mitochon
dria with IEL effector functions, we in
fected mice with Ev parasites and assessed
MitoTracker staining with IEL prolifera
tion, mitochondrial ROS production, and
the production of IFN and TNF. The
increased MitoTracker staining correlated
strongly with IEL effector function: in
creased proliferation, accumulation of
IELs at the site of infection, and the pro
duction of IFN and TNF (Fig. 7, A to D).
Upon flow-sorting of IELs (>98%
purity) from control or Ev-infected ani
mals based on the MitoTracker staining
(fig. S7A), we assessed CL species distri
bution. Activated IELs showed a CL profile
5 of 11
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tensity did not change upon IEL activation (Fig. 6C). CL analysis by
mass spectrometry in highly pure (>98%) CD8+ T cell subsets found
that memory CD8+ T cells contained more CL than naive CD8+
T cells, with IELs containing twice the amount of CLs per cell compared
with naive T cells (Fig. 6D).
CL species are key modulators of mitochondrial proteins, and their
composition varies between cell types (fig. S6A) (33). The diversity
in species is regulated by differences in CL synthesis, catabolism, and
remodeling, potentially incorporating four different acyl residues (34).
The acyl chain composition is important for inner membrane flu
idity, structure, and osmotic stability. In
addition, the affinity of CL to mitochon
drial inner membrane proteins affects
functional properties of proteins (30, 35),
such as activity of mitochondrial respi
ratory chain complexes (36). Lymphocyte
mitochondrial membranes have a varied
CL makeup compared with the heart, with
acyl moieties that have 72 or 74 carbons
most common (fig. S6, A and B) (29). The
major CL species composition of periph
eral CD8+ T cells is similar, but for 72-6
levels, it was found to be more abundant
in memory T cells (fig. S6B). The CL com
position in IELs showed marked alter
ations compared with splenic T and B
cells. IELs have reduced levels of the
canonical 72-6, 72-7, 74-7, and 74-8 CL
species, whereas the contribution of more
unsaturated CLs 72-9, and especially the
longer 74-10 and 76-12, is markedly in
creased (Fig. 6E and fig. S6B). Collectively,
these data suggested that altered mito
chondrial function, possibly due to al
tered fatty acyl chain composition of CLs
and membrane structure, might play a role
in arresting IELs in a controlled activa
tion state, enabling basal respiration and
surveillance activity but without effector
functions.
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similar to that observed for splenic CD8+
T cells, in marked contrast to steadystate IELs (Fig. 7E and fig. S7B). We found
mitochondrial ROS production in in vivo
activated IELs, with anti-CD3 or upon
Ev infection (Fig. 7F and fig. S5B), but only
after mitochondrial mass detection and
membrane potential were increased (Fig. 5,
D and I). This shows that the acyl chain
CL composition is changed in activated
IELs, associated with the unleashing of
their effector functions.

Fig. 7. Altered CL makeup of IEL mitochondria correlates with IEL function. (A to D) C57BL/6 mice were infected
intragastrically with 1000 E. vermiformis oocysts, and MitoTracker Green–based detection of mitochondria was performed on ilea-sourced IELs harvested 10 days after infection (≥4 biological repeats, n ≥ 2 per experiment) or from
uninfected controls. MFI of MitoTracker Green staining was plotted (x axis) against (A) Ki67, (B) mitochondrial ROS
production, and (C) proportion of IFN or (D) TNF production. (E) Mass spectrometry analysis of the relative contribution
of selected CL species detected in indicated CD8+ T lymphocytes (n = 4 to 5). Act, activated. (F) ROS production by
MitoSOX staining was performed on mice injected with anti-CD3 at indicated time points (pooled data from three
experiments with n ≥ 3). For statistics, linear regression was used for (A) to (D) and one-way ANOVA with multiple
comparison test was used for (E) and (F). Error bars represent SDs. ***P < 0.001.
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)
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Fig. 6. IEL mitochondria have altered CL makeup. (A) Flow-sorted CD8+ T cells were processed for imaging with TEM,
and mitochondrial surface area was determined for each mitochondrion within a given cell. Data are represented as
an average for mitochondrial surface area on a per-cell basis (n = 10 naive cells, n = 10 memory cells, and n = 12 IELs).
(B and C) CD8+ T cells from spleen or intestinal IELs were stained with NAO in (B) steady state (n = 3 from three biological
repeats) or (C) indicated CD8+ T cell populations at indicated time points after anti-CD3 injection (pooled data from
three experiments with n = 2 to 3). (D and E) Flow-sorted naive and memory CD8+ T cells, as well as IELs, were analyzed
by mass spectrometry for (D) their total CL content (n = 9) or (E) the relative contribution of selected CL species (n = 8).
One-way ANOVA with multiple comparison test was used. Error bars represent SDs. *P < 0.05, **P < 0.01, ***P < 0.001.

CL composition affects IEL function
CLs are an important component for the
optimal activity of proteins regulating oxi
dative phosphorylation (30) and have
recently been shown to specifically but
intermittently interact with adenosine
5′-triphosphate (ATP) synthase, deter
mining its assembly and function (37). In
Barth syndrome, mutations in the tafazzin
(Taz) gene result in altered CL compo
sition and levels (38). Tafazzin transfers
acyl chains to and from phospholipids
to generate CLs. It targets curved lipid
bilayers that have a higher structural order,
thereby contributing to mitochondrial
cristae (39). To test the direct effect of
CLs on IELs, which express high levels
of Taz (fig. S8A), we used Taz-deficient
mice that show a similar alteration in CLs
as found in Barth syndrome patients
(40, 41). To limit the absence of Taz to
immune cells, we generated bone marrow
chimeric mice using Rag2-deficient mice
as hosts. Taz-deficient bone marrow chi
meric mice had similar numbers of lym
phocytes in the small intestine compared
with those receiving control Taz-sufficient
bone marrow (fig. S8B).
MitoTracker staining was similarly
low in IELs from wild-type control and
Taz-deficient bone marrow chimeras
(Fig. 8A). Anti-CD3 activation increased
MitoTracker staining in control IELs, as
reported before. In contrast, Taz-deficient
IELs showed a markedly reduced rise in
staining intensity (Fig. 8A). Upon acti
vation, splenic T cells displayed indis
criminate proliferation between wild-type
and Taz-deficient CD8 T cells (Fig. 8B),
yet Taz-deficient IELs showed significantly
reduced proliferation at both 24 and
48 hours after stimulation (Fig. 8C). To
assess the relevance of the reduced acti
vation of IELs, we infected Rag2-deficient
mice reconstituted with either wild-type
or Taz-deficient bone marrow with Ev.
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DISCUSSION

Our results are consistent with the hypothesis that IELs are main
tained in a controlled activation state. This state differs markedly
from the quiescent state of naive and memory T cells and facilitates
rapid effector function release, thereby reducing the amplitude of the
adaptive immune response required to contain and clear invading
microbes (13, 14, 21). The increased presence of proteins involved
in lipid metabolism in IELs compared with conventional T cells sug
gested that altered metabolic processes, such as FAO, might be in
volved in maintaining the IEL activation status (13, 14). We show
that metabolism of IELs reflects that of recently activated T cells, but
their metabolic capacity is curtailed to arrest them in a poised state
similar to recently activated T cell storing lipids (16). We show that
the poised activation mode correlates with alterations in IEL
mitochondria and the mitochondrial membrane composition and show
that IEL activation capacity is directly affected by alterations in CLs,
which affects the ability of microbial con
trol, suggesting a role of mitochondrial
membrane dynamics in the activation of
epithelial lymphocytes.
T cell activation requires significant
metabolic reprogramming to re-enter
cell cycle and produce effector mole
cules (45). Quantitative bioenergetic dif
ferences, such as mitochondrial mass, may
contribute to more rapid induction of
glycolysis and cell proliferation upon
activation of memory T cells compared
with naive T cells (46). In agreement, we
found increased CL levels, mitochon
drial numbers, and SRC in memory
T cells compared with naive T cells. Al
tered mitochondrial function does not
restrict steady-state IEL activity such as
basal respiration, survival, and epithelial
cell surveillance (4), but IEL effector
functions directly correlated with the
CL makeup of their mitochondria. CLs
are important in the generation of an
electrochemical gradient used to produce
energy, such as across inner mitochon
drial membrane (30). Transfer of ATP
to the cytosol requires tetralinoleoyl
CL (C72:8) (47, 48). Furthermore, CLs
are an active component of cytochrome
c oxidase, required for electron transport
and proton translocation (49), are es
sential for complex III function, and may
play a role in complexes I, II, and V,
participating in structural organization
Fig. 8. Altered CL directly affects IEL function. C57BL/6 Rag2-deficient mice were reconstituted with wild-type
and stabilization of the respiratory chain
control (closed symbols) or Tafazzin-deficient (open symbols) bone marrow. (A to J) Six to 8 weeks afterward, mice
complexes, thereby influencing super
+
were injected intraperitoneally with anti-CD3 and CD8 T cells from the intestinal IEL compartment (A and C) or the
complex formation and function (30).
spleen (B) were assessed at indicated time points for (A) MitoTracker Green or (B and C) Ki67 (three biological repeats
The increased numbers of mitochondria
with n = 2 to 3). Six to 8 weeks after bone marrow chimeric generation, mice were challenged with 1000 Ev oocysts,
in IELs did not result in increased meta
and (D) parasite load was assessed for the first 10 days daily or (E) accumulative load of shedded oocysts (accumulated
bolic potential. The absence of SRC in
from two biological repeats, n = 5 to 6). At day 10 postinfection, cells from the ileum IEL compartment were stained
+
+
+
+
IELs and the altered CL composition of
for Ki67 in (F) CD4 T cells, (G) CD8 T cells, and (H) CD8 T cells. Furthermore, the IFN production in (I) CD8 or
the mitochondrial membrane suggest
(J) CD4+ T cells was assessed via intracellular staining (representative of two biological repeats with n = 5). Error bars
a metabolic block in generating energy
indicate SDs. For statistics, multiple t test was used. *P < 0.05, **P < 0.01, ***P < 0.001.
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Taz-deficient animals showed a markedly higher parasite burden from
day 8 to day 10 compared with Taz-sufficient controls (Fig. 8, D and
E). At day 10, we assayed the cellular composition of the ileum IELs.
We noted an increase in CD8 and CD4+ T cell proliferation, which
migrate to the IEL compartment during inflammation (42), but not
in CD8 IELs (Fig. 8, F to H). In addition, a higher proportion of
Taz-deficient CD4 and CD8 T cells produced IFN compared with
controls (Fig. 8, I and J). In line with the observations made at early
IEL activation whereby the absence of Taz resulted in reduced IEL
activity, Ev infection resulted in increased parasite burden with po
tential risk to immunopathology with the influx of activated CD4 and
CD8 T cells in the absence of Taz compared with controls (43, 44).
These results highlight the particular importance of the mitochon
dria and their CL composition in rapid IEL effector release, which
help to contain microbial threats, thereby reducing additional im
mune cell activation and risk of immunopathology.
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MATERIALS AND METHODS

Mice
C57BL/6J, IL-22–deficient (54), Rag2-deficient, and Rag2,IL2Rc–
double-deficient mice (the Jackson Laboratory) were bred at the
Instituto de Medicina Molecular, Lisbon, Portugal, and at the
Babraham Institute, Cambridge, UK. Taz-deficient mice were ob
tained from the Beatson Institute (41). Male and female mice at 8 to
14 weeks of age, unless otherwise specified, were used. Animals
were housed in individually ventilated cages under temperature-
controlled conditions and a 12-hour light/dark cycle with free
access to drinking water and food. All mice were kept under specific
pathogen–free conditions. Bone marrow chimeras were generated
by sublethal irradiation (4.5 Gy) of Rag2-deficient mice and subse
quent intravenous injection of bone marrow cells obtained. Antibiotic
treatment (ampicillin, colistin, and streptomycin) was administered
via drinking water (1 g/liter) for 10 to 14 days. Anti-CD3 was given
intraperitoneally at 25 g per animal. All animal experimentation
complied with regulations of the Direção-Geral de Alimentação e
Veterinária Portugal, the U.K. Home Office, and local ethical review
committees and guidelines.
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)
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T cell isolation
Intestinal IELs were isolated as previously described (42). Spleens
were mashed through a 70-m strainer, and cells were lysed with red
blood cell lysis buffer. IEL single-cell suspensions were further pu
rified using 37.5% isotonic Percoll. Cells were used for analysis or
purified by pre-enrichment for CD8 by autoMACS and BD Influx
or FACSAria III. Care was taken not to touch the TCR, and TCR or
TCR IELs were sorted by negative selection in separate runs.
Cell viability, assessed by LIVE/DEAD dye or 4′,6-diamidino-2-
phenylindole (DAPI) (cell sorting and flow cytometry) or by trypan
blue staining (before Seahorse, microscopy, and mass spectrometry
analysis), for all samples was higher than 95%. For adoptive transfers,
1 × 105 to 2 × 105 purified IELs were transferred intravenously, and
CD8+ T cells were purified by autoMACS (Miltenyi Biotec) and by flow
cytometry (BD Influx or FACSAria III) (naive: CD8+CD44loCD62Lhi;
memory: CD8+CD44hi). For activation assays, cells were plated in wells
coated with anti-CD3 (1 g/ml) and anti-CD28 (3 g/ml) together
with IL-2 (5 ng/ml) for 2 days. Cells were resuspended and cultured
in the absence of anti-CD3/CD28 in rmIL-2 (PeproTech).
Flow cytometry
Surface staining and sorting were performed according to the latest
guidelines (55) and gating strategy shown in fig. S1C. Briefly, IELs or
splenocytes were resuspended in phosphate-buffered saline (PBS) and
stained with fluorescence-conjugated monoclonal antibodies for TCR,
TCR, CD4, CD8, CD8, and/or CD44 and L10119 LIVE/DEAD
Fixable Near-IR staining (Invitrogen). All fluorochrome-conjugated
monoclonal antibodies were purchased from BioLegend, except for
anti-Tom20 and anti-Ki67 (BD Biosciences). Before surface staining,
cells were stained for MitoTracker Green (M7514), MitoTracker Deep
Red (M22426), MitoTracker Orange (M7510), MitoSOX Red, tetramethyl
rhodamine, ethyl ester, or Lysotracker red (all from Thermo Fisher
Scientific); lipid droplet (Cayman’s Lipid Droplets Fluorescence Assay
Kit); or NAO (40 nM, Sigma-Aldrich), according to the manufac
turers’ instructions. For intracellular detection, cells were activated
for 2 hours with phorbol 12,13-dibutyrate (500 ng/ml) and ionomycin
(500 ng/ml) in the presence of Brefeldin A (1 g/ml; all from Sig
ma-Aldrich) and subsequently stained with anti-TNF or anti-IFN
fluorescence-conjugated antibodies. Anti-Ki67 was used according
to the manufacturer’s instructions.
Imaging
Skin samples were stained, as described before (56). Epidermal sheets
were washed in PBS and blocked in 2% (w/v) bovine serum albumin
before antibodies were added directly. Sheets were mounted onto
silane-coated slides. Monoclonal antibodies used were panTCR (GL3,
BioLegend) and TCRV3 (536, BioLegend). FACSorted (fluorescence-
activated cell sorted) T cells were stained for MitoTracker Green
(Invitrogen) and DAPI. To identify lipid droplets, we stained cells
with Nile Red (Cayman’s Lipid Droplets Fluorescence Assay Kit) or
LD540 dye (57) and DAPI. Confocal images were obtained using a
Zeiss LSM 780 confocal microscope. Images were analyzed using
the Zeiss LSM software.
Transmission electron microscopy
We FACSorted 2.5 × 106 naive (CD44lo) or memory (CD44hi) CD8+
lymphocytes from the spleen and CD8+ lymphocytes from the small
intestinal epithelium (IELs) pooled from 10 sex- and age-matched
mice. Cells were washed 2× in sodium cacodylate buffer, pelleted,
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levels required for clonal expansion and effector function. This pre
vents the progression of epithelial T cells to full effector function
and to a quiescent memory cell state but may enable rapid activa
tion (50). The altered CL composition in IELs is strongly associated
with reduction of full mitochondrial activity. We show that the CL
composition is dynamic and changes in line with other lympho
cytes upon inflammatory signals, releasing IEL effector functions
such as proliferation and ROS and cytokine production. The absence
of Tafazzin specifically affects the early activation potential of IELs,
not those of splenic T cells. Although there are limited data regard
ing immune effects in Barth syndrome patients, reported episodic
diarrhea and constipation suggest gastrointestinal problems that may
relate to altered immune function (51, 52).
It remains to be determined how alterations in CL composition
and Taz activity release or license IEL activity, which was not addressed
in the current study. Biochemical analysis of isolated mitochondria
may provide insights into alterations of membrane structure, mito
chondrial structure, and function. It is highly likely that additional
mitochondrial membrane modifications, not currently assessed,
play a role in IEL biology. Although the CL composition of IELs is
altered and important for IEL activation, additional metabolic or
membrane compositional alterations in IELs are likely to play an
important role. In the absence of Taz, the MitoTracker dye fluores
cence intensity remained low compared with spleen T cells, indicat
ing that alterations in CL are not solely or directly responsible for
the low MitoTracker intensity.
The tight regulation of IEL activity is in line with a balanced im
mune surveillance and activity required at the epithelial barrier (2).
The high burden of microbial and xenobiotic encounters, many of
which are innocuous, requires restrained to prevent immunopathology.
However, swift action is needed to contain invading microorga
nisms, thereby reducing the requirement of additional immune cell
activation (53). Thus, alterations in mitochondrial membrane com
position highlight an alternative mechanism enabling control of
T cells in a heightened activation state. This mechanism may be es
pecially suited to contribute to maximizing immune responses
and minimizing immunopathology at the fragile epithelial barrier.
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and fixed at 4°C in 2% glutaraldehyde/4% paraformaldehyde in 0.1 M
cacodylate buffer overnight. Briefly, cells were postfixed with 1%
osmium tetroxide in 0.1 M cacodylate buffer for 1 hour and dehy
drated in a solution series containing 25 to 100% ethanol and 100%
propylene oxide. Samples were embedded in Spurr’s resin at 60°C
for 24 hours. Ninety-nanometer sections were cut by Reichert-Jung
Ultracut E, subsequently stained with uranyl acetate and lead citrate,
and examined under 300 kV with a FEI Tecnai F30 transmission
electron microscope. Images were photographed using a Gatan CCD
digital micrograph with a 4k × 4k resolution.

Library preparation for RNA-seq
RNA sequencing (RNA-seq) libraries were constructed using the
Tru-Seq sample preparation kit (Illumina), from polyA+ RNAs iso
lated from purified T cells. RNA libraries were run on the Bioana
lyzer for quality control to check purity and size range. RNA-seq
was performed on the Hi-Seq 2500 using a 100–base pair read length
program. The barcoded samples were first demultiplexed and trimmed
with the “cutadapt version 1.1” adapter removal software, using the
following parameters: -f fastq -e 0.1 -q 20 -O 1 -a AGATCGGAA
GAGC. For the mapping, we used the Ensembl GRCm38 genome
annotation together with “TopHat” alignment software, where more
than 95% of all complementary DNAs were mapped to the refer
ence genome. Differential expression analysis was carried out com
paring CD8 subsets. All normalizations and differential expression
analysis were performed in R (version 3.1.0) together with the
DESeq2 Bioconductor package and the Negative Binomial Distri
bution method (58). Differentially expressed genes were selected by
significance of adjusted P value that was lower than 0.05.
Eimeria infection
E. vermiformis oocysts not older than 4 months and stored in 2.5%
potassium bichromate were used for infection of 8- to 14-week-old
mice. Oocysts were washed three times with deionized water (1800g,
8 min) and subsequently flotated (1100g, 10 min) and sterilized us
ing sodium hypochloride. After three washes with deionized water,
oocysts were quantified with a Fuchs-Rosenthal chamber. To exactly
adjust low doses, we screened a 50-l droplet of the oocyst suspension
in a McMaster chamber. One thousand oocysts were inoculated via
oral gavage in a volume of 100 to 150 l of water.
Lipidomics
Cell pellets were resuspended in 1.5 ml of methanol and thoroughly
mixed with 1.5 ml of water and 3 ml of chloroform via vortex. Two
hundred nanograms of 14:0/14:0/14:0/14:0-cardiolipin (56:0-CL) was
spiked to each sample before Folch extraction as internal standard.
Lower phase was concentrated with SpeedVac at room temperature
and redissolved in 100 l of chloroform. Seventeen microliters of
chloroform solution was injected for liquid chromatography–mass
spectrometry (LC-MS) analysis. Different classes of lipids were sep
arated via normal phase high-performance liquid chromatography
Konjar et al., Sci. Immunol. 3, eaan2543 (2018)
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Statistical analysis
P values were calculated using one-way analysis of variance (ANOVA)
with multiple comparison test, regression test, or unpaired t test, as
indicated in the figure legends after initial D’agostino-Pearson nor
mality test. Differences were considered statistically significant with
P < 0.05. Significance is indicated as follows: *P < 0.05, **P < 0.01,
and ***P < 0.001.
SUPPLEMENTARY MATERIALS

immunology.sciencemag.org/cgi/content/full/3/24/eaan2543/DC1
Fig. S1. IELs are a homogeneous population based on surface activation markers.
Fig. S2. LAMP-1 staining in CD8+ T cells.
Fig. S3. IELs are maintained and contain increased numbers of mitochondria.
Fig. S4. IELs have altered mitochondrial staining.
Fig. S5. IEL mitochondrial staining correlates with activation.
Fig. S6. IEL mitochondria have altered CL composition.
Fig. S7. CL species distribution in T lymphocytes.
Fig. S8. Tafazzin is important in IEL activation.
Table S1. Characteristics of IELs compared with naive, effector, and memory CD8+ T cells.
Table S2. Raw data (Excel).
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Controlled activation
At the intestinal barrier, lymphocyte activation is a tightly regulated process that enables rapid responses to
pathogens but avoids destructive inflammation. Konjar et al. examine how intraepithelial lymphocytes (IELs) maintain a
controlled activation state, which is influenced by the composition of the mitochondrial membrane. Inflammation triggers
changes in the mitochondrial membranes of IELs, particularly the cardiolipin composition, and these changes support
rapid proliferation and effector functions. These findings reveal a role for mitochondria in controlling the activation state of
IELs, thus furthering our insights into how mitochondria can influence immune responses.

