
T-cell death following immune activation is mediated
by mitochondria-localized SARM
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Following acute-phase infection, activated T cells are terminated to achieve immune homeostasis, failure of which results in
lymphoproliferative and autoimmune diseases. We report that sterile a- and heat armadillo-motif-containing protein (SARM), the
most conserved Toll-like receptors adaptor, is proapoptotic during T-cell immune response. SARM expression is significantly
reduced in natural killer (NK)/T lymphoma patients compared with healthy individuals, suggesting that decreased SARM
supports NK/T-cell proliferation. T cells knocked down of SARM survived and proliferated more significantly compared with wild-
type T cells following influenza infection in vivo. During activation of cytotoxic T cells, the SARM level fell before rising,
correlating inversely with cell proliferation and subsequent T-cell clearance. SARM knockdown rescued T cells from both
activation- and neglect-induced cell deaths. The mitochondria-localized SARM triggers intrinsic apoptosis by generating reactive
oxygen species and depolarizing the mitochondrial potential. The proapoptotic function is attributable to the C-terminal sterile
alpha motif and Toll/interleukin-1 receptor domains. Mechanistically, SARM mediates intrinsic apoptosis via B cell lymphoma-2
(Bcl-2) family members. SARM suppresses B cell lymphoma-extra large (Bcl-xL) and downregulates extracellular signal-
regulated kinase phosphorylation, which are cell survival effectors. Overexpression of Bcl-xL and double knockout of Bcl-2
associated X protein and Bcl-2 homologous antagonist killer substantially reduced SARM-induced apoptosis. Collectively, we
have shown how T-cell death following infection is mediated by SARM-induced intrinsic apoptosis, which is crucial for T-cell
homeostasis.
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The immune system clears pathogens via a coordinated
network of cells, tissues and organs. The activated immune
system must be downregulated in a timely manner to restore
homeostasis. Although abundant information is available on
immune activation,1 less is known on its restoration to basal
level.
Apoptosis is a crucial mechanism of immune defense. It

prevents excessive inflammation, limits the spread of
microbes and initiates adaptive immune response.2 Apoptosis
is vital for T-cell development and maintenance. Following
infection, an antigen-specific T-cell clonal population expands
to kill the pathogen. Subsequently, two distinct forms of cell
death clear the expanded T cells: (i) mitochondria-dependent
neglect-induced cell death (NID), elicited by the lack of
survival cytokines like interleukin-2 (IL-2); (ii) mitochondria-
independent activation-induced cell death (AICD), attributable
to T-cell receptor (TCR) restimulation or death receptor
activation.3–5 Failure in apoptosis impairs lymphocyte

homeostasis, leading to autoimmunity and lymphoprolifera-
tive diseases.6

Extranodal nasal natural killer (NK)/T-cell lymphoma is a
clinically aggressive tumor caused by proliferation of either
cytotoxic T/NK cells. Malignant lymphocytes proliferate
uncontrollably and amass in lymph nodes, spleen and other
sites in the body. Pathogenesis involves either mutation or
altered gene expression of tumor suppressor genes and
oncogenes.7,8 Although failure in cellular apoptosis is the
generally accepted reason, the molecular mechanisms
mediating T-cell apoptosis has eluded us for decades. The
understanding of lymphocyte homeostasis is vital towards
clinical intervention of T-cell lymphoma. Here we present
findings on a novel factor in T-cell apoptosis.
Sterile a- and heat Armadillo-motif-containing protein

(SARM), a purported Toll-like receptor (TLR) adaptor, is highly
conserved. Unlike other TLR adaptors, SARM is prominently
expressed in brain and T lymphocytes rather than
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macrophages.9 The C. elegans SARM homolog, Tir-1, acts
independent of TLR signaling to protect the worm from
infections.10,11 Overexpression of SARM homologs down-
regulates TLR signaling.12–15 However, SARM� /� mice
macrophages respond normally to TLR agonists,9,16 suggest-
ing that SARM probably functions differently from other TLR
adaptors.
Neurons from SARM� /� mice are protected from death by

glucose and oxygen deprivation.9 Similarly, the C. elegans
Tir-1 regulates anoxic death.17 The mouse and Drosophila
SARM homologs are involved in axonal death.18 Global gene
expression profiling of human NK/T-cell lymphoma indicated
that SARM is downregulated in lymphoma.7 Our preliminary
study also suggested that SARM is attenuated upon T-cell
proliferation (Supplementary Figure S1a). Hence, we
explored the mechanism of action of SARM on the survival/
death of activated T cells.
We demonstrate how SARM mediates intrinsic T-cell

apoptosis by modulating B cell lymphoma-extra large (Bcl-
xL) and pERK. The proapoptotic function of SARM is mapped
to the C-terminal sterile alpha motif (SAM) and Toll/IL-1
receptor (TIR) domains. During in vitro T-cell activation, the
SARM level initially fell before rising, correlating inversely
with the progression of T-cell proliferation and subsequent
death. A similar drastic decrease in SARM was observed
during in vivo activation of T cells. SARM-specific
RNAi prolonged T-cell survival and rescued them from NID
and AICD, supporting that SARM contributes to T-cell
termination, failure of which affects T-cell homeostasis.
Importantly, during influenza infection in vivo, SARM-
knocked down T cells proliferated more than wild-type
T cells. Consistently, the proapoptotic SARM is down-
regulated in NK/T-cell lymphoma patient tissues compared
with healthy cells.

Results

The evolutionary conservation of SARM. SARM pos-
sesses two N-terminal Armadillo motif (ARM), two SAM and
a C-terminal TIR domains (Supplementary Figure S1b).
SARM is evolutionarily conserved for millions of years,
suggesting its functional significance (Supplementary Figure
S1c). The human and mouse SARM share 93% homology.
Two mouse isoforms of 724 and 764 amino acids are
reported. The shorter isoform is the splice variant of the
longer isoform. RT-PCR indicated that mouse T cells express
only the shorter isoform (Supplementary Figures S1b and d).
Henceforth, we studied the role of SARM 724 in T cells using
transgenic OTIþRAG� /� mouse strain, which contains
homogenous populations of cytotoxic T cells (Supple-
mentary Figure S1e) and a B6.PL-Thy1a/CyJ mouse strain,
which expresses the congenic Thy1.1 marker. We employed
HEK 293T cells to demonstrate SARM activity. To enable our
study, we generated a series of constructs that expressed
various domains of SARM (Figure 1a).

Expression of SARM induces primary T-cell death.
To study the function of SARM, we expressed SARM-FL
(full length) and various deletion mutants of SARM

(ARM–SAM–TIR, SAM–TIR, SAM and TIR) in HEK 293T
cells (Figure 1b). The expression competency of these
truncated constructs was confirmed by immunodetection
(Figure 1c). Cell death analysis indicated progressive death in
SARM-FL-, ARM–SAM–TIR- and SAM–TIR-expressing cells
(Figure 1b). SAM–TIR induced cell death similar to that of
SARM-FL, suggesting that the SAM and TIR are the death
domains. Consistently, ARM–SAM and ARM–TIR constructs
(Figure 1a) were less potent compared with SARM-FL and
SAM–TIR, highlighting the requirement of both SAM and TIR
for cell death induction (Supplementary Figure S1f). Notably,
overexpression of SAM–TIR led to rounding up of cells,
(Figure 1d) nuclear condensation (Figure 1e) and nuclear
fragmentation (Figure 1f). Hoechst and propidium iodide
double staining of SAM–TIR-transfected cells showed
chromatin condensation before the cell membrane was
compromised (Figure 1g). To exclude possibility of cell death
due to green fluorescent protein (GFP) fusion, we cotrans-
fected deletion constructs of SARM and GFP, and showed
that the SAM–TIR:GFP-coexpressing cells exhibited dose-
dependent decrease in GFP mean fluorescence intensity
and greater cell death compared with the control, suggesting
specificity of SARM-mediated cell death (Supplementary
Figure S2a–e).
Next, we examined whether SARM induces death in

primary cytotoxic T cells. We observed that expression of
ARM–SAM–TIR or SAM–TIR in CD8 T cells induced 480%
cell death, higher than that induced by SARM-FL (Figure 1h).
The cytotoxic effect of ARM–SAM–TIR and SAM–TIR was
much more pronounced in CD8 T cells than in HEK 293T.
SAM–TIR-expressing cells started to die as early as 3 h post-
nucleofection, and by 24 hB90% were non-viable (Figure 1i).
To substantiate the proapoptotic role of SARM, we assessed
other cell types like neuronal (Neuro-2a), NK (NK-YS) and B
(Raji B) cells, which express SARM. We found that both
SARM-FL and SAM–TIR induced significant cell death in all
these cell types (Supplementary Figures S3a–e). Taken
together, our findings demonstrate that overexpression of
SARM exhibited hallmark apoptotic features. The proapopto-
tic function was delineated to the SAM and TIR domains, and
the role of SARM is conserved in various cell types.

SARM executes apoptosis via the initiator caspase-9. To
confirm that SARM induces apoptosis, we investigated
caspase activities. The proportion of SARM-FL- and SAM–
TIR-transfected HEK 293T cells displaying caspase-3
activity increased significantly over 12–24 h (Figure 2a).
Around 35% of SARM-FL-expressing T cells showed
increased caspase-9 activity (Figure 2b). Furthermore,
within 3 h post-nucleofection, a higher proportion of SAM–
TIR-expressing T cells were active for caspase-9 relative to
caspase-3 and -8. At 24 h, fewer cells exhibited caspase-8
activity than caspase-3 and caspase-9 (Figure 2c and
Supplementary Figures S4a–c). Hence, the order of activa-
tion was caspases-94348, supporting that SARM induces
intrinsic apoptosis. Corroborating our observation, cas-
pases-9 and -3 have been reported to activate caspase-8
during the amplification of apoptosis.19,20 It is likely that
during T-cell clearance, these caspases collaborate to
execute apoptosis efficiently.
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SARM induces mitochondria permeability transition
pore, generates ROS and inhibits ERK phosphorylation.
Mitochondrial depolarization occurs during intrinsic apopto-
sis.21,22 Thus, we examined the decrease in mitochondrial
potential (DCm) due to mitochondria permeability transition
pore (MPTP) formation. By 24 h post-transfection, 445% of
SARM-FL-, ARM–SAM–TIR- and SAM–TIR-expressing cells
showed decreased DCm (Figure 2d and Supplementary
Figure S4d). Around 70% of T cells expressing SAM–TIR
showed decreased DCm (Figure 2e). We also observed
increased intracellular reactive oxygen species (ROS) in
SARM-expressing HEK 293T cells (Figure 2f and
Supplementary Figure S4e). Consistently, the antioxidant,
N-acetyl cysteine (NAC), dose dependently protected these
cells from SARM-induced apoptosis (Supplementary Figure
S5a). Interestingly, NAC-treatment reduced SARM-induced
MPTP formation, highlighting that ROS production precedes
loss of DCm (Supplementary Figure S5b). However,
antioxidant treatment did not completely prevent the drop in
DCm, suggesting that other parallel pathways are also
operational.
Extracellular signal-regulated kinase (ERK) phosphoryla-

tion is important for cell survival, proliferation and differentia-
tion,23 and is upregulated in cancer cells.24,25 SARM-FL
expression inhibited ERK phosphorylation (Figure 2g). Treat-
ment with ERK inhibitors further enhanced SARM-induced
apoptosis (Supplementary Figure S5c). Moreover, SARM-
induced ROS was significantly increased during ERK inhibitor
treatment, suggesting that downregulation of ERK phosphor-
ylation by SARM might contribute to ROS production

(Supplementary Figure S5d). However, antioxidant treatment
did not affect SARM-mediated inhibition of ERK phosphoryla-
tion (Supplementary Figure S5e). These data clearly demon-
strate that SARM mediates apoptosis by downregulating
ERK phosphorylation, generating ROS and depolarizing
mitochondria.

SARM mediates apoptosis via Bcl-2 family members.
B cell lymphoma-2 (Bcl-2) family members guard mitochon-
drial integrity.26 We observed that expression of SARM-FL or
SAM–TIR in T cells decreased the level of Bcl-xL (Figure 3a)
without affecting Bcl-2. NAC and ERK inhibitor pretreatment
indicated that downregulation of Bcl-xL is independent of
both SARM-induced ROS production and downregulation of
pERK (Supplementary Figure S5f and g). Reciprocally,
overexpression of Bcl-xL caused 50% drop in SARM-FL-
induced cell death (Figure 3b). Thus, SARM probably
induces apoptosis by downregulating the anti-apoptotic Bcl-
xL. To substantiate our findings, we transfected SARM-FL or
SAM–TIR into HEK Bcl-xL stably expressing cell line, which
showed reduced cell death by three-fold (Figure 3c and d).
Consistently, using BAX� /� BAK� /� mouse embryo fibro-
blast (MEF) cells, we observed that Bcl-2 associated X
protein (BAX) and Bcl-2 homologous antagonist killer (BAK)-
mediated SARM-induced MPTP (Figure 3e). These data
strongly corroborate that SARM mediates intrinsic apoptosis
via the Bcl-2 family.

SARM expression causes mitochondrial clustering.
Next, we determined the exact subcellular localization of

Figure 1 Induction of cell death by SARM in (b–g) HEK 293T and (h–i) Primary CD8 T cells. (a) A schematic representation of all the truncated constructs of SARM used
in this study. HEK cells in 12-well plate were transfected with 800 ng of the indicated GFP fusion construct. (b) Cell death was quantified by dead cell stain, 7-AAD. (c) Cell
lysates from 24 h post-transfection were immunoblotted with anti-GFP. The membrane was stripped and reprobed with anti b-actin. (d) White arrow indicates that SAM–TIR-
transfected cells at 24 h post-transfection show distinctive morphological rounding up compared with GFP-transfected controls. (e) Nuclear condensation of SAM–TIR-
transfected cells was visualized by DAPI staining. SAM–TIR–GFP-positive cells in 20 random microscopic fields were enumerated and the percentage was calculated based
on GFP-positive transfected cells. (f) At 24 h post-transfection, the fragmented nuclei were quantified by labeling the nicked ends of the DNA by TUNEL assay. DNase I-treated
cells were used as positive control. (g) SAM–TIR-transfected cells at 12 h were double-stained with Hoechst and propidium iodide to study cell membrane integrity and
condensation of the nuclei. (h) Activated primary CD8 T cells were nucleofected with 4mg of indicated truncated SARM constructs. Cell death was quantified 24 h post-
nucleofection by 7-AAD staining. (i) Kinetic profile of primary CD8 T-cell death following nucleofection with SAM–TIR compared with GFP alone cells. Panels b, e and h are
repeated for three independent times. Data in b, e and h represent means±S.D. of at least two independent experiments. *Po0.005; **Po0.0005
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SARM. T cells expressing SARM-FL–GFP showed that
SARM colocalized with the mitochondria (Figure 4a). Cost-
aining of transfected HEK 293T cells with mitotracker and
endosomal marker confirmed specific SARM–mitochondrial
association (Figure 4b). Interestingly, the expression of
SARM drastically altered the mitochondrial subcellular
distribution, causing them to cluster (Figure 4b). Endogenous
SARM was specifically detected in the mitochondrial fraction
of T cells (Figure 4c). Transmission electron microscopy
using immunogold labeling showed that SARM specifically
localized in the mitochondria (Figure 4d and Supplementary
Figure S6a).
Next, we found that SARM truncates lacking the N-terminus

(ARM–SAM–TIR, SAM–TIR and TIR, Figure 1a) did not
associate with the mitochondria (Figure 4e), whereas
N-ARM–SAM, containing the N-terminus associated with
mitochondria (Figure 4f). To clarify how the N-terminus of
SARM is responsible for mitochondria-associating ability, we
subcloned the N-ARM and N124 of SARM in fusion with GFP
(Figure 1a and Supplementary Figure S6b). Both N-ARM
(Figure 4g and Supplementary Figure S6c) and N124

(Figure 4h and Supplementary Figure S6d) were associated
with the mitochondria in the HEK 293T and T cells. The
N-terminal 27 amino acids of SARM was shown to be the
mitochondria-targeting signal,27 which confirms the impor-
tance of the N-terminus to mitochondrial association. When
comparing cell death induced by these N-terminal constructs
(lacking both the SAM and TIR domains), we noticed that
N-ARM, N124 and N-ARM–SAM each conferred a three-fold
drop in apoptosis (Figure 4i). These data strongly corroborate
the requirement of both SAM and TIR for the proapoptotic
function of SARM. Supplementary Figure S6e summarizes
the apoptotic potential of different SARM truncates.
The expression of SARM-FL or N-ARM–SAM or N-ARM

clusters the mitochondria to the perinuclear region (Figures
4b, f and g). Kim et al.9 also reported altered distribution of
mitochondria in SARM-transfected cells. A significant number
of cells expressing N-ARM exhibited mitochondrial clustering
within 10 h, which increased with time (Figure 4j). Although
N124 (lacking the ARM domain) was associated with the
mitochondria, it did not cause mitochondrial clustering,
indicating that the ARM domain is necessary for mitochondrial

Figure 2 SARM induces MPTP, generates ROS and inhibits ERK phosphorylation. (a) HEK 293T cells were transfected with 800 ng of SARM-FL/SAM–TIR/GFP
plasmids. At 12, 18 and 24 h post-transfection, cells were loaded with fluorogenic caspase-3 substrate and the proportion of caspase-3 active cells was quantified.
(b) Activated CD8 T cells expressing SARM was assessed for caspase-9 activities at 12 and 24 h post-nucleofection. (c) Activated primary CD8 T cells were nucleofected with
SAM–TIR GFP/GFP alone and assayed for caspases-9, -3 and -8 activities. Representative flow cytometry data depict the overlay of caspase activity histogram of SAM–TIR-
and GFP-transfected cells at 3 h (first 3 panels). The line graph (fourth panel) indicates the proportion of caspases-3, -9 and -8 active cells during the indicated time points of 3,
6, 12 and 24 h post-nucleofection. (d) HEK 293T cells transfected with SARM-FL/ARM–SAM–TIR/SAM–TIR/GFP alone were loaded with 20 nM of TMRE dye at 12, 18 and
24 h post-transfection. Decrease in mitochondrial transmembrane potential (DCm) was computed based on TMRE fluorescence for each of the constructs. (e) Activated
primary CD8 T cells were nucleofected with SAM–TIR/GFP and DCm was quantified as above. (f) Intracellular ROS was detected in HEK 293T cells transfected with SARM-
FL/SAM–TIR, using CM-H2DCFDA, at 12, 18 and 24 h post-transfection. The proportion of cells with increased intracellular ROS were calculated and plotted. (g) Cell lysates
were prepared from SARM-FL-, SAM–TIR-, GFP-transfected and control untransfected (UT) HEK 293T cells, and immunoblotted with anti-pERK. ERK was used as the
loading control. UT and GFP transfection did not affect ERK phosphorylation. Data in a–f represent means±S.D. of at least three independent experiments. *Po0.0005;
**Po0.008
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clustering (Figure 4k). Thus, SARM localized in the mitochon-
dria alters the mitochondrial distribution in the cell.

SARM knockdown prolongs primary T-cell survival and
rescues them from AICD and NID. To interrogate the
biological relevance of SARM, we studied its expression
profile following activation of primary T cells. Plate-bound
anti-CD3 successfully activated T cells in vitro as indicated
by upregulation of CD44 and CD69 (Supplementary Figures
S7a and b). Endogenous SARM decreased rapidly post
activation and recovered to above the basal level from days
4 to 8 (Figure 5a). Carboxy fluorescein succinimidyl ester
labeling indicates that T cells underwent rapid proliferation
immediately post activation (Supplementary Figure S7c).
The SARM levels dropped in the proliferating activated T
cells. Treatment with a proteasome inhibitor suggested that
the decrease in SARM expression is due to protein
degradation (Supplementary Figure S7d). The increase in
SARM in the activated T cells was accompanied by a
gradual rise in the expression of death receptor and
death receptor ligand, indicating the increased sensitivity
to death (Supplementary Figure S7e). On activation, the
T cells expanded in size up to day 3, and rounded up by
day 6 (Supplementary Figure S7f). These observations
consistently implicate SARM in T-cell apoptosis, during
which SARM accumulates sufficiently and becomes
active during the T-cell clearance phase. Plausibly, the

differential expression of SARM determines its proapoptotic
function.
Next, we examined the kinetics of SARM expression in

T cells activated in vivo. We challenged OTIþRAG� /� mice
with SIINFEKL peptide, which OTI TCR respond to. On days 1
and 2 post-footpad injection, the corresponding draining
lymph nodes (popliteal and inguinal) were collected. Upregu-
lation of CD69 indicated successful in vivo activation of T cells
(Supplementary Figure S7g). Consistently, we observed
drastic reduction in the levels of SARM post T-cell activation
(Figure 5b), and a significant increase in the lymph node cell
number, denoting activation-induced T-cell proliferation
(Supplementary Figure S7h). Consistent with in vitro data,
the in vivo activation of T cells also suggests that expression
of SARM is reciprocal to cell proliferation. To further confirm
the proapoptotic role of SARM, we suppressed endogenous
SARM using SARM-specific shRNAs (Supplementary
Figures S7i and k) and siRNA (Supplementary Figures S7j
and l). We tracked stable SARM knockdown and the non-
targeting control T cells for up to 9 days post transduction and
found significant knockdown of SARM by day 3
(Supplementary Figure S7m). We observedB50% increased
survival of SARM knockdown CD8 T cells compared with the
control (Figure 5c), suggesting that SARM knockdown
prolongs T-cell survival.
Lymphocytes undergo AICD and NID during clonal con-

traction.3–5 We mimicked AICD by restimulating the T cells

Figure 3 SARM mediates apoptosis via Bcl-2 family members. (a) Cell lysates were prepared from SARM-FL-, SAM–TIR-, GFP-transfected and control untransfected
primary CD8 T cells, and immunoblotted and probed with anti-Bcl-xL and anti-Bcl-2. Actin was used as the loading control. (b) HEK 293T cells were cotransfected with Bcl-xL
and SARM-FL/SAM–TIR in the ratio of 5 : 1. At 24 h post-transfection, the cells were stained with 7-AAD and assessed for cell death by flow cytometry. (c) Immunoblot of the
lysates obtained from HEK 293T cells and HEK Bcl-xL cells probed with anti-Bcl-xL shows very strong expression of Bcl-xL compared with control HEK 293T cells. Actin was
used as loading control. Molecular weight marker was run in between HEK 293T and HEK Bcl-xL cell lysates. (d) SARM-FL/SAM–TIR was expressed in both HEK 293T and
HEK Bcl-xL cell line. At 24 h post-transfection, cell death was assessed by counting the 7-AAD-positive cells by flow cytometry. (e) SARM-FL/GFP was expressed in both wild-
type and BAX� /� BAK� /� mouse embryonic fibroblast cell lines. At 24 h post-transfection, decrease in mitochondrial transmembrane potential (DCm) was computed
based on TMRE fluorescence. Data in b and d represent means±S.D. of at least three independent experiments. *Po0.00005;**Po0.0008; ***Po0.005
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with anti-CD3. SARM knockdown T cells showed significantly
reduced cell death (Figure 5d). We mimicked NID by IL-2
deprivation28 and observed that SARM knockdown dose
dependently rescued T-cell death by up to 50% (Figure 5e),
indicating that SARM has a substantial proapoptotic role
during T-cell termination.

SARM knockdown T cells show enhanced proliferation
following influenza infection. We developed an

appropriate ‘adoptive transfer mouse model’ system to
substantiate the proapoptotic role of SARM in infection-
activated T cells. The rationale for the choice of this system is
described in the Materials and Methods section. In a typical
experiment, naive OTI cells activated in vitro by SIINFEKL
peptide were transduced with SARM-specific shRNA and
GFP-containing retrovirus. Then, the cells were developed
into memory T cells and adoptively transferred into congenic
Thy1.1 mice, which were infected with a sublethal dose of

Figure 4 SARM localized in mitochondria caused mitochondrial clustering. (a) Activated primary CD8 T cells were nucleofected with SARM-FL. Six hours later, the cells
were stained with mitotracker (Mito), fixed and observed under fluorescence microscope. (b) HEK 293T cells were transfected with SARM-FL–GFP fusion construct. At 12 h
post-transfection, cells were co-stained with either mitotracker (Mito) or labeled transferrin. The cells are fixed and then viewed under confocal microscope. (c) Mitochondria
were isolated from primary T cells by differential centrifugation. Mitochondrial (Mito) and cytoplasmic (Cyto) lysates were blotted and probed with anti-SARM. The membrane
was probed with anti-voltage-dependent anion channel (VDAC), a mitochondria marker and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a cytosol marker. (d)
HEK 293T cells expressing SARM-FL were embedded in LR white resin and cut into ultrathin sections. The sections were then stained with anti-GFP followed by incubation
with 10 nm gold-conjugated anti-rabbit secondary antibody. Yellow arrows point to the gold particles. The sections were then observed under transmission electron
microscope. Scale bars are 100 nm. (e) Fluorescence localization of ARM–SAM–TIR, SAM–TIR and TIR–GFP fusion constructs at 12 h post-transfection with mitotracker.
Fluorescence localization of (f) N-ARM–SAM, (g) N-ARM and (h) N124–GFP fusion constructs at 12 h post-transfection with mitotracker. (i) HEK 293 T cells were transfected
for 24 h with SARM-FL, N124, N-ARM and N-ARM–SAM. Cell death was assessed by flow cytometry. (j) HEK 293T cells were transfected with N-ARM–GFP, and the
percentage of cells displaying mitochondrial aggregation/clustering phenotype was counted microscopically. Data in j represent means±S.D. of at least three independent
experiments. *Po0.00005. Scale bars are 10 mm (a, b, e, f, g and h). (k) Summary of truncated constructs of SARM, which is localized in the mitochondria and/or cause
mitochondrial clustering
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WSN SIINFEKL (Figure 6a). On different days post infection
(dpi), we monitored the proportion of GFP-positive SARM-
knocked down OTI T cells in various organs, using the
Thy1.2 marker. Initially, to test the efficacy of this system we
adoptively transferred 5� 105 naive OTI T cells into Thy1.1
mice and challenged the mice with WSN SIINFEKL. We
observed OTI T cells in the mediastinal lymph node (MLN) of
the infected mice but not in the uninfected recipient mice
(Figure 6b). The detected OTI T cells were activated as
indicated by the elevated expression of CD44 (Figure 6c).
This data clearly demonstrate that the adoptively transferred
OTI cells underwent activation-induced proliferation during
influenza infection.
The upregulation of CD44, CD69 and CD25 following

SIINFEKL peptide treatment indicates successful activation of
OTI T cells in vitro (Figure 6d). Similarly, culturing of activated
T cells in the presence of IL-7 upregulated memory T-cell
markers, CCR7 and CD62L, indicating memory T-cell devel-
opment in vitro (Figure 6e), which we had adoptively
transferred into Thy1.1 mice. The mice were then challenged
with WSN SIINFEKL virus. We investigated the dynamics of
T-cell response to influenza infection by measuring the
percentage of OTI T cells in MLN, peripheral lymph node
(PLN) and spleen from 3–14 dpi. Lung draining MLN harbored
a greater proportion of OTI T cells compared with the PLN and
spleen. The highest number of OTI T cells was observed on
5 dpi. By 7 and 10 dpi, theOTI cells had started to contract and
by 14 dpi, no distinct population of OTI cells was observed
(Figure 6f). Thus, we have developed an efficient system to
study the role of SARM during T-cell immune response.

To investigate the proapoptotic role of SARM during/after a
viral infection, we transduced the SIINFEKL-activated OTI
T cells with retrovirus expressing SARM-specific shRNA or
non-targeting control shRNA with GFP reporter. We observed
a significant knockdown of SARM in memory T cells
(Figure 6g). The SARM knockdown (B20% GFPþ cells)
and control (B10% GFPþ cells) memory T cells were
separately adoptively transferred into Thy1.1 mice. The mice
were then challenged with influenza. The proportion of GFPþ
transduced OTI T cells was analyzed in MLN on various dpi
corresponding to the activation (3 dpi), peak response (5 dpi)
and contraction phase (7 and 10 dpi) of T-cell immune
response. Non-targeting control-transduced T cells gradually
expanded from 10–24%by 5 dpi, weremaintained at 26%by 7
dpi, and significantly contracted to 14% by 10 dpi (Figure 6h).
Interestingly, SARM-specific shRNA-transduced T-cell popu-
lation expanded from 20–40% by 5 dpi and continued to
expand to 56% by 7 dpi, and then contract to 40% by 10 dpi
(Figure 6h). Thus, by 7 dpi SARM-knocked down T-cell
numbers increased significantly compared with non-targeting
control T cells. This in vivo data further support the
proapoptotic role of SARM during T-cell contraction following
an influenza infection.

SARM is downregulated in NK/T-cell lymphoma patient
tissue. Following pathogen eradication, apoptosis of the
activated T cells shuts down T-cell immune response. Failure
of this results in a concomitant risk of developing lymphoma or
autoimmune disease. Hence, we examined how the levels
of proapoptotic SARM is altered in NK/T-cell lymphoma

Figure 5 SARM knockdown prolonged the survival of primary T cells and rescued them from activation-induced and neglect-induced cell death. (a) Activated primary CD8
T cells were lysed on the indicated days post activation and immunoblotted with anti-SARM. The membrane was stripped and reprobed with anti-actin. (b) OTIþ RAG� /�

mice were subcutaneously injected with 5 mg of SIINFEKL peptide in complete Freund’s adjuvant. Popliteal and inguinal lymph nodes were isolated on days 1 and 2 post
injection. RNA was prepared using Trizol. cDNA, reverse-transcribed from RNA was used as template for quantitative real-time PCR, and data were normalized to mouse
tubulin. Data represent means of four mice per group. (c) Activated primary CD8 T cells were transduced with retrovirus containing either SARM-specific or non-targeting
control shRNA. The SARM knockdown cells were tracked for 9 days by counting GFP-positive cells. Similar results were obtained in two other independent experiments.
(d) Retroviral-transduced cells were grown in plate bound with anti-CD3 to induce AICD. Cell death was measured 24 h post activation. (e) Twenty-four post-nucleofection of
primary T cells with increasing concentration of SARM-specific or control siRNA, the cells were deprived of IL-2. Cell death was measured 24 h post deprivation. Cells cultured
with IL-2 served as control. Data in d and e represent means±S.D. of three independent biological replicates. *Po0.01; **Po0.001; ***Po0.0005
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Figure 6 SARM knockdown T cells proliferated more than control T cells following influenza infection. (a) Schematic representation of the development of an adoptive
transfer mouse model to study the effect of SARM knockdown during influenza infection. Boxes indicated by dotted arrows are the results of key assessments performed to
ensure efficient response by the adoptive transfer mouse model system. (b) Thy1.2-positive OTI CD8 T cells in the mediastinal lymph node (MLN) of infected and uninfected
recipient mice on 7 dpi. (c) CD44 expression in Thy1.2-positive OTI CD8 T cells. Grey line corresponds to naive OTI CD8 T cells from OTIþ RAG� /� mice and solid black line
corresponds to OTI CD8 T cells from infected recipient mice. (d) Primary T cells were activated with 1 mg of SIINFEKL peptide and the cells were stained with activation
markers (CD69, CD44 and CD25) on days 0 and 2 post activation. Post staining, the cells were washed and resuspended in FACS buffer and analyzed by flow cytometry.
Black line corresponds to in vitro activated primary T cells and grey line corresponds to naive primary T cells. (e) Activated OTI CD8 T cells were cultured in the presence of IL-7
for more than 2 weeks to develop into memory T cells, and verified by staining with CCR7 and CD62L. Grey line corresponds to naive and activated T cells in CCR7 and CD62L
staining, respectively. Solid black line corresponds to in vitro developed memory T cells. (f) OTI CD8 T cells in mediastinal lymph node (MLN), peripheral lymph node (PLN) and
spleen of infected recipient mice at various dpi. The Thy1.2 versus CD8 profile was gated based on all live cells in the indicated tissues. (g) Lysates from retroviral-transduced
in vitro memory T cells (non-targeting control and SARM-specific shRNA) were immunoblotted with anti-SARM. The same membrane was reprobed with anti-actin. (h) The
proportion of GFP-positive non-targeting shRNA or SARM-specific shRNA expressing OTI CD8 T cells in MLN of infected recipient mice on various dpi. Data represent the
means of results from four recipient mice. *Po0.0007; NS; non-significant
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compared with healthy tissue. We found a nine-fold
decrease in the expression of SARM mRNA in NK/T-cell
lymphoma tissues (n¼ 6) compared with healthy NK cells
(Figure 7a). Coincidently, healthy NK cells stimulated with
IL-2 also expressed lesser SARM than the unstimulated
cells (Figure 7a). NK/T lymphoma cells and stimulated NK
cells proliferate significantly faster than unstimulated
healthy cells. Hence, it is evident that decrease in SARM
expression supports NK/T-cell proliferation. Further analy-
sis of NK/T-cell lymphoma-derived cell lines also showed
markedly lower levels of SARM mRNA compared with
healthy NK cells (Figure 7b). Consistently, SARM over-
expression sensitizes NK-YS (a NK/T-lymphoma tissue-
derived cell line29), to apoptosis (Supplementary Figure
S3e). Thus, the lowered expression of proapoptotic SARM
is probably linked to the proliferative and anti-apoptotic
phenotype of NK/T lymphoma pathogenesis.

Discussion

In this study, we demonstrated the role of SARM in restoring
activated T cells homeostasis. In mammals, SARM is
proposed to be a common regulator of neuronal and immune
response to danger.30 Here we demonstrate that mitochon-
dria-localized SARM mediates intrinsic apoptosis in cytotoxic
T cells (Figures 2 and 4). The proapoptotic function of SARM
is mapped to the C-terminal SAM and TIR domains (Figures
1b and 4i). Kaiser et al.31 reported that cells expressing a
SARM clone lacking the N-terminal region did not exhibit
apoptosis. The first 27 amino acids of SARM are the
mitochondria-targeting signal sequence. Furthermore, SARM
mutant lacking the mitochondria-targeting ability exhibits
reduced apoptotic phenotype compared with the wild type.27

Thus, it is evident that the mitochondrial localization of SARM
is linked to its proapoptotic role. SARM overexpression
caused mitochondrial clustering (Figure 4), which has also
been observed in several cell death phenomenon.32 Being
involved in regulating microtubule stability,33 SARM might

control the mitochondrial traffic in microtubules. However,
further investigations are necessary to show how SARM
induces mitochondrial clustering. Nevertheless, as mitochon-
drial clustering precedes cytochrome c release,34 it is likely
that SARM-induced mitochondrial aggregation triggers intrin-
sic apoptosis.
The Bcl-2 family members are important for T-cell home-

ostasis.35–37 SARM expression significantly reduced the level
of the anti-apoptotic Bcl-xL (Figure 3), which is known to
normally translocate BAX and BAK from the mitochondrial
outer membrane to prevent mitochondrial outer membrane
permeabilization.38,39 Bcl-xL has been reported to inhibit
intrinsic apoptosis.40 Consistently, we found that overexpres-
sion of Bcl-xL and BAX, BAK double knockout (KO)
significantly reduced SARM-induced apoptosis (Figure 3),
suggesting that SARM mediates intrinsic apoptosis via Bcl-2
family members (Supplementary Figure S8). Furthermore, we
found that SARM expression downregulates ERK phosphor-
ylation (Figure 2g). pERK is known to inhibit caspase-9
activity.41 It is likely that inactivation of ERK by SARM
contributes to increased caspase activity.
SARM expression also induced apoptosis in different cell

types like neuronal, NK and B cells (Supplementary Figure
S3). Consistently SARM has been implicated in neuronal
survival.9 C. elegans Tir-1 is reported to mediate anoxic
death.17 Thus, the proapoptotic function of SARM is evolutio-
narily conserved from C. elegans to human, and its role is not
limited to T cells.
Immediately post activation, the expression of SARM

drastically fell and rose with increase in Fas and FasL
(Supplementary Figure S7e), two key mediators of T-cell
homeostasis.42 We showed that increased SARM expression
significantly reduced the level of Bcl-xL (Figure 3a). The
stoichiometry between the pro- and anti-apoptotic Bcl-2
proteins dictates the cellular commitment to apoptosis.43

SARM mRNA drastically dropped during activation-induced
proliferation of NK and T cells in vitro (Figures 5a and 7a), and
also during T-cell proliferation in vivo (Figure 5b). Consis-
tently, the expression of SARM was reduced in actively
proliferating NK/T-cell lymphoma tissues (Figure 7a). Hence,
differential expression of SARM during T-cell activation,
proliferation and contraction modulates its proapoptotic
function.
The biological importance of SARM during T-cell contrac-

tion was confirmed by influenza infection in vivo. We tracked
SARM-knocked down OTI T cells on different dpi and found
that the cell population expandedmore than thewild-type cells
during the contraction phase (Figure 6), clearly supporting the
pathophysiological role of SARM. By 10 dpi, SARM-knocked
down T-cell population also started to contract, indicating that
other pathways are simultaneously operational. Although
SARM knockdown significantly reduced NID and AICD
(Figure 5), it did not completely abolish these cell death
pathways. Failure in T-cell contraction is known to cause
autoimmunity and lymphoproliferative diseases like lym-
phoma, with significant increase in T-cell count.6 Coinciden-
tally, compared with normal cells, NK/T-cell lymphoma patient
tissues have significantly lower levels of SARM (Figure 7),
which support cell proliferation, indicating how SARM
contributes to NK/T-cell lymphoma pathogenesis.

Figure 7 SARM is downregulated in NK/T-cell lymphoma patient tissues. RNA
was extracted either from formalin-fixed paraffin-embedded patient extranodal
tissues (n¼ 6) or healthy NK cells (n¼ 2) or IL-2 stimulated healthy NK cells (n¼ 2)
or NK/T-cell lymphoma cell lines (n¼ 6). cDNA, reverse-transcribed from RNA was
used as template for real-time PCR and data were normalized to human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Relative quantification
(RQ) of SARM expression (a) between healthy NK cells, stimulated NK cells and
NK/T-cell lymphoma tissue, and (b) between healthy NK cells and NK/T-cell
lymphoma-derived cell lines. Each sample is represented by a triangle. Black line
indicates the mean of each group. *Po0.005; **Po0.0005
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In conclusion, we have demonstrated how SARMmediates
intrinsic apoptosis to terminate activated T cells (Figure 8).We
have provided compelling evidence that mitochondria-loca-
lized SARM perturbs themitochondrial integrity by altering the
levels of Bcl-xL and blocking the cell survival mediator, ERK.
We recapitulated the physiological significance of SARM-
induced apoptosis during T-cell contraction following an
influenza infection in our model mouse system. Furthermore,
we discovered that a decrease in SARM expression corre-
lates with NK/T-cell lymphoma.

Materials and Methods
Mice and viruses. Transgenic TCR OTIþ RAG� /� , were from Taconic
Farms, Inc (Hudson, NY, USA). These mice express transgenic TCR on CD8
T cells, recognizing SIINFEKL peptide presented by the major histocompatiblity
complex class I molecule H2-Kb. B6.PL-Thy1a/CyJ mice (The Jackson Laboratory,
Bar Harbor, ME, USA) expressing the congenic Thy1.1 marker, were used as
recipients at 8–12 weeks of age. The animals were bred and handled in SPF
environment under Institutional Animal Care and Use Committee guidelines (NUS
protocol, BR023/08 and IRB 09-018E). The recombinant WSN SIINFEKL influenza
virus encoding the SIINFEKL epitope in the neuraminidase stalk was constructed
by reverse genetics.44 The viruses were grown in Madin-Darby canine kidney
cells.

Transfection. HEK 293T cells were transfected using Lipofectamine LTX (Life
Technologies, Carlsbad, CA, USA). Primary T cells were nucleofected using
Amaxa nucleofector device. Details on cell culture, plasmids and reagents are in
the Supplementary Methods online.

Apoptosis assays

Hoechst and propidium iodide assay. Transfected cells were resuspended in ice-
cold PBS containing 5 mg/ml Hoechst 33342 and 1 mg/ml of propidium iodide. The

cells were then incubated on ice for 30 min. Stained cells were analyzed by flow
cytometry, using UV488 nm dual excitation and measuring the fluorescence
emission at B460 and 4575 nm.

TUNEL assay : Transfected HEK 293T cells were fixed with 4% formaldehyde and
permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. After
washing with PBS, 50ml of TUNEL reaction mixture (Roche, Penzberg, Germany)
was added. Cells were incubated in a humidified dark chamber at 37 1C for 1 h,
and washed thrice and analyzed by flow cytometry (lex 540 nm/lem 580 nm). Cells
treated with DNase I for 10 min at room temperature served as positive control.

Analysis of MPTP formation (MPTP DCm) : Following transfection/nucleofection
at indicated time intervals, 10 nM of TMRE was added to cell culture medium. After
20 min incubation at 37 1C, cells were washed and resuspended in FACS buffer
containing 0.5% BSA and 0.1% sodium azide in PBS. Positive control cells were
treated with 50mM CCCP for 1 h. FACS analysis was performed at lex 540 nm/
lem 595 nm.

Caspase activity assay : After transfection/nucleofection, cells were washed in
FACS buffer and centrifuged. Cell pellets were resuspended in 30 ml of caspase-3
substrate (phiphilux), or caspase-9 (caspalux) or caspase-8 (caspalux) substrate,
and incubated for 40 min at 37 1C. After washing in FACS buffer, the cells were
analyzed at lex 552/lem 580 nm.

ROS assay : To transfected HEK 293T cells, 10mM freshly prepared CM-
H2DCFDA was added and incubated for 30 min at 37 1C. Cells were washed,
resuspended in FACS buffer and flow cytometry (lex 515 nm/lem 488 nm) was
performed. Cells treated with 100 mM H2O2 for 2 h act as a positive control.

Bcl-xL cotransfection assay : The HEK 293T cells were cotransfected with SARM
and Bcl-xL in a ratio of 1 : 5. At 24 h post-transfection, the cells were resuspended
in FACS buffer. 7-Aminoactinomycin D (7-AAD; 5 ml) was added and cell death
was enumerated by flow cytometry.

Transmission electron microscopy. SARM-transfected HEK 293T cells
were fixed with 4% paraformaldehyde and 1% glutaraldehyde. The cells were
dehydrated in ethanolic series, gradually infiltrated with LR white resin and
polymerized at 50 1C for 2 days. Following ultramicrotomy, the thin gold sections

Figure 8 A model to illustrate the proapoptotic potential of SARM following T-cell immune response. Antigen presenting cells (APC) present the epitopes of the foreign
pathogens to the T cells. Antigen-specific T cells undergo clonal expansion and differentiate into effector T cells. These T cells mediate pathogen clearance. Later, apoptosis
specifically contracts the expanded T cells in a well-orchestrated manner. Our influenza infection mouse model demonstrates the proapoptotic function of SARM during T-cell
contraction. SARM expression is significantly decreased during activation-induced T-cell clonal expansion to support proliferation. During T-cell contraction, SARM is elevated
and it acts proapoptotically via intrinsic pathway. SARM seems to oppose the survival signal mediated by ERK phosphorylation, and modulates the levels of the anti-apoptotic
Bcl-xL, leading to the loss of mitochondrial integrity via BAX BAK and ROS. The release of the mitochondrial content leads to activation of the initiator caspase-9 and effector
caspase-3. Activated caspases cause apoptosis, thereby bringing down the number of T cells. Failure of T-cell contraction may result in lymphoproliferative diseases and
autoimmunity. Coincidently, the expression of proapoptotic SARM is reduced in NK/T lymphoma tissues compared with the healthy cells
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were transferred on to the nickel grids and stained with rabbit anti-GFP and 10 nm
gold-conjugated anti-rabbit secondary antibody (Ted Pella, Inc., Redding, CA, USA).
The grids were treated with osmium tetroxide, uranyl acetate and lead citrate. The
samples were observed under JEM 1010 TEM (Jeol Ltd, Tokyo, Japan).

siRNA-mediated knockdown of SARM. Activated CD8 T cells (2� 106)
were nucleofected with 2 mg of pEGFPN3 plasmid and increasing amounts of
SARM-specific/non-targeting siRNA (Life Technologies). At 24 h post-nucleofec-
tion, cells were either cultured in the presence or absence of 100 units/ml IL-2 to
induce NID. Twenty-four hours later, dead cells were enumerated by flow
cytometry based on GFP-positive cells that were 7-AAD-positive.

In vivo activation of T cells. The SIINFEKL peptide was thoroughly mixed
with complete Freund’s adjuvant. Each OTIþ RAG� /� mouse was injected s.c.
in the hind footpad with 30ml of complete Freund’s adjuvant emulsion containing
5mg of SIINFEKL. The corresponding draining popliteal and inguinal lymph nodes
were checked for T-cell activation marker, CD69. The lymph node cells were
pooled and stained with trypan blue dye, and live cells were enumerated using a
Neubauer hemocytometer chamber. The RNA was extracted from the lymph node
cells and SARM expression profile was analyzed (Supplementary Methods online).
The experiment was terminated at a humane endpoint based on IACUC
guidelines.

Adoptive transfer mouse model system

Rationale: We have developed a new and relevant mouse model to study the
effect of SARM knockdown in T cells during influenza infection. During respiratory
influenza infection, the major lymphocyte population that contributes to the cell-
mediated inflammatory immune response is CD8 T cells.45 Hence, we employed
influenza infection model system to follow the immune response of CD8 T cells.
The motivation for innovating this novel model system is that the existing SARM
KO mice harbor a heterogenous T-cell population expressing a wide repertoire of
TCRs, hence the number of virus-specific CD8 T cells will be too low to study the
recruitment of naive T cells in response to an influenza infection. Endogenous
CD8 T cells specific for immunodominant epitopes of influenza virus are usually
below detection limit in tissues before clonal expansion and during clonal
contraction. Hence, it will be difficult to follow the T-cell immune response in SARM
KO mice. The expression of diverse TCR by the responding polyclonal CD8 T cells
would complicate direct comparison of their persistence at different time points
during T-cell immune response in the SARM KO mice. In view of these
considerable setbacks with the use of SARM KO mice, we strategically planned
and developed a novel in vivo adoptive transfer mouse model system to study the
effect of SARM knockdown during an experimental influenza infection. The
‘adoptive transfer’ mouse model takes advantage of two major components: (i)
CD8 T cells expressing a transgenic TCR, called OTI and (ii) a recombinant
influenza virus that expresses the SIINFEKL epitope recognized by the OTI TCR –
WSN SIINFEKL.44 The adoptive transfer mouse allowed us to monitor a cohort of
CD8 T cells specific for the same epitope to accurately follow T-cell immune
response. Using our adoptive transfer model system, we have studied the
secondary response rather than primary response. Secondary immune response
is more rapid and intense allowing us to track the T-cell immune response
effectively.

In vitro T-cell activation, retroviral packaging and spinoculation : Naive OTI CD8 T
cells obtained from the spleen and lymph nodes of OTIþ RAG� /�mice were
stimulated using 1 mg/ml SIINFEKL peptide. pCL-ECO packaging plasmid and
pMKO.1 GFP plasmids containing SARM-specific shRNA and non-targeting
control shRNA were cotransfected into HEK 293T cells. Retrovirus-containing
supernatant was collected 2 days post-transfection. The retrovirus supernatant
was directly added to the activated OTI CD8 T cells in 24-well plates. The cells
were spinoculated at 1500� g for 120 min at 32 1C. Two days post-retroviral
transduction, the T cells were resuspended in media containing 5 ng/ml rIL-7. The
cells were cultured for more than 2 weeks to develop in vitro memory T cells, and
analyzed for memory T-cell markers, CCR7 and CD62L. The in vitro developed
memory T cells were adoptively transferred to the recipient mice as described
below.

In vivo adoptive transfer, influenza infection and tissue preparation : Donor cells
(5� 105 retrovirally transduced in vitro, developed memory T cells) were injected
i.v. into B6-Thy1.1 recipient mice. The mice were then infected with a sublethal
dose of WSN SIINFEKL virus (75 PFU) by intratracheal instillation under

anesthesia. To analyze the OTI T cell response, the lung draining mediastinal
lymph nodes were crushed with the frosted glass slides and filtered through 80mm
nylon filter. The cells were then stained with anti-CD8 PE and anti-Thy1.2 PE-Cy7,
and analyzed by flow cytometry.

RNA extraction from extranodal nasal tissues of NK/T-lym-
phoma patients, normal NK cells and NK/TL cell lines. Patients
diagnosed with NK/T lymphoma were identified from the 1990 to 2009 archives of
the Department of Pathology, National University Hospital, Singapore.7 The cases
were classified according to the 2008 WHO lymphoma classification. This study
was approved by the ‘Domain Specific Review Board,’ National Healthcare Group,
Singapore. Total RNA from NK/TL formalin-fixed paraffin-embedded tissues was
isolated using a High Pure RNA Paraffin Kit following the manufacturer’s
instructions (Roche Applied Science, Penzberg, Germany). Normal NK cells were
obtained from buffy coat of whole blood samples obtained from healthy donors
from the Blood Donation Center, National University Hospital. Normal NK cells
were isolated using the NK cell isolation kit (Miltenyi Biotec, Bergish Gladbach,
Germany). The NK cells were stimulated with IL-2. The NK/T lymphoma cell lines
used in this study included NK-92, KHYG-1, Hank-1, SNK-6, SNT-8 and NK-YS. The
culture conditions, phenotypic and genotypic characteristics of these NK cell lines are
as described in Ng et al.7 Total RNA was extracted from the freshly isolated NK cells
and NK cell lines using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). Real-time
PCR was performed as described in Supplementary Methods online.

Statistical significance was analyzed by two-tailed Student’s t-test. The
corresponding P-values are indicated in the figure legends.
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