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FOXP3 protects conventional human T cells from premature
restimulation-induced cell death
Kelsey Voss1, Camille Lake1, Christopher R. Luthers1, Nathaniel M. Lott2, Batsukh Dorjbal1, Swadhinya Arjunaraja1,
Bradly M. Bauman 1, Anthony R. Soltis2, Gauthaman Sukumar2, Clifton L. Dalgard2,3 and Andrew L. Snow 1

The adaptive immune response relies on specific apoptotic programs to maintain homeostasis. Conventional effector T cell (Tcon)
expansion is constrained by both forkhead box P3 (FOXP3)+-regulatory T cells (Tregs) and restimulation-induced cell death (RICD), a
propriocidal apoptosis pathway triggered by repeated stimulation through the T-cell receptor (TCR). Constitutive FOXP3 expression
protects Tregs from RICD by suppressing SLAM-associated protein (SAP), a key adaptor protein that amplifies TCR signaling
strength. The role of transient FOXP3 induction in activated human CD4 and CD8 Tcons remains unresolved, but its expression is
inversely correlated with acquired RICD sensitivity. Here, we describe a novel role for FOXP3 in protecting human Tcons from
premature RICD during expansion. Unlike FOXP3-mediated protection from RICD in Tregs, FOXP3 protects Tcons through a distinct
mechanism requiring de novo transcription that does not require SAP suppression. Transcriptome profiling and functional analyses
of expanding Tcons revealed that FOXP3 enhances expression of the SLAM family receptor CD48, which in turn sustains basal
autophagy and suppresses pro-apoptotic p53 signaling. Both CD48 and FOXP3 expression reduced p53 accumulation upon TCR
restimulation. Furthermore, silencing FOXP3 expression or blocking CD48 decreased the mitochondrial membrane potential in
expanding Tcons with a concomitant reduction in basal autophagy. Our findings suggest that FOXP3 governs a distinct
transcriptional program in early-stage effector Tcons that maintains RICD resistance via CD48-dependent protective autophagy and
p53 suppression.

Keywords: conventional T cells; RICD; FOXP3; autophagy; CD48

Cellular & Molecular Immunology (2021) 18:194–205; https://doi.org/10.1038/s41423-019-0316-z

INTRODUCTION
Rapid clonal T-cell expansion must be restrained to ensure that
the adaptive immune response is sufficient for pathogen
clearance without overtly damaging the host. To maintain
homeostasis, cytokine withdrawal-induced cell death (CWID) and
restimulation-induced cell death (RICD) are critical apoptosis
mechanisms that balance robust T-cell expansion by efficiently
restraining it and by inducing subsequent memory T-cell
formation.1,2 RICD is especially important for preventing excessive
T-cell responses; the massive overaccumulation of RICD-resistant
effector T cells in X-linked lymphoproliferative disorder (XLP-1)
patients causes life-threatening immunopathology during
Epstein–Barr virus infection.3–5 Although unrestrained T-cell
expansion is dangerous, a robust effector T-cell response remains
critical for controlling certain infections.6 Hence, understanding
the factors that modify RICD sensitivity throughout the entire T-
cell response may reveal intriguing strategies for increasing or
decreasing effector T-cell numbers as needed.
Activated T cells remain relatively resistant to RICD during the

initial rounds of clonal expansion, whereas RICD susceptibility
emerges in differentiated effector T cells over several days.
Apoptosis is triggered through avid T-cell receptor (TCR)

restimulation7,8 as effectors consume interleukin-2 (IL-2)9 and
cycle through S-phase.10 Although changes in FAS-dependent
apoptotic signaling help to render effector T cells vulnerable to
RICD,11,12 it remains relatively unclear how RICD resistance is
enforced in early expanding T cells.
SLAM-associated protein (SAP) is an adaptor that partners with

the signaling lymphocyte activation molecule (SLAM) family
receptor NK, T-, B-cell antigen (NTB-A) to amplify the TCR signal
strength and induce RICD.13,14 XLP-1 patients harbor null
mutations in the SAP-encoding gene SH2D1A, which results in
attenuated TCR signaling and impaired RICD.14 Remarkably,
inhibition of diacylglycerol kinase alpha (DGKα), an enzyme that
significantly modulates TCR signaling in the absence of SAP, can
restore RICD in XLP-1 patient T cells and reduce effector CD8 T-cell
accumulation to limit immunopathology.15 These findings collec-
tively suggest that SAP upregulation in activated effector
T cells16,17 is a critical molecular determinant that distinguishes
TCR restimulation signaling for apoptosis.
Forkhead box P3 (FOXP3)+-regulatory CD4 T cells (Tregs) express

low levels of SAP, and are extremely resistant to RICD compared
with conventional T cells (Tcons; i.e., non-Tregs),18 in part because of
TGF-β1 signaling.19,20 FOXP3 induces RICD resistance in activated
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human Tregs,18,21 and we recently showed that FOXP3 directly
represses SAP transcription to confer resistance.18 Human Tcons also
express FOXP3 transiently after TCR activation,22 but FOXP3 function
in this context remains mysterious, as it does not confer a Treg-like
suppressive phenotype.23,24 FOXP3 may curb proliferation and
cytokine production in human Tcons,25,26 but studies have shown
inconsistent results.27,28 Therefore, it is likely that transient FOXP3
expression serves additional, unappreciated functions in Tcons.
Intriguingly, transient FOXP3 induction in activated Tcons is
correlated inversely with RICD sensitization. We therefore hypothe-
sized that transient FOXP3 expression in activated Tcons helps to
protect expanding T cells from RICD by suppressing SAP expression.
In this study, we elucidated a novel intrinsic mechanism

involved in T-cell homeostasis by which FOXP3 expression
protects newly activated CD4 and CD8 Tcons from premature
RICD during clonal expansion. Unlike Tregs, FOXP3 expression
protected Tcons through a unique, SAP-independent mechanism
involving protective autophagy and the suppression of
p53 signaling through the glycosylphosphatidylinositol (GPI)-
anchored SLAM family receptor CD48. These findings illuminate
important differences in the factors that govern RICD sensitivity in
newly activated vs. late-stage effector T cells, indicating that
FOXP3 can shield both Tregs and Tcons from RICD via distinct
mechanisms.

RESULTS
Induced FOXP3 expression protects newly activated T cells from
RICD
TCR-dependent FOXP3 expression in human Tcons varies in
different in vitro activation conditions.22,24,29 Therefore, we first
measured FOXP3 expression in isolated CD4 and CD8 T cells
(Supplementary Fig. 1A) from multiple healthy blood donors after
activation with CD2/3/28 beads. FOXP3 was strongly induced in
both CD4 and CD8 T cells, 1–2 days post activation (Supplementary
Fig. 1B). Using intracellular flow cytometry, we observed that FOXP3
was prominently expressed in a subset of cells (Supplementary
Fig. 1C), which is consistent with other observations.24 To exclude
the possibility that the FOXP3hi population originated from
contaminating Tregs in our CD4 Tcon population, we purified naive
CD4+CD25− T cells and assessed FOXP3 expression using the same
activation conditions. Indeed, FOXP3 induction in naive T cells was
similar on day 4 post activation (Supplementary Fig. 1D).
In human T cells, FOXP3 expression is induced upon TCR

activation, and subsequently diminishes as T-cell expansion slows
and RICD sensitivity peaks. To determine whether activation-
induced FOXP3 expression protects expanding T cells from RICD,
we performed siRNA transfections of purified CD4 and CD8 T cells
to knockdown (KD) FOXP3 expression during the initial activation.
Activated T cells were then restimulated with anti-CD3 antibody
(OKT3) on day 4 post activation, and RICD was measured by
propidium iodide (PI) staining 24 h later.30 Despite variable FOXP3
expression among different human donors (Supplementary
Fig. 1C), FOXP3 KD significantly increased RICD sensitivity in both
CD4 and CD8 T cells (Fig. 1a). The enhancement of RICD in CD4
T cells was not due to the silencing of FOXP3 expression in
residual contaminating Tregs, because naive FOXP3 KD CD4 T cells
demonstrated a comparable increase in RICD sensitivity on day 4
post activation (Fig. 1b). In contrast, FOXP3 KD did not impact
RICD on day 17 post activation, when effector Tcons had fully
expanded in vitro and reached peak RICD sensitivity (Fig. 1c); this
correlated with markedly decreased levels of FOXP3 expression
(Supplementary Fig. 1E). These data suggest that transient FOXP3
expression in activated Tcons helps to protect them from
premature RICD during early expansion.
Some have suggested that the altered cellular localization of

FOXP3 may explain why it cannot confer suppressive function in
Tcons under physiological conditions.31 In both expanding T cells

(day 4) and late-stage effectors (day 17), we detected FOXP3
exclusively in the nucleus, where it was unaffected by TCR
restimulation (Supplementary Fig. 1E). These data suggest that
FOXP3 likely acts as a functional transcription factor in activated
Tcons. Intriguingly, FOXP3 KD resulted in a higher percentage of
T cells with a small but significant reduction in the mitochondrial
outer membrane potential (MOMP) (Fig. 1d), but no difference in
the overall mitochondrial mass (Fig. 1e). Collectively, these results
connect nuclear FOXP3 expression to RICD resistance in human
Tcons and suggest that FOXP3 expression aids in maintaining
healthy, polarized mitochondria.

FOXP3 knockdown does not impact T-cell proliferation or SAP
expression
To investigate how FOXP3 mediates RICD resistance in early Tcons,
we first assessed whether FOXP3 KD affected T-cell proliferation.
Although conflicting reports have implied that FOXP3 may restrain
T-cell proliferation under certain conditions,25,27 we did not
observe any differences between control and FOXP3 KD cells
using either 5-ethynyl-2′-deoxyuridine (EdU) labeling or carboxy-
fluorescein succinimidyl ester (CFSE) dilution (Supplementary
Fig. 2A–C). Moreover, silencing FOXP3 expression did not alter
cell cycle status (Supplementary Fig. 2D), which influences the
likelihood of effector T cells to die by RICD.10

We next asked whether traditional pro-apoptotic effector
molecules could be responsible for increased RICD in FOXP3 KD
cells. FAS ligand (FASL) upregulation is intimately associated with
RICD in late-stage effector T cells.32,33 Intriguingly, TCR restimulation
in both CD4 and CD8 T cells induced robust FASL expression and
cleavage at the plasma membrane, as indicated by the amount of
cytoplasmic N-terminal fragment (NTF), which was slightly reduced
with FOXP3 KD (Supplementary Fig. 2E). However, FAS receptor
engagement in newly activated T cells generally results in non-
apoptotic signals important for cell differentiation.34 We also noted
no significant differences between control and FOXP3 KD cells in
terms of the expression of BIM (Supplementary Fig. 2E, F), a pro-
apoptotic BCL2 family protein that facilitates RICD in late-stage
effectors after TCR-induced upregulation.35 Regardless of
FOXP3 status, BIM expression varied considerably between donors
before and after TCR restimulation (Supplementary Fig. 2F).
We initially hypothesized that FOXP3 protects expanding Tcons

from RICD by suppressing SAP expression, similar to Tregs.18

Surprisingly, FOXP3 KD cells showed no increase in SAP expression
relative to controls (Fig. 2a). Although silencing SAP decreased
RICD sensitivity in late-stage effectors,3,14 we found that SAP KD
was not sufficient to protect T cells from RICD at day 4 post
activation (Fig. 2b), suggesting that RICD susceptibility is regulated
differentially in the early and late stages of the effector T-cell
response.

RICD in expanding T cells is dependent on de novo transcription
FOXP3 nuclear localization in expanding Tcons (Supplementary
Fig. 1E) implied that FOXP3 can act as a transcriptional activator or
repressor. We determined whether FOXP3-mediated RICD sup-
pression was dependent on transcriptional changes by pretreating
control or FOXP3 KD cells with actinomycin D to inhibit de
novo RNA transcription during TCR restimulation. Surprisingly,
actinomycin D treatment completely suppressed RICD
regardless of FOXP3 status (Fig. 2c). RICD sensitivity in expanding
Tcons was therefore dependent on de novo transcription, unlike
that in late-stage effector T cells, which readily succumb to RICD
via both preformed apoptotic molecules and de novo
transcription.36

FOXP3 elevates CD48 expression in activated T cells
Based on these results, we used an unbiased approach to
ascertain the global transcriptional changes associated with
FOXP3 expression in T cells and identify the candidate genes
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Fig. 1 FOXP3 protects expanding T cells from RICD. a Purified CD4 and CD8 T cells were electroporated with nonspecific (NS) scrambled siRNA
or FOXP3-specific siRNA. The activated cells were then restimulated with OKT3 on day 4, and RICD was measured by PI staining and flow
cytometry. FOXP3 knockdown was verified by western blotting. Statistical significance was tested by one-way ANOVA with Sidak’s multiple
comparisons test. CD4: *p= 0.017, **p= 0.003. CD8: *p= 0.031, *p= 0.012, **p= 0.009. Each symbol represents a different human donor.
b Naive CD4 T cells were purified from 3–5 healthy donors and electroporated with siRNA as in (a). Cells were restimulated with OKT3 on day 4
post activation to induce RICD. Statistical significance was determined by one-way ANOVA with Sidak’s multiple comparisons test, *p= 0.021.
c Activated CD4 and CD8 T cells were transfected with siRNAs on day 13 post activation and restimulated prior to RICD assays on day 17.
Statistical significance was assessed by one-way ANOVA; all tests showed no significance. d Activated T cells on day 4 post activation were
stained with tetramethylrhodamine, ethyl ester, and perchlorate (TMRE), and assessed by flow cytometry. The lines indicate connected data
from individual donors. Statistical significance was determined with a paired Wilcoxon test. *p < 0.05. e Activated T cells on day 4 post
activation were stained with MitoTracker Green and assessed by flow cytometry. MFI: mean fluorescence intensity
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involved in FOXP3-mediated RICD protection. Nonspecific (NS)
siRNA control and FOXP3 KD CD4 and CD8 T cells from five
healthy human donors were profiled by mRNA sequencing (RNA-
Seq). Comparative gene expression analysis revealed 110 differ-
entially expressed transcripts in both CD4 and CD8 T cells in the
NS and FOXP3 KD treatment groups (Fig. 3a), with FOXP3 as the
most greatly affected transcript (2.93-fold decrease in the FPKM
value in FOXP3-KD CD4 T cells). Interestingly, the highest
abundance transcript that was significantly decreased by FOXP3
KD in every anonymous human donor sample profiled was CD48
(SLAMF2), which encodes a SLAM family-related receptor
(Fig. 3b).37 We verified that CD48 protein expression was
significantly decreased in FOXP3 KD T cells (Fig. 3c), suggesting
that FOXP3 upregulates CD48 expression in Tcons after TCR
activation. Although typically thought of as a repressor, FOXP3
also activates gene transcription in certain contexts.38 Indeed,
chromatin immunoprecipitation (ChIP) assays identified CD48 as a
target gene for FOXP3 binding in human Tregs,39 and CD48

protein expression was elevated in FOXP3+ Tregs.40 Mirroring that
of FOXP3, CD48 expression was rapidly induced in activated T cells
and peaked on days 4–5 before declining over time (Fig. 3d).
Although CD48 expression was not strictly dependent on FOXP3
(Fig. 3c), these data show that FOXP3 enhances CD48 expression
in activated Tcons during the early expansion window, which is
characterized by relative RICD resistance.

CD48 protects activated CD4 and CD8 T cells from RICD
To determine if CD48 helped to enforce FOXP3-dependent RICD
resistance in early effectors, we first knocked down CD48 in CD4
and CD8 T cells during activation and measured RICD. Similar to
FOXP3-KD T cells, CD48-KD T cells exhibited an analogous
increase in RICD sensitivity (Fig. 4a). Moreover, pretreatment
with a CD48-blocking antibody (Ab) also enhanced RICD in both
Jurkat (Fig. 4b) and primary T cells (Fig. 4c). CD48 blockade also
slightly reduced TMRE staining in primary T cells at day 4 post
activation (Fig. 4d), which was consistent with observations in

Fig. 2 RICD in expanding T cells is SAP-independent, but requires de novo transcription. a Day 4 FOXP3-KD cells were analyzed for FOXP3 and
SAP expression by western blotting (left panel). Protein expression was quantified after normalization to β-actin (right panels). The data
represent three independent experiments. Statistical significance was determined by one-way ANOVA with Sidak’s multiple comparisons test.
CD4: ***p < 0.001, NS not significant. CD8: ***p < 0.001, NS not significant. b Purified CD4 and CD8 T cells were electroporated with SAP-
specific siRNA or a nonspecific (NS) control. Activated T cells were restimulated on day 4 with 100 ng/mL OKT3, and RICD was assessed by PI
staining and flow cytometry. Gene knockdown was verified by western blotting (right). Statistical significance was assessed with paired t tests,
NS not significant. c Day 4 KD T cells were pretreated with 100 ng/mL actinomycin D (actino D) or a DMSO solvent control for 30 min before
restimulation with 100 ng/mL OKT3. Statistical significance was determined by one-way ANOVA with Sidak’s multiple comparisons test. CD4:
*p= 0.0198, ***p= 0.001, ****p < 0.0001. CD8: ***p= 0.001, ****p < 0.0001
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FOXP3 KD cells (Fig. 1d). Importantly, CD48 blockade did not
further boost RICD levels in FOXP3-KD cells (Fig. 4c), implying
that FOXP3 exerts RICD suppression through CD48 upregulation
in early activated Tcons.

CD48 ligand interactions have variable effects on RICD sensitivity
CD48 is a GPI-anchored surface receptor with two known
binding partners: CD2 and 2B4.41 Only CD48 expression was
reduced by FOXP3 KD, whereas CD2 and 2B4 expression
remained unaffected (Supplementary Fig. 3A). To investigate
whether CD48-mediated RICD protection was dependent on
specific ligand interactions, we employed CD2-specific or 2B4-
specific blocking antibodies in RICD assays at day 4 post
activation. Although CD48 blockade consistently increased RICD
(relative to isotype control Ab), CD2 and 2B4 blockade did not
significantly alter RICD sensitivity (Supplementary Fig. 3B). We
noted highly variable effects among the different donors; for
example, ~50% showed increased RICD sensitivity upon 2B4
blockade, whereas other donors showed no change. Collectively,
this variability could reflect the complex, bimodal nature of CD2
and 2B4 signaling,42 which may vary as a result of CD48
abundance, ligand-independent signaling, or unknown CD48

interaction partners. Another source of donor variability could
be the differences in the naive vs. memory T-cell populations at
the time of T-cell isolation and activation. Based on the strong
and consistent effects, we observed in multiple human donors
resulting from CD48 KD- or Ab-mediated blockade, we focused
on CD48 disruption alone to further delineate the mechanisms
involved in RICD protection.

FOXP3 and CD48 expression in memory vs. naive T cells
Another reason for donor variability in the RICD assays could be
related to the different proportions of naive vs. memory T cells in
the experiments. To further characterize FOXP3 and CD48
expression with these cell subsets in mind, we sorted naïve and
memory T cells from multiple donors (Supplementary Fig. 4A).
Unexpectedly, FOXP3 expression was consistently higher in
memory T cells on day 4 post activation compared with that in
naive T cells (Supplementary Fig. 4B). However, the surface
expression of CD48 was lower on memory T cells (Supplementary
Fig. 4C). Furthermore, the RICD sensitivity of activated memory
T cells was considerably higher than that of naive cells
(Supplementary Fig. 4D), which is consistent with the findings of
a previous report.43 Collectively, these data imply that FOXP3 and

Fig. 3 CD48 expression is impaired in FOXP3-KD T cells. a Activated CD4 and CD8 KD T cells on day 4 post activation (NS vs. FOXP3) from five
anonymous healthy blood donors were subjected to transcriptome profiling by RNA-seq. Normalized mean-centered log base 10 FPKM values
were used for the heatmap visualization of the expression levels (the yellow to red color scale represents higher to lower expression levels,
respectively). Arrows indicate CD48 and FOXP3. b CD48 transcript levels (fragments per kilobase of transcript per million reads (FPKM)) in each
donor are displayed. Statistical significance was determined by a paired t test. CD4: ***p= 0.0008. CD8: **p= 0.0025. c Cell surface expression
of CD48 on NS (blue) vs. FOXP3-KD (red) T cells was measured by flow cytometry on day 4 post activation. Isotype control Ab staining is
shown in light gray (left). CD48 expression was quantified according to the mean fluorescence intensity (MFI) in multiple donors (right panels).
Statistical significance was determined by unpaired t tests. CD4: ***p= 0.0001; CD8: ***p= 0.0008. d CD48 expression (MFI) was quantified
over time on purified CD4 and CD8 T cells before and after activation. The data are representative of three separate experiments using
different donors
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CD48 expression may be uncoupled and differentially regulated in
memory T cells. Although our preliminary results suggest that
FOXP3 may also be protective (data not shown), the role of FOXP3
in regulating RICD sensitivity in memory T cells requires further
investigation.

CD48-mediated RICD protection involves a reduction in
p53 signaling
Given the effects of CD48 KD and antibody blockade on RICD,
we further probed the downstream apoptosis effectors that
were involved. Subsequent transcriptomic profiling of donor
CD4 T cells uncovered 376 differentially expressed genes
affected by CD48 KD/blockade. Gene ontology analysis using
the Protein ANalysis THrough Evolutionary Relationships
(PANTHER) Classification System revealed a signature of p53
pathway genes that were overrepresented in our data set (4.59-

fold enrichment, p= 5.36 × 10−4). Indeed, several p53-
dependent gene targets defined in the literature44 were
differentially expressed as a result of CD48 KD plus blockade,
including TP53 itself and the pro-apoptotic molecule BAX
(Fig. 5a). We therefore asked whether p53 signaling might
influence RICD sensitivity in expanding Tcons. Surprisingly, both
FOXP3 and CD48-KD cells exhibited slightly elevated basal BAX
expression and increased p53 accumulation upon restimulation,
particularly in CD4 T cells (Fig. 5b). To test whether enhanced
p53 induction may potentiate RICD, we tested whether p53
inhibition using pifithrin-μ could reverse the increase in RICD
noted during CD48 blockade. Indeed, concomitant p53 inhibi-
tion reduced RICD on day 4 in CD48 Ab-treated cells to control
levels (Fig. 5c). These data suggest that RICD resistance induced
by FOXP3-dependent CD48 expression is mediated in part
through the suppression of p53 signaling upon restimulation.

Fig. 4 CD48 expression protects expanding T cells from RICD. a Purified CD4 and CD8 T cells were electroporated with siRNA against FOXP3,
CD48, or a nonspecific (NS) control. Activated T cells were restimulated with 100 ng/mL OKT3 on day 4 for RICD assays. Statistical significance
was determined by one-way ANOVA with Dunnett’s multiple comparisons test. CD4: ***p= 0.0019, **p= 0.003. CD8: ***p= 0.001, **p=
0.0005. Gene knockdown was verified by flow cytometry (right). b Jurkat T cells were incubated with 10 μg/mL anti-CD48-blocking Ab or an
isotype control Ab for 1 h before restimulation with 500 ng/mL OKT3 to induce RICD. Statistical significance was determined by a paired t test,
***p= 0.0003. c Day 4 activated CD4 and CD8 T cells were incubated with 10 μg/mL anti-CD48-blocking Ab or an isotype control Ab for 6 h
and then stained with TMRE. The data from independent donors are connected by lines (right). Statistical significance was determined by
paired t tests. CD4: **p= 0.0033. CD8: **p= 0.0057. d NS control or FOXP3 KD cells were incubated with 10 μg/mL anti-CD48-blocking Ab or
an isotype control Ab for 1 h and then restimulated with 100 ng/mL OKT3 to induce RICD. Statistical significance was determined by one-way
ANOVA with Sidak’s multiple comparisons test. CD4: **p= 0.0097, ***p= 0.0001. CD8: **p= 0.0011, *p= 0.0042
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FOXP3 and CD48 expression protect cells from RICD via the
promotion of autophagy
In tumor cells, autophagy can repress p53 accumulation and pro-
apoptotic function.45 Recent reports suggest that elevated

autophagy in Tregs maintains their survival and functional
integrity46, and that autophagy must be subverted to allow late-
stage effector T cells to die by RICD.47 Furthermore, autophagy
fosters mitochondrial health via mitophagy in late-stage effector

Fig. 5 FOXP3 and CD48 expression protect T cells from p53-mediated RICD sensitization. a Activated CD4-KD T cells on day 4 post activation
(NS vs. CD48) −/+CD48-blocking Ab from five anonymous healthy blood donors were subjected to RNA-seq. Normalized mean-centered log
base 10 FPKM values are used for heatmap visualization of p53 target gene expression levels (yellow to red color scale represents higher to
lower expression levels, respectively). The p53 and BAX transcript levels (FPKM) in each donor are displayed (right panels). Statistical
significance was determined by paired t tests. p53, *p= 0.01; BAX, *p= 0.03). b Purified CD4 and CD8 T cells were electroporated with siRNA
against FOXP3, CD48, or a nonspecific (NS) control. Activated T cells were restimulated with 100 ng/mL OKT3 on day 4 for 12 h. Whole-cell
lysates were subjected to immunoblotting for p53 and BAX. β-actin was used for normalization, and the normalized protein levels are
indicated in the tables below each blot. c Activated CD4 and CD8 T cells on day 4 post activation were incubated with 10 μg/mL anti-CD48-
blocking Ab or an isotype control Ab for 1 h, −/+0.5 μM pifithrin-μ or a DMSO solvent control. Cells were then restimulated with 100 ng/mL
OKT3 to induce RICD. The change in the percentage cell loss was averaged for 3–4 independent donors, and the percentage cell loss in
isotype control cells+DMSO was set to 0. Statistical significance was assessed by one-way ANOVA. CD4: *p= 0.0281, **p= 0.0005. CD8: *p=
0.0486 DMSO, *p= 0.042 pifithrin-μ
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Fig. 6 FOXP3 and CD48 expression promote autophagy to protect T cells from RICD. a Activated CD4 and CD8 T cells were treated with 10 μM
chloroquine (CHQ), 10 μM E-64d, or a DMSO solvent control for 1 h before restimulation with OKT3 to induce RICD. Statistical significance was
determined by one-way ANOVA with Bonferroni’s multiple comparisons test. CD4: *p= 0.0222, *p= 0.0244 E-64d. CD8: *p= 0.0108, **p=
0.0051. b Activated FOXP3 and CD48 KD T cells on day 4 post activation were stained with Cyto-ID to quantify the autophagic vesicles. The
Cyto-ID MFI was normalized to that of NS control KD cells. Each data point represents a value for an individual donor (right panels). Statistical
significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test. CD4: *p= 0.0309 siFOXP3, *p= 0.0462 siCD48.
CD8: **p= 0.0064, *p= 0.0109. c Purified CD4 and CD8 T cells were electroporated with siRNA against FOXP3, ATG3, or FOXP3+ ATG3
combined or a nonspecific (NS) control siRNA. Activated T cells were restimulated with 100 ng/mL OKT3 on day 4 to conduct the RICD assays.
Statistical significance was determined by one-way ANOVA with Sidak’s multiple comparisons test. CD4: *p= 0.0115 siFOXP3, *p=
0.0349 siATG3, **p= 0.0011. CD8: ***p= 0.006, **p= 0.0082 siATG3, **p= 0.0056 siFOXP3+ ATG3. Gene knockdowns was verified by western
blotting (right). d Activated CD4 and CD8 KD T cells on day 4 post activation (NS vs. FOXP3) were pretreated with 1 μM BEZ235 or DMSO for
30min before restimulation with 100 ng/mL OKT3 to induce RICD. Statistical significance was determined by one-way ANOVA with Sidak’s
multiple comparisons test. CD4: *p= 0.0213, **p= 0.0029, ***p= 0.0001. CD8: **p= 0.0083, ***p= 0.0003. e Jurkat T cells were treated with
10 μg/mL anti-CD48-blocking Ab or an isotype control Ab for 4 h and then subjected to Cyto-ID autophagy staining. The fold change in the
Cyto-ID MFI (normalized to that of NS) is shown on the right for four independent experiments. Statistical significance was determined by an
unpaired t test. **p= 0.0081. f Activated CD4 and CD8 KD T cells on day 4 post activation (NS vs. FOXP3) were incubated with 10 μg/mL anti-
CD48-blocking Ab or an isotype control Ab for 6 h and stained with Cyto-ID. The data are representative of three independent experiments
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T cells.47 Given that FOXP3 KD and CD48 blockade both resulted in
decreased MOMP, we wondered whether autophagy was also
altered in these conditions.
We first asked whether autophagy protects early expanding

Tcons from RICD. Indeed, day 4 Tcons pretreated with chloroquine
(CHQ) or E-64d to inhibit autophagy showed increased death
following TCR restimulation (Fig. 6a). We then determined
whether FOXP3 or CD48 KD alters basal autophagy using Cyto-
ID, a highly specific, quantitative stain for autophagic vesicles.48

Remarkably, both FOXP3 and CD48 KD T cells exhibited a small
but significant decrease in autophagy relative to control KD T cells
(Fig. 6b).
To specifically determine the importance of autophagy in

FOXP3+ Tcons, we transfected T cells with siRNA targeting FOXP3
or ATG3, an E2-like ubiquitin carrier protein that is essential for
autophagosome maturation.49 Neither FOXP3 nor ATG3 KD
altered TCR-induced CD25 and CD69 expression (Supplementary
Fig. 5), indicating that T-cell activation remained intact under
these conditions. Conssitent with the results of the pharmacolo-
gical inhibition of autophagy, ATG3 KD enhanced RICD sensitivity
similar to that in FOXP3 KD cells (Fig. 6c). The cosilencing of both
FOXP3 and ATG3 expression resulted in a slightly greater increase
in RICD for CD4, but not CD8 T cells (Fig. 6c), suggesting that the
protective effect of FOXP3 could be largely dependent on
autophagy. Finally, we pretreated cells with the dual PI-3K/mTOR
inhibitor dactolisib (BEZ-235)50 to induce increased autophagy
before TCR restimulation (Fig. 6d). BEZ-235 protected FOXP3 KD
cells from death to a greater extent than the control, suggesting
that the induced elevation of autophagy could rescue FOXP3-
depleted Tcons from RICD.
Finally, we tested whether CD48 blockade would also decrease

basal autophagy, which was consistent with the decrease in the
MOMP (Fig. 4c). Cyto-ID staining was reduced in Jurkat T cells
treated with a CD48-blocking Ab vs. that in cells treated with an
isotype control (Fig. 6e), which was indicative of decreased
autophagy. In primary Tcons, we also detected a decrease in Cyto-
ID staining in control cells with CD48 blockade, which was not
observed in FOXP3 KD cells that already exhibited decreased Cyto-
ID fluorescence (Fig. 6f). Taken together, our results illuminate a
novel pathway whereby transient FOXP3 expression protects early
expanding Tcons from premature RICD by promoting a CD48-
dependent autophagy program.

DISCUSSION
Most literature concerning the function of FOXP3 in T cell-
mediated immunity has focused on its role in governing Treg
identity and function. Indeed, loss-of-function FOXP3 mutations
cause immune dysregulation, polyendocrinopathy, enteropathy,
and X-linked (IPEX) syndrome in humans due to failed Treg
development, thus warranting attention. Although several groups
have described transient TCR-induced FOXP3 expression in human
Tcons, FOXP3 function therein has never been fully understood
and may be distinct from its role in Tregs. For example, FOXP3 has
been revealed as an intrinsic regulator of Th17 cells by
suppressing IFN-γ production and upregulating CCR4.25 Th17 cells
have higher FOXP3 expression than Th1 cells; intriguingly, Th17
cells are also more resistant to RICD.51,52 FOXP3 modulates
cytokine production in equine T cells as well,28 and this may
represent a conserved function of FOXP3 induction in Tcons that is
more analogous to its function in humans vs. that in mice.
Tregs are highly resistant to RICD due to FOXP3-dependent

repression of SAP.18,21 In this study, we determined whether
transient FOXP3 upregulation protects newly activated Tcons from
RICD. Indeed, our results show for the first time that FOXP3 also
modulates RICD sensitivity in a proportion of both CD4 and CD8
human Tcons through a novel, SAP-independent mechanism
involving CD48 upregulation and augmented autophagy.

Remarkably, these findings imply that FOXP3 elicits RICD
resistance in different T-cell compartments through discrete
mechanisms. Furthermore, the memory T-cell pool may be
distinct; additional studies are required to decipher the function
of enhanced FOXP3 induction in activated human memory T cells.
Our results showing differential RICD sensitivity in early (day 4)

vs. late (day 17) CD4 and CD8 T cells emphasize the importance of
temporal apoptosis regulation. Induced FOXP3 expression
enhanced RICD resistance during early T-cell expansion, but not
during later stages when FOXP3 levels were markedly diminished.
Conversely, SAP had no impact on RICD sensitivity in early Tcons,
despite its critical role in boosting RICD in late-stage effectors. Our
results highlight important differences in how RICD is regulated in
newly activated T cells. For example, the low levels of RICD
measured at day 4 post activation were completely dependent on
de novo transcription. In addition, FAS ligand (FASL) and BIM
expression were largely unaffected by FOXP3 KD in early Tcons
and likely do not contribute substantially to residual RICD
compared with late-stage effectors.35,53 Instead, FOXP3 and
CD48 KD T cells showed increased p53 accumulation upon
restimulation, suggesting that signals resulting from cellular stress
(e.g., autophagy vs. apoptosis) govern RICD susceptibility in
expanding Tcons. Clearly, RICD sensitivity is carefully calibrated
throughout the life of a T cell via different mechanisms, although
the RICD/AICD literature has primarily focused on thymocyte
selection and the terminal stages of effector T-cell differentiation.
Our results also indicate that FOXP3 directly upregulates CD48

expression, which is consistent with genome-wide FOXP3 ChIP-
Seq data from human Tregs and the presence of discernible
FOXP3 binding motifs in the SLAMF2 promoter.39 CD48 is a GPI-
linked protein that localizes to cholesterol-rich lipid rafts and can
influence TCR signal transduction from within the immunological
synapse.41,54 Importantly, our findings reveal a new function for
CD48 in protecting CD4 and CD8 T cells from premature RICD.
Knockdown or blockade of CD48 consistently increased RICD
sensitivity, despite the variable results obtained from the blockade
of its two known ligands, CD2 and 2B4. These observations
underscore the complexity of SLAM receptor signaling, and it will
require further investigation to determine whether (a) CD2/2B4
compete for CD48 binding and have differential signaling
outcomes, (b) CD48 binds to hitherto unknown ligands on
T cells, or (c) CD48 signals in a ligand-independent manner.
Indeed, activating vs. inhibitory signaling through 2B4 binding to
natural killer cells may depend on the abundance of CD48 on
target cells.37 Regardless, the novel role we uncovered for CD48 in
the promotion of apoptosis resistance may shed new light on
phenotypes noted in previous murine T-cell studies. Purified CD4
T cells from CD48-deficient mice showed a profound defect in
clonal expansion in vitro.55 Given that T-cell accumulation
ultimately reflects the rate of proliferation minus that of cell
death, the decreased number of CD48-deficient CD4 T cells noted
in this study could reflect enhanced RICD sensitivity.
Our data suggest that CD48 impacts RICD sensitivity in part by

promoting autophagy. A wealth of emerging evidence points to
autophagy as a critical homeostatic process in T cells that
regulates their proliferation, metabolism, differentiation, and
survival.56 Corrado et al. recently proposed a model by which
autophagy protects effector T cells from RICD via the clearance of
damaged mitochondria upon TCR restimulation.47 Indeed, key
autophagy proteins such as ATG12 and ATG3 have been directly
implicated in regulating mitochondrial homeostasis and intrinsic
cell death.57 We found that autophagy protected early activated
CD4 and CD8 T cells from RICD and that FOXP3 or CD48 KD
resulted in reduced basal autophagy. The blockade of CD48 also
reduced autophagy in early Tcons, suggesting that some degree
of stimulatory CD48 signaling at higher expression levels
enhances basal autophagy. Importantly, decreased autophagy
associated with FOXP3 KD or CD48 blockade was correlated with
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increased p53 levels and a slight but significant reduction in the
MOMP, which is consistent with the results of previous T-cell
studies.58 Thus, our data suggest that FOXP3-driven autophagy
guards mitochondrial health in part via mitophagy in
human Tcons.
By revealing the “tuning” of apoptotic sensitivity in T cells, our

results highlight a potentially attractive opportunity for CD48-
targeted immunotherapies, as others have suggested.41,59,60

Unlike various costimulatory and coinhibitory receptors with
defined cytoplasmic signaling domains and cell-specific expres-
sion patterns, CD48 is a GPI-anchored protein ubiquitously
expressed on hematopoietic cell types. Despite this, anti-CD48
antibody administration specifically ameliorated experimental
autoimmune encephalomyelitis (EAE) severity in mice by limiting
the number of pathogenic CD4 T cells.40 We posit that this effect
may be explained in part by the suppression of the expansion of
activated pathogenic cells via increased RICD sensitivity. In
conclusion, our results describe a novel function for FOXP3
expression in shielding early human effector Tcons from
premature RICD by upregulating CD48 and protective autophagy.
Although the precise protective mechanisms linking FOXP3, CD48,
and autophagy remain to be completely defined, this nascent
signaling program represents a potential therapeutic target for
novel immunotherapies that might attenuate or boost human T-
cell responses as needed by modifying RICD susceptibility during
clonal expansion.

MATERIALS AND METHODS
T-cell isolation and culture conditions
Peripheral blood mononuclear cells (PBMCs) were obtained with
informed consent from anonymous healthy human donors at
the National Institutes of Health (NIH) Blood Bank. Access to
donors was kindly provided by Dr. Michael Lenardo. CD4 T cells
were purified from PBMCs by immunomagnetic negative
selection using the EasySep Human CD4 T Cell Isolation Kit
(Stem Cell Technologies). CD8 T cells were purified using the
Human CD8 T Cell Isolation Kit (Stem Cell Technologies), and
naive CD4 T cells were purified with the Human Naive CD4 T Cell
Isolation Kit II (Stem Cell Technologies). The purity of the sorted
CD4 and CD8 T cells was routinely ≥90% (Supplementary
Fig. 1A).
Primary T cells were activated with either a 2:1 ratio of anti-

CD2/CD3/CD28 Ab-bound biotin beads (Human T Cell Activa-
tion/Expansion Kit, Miltenyi Biotec) or ImmunoCult Human CD3/
CD28/CD2 T Cell Activator (Stem Cell Technologies) according to
the manufacturer’s instructions and cultured in complete RPMI
(RPMI 1640 (ThermoFisher Scientific)+ 10% fetal calf serum
(FCS) (HyClone)+ 1% penicillin/streptomycin (Lonza). After
3 days, the activated cells were washed with PBS and
subsequently cultured in complete RPMI plus 200 U/mL rIL-2
(PeproTech). Jurkat T cells (ATCC clone E6.1) were also
maintained in complete RPMI.

siRNA-mediated knockdown in primary T cells
T cells were electroporated with siRNAs against FOXP3
(FOXP3HSS121456), SAP (SH2D1AHSS106218), ATG3 (assay ID
s34733), and CD48 (assay ID s2689) (ThermoFisher) using the
Amaxa Nucleofection 4D system and the P3 Primary Cell Kit
(Lonza). Stealth RNAi-negative control medium GC duplex siRNA
(ThermoFisher) was used as a nonspecific (NS) control, and all
assays were conducted 4 days post electroporation to ensure peak
knockdown efficiency. For the day 4 RICD experiments, the cells
were rested for 1 h in complete RPMI at 37 °C and in 5% CO2 after
isolation. The cells were then rested for an additional hour after
electroporation before stimulation. The knockdown efficiencies
were assessed by flow cytometry or immunoblotting for every
experiment.

RICD assays
RICD assays were conducted as described previously.30 Briefly, 1 ×
105 T cells were restimulated with anti-CD3 mAb (clone OKT3) in
triplicate wells of a 96-well round-bottom plate for 24 h. Wells
were stained with 10 μl of propidium iodide (PI, 1 μg/ml stock)
(ThermoFisher) to distinguish the live and dead cells, and
immediately analyzed on a BD Accuri C6 flow cytometer. Death
was quantified as the percent cell loss based on quantification of
viable cells collected for a constant amount of time, for which the
% cell loss= (1 – [number of viable cells (treated)/number of
viable cells (untreated)]) × 100. Antibody blockade experiments
were conducted by incubating cells with 10 μg/mL of anti-CD48
(Biogems 10511–25), anti-CD2 (Biolegend 309212), anti-CD244
(Invitrogen 16–2449–81), or an isotype IgG1 control (Biogems
44212–25) for 1 h before restimulation with OKT3. For the small
molecule inhibitor assays, T cells were pretreated for 30 min with
100 ng/ml actinomycin D (Sigma-Aldrich), 10 μM chloroquine
(Sigma-Aldrich), 1 μM BEZ-235 (Cayman Chemical), 10 μM E-64d
(Cayman Chemical), 0.5 μM pifithrin (Cayman Chemical), or a
DMSO solvent control prior to OKT3 restimulation.

Flow cytometry
Intracellular staining of FOXP3 was conducted using the Foxp3/
Transcription Factor Staining Buffer set with anti-Foxp3-APC
(eBioscience 17–4777–42). For surface receptor staining, cells
were washed in PBS+ 1% FBS+ 0.01% sodium azide, and
incubated with antibodies for 30 min on ice. The surface
expression of CD48 and its ligands was detected using CD48-
FITC (Biolegend 336706), CD244-APC (Biolegend 188549), and
CD2-PE (Biolegend 300207). T-cell activation markers were
assessed with CD25-PE (BD 555432) and CD69-APC (BD 555533).
Naive T cells were stained with CD45RA-FITC (Biolegend 304106),
CD45RO-APC (Biolegend 304210), and CD62L-PE (Biolegend
304806) to assess purity.
For proliferation assays, day 4 activated T cells were incubated

in complete RPMI+ IL-2 for 3 h and then subjected to Click-It Edu
Alexa Fluor 488 staining for flow-cytometric analysis according to
the manufacturer’s instructions (ThermoFisher). CFSE labeling was
performed using a CellTrace CFSE Proliferation Kit (ThermoFisher).
Briefly, 1.5 × 106 T cells were washed two times in PBS to remove
the serum and stained with 1 μM CFSE in PBS for 5 min in the dark
at 37 °C. Cells were quenched/resuspended in complete RPMI, and
activated as described above. Cyto-ID staining of autophagic
vesicles was conducted according to the manufacturer’s instruc-
tions (Enzo Biosciences). Briefly, cells were washed with PBS and
then resuspended in Cyto-ID staining solution (without serum)
for 30 min at 37 °C and in 5% CO2. For the PI cell cycle analysis,
1–2 × 104 T cells were resuspended in 300ml PBS, and 5ml
ice-cold methanol was added dropwise before a 30min incuba-
tion at −20 °C. The fixed cells were resuspended in PBS for at least
30min, pelleted, and resuspended in 60 μg/ml PI+ 50 μg/ml
RNAse A (Sigma) in PBS for 30 min at room temperature. The cells
in the G1, S, and G2/M phases of the cell cycle were gated and
quantified by flow cytometry (linear scale). All flow cytometry
analyses were conducted using FlowJo v10 software.

Western blotting
For general immunoblotting, cells were lysed in 1% Nonidet P-40
(NP-40) lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.5 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 1 mM Na3VO4, and 1
mM NaF)+ complete protease inhibitors (Roche) for 30min on ice.
The lysates were cleared by centrifugation, boiled in 2× sample
buffer (Laemmli buffer+ 50 μM 2-βME) and separated with 4–20%
SDS-PAGE gels (Bio-Rad). The proteins were transferred to
nitrocellulose membranes for 7–10min using the TransBlot Turbo
system (Bio-Rad) and subsequently blocked with Odyssey block-
ing buffer (LI-COR). The blots were probed with the following
antibodies: anti-FOXP3 (Novus Biologicals NB600–245), anti-SAP
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(Cell Signaling Technology #2778), anti-FASL (Ab3, EMD Bios-
ciences), anti-BIM (Enzo Life Sciences), anti-ATG3 (Cell Signaling
Technology #3415), anti-p53 (Cell Signaling Technology #2524),
anti-Bax (BD Biosciences #610982), and anti-β-actin (Sigma-
Aldrich, AC-15). The blots were incubated with IRDye anti-rabbit
or anti-mouse secondary antibodies (LI-COR) and imaged using
the Odyssey CLx instrument. Spot densitometric analyses were
performed with the Odyssey CLx.
The nuclear and cytoplasmic fractions were prepared using NE-

PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific). For each sample, 3 × 106 cells were washed in PBS
and lysed in 0.1 mL of CER I lysis buffer. Lamin A/C was used as a
marker of the nuclear fractions during immunoblotting (4C11 Ab,
Cell Signaling Technology).

Transcriptome profiling of primary T lymphocytes
Total RNA was isolated from primary T cells using the RNeasy Plus
Mini Kit with on-column DNase digestion (Qiagen). The total RNA
integrity was assessed using automated capillary electrophoresis
with a Fragment Analyzer (Roche). For all samples with an RQI >
8.0, a total of >75 ng RNA was used as the input for library
preparation using the TruSeq Stranded mRNA Library Preparation
Kit (Illumina, San Diego, CA, USA). The sequencing libraries were
quantified by PCR using a KAPA Library Quantification Kit for NGS
(Kapa, Wilmington, MA, USA), and the size distribution was
assessed with a Fragment Analyzer. The sequencing libraries were
pooled and sequenced on a NextSeq 500 Desktop Sequencer
(Illumina) using a NextSeq 500 High Output Kit v2 with paired-end
reads of 75 bp in length. The raw sequencing data were demuxed
using bcl2fastq2 conversion software 2.17 before alignment using
TopHat Alignment v1.0 software. The differential transcript
expression analysis was performed using Cufflinks Assembly &
DE v1.1.0 in BaseSpace Onsite (Illumina). The heatmaps visualizing
the differentially expressed genes were generated using ClustVis
software. The transcript abundance quantitation data were
deposited in the NCBI Gene Expression Omnibus (GSE137931,
GSE138272).

Statistics
The statistical analyses were conducted using GraphPad Prism
8.0.1 software. The error bars in all figures indicate +/− the
standard deviation, unless otherwise specified. All statistical tests
that were performed are indicated in the figure legends. For the
RICD assays, each data point represents the average percentage
cell loss for an individual donor (the average of triplicate samples).
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