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SUMMARY

Regulatory T (Treg) cells are critical for the shutdown
of immune responses and have emerged as valuable
targets of immunotherapies. Treg cells can rapidly
proliferate; however, the homeostatic processes
that limit excessive Treg cell numbers are poorly
understood. Here, we show that, compared to conventional T cells, Treg cells have a high apoptosis
rate ex vivo correlating with low c-FLIP expression.
Treg-specific deletion of c-FLIP in mice resulted in
fatal autoimmune disease of a scurfy-like phenotype
characterized by absent peripheral Treg cells, activation of effector cells, multi-organ immune cell infiltration, and premature death. Surprisingly, blocking
CD95L did not rescue Treg survival in vivo, suggesting additional survival functions of c-FLIP in Treg
cells in addition to its classical role in the inhibition
of death receptor signaling. Thus, our data reveal a
central role for c-FLIP in Treg cell homeostasis and
prevention of autoimmunity.
INTRODUCTION
Apoptosis is a highly regulated form of cell death and a major
regulator of hematopoietic cell homeostasis (Bouillet and O’Reilly, 2009; Krammer et al., 2007). For example, apoptosis is an
effective mechanism for the removal of excess lymphocytes during the contraction phase of an immune response. Apoptosis
can be mediated by two major pathways. The intrinsic or mitochondrial pathway is controlled by anti- and pro-apoptotic
Bcl-2 family members (Youle and Strasser, 2008). This pathway
is activated upon cytokine deprivation, thereby acting as a
mechanism of immune homeostasis (Bouillet and O’Reilly,
2009). On the other hand, the extrinsic pathway is activated by
surface receptors of the tumor necrosis factor receptor super-

family, such as CD95 (Krammer et al., 2007). Binding of a death
ligand to its corresponding receptor triggers the formation of the
death-inducing signaling complex (DISC), which consists of oligomerized receptor subunits, the adaptor protein FADD and
pro-caspase-8 (Green and Llambi, 2015). As a result, pro-caspase-8 is cleaved to its active form that activates effector caspases, such as caspase-3, leading to cellular demise (Green
and Llambi, 2015). Inhibition of the extrinsic pathway can occur
through the DISC recruitment of cellular FLICE-like inhibitory
proteins (c-FLIP; encoded by the gene Cflar). Three c-FLIP isoforms have been described in human, the long isoform c-FLIPL
and the short forms c-FLIPS and c-FLIPR, whereas only FLIPL
and FLIPR are found in mice (Golks et al., 2005; Irmler et al.,
1997; Ueffing et al., 2008a). c-FLIP proteins lack a functional caspase domain and prevent caspase-8 activation at the DISC
(Hughes et al., 2016; Krueger et al., 2001; Scaffidi et al., 1999).
The effector and suppressive components of the immune system need to be tightly controlled in order to effectively fight
against pathogens, tumor and autoreactive cells. Key players
in the suppression of aberrant immune responses are regulatory
T (Treg) cells that are crucial for peripheral tolerance (Sakaguchi
et al., 2008). The transcription factor Foxp3 is essential for the
development and suppressive capacity of Treg cells (Fontenot
et al., 2003; Hori et al., 2003). Thus, mutation of Foxp3 results
in the complete absence of Treg cells and development of
immunodysregulation polyendocrinopathy enteropathy X-linked
(IPEX) syndrome in humans or the scurfy phenotype in mice,
which is characterized by a fatal multi-organ autoimmune syndrome (Bennett et al., 2001; Brunkow et al., 2001; Wildin et al.,
2001).
Given the importance of Treg cells for prevention of autoimmune disease but also the therapeutic potential of targeting
Treg cells in cancer patients, understanding the processes that
maintain a proper Treg cell pool is of major importance. Recent
studies identified IL-2-mediated induction of the anti-apoptotic
Bcl-2 protein Mcl-1 as crucial for Treg cell survival (Pierson
et al., 2013). Furthermore, Foxp3-dependent phosphorylation of
Bim, an antagonist of Mcl-1, was determined as a proapoptotic
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Figure 1. Treg Cells Display Higher Apoptosis Susceptibility Than Tcon Cells
(A and B) Representative histograms (A) and statistical summary (B) of TMRE staining assessing ex vivo mitochondrial membrane potential of Tcon and Treg cells
from thymus, spleen, peripheral (pLN), and mesenteric lymph nodes (mLN) of GFP-Foxp3 reporter mice (n = 20 for thymus and spleen; n = 19 for pLN and mLN).

(legend continued on next page)
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mechanism, whereas the Treg-specific deletion of Bim resulted
in elevated Treg cell numbers in the thymus (Chougnet et al.,
2011; Tai et al., 2013). While human Treg cells are sensitive toward CD95-mediated apoptosis (Fritzsching et al., 2005), conflicting results have been reported for murine Treg cells (Banz
et al., 2002; Weiss et al., 2011). Therefore, the function of the
death receptor pathway in Treg cell homeostasis is not well
understood.
Here, we evaluated the role of the extrinsic apoptosis pathway
in Treg cell homeostasis. We show that, compared to conventional T (Tcon) cells, Treg cells are highly sensitive to apoptosis,
correlating with lower expression levels of c-FLIPL. In mice
conditionally lacking c-FLIP in Treg cells, we detected fatal autoimmunity characterized by massive lymphadenopathy, splenomegaly, immune cell infiltration in multiple organs, as well as
increased production of autoantibodies and proinflammatory
cytokines. Our results, therefore, reveal a critical role for c-FLIP
in Treg cell homeostasis and prevention of autoimmunity.
RESULTS
Cell Death Is More Pronounced in Treg Than in Tcon
Cells
To compare the cell death rate of Treg and Tcon cells, we first
measured the apoptotic loss of the mitochondrial membrane potential using tetramethylrhodamine ethyl ester (TMRE). Treg cells
from lymphoid organs analyzed directly ex vivo exhibited a
greater frequency of TMRElow cells compared to Tcon cells, suggesting higher apoptosis susceptibility (Figures 1A and 1B). In
addition, flow cytometric analysis with annexin V and 7-aminoactinomycin D (7AAD) revealed higher frequencies of apoptotic
Treg cells than of Tcon cells (Figures 1C and 1D). We further
analyzed caspase-3/7 activity with a fluorogenic substrate and
confocal microscopy, which also indicated a higher apoptosis
rate in Treg than in Tcon cells (Figures 1E and 1F). Furthermore,
the increased apoptosis sensitivity was largely restricted to
CD62L CD44+-activated Treg cells compared to CD62L+
CD44 naive Treg cells (Figures 1G and 1H).
Pan-Caspase Inhibitor Improves the Viability of Treg
Cells
To further characterize Treg apoptosis, we analyzed phosphatidylserine exposure in the absence or presence of the pan-caspase inhibitor Q-VD-OPh (QVD), the homeostatic regulator IL2, or, as a positive apoptosis control, dexamethasone at different

time points. While, as expected, IL-2 impaired the spontaneous
cell death of ex vivo analyzed Treg cells to some extent, QVD
was even more efficient, demonstrating that Treg cell death is
mediated by apoptosis (Figures S1A and S1B). Similarly, QVD
promoted cell survival also in the presence of anti-CD3 (Figures
S1C and S1D). While both QVD and IL-2 protected against spontaneous cell death of non-activated Tcon cells (Figures S2A and
S2B), QVD, but not IL-2, improved the viability of anti-CD3-stimulated Tcon cells (Figures S2C and S2D). In all cases, dexamethasone induced massive cell death. In line, we detected active
caspase-3 in short-term cultured Treg, but not in Tcon cells,
which was abolished by treatment with PMA, ionomycin, and
IL-2 (Figure 1I). Hence, multiple lines of evidence reveal a high
apoptosis rate in Treg cells.
Treg Cells Express Lower Amounts of c-FLIPL
To explore the reason for the increased cell death susceptibility
of Treg cells, we first determined the expression of death receptors. Strikingly, expression of CD95 was much higher than
TNFR1 and the TRAIL receptor DR5 in both cell types. However,
Tcon and Treg cells expressed similar levels of CD95 (Figure 2A),
ruling out varying receptor levels as a cause for the differential
apoptosis sensitivity. Because c-FLIP is known to regulate
T cell apoptosis, we next analyzed the mRNA expression of cFLIP isoforms. While the levels of c-FLIPR were comparable,
the expression of c-FLIPL was much lower in Treg cells
compared to Tcon cells (Figure 2B), which might explain the
higher apoptosis. The lower expression of c-FLIPL in Treg cells
was confirmed on the protein level (Figure 2C). Furthermore,
TCR triggering and stimulation with TGF-b increased c-FLIP
expression in Treg cells in vitro, whereas addition of IL-2 dampened TCR-mediated upregulation of c-FLIP (Figure 2D).
Treg Cell-Specific Deletion of c-FLIP Results in a scurfylike Phenotype
To study the impact of c-FLIP on Treg survival, we deleted Cflar,
the gene encoding the inhibitor of death receptor-mediated
cell death c-FLIP, specifically in Treg cells of mice by using the
Cre/loxP system. Strikingly, CflarDFoxp3 mice manifested growth
retardation compared to control mice (Figures 3A and S3A) and
exhibited runting, crusting, and increased thickness of the skin of
the tail, ears, and eyelids (Figure S3B). Examining the main
lymphoid organs, we found that thymus size was considerably
reduced, whereas the lymph nodes were markedly larger in
CflarDFoxp3 mice (Figure S3C). The spleens were comparable

(C and D) Representative dot plots (C) and statistical summary (D) of annexin V/7AAD ex vivo staining of Tcon and Treg cells from thymus, spleen, peripheral and
mesenteric lymph nodes of GFP-Foxp3 reporter mice (n = 12 for thymus, spleen and pLN; n = 11 for mLN). Annexin V/7AAD double-negative cells are living,
whereas double-positive cells are late apoptotic and necrotic cells. Annexin V-single positive cells are early apoptotic cells.
(E) Representative images of anti-CD4-PacificBlue, anti-human CD2-APC, and active-caspase-3/7 ex vivo staining. A minimum of 100 Tcon and Treg cells per
experiment randomly captured with confocal microscopic images, was counted.
(F) Statistical summary of caspase-3/7-positive Treg and Tcon cells from lymph nodes of Foxp3hCD2 reporter mice (n = 5). Treg cells were distinguished from Tcon
cells by hCD2 staining. Scale bars, 19 mm.
(G and H) Representative dot plots (G) and statistical summary (H) of ex vivo caspase-3/7-positive resting (CD62L+/CD44 ) and activated (CD62L+/ CD44+) Treg
cells from spleen and peripheral lymph nodes (pLN) of Foxp3hCD2 reporter mice (n = 6).
(I) Immunoblot analysis of active caspase-3 in Tcon and Treg cells after 2 hr of culture in the presence or absence of IL-2, PMA, and ionomycin (Iono). Cells were
purified from GFP-Foxp3 reporter mice using FACS sorting. One representative of two independent experiments is shown.
Bar graphs (B, D, F, and H) represent the mean ± SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; *p < 0.05, **p < 0.01.
See also Figures S1 and S2.
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Figure 2. Lower Expression of c-FLIPL in Treg Cells
(A) Surface expression of the death receptors CD95, TRAIL receptor DR5, and TNFR1 in Tcon and Treg cells. Cells were purified from Foxp3hCD2 reporter mice
and assessed for death receptor expression by flow cytometry. Representative histograms of two independent experiments are shown.
(B) Transcript expression of c-FLIPL (left panel) and c-FLIPR (right panel) in Tcon and Treg cells purified from Foxp3hCD2 reporter mice by FACS sorting and
analyzed by qPCR (n = 17 each). Bar graphs represent the mean ± SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; *p < 0.05; n.s.,
not significant.
(C) Immunoblot analysis of cFLIPL in MACS-purified Tcon and Treg cells from Foxp3hCD2 reporter mice. Numbers show normalized quantification of c-FLIPL
relative to GAPDH band intensity. Quantification was performed using ImageJ 1.44p software.
(D) Transcript expression of c-FLIPL (left panel) and c-FLIPR (right panel) as analyzed by qPCR in Treg cells purified from Foxp3hCD2 reporter mice by FACS sorting
and cultured in the absence or presence of anti-CD3/anti-CD28, IL-2, TGF-b, and indicated combinations (n = 3 each). Bar graphs in (B) and (D) represent the
mean ± SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; *p < 0.05; n.s., not significant.

between wild-type and CflarDFoxp3 mice, but considering the
reduced body size, CflarDFoxp3 mice apparently developed
splenomegaly (Figure 3B). All CflarDFoxp3 mice died within
25 days (Figure 3C). Thus, this phenotype is reminiscent of the
scurfy mouse strain, which has a mutation in Foxp3 (Brunkow
et al., 2001; Wildin et al., 2001).
Next, we analyzed the activation status of T cells via staining of
CD44 and CD62L. This analysis revealed a clear shift from a
naive (CD62L+, CD44 ) to a memory-activated-like phenotype
(CD62L , CD44+) for CD4+ T cells (Figures 3D and 3E) and
CD8+ T cells in CflarDFoxp3 mice (Figures S3D and S3E). Additionally, CD4+ and CD8+ T cells showed higher frequencies in the
thymus and spleen, whereas the frequencies in peripheral lymph
nodes were comparable to controls (Figures S3F and S3G). In
the same line, the absolute CD4+ and CD8+ T cell numbers of
CflarDFoxp3 mice were higher in spleen and comparable in peripheral lymph nodes. Conversely, absolute T cell numbers were
markedly lower in the thymus of CflarDFoxp3 mice, consistent
with the strongly reduced organ size (Figure S3H). Moreover,

the serum levels of proinflammatory cytokines, such as IL-4,
IL-5, IL-6, interferon g (IFN-g), and tumor necrosis factor alpha
(TNF-a), were highly elevated in these mice compared to the
control group (Figure 3F). We also tested the presence of autoantibodies and used sera of CflarDFoxp3 and control mice for
immunoblotting on liver and kidney extracts from RAG-2 /
mice. Sera from CflarDFoxp3 mice, but not control mice, reacted
strongly with the tissue extracts, indicating the production of autoantibodies in the CflarDFoxp3 mice (Figure S3I). Finally, histological analysis revealed massive leukocyte infiltration and chronic
inflammation of liver, lung, pancreas, and skin of CflarDFoxp3
animals (Figure 3G). Thus, loss of c-FLIP in Treg cells leads to
hyperactivation of the immune system and a fatal scurfy-like
autoimmune phenotype.
Deficiency of c-FLIP Drastically Affects the Viability of
Treg Cells in Secondary Lymphoid Organs
Given that autoimmune disease of scurfy mice is caused by lack
of Treg cells (Wildin et al., 2001), we then examined the Treg
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Figure 3. Deletion of c-FLIP in Treg Cells in Mice Causes Abnormalities in Lymphoid Organs and Premature Death
(A) Body weight of CflarDFoxp3 mice and littermate control mice (n = 8 each). Each symbol indicates an individual mouse.
(B) Spleen weight relative to body weight of CflarDFoxp3 and littermate control mice (n = 4 each). Each symbol indicates an individual mouse.
(C) Survival curve of CflarDFoxp3 mice and littermate control mice (n = 16 each).

(legend continued on next page)
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compartment in CflarDFoxp3 mice. Indeed, Foxp3+ cells were
barely detectable in spleen and lymph nodes in CflarDFoxp3
mice, while they were readily detectable in the control littermates
(Figure 4A). Interestingly, we found relatively normal frequencies
of CD4+ Foxp3+ cells in the thymus of these animals, indicating
that Treg development was not impaired (Figures 4A and 4B).
A substantial drop in peripheral Treg cell frequencies became
apparent from day 8 after birth onward, while frequencies stayed
constant in the thymus (Figure S4A). Coinciding with reduced
Treg cell frequencies, the activation status of CD4+ and CD8+
Tcon cells was elevated from day 8 post birth onward (Figure S4B). Similar to the Treg frequency, the absolute numbers
of Treg cells were highly decreased in spleen and lymph nodes.
In contrast to the unaltered frequencies, the absolute number of
Treg cells in the thymus was much lower, most likely due to the
reduced organ size (Figure 4C). Consistent with normal T cell
development, we observed unaltered frequencies of CD4+
CD25+ GITR+ Foxp3 Treg precursors and mature Treg cells in
the thymus of 6- to 8-day-old CflarDFoxp3 mice (Figures S4C
and S4D). In addition, overall T cell development appeared
normal at this age, i.e., in the absence of inflammation, as
analyzed by expression of CD4, CD8, CD25, CD44, and Foxp3
in different thymocyte subsets (Figures S4E and S4F). In line,
immunohistochemistry revealed a strong reduction of Treg cells
in the periphery but not in the thymus of CflarDFoxp3 mice
(Figure 4D).
c-FLIP Regulates CD95-Independent Survival Functions
in Treg Cells In Vivo
To analyze whether CD95L-induced apoptosis is also a major
cause of Treg cell loss in CflarDFoxp3 mice in vivo, we injected
CD95L-neutralizing antibodies into CflarDFoxp3 mice starting at
day 6, a time point when Treg cell generation had started
(Asano et al., 1996) but disease symptoms were not yet developed (see Figure S4A). Unexpectedly and despite several attempts, we were unable to increase Treg cell frequencies in
CflarDFoxp3 mice to control levels using two different antiCD95L antibodies (Figures 5A, 5B, and S5A). Similarly, in vivo
injection of the caspase inhibitor QVD did not result in Treg
cell frequencies comparable to control mice (Figure S5B). To
exclude that the failure to rescue the scurfy phenotype of the
neonatal CflarDFoxp3 mice was due to the high inflammation,
we also injected CD95L antibodies into adult Foxp3hCD2
reporter mice. In this setting, Treg cell frequencies remained unchanged (Figures 5C and 5D). Therefore, our data
reveal an essential role for c-FLIP in Treg homeostasis and
prevention of autoimmunity but also suggest that c-FLIP has
additional survival functions beyond blocking CD95-mediated
apoptosis.

DISCUSSION
Although Treg cells were first regarded as a rather anergic cell
population (Itoh et al., 1999), further studies revealed a high proliferation rate in Treg compared to Tcon cells (Fisson et al., 2003;
Klein et al., 2003; Schuster et al., 2012). Despite previous reports
that analyzed Treg apoptosis in vitro (Chougnet et al., 2011;
Wang et al., 2012) or caspase activation ex vivo (Pierson et al.,
2013), the importance of cell death for Treg homeostasis remains
poorly understood. By directly measuring several apoptosis parameters, we show that Treg cells exhibit a high apoptosis sensitivity compared to Tcon cells and express reduced levels of
c-FLIP suggesting a pivotal role of this molecule in Treg survival.
Previous work on Treg cell survival has largely concentrated
on the intrinsic pathway. In this regard, the anti-apoptotic
Bcl-2 protein Mcl-1, but neither Bcl-2 nor Bcl-xL, was found to
be crucial for Treg cell survival (Pierson et al., 2013). In turn,
Treg-specific deletion of Bcl2l11 (encoding Bim) or Bax and
Bak1 resulted in increased frequencies of Treg cells in peripheral
lymphoid organs (Chougnet et al., 2011; Pierson et al., 2013;
Wang et al., 2012). We have observed a similar increase in
Treg frequencies in aged transgenic mice expressing the short
isoform c-FLIPR in hematopoietic cells (Ewald et al., 2014), suggesting that c-FLIP, by interfering with the death receptor
pathway, is involved in Treg homeostasis. However, Treg cell
accumulation in this system might have been also indirectly
caused by Treg cell-extrinsic effects of the Cflar transgene and
the autoimmunity in these mice.
To unambiguously define a role of c-FLIP for Treg survival, we
generated CflarDFoxp3 mice that specifically lack c-FLIP in Treg
cells. Treg-specific deletion of Cflar resulted in severe autoimmune disease of a scurfy-like phenotype and premature death
of the mice. Interestingly, all CflarDFoxp3 mice died very early
(i.e., within 25 days), similar to scurfy mice, whereas a considerable proportion of mice lacking Mcl-1 in Treg cells survived more
than 50 days (Pierson et al., 2013). Therefore, it is possible that
Mcl-1 and c-FLIP have distinct roles in Treg cell survival or that
c-FLIP exerts additional functions beyond that of apoptosis
inhibition.
c-FLIP is known to inhibit CD95-mediated apoptosis in
T cells (Schmitz et al., 2003; Telieps et al., 2013; Ueffing
et al., 2008b), but not cell death induced by perforin/granzyme
B, g-irradiation, or chemotherapeutic drugs (Kataoka et al.,
1998). Interestingly, however, caspase inhibitors and CD95L
antagonists were unable to rescue the scurfy phenotype and
to increase Treg cell frequencies in vivo, neither under inflammatory conditions in CflarDFoxp3 mice nor in healthy mice.
Therefore, under in vivo conditions c-FLIP has presumably
additional survival effects. In this context, c-FLIP was shown

(D and E) Representative pseudocolor dot plots (D) and frequencies (E) of T cell activation markers CD44 and CD62L in CD4+ cells from spleen and lymph nodes
of CflarDFoxp3 and littermate control mice. CD62L+/CD44 cells are naive T cells, CD62L /CD44+ cells are activated and memory T cells, and CD62L+/CD44+
cells are central memory T cells (n = 7 each). (E) Bar graphs represent the mean ± SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests;
*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.
(F) Expression of IL-4, IL-5, IL-6, IFN-g, IL-12p70, and TNF-a in sera from CflarDFoxp3 and littermate control mice determined by Luminex assay (n = 11 each). Bar
graphs represent the mean ± SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.
(G) Representative H&E-stained liver, lung, pancreas, and skin sections from CflarDFoxp3 and littermate control mice. Scale bar, 50 mm.
See also Figure S3.
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Figure 4. Treg Cell Population Is Strongly Reduced in Spleen and Lymph Nodes, but Not in the Thymus of CflarDFoxp3 Mice
(A–C) Representative flow cytometric dot plots (A), percentages (B), and absolute numbers (C) of Foxp3+ Treg cells within CD4+ CD8 cells in thymus, spleen, and
peripheral lymph nodes of CflarDFoxp3 and littermate control mice are shown (n = 7 each; except thymus CflarDFoxp3, n = 4). Bar graphs represent the mean ± SEM.
Statistical analyses were performed by two-tailed Mann-Whitney tests; **p < 0.01; n.s., not significant.
(D) Immunohistochemistry of Foxp3 in thymus, spleen and lymph nodes of CflarDFoxp3 and littermate controls. Scale bars, 50 mm.
See also Figure S4.
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Figure 5. CD95L-Blocking Antibodies Do Not Increase Treg Cell Frequencies
(A and B) Representative flow cytometric dot plots (A) and frequencies (B) of Foxp3+ Treg cells within CD4+ CD8 cells in thymus, spleen, and peripheral lymph
nodes of neonatal CflarDFoxp3 and littermate control mice treated with 100 mg of anti-CD95L per injection. Mice were injected at days 6, 7, and 8 after birth and
analyzed at day 9. Data is representative of two independent experiments. Bar graphs represent the mean ± SEM. Statistical analyses were performed by twotailed Mann-Whitney tests; n.s., not significant.
(C and D) Representative flow cytometric dot plots (C) and frequencies (D) of Foxp3+ Treg cells within CD4+ CD8 cells in spleen and peripheral lymph nodes of
adult Foxp3hCD2 reporter mice treated with 200 mg per injection of anti-CD95L (clone 3C82) or isotype control antibody (mouse IgG1). Mice were injected at three
times in non-consecutive days and analyzed 1 day after the last injection. Data is representative of two independent experiments with a total of four mice analyzed
per genotype. Bar graphs represent the mean ± SEM. Statistical analyses were performed by two-tailed Mann-Whitney tests; n.s., not significant.
See also Figure S5.

to inhibit not only death receptor-mediated apoptosis but also
necroptosis and autophagy in T cells (He and He, 2015).
Thus, Treg cells might die by other cell death mechanisms
in vivo under certain conditions. Of note, alternative cell death
modes such as necroptosis or ferroptosis have been reported
to execute physiological T cell death in other contexts (Matsushita et al., 2015; Osborn et al., 2010). Additionally, c-FLIP
can activate survival pathways such as ERK and nuclear factor
kB (NF-kB) (Golks et al., 2006; Kataoka et al., 2000; Koenig
et al., 2014; Misra et al., 2007). Thus, apoptosis-independent
functions of c-FLIP in Treg cells might be also relevant for the
severe phenotype of CflarDFoxp3 mice.

Taken together, the results demonstrate that c-FLIP is essential for Treg survival and homeostasis to prevent autoimmunity.
Given the capacity of Treg cells to control autoimmunity and to
repress anti-cancer immunity, c-FLIP may represent a therapeutic target to modulate Treg cell abundance and immune responses in cancer or autoimmune disease.
EXPERIMENTAL PROCEDURES
Mice
Foxp3tm2Ayr, Foxp3tm1(CD2/CD52)Shori, B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J, and
B6.129-Cflartm1Ywh/J mice were described (Fontenot et al., 2005; Komatsu
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et al., 2009; Rubtsov et al., 2008; Zhang and He, 2005). CflarDFoxp3
mice were generated by crossing B6.129-Cflartm1Ywh/J with B6.129(Cg)Foxp3tm4(YFP/icre)Ayr/J mice. Mice were kept under pathogen-free conditions
in the animal facility of the Helmholtz Center for Infection Research. Animal experiments were performed in accordance with the guidelines of the local and
national authorities.

Immunohistochemistry was done after heat-mediated antigen retrieval using
anti-FoxP3 (clone FJK-16 s, eBioscience).

Flow Cytometric Analyses
For surface staining, cells were resuspended in 100 mL FACS buffer (2% BSA in
PBS) and incubated with the respective antibodies for 15 min at 4 C in the
dark. Cells were then washed twice with 500 mL FACS buffer and analyzed
in a LSRII flow cytometer (BD Biosciences). In the case of cell population analyses (excluding viability determinations), dead cells were excluded by LIVE/
DEAD Fixable Blue Dead Cell Stain staining (Life Technologies) for 30 min
at 4 C in the dark. After two washes in PBS, Fc receptors were blocked by
15 min incubation with Fc-block (CD16/32) in FACS buffer at 4 C. Intracellular
proteins were stained using Foxp3 Staining Buffer Set (Miltenyi Biotec). For
viability analysis, after the surface staining, the cells were incubated with
annexin V and 7AAD or stained with TMRE in the dark, both for 20 min. Alternatively, cell viability was determined using CellEvent Caspase 3/7 Green (Life
Technologies).

qPCR
RNA was purified using RNAeasy Plus kit (QIAGEN). cDNA was synthesized
from 100 ng of RNA template using cDNA kit (Thermo Scientific). qPCR was
implemented in a Roche LightCycler using Roche FastStart SYBRgreen
Master. Ubiquitin-conjugating enzyme E2D 2A (UCE) was used as reference
gene for relative quantification.

Western Blot Analysis
Cells were lysed by incubation in TPNE buffer (13 PBS, 300 mM NaCl, 2 mM
EDTA, 1% Triton X-100) supplemented with protease inhibitors for 20 min on
ice. After centrifugation protein concentration was determined by BCA assay
(Thermo Scientific). Protein lysates were loaded onto 12% SDS-polyacrylamide gels, blotted onto PVDF membrane (GE Healthcare) and detected by
chemiluminescence. For autoantibody detection, liver and kidney extracts
(20 mg) from RAG2-deficient mice were separated on SDS-polyacrylamide
gels. After protein transfer, PVDF membranes were probed with sera from
CflarDFoxp3 and control mice diluted to a protein concentration of 5 mg/mL.

Cytokine Determination
Serum cytokine levels were determined using Th1/Th2 Mouse 6-Plex Panel
(Life Technologies) in a Luminex instrument (Luminex Corporation).

Statistical Analysis
Statistical analyses were performed by Mann-Whitney tests to determine
statistical significance using GraphPad Prism (GraphPad Software). SEM is
represented as error bars in the graphs.
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