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Figure 4 | Clearance of mitochondria by macroautophagy from reticulocytes of WT and Atg5~/~ mice, but not UIKk18Y8 or DKO mice.

(a-f) Representative EM of WT (a), ATG5 =/~ (b), UIk188t (¢,d) and DKO (e f) reticulocytes from embryonic liver (E14.5). (a,b) Mitophagy was
detected in WT and ATG5 7/~ cells (scale bar, Tum). Insets indicate mitophagy (scale bar, 0.2 pm). (c,e) In UIk18¥8t and DKO cells, numerous
mitochondria were in contact with membrane structures (scale bar, 1um). Enlarged images are shown on the right side (scale bar, 0.2 um).

(d.f) Some UIk18¥8t and DKO cells showed plasma membrane blebs containing mitochondria (scale bar, 1pm). (gh) Quantitative analysis of
mitophagy calculated from EM photos in the embryonic liver at E18.5. Population of reticulocytes with mitophagy (g), and number of mitochondria
per reticulocytes (h) were calculated (n>35 cells per mouse). The data are shown as mean £ s.d. (n=3). *P<0.05 versus value of WT (analysis of
variance (ANOVA)); #P<0.05 versus value of Ath“/' (ANOVA); ‘NS’ indicates not significant versus value of WT (ANOVA).

would not contribute to mitochondrial clearance from fetal
definitive reticulocytes.

The WT and Atg5~/~ reticulocytes expressed a high
molecular weight Ulkl isoform, compared with their erythro-

modifications such as phosphorylation®® and acetylation!.

Since the Ulkl modification in reticulocytes was not changed
by phosphatase treatment (Fig. 5¢), Ulkl acetylation, but not
phosphorylation, seems to be crucial for mitochondrial clearance,

blasts (Fig. 5a). Ulkl is regulated by posttranslational although the possibility was not excluded that unidentified
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Figure 5 | Expression of autophagy-related proteins during erythrocyte differentiation. (a) Erythroblasts (EB; mitochondria™gh Syto16high), reticulocytes
(RC; mitochondriahigh Syto16‘°w) and EC (EC; Ter119+ PBC) were collected from the indicated embryos (E18.5), and the expression of each protein was
examined by western blot. The asterisk indicates a nonspecific band. Uncropped images are shown in Supplementary Figs 11 and 12. (b) Semi-quantitative
analysis of the expression level of each protein and the LC3-1I/LC3-I ratio (mean £ s.d., n=3). *P<0.05 versus value of WT EC (analysis of variance
(ANOVA)); #P<0.05 versus value of Ath"/" EC (ANOVA); ‘NS’ indicates not significant versus value of WT EC (ANOVA). (¢) Modification of

Ulk1 and Atgl13 during erythrocyte maturation. Cell lysates were treated with A-phosphatase (400 U) for 45 min at 30 °C, and band shift was

examined by anti-Ulkl and anti-Atg13 antibodies. Asterisk indicates non-specific band. Uncropped images are shown in Supplementary Fig. 12.

modification occurs in Ulkl. Although Hsp90, Cdc37 and AMPK
were recently found responsible for Ulkl activation®®, these
proteins were slightly upregulated in WT reticulocytes, but not in
Atg5 /'~ reticulocytes (Fig. 5a) despite the occurrence of
mitophagy. In addition, a downstream effector of Ulkl (Atgl3)
may be phosphorylated in WT reticulocytes (based on
phosphatase reaction (Fig. 5c)), but not in Atgs ™/~
reticulocytes (Fig. 5a). These data support the existence of an
unidentified Ulkl-mediated signalling pathway promoting cell
differentiation in Atg5 ~/~ reticulocytes.

Mitochondrial removal by alternative macroautophagy in vitro.
The involvement of alternative macroautophagy in mitochondrial
clearance during erythrocyte maturation was further confirmed
using an in vitro erythrocyte differentiation system. Nascent

erythroblasts were purified from the liver of E14.5 embryos and
cultured in erythrocyte differentiation medium (see Methods).
Three days after the induction of differentiation, >60% of the
cells had lost their nuclei and become reticulocytes in every
genotype (Fig. 6a,b). Thereafter, the enucleated cells (Syto16'°™
cells) lost their mitochondria in the cultures of WT cells, as
shown by a gradual increase in the number of mitochondrial®¥
SytolGlOW cells (mature red blood cells) (Fig. 6¢,d). Similar results
were obtained with Atg5 ™/~ erythroid cells. In contrast, the
number of mitochondria®¥ Syto16°" cells did not increase in
Ulk18/8" and DKO cells (Fig. 6c,d), indicating that UIKI is
essential for mitochondrial clearance during in vitro differentia-
tion, which is consistent with the in vivo findings. Wortmannin
and 3-methyladenine are frequently used autophagy inhibitors
known to inhibit both conventional and alternative
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Figure 6 | Role of alternative macroautophagy in mitochondrial clearance during erythrocyte differentiation in vitro. (a) Morphology of cultured
erythroid cells on day O, 1 and 3 of differentiation. Erythroblasts were purified from embryonic liver (E14.5) and incubated for the indicated times in
erythrocyte differentiation medium. The cells were stained with a Diff-quick kit. (b) Percentage of cells without nuclei (Syto16/°% cells) on the indicated
days of differentiation (mean % s.d., n=6). Loss of nuclei occurred normally in all mice. (c,d) Percentage of Syto16/°% cells without mitochondria.
Differentiated cells were stained with Syto16 and Mitotracker Deep Red. Representative histograms of mitochondrial content in Syto16!°% cells on day 6 are
shown in (¢). Numbers indicate the population of mitochondrial®” cells. Representative dot plots are also available in Supplementary Fig. 13. (d) Percentage
of Sytol16!°% cells lacking mitochondria determined by gating the mitochondrial® fraction as shown in (€) (mean % s.d., n=6). *P<0.05 versus value of
WT (analysis of variance (ANOVA)); #P<0.05 versus value of Atg5‘/_ (ANOVA); ‘NS' indicates not significant versus value of WT (ANOVA).
(e-h) Impact of various drugs on mitochondrial clearance during in vitro differentiation. Differentiated cells from WT embryos were incubated with or
without wortmannin (e), 3-methyladenine (3-MA) (f), rapamycin (g) or compound C (h) at the indicated concentrations and time periods. Percentage of
mitochondrial®¥ cells/Syto16/°% cells was measured by flow cytometry (mean £s.d., n=3). *P<0.05 versus value of no drug (ANOVA). (i) Similar
experiments were performed with cells from Atg5~/~ embryos exposed to wortmannin or 3-MA (mean % s.d., n=3). *P<0.05 versus value of no
drug (ANOVA).
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Figure 7 | Analysis of mitochondrial clearance during adult erythropoiesis. (a) Number of EC and haemoglobin content in the blood of the indicated mice
(10-20 weeks old; mean £ s.d., n=16). *P<0.05 versus value of WT (Student’s t-test). (b) Analysis of early erythrocyte development. Bone marrow cells
were harvested from the indicated mice (10-20 weeks old) and stained with anti-cKit and anti-Scal antibodies. The population of each cell type was
counted by FACS (mean £ s.d., n=13). *P<0.05 versus value of WT (analysis of variance (ANOVA)). (c) Percentage of mitochondria-containing Ter119+
blood cells. Cells in peripheral blood from the indicated mice (10-20 weeks old) were stained with anti-Ter119 antibody together with Mitotracker Deep
Red. The population of mitochondria"®" cells among Ter119-positive cells was counted by FACS (mean % s.d.,, n=3). *P<0.05 versus value of WT
(ANOVA). (d) Percentage of mitochondria-containing Syto16/°" biood cells. Cells in peripheral blood from the indicated mice (10-20 weeks old) were
stained with Syto16 and Mitotracker Deep Red. The population of mitochondria"®" cells among Syto16-negative cells was counted by FACS (mean*s.d.,
n=13). *P<0.05 versus value of WT (ANOVA). (e) Representative electron micrographs of bone marrow reticulocytes in 10 week-old WT and Ulk18/8t
mice (scale bar, Tum). Insets indicate mitophagy (scale bar, 0.2 pm). (£g) Erythroblasts (EB; mitochondria8" Syto16M&h), reticulocytes (RC;
mitochondria8 Syto16!°%) and EC (EC; Ter119+ PBC) were collected from the indicated mice (10-20 weeks old), and the expression of each protein was
examined by western blot. Uncropped images are shown in Supplementary Fig. 14. (g) Semi-quantitative analysis of the expression level of each protein
(mean £s.d., n=3). ‘NS’ indicates not significant versus value of WT EC (ANOVA). (h,i) The impact of Ulkl on mitochondrial clearance during stress
erythropoiesis. (h) Representative images of erythrocyte in PHZ-treated WT and UIk18Y/8t mice (14 weeks old). Blood cells were stained with anti-Ter119
(erythroid cell marker) and anti-Tom20 (mitochondrial marker) antibodies and observed by fluorescence microscopy. Green and red indicate Ter119 and
Tom?20, respectively. Scale bar, 10 um. (i) Percentage of mitochondrial® cells among Syto16!°% cells. Erythroid cells were stained with Syto16 (DNA) and
Mitotracker Deep Red (mean *s.d., n=3). *P<0.05 versus value of WT (Student's t-test). Mitochondrial retention was observed in UIk18"/8t mice,
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macroautophagy®. The addition of these inhibitors to the cultures
of WT cells almost completely suppressed mitochondrial
clearance from Syto16!°% cells (Fig. 6e,f). These autophagy
inhibitors also suppressed mitochondrial clearance in Atg5 ™/~
cells (Fig. 6i), indicating this process was dependent on alternative
macroautophagy. In contrast, rapamycin (conventional macro-
autophagy inducer) and compound C (AMPK inhibitor) did not
have any effect (Fig. 6g,h). These data collectively indicate that
alternative macroautophagy is responsible for mitochondrial
clearance from embryonic reticulocytes.

Mitophagy in primitive and adult definitive reticulocytes. The
contribution of Ulkl-dependent alternative macroautophagy
was assessed in the other two waves of erythroid lineage: the
primitive- and adult definitive lineages. The primitive wave
emerges within the yolk sac blood islands?3. The role of Ukl in
mitochondrial clearance was examined in primitive erythrocyte
by analysing whole blood in embryo at E11.5. Enucleation and
mitochondrial clearance in Ulk18/8" erythroid cells were normally
induced, as assessed by Sytol6 and Mitotracker Deep Red
staining, respectively (Supplementary Fig. 7). Therefore Ulkl is
not involved in the maturation of first primitive erythroid cells.

Adult definitive erythroid cells were investigated using
Atg7"/FCre adult mice exhibiting abnormal mitochondrial
clearance during erythrocyte maturation!®, We hypothesized
that adult and embryonic Atg7"/FCre mice express distinct
mechanisms of mitochondrial clearance. To test this possibility,
we compared peripheral blood cells (PBC) from WT, Ulk18/&t
and Atg7"/FCre adult mice. The Atg7"FCre mice exhibited the
typical severe anaemia (Fig. 7a) as previously reported. This is
likely due to a failure of early stage erythrocyte differentiation
because the bone marrow Scal ~c-Kit™ progenitors were
severely downregulated (Fig. 7b), as previously reported?.
Analysis of circulating EC indicated that the population of
mitochondria-containing Ter119 T cells was higher in Atg7¥/FCre
mice and Ulk188! mice than in WT mice (Fig. 7c), but the
population of mitochondria8? Ter119+ cells accounted for only
10% of all cells in both mice, which was considerably lower than
those in the embryos. Similar results were obtained when the
mitochondria-containing cells were counted among the Syto161°%
cells (Fig. 7d). Furthermore, mitophagy was detected in bone
marrow erythroid cells of Ulk18Y8" mice (Fig. 7e). Based on
western blot analysis, mitochondrial clearance was almost normal
in the bone marrow erythroid cells of Ulk18¥8" mice (Fig. 7fg).
These data indicate that the effect of Ulkl and Atg7 on
mitochondrial clearance from adult definitive reticulocytes was
far less prominent than in fetal definitive reticulocytes.

Finally, we tested the contribution of Ulkl to mitochondrial
clearance during stress erythropoiesis. Acute anaemic stress
triggers the rapid accumulation of new EC by a process distinct
from steady-state erythropoiesis, and resembling the one of fetal
definitive erythroid cells. Stress erythropoiesis was induced in vivo
by injecting WT and Ulk18Y8' mice with the haemolytic agent
phenylhydrazine (PHZ)?*%. These mice showed significant and
comparable reductions in the number of circulating EC,
compared with untreated mice (Supplementary Fig. 8).
Mitochondrial clearance was less efficient in PHZ-treated
Ulk18Y8! mice than in PHZ-treated WT mice (Fig. 7h,i), unlike
‘steady-state erythropoiesis. These data suggest that Ulkl-
dependent alternative macroautophagy is also involved in stress
erythropoiesis.

Discussion
The present study demonstrated the contributions of alternative
macroautophagy to mitochondrial clearance during the

differentiation of EC. The main findings are as follows: First,
mitochondrial clearance from reticulocytes occurs mainly by
Ulkl-dependent Atg5-independent alternative macroautophagy
in fetal definitive erythroid cells. Second, the impact of Ulkl on
mitochondrial clearance is markedly reduced in adult mice.
Third, Atg7"/FCre mice exhibited severe anaemia; this anaemia
was probably due to abnormal early differentiation as reported
previously?>. These findings support a new physiological role for
Ulkl-dependent alternative macroautophagy during erythrocyte
development, and the existence of Ulkl-independent processes in
mature mammals. The role of Ulkl in mitochondrial clearance
from reticulocytes was previously described®!!, but the molecular
mechanisms have not been elucidated. Because Ulkl was
described as an initiator of conventional Atg5/Atg7-dependent
macroautophagy, it is generally believed that mitochondria are
digested by conventional macroautophagy. However, we recently
discovered that mammalian cells conduct Atg5-independent
macroautophagy largely regulated by Ulkl (ref. 6). Therefore,
we hypothesized that Ulkl-dependent Atg5-independent
macroautophagy plays a role in mitochondrial clearance
during erythrocyte differentiation, and found that mitophagy
was detected in WT and Atg5 ™/~ reticulocytes, but not in
Ulk18Y8 and DKO reticulocytes. We also demonstrated that
mitochondria were retained in mature erythroid cells of Ulk18Y8t
and DKO embryos and the inhibition of alternative
macroautophagy almost completely prevented mitochondrial
clearance from Atg5~/~ EC in vitro. In accordance, we
concluded that the lack of Atg5 had less effect on mitophagy
than the lack of Ulkl. These results indicate that UlkI is crucial
for mitochondrial clearance via alternative macroautophagy.

What are the signalling pathways implicated in alternative
Ulkl-mediated Atg5-independent macroautophagy? The contri-
bution of conventional Ulkl effectors (that is, Hsp90, Cdc37,
AMPK and Atgl3) is unlikely because we have shown that
modifications of these proteins were not correlated with
mitophagy in Atg5 ~/~ reticulocytes (Fig. 5). In contrast, Nix
expression levels correlated with mitophagy in all mouse
genotypes. Nix was reported to have a function for the
partial elimination of mitochondria via conventional macroauto-
phagy’®2l, and also found crucial for LC3-independent
mitophagy?2. The latter machinery may be identical to
alternative macroautophagy. Therefore, Nix seems to be
involved in the mitophagy mediated by both conventional and
alternative macroautophagy. Note that our current data only
proposes the possible involvement of Nix, and future studies will
be required to identify the molecular mechanisms of mitophagy
including Nix dependency.

Mice with organ-specific Atg5 and Atg7 deficiency show
various abnormalities, indicating that conventional macroauto-
phagy is crucial for organ development and homeostasis®®2’.
Therefore, why does alternative macroautophagy, and not
conventional macroautophagy, have an essential role in fetal
definitive erythrocyte maturation? One possible explanation
would be that alternative macroautophagy is only activated in
Atg5-deficient cells as a compensation mechanism for
conventional macroautophagy. However, this explanation is not
supported by the poor colocalization of LC3 and Tom20 in WT
reticulocytes (Supplementary Figs 3 and 6). Another possibility
would be the lack of proteins or lipids required for conventional
macroautophagy in embryonic reticulocytes. However, this is also
unlikely because conventional macroautophagy was observed in
WT and Ulk18Y8! reticulocytes (Fig. 5; immunoblot of p62 and
LC3). A more plausible explanation would be that conventional
and alternative macroautophagy are supported by distinct
machineries activated by different stimuli, and the alternative
macroautophagy is the dominant force of mitochondrial
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clearance during fetal definitive erythropoiesis. Further studies
will be required to identify the stimuli and conditions specific for
conventional and alternative macroautophagy.

The present study also showed the data about mitochondrial
clearance from adult definitive erythroid cells. Although engulf-
ment and digestion of mitochondria by antophagic vacuoles were
clearly observed in EC of adult mice (Fig. 7¢), Atg7 and Ulkl did
not have an important role in this process. The involvement of
the Ulkl homologue, Ulk2, was ruled out because it is not
expressed by erythroid cells in adult mice (Supplementary Fig. 9).
Therefore,  Ulkl/Ulk2-independent — Atg5/Atg7-independent
macroautophagy may occur in adult EC.

In conclusion, this study demonstrates that mitochondrial
clearance by Ulkl-dependent Atg5-independent alternative
macroautophagy is essential for erythrocyte differentiation during
fetal definitive erythrocytosis, but not in mature mammals. The
specific activation during organ development suggests that this
process is supported by signalling machinery distinct from that of
conventional Atg5/Atg7-dependent macroautophagy. Elucidation
of these signalling pathways may lead to the identification of
genetic markers of congenital haematologic diseases.

Methods

Generation of UIKT8Y/5 mice. To generate UlkI gene trap mice, the ES cell line
targeting the ulkl gene was purchased from the Texas A&M Institute for Genomic
Medicine (TIGM; College Station, TX, USA). The gene trap vector 48 (VICTR48)
was inserted into intron 3 (Supplementary Fig. 1). The ES cell clones were
microinjected into blastocysts to generate gene trap chimeras. The chimeric mice
were screened for the presence of the f-geo gene trap cassette. Gene trap-positive
chimeras were intercrossed with C57BL/6 mice for at least eight generations. The
Atg5 ™/~ and Atg7-flox mice were described in other studies®®®, The vavl-cre
mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All
animal experiments were approved by the Institutional Animal Care and Use
Committee of the Tokyo Medical and Dental University. Mice were bred at the
Laboratory for Recombinant Animals (Medical Research Institute, Tokyo Medical
and Dental University, Tokyo, Japan).

Antibodies and chemicals. The following polyclonal antibodies were used for
immunoblot and immunofluorescence assays: anti-Ulkl (Sigma-Aldrich, #A7481;
1:1,000), anti-Atg5 (Sigma-Aldrich, #A0731; 1:1,000), anti-p62 (MBL, #PM045;
1:1,000), anti-Tom20 (Santa Cruz, #sc-11415; WB: 1:2,500, IF: 1:500), anti-Hsp90
(CST, #4877; 1:1,000), anti-VDAC (CST, #4866; 1:1,000), anti-AMPX (CST, #2532;
1:1,000) and anti-phospho-AMPK (CST, #2971; 1:1,000). The following mono-
clonal antibodies were also used: anti-Atgl3 (MBL, #M183-3; 1:1,000), anti-Cdc37
(Santa Cruz, #sc-13129; 1:300), anti-LAMP2 (Abcam, #ab13524; 1:100), anti-
Ter119 (BD Biosciences, #553670; 1:200), anti-NIX (CST, #12396; 1:1,000)),
anti-LC3 (NanoTools, #0231; WB 1:1,000), anti-LC3 (Cosmobio, #CTB-LC3-2-1C;
IF: 1:100), and anti-Actin (Millipore, #MAB1501; 1:2,500).

Flow cytometry was conducted with fluorescein isothiocyanate (FITC)-labelled
anti-CD71 (BD Biosciences, #553266; 1:200), PE-labelled anti-Ter119 (BD
Biosciences, #553673; 1:200), FITC-labelled anti-Scal (BD Biosciences, #557405;
1:200) and PE-labelled anti-cKit (BD Biosciences, #553355; 1:200) antibodies. The
chemicals 3-methyladenine, rapamycin and compound C were obtained from
Sigma-Aldrich, Santa Cruz and Calbiochem, respectively. Mitotracker Deep Red
(#M22426), Syto-16 (#S7578) and DAPI (#P36935) were purchased from
Molecular Probes. SCF (#250-03) and insulin-like growth factor-1 ( #100-11) were
obtained from PeproTech, whereas dexamethasone (#D2915), holo-Transferrin
(#T1283) and PHZ (#P26252) were obtained from Sigma-Aldrich. Recombinant
human erythropoietin (EPO; #HZ-1021) and recombinant human insulin (#0105)
were obtained from HumanZyme and CSTI, respectively. The other chemicals were
purchased from Nacalai Tesque (Tokyo, Japan).

Cell isolation. Terl19-positive erythroid lineage cells were isolated from mouse
liver at embryonic day 18.5 (E18.5) using magnetic beads conjugated with anti-
Ter119 antibody (BD IMag cell separation system). Erythroblasts (mitochon-
drial8" Syto16M8h) and reticulocytes (mitochondrial8 Syto161) were isolated by
cell sorting using a FACS Aria II (BD Biosciences). EC were collected from the
peripheral blood using the IMag cell separation system.

Immunoblot analysis. Cell samples were homogenized in SDS sample buffer and
loaded on SDS-polyacrylamide gels. The protein bands were transferred to poly-
vinylidene difluoride membranes (Millipore). The membranes were blocked with
3% skim milk in TBS containing 0.1% Tween-20 (TBS-T), and then incubated with
the primary antibody overnight at 4 °C. After washes in TBS-T, the membranes

were incubated with the horseradish peroxidase-labelled secondary antibody and
visualized with Chemi-Lumi One Super reagent. Protein band density was semi-
quantified using Image] software. Protein dephosphorylation of Ulkl and Atgl3
was conducted by incubating cell lysates with 400 U h-phosphatase (45 min; 30 °C)
and band shift was examined by western blot analysis. All experiments were
conducted at least in triplicates, We supplied several uncropped scans of the
western blots in Supplementary Figures.

Immunofluorescence analysis. Cells were fixed in 4% paraformaldehyde, pelleted
on slides by cytospin3 (Shandon), and stained with primary antibodies for 1 h at
room temperature. After washes, the cells were stained with secondary antibodies,
mounted in ProLong Gold antifade reagent with DAPI, and examined by confocal
microscopy (LSM510 Zeiss).

Electron microscopy. Cells were fixed with 1.5% paraformaldehyde/3%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.3), followed by 1% OsO,. After
dehydration, the fixed cells were embedded in Epon812. Thin sections were cut and
stained with uranyl acetate lead citrate for observation under a JEM-1010 electron
microscope (JEOL Co. Ltd.) at 80 k.

Analysis of erythroid differentiation. Erythroid cells were obtained from the
liver and peripheral blood of embryonic E18.5 mice. Hepatic erythroid cells were
isolated from liver tissue using a 70-pm cell strainer. Erythroid cells were also
obtained from the bone marrow and peripheral blood of adult mice. For three-
colour analysis of erythrocyte differentiation and mitochondria, the cells were
incubated with PE-conjugated anti-Ter119, FITC-conjugated anti-CD71 antibody,
and Mitotracker Deep Red (30 min; 4 °C). For two-colour analysis of nuclei and
mitochondria, the cells were incubated with Syto-16 and Mitotracker Deep Red
(30 min; 4 °C). For the analysis of early erythrocyte differentiation, bone marrow
cells were incubated with PE-conjugated anti-cKit and FITC-conjugated anti-Scal
antibody (30 min; 4 °C). Stained cells were washed with PBS and analysed by flow
cytometry with a FACS Cantll (BD Biosciences). Data analysis was performed with
BD FACSDiva and Flowjo software.

In vitro erythroid differentiation. Erythroblasts were purified from embryonic
mouse liver (E14.5), and then suspended at 1 % 105 cellsml ! in a 24-well
gelatin-coated tissue culture dish containing StemPro34 plus Nutrient Supplement
(Invitrogen) with 2 units ml =1 of human EPO, 100 ngml 1 of SCF, 107 M
dexamethasone, 40 ngm!t ~! of insulin-like growth factor-1 and penicillin/strep-
tomycin. After 1 or 3 days of culture, the nonadherent cells were collected, filtered
through a 70-pum cell strainer and transferred to a fresh gelatin-coated dish for the
induction of differentiation as follows. In brief, erythroblasts were washed with PB2
buffer (0.1% glucose and 0.3% bovine serum albumin in PBS), and suspended in
Iscove’s modified Dulbecco’s medium containing 15% fetal bovine serum, 1%
detoxified bovine serum albumin, 200 pg ml ! of holo-Transferrin, 10 pgml =~ of
recombinant human insulin, 2mM 1-glutamine, 10 ™4 M B-mercaptoethanol and
2 unitsml ™! of EPO. The cultures were examined after staining with a Diff-quick
staining kit (Sysmex). Various agents were added on day 2 to assess their effects on
cell differentiation. Mitochondrial clearance was examined by flow cytometry after
staining with Syto-16 and Mitotracker Deep Red.

Stress hematopoiesis. Mice were injected subcutaneously with PHZ?*
{(50mgkg ™1 in sterile saline). After 7 days, they were killed and blood was
collected from the caudal vena cava.

Isolation of primitive erythrocyte. After removal of the placenta, embryos were
transferred to dishes containing heparinized PBS. Blood cells were collected by
aspiration as they bled.

Haematology tests. Peripheral blood samples were harvested in heparinized
tubes, and analysed with a blood cell counter (ERMA Inc.) using the programme
for mice.

Statistical analysis. Results are expressed as the mean % s.d. Statistical evaluation
was performed using Prism (GraphPad) software. Comparisons of two data sets
were performed using unpaired two-tailed Student’s t-test. All other comparisons
of multiple data sets were performed using one-way analysis of variance followed
by Tukey’s post hoc test. Statistical significance was established for P-values of
<0.05.
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SUMMARY

X-linked inhibitor of apoptosis protein (XIAP) has
been identified as a potent regulator of innate im-
mune responses, and loss-of-function mutations
in XIAP cause the development of the X-linked lym-
phoproliferative syndrome type 2 (XLP-2) in humans.
Using gene-targeted mice, we show that loss of
XIAP or deletion of its RING domain lead to excessive
cell death and IL-1B secretion from dendritic cells
triggered by diverse Toll-like receptor stimuli. Aber-
rant IL-1B secretion is TNF dependent and requires
RIP3 but is independent of clAP1/clAP2. The
observed cell death also requires TNF and RIP3 but
proceeds independently of caspase-i/caspase-i1
or caspase-8 function. Loss of XIAP results in aber-
rantly elevated ubiquitylation of RIP1 outside of
TNFR complex . Virally infected Xiap™~ mice pre-
sent with symptoms reminiscent of XLP-2. Our data
show that XIAP controls RIP3-dependent cell death
and IL-18 secretion in response to TNF, which might
contribute to hyperinflammation in patients with
XLP-2.

INTRODUCTION

X-linked inhibitor of apoptosis protein (XIAP) is an antiapoptotic
protein that inhibits induction of cell death in response to intrinsic
as well as extrinsic apoptotic stimuli (Gyrd-Hansen and Meier,
2010; Jost et al., 2009). Inhibition of apoptosis by XIAP is medi-
ated by inhibiting caspase-3 and caspase-7 via its N-terminal
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baculoviral IAP repeat (BIR) domains (Deveraux et al., 1997).
The first characterization of Xiap™~ mice showed no obvious
phenotype (Olayioye et al., 2005), whereas recent studies have
demonstrated a reduced capacity of Xiap™~ mice to clear
certain infectious pathogens (Bauler et al., 2008; Prakash et al.,
2010). In addition, the RING domain and the BIR2 domain of
XIAP have been implicated in nuclear factor-«B (NF-«B) and
mitogen-activated protein kinase (MAPK) signaling in response
to activation of nucleotide-binding oligomerization domain 1
(NOD1) and NOD2 (Damgaard et al., 2012, 2013).

To date, XIAP has not been implicated in tumor necrosis fac-
tor (TNF)/TNF receptor (TNFR) signaling despite a well-defined
role for its close IAP family members, cellular inhibitor of
apoptosis proteins 1 and 2 (clAP1/clAP2), in this pathway
(Gyrd-Hansen and Meier, 2010). clAP1/clAP2-dependent K63
ubiquitylation of receptor-interacting protein 1 (RIP1) after TNF
stimulation provides a prosurvival signaling platform allowing
for the induction of NF-kB and MAPK signaling (Bertrand
et al.,, 2008). Loss of clAP1/clAP2 or deubiquitylation of RIP1
coincides with the formation of secondary TNFR signaling
complexes (TNF-RSCs) that trigger cell death either through
caspase-8-mediated apoptosis or through RIP3- and MLKL-
dependent necroptosis (Murphy et al., 2013; O’'Donnell et al,,
2011; Vince et al., 2007).

There are indications that elevated necroptosis contributes
to inflammation and tissue damage, at least in part, mediated
by interleukin-18 (IL-1B) (Ginther et al.,, 2011; Kang et al.,
2013). IL-1B is an evolutionarily conserved cytokine that potently
mediates innate and adaptive immune responses, and its dereg-
ulation causes several autoinflammatory diseases (Larmnkanfi
and Dixit, 2012). IL-1B is translated as an inactive proform and
requires processing into bioactive IL-13 by the inflammasome
(Martinon et al., 2002).




Mutations within BIRC4 (XIAP) have been identified as the
genetic cause of the X-linked lymphoproliferative syndrome
type 2 (XLP-2). The mutations mostly affect the C-terminal
RING domain or result in complete loss of protein expression
(Damgaard et al., 2013; Marsh et al., 2010; Pachlopnik Schmid
et al., 2011). Clinical symptoms are mostly atiributed to the aber-
rant activation of macrophages and dendritic cells (DCs) and the
accumulation of activated T lymphocytes often in response
to viral infection (Marsh et al., 2010). This hyperactivation of im-
mune cells results in elevated systemic levels of proinflammatory
cytokines, such as IL-1p, interferon-vy (IFNvy), TNF, IL-6, and IL-
18 (Marsh et al., 2010; Rigaud et al.,, 2008; Wada et al., 2014).

We demonstrate here an unexpected function of XIAP in cur-
tailing excessive TNF-induced inflammasome activation. This
function was independent of clAP1/clAP2 and restricted IL-14
production in a RIP3-dependent manner. Viral infection of
Xiap™'~ mice resulted in a hyperinflammatory phenotype similar
to that observed in patients with XLP-2, indicating that exagger-
ated IL-1p secretion might contribute to XLP-2 pathogenesis.

RESULTS

TLR Activation Induces Exaggerated IL-17 Secretion in
Xiap™~ and Xiap“""™¢ Dendritic Cells

XLP-2 pathology in patients is mostly ascribed to a severe hyper-
inflammation in response to microbial infections. We therefore
hypothesized that microbial ligands trigger deregulated immune
responses in Xiap~'~ mice. To study cytokine responses, we
differentiated dendritic cslls (DCs) from bone marrow progeni-
tors (BMDCs) of mice lacking XIAP or expressing a knockin
allele of a RING-deleted version of XIAP termed Xiap< V¢
(Xiap 4RINGIARINGy (Olavioye et al., 2005; Schile et al., 2008) (Fig-
ure STA). After treatment with ligands for Toll-like receptor 3
(TLR3), TLR4, and TLR9, we observed a significant increase of
IL-1p secretion from Xiap™~ and Xiap?™ % BMDCs compared
to wild-type (WT) BMDCs. Whereas TNF secretion from Xiap ™~
and Xiap“™NC cells was comparable to WT, the exaggerated IL-
1B secretion correlated with increased cell death (Figure 1A). A
similar phenotype was also observed in bone marrow-derived
macrophages (BMDMs) (Figure S1B). IL-1p secretion and cell
death, measured by a decrease of intracellular ATP levels or
lactate dehydrogenase (LDH) release, occurred between 4 and
8 hr of lipopolysaccharide (LPS) exposure only in Xiap™~
BMDCs (Figure 1B). However, NF-kB and MAPK signaling and
subsequent gene induction were largely identical in both geno-
types (Xiap™~ and WT) in response to LPS, despite a minor
elevation of phosphorylated p38 in Xiap™ cells (Figures 1C
and S1C). The elevated secretion of IL-1p in Xiap™~ BMDCs in
response to LPS was remarkable because conventional inflam-
masome activation requires a priming and an activating signal,
such as ATP, for inflammasome formation (Gross et al., 2012;
Martinon et al., 2002). The hypersecretion of IL-13 correlated
with the formation of conventional inflammasome complexes
as shown by accumulation of NOD-like receptor family pyrin
domain-containing 3 (NLRP3), Apoptosis-associated Speck-
like protein containing a CARD (ASC), and caspase-1 within
the NP-40-insoluble fraction only in Xiap™~ cells, but not in WT
cells treated with LPS only (Figure 1D). WT BMDCs recruited

ASC and caspase-1 into the NP-40 fraction only after treatment
with LPS plus ATP (Figure 1D). We also observed recruitment of
caspase-8 into the NP-40 fraction in Xiap™~ cells but not in WT
cells after LPS treatment (Figure 1D). Immunofluorescence
microscopy further confirmed ASC/caspase-1 speck formation
in Xiap™'~ BMDCs treated with LPS only (Figure 1E), whereas
speck formation in WT cells required the addition of ATP or niger-
icin (Gross et al,, 2012) (Figures 1D and 1E).

Of note, conventional inflammasome activation in response to
ATP (Figure 81D) or nigericin (Figure 1E), and inflammasome in-
hibition by blocking potassium efflux or by caspase inhibition
(Figure S1E), was identical in WT and Xiap™~ BMDCs. Together,
this demonstrated that the priming signal alone induced sub-
stantial inflammasome formation and IL-1p secretion in Xiap™~
BMDCs, but not in WT BMDCs. ‘

Because necrotic cell death can activate the inflammasome
(Lamkanfi and Dixit, 2012), we examined the connection be-
tween IL-1p secretion and cell death. To characterize the contri-
bution of damage-associated molecular pattern molecules
(DAMPs) released from dying cells to the IL-1B secretion
observed, we costimulated BMDCs with LPS plus lysates from
dead cells generated by repeated freeze-thaw cycles. This treat-
ment failed to further enhance IL-18 secretion after LPS (Fig-
ure S1F). In addition, we cocultured WT and Xiap™~ BMDCs
prior to LPS stimulation. Supporting a DAMP-independent
cause of inflammasome activation, we observed caspase-1
specks only in Xiap™"~ cells, whereas directly adjacent WT cells
did not contain specks (Figure S1G). Our data argue that cell-
intrinsic signaling aberrations in Xiap™~ and Xiap“"™® BMDCs
resulted in increased inflammasome formation.

Similar to the systemic cytokinemia observed in patients with
XLP-2, we hypothesized that activation of the innate immune
system might drive an exaggerated inflammatory response.
This was confirmed in a murine model of acute peritonitis elicited
by intraperitoneal (i.p.) injection of LPS or the adjuvant alum,
which both resulted in increased IL-18 levels in the peritoneal
fluid of Xiap™~ mice when compared to WT (Figures 1F and
1G). These data show that TLR stimulation of DCs caused
elevated inflammasome formation and IL-18 secretion in vitro
and in vivo when XIAP was missing.

IL-1p Secretion in Response to LPS in Xiap™ BMDCs Is
Mediated by TNF Signaling

We next examined what factors control the IL-1B secretion in
Xiap™™ cells. IL-1p secretion was reduced by caspase-1 inhibi-
tor treatment (YVAD), whereas an IL-1B receptor antagonist
(IL-1RA; anakinra) did not substantially reduce IL-1B levels in
Xiap™~ BMDCs, although some reduction was seen in Xiap“NG
cells (Figure S2A). This argues against a prominent role for auto-
crine or paracrine IL-1 receptor signaling. In contrast, anti-TNF-a
(Enbrel) potently inhibited IL-18 secretion, reduced cell death,
and blocked processing of caspase-8 in Xiap™™ and Xiap“F™NG
BMDCs (Figures S2A and S2B).

In line with a possible role of XIAP in regulating signaling events
downstream of TNF/TNFR, we observed elevated IL-1p secre-
tion and cell death in Xiap ™~ and Xiap?®N® BMDCs in response
to recombinant TNF (Figure 2A). This was interesting because
XIAP has not been directly implicated in TNF/TNFR signal
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transduction. Of note, we did not observe significant changes in
NF-kB or MAPK signaling and gene induction in response to TNF
in Xiap™" and Xiap?™N® BMDCs (Figures $2C and $2D).

To better define the role of XIAP in the control of TNF signaling,
we intercrossed Xiap™~ mice with mice deficient for TNF
(Tnf 19K (Pasparakis et al., 1996). BMDCs from Tnf ™~ Xiap ™~
double-deficient mice differentiated normally in culture (Fig-
ure S2E). Supporting a critical role of TNF/TNFR signaling for
the observed phenotype, we found that genetic deletion of
TNF reduced IL-10 secretion to WT levels after LPS (Figure 2B).
Exogenous addition of recombinant TNF to Tnf Xiap™"
BMDCs fully recapitulated the excessive IL-18 production
observed in Xiap™~ cells (Figure 2B). Deletion of TNF also
rescued Xiap™~ BMDCs from cell death, implicating TNF-
induced signaling events in both inflammasome activation
and cell death (Figure 2B). Importantly, canonical inflamma-
some activation with ATP after a short priming stimulus with
LPS caused normal inflammasome activation in Tnf~~ and
Tnf~'~Xiap™~ BMDCs (Figure S2F). This is in agreement with
a previous report that showed that TNFR signaling was not
required for canonical IL-1 maturation in response to a priming
and activating signal when all IAPs were antagonized (Vince
et al., 2012).

To understand the contribution of XIAP to IL-1p secretion and
lymphoproliferation in vivo, we analyzed mice immunized with
antigen-coated alum after 12 days. Alum induces a sustained in-
flammatory response primarily driven by NLRP3 inflammasome
activation in inflammatory CD11c* DCs (Eisenbarth et al,
2008; Kool et al., 2008). We observed an elevated splenic infiltra-
tion of inflammatory cells, such as neutrophils, macrophages,
and eosinophils, in Xiap™~ mice when compared to WT mice
(Jordan et al, 2004) (Figure 2C), which is reminiscent of the
splenomegaly observed in many patients with XLP-2. In support
of a critical role for TNF/TNFR signaling, we observed that the
exaggerated splenic infiltration in Xiap™'~ mice was absent in
Tnf~~Xiap™' mice (Figure 2C).

These data demonstrated that XIAP controls signaling events
downstream of TNF/TNFR and thereby protects from aberrant
inflammasome formation and cell death. The largely identical
phenotype observed in both Xiap“#NG and Xiap™~ BMDCs impli-
cated that XIAP functions as a ubiquitin ligase in this context.

Protection from Excessive Inflammasome Activation

and Cell Death Is Predominantly Mediated by XIAP

Cell death triggered by TNF is often a consequence of deregu-
lated ubiquitylation of RIP1 (Vandenabeele et al., 2010). clAP1/
clAP2 are ubiquitin ligases of RIP1 and have been shown to pro-
tect from aberrant IL-1pB secretion after TLR4 activation (Vince
et al., 2012). To delineate the roles of clAP1/clAP2, from those

of XIAP, we utilized the small molecule monovalent IAP antago-
nist (SMAC mimetic) LCL161. This compound has a higher affin-
ity for clAP1/clAP2 than for XIAP and causes rapid degradation
only of clAP1/clAP2, but not of XIAP (Figure 2D) (Weisberg
et al., 2010).

clAP1/clAP2 depletion by LCL161 at 50 nM readily induced
IL-1p secretion and cell death only in Xiap™~ cells, but not
in WT cells (Figure 2E). Upon stimulation with LPS, WT cells
depleted of clAP1/clAP2 failed to increase IL-1p secretion up
to doses of 500 nM LCL161 (Figure 2F). In contrast, depletion
of clAP1/clAP2 potently increased IL-1B secretion in Xiap™"~
cells (Figure 2F). Interestingly, the IL-1p production was mostly
TNF/TNFR dependent because Tnf™~~ and Tnf™"" Xiap™ ™ cells
secreted significantly less IL-1$ compared to WT and Xiap™"
cells, respectively (Figure 2F). A TNF-independent contribution
to IL-1p secretion and cell death was observed only at LCL161
doses higher than 50 nM (Figure 2F).

To exclude the possibility that depletion of clAP1 by LCL161 in
Xiap™ cells was not sufficient to deplete clAP2 (Varfolomeev
et al., 2007), we probed for NF-kB-inducing kinase (NIK) stabili-
zation. We observed a similar elevation of NIK in both WT and
Xiap™~ cells (Figures $2G and S2H), indicating that activation
of the noncanonical NF-«B pathway did not contribute to the
differential levels of IL-18 secretion and cell death.

In summary, depletion of clAP1/clAP2 was insufficient for IL-
1B secretion and cell death to occur when XIAP was present.
Depletion of clAP1/clAP2 only further promoted both outcomes
when XIAP was deleted. We conclude that protection from
excessive inflammasome activation and cell death in DCs after
TNFR or TLR4 activation is predominantly mediated by XIAP.

RIP3 is Required for Cell Death and inflammasome
Activation in Xiap™~ BMDCs after TNF/TNFR or TLR4
Stimulation

RIP3 is a mediator of TNF-induced cell death and inflammation
(Murphy and Silke, 2014; Vandenabeele et al., 2010). We there-
fore determined the requirement for RIP3 for both outcomes
in XIAP-deficient cells by crossing Xiap™~ mice with Rip3~/~
mice (Newton et al., 2004). Rip8~'~Xiap™~ BMDCs differenti-
ated normally in culture (Figure S3A). After stimulation with
TNF (Figure 3A) or LPS (Figures S3B and S3C), the secretion
of processed IL-1B into the medium observed in Xiap™~ cells
was completely abolished by loss of RIP3. The reduction in
IL-1B levels correlated with normal cell survival in response to
TNF or LPS, implying that inflammasome formation and cell
death signaling are both consequences of RIP3 activity (Figures
3A and S3C). Surprisingly, processing of caspase-8 into the
p17 subunit was absent in Rip3~/~Xiap~~ BMDCs after TNF or
LPS treatment (Figures 3B and S3B). In addition, deletion of

(B) Secreted IL-1p, cell viability, and LDH release of WT and Xiap™~ BMDCs treated with LPS (5 ng/ml).
(C) Immunoblotting of cell lysates and culture media from WT and Xiap~'~ BMDCs treated with LPS (5 ng/mi).
(D) Immunoblotting of NP-40 insoluble fractions isolated from BMDCs after treatment with LPS (5 ng/ml) for 8 hr, or treatment with LPS for 2 hr plus ATP (5 mM)

for 1 hr.
(E) Fluorescence microscopy of ASC/caspase-1 specks in WT and Xiap
and vimentin (red). Scale bars represent 20 pm.

e

BMDCs treated as indicated. Cells were stained for caspase-1 (yellow), nuclei (blue),

(F and G) IL-1B from peritoneal fluid of WT and Xiap™~ mice injected with (F) LPS (1 ug) or (G) alum crystals (700 ug) i.p. for 2 hr. n, number of mice.
Error bars represent mean + SEM. Other data represent mean = SEM of at least three independent experiments performed in triplicates. See also Figure S1.
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Rip3 blocked inflammasome formation as measured by assem-
bly of ASC and caspase-1 within the NP-40 fraction (Figure 3C).
The critical role of RIP3 was also confirmed in vivo, where the
amount of IL-1p induced by LPS in Xiap™" mice was reduced
in Rip3~~Xiap™~ mice (Figure 3D). These findings identify
XIAP as a negative regulator of RIP3-dependent signaling in
response fo TNF or LPS and detect a critical role for RIP3 in
the full activation of caspase-8 in this process.

XIAP Regulates Ubiquitylation of RIP1 outside the TNF-
RSC

The finding that XIAP restricted inflammasome activation and
cell death downstream of TNF/TNFR signaling prompted us to
investigate the impact of XIAP loss on the formation of the
TNF-RSC. We performed immunoprecipitations of the TNF-
RSC using FLAG-tagged TNF in WT or Xiap™ HCT116 human
colorectal carcinoma cells, which have previously been shown
to fully form the TNF-RSC and propagate XIAP-dependent
signaling (Damgaard et al, 2012; Krieg et al, 2009). We
observed no differences in the composition or the ubiquitylation
of proteins within the TNF-RSC when XIAP was absent (Fig-
ure S3D). This is in line with our data that showed no significant
changes in NF-xkB and MAPK activation, and gene induction,
in Xiap™~ and Xiap“"N® BMDCs after TNF treatment (Figures
$2C and S2D).

We next tested whether XIAP alters RIP1 expression by prob-
ing for the mRNA and protein levels of RIP1 in BMDCs. No signif-
icant changes were observed for RIP1T mRNA in response to
either LPS or TNF (Figure S3E). However, compared to WT
BMDCs, we observed elevated RIP1 protein Jevels in Xiap™~
cells at baseline and after 8 hr of LPS treatment (Figure 3E).
The baseline elevation of RIP1 and the levels after stimulation
were dependent on TNF signaling because RIP1 levels were
lower in Tnf~'~Xiap™'~ cells (Figure 3E). The differences in pro-
tein levels despite normal mRNA expression suggest that XIAP
affects RIP1 in a posttranslational manner.

We therefore examined whether changes in the ubiquitylation
of RIP1 account for its increase. To pull down polyubiquitin
chains from BMDCs, we utilized tandem ubiquitin binding
entities (TUBEs) fused to glutathione S-transferase (GST).
Intriguingly, we found that RIP1 ubiquitylation was substantially
elevated after 30 and 60 min of TNF treatment in Xiap ™~ BMDCs
(Figure 3F). This finding was surprising because our data did not
show an increase of ubiquitin on RIP1 within the TNF-RSC (Fig-
ure S3D) and because depletion of clAP1/clAP2 by SMAC mi-
metics reduces RIP1 ubiquitylation (Bertrand et al., 2008). These
data therefore suggest that XIAP regulates RIP1 ubiquitylation
independently from clAP1/clAP2 and outside the TNF-RSC.

We next investigated whether RIP3 contributes to the ubiquityla-
tion of RIP1, possibly in a RIP1-RIP3-containing protein complex
(Choetal., 2009; Fecklistova et al,, 2011; Tenev et al.,, 2011). We
found that genetic deletion of RIP3 completely blocked the aber-
rant RIP1 ubiquitylation observed in Xiap™~ cells (Figure 3G).
Collectively, these data show that XIAP contributes to the regu-
lation of the ubiguitylation status of RIP1 in a RIP1-RIP3-contain-
ing complex outside of the TNF-RSC .

Cell Death Is Induced Independently of Inflammasome
Activation in Xiap™ BMDCs

The critical role of RIP3 for the inflammasome activation and
cell death induction in Xiap™~ cells prompted us to examine
the relationship between both outcomes. We therefore gener-
ated Caspase 1/117/"Xiap™~ mice (Kuida et al., 1995). In line
with previous literature, canonical inflammasome activation
induced by ATP was completely blocked in BMDCs from such
mice (Figures S4A and $4B).

After LPS treatment, we found a substantial reduction in IL-1B
levels in Caspase 1/11~/"Xiap™~ mice compared to Xiap™~
mice, implicating conventional inflammasome formation in this
process (Figures 4A-4C). Interestingly, IL-18 levels in Caspase
1/117""Xiap™~ mice at 24 hr were still substantially elevated
compared to WT cells (Figure 4C). This suggested that process-
ing of pro-IL.-1B by caspase-8 might cooperate with caspase-1
for IL-18 maturation. Indeed, Caspase /11" Xiap™~ BMDCs
retained the elevated caspase-8 activity also observed in
Xiap™~ cells (Figures 4A and 4B). Moreover, inhibition of cas-
pase-8 with the inhibitor Z-IETD-FMK (IETD) further reduced
IL-18 levels at 8 and 24 hr (Figures 4B and 4C), implying that cas-
pase-8 contributes to IL-1f maturation in Xiap'/ ~ BMDCs. We
therefore tested the recruitment of both caspases into the NP-
40 fraction in response to LPS. We observed that LPS treatment
was sufficient to cause recruitment of caspase-8 and caspase-1
into this fraction in Xiap™~ cells, whereas WT cells required ca-
nonical inflammasome activation with ATP for this to occur (Fig-
ures 1D, 3C, and 4D). Of note, recruitment of caspase-8 to the
NP-40 fraction was unperturbed in mice lacking caspase-1/cas-
pase-11 (Figure 4D). In addition, inhibition of caspase-8 with
IETD did not prevent caspase-1 recruitment to the NP-40 frac-
tion in Xiap™~ cells (Figure 4E). Collectively, these data show
that recruitment and activation of caspase-1 and caspase-8
occur independently of each other but that both cooperate in
the processing of pro-IL-18.

Importantly, we observed no effect of deletion of caspase-1/
caspase-11 on the cell death of Xiap™~ cells (Figures 4B and
4C). Additional inhibition of caspase-8 (Figures 4B and 4C) and
complete inhibition of all caspase activity using the caspase

Figure 2. XIAP Protecis against Excessive lL-1f Secretion and Cell Death in a TNF-Dependent Manner

(A) IL-1p and cell survival of WT, Xiap™~, and Xiap“™"M® BMDCs treated with recombinant TNF (recTNF) at 10, 50, and 100 ng/ml.

(B) IL-1B and cell viability of WT, Xiap™~, Tnf~~, and Tnf~'~Xiap™'~ BMDCs after LPS (5 ng/ml) with or without recTNF (100 ng/mi).

(C) Splenic lymphocytes, neutrophils, macrophages, and eosinophils from WT (n = 8), Xiap™~ (n=7), and Tnf~/~Xiap™'~ (n = 5) mice 12 days after injection i.p. with
coated alum crystals. Each dot represents a mouse, and error bars represent mean = SEM.

(D) Immunoblots of WT BMDCs treated with IAP antagonist LCL161 for 2 hr.
(E) IL-1B and cell survival of WT and Xiap™~ BMDCs after LCL161 for 24 hr.

(F) IL-1B and cell viability of WT, Xiap™"~, Tnf~'~, and Tnf""Xiap"/" BMDCs after LPS and LCL161 at 1, 5, 10, 50, 100, 200, and 500 nM for 24 hr.
Error bars represent mean + SEM of at least three independent experiments performed in triplicates. See also Figure S2.
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inhibitor ZVAD also failed to rescue the viability of Xiap™~ cells
(Figure S4C). Whereas the precise function of caspase-8 in
this context remains unresolved, our data clearly showed that
cell death induction was nonapoptotic and independent from
inflammasome activation.

Loss of XIAP Drives Excessive inflammation in a Murine
Model of EBYV Mononucleosis

XLP-2 pathology in patients is often triggered by an Epstein-Barr
virus (EBV) infection. As a murine model for EBV mononucleosis,
we studied the immune response of Xiap™'~ mice to murine
y-herpesvirus 68 (MHV-68) (Barton et al., 2011). In this model,
intranasal (i.n.) infection with MHV-68 results in a productive
infection of the respiratory tract (Stevenson and Efstathiou,
2008) that is followed by the transfer of the infection to lymphoid
tissues. Latent infection is established in the spleen within
2-3 weeks postinfection (p.i.), after which the number of latently
infected splenocyies returns to basal levels (Barton et al., 2011)
(Figure 5A).

Despite normal viral clearance during early infection (days 6
and 16) (Figure 5B; data not shown), we found increased viral
genomic loads in the spleens of infected Xiap™'~ mice during
late (day 43) and very late (day 84) latency (Figure 5B). On
day 16, the cellularity of Xiap™~ and Xiap?"® spleens was
increased compared to those of WT mice, which was reflected
by the increased numbers of myeloid and lymphoid populations
in the spleen (Figure 5C). Because CD4" T lymphocytes are
important for the regulation of the viral loads of MHV-68, we
measured T cell populations during active infection and early
latency (Figure 5D). Despite equivalent values on day 6 p.i.,
the levels of CD4" effector T cells, regulatory T cells (Treg),
and IFNy™ T cells were substantially elevated in Xiap™~ and
Xiap?f™NC mice at day 16 p.i., a phenotype also observed in
patients with XLP-2 (Figure 5D).

In line with our in vitro data, we found substantially elevated
IL-1B levels in the peripheral blood of Xiap™~ mice at day 16
p.i., whereas TNF was comparable between both genotypes
(Figure 5E). Together, this shows that y-herpesvirus infection
drives hyperinflammation in Xiap™~ mice, similar to what is
seen in EBV-infected patients with XLP-2.

Based on our findings showing the TNF-dependent nature of
the excessive IL-1p secretion in Xiap™~ BMDCs and mice, we
hypothesized that deletion of TNF would ameliorate some of
the phenotypes observed. Indeed, during early infection at
day 6 p.i., Tnf~"Xiap™" mice failed to induce IL-1B induction,
whereas at day 16 p.i., stimuli other than TNF induced IL-18

production comparable to the levels observed in Xiap™~ mice
(Figure 5E). Consistently, we observed a reduction in myeloid
and lymphoid subpopulations infilirating the spleen in
Tnf~"Xiap™ mice at day 16 p.i. (Figures 5F and 5G). Finally,
in agreement with our previous data, deletion of RIP3 also
reduced the cellular infiltrations observed in spleens of Xiap™~
mice after viral infection (Figure S5A), further supporting a role
for RIP3-dependent cell death and inflammation observed in
Xiap™" mice.

In summary, the phenotype observed in Xiap™~ and Xiap
mice mimicked XLP-2 pathology, which is characterized by the
effort of the immune system to clear an infectious pathogen,
such as EBV, causing severe hyperinflammation. Importantly,
genetic deletion of TNF ameliorated the symptoms, supporting
the causative nature of TNF in this process and indicating a
potential therapeutic benefit of TNF inhibition for patients with
XLP-2 during early infection.

ARING

DISCUSSION

Excessive RIP3-dependent cell death has been shown to cause
elevated cytokine production and inflammation collectively re-
sulting in severe tissue damage (Murphy and Silke, 2014). This
is exemplified, for example, by the development of severe termi-
nal ileitis in Crohn’s disease due to necroptosis of Paneth cells
(Gunther et al,, 2011). Necroptosis-inhibiting proteins are there-~
fore critical regulators of tissue homeostasis (Ginther et al.,
2011; Kang et al., 2013; Welz et al,, 2011). Our data identify
XIAP as an inhibitor of RIP3-dependent cell death and inflamma-
tion and show that loss of XIAP expression in mice causes
hyperinflammation that mimics human XLP-2 pathology (Marsh
et al., 2010).

Unexpectedly, our data place XIAP downstream of TNF
signaling, despite the fact that it is not directly involved in the for-
mation of the TNF-RSC 1. The role of XIAP in TNFR signaling has
mainly been characterized in mouse embryonic fibroblasts
(MEFs). Contrary to clAP1, XIAP is not involved in propagating
canonical NF-kB activation in response to TNF in MEFs (Moulin
et al., 2012) and fails to increase retention of RIP1 within the TNF
signaling complex | (Vince et al., 2007). In conirast, our data
place XIAP’s function outside of the TNF-RSC |, where it controls
the cellular fate of DCs by regulating RIP1 ubiquitylation together
with RIP3 within a TNF/TNFR-induced signaling complex llb
(also termed ripoptosome or necrosome) (Murphy and Silke,
2014; Tenev et al., 2011). Whether XIAP directly interacts with
RIP1 and/or RIP3 or whether the aberrant ubiquitylation of

Figure 3. TNF Induces Elevated Ubiquitylation of RIP{ and Drives BIP3-Dependent Inflammasome Formation and Cell Death in Xiap ™/~ Mice
(A) IL-1B secretion and survival of WT, Xiap™", and Rip3~/~Xiap™~ BMDCs treated with TNF (100 ng/ml). Data represent mean + SEM of at least three

independent experiments performed in triplicates.

(B) Immunoblots of WT, Xiap™~, and Rip3~/~Xiap™'~ BMDCs treated with TNF (100 ng/mi).
(C) Immunobilots of NP-40 insoluble fractions of WT, Xiap™~, and Rip&’""Xiap”‘ BMDCs after LPS (5 ng/ml) for 8 hr, or LPS (10 ng/ml) primed for 2 hr plus ATP

(5 mM) for 1 hr.

(D) Cytokines from peritoneal fluid of WT (n = 4), Xiap™ (n= 4), and Rip3™" ‘Xiap" ~ (n=>5) mice after 2 hr of LPS (1 ug) i.p. Each data point represents one mouse.

Error bars represent mean + SEM.

(E) Immunoblots of extracts from WT, Xiap™~, Tnf™'~, and Tnf~'~Xiap™~ BMDCs after treatment with LPS (5 ng/ml).
(F) Immunoblots of GST-TUBE ubiquitin pull-down from WT and Xiap™~ BMDCs treated with TNF (100 ng/mi).
(G) Immunoblots of GST-TUBE ubiquitin pull-down from WT, Xiap™~, and Rip3~'~ Xiap~'~ BMDCs treated with TNF (100 ng/mi).

See also Figure S3.
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(D) NP-40 insoluble fractions of WT, Xiap™~, and Caspase 1/11~/~Xiap~'~ BMDCs after LPS (5 ng/ml) for 8 hr, or LPS for 2 hr (10 ng/ml) plus ATP (5 mM) for 1 hr.
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Error bars represent mean + SEM of at least three independent experiments performed in triplicates. See also Figure 54.
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RIP1 favors binding to RIP3 remains unresolved, and these
questions will be important to further investigate in the future.

The ubiquitylation status of RIP1 is a key factor that influences
the switch between cell survival, apoptosis and RIP3-dependent
cell death downstream of the TNFR. RIP1 has been shown to be
decorated with M1, K11-, K48-, and K63-linked ubiquitin chains
(Bertrand et al., 2011; Gerlach et al., 2011; Haas et al., 2009).
clAP1/clAP2 have been implicated as mediators of the K48 and
K63 linkages (Bertrand st al., 2011). Loss of these K48/K63 link-
ages, either via the action of specific deubiquitinases (DUBs) or
by IAP antagonists, leads to cell death (Feoktistova et al., 2011;
QO'Donnell et al., 2011), whereas loss of the linear M1 linkage
attenuates the NK-«B transcriptional response also resulting in
elevated cell death (Gerlach et al., 2011; Haas et al., 2009; tkeda
et al., 2011). Xiap?™G mutant mice, which express a truncated
XIAP missing only the ligase function, presented with an almost
identical phenotype compared to Xiap™~ mice. This supports
the notion that XIAP functions as a ubiquitin ligase in TNFR/TNF
signaling and that coordinated ubiquitylation events downstream
of TNFR are tightly controlled by IAPs, including XIAP.

We observed an aberrant and prolonged ubiquitylation of RIP1
after TNF stimulation in cells lacking XIAP. Our data argue that
XIAP functions as a ubiquitin ligase controlling the ubiquitylation
of RIP1 either directly or indirectly, e.g., by affecting another
ubiquitin ligase or DUB, which is important for ensuring correct
RIP1 ubiquitylation. Indeed, there is emerging evidence that
RIP1 ubiquitylation is tightly balanced by multiple ubiquitin li-
gases and DUBs and that altering this balance results in aberrant
signaling and cell death (Gerlach et al., 2011; Keusekotten et al.,
2013; O’Donnell et al., 2011; Werlz et al., 2004).

We show that XIAP cooperates with clAP1/clAP2 in diverging
TNFR/TNF signaling away from cell death. However, XIAP clearly
functions independently of clAP1/clAP2. This is exemplified
by the fact that deletion of XIAP alone is sufficient to drive the
observed phenotype and by the observation that deletion of
XIAP causes aberrantly elevated ubiquitylation of RIP1 instead
of the reduced RIP1 ubiquitylation observed when clAP1/
clAP2 are inhibited (Bertrand et al., 2008)

XLP-2 is currently considered a familial hemophagocytic
lymphohistiocytosis (HLH) disease despite the lack of the char-
acteristic defects of CD8" T cell and natural killer cell cytotoxicity
usually present in familial patients with HLH (Marsh et al., 2010).
The protection of DCs and macrophages against RIP3-depen-
dent cell death and inflammation afforded by XIAP argues that
loss-of-function mutations constitute a major underlying cause
of XLP-2 pathology. TNF was identified as the prime causative
cytokine in our study, and genetic inhibition ameliorated some

disease-specific symptoms. Despite the likely contribution of
alternative inflammatory pathways, such as IFN signaling, we
suggest that patients with XLP-2 might profit from therapeutic
TNF inhibition when used early during an inflammatory episode
(Mischler et al., 2007).

EXPERIMENTAL PROCEDURES

Mice

Xiap™~ (Olayioye et al., 2005) and Xiap?"'N® (Schile et al., 2008) mice have
been previously described. Tnf tm1Gkl (Tnf~ /=) (Pasparakis et al., 1996) and
Casp 1™/ (Caspase-1/Caspase-11~'") (Kuida et al., 1995) mice were pur-
chased from Jackson Laboratories. Rip3~~ mice were obtained under a ma-
terial transfer agreement from Genentech and have been previously described
by Newton et al. (2004). Both male and female mice deficient for BIRC4 were
denoted Xiap™~. All animal experiments were performed in compliance with
protocols approved by the local animal ethics committee guidelines.

inflammasome Formation in BMDCs

To monitor inflammasome formation by fluorescence microscopy, cells
treated with or without nigericin (5 uM) (Sigma-Aldrich) for 20-30 min after
LPS priming for 2 hr were seeded on chamber slides and probed with anti-
bodies against caspase-1 (Casper-2 clone; Adipogen) and vimentin (D21H3;
Cell Signaling Technology). Images were acquired with a Leica DMRBE
fluorescence microscope. For inflammasome-enrichment studies, cells were
treated with LPS or TNF for the indicated times, and the insoluble fraction of
the NP-40-lysed cells was collected by centrifugation and analyzed by SDS-
PAGE and immunoblotting for ASC, caspase-1 (Casper-1 clone), as previously
described (Gross et al., 2012).

Alum-Induced Peritonitis and Immunization

Eight to 12-week-old age- and sex-matched mice were injected i.p. with
700 ng Imject Alum Adjuvant (Thermo Scientific) in 200 ul PBS. Peritoneal fluid
was collected 2 hr postinjection and concentrated to 100 pl with 10 kDa
MWCO Vivaspin filters (Vivascience), and cytokines were measured by Cyto-
kine Bead Array (BD Biosciences). For immunization, ovalbumin (100 pg)
(Sigma-Aldrich; A2512) and LPS (10 ug) (Sigma-Aldrich; L2880) were precipi-
tated with alum (4.4 pg) (Roth P724.1). Each mouse was injected with the
precipitate that was washed once with PBS. Spleens of mice were analyzed
by flow cytometry 12 days later.

Intranasal MHV-68 Infection

Intranasal (i.n) infection of mice was performed as previously described by
El-Gogo et al. (2007) and Stevenson and Efstathiou (2008). In brief, mice
were infected i.n. with 5 % 10* plaque-forming units. Lytic virus titers of infected
lungs were determined on day 6, and splenic latent viral load was performed
by real-time PCR. At days 6 and 16 p.i., spleens of infected mice were analyzed
by flow cytometry analysis, and cytokines were measured from blood sera.

Statistical Analyses

The Wilcoxon-Mann-Whitney test was used to compare levels of serum cyto-
kines and differences in cellular populations. All values are expressed as the
mean + SEM, and p < 0.05 (), p < 0.005 (*), and p < 0.0005 (**) were

Figure 5. Xiap™/~ and Xiap“""N® Mice Infected with MHVY-68 Develop Excessive Inflammation

(A) Schematic overview of the MHV-68 infection model.

(B) MHV-68 viral genomic load of spleens from infected WT and Xiap™~ mice determined on days 16, 43, and 84 p.i.

/=

(C) Flow cytometric analyses of spleens of infected WT, Xiap™~, and Xiap

ARING

mice were analyzed at days 6 and 16 p.i.

(D) T cell subsets of infected mice were analyzed as in (C). Effector T cells were defined as TCRB*, CD4*, CD44"", CDB2L°Y, and T-regs as CD4*, CD25*, and

FOXP3*.

(E) IL-1B and TNF from sera of infected WT, Xiap™~, and Tnf~/~Xiap™~ mice at days 6 and 16 p.i.
(F) Flow cytometric analysis of spleens of infected Xiap ™~ and Tnf~Xiap™~ mice at days 6 and 16 p.i.

(G) T cell numbers from mice in (F).

Each dot represents a mouse, and error bars represent mean + SEM. See also Figure S5.
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considered statistically significant. Statistical analyses and graphing were per-
formed with GraphPad Prism software.
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