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Staphylococcus aureus is a major bacterial pathogen with a 
global impact on human health (1). Individuals with staphy-
lococcal disease may present a range of superficial (folliculi-
tis, cellulitis, abscesses) to severe (e.g., necrotizing skin and 
soft tissue infections and necrotizing pneumonia, with or 
without septicemia) manifestations (1). Most individuals 
carry S. aureus asymptomatically on their skin and in their 
nostrils for long periods of their lives, but only a minority de-
velop life-threatening staphylococcal disease. Severe disease 
has a poor prognosis, owing to its rapid invasive course (2–
5). Acquired risk factors for staphylococcal disease include 
surgery and intravascular devices (1). Life-threatening staph-
ylococcal disease can also result from single-gene inborn er-
rors of immunity (IEIs) (6). Disorders affecting phagocyte 
development or function, such as severe congenital neutro-
penia, chronic granulomatous disease, and leukocyte adhe-
sion deficiency, confer a predisposition to staphylococcal 
disease (6, 7). Disorders of the Toll-like receptor (TLR) and 
interleukin (IL)-1R nuclear factor-kappa B (TIR-NF-κB) path-
way (8–12) and of IL-6- and STAT3-dependent immunity (13–
17) have also been identified in patients suffering from severe 
staphylococcal disease. All these defects preferentially affect 
innate, myeloid immunity, but, collectively, they account for 
only a small proportion of cases (18). Most cases of severe 
staphylococcal disease remain unexplained, because they 
strike otherwise healthy individuals with no detectable phag-
ocyte defect (2, 19). Here, we aimed to elucidate human ge-
netic and immunological etiologies of life-threatening 
staphylococcal disease. 
 
Results 
Genome-wide enrichment in rare OTULIN variants 
Given the severity of their disease, we hypothesized that there 
would be at least some genetic homogeneity in our cohort of 
patients with unexplained life-threatening staphylococcal 
disease. We sequenced the exomes of the N = 105 index cases. 
Given the rarity of severe staphylococcal disease in otherwise 
healthy individuals, and assuming a dominant mode of in-
heritance, we hypothesized that the disease-causing variants 

would be very rare [minor allele frequency (MAF) < 1 × 10−5] 
(20). We also prioritized variants predicted to be deleterious 
[combined annotation-dependent depletion score (CADD) > 
mutation significance cutoff (MSC)] (21–23). We performed 
the same analysis on N = 1,274 control exomes from patients 
with mycobacterial diseases (including individuals with Men-
delian susceptibility to mycobacterial disease or with tuber-
culosis), which rarely overlap with staphylococcal disease 
(24). After adjusting for ethnicity by principal component 
analysis (PCA), we used the results of these two analyses to 
test the null hypothesis that variants of a given gene were not 
specific to staphylococcal disease. OTULIN was the only gene 
satisfying the threshold for statistical significance on a ge-
nome-wide level with a P-value of 5.74 × 10−7 (Fig. 1A and ta-
bles S1 and S2). We repeated our analysis for OTULIN, adding 
2,504 individuals from the 1,000 Genomes Project (25) to our 
control dataset (26); none of these individuals had developed 
life-threatening infections with S. aureus. The enrichment in 
OTULIN variants was even stronger (P = 3.85 × 10−8) in this 
analysis, indicating that very rare variants of this gene were 
found specifically in patients with severe staphylococcal dis-
ease. 
 
The patients carry heterozygous OTULIN variants 
The linear deubiquitinase OTULIN is a negative regulator of 
inflammation (27, 28). In humans, biallelic OTULIN muta-
tions cause a potentially fatal early-onset autoinflammatory 
condition called OTULIN-related autoinflammatory syn-
drome (ORAS) (29–33). Closer inspection revealed that the 
signal for genetic homogeneity in the cohort of patients with 
severe staphylococcal disease was driven by three probands 
carrying heterozygous variants of OTULIN (Fig. 1B): one mis-
sense (p.D246V), one nonsense (p.E95X), and one frameshift 
(p.D268TfsX5) variant. In each of these probands, the clinical 
hallmark of disease following infection with S. aureus was 
life-threatening necrosis of the skin and/or lungs [fig. S1A; 
supplementary materials (SM)]. Based on the extreme in-
flammatory responses to infection with S. aureus in these pa-
tients, we investigated the possibility of other triggers 

The molecular basis of interindividual clinical variability upon infection with Staphylococcus aureus is 
unclear. We describe patients with haploinsufficiency for the linear deubiquitinase OTULIN, encoded by 
a gene on chromosome 5p. Patients present episodes of life-threatening necrosis, typically triggered by 
S. aureus infection. The disorder is phenocopied in patients with the 5p- (Cri-du-Chat) chromosomal 
deletion syndrome. OTULIN haploinsufficiency causes an accumulation of linear ubiquitin in dermal 
fibroblasts, but TNF-receptor NF-κB-signaling remains intact. Blood leukocyte subsets are unaffected. 
The OTULIN-dependent accumulation of caveolin-1 in dermal fibroblasts—but not leukocytes—facilitates 
the cytotoxic damage inflicted by the staphylococcal virulence factor α-toxin. Naturally elicited 
antibodies against α-toxin contribute to incomplete clinical penetrance. Human OTULIN 
haploinsufficiency underlies life-threatening staphylococcal disease by disrupting cell-intrinsic 
immunity to α-toxin in non-leukocytic cells. 
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generating similar disease. We identified three additional 
kindreds with very rare heterozygous missense variants of 
OTULIN (p.N341D, p.P254S, and p.R263Q) (Fig. 1C). The pro-
bands of these kindreds presented severe diseases triggered 
by infectious and unknown etiologies (fig. S1B; SM). The clin-
ical course of disease in patients with no documented infec-
tion suggests that low-grade infections, or non-infectious 
triggers, might induce an inflammatory phenotype similar to 
that of patients with documented S. aureus infection (fig. S1, 
A and B; SM). In total, we identified six very rare variants in 
seven patients from six kindreds (fig. S1C). These seven pa-
tients did not carry variants fitting the known modes of in-
heritance for any of the 430 genes already implicated in IEIs 
(7, 34). In most patients, the first episode of disease occurred 
during adolescence (SM). Clinical data indicated a degree of 
phenotypic heterogeneity in the index cases, but with the skin 
and/or lungs consistently affected in all cases (Fig. 1, B and C, 
and fig. S1, A and B; SM). One third of the heterozygous rela-
tives (three of the nine for whom data were available) ex-
pressed a related but milder phenotype, the other six carriers 
being apparently healthy (Fig. 1, B and C; SM). We then hy-
pothesized that the parents of the patients with biallelic 
OTULIN deficiency reported in previous studies (29–32), who 
themselves carried deleterious OTULIN alleles in the hetero-
zygous state, might present phenocopies of the disorder ob-
served in the patients of our cohort. One third of the parents 
(three of the 10) did, indeed, express the phenotype (Fig. 1D; 
SM). Thus, very rare heterozygous mutations of OTULIN con-
fer predisposition to severe necrosis of the skin and lungs, 
typically, but not exclusively, after infection with S. aureus, 
with variable expressivity and incomplete penetrance. 
 
OTULIN is subject to negative selection 
The severity of disease in the probands carrying very rare het-
erozygous OTULIN variants suggests that this gene is subject 
to evolutionary forces acting at the population level. Indeed, 
the ƒ parameter score for OTULIN is 0.36, indicating that this 
gene is under negative selection (fig. S1D) (35). Moreover, the 
consensus score for negative selection (CoNeS) for OTULIN 
is −0.78, within the reported range for genes underlying IEIs 
with both autosomal dominant (AD) and autosomal recessive 
(AR) inheritance (fig. S1E) (36). OTULIN has a LoFtool score 
of 0.115, suggesting that it does not tolerate haploinsuffi-
ciency (37). Predicted loss-of-function (pLOF) OTULIN vari-
ants are very rare in the general population, with a 
cumulative MAF of 1 × 10−4 (fig. S1F) (20). Consistent with the 
negative selection pressure acting on OTULIN, the alleles of 
the patients were found to be either ultra-rare or private (fig. 
S1F) (20). These population genetics parameters indicate that 
heterozygous pLOF variants of OTULIN are disadvantageous 
for the individual. This finding is consistent with the hypoth-
esis that the very rare variants for which enrichment was 

detected in the patients studied are causal for the life-threat-
ening necrosis of the skin and/or lungs triggered by S. aureus 
infection. 
 
The OTULIN alleles of the patients are severely  
hypomorphic or amorphic 
We overexpressed the cDNAs corresponding to the OTULIN 
alleles of the patients in HEK293T cells. The truncated 
cDNAs of the patients were loss-of-expression, whereas the 
missense cDNAs of the patients and cDNAs corresponding to 
two OTULIN alleles commonly found in the general popula-
tion (20) were expressed at normal levels (fig. S1G). No in-
frame re-initiation was observed for truncated alleles from 
the patients (fig. S1H). We then assessed the deubiquitinase 
activity of the products of the alleles from the patients, and 
their capacity to inhibit NF-κB-signaling. Consistent with 
published findings in overexpression systems, some, but not 
all the protein products of the alleles concerned were defec-
tive for the linear deubiquitination of NEMO in the presence 
of LUBAC (fig. S1I) (32, 33). We assessed the capacity of the 
gene products to regulate receptor signaling, by investigating 
the functional consequences of the OTULIN alleles of the pa-
tients for NF-κB inhibition following stimulation with TNF in 
a cellular signaling system. All the alleles from patients were 
severely hypomorphic or amorphic (fig. S1J). By contrast to 
the alleles of the patients, the two alleles common in the gen-
eral population (20) were found to be isomorphic (fig. S1J). 
The apparent differences between the two overexpression 
systems may reflect different impacts of the various OTULIN 
alleles on ubiquitin binding capacity (27, 32, 33). We then per-
formed functional tests for all the other OTULIN coding se-
quence variants reported in public databases (N = 120) (20). 
The cumulative MAF of amorphic and hypomorphic OTULIN 
alleles (with <25% wild-type levels of NF-κB-signaling inhib-
itory activity) in the general population was 6 × 10−5 (Fig. 1E). 
The greater rarity of amorphic and hypomorphic OTULIN al-
leles than of pLOF variants highlights the importance of ex-
perimental validation for pLOF variants. Thus, the rare 
OTULIN variants found in the patients are deleterious and 
AD OTULIN deficiency predisposes the patients to disease. 
 
Autosomal dominant OTULIN deficiency acts via  
haploinsufficiency 
We tested the genetic mechanism of AD OTULIN deficiency 
and found no negative dominance for the alleles expressed by 
the patients (fig. S1K). This implies that the genetic mecha-
nism underlying AD OTULIN deficiency is haploinsuffi-
ciency. OTULIN is located on the short arm of chromosome 
5. Depending on the breakpoint, almost all individuals with 
5p- syndrome—the most common chromosomal deletion syn-
drome in humans, also known as Cri-du-Chat syndrome—are 
haploinsufficient for OTULIN by definition (38–40). The 
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prevalence of 5p- syndrome is ~1 in 50,000 live births, similar 
to the cumulative MAF for amorphic and hypomorphic 
OTULIN alleles (Fig. 1E) (41). Respiratory tract infections are 
one of the principal causes of hospitalization in individuals 
with 5p- syndrome, and pneumonia is amongst the common-
est causes of death in these individuals (40, 42–44). We re-
cruited six 5p- syndrome patients with a breakpoint 
centromeric to OTULIN (Fig. 1F and fig. S1L). Expressivity 
was variable and penetrance was incomplete, but one third 
of these OTULIN haploinsufficient 5p- syndrome patients 
(two of six) presented an age-dependent phenocopy of the 
disorder observed in patients with heterozygous OTULIN 
mutations (Fig. 1F; SM). We also identified two individuals 
from a multigeneration kindred affected by 5p- syndrome 
with an extremely rare breakpoint telomeric to OTULIN (Fig. 
1G and fig. S1L) (38). Both these individuals carried two cop-
ies of OTULIN and did not display the phenotype studied 
here (SM). The clinical similarities between patients with het-
erozygous OTULIN mutations and those with 5p- syndrome 
suggest a common mechanism of predisposition to infection 
due to haploinsufficiency for OTULIN. 
 
Immunological characterization of OTULIN-haplo- 
insufficient PBMCs 
The autoinflammatory features seen in ORAS patients are 
largely driven by abnormally high levels of NF-κB activation 
in myeloid cells (29, 30, 33). We thus investigated whether 
patients with OTULIN haploinsufficiency presented any re-
lated immunological disturbances. OTULIN expression in 
monocytes differed between patients and healthy controls 
(fig. S2A). Routine immunological tests performed in diag-
nostic laboratories [including assessments of leukocyte dif-
ferentiation and oxidative burst capacity—deficiencies of 
which are known to confer a predisposition to staphylococcal 
disease (6, 7)] revealed no explanatory defects in patients 
with OTULIN haploinsufficiency (SM). We thus looked for 
more subtle immunological features, by testing PBMCs from 
the patients by mass cytometry (cytometry by time-of-flight, 
CyTOF) (45) and RNA sequencing. In comparisons with 
healthy controls, we observed no differences in the abun-
dance of leukocyte subsets or in the expression of lineage 
markers (Fig. 2A and fig. S2, B to D). The development of my-
eloid and lymphoid subsets in patients with OTULIN hap-
loinsufficiency was, therefore, apparently normal. At 
baseline, we observed a complex transcriptional signature 
not associated with NF-κB-driven inflammation in the 
PBMCs of the patients (Fig. 2B and fig. S2E). This difference 
between the patients and healthy controls disappeared fol-
lowing stimulation (Fig. 2B). Both at baseline and after stim-
ulation, the PBMCs of the patients had a capacity to secrete 
various cytokines, including TNF and IL-1β, similar to that of 
PBMCs from healthy controls (fig. S2F). We detected no 

defect of IL-6 production (fig. S2F), deficiencies of which are 
known to be associated with staphylococcal disease (6). Sin-
gle-cell RNA sequencing revealed a contribution of CD14+ 
monocytes to the transcriptional signature in the PBMCs of 
the patients relative to healthy controls (fig. S2, G and H). 
However, consistent with their capacity to produce normal 
amounts of TNF and IL-1β (fig. S2I), the amounts of phos-
phorylated P65 in CD14+ monocytes from the patients were 
normal both at baseline and following stimulation (fig. S2J). 
The CD14+ monocytes of patients with OTULIN haploinsuffi-
ciency, thus, did not appear to be functionally affected. Fi-
nally, induced pluripotent stem cell (iPSC)–derived 
macrophages from patients had normal oxidative burst and 
phagocytic capacities relative to healthy controls (fig. S2, K 
and L). These observations suggest an absence of overt im-
munological disturbance in patients with OTULIN haploin-
sufficiency, contrasting with the autoinflammatory markers 
described in ORAS patients (29–33). 
 
OTULIN gene dosage-dependent accumulation of  
linear ubiquitin in fibroblasts 
We next performed a biochemical characterization of the 
non-hematopoietic compartment in the patients and as-
sessed the levels of OTULIN expression in primary dermal fi-
broblasts (PDFs). OTULIN mRNA levels varied (fig. S3, A and 
B), but the levels of the corresponding protein were low in 
the patients and depended on the nature of the mutation (Fig. 
3, A and B). OTULIN haploinsufficiency led to an accumula-
tion of aggregates containing linear ubiquitin (M1-Ub) in im-
mortalized fibroblasts from patients, including 5p- syndrome 
patients with a breakpoint centromeric to OTULIN (Fig. 3, C 
and D, and fig. S3C). These aggregates were sensitive to treat-
ment with exogenous OTULIN (fig. S3D), and their accumu-
lation was rescued by genetic complementation with wild-
type OTULIN (Fig. 3E and fig. S3E). We used a combination 
of an M1-Ub-selective tandem Ub-binding entity (TUBE) and 
absolute quantification (AQUA) tandem mass spectrometry 
(MS/MS) to assess M1-Ub levels in immortalized fibroblasts 
from the patients. M1-Ub levels were much higher in the cells 
of both ORAS and OTULIN-haploinsufficient patients than in 
those of healthy controls and HOIL1-deficient patients (Fig. 
3F) (46). Thus, OTULIN haploinsufficiency and recessive de-
ficiency result in the cellular accumulation of M1-Ub in a 
gene dosage-dependent manner. 
 
Normal TNF-receptor signaling in OTULIN-haplo- 
insufficient fibroblasts 
In the PDFs of ORAS patients, expression of the components 
of the linear ubiquitin assembly complex (LUBAC) decreases 
to compensate for recessive OTULIN deficiency (Fig. 3A) (29, 
30, 32). This compensatory mechanism impaired TNF-
receptor signaling in immortalized fibroblasts from ORAS 
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patients (fig. S3F). By contrast, OTULIN haploinsufficiency 
did not lead to a loss of LUBAC expression in PDFs (Fig. 3A), 
or to impaired TNF-receptor signaling (fig. S3F) or IL-6 and 
IL-8 secretion (fig. S3G). Indeed, no differential transcription 
patterns were evident in the patients’ PDFs after stimulation 
with TNF (fig. S3H). The impairment of early NF-κB activa-
tion sensitizes PDFs from ORAS and LUBAC-deficient pa-
tients to TNF-induced apoptotic cell death under stress 
conditions (29, 46). However, consistent with their normal 
LUBAC expression, PDFs from patients with OTULIN hap-
loinsufficiency were not susceptible to stress-induced apop-
tosis upon exposure to TNF (fig. S3I). Thus, the functional 
dysregulation of TNF-receptor signaling via NF-κB is limited 
to fibroblasts displaying a recessive OTULIN deficiency. 
 
Global dysregulation of transcription in OTULIN-
haploinsufficient fibroblasts 
The presence of a biochemical phenotype in the absence of 
an immunological phenotype following stimulation in 
OTULIN-haploinsufficient fibroblasts led us to investigate 
transcriptional homeostasis in resting PDFs from the pa-
tients. Consistent with the gene dosage-dependent accumula-
tion of M1-Ub in immortalized fibroblasts, this approach 
revealed a continuous genotype-dependent transcriptional 
phenotype in the basal state (Fig. 4A). Despite an absence of 
functional consequences of OTULIN haploinsufficiency (fig. 
S3, F to I), specific gene-set enrichment analyses of the rest-
ing transcriptome revealed a subtle signal for TNF-receptor 
signaling via NF-κB (fig. S4A). These analyses also revealed a 
transcriptional signature affecting various other cellular pro-
cesses relative to cells from healthy controls (fig. S4A) (47). 
The affected processes included the MYC and E2F transcrip-
tion factor systems and the G2M cell cycle checkpoint system, 
the gene sets for these systems displaying a partial overlap 
(fig. S4B). These findings indicate a global dysregulation of 
transcription in resting OTULIN-haploinsufficient fibro-
blasts. 
 
Accumulation of caveolin-1 in OTULIN-haplo- 
insufficient fibroblasts 
The observed patterns of transcription could not be explained 
by the known function of OTULIN as a linear deubiquitinase. 
We thus hypothesized that OTULIN haploinsufficiency af-
fects cellular homeostasis posttranslationally, in an as yet un-
known manner. The proteome of the resting PDFs from the 
patients displayed a continuous cellular phenotype, con-
sistent with the transcriptome (Fig. 4B and fig. S4C). Focus-
ing on this continuous proteomic phenotype, we observed a 
pattern of differential abundance for a cluster of 11 proteins 
including caveolin-2 and gelsolin (fig. S4, D to F). A STRING-
interaction network analysis of this protein cluster identified 
a node connecting caveolin-2 and gelsolin: caveolin-1 (Fig. 

4C). Conventional techniques revealed the accumulation of 
SDS-resistant high-molecular weight (MW) caveolin-1-con-
taining complexes (48, 49) in PDFs from the patients in com-
parison with those from healthy controls (Fig. 4, D and E). 
We analyzed caveolin-1 immunopurification products (IPs) 
from PDF whole-cell lysates (WCLs) from one healthy control 
and one patient with recessive OTULIN deficiency by liquid 
chromatography and tandem mass spectrometry (LC-
MS/MS). Validating the STRING-interaction network (Fig. 
4C), both sets of caveolin-1 IPs also contained caveolin-2, 
whereas gelsolin was detected in the OTULIN-deficient sam-
ple only (fig. S4G). Caveolin-1 levels vary between cell types 
and are highest in structural cells, such as fibroblasts (50, 51). 
By contrast to our observations for PDFs, caveolin-1 was 
barely detectable in hematopoietic cells and the abundance 
of caveolin-1 in monocytes did not differ between OTULIN 
haploinsufficient patients and healthy controls (fig. S4H). We 
detected no accumulation of caveolin-1-containing complexes 
in PDFs from the 5p- syndrome patient carrying two copies 
of the OTULIN gene relative to healthy controls (Fig. 4E and 
fig. S4I). However, as in PDFs from the patients, caveolin-1 
accumulated as a high-MW complex in an isogenic OTULIN-
knockout PDF cell line (Fig. 4F and fig. S4J). Thus, OTULIN 
haploinsufficiency results in a selective accumulation of high-
MW caveolin-1 in PDFs. 
 
Lysine-63-linked polyubiquitination of caveolin-1 
The differences in gelsolin abundance in PDFs were at-
tributed to differences in GSN transcription, but no differen-
tial transcription was detected for CAV1 and CAV2 (fig. S5A). 
Caveolin-1 is a key component of cell membrane microdo-
mains, in which it acts as a scaffold for other proteins and 
receptors (47, 52). A signal for plasma membrane disturbance 
was detected at the proteomic but not transcriptional level in 
the patients’ PDFs (fig. S5B), suggesting a post-translational 
role for OTULIN in the regulation of caveolin-1 expression in 
PDFs. Caveolin-1 is decorated with ubiquitin (48, 49, 53). We 
hypothesized that OTULIN haploinsufficiency and recessive 
deficiency affect the ubiquitination status of caveolin-1. We 
found that caveolin-1 IPs from PDF-WCLs from one healthy 
control and one patient with recessive deficiency of OTULIN 
contained a high-MW ubiquitin-containing complex (fig. 
S5C). We then used LC-MS/MS to characterize the ubiquiti-
nation profiles of purified caveolin-1 in solution, in the high-
MW complex fraction, and in the monomeric fraction. Lysine-
48-linked polyubiquitin (K48-Ub) chains were conjugated to 
the high-MW caveolin-1-containing complex regardless of 
genotype (fig. S5D). We detected no M1-Ub in any of the  
caveolin-1 IP fractions (fig. S5, C and D). Instead, the high-
MW caveolin-1-containing complex was abundantly deco-
rated with lysine-63-linked polyubiquitin (K63-Ub) chains in 
the OTULIN-deficient sample, but not in the healthy control 
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(Fig. 5A and fig. S5C) (49). No other branched polyubiquitin 
linkages were detected in the caveolin-1 IP fractions. The re-
maining unmodified ubiquitin was probably conjugated as a 
monomer to caveolin-1 (fig. S5D) (53). The OTULIN-
dependent accumulation of caveolin-1 complexes modified 
with K63-Ub but not M1-Ub chains indicates crosstalk be-
tween OTULIN and other ubiquitin ligases and/or hydro-
lases. 
 
CYLD binds linear ubiquitin 
We characterized the crosstalk between OTULIN and K63-Ub 
chains, by treating purified caveolin-1 from one ORAS patient 
with a panel of recombinant deubiquitinases. Consistent with 
the respective specificities of the various hydrolases, the K63-
linked polyubiquitination of high-MW caveolin-1 was re-
duced by treatment with recombinant CYLD but not OTULIN 
(Fig. 5B and fig. S5E). Similarly, the overexpression of CYLD 
but not OTULIN in PDFs from a patient with ORAS rescued 
the K63-linked polyubiquitination of high-MW caveolin-1 
(Fig. 5C and fig. S5F). Unexpectedly, a stronger rescue was 
observed when both CYLD and OTULIN were overexpressed 
(Fig. 5C and fig. S5F). Caveolin-1 colocalized with K63-Ub 
and, to some extent, with M1-Ub aggregates in PDFs (fig. 
S5G). We used a combination of TUBE and high-input AQUA-
MS/MS in immortalized fibroblasts to identify proteins 
bound to M1-Ub. We detected LUBAC components (fig. S5H), 
which are known to be decorated with M1-Ub (29). We also 
identified caveolin-1 and CYLD as possibly binding to M1-Ub 
fig. S5H), and used cells from a HOIL1-deficient patient to 
validate specificity (46). The detection of caveolin-1 was not 
specific (fig. S5I), consistent with the absence of M1-Ub in the 
caveolin-1 IP (Fig. 5A and fig. S5, C and D). We confirmed the 
specific binding of CYLD to M1-Ub in an OTULIN gene-dos-
age dependent manner (Fig. 5D and fig. S5I). The M1-Ub-
bound CYLD-species had a higher MW than that for the total 
CYLD-pool (fig. S5I), suggesting posttranslational modifica-
tion. We identified no Gly-Gly ubiquitination signature sites 
on CYLD by proteomic approaches, suggesting that the post-
translational modification is not ubiquitination itself and 
that the binding of CYLD to M1-Ub is non-covalent. Unlike 
an OTULIN gene-dosage effect, M1-Ub-bound HOIP was de-
tected in cells from ORAS patients only (Fig. 5D fig. S5, I and 
J). These data reveal a direct, LUBAC-independent but 
OTULIN-dependent binding of M1-Ub to CYLD. 
 
Colocalization of caveolin-1 with S. aureus α-toxin 
Caveolin-1 clusters in membrane microdomains (52) and has 
been reported to colocalize with a disintegrin and metallo-
protease domain-containing protein 10 (ADAM10) (54). 
ADAM10 is a cell surface receptor used by the staphylococcal 
virulence factor α-toxin (54, 55). α-Toxin is a pore-forming cy-
totoxin triggering ADAM10-mediated cell death in a process 

facilitated by caveolin-1 (56). We hypothesized that the 
OTULIN-dependent caveolin-1 accumulation in the PDFs 
from the patients would contribute to the adverse outcomes 
of their disease. We thus investigated the cellular kinetics of 
α-toxin binding. Following its addition to PDFs, α-toxin colo-
calized with both ADAM10 and caveolin-1 (Fig. 6A and fig. S6, 
A and B). ADAM10 and caveolin-1 were colocalized to some 
extent in the presence or absence of toxin binding (Fig. 6A 
and fig. S6, A and B). The patients’ PDFs displayed moder-
ately higher levels of α-toxin binding than cells from healthy 
controls (Fig. 6B and fig. S6C). This observation could not be 
explained by differential ADAM10 expression at baseline (fig. 
S6, D and E). However, after α-toxin binding, the expression 
of ADAM10 at the cell surface was greater in PDFs from pa-
tients than in those from healthy controls (fig. S6F). These 
data suggest a role for caveolin-1 in retaining ADAM10 at the 
surface of the cell when OTULIN-haploinsufficient fibro-
blasts are exposed to α-toxin (57, 58). 
 
OTULIN haploinsufficiency impairs intrinsic  
immunity to α-toxin 
We hypothesized that OTULIN haploinsufficiency confers a 
predisposition to α-toxin-induced cell death in the PDFs of 
the patients. Indeed, these cells displayed an enhanced sus-
ceptibility to S. aureus culture supernatant-elicited cytotoxi-
city (Fig. 6C). This cytotoxicity was antagonized by prior 
treatment of the supernatant with α-toxin-neutralizing mon-
oclonal antibodies (fig. S6G), indicating a major contribution 
of α-toxin to cytotoxicity in these cells. OTULIN genotype-de-
pendent susceptibility to α-toxin was confirmed with recom-
binant α-toxin (Fig. 6D and fig. S6H). The absence of a 
particular phenotype following the treatment of cells from 
patients with streptolysin O (SLO) and aerolysin—microbial 
toxins produced by other bacteria and not requiring specific 
proteinaceous host-cell surface receptors (59)—indicates a 
specific susceptibility of the OTULIN-haploinsufficient PDFs 
from patients to α-toxin (Fig. 6D and fig. S6H). Normal sus-
ceptibility to α-toxin was observed in PDFs from a 5p- syn-
drome patient carrying two copies of the OTULIN gene, 
confirming the OTULIN-dependence of the phenotype (Fig. 
6E and fig. S6I). α-Toxin elicited higher levels of cell surface 
metalloprotease activation in PDFs from the patients than in 
those of healthy controls (Fig. 6F) (55). Again, a 5p- syndrome 
patient carrying two copies of the OTULIN gene behaved like 
controls (Fig. 6F). Activity levels were correlated with 
ADAM10 levels following α-toxin binding (fig. S6J). Prior 
treatment of the PDFs with an ADAM10-selective inhibitor 
blocked α-toxin-induced metalloprotease activation com-
pletely in controls, but activation levels in patients were de-
creased only slightly, to those in untreated controls (Fig. 6F). 
Moreover, to various extents, ADAM10 inhibition protected 
the patients’ PDFs against α-toxin cytotoxicity (fig. S6K). 
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Prior treatment with cyclodextrin, a chemical product dis-
rupting caveolin-1-enriched membrane microdomains (60), 
protected PDFs from the patients against α-toxin-induced cy-
totoxicity (fig. S6K). The susceptibility of an OTULIN-
deficient PDF cell line was partially rescued by knocking out 
CAV1 but not CAV2 (Fig. 6G and fig. S6L), further supporting 
a facilitating role of caveolin-1 in α-toxin cytotoxicity (54). 
Consistent with the low levels of caveolin-1 in hematopoietic 
cells from the patients, these cells displayed no OTULIN-
dependent susceptibility to α-toxin (fig. S6M). Murine PDFs, 
unlike their human counterparts, were resistant to α-toxin-
elicited cell death regardless of Otulin genotype (fig. S6N). 
Thus, OTULIN haploinsufficiency results in a human-specific 
cell-intrinsic susceptibility of non-hematopoietic cells to the 
major S. aureus virulence factor, α-toxin. 
 
α-Toxin-neutralizing antibodies rescue OTULIN  
haploinsufficiency 
Colonization and infection with S. aureus elicit α-toxin-neu-
tralizing antibodies in an age-dependent manner (61). We hy-
pothesized that α-toxin-neutralizing antibodies in the plasma 
of adult symptomatic and asymptomatic heterozygotes might 
contribute to the incomplete clinical penetrance of OTULIN 
haploinsufficiency (Fig. 1, B to D and F) (12). Routine meas-
urements of immunoglobulin levels and vaccine responses re-
vealed no defects in the patients (SM). Plasma α-toxin-
neutralizing capacity in asymptomatic carriers was similar to 
that of healthy controls, whereas this capacity was signifi-
cantly lower in patients (~one fifth that in healthy controls; 
Fig. 7A and fig. S7A). The lower neutralizing capacity in the 
patients was specific for α-toxin, because the plasma of the 
patients neutralized SLO and pneumolysin normally (Fig. 7A 
and fig. S7A). In healthy controls, plasma α-toxin-neutralizing 
capacity was largely driven by IgG (fig. S7B). In patients, anti-
α-toxin IgG levels were significantly lower than those in 
healthy controls, whereas IgA and IgM levels were unaffected 
(Fig. 7B and fig. S7, C and D). The anti-α-toxin IgG levels in 
asymptomatic carriers were like those of healthy controls 
(Fig. 7B and fig. S7, C and D) (61). Similar observations were 
made following correction for sample-specific total IgG levels 
(fig. S7E). Thus, naturally elicited α-toxin-neutralizing anti-
bodies can rescue OTULIN haploinsufficiency in vivo, 
thereby contributing to incomplete penetrance. 
 
Discussion 
We tested the hypothesis that some patients from our cohort 
with severe staphylococcal disease suffered from IEIs. Using 
an unbiased approach, we detected a genome-wide enrich-
ment in very rare, deleterious heterozygous OTULIN variants 
in the cohort. We identified haploinsufficiency for OTULIN 
as a genetic etiology of severe staphylococcal disease. AR 
OTULIN deficiency results in life-threatening 

autoinflammation, manifesting early in life as ORAS (29–32). 
By contrast, patients with AD OTULIN deficiency typically 
presented with severe disease triggered by S. aureus infec-
tions. Most of the patients with OTULIN haploinsufficiency 
experienced their first episode of disease during adolescence. 
Necrosis was a clinical hallmark of disease in the probands. 
Some patients were not diagnosed with S. aureus infections, 
suggesting that low-grade infectious or, perhaps, non-infec-
tious triggers might be at work. AD OTULIN deficiency is 
clinically expressed in a tissue-specific manner because the 
skin and/or lungs are the affected organs in all patients. The 
pedigrees reported in our study displayed variable degrees of 
penetrance and expressivity. Such observations are common 
in situations of haploinsufficiency (62, 63). We show that nat-
urally elicited α-toxin-neutralizing antibodies can rescue 
OTULIN haploinsufficiency and we suspect that declining 
levels of such antibodies may contribute to recurrent epi-
sodes of severe staphylococcal disease in some patients. We 
estimate the clinical penetrance of AD OTULIN deficiency at 
about 30%. This estimate of clinical penetrance mirrors our 
findings for individuals with 5p- syndrome. It is difficult to 
establish causal relationships between individual genes and 
specific phenotypes in patients with chromosomal deletion 
syndromes. Clinical manifestations of a monogenic disorder 
in a chromosomal deletion syndrome have also been reported 
for GATA3 haploinsufficiency (64). Our observations suggest 
that the study of rare IEIs can help to clarify phenotypes seen 
in individuals with more common chromosomal abnormali-
ties. 

In ORAS patients, autoinflammation results from the de-
fective down-regulation of NF-κB-dependent inflammatory 
signaling in hematopoietic cells, particularly those of the my-
eloid lineage (29–32). OTULIN deficiency causes a gene dos-
age-dependent accumulation of M1-Ub, but OTULIN 
haploinsufficiency is both clinically and biochemically silent 
for TNF-induced signaling events, instead causing a predis-
position to infection. The apparent paradox of autoinflamma-
tion and immunodeficiency within the spectrum of clinical 
phenotypes of OTULIN deficiency is also observed in patients 
with HOIL1 and HOIP deficiencies, which greatly decrease 
the levels of M1-Ub (46, 65). The combination of autoinflam-
mation and immunodeficiency in HOIL1 and HOIP deficien-
cies highlights the complex role of LUBAC in maintaining the 
cell type-specific balance between inflammation and immun-
ity. Inflammation is regulated by two other deubiquitinases 
in addition to OTULIN: A20 and CYLD. Phosphorylated A20 
preferentially cleaves K63-Ub in cells (66, 67). CYLD hydro-
lyzes K63-Ub and M1-Ub (68). AD A20 deficiency causes an 
autoinflammatory condition resembling Behçet’s disease 
(69), whereas AD CYLD deficiency results in cylindromatosis 
of the skin (70). AR HOIL1, HOIP, and OTULIN deficiencies 
and AD A20 deficiency are systemic disorders. Conversely, 
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AD OTULIN and CYLD deficiencies result in tissue-specific 
disease. OTULIN and CYLD bind HOIP in a mutually exclu-
sive manner (71). The detection of CYLD bound to M1-Ub re-
veals another, LUBAC-independent, layer of crosstalk 
between the two deubiquitinases. CYLD activity and specific-
ity were recently shown to be regulated by phosphorylation 
and ubiquitin-binding CAP-Gly domains (72). We speculate 
that, with insufficient amounts of OTULIN, phosphorylated 
CYLD primed for activity toward K63-Ub is quenched by M1-
Ub. The accumulation of caveolin-1 in dermal fibroblasts ob-
served in patients with OTULIN deficiency probably results 
from disruption of the polyubiquitination of this molecule. 

Human OTULIN haploinsufficiency is an inborn error of 
cell-intrinsic immunity to S. aureus infection. Staphylococcal 
disease displays a remarkable organ tropism, affecting the 
skin and lungs in particular (1). Tissue barrier disruption is a 
hallmark of severe staphylococcal disease (73). α-Toxin is a 
key staphylococcal virulence factor that contributes to severe 
disease (73–76) and can injure non-hematopoietic cells (54, 
73, 77, 78). The mechanism underlying the impairment of 
staphylococcal immunity in OTULIN haploinsufficiency is 
reminiscent of that involved in cell-intrinsic immunodefi-
ciencies conferring susceptibility to viral infections (79–81). 
In the absence of sufficient levels of α-toxin-neutralizing an-
tibodies, susceptibility to staphylococcal disease in patients 
with OTULIN haploinsufficiency is driven by a defect of cell-
intrinsic immunity to the α-toxin of the pathogen. In patients 
with OTULIN haploinsufficiency, caveolin-1 accumulates spe-
cifically in non-hematopoietic cells. Caveolin-1 clusters with 
α-toxin and the retention of ADAM10 at the surface of the 
patients’ cells predisposes these cells to α-toxin-induced cell 
death (82, 83). Caveolin-1 accumulation is observed in the 
cells of patients with either bi- or monoallelic OTULIN defi-
ciencies. The late-onset infectious phenotype in patients with 
AD OTULIN deficiency may be overshadowed by the early-
onset severe autoinflammatory manifestations in ORAS or 
compensated for by the presence of α-toxin-neutralizing an-
tibodies. Consistent with this view, we also identified a pedi-
atric homozygous carrier of a moderately hypomorphic 
OTULIN variant with an infectious phenotype indistinguish-
able from that of our haploinsufficient probands, with no au-
toinflammatory features. This work provides a direct 
demonstration of a defined host characteristic predisposing 
humans to adverse events elicited by a specific bacterial vir-
ulence factor. 

S. aureus is a pathogen of paramount significance in hu-
man health (1). In the face of a globally emerging epidemic of 
community-acquired methicillin-resistant S. aureus (MRSA) 
strains (18), innovative strategies for treating and preventing 
infection are needed (84). In the presence or absence of doc-
umented S. aureus infections, OTULIN-haploinsufficient pa-
tients with severe necrosis may benefit from combined 

antibiotic and steroid therapy, together with α-toxin-neutral-
izing monoclonal antibodies (85). Despite clear public health 
needs, no effective S. aureus vaccine has yet been approved 
(86). Humans are the main reservoir of S. aureus, and the 
pathogen is highly adapted to its human host (77, 78). Mice 
are naturally resistant to S. aureus infection (87). The princi-
pal mechanistic differences in hematopoietic immunity to 
staphylococcal infections between humans and mice have 
been characterized (77, 78). By contrast, the mechanisms of 
cell-intrinsic immunity in non-hematopoietic cells have been 
little studied in either humans or mice (80, 88–90). Staphylo-
coccal virulence factors, such as α-toxin, are considered po-
tential targets for strategies aiming to treat and prevent 
infection (77, 78). For many of these virulence factors, and cy-
totoxins in particular, one or more aspects of the interaction 
with the host are human-specific (78, 91). Murine ADAM10 
can interact with α-toxin (55). However, OTULIN haploinsuf-
ficiency reveals a layer of human specificity at the interface 
between α-toxin and its human non-hematopoietic target 
cells. OTULIN haploinsufficiency demonstrates the contribu-
tion of S. aureus toxins to the pathophysiology of severe dis-
ease in humans. The experiment of Nature described here 
identifies a mechanism of human cell-intrinsic immunity to 
S. aureus infections and highlights the potential for interfer-
ing with the staphylococcal α-toxin for treating and prevent-
ing disease (85, 92). 
 
Materials and methods summary 
Human subjects 
Informed consent was obtained from each patient, in accord-
ance with local regulations, and a protocol for research on 
human subjects was approved by the institutional review 
boards (IRB) of Institut National de la Santé et de la Recher-
che Médicale (INSERM, protocol C10-16) and The Rockefeller 
University (protocols JCA-0698 and JCA-0695). 
 
Whole-exome sequencing, breakpoint determination, 
and variant enrichment analyses 
Genomic DNA was extracted from whole blood. Whole-exome 
sequencing and breakpoint determinations are detailed in 
the SM. A gene-based enrichment analysis was performed on 
the cohort of 105 patients with severe staphylococcal disease, 
together with 1,274 individuals with Mendelian susceptibility 
to mycobacterial disease (MSMD) or suffering from tubercu-
losis (TB) as controls. Rare variants [MAF < 1 × 10−5 in the 
gnomAD database (20)] predicted to be damaging [combined 
annotation-dependent depletion score (CADD)  > mutation 
significance cutoff (MSC) (21)] were retained (table S1) (23). 
The proportions of individuals with rare damaging variants 
in the cohort and the controls were compared by logistic re-
gression with likelihood ratio tests (table S2). The first five 
principal components of the PCA were systematically 
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included in the logistic regression model to account for the 
ethnic heterogeneity of the cohorts, as previously described 
(93). Genes were then tested under a dominant genetic 
model. Four carriers, three of whom carried heterozygous 
variants, were identified amongst the cases. No carriers were 
identified amongst the controls. We then performed the same 
analysis again, but with the addition of 2,504 individuals 
from 1,000 Genomes Project phase 3 (25) to our control da-
taset (26). 
 
Cell culture 
Primary dermal fibroblasts (PDFs) were obtained from skin 
biopsy specimens and cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (HI-FBS) (Gibco) unless other-
wise specified. PBMCs were isolated from whole blood by 
density gradient centrifugation on Ficoll-Paque PLUS (GE 
Healthcare Life Sciences) and maintained in Roswell Park 
Memorial Institute (RPMI) 1640 (Gibco) medium supple-
mented with 10% HI-FBS unless otherwise specified. Immor-
talized fibroblasts were generated by transformation with 
SV40 as previously described (94) and maintained in DMEM 
supplemented with 10% HI-FBS. HEK293T cells (American 
Type Culture Collection) were cultured in DMEM supple-
mented with 10% HI-FBS. 
 
Generation of OTULIN constructs, transfection,  
transduction, and nucleofection 
The human canonical OTULIN cDNA open reading frame 
clone was amplified from pCMV6-Entry FAM105B (OriGene) 
and inserted into the pCMV6-AN-Myc-DDK-tagged vector 
(OriGene) or pLentiIII-UBC (Abmgood). Site-directed muta-
genesis to generate the OTULIN variants present in the pa-
tients was performed by a modified overlap-extension PCR-
based method (95). All constructs were validated by Sanger 
sequencing. HEK293T cells were transiently transfected in 
the presence of Lipofectamine LTX (Thermo Fisher Scien-
tific). For lentiviral transductions, semi-confluent HEK293T 
cells were cotransfected with OTULIN, GAG, POL, and ENV 
plasmids. The supernatant was collected at 48 hours and 72 
hours and concentrated with a Lenti-X concentrator (Clon-
tech). A ten-fold dilution (by volume) of the lentivirus prepa-
ration was added to semi-confluent immortalized fibroblasts 
plated on six-well plates. Transduced cells were selected with 
puromycin (Invitrogen). PDFs were mixed with gene knock-
out kit V2 single guide RNA pools (Synthego) in the presence 
of TrueCut Cas9 protein V2 (Thermo Fisher Scientific), or 
with pCMV6 expression vectors, and nucleofected with the 
basic nucleofector kit for primary mammalian fibroblasts 
(Lonza) on a Nucleofector 2b device (Lonza). 
 
 

NF-κB inhibition assay and linear deubiquitinase  
assay 
HEK293T cells in 96-well plates were transiently cotrans-
fected with pCMV6 vectors containing the OTULIN cDNA 
variants, the NF-κB firefly luciferase plasmid pGL4.32, and 
the Renilla luciferase plasmid (pRLTK) as an internal control. 
The cells were stimulated, 24 hours after transfection, by in-
cubation with 20 ng/ml TNF in minimal medium (1% FBS) 
for an additional 24 hours. The ratio of firefly-to-Renilla lu-
ciferase expression was assessed with the Dual-Glo Luciferase 
assay (Promega) on a bioluminescence plate reader. Data 
were normalized against the inhibitory activity of cells trans-
fected with a vector encoding the OTULIN reference cDNA. 
For linear deubiquitination assays, HEK293T cells were co-
transfected with pCMV6 vectors containing the OTULIN 
cDNA variants, HOIL-1, HOIP, SHARPIN and linear ubiquitin 
(UbK0) and harvested after 48 hours. Whole-cell lysates 
(WCLs) were prepared with WCL buffer A (table S4). For im-
munoprecipitation, anti-M1-Ub antibody was added and the 
lysates were incubated overnight at room temperature. Dyna-
beads Protein G (Thermo Fisher Scientific) beads were added 
to the samples, which were then incubated for one hour at 
room temperature. The beads were then washed with WCL 
buffer A (table S4) and resuspended in 2 x NuPAGE LDS sam-
ple buffer (Thermo Fisher Scientific) supplemented with 
DTT. The antibodies used are described in table S3. 
 
Reverse transcription and PCR 
Total RNA was extracted from transiently transfected 
HEK293T cells or from PDFs with the RNeasy Mini Kit 
(QIAGEN). Reverse transcription was performed with the Su-
perScript III First-Strand Synthesis System (Invitrogen) and 
random hexamers. Quantitative PCR was performed with the 
TaqMan Universal PCR Master Mix (Applied Biosystems) in 
the 7500 Fast Real-Time PCR System (Applied Biosystems). 
The following TaqMan Gene Expression assays (Thermo 
Fisher Scientific) were used: OTULIN (Hs01113237_m1); 
GUSB (Hs00939627_m1); GAPDH (Hs99999905_m1). 
 
Whole-cell lysates, SDS-PAGE, and Western blotting 
Transiently transfected HEK293T cells were harvested and 
lysed in whole cell lysate (WCL) buffer B (table S4). PDFs 
were synchronized by incubation in DMEM containing 1% 
FBS for 24 hours before trypsin treatment and were then 
lysed in WCL buffer C (table S4) with sonication to clear the 
supernatants. Immortalized fibroblasts were stimulated with 
10 ng/ml TNF and lysed in WCL buffer D (table S4). Mono-
cytes were obtained from freshly thawed PBMCs with the Pan 
Monocyte Isolation Kit (Miltenyi Biotec) and lysed in WCL 
buffer C (table S4) with sonication to clear the supernatants. 
Laemmli buffer (BioRad) supplemented with DTT was added 
to the clarified lysates. Proteins were separated by SDS–PAGE 
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transferred onto an Immobilon-P PVDF membrane (Milli-
pore). The membrane was blocked by incubation in PBS sup-
plemented with 0.1% Tween 20 and 5% BSA and incubated 
overnight with the primary antibody, followed by the appro-
priate horseradish peroxidase-conjugated secondary anti-
body. Immunoreactive proteins were visualized by enhanced 
chemiluminescence. Intensity analyses were performed with 
ImageStudioLite (LI-COR). The antibodies used are described 
in table S3. 
 
Cytometry by time-of-flight 
Freshly thawed PBMCs were incubated with Fc block and 
then with a panel of metal-conjugated antibodies, as de-
scribed elsewhere (96). The antibodies used are described in 
table S3. Batch-integrated unsupervised clustering analysis 
was conducted with the iMUBAC pipeline (45). The analysis 
included 29 adult controls (nine studied in replicate) and 
nine pediatric controls (all under the age of 18 years) studied 
across seven batches of experiments, four patients with het-
erozygous mutations of OTULIN and two 5p- patients studied 
in two batches of experiments. Clusters were identified man-
ually and renamed based on their marker expression pat-
terns. 
 
Flow cytometry 
Freshly thawed PBMCs were rested for 3 hours and were then 
stimulated for 90 min with 20 ng/ml TNF (R&D Systems) or 
1 ng/ml LPS (InvivoGen). The reaction was stopped by wash-
ing the cells with PBS, and the cells were then subjected to 
live/dead staining. Cells were subsequently stained with sur-
face markers and washed. They were then permeabilized and 
stained with Phosflow Perm Buffer (BD) or Intracellular 
Staining Perm Wash Buffer (BioLegend). PDFs were synchro-
nized by incubation in DMEM supplemented with 1% HI-FBS 
for 24 hours and were then harvested by trypsin treatment. 
The fibroblasts were stained, fixed and acquired on a LSR-
Fortessa cytometer (BD). All flow cytometry results were an-
alyzed with FlowJo (version 10). The antibodies used are de-
scribed in table S3. 
 
Cytokine detection 
PDFs were synchronized by incubation in DMEM supple-
mented with 1% HI-FBS for 24 hours before stimulation. At 
steady state and after 6 hours of stimulation with 20 ng/ml 
TNF (R&D Systems), supernatants were harvested, and the 
levels of IL-6 and IL-8 were assessed with the IL-6 and IL-8 
Human ELISA kits (Thermo Fisher Scientific). Freshly 
thawed PBMCs were left unstimulated or stimulated with 20 
ng/ml TNF (R&D Systems), 10 ng/ml IL-1β (R&D Systems), 
HKSA (heat-killed S. aureus; MOI: 10; InvivoGen), or 1 ng/ml 
LPS (InvivoGen) for 6 hours. Supernatants were harvested, 
and chemokines and cytokines were detected with 

LEGENDPlex Human Inflammation Panel 1 (BioLegend). 
 
Induced pluripotent stem cells 
The generation and culture of iPSCs, their differentiation into 
macrophages, and the phagocytosis and H2O2 production as-
says are described in the SM. 
 
Transcriptional and proteomic analyses 
Transcriptional analyses in PDFs and PBMCs, single-cell 
RNA-sequencing on PBMCs, and global proteomics analyses 
of PDFs are described in the SM. 
 
Caveolin-1 immune purification from whole-cell lysates 
PDFs were synchronized by incubation in DMEM containing 
1% HI-FBS for 24 hours and were then harvested by trypsin 
treatment. Cell pellets were lysed in WCL buffer C (table S4) 
with sonication to clear the supernatants. Cleared WCLs were 
incubated overnight at 4°C with Protein A Dynabeads 
(Thermo Fisher Scientific) conjugated to the monoclonal 
anti-caveolin-1 antibody or an isotype control. The samples 
were then eluted from the beads with 50 mM glycine, pH 2. 
The antibodies used are described in table S3. The immuno-
purification products (IPs) were then split into portions for 
loading onto a gel or direct in-solution proteomic analyses, as 
described in the SM. 
 
Deubiquitination of purified caveolin-1 
Caveolin-1 IPs were treated with recombinant deubiquiti-
nases as described elsewhere (97). Briefly, immunopurified 
caveolin-1 was incubated with deubiquitinases at 37°C for 30 
min. Recombinant USP2, AMSH, and OTULIN (UbiCREST 
Deubiquitinase Enzyme Set, R&D Systems) were used at a fi-
nal concentration of 1x. Recombinant His-CYLD (R&D Sys-
tems) was used at a final concentration of 1 μM. Purified 
polyubiquitin chains were deubiquitinated by incubating 
tetra-M1-, K48- and K63-Ub chains (R&D Systems) at a con-
centration of 3 μM with deubiquitinases. Following the enzy-
matic reactions, sample buffer containing DTT was added, 
and the proteins were separated by SDS-PAGE, as described 
above. 
 
Linear ubiquitin-selective tandem Ub-binding entity 
assay 
For M1-Ub pulldown, immortalized fibroblasts were lysed in 
WCL buffer E (table S4) containing FLAG-tagged M1-Ub-se-
lective tandem Ub-binding entity (TUBE) (LifeSensors). Su-
pernatants were cleared by centrifugation and incubated 
with Anti-FLAG M2 agarose beads (Sigma Aldrich) for 2 
hours at 4°C. The beads were washed with WCL buffer E (ta-
ble S4), and resuspended in 1 x Laemmli buffer without re-
ducing agent. For M1-Ub quantification, we used an input of 
~0.5 mg per sample. For the identification of peptides bound 
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to M1-Ub, we used an input of ~2 mg per sample. M1-Ub 
quantification and the identification of peptides bound to 
M1-Ub by means of absolute quantification (AQUA) tandem 
mass spectrometry (MS/MS) are described in the SM. For 
western-blot analyses, beads were resuspended in sample 
buffer containing DTT and samples were separated by SDS-
PAGE, as described above. 
 
Immunofluorescence assays 
Immortalized fibroblasts were cultured on glass coverslips 
for the staining of M1-Ub, K63-Ub, and caveolin-1. The cells 
were fixed in methanol, blocked by incubation with 1% BSA 
and incubated overnight with primary antibodies and Cell-
Mask deep red plasma membrane stain (Thermo Fisher Sci-
entific), followed by secondary antibodies and DAPI. 
Specimens were examined either with an Imager Z1 micro-
scope (Carl Zeiss, for M1-Ub aggregate number quantifica-
tions) or a LSM800 laser scanning microscope (Carl Zeiss, for 
caveolin-1 and M1-Ub or K63-Ub colocalization experiments). 
The numbers of ubiquitin aggregates per cell were quantified 
using CellProfiler (http://www.cellprofiler.org/). Nuclei and 
cell boundaries were segmented to identify OTULIN-positive 
cells and to attribute M1-Ub-positive aggregates to parental 
cells. Immunofluorescence deubiquitination and competition 
assays are described in the SM. For α-toxin colocalization and 
binding experiments, PDFs were synchronized by incubation 
in DMEM containing 1% HI-FBS for 24 hours before trypsin 
treatment. PDFs were incubated with 10 μg/ml α-toxin-Cys-
AF647, washed, and then fixed with methanol. After incuba-
tion with antibodies and DAPI, cells were seeded in a slide 
chamber. Images were acquired on a Leica SP5 confocal mi-
croscope (Leica Microsystems) and NanoImager (ONI). In 
parallel, the cells were recorded on a FACS Verse flow cytom-
eter (BD). Confocal images were analyzed with Image J Fiji 
software and the JACoP colocalization analysis plugin (98). 
The antibodies used are described in table S3. 
 
Cell viability assays 
PDFs were plated in a microtiter plate and synchronized in 
DMEM containing 1% HI-FBS and 25 mM DMEM for 24 
hours and were then incubated for 2.5 hours with 5-10% 
crude bacterial culture supernatant or for 24 hours with re-
combinant toxins, or with 100 ng/ml TNF (R&D Systems) 
plus 1 μM BV6 (ApexBio) at 37°C, under an atmosphere con-
taining 5% CO2. Bacterial supernatants were neutralized by 
incubation for 15 min in DMEM supplemented with 10% HI-
FBS plus 100 μg/ml monoclonal antibodies (92, 99). PBMCs 
and iPSC-derived macrophages were incubated with α-toxin 
for 2 hours and 24 hours, respectively, at 37°C, under an at-
mosphere containing 5% CO2. For the inhibition of α-toxin 
cytotoxicity, PDFs were treated for 1 hour with 20 μM GI-
254023X (R&D Systems) or DMSO before adding 1.1 μg/ml α-

toxin, or for 2 hours with 1 mM methyl-β-cyclodextrin (Sigma) 
followed by washing and the addition of 1.1 μg/ml α-toxin. 
Viability was assessed with the CellTiterGlo Luminescent Cell 
Viability Assay (Promega) and expressed relative to cells not 
incubated with the toxin or supernatant. Four-parameter 
non-linear regression analyses were performed to obtain half-
maximum effective concentrations (EC50). The expression of 
recombinant toxins and the generation of bacterial culture 
supernatant are described in the SM. 
 
Metalloprotease activity assays 
PDFs were plated in a microtiter plate and synchronized by 
incubation in DMEM containing 1% HI-FBS and 25 mM 
DMEM for 24 hours. They were then treated for 1 hour with 
20 μM GI-254023X (R&D Systems) or DMSO before the addi-
tion of 3.3 μg/ml wild-type or H35L-toxoid α-toxin. After 2 
hours of incubation at 37°C, under an atmosphere containing 
5% CO2, cells were washed with 25 mM Tris (pH 8), and 10 
μM Mca-PLAQAV-Dpa-RSSSR-NH2 Fluorogenic Peptide Sub-
strate (R&D Systems) was added. After incubation for 30 min, 
fluorescence intensity was measured on a monochromator-
based microplate reader and expressed relative to cells not 
incubated with the toxin. 
 
Mice 
The generation and use of Otulin-haploinsufficient mice is 
described in the SM. 
 
Anti-α-toxin immunoglobulins 
The capacity of the plasma to neutralize microbial toxins was 
assessed with rabbit erythrocytes, as described in the SM. 
Pooled plasma was depleted of IgG with HiTrap Protein G 
HRP columns (GE Healthcare). Anti-α-toxin immunoglobulin 
levels were measured by ELISA, as described in the SM. 
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Fig. 1. OTULIN haploinsufficiency and its molecular characterization. (A) Genome-wide enrichment in rare, 
predicted deleterious variants in the cohort of N = 105 patients with severe staphylococcal disease, relative to  
N = 1,274 patients with mycobacterial disease. (B) Pedigrees of the kindreds presenting severe necrotizing 
staphylococcal disease and carrying heterozygous mutations of OTULIN. (C) Pedigrees of the kindreds carrying 
heterozygous mutations of OTULIN and presenting necrosis triggered by other etiologies. (D) Pedigrees of the 
kindreds of ORAS probands carrying biallelic mutations of OTULIN. (E) Functional population genetics based on 
minor allele frequencies (MAFs) reported in the gnomAD database and the NF-κB inhibitory capacity of the 
OTULIN variants, as assessed with a luciferase reporter system in transiently transfected HEK293T cells 
stimulated with TNF (datapoints represent the mean of N = 4-5 per variant). (F) Pedigrees of the kindreds of the 
5p- syndrome probands carrying deletions with a breakpoint centromeric to OTULIN. The patients are shown in 
ascending age order (left to right, top to bottom). (G) Pedigree of the 5p- syndrome kindred with probands 
carrying a deletion with a breakpoint telomeric to OTULIN. WT: wild-type allele; MT: mutant allele; LOF: loss of 
function. See also fig. S1 and tables S1 and S2. 
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Fig. 2. OTULIN haploinsufficiency does not impair the hematopoietic immune system. (A) Aggregate uniform 
manifold approximation and projection (UMAP) plots of peripheral blood mononuclear cells (PBMCs) from 
patients with autosomal dominant OTULIN deficiency and healthy controls, as assessed by cytometry by time-
of-flight (CyTOF). (B) Principal component (PC) analysis plot of the transcriptional profile of PBMCs at baseline 
and after incubation with various stimuli, in comparison with healthy controls. Arrows have been added for visual 
support of the direction of variance after stimulation. NS: not stimulated; HKSA: heat-killed S. aureus. See also 
fig. S2. 
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Fig. 3. OTULIN gene dosage-dependent accumulation of M1-Ub in fibroblasts. (A) Expression of OTULIN, 
HOIP, HOIL-1, and SHARPIN in primary dermal fibroblasts (PDFs). (B) Relative abundance of OTULIN peptides 
in PDFs, as determined by mass spectrometry analysis (median). (C) Accumulation of aggregates containing 
M1-Ub in immortalized fibroblasts, as assessed by immunohistochemistry. Representative images.  
(D) Quantification of the aggregate accumulations seen in (D) (median). (E) Quantification of aggregates 
containing M1-Ub in immortalized fibroblasts after rescue with wild-type OTULIN, as compared with cells 
rescued with an empty virus (mean ±SD). (F) Abundance of M1-Ub, as determined by AQUA-MS/MS analysis 
of immortalized fibroblasts (median). Statistical significance was calculated by ANOVA with Dunnett post hoc 
correction for multiple comparisons. See also fig. S3. 
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Fig. 4. OTULIN-dependent accumulation of caveolin-1 in fibroblasts. (A) Transcriptional profile of 
unstimulated primary dermal fibroblasts (PDFs), as assessed by RNA sequencing, expressed as log2-fold 
changes (FC) relative to the mean value for controls. Genes satisfying the threshold for statistical significance 
in comparisons of ORAS patients to controls are shown. (B) Proteomic profiles of unstimulated PDFs, as 
assessed by mass spectrometry on whole-cell lysates, expressed as Z-scores. Genes satisfying the threshold 
for statistical significance in comparisons of ORAS patients to controls are shown. (C) STRING analysis of the 
cluster of proteins with differential abundances in various genotypes identified in (B). (D) Accumulation of 
SDS-resistant high-MW caveolin-1-containing complexes in PDF-whole cell lysates (WCLs). (E) High-MW 
caveolin-1-containing complex intensities relative to β-actin intensities in PDF-WCLs, normalized against the 
mean value of healthy controls (datapoints indicate the mean of N = 2 replicates per patient, median per 
group). (F) High-MW caveolin-1-containing complex intensities relative to β-actin intensities in PDF-WCLs 
treated with an sgRNA pool targeting OTULIN (sgOTU), normalized against the mean value in those treated 
with a non-targeting control sgRNA (sgNTC) (median, N = 4). The statistical significance of differences was 
assessed in Student’s t-tests. See also fig. S4. 
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Fig. 5. Polyubiquitination of caveolin-1. (A) Analysis of K63-Ub on caveolin-1 by LC-MS/MS on purified 
caveolin-1 from primary dermal fibroblast (PDF) whole cell lysates (WCLs). Caveolin-1 was analyzed in solution, 
in the high-molecular weight (MW) complex fraction, and in the monomeric (Mono) fraction. (B) High-MW K63-
Ub complex intensities relative to caveolin-1 intensities in recombinant deubiquitinase-treated purified caveolin-
1 from PDFs. (C) High-MW K63-Ub complex intensities relative to caveolin-1 intensities in purified caveolin-1 
from PDFs after rescue with CYLD and/or OTULIN. (D) Intensities of CYLD and HOIP bound to M1-Ub, as 
detected in TUBE pull-downs from immortalized fibroblasts, relative to intensities of total CYLD and HOIP, 
respectively. Statistical significance was calculated by ANOVA with Dunnett post hoc correction for multiple 
comparisons. See also fig. S5. 
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Fig. 6. OTULIN haploinsufficiency impairs intrinsic immunity to α-toxin in fibroblasts. (A) Colocalization of α-
toxin with ADAM10 and caveolin-1 in primary dermal fibroblasts (PDFs), visualized in high-resolution images 
acquired by stochastic optical reconstruction microscopy, after 30 min of incubation in the presence or absence 
of α-toxin. (B) Binding of α-toxin in PDFs, as detected by flow cytometry. (C) Viability of PDFs following 2.5 hours 
of incubation with culture supernatant from S. aureus (datapoints indicate the mean of N = 3 replicates per 
patient, median per group). (D) Viability of PDFs following 24 hours of incubation with recombinant microbial 
toxins (N = 2-4 per group, mean ±SD per group). (E) Viability of PDFs from a 5p- syndrome patient with a 
breakpoint telomeric to OTULIN following 24 hours of incubation with recombinant α-toxin, superimposed on 
that for healthy controls and 5p- patients with a breakpoint centromeric to OTULIN from panel (F) (N = 3, mean 
±SD). (F) Cell-surface metalloprotease activity in PDFs induced by wild type α-toxin (WT) or a toxoid mutant 
(H35L) following the treatment of cells with an ADAM10 inhibitor or carrier (datapoints indicate the mean of  
N = 3 replicates per patient, median per group). (G) Viability of OTULIN-deficient PDFs treated with an sgRNA 
pool targeting CAV1 (sgCAV1), CAV2 (sgCAV2), or a non-targeting control sgRNA (sgNTC) following exposure 
to α-toxin (0.12 μg/ml; N = 3, median). The statistical significance of differences was assessed in Student’s  
t-tests (C), or by ANOVA with Bonferroni (F) or Dunnett (G) post hoc corrections for multiple comparisons.  
See also fig. S6. 
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Fig. 7. α-Toxin-neutralizing antibodies rescue OTULIN haploinsufficiency. (A) Capacity of plasma at a dilution 
of 1:300 to neutralize the hemolytic activity of α-toxin (20 ng/ml), pneumolysin (PLY, 0.67 ng/ml), and 
streptolysin O (SLO, 42 ng/ml) in rabbit erythrocytes. (B) Anti-α-toxin immunoglobulin levels in plasma at a 
dilution of 1:750. We analyzed plasma from adult patients, relatives, and controls. The statistical significance of 
differences was determined by ANOVA with Dunnett post hoc correction for multiple comparisons. See also  
fig. S7. 
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