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OTUD5 promotes the inflammatory immune response by
enhancing MyD88 oligomerization and Myddosome formation
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Myddosome is an oligomeric complex required for the transmission of inflammatory signals from TLR/IL1Rs and consists of MyD88
and IRAK family kinases. However, the molecular basis for the self-assemble of Myddosome proteins and regulation of intracellular
signaling remains poorly understood. Here, we identify OTUD5 acts as an essential regulator for MyD88 oligomerization and
Myddosome formation. OTUDS5 directly interacts with MyD88 and cleaves its K11-linked polyubiquitin chains at Lys95, Lys231 and
Lys250. This polyubiquitin cleavage enhances MyD88 oligomerization after LPS stimulation, which subsequently promotes the
recruitment of downstream IRAK4 and IRAK2 to form Myddosome and the activation of NF-kB and MAPK signaling and production
of inflammatory cytokines. Consistently, Otud5-deficient mice are less susceptible to LPS- and CLP-induced sepsis. Taken together,
our findings reveal a positive regulatory role of OTUD5 in MyD88 oligomerization and Myddosome formation, which provides new

sights into the treatment of inflammatory diseases.
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INTRODUCTION

Sepsis is a complicated, heterogeneous, and highly fatal syndrome
that can be hard to identify and cure [1]. It is currently defined as a
life-threatening organ dysfunction syndrome caused by a
dysregulated host response to infection [2]. Sepsis is one of the
most urgent public health challenges worldwide [3]. A recent
study estimated that there were 48.9 million people diagnosed
with sepsis and 11 million sepsis-related deaths globally in 2017.
Sepsis is associated with a high economic burden and long-term
morbidity [4]. Excessive inflammation in sepsis leads to tissue
injury, multi-organ dysfunction, shock, and death. However, the
mechanisms behind uncontrolled inflammation in sepsis remain
unknown. A clear understanding of the control of inflammatory
responses in sepsis will assist in the development of novel
therapeutic drugs for the management of sepsis.

Innate immunity is the host’s initial line of defense against
pathogen invasion. Innate immunity relies on pattern recognition
receptors (PRRs) on immune cells to recognize pathogen-
associated molecular patterns (PAMPs) that are present on viruses,
bacteria and fungi or damage-associated molecular patterns
(DAMPs) released by injured cells [5, 6]. Furthermore, ligand
recognition leads to the activation of the innate immune receptor
signaling pathways which trigger the assembly of multiple
signaling proteins into high-order oligomeric complexes, collec-
tively known as the supramolecular organizing centers (SMOCs).
Moreover, SMOCs link the activated receptors to various down-
stream molecules and enhance signal amplification through
nucleation and protein oligomerization [7, 8].

There are various types of SMOCs that are primarily associated
with inflammation, such as NLRP3 inflammasome and Myddo-
some [9]. The Myddosome is an oligomeric complex that consists
of the Myeloid differentiation primary response protein (MyD88)
and Interleukin-1 Receptor-Associated Kinases (IRAK) family. The
Myddosome transmits inflammatory signals from TLR/IL-1Rs
[10-12]. Structural studies have shown that the Myddosome
complex consists of six death domains (DDs) of MyD88, four DDs
of Interleukin-1 Receptor-Associated Kinase 4 (IRAK4) and four DDs
of Interleukin-1 Receptor-Associated Kinase 2 (IRAK2) [13].
Furthermore, accumulating evidence shows that the size, number,
and assembly speed of the Myddosome complex control the
intensity of the inflammatory response [14-16]. Therefore, under-
standing the regulatory mechanisms behind Myddosome forma-
tion could provide valuable insights into the development of
novel drugs that block Myddosome assembly for the prevention
and treatment of sepsis.

MyD88 is a cytosolic adapter protein which plays an important
role in mediating TLR/IL-1R signaling. Sustained stimulation leads
to the activation and oligomerization of MyD88 [17], which leads
to the formation of the Myddosome complex via recruiting and
coassembling of IRAKs at the cytosolic membrane [18, 19].
Subsequently, this leads to the activation of nuclear factor-
kappa B (NF-kB) and mitogen-activated protein kinase (MAPK)
signaling and the expression of proinflammatory cytokines [20].

Ubiquitination is a three-step enzymatic process mediated by
E1, E2, and E3 enzymes. Ubiquitination involves the covalent
attachment of ubiquitin (a protein consisting of 76-amino acids) to
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the target proteins. However, ubiquitination is reversed by
cleaving the ubiquitin through the action of deubiquitylation
enzymes (DUBs) [21, 22]. Furthermore, ubiquitin chains can be
formed by linking one ubiquitin to the N-terminus or internal

SPRINGER NATURE

p-P38/P38 0 134 031 0 043015

orups NN "

lysine residues (lysine (K) 6, 11, 27, 29, 33, 48 and 63) of another
ubiquitin [23, 24]. The type of linkage chains determines the fate
of the targeted proteins. The K48-linked polyubiquitination targets
MyD88 for proteasomal degradation mediated by Neuregulin
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OTUDS5 promotes TLR/IL-1R-mediated NF-kB and MAPK signaling. A qRT-PCR analysis the expression of Tnfa, ll6 and //7Tb mRNA in WT

and Otud5°° PMs primed with LPS (100 ng/mL) for various times. B ELISA quantification of TNF-o, IL-6 and IL-1p protein in supernatant of WT
and Otud5%° PMs primed with LPS (100 ng/mL) for various times. C qRT-PCR analysis the expression of Tnfa, Il6 and /lTb mRNA in WT and
Otud5“° PMs primed with IL-1p (50 ng/mL) for 2 h. D ELISA quantification of TNF-o, IL-6 and IL-1p protein in supernatant of WT and Otud5“°®
PMs primed with IL-1p (50 ng/mL) for various times. E Immunoblot analysis of phosphorylated and total TAK1, IKKa/p, P65, ERK, JNK, and P38
in WT and Otud5K° PMs primed with LPS (100 ng/mL) for various times. F Immunoblot analysis of the indicated proteins in WT and Otud5°<°
PMs primed with IL1-$ (20 ng/mL) for various times. Data are represented as mean + SD of three replicates in (A-D). *P < 0.05, **P < 0.01,
***¥P < 0.001, two-tailed student’s t-test. Similar results were obtained from three independent experiments.

receptor degradation protein-1 (Nrdp1), Smad ubiquitin regulatory
factor 1 (Smurf1) and Smad ubiquitin regulatory factor 2 (Smurf2),
Casitas B lymphoma-b (Cbl-b), and the recently-identified speckle-
type POZ protein (SPOP) complex [25-29]. In addition, the K63-
linked polyubiquitination of MyD88 was reported to positively
regulate NF-kB signaling by promoting the activation of MyD88
[30]. However, considering that current studies mainly focus on
the typical polyubiquitination of MyD88, more efforts are needed
to determine whether there is atypical polyubiquitination of
MyD88 and how it functions for MyD88 oligomerization and
Myddosome formation.

The ovarian tumor (OTU) family deubiquitinases (DUBs) have
been the focal point in numerous important physiological
processes. In recent years, considerable progress has been made
in the understanding of the functions of OTU deubiquitinase 5
(OTUDS5), also named as DUBA, which has largely broadened the
span and depth in this area [31]. OTUD5 acts as a negative
regulator of IFN-I expression to cleave the K63-linked polyubiqui-
tin chains on tumor necrosis factor receptor-associated factor 3
(TRAF3) [32]. Our previous study indicated that OTUD5 promotes
innate antiviral and antitumor immunity by removing K48-linked
ubiquitin chains of STING and strengthening its stability [33].
Besides, OTUD5 regulates gene transcription and inhibits tumor-
igenesis by deubiquitinating TRIM25, providing forceful evidence
for the synergistic effect of deubiquitinating enzyme and ubiquitin
ligase [34]. Meanwhile, OTUD5 can be regulated by
mTORC1 signaling through phosphorylation and autophagy
degradation process [35, 36]. It has been reported that OTUDS5 is
associated with sepsis [37-39]. However, the regulatory mechan-
isms of OTUDS5 underlying sepsis need to be further elucidated.

In this study, we demonstrate that OTUD5 is an essential
positive regulator for MyD88 activation. Notably, OTUD5 abro-
gates K11-linked polyubiquitination of MyD88 at Lys95, Lys231
and Lys250, which subsequently promotes MyD88 oligomerization
and the assembly of Myddosome. Consistently, Otud5 deficiency
protects mice from the lethal systemic infection with LPS
challenge in vivo. Moreover, Otud5 deficiency attenuates the
severity of CLP-induced septic shock in vivo. Taken all together,
our findings suggest that OTUD5 acts as a positive regulator of
TLR/IL-1R-mediated inflammatory response, which will help in
developing effective medications to treat inflammatory diseases.

RESULTS

OTUD5 promotes TLR/IL1-R-mediated NF-kB and MAPK
signaling

OTUDS5 is a member of the OTU family of DUBs [40]. OTUDS is
involved in various cellular responses, including DNA damage and
repair, transcriptional regulation, cancer development and pro-
gression, innate antiviral immune response, and adaptive immune
response [33, 41-44]. It has been reported that OTUDS5 is
associated with sepsis [37-39]. To investigate whether OTUD5 is
involved in inflammatory immune response, small interfering RNA
targeting Otud5 were designed and transfected into mouse
peritoneal macrophages (PMs). Further, the mRNA and protein
knockdown efficiency was verified through gRT-PCR and immu-
noblot analysis (Fig. S1A). These results showed that the
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knockdown of Otud5 was associated with decreased expression
of TNF-q, IL-6 and IL-1B in PMs stimulated with LPS (Fig. S1B, Q).
Similarly, THP-1 cells (human monocyte cell lines) transfected with
OTUDS5-specific siRNA showed decreased expression of TNF-q, IL-6
and IL-1pB following stimulation with LPS (Fig. S2B, C). To further
evaluate the role of OTUD5, OTUD5 knockout RAW264.7 macro-
phages were constructed by using CRISP/Cas9 technology [33].
Consistent with the siRNA knockdown findings, the OTUD5
knockout RAW264.7 macrophages showed decreased secretion
of TNF-q, IL-6 and IL-1f upon LPS stimulation (Fig. S3A, B).

To directly evaluate the physiological role of OTUD5, myeloid-
specific OTUD5 knockout mice were produced by breeding
Otud5™ mice with Lyz2-Cre mice. Subsequently, PMs were
prepared from the Otud5"Y Lyz2-Cre (hereinafter called
‘Otud5€°’) and wild-type (hereinafter called ‘WT’) mice. After that,
the PMs were stimulated with LPS and IL-1B. The Otud5<*® PMs
showed decreased mRNA expression and secretion of TNF-q, IL-6
and IL-1f upon LPS stimulation (Fig. 1A, B). In addition, the IL-1$3-
induced mRNA expression and secretion levels of TNF-q, IL-6 and
IL-1B were also decreased in Otud5° PMs (Fig. 1C, D). Consistent
with these findings, Otud5 deficient PMs showed decreased TNF-q,
IL-6 and IL-1B expression and secretion upon stimulation by
Pam3CSK4, R848, or CpG ODN (Fig. S4A, B). Taken together, these
findings revealed that OTUDS5 stimulates TLR/IL-1R-mediated
production of proinflammatory cytokines.

Since TLR/IL-1R-mediated activation of NF-kB and MAPKs lead
to the production of inflammatory cytokines [45, 46], we next
explored the role of OTUDS5 in the NF-kB and MAPK signaling
pathways by transfecting Otud5-siRNA into PMs. The results
revealed that the knockdown of Otud5 was associated with
decreased phosphorylation of TAK1, IKKa/p and P65 in the NF-kB
signaling pathway (Fig. S1D). In addition, Otud5 knockdown was
associated with decreased phosphorylation of ERK, JNK, and P38
in the MAPK signaling pathway (Fig. S1D). Consistent with these
findings, transfection of THP-1 cells with OTUD5-specific siRNA was
associated with decreased signals in the NF-xB and MAPK
signaling pathways (Fig. S2D). These findings demonstrated that
knockdown of OTUD5 suppresses LPS-induced NF-kB and MAPK
signaling in human and mouse macrophages. In addition, LPS
stimulation of RAW264.7 macrophages with Otud5 knockout was
associated with decreased phosphorylation of TAK1, IKKa/(, P65,
ERK, JNK, and P38 (Fig. S3C). Further, to demonstrate the effect of
OTUDS in NF-kB and MAPK signaling, we obtained PMs from WT
and Otud5K° mice. Subsequently, the PMs were stimulated by
using LPS and IL-1f. These results showed decreased activation of
TAK1, IKKa/B, and P65 in the NF-kB signaling pathway and
decreased activation of ERK, JNK, and P38 in the MAPK signaling
pathway in Otud5“° PMs (Fig. 1E, F). These results suggested that
OTUDS5 enhances TLR/IL-1R-mediated NF-kB and MAPK signaling.

OTUDS interacts with MyD88

Further, we investigated the interaction between OTUD5 and
various adapter proteins of the TLR/IL-1R signaling pathway.
Firstly, plasmids encoding upstream components of TLR/IL-1R
signaling, including MyD88, IRAK4, IRAK2, TNF receptor associated
factor 6 (TRAF6), and OTUD5, were transfected into HEK293T cells.
The coimmunoprecipitation (Co-IP) analysis revealed that OTUD5
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interacts with MyD88 but not IRAK4, IRAK2, or TRAF6 (Fig. 2A-D). downstream molecules of the TLR/IL-1R signaling, and OTUDS5,
Furthermore, plasmids encoding Transforming growth factor-@8 were transfected into HEK293T cells. The Co-IP analysis demon-
(TGF-B)-activated kinase 1 (TAK1), IkappaB kinase a (IKKa), IkappaB strated that TAK1, IKKa, IKKB, and IKKy did not interact with
kinase B (IKKB), and IkappaB kinase y (IKKy, also known as NEMO), OTUDS5 (Fig. 2E). Taken together, these findings suggested that
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Fig.2 OTUDS5 interacts with MyD88. A Co-IP analysis of the interaction between Flag-OTUD5 and Myc-MyD88 in HEK293T cells. B, C, D Co-IP
analysis of the interaction between Flag-IRAK4, Flag-IRAK2, or Flag-TRAF6 and Myc-OTUD5 in HEK293T cells. E Co-IP analysis of the interaction
between Myc-TAK1, Myc-IKKa, Myc-IKKB, Myc-IKKy and Flag-OTUD5 in HEK293T cells. F WT PMs were stimulated with LPS (100 ng/mL) for
various times to detect the endogenous interaction between OTUD5 and MyD88. G Immunofluorescence staining of PMs with anti-MyD88 or
anti-OTUD5 antibody after primed with LPS for 30 min (100 ng/mL). Scale bars, 20 pm. Nucleus were exhibited with DAPI (blue). H Human
MyD88 (WT) and its truncation mutants (top), and Co-IP analysis of the interaction of Flag-OTUD5 with MyD88 truncation mutants in
HEK293T cells (bottom). I Human OTUDS5 (WT) and its truncation mutants (top), and Co-IP analysis of the interaction of Myc-MyD88 with Flag-
OTUDS or its truncation mutants in HEK293T cells (bottom). Similar results were obtained from three independent experiments.

OTUDS interacts with MyD88 but not the other adapter molecules
involved in TLR/IL-1R signaling.

To further confirm the interaction of OTUD5 with MyD88, we
obtained PMs from WT mice. The results revealed that OTUD5
colocalizes with MyD88 endogenously (Fig. 2F). In addition, the
immunofluorescence staining showed that MyD88 and OTUD5
were freely dispersed through the cytoplasm under normal
physiological conditions (Fig. 2G, top panel). However, MyD88
exhibited punctate staining following LPS stimulation. Interest-
ingly, OTUD5 also showed cytoplasmic puncta and colocalized
with MyD88 (Fig. 2G, bottom panel). As a positive control, the Co-
IP analysis of HEK293T cells and PMs revealed that OTUD5
interacts with TRAF3 both exogenously and endogenously
(Fig. S5A-Q). Further findings were made that the levels of Ifnb1
and RANTES (Ccl5) expression as well as the phosphorylation of
TBK1 and IRF3 were higher in Otud5““® PMs after LPS or Poly(I:C)
stimulation (Fig. S5D-G).

MyD88 is composed of a C-terminal TIR domain, a N-terminal
death domain (DD), and an intermediate domain (ID) [47]. To
detect which domain(s) of MyD88 were responsible for the
interaction with OTUDS5, three truncated mutants were con-
structed (Fig. 2H, top panel). Co-IP analysis showed that MyD88-
ADD (in which the DD domain was deleted) lost the ability to
interact with OTUDS5 (Fig. 2H, bottom panel). OTUD5 consists of an
OTUD domain (amino acids 220-360) that possesses core catalytic
residues in the central region, and a Ubiquitin Interacting Motif
(UIM) at the C-terminus [32]. Co-IP analysis with three OTUD5
truncated mutants (Fig. 2I, top panel) showed that the amino acids
1-360 on OTUDS was incapable of interacting with MyD88 (Fig. 2I,
bottom panel). These collective findings indicated that OTUD5
interacts with MyD88 through the amino acids 360-571 on OTUD5
and the death domain of MyD88.

OTUDS inhibits K11-linked polyubiquitination of MyD88 at
Lys95, Lys231 and Lys250
A previous study revealed that OTUDS5 interacts with MyD88,
therefore promoting TLR/IL-1R mediated signal transduction. As a
member of the OTU subfamily of DUBs, OTUD5 recruits substrates
for deubiquitination and performs various biological functions
[32, 33, 41-43, 48]. In this study, we hypothesized that OTUD5 may
abrogate MyD88 polyubiquitination. To test this hypothesis, we
transfected Flag-OTUD5 (WT) or C224S (mutation of cysteine to
serine at position 224) [32, 49], Myc-MyD88 and HA-Ubiquitin into
HEK293T cells. The results revealed that WT OTUD5 showed a
significant reduction in MyD88 polyubiquitination. However, the
C224S mutant lacking enzymatic activity showed no significant
reduction in MyD88 polyubiquitination (Fig. 3A), indicating that
the enzymatic activity of OTUD5 was a requisite for MyD88
deubiquitination. To further investigate whether OTUD5 abro-
gated MyD88 polyubiquitination in physiological conditions, we
detected the levels of endogenous MyD88 polyubiquitination. The
results revealed that the levels of endogenous polyubiquitinated
MyD88 were higher in the Otud5“*° PMs than the WT PMs upon
LPS stimulation (Fig. 3B). Taken together, OTUD5 abrogates
polyubiquitination of MyD88.

Different ubiquitin chains can be produced by linking the
C-terminus of ubiquitin to one of the seven lysine residues and the
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N-terminal methionine (K6, K11, K27, K29, K33, K48 and K63) of
another ubiquitin molecule, resulting in the assembly of
polyubiquitin chains [50], which have different biological effects.
To validate which type of MyD88 polyubiquitin chain was
abrogated by OTUD5, HA-ubiquitin mutants KO, K6, K11, K27,
K29, K33, K48 and K63 (containing only one lysine residue with
other lysine residues replaced by arginine), together with Myc-
MyD88 and Flag-OTUD5 (WT) were co-transfected into HEK293T
cells. The results revealed that MyD88 polyubiquitination was
abrogated in WT or K11 ubiquitin (Fig. 3C). In addition, K11-linked
polyubiquitination of MyD88 was abrogated in HEK293T cells
transfected with WT OTUD5 but not the C224S mutant (Fig. 3D).
This finding suggested that the enzymatic activity of OTUD5 was
required for the K11-linked polyubiquitination of MyD88. To
further verify whether OTUD5 abrogated K11-linked polyubiqui-
tination of MyD88, Myc-MyD88, Flag-OTUD5 (WT), K11 or K11R (a
ubiquitin mutant with a mutation at the lysine residue on position
11), were co-transfected into HEK293T cells. The results revealed
that MyD88 polyubiquitination was not abrogated in the presence
or absence of OTUDS5 in HEK293T cells transfected with K11R
(Fig. 3E). In conclusion, these results suggested that OTUD5 mainly
abrogates K11-linked polyubiquitination of MyD88 through its
enzymatic activity.

Ubiquitination refers to the covalent attachment of ubiquitin to
(mostly) lysine (K) residues of target proteins [51, 52]. MyD88 has
15 lysine residues (Fig. 3F). To identify the lysine residues required
for OTUD5-mediated deubiquitination, the mutant MyD88-K0 was
generated by the substitution of arginine for lysine. After that, the
single lysine mutants were generated by reintroducing single
lysine residues into MyD88-KO (Fig. 3F). The Co-IP analysis showed
that OTUD5 inhibited polyubiquitination of MyD88 (WT) and its
mutants MyD88 (K95), MyD88 (K231), and MyD88 (K250) in
HEK293T cells (Fig. 3G). We further constructed a point mutant of
MyD88 (K95R, K231R, K250R), in which the lysine residues at
positions 95, 231 and 250 were replaced by arginine simulta-
neously (Fig. 3F). Next, wild-type MyD88 (MyD88 (WT)) or its
mutant MyD88 (K95R, K231R, K250R) plasmids, together with
OTUDS expression plasmids were transfected into HEK293T cells.
The Co-IP analysis showed that OTUD5 could abrogate poly-
ubiquitination of MyD88 (WT), while it does not possess the ability
to eliminate the ubiquitination of MyD88 (K95R, K231R, K250R)
mutant forms (Fig. 3H). Taken together, these results suggested
that OTUDS5 inhibits K11-linked polyubiquitination of MyD88 at
Lys95, Lys231 and Lys250.

OTUD5 enhances MyD88 oligomerization and the assembly of
Myddosome
MyD88 has an intrinsic tendency to oligomerize, mediated by
death domains through low-affinity homotypic interactions [10].
Further, Myddosome assembly is nucleated by the oligomerization
of MyD88 [13], which is pivotal for the activation of the TLR/IL-1R
signaling and downstream production of proinflammatory cyto-
kines [10, 53-55]. However, the regulation of MyD88 oligomeriza-
tion and Myddosome assembly remains largely unknown.

The immunofluorescence staining revealed that MyD88 formed
aggregated punctate structures upon LPS stimulation (Fig. 2G,
bottom panel). In addition, OTUD5 formed punctate structures
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Fig. 3 OTUDS5 inhibits K11-linked polyubiquitination of MyD88. A Myc-MyD88,

HA-Ubiquitin, Flag-OTUD5 (WT), or Flag-OTUDS5 (C224S)

were transfected into HEK293T cells and ubiquitination assays were performed. B Co-IP analysis of endogenous MyD88 ubiquitination in WT
and Otud5“*® PMs primed with LPS (100 ng/mL) for 2 h. € HEK293T cells were transfected with Flag-OTUD5 (WT), Myc-MyD88, and HA-
Ubiquitin or its mutants (KO, K6, K11, K27, K29, K33, K48 and K63). Ubiquitination assays of MyD88 were performed. D HEK293T cells were
transfected with Myc-MyD88, HA-Ubiquitin mutant (K11), Flag-OTUDS5 (WT) or Flag-OTUDS5 (C224S). Co-IP analysis of the polyubiquitination of
MyD88 was performed. E HEK293T cells were transfected with Myc-MyD88, Flag-OTUD5 (WT), HA-Ubiquitin mutant (K11), or K11R. Co-IP
analysis of MyD88 polyubiquitination was performed. F Substitution of human MyD88 mutants with various lysine residues (red ‘K’).
G, H HEK293T cells were transfected with Myc-MyD88 (WT or mutants), together with Flag-OTUD5 (WT) and HA-Ubiquitin (K11). Co-IP analysis
of MyD88 polyubiquitination was performed. Similar results were obtained from three independent experiments.
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and colocalized with MyD88 in the cytosol (Fig. 2G, bottom panel),
suggesting that OTUD5 could regulate MyD88 oligomerization. To
further elucidate whether OTUD5 was involved in the regulation
of MyD88 oligomerization, disuccinimidyl suberate (DSS) was used

to cross-link MyD88 oligomers. The results showed increased
endogenous MyD88 oligomerization upon LPS stimulation
(Fig. 4A). However, there was reduced MyD88 oligomerization
when knockout of Otud5 in PMs (Fig. 4A). We also found the
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Fig. 4 OTUD5 enhances MyD88 oligomerization and Myddosome formation. A WT and Otud5°¥° PMs were primed with LPS (100 ng/mL) for
1 h. DSS was used to cross-link the cell lysates, and immunoblot analysis was performed to detect MyD88 oligomerization with anti-MyD88
antibody. B HEK293T cells were transiently transfected with GFP-MyD88, Flag-OTUDS5 (WT), or Flag-OTUDS5 (C224S). The cell lysates were treated
the same as in (A). C Immunofluorescence staining of endogenous MyD88 specks in WT and Otud5*® PMs stimulated with LPS (100 ng/mL) for
1 h. Scale bar, 50 pm (left). Quantification of MyD88 specks after LPS stimulation from circa 40 cells was drawn by GraphPad Prism 8.3.0 (right).
D HEK293T cells were transiently transfected with Myc-MyD88 (WT or mutants) and Flag-OTUDS5. The cell lysates were treated the same as in (A).
E Lysates obtained from WT and Otud5¥° PMs primed with LPS (100 ng/mL) for various times were subjected to immunoprecipitation with anti-
MyD88 antibody, followed by immunoblot analysis with anti-IRAK2 or anti-IRAK4 antibody. F Immunofluorescence staining of endogenous
Myddosome specks in WT and Otud5“° PMs stimulated with LPS (100 ng/mL) for 30 min. Scale bar, 15 um (left). Quantification of Myddosome
specks before and after LPS stimulation from circa 40 cells was drawn by GraphPad Prism 8.3.0 (right). G gRT-PCR analysis the expression of Tnfa,
ll6 and 1176 MRNA in WT and Otud5“° PMs. Otud5“¥° PMs reconstituted with vectors for mOtud5 or mOtud5 (C2245S) are stimulated with LPS
(100 ng/mL) for indicated times. H ELISA quantification of TNF-o, IL-6 and IL-1p protein in supernatant of WT and Otud5¥° PMs. Otud5“° PMs
reconstituted with vectors for mOtud5 or mOtud5 (C224S) are stimulated with LPS (100 ng/mL) for indicated times. I Immunoblot analysis of
phosphorylated (p) and total indicated proteins in WT and Otud5“¥° PMs. Otud5““® PMs reconstructed with vectors for mOtud5 or mOtud5
(C224S) are stimulated with LPS (100 ng/mL) for various times. Data are represented as mean + SD of three replicates in (C, F, G and H). *P < 0.05,

**P <0.01, ***P < 0.001, two-tailed student’s t-test. Similar results were obtained from three independent experiments.

MyD88 oligomerization was attenuated after transfection of
human OTUDS5-specific siRNA into THP-1 cells (Fig. S6A). To
investigate whether ubiquitination was involved in MyD88
oligomerization, we transfected Flag-OTUD5 (WT) or its mutant
C224S and GFP-MyD88 into HEK293T cells. Moreover, DSS was
used to cross-link MyD88 oligomers. The results showed that
transfection of Flag-OTUD5 (WT) enhanced MyD88 oligomeriza-
tion (Fig. 4B). However, transfection of the Flag-OTUD5 mutant
(C224S did not promote MyD88 oligomerization (Fig. 4B).

Furthermore, we performed immunofluorescence staining of
MyD88 specks via PMs primed with LPS. The deletion of OTUD5
resulted in a significant decrease in MyD88 specks compared to
WT PMs (Fig. 4C). These results demonstrated that OTUDS is
involved in MyD88 oligomerization. To confirm that the oligomer-
ization of MyD88 was directly regulated by OTUD5-abrogated
polyubiquitination of MyD88, wild-type MyD88 (MyD88 (WT)) or its
mutant MyD88 (K95R, K231R, K250R), together with OTUDS5
expression plasmids were transfected into HEK293T cells and
MyD88 oligomerization was detected. We found that the
expression of OTUD5 could promote MyD88 (WT) oligomerization,
but not MyD88 (K95R, K231R, K250R) (Fig. 4D).

In the following experiments, we investigated the interaction
between MyD88 and the downstream molecules of the IRAK
family by using PMs prepared from Otud5“*® mice and WT mice.
The Co-IP analysis showed that the recruitment of IRAK4 and
IRAK2 to MyD88 in Otud5%“® PMs was decreased following LPS
stimulation (Fig. 4E). Furthermore, immunofluorescence staining
revealed that the binding between MyD88, IRAK2 and IRAK4 was
attenuated after knockout of Otud5 in the PMs (Fig. 4F).

To further investigate whether OTUD5 was involved in TLR
signaling, Otud5“*® PMs were transfected with a lentiviral mouse
Otud5 (mOtud5) overexpressing vector. The mRNA expression and
protein secretion of TNF-a, IL-6, and IL-13 were rescued when
overexpression of mOtud5 but not its mutant C224S after
stimulated by LPS (Fig. 4G, H). Consistent with these findings,
mOtud5 but not mOtud5 (C224S) rescued the phosphorylation of
TAK1, IKKa/B, and P65 in NF-kB signaling, as well as ERK, JNK, and
P38 in MAPK signaling induced by LPS (Fig. 4l). In conclusion,
these results suggested that OTUD5 promotes the oligomerization
of MyD88 and the recruitment and coassembly of IRAK4 and
IRAK2 to form Myddosome complexes.

OTUDS5 deficiency protects mice from LPS-induced
inflammatory injury

To definitively investigate the physiological role of OTUDS5 in
inflammatory immune response, LPS-induced sepsis model was
established by intraperitoneal injection of LPS into Otud5“*® and
WT mice. Serum, Bronchoalveolar Lavage Fluid (BALF), as well as
lung and spleen tissues were collected for evaluation.

SPRINGER NATURE

As shown in Fig. 5A, the serum levels of proinflammatory
cytokines TNF-q, IL-6, IL-13 and IL12p40 were higher in WT mice
after LPS challenge. In keeping with the fact that similar results
were obtained in the BALF (Fig. 5B). The hematoxylin-and-eosin
staining of lung further showed that Otud5 deficiency was
associated with less lung injury and inflammatory cell infiltration
following LPS challenge (Fig. 5C). Besides, a smaller lung wet/dry
weight ratio and a lower protein concentration in BALF were
observed in Otud5“K° mice (Fig. 5D, E). The recruitment of LY6C
inflammatory monocytes and Ly6G neutrophils in BALF were also
markedly attenuated (Fig. 5F). These data suggested that Otud5
deficiency ameliorates lung tissue damage.

In addition, the results of hematoxylin-and-eosin staining of
spleen showed that WT mice had a more serious performance of
tissue injury. The red pulp exhibited a wide range of congestion
and its cells were in a loose and random arrangement (Fig. 5G).
What's more, the WT mice showed an earlier death onset and a
higher mortality rate than the Otud5“%° mice (Fig. 5H). Altogether,
these results indicated that OTUD5 plays a critical proinflamma-
tory effect and Otud5 deficiency protects mice from LPS-induced
inflammatory injury.

OTUDS deficiency has protective effects against CLP-
induced sepsis

Currently, the cecal ligation and puncture (CLP) model is
considered as the golden standard in sepsis research [56-59].
The lung and liver are one of the initial and major target organs of
the systemic inflammatory response caused by sepsis [60-62]. The
spleen is also reported to play an important regulatory role during
the occurrence and development of sepsis [63]. To further
investigate the effect of OTUD5 in the inflammatory immune
response, a mouse model of CLP was induced by using Otud5<*©
and WT mice.

As shown in Fig. 6A-B, the protein levels of proinflammatory
cytokines in the serum and BALF were higher in WT mice.
Additionally, the lungs of WT mice showed serious performance of
inflammatory cell infiltration and injury, which is evidenced by the
higher lung weight/dry weight ratio, elevated protein levels and
increased numbers of Ly6C inflammatory monocytes and Ly6G
neutrophils in BALF from WT mice (Fig. 6C-F).

Furthermore, the serum levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehydrogenase
(LDH), and blood urea nitrogen (BUN) were determined to
estimate the liver function of mice. These results showed
lower serum levels of AST, ALT, LDH and BUN in the Otud5*°
mice, indicating that Otud5“"® mice suffered less liver injury
(Fig. 6G). In addition, the spleens of Otud5*® mice exhibited a
lighter pathological damage with a small range of congestion
in the red pulp and a more regular arrangement in its cells

Cell Death & Differentiation (2024) 31:753 -767
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(Fig. 6H). Consistent with the above data, the Otud5° mice  DISCUSSION

experienced a later death onset than the WT mice (Fig. 6l). Taken
together, Otud5 deficiency has protective effects against CLP-
induced sepsis.
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MyD88 is a canonical adapter protein for Toll-like receptors and
interleukin (IL)-1 receptor (TLR/IL-1R) signaling, which is involved
in host defense against pathogens [64]. The oligomerization of

SPRINGER NATURE

761



Y. Liu et al.

762

Fig. 5 OTUDS5 deficiency protects mice from LPS-induced inflammatory injury. A WT and Otud5K° mice were intraperitoneally injected
with LPS (25 pg/g) for 4 h. The serum levels of TNF-o, IL-6, IL-1p and IL12p40 of WT and Otud5°K° mice were detected by ELISA (n = 3 mice for
PBS group, n = 7 mice for LPS group, 8 weeks old). B WT and Otud5“*® mice were intraperitoneally injected with LPS (25 pg/g) for 8 h. Protein
levels of TNF-a, IL-6 and IL-1f in bronchoalveolar lavage fluid (BALF) were assessed. (n =3 mice for PBS group, n =7 mice for LPS group,
8 weeks old). C WT and Otud5“*® mice were injected intraperitoneally with LPS (25 ug/g) as in (A), hematoxylin-and-eosin staining of lun

sections of the mice was performed. Scale bar, 50 pm. Inflammation scores of lung tissue sections are described in (C). D, E, F WT and Otud5~"

mice were intraperitoneally injected with LPS (25 pg/g) for 8 h. Lung wet/dry weight ratio (D), protein concentrations in BALF (E), absolute
numbers of Ly6C" monocytes and neutrophils (F) were assessed. (n = 3 mice for PBS group, n = 7 mice for LPS group, 8 weeks old). G WT and
Otud5“° mice were injected intraperitoneally with LPS (25 pg/g) as in (A), hematoxylin-and-eosin staining of spleen sections of the mice was
performed. Scale bar, 20 pm. Inflammation scores of spleen tissue sections are described in (G). H WT and Otud5 littermates were injected
intraperitoneally with LPS (40 pg/g). Mice survival was monitored during the following 7 days (n = 13 mice per group, 8-10 weeks old). Data
are represented as mean * SD in (A-G). *P < 0.05, **P < 0.01, ***P < 0.001; (A-G) two-tailed student’s t-test; (H) log-rank Mantel-Cox test. Similar

results were obtained from three independent experiments.

MyD88 is essential in its activation and occurs upon TLR/IL-1R
stimulation [17, 65]. The oligomerization of MyD88 nucleates the
assembly of the Myddosome [13], which is important for
downstream signal transduction and expression of various
proinflammatory cytokines [17]. The activation of MyD88 and
assembly of Myddosome should be precisely controlled for the
maintenance of immune homeostasis. However, the molecular
mechanisms behind the regulation of MyD88 oligomerization and
Myddosome formation remain unknown. This study aimed to
investigate the role of OTUD5 in MyD88 oligomerization and the
assembly of the Myddosome complex. The results revealed that
OTUDS inhibits K11-linked polyubiquitination of MyD88 and
promotes the assembly of the Myddosome complex in an
enzymatic activity-dependent manner (Fig. 7).

Several studies have demonstrated that lysine (K) 63-linked and
(K) 48-linked polyubiquitination is critical for MyD88 oligomeriza-
tion and Myddosome formation. For example, a previous study
revealed that TRAF6 and Pellino E3 ubiquitin ligases were
responsible for the induction of K63-linked ubiquitination of
MyD88, thus promoting signal transduction in the TLR/IL-1R-
mediated NF-kB pathway [66]. Nontyeable Haemophilus influenza
(NTHi) mediates K63-linked polyubiquitination of MyD88, there-
fore enhancing the inflammatory response. However, the deubi-
quitinase cylindromatosis (CYLD) acts as a negative regulator for
NTHi-induced inflammation by suppressing the K63-linked poly-
ubiquitination of MyD88 [30]. Furthermore, deubiquitinase ovarian
tumor family deubiquitinase 4 (OTUD4) acts as a negative
regulator of MyD88 activation and TLR-mediated NF-kB signaling
by suppressing K63-linked polyubiquitination of MyD88 [67]. In
addition, several ubiquitinases have been shown to target MyD88
for proteasome degradation, including Nrdp1, Smurf1 and Smurf2,
Cbl-b, and the recently-identified SPOP complex [26-29]. Further-
more, ring finger protein 152 (RNF152, an E3 ubiquitin ligase)
regulates MyD88 activation independent of its enzymatic activity.
RNF152 interacts with MyD88 through the TIR and DD domains
and provides an additional scaffold for two or more MyD88
molecules, therefore promoting MyD88 oligomerization and
Myddosome formation [68]. Haem-oxidized IRP2 ubiquitin ligase
1 (HOIL-1), an atypical E3 ligase, forms oxyester bonds between
the C-terminal carboxylate group of ubiquitin and the serine and
threonine residues of IRAK1, IRAK2, and MyD88, which are
components of the Myddosome. Oxyester-linked ubiquitylation
is a novel intracellular signaling mechanism [69]. These studies
show the complex regulatory role of MyD88 and the importance
of ubiquitination-related proteins in MyD88 activation. However,
whether MyD88 activation could be regulated through nonclassi-
cal protein ubiquitination remains unknown. This study revealed
that the deubiquitinase OTUD5 could abrogate the nonclassical
K11-linked polyubiquitination of MyD88.

The ubiquitin molecule has seven lysine residues that can be
used to assemble to form different polyubiquitin chains, with
diverse cellular functions. The atypical K11-linked polyubiquitina-
tion has a distinct role from the typical K63-linked or K48-linked
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ubiquitination chains. According to some previous studies, K11-
linked ubiquitin chains were thought to act as degradative signals
[70-72]. Furthermore, Zhao et al. reported that K11-linked
polyubiquitination promotes the assembly of TAK1-TABs complex
in inflammatory immune response [73], demonstrating the positive
regulatory role of K11-linked polyubiquitination. The present study
showed that K11-linked polyubiquitination performs a non-
degradative function by inhibiting the oligomerization of MyD88
and recruiting IRAK4 and IRAK2 for the assembly of Myddosome.

MyD88 has three domains: a death domain at the N terminus
(DD, residues 1-109), an intermediate domain (ID, residues 110-
154), and a TIR domain at the C terminus (residues 155-296) [74].
The DDs of MyD88 can self-associate or bind to the DDs of IRAKs
[18, 75, 76]. Furthermore, the TIR domains are recruited to TLR/IL-
1Rs via TIR-TIR assembly, which induces the formation of the
Myddosome [77]. The present study revealed that OTUDS5
abrogates K11-linked polyubiquitination of MyD88 at Lys95,
Lys231 and Lys250. In addition, OTUD5 inhibits MyD88 oligomer-
ization and Myddosome formation. Lys95 is located in the DD
domain, while Lys231 and Lys250 are located in the TIR domain.
Therefore, we made two assumptions: (i) The TIR-TIR assembly
between MyD88 and TLR/IL-1Rs suppresses the formation of
Myddosome. (ii) The self-association of the DDs is impaired, thus
inhibiting MyD88 oligomerization. However, further studies are
required to investigate the structural changes of MyD88 caused by
K11-linked polyubiquitination.

The OTUD5 gene is located in the X-chromosome. A recent
report found that a unique variant in the OTUD5 gene
(NM_017602.3:c.598 G > A, p.Glu200Lys) is associated with an
X-linked intellectual disability (ID) syndrome. It is typically lethal
during infancy, mainly due to neonatal sepsis. Patients with ID is
accompanied with heterogeneous clinical performances, such as
ventricle enlargement, hydrocephalus, intrauterine growth retarda-
tion, hypotonia, hypospadias, congenital heart defects, and
significant limitations in neurodevelopment during the prenatal
or neonatal period [39]. This finding demonstrated that OTUD5
could be an effective target to treat X-linked ID syndrome and
neonatal sepsis. In the present study, we elucidated the function of
OTUDS5 in inflammatory immune response during sepsis. OTUD5
can directly interact with MyD88 and removed its K11-linked
polyubiquitination. This polyubiquitin cleavage promoted MyD88
oligomerization, augmented Myddosome formation as well as the
activation of NF-kB and MAPK signaling and production of
inflammatory cytokines. Thus, our findings provide new insights
into the pathogenesis of X-linked ID syndrome and neonatal sepsis
and identify OTUD5 as a potential novel therapeutic target for
preventing and treating X-linked ID syndrome and neonatal sepsis.

In conclusion, we purposed a schematic model that OTUD5 acts
as a positive regulator of the TLR/IL-1R-mediated inflammatory
immune response by abrogating K11-linked polyubiquitination of
MyD88 at Lys95, Lys231 and Lys250. In addition, OTUD5 promotes
MyD88 oligomerization and Myddosome formation. OTUD5 could
be exploited as a novel therapeutic target in inflammatory diseases.
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MATERIALS AND METHODS

Mice
Otud5%°
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Time after CLP(d)

mice were generated by the Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China) and were provided as a kind

donation by Dr. Linggiang Zhang from the State Key Laboratory of
Proteomics, Beijing Proteome Research Center, Beijing Institute of
Radiation Medicine. Cre/loxP excision leads to the removal of about
1.1 kb of the genomic region covering exon 2. Deficiency of exon 2 caused
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Fig.6 OTUDS5 deficiency provides protective effects against CLP-induced sepsis. A ELISA analysis of protein TNF-a, IL-6, IL-1f and IL12p40 in
the serum of WT and Otud5“° mice after CLP surgery (n = 3 mice for PBS group, n = 7 mice for CLP group, 8 weeks old). B Protein levels of
TNF-a, IL-6 and IL-1p in BALF from WT and Otud5*° mice were assessed after CLP surgery. (n = 3 mice for PBS group, n = 7 mice for CLP group,
8 weeks old). € Hematoxylin-and-eosin staining of lung sections from mice as in (A), Scale bar, 50 um. Inflammation scores of lung tissue
sections are described in (C). D, E, F Lung wet/dr%/ weight ratio (D), protein concentrations in BALF (E), absolute numbers of Ly6C* monocytes
and neutrophils in BALF (F) from WT and Otud5<%° mice were assessed after CLP surgery. (n = 3 mice for PBS group, n = 7 mice for CLP group,
8 weeks old). G Biochemical indicators of liver function, including ALT, AST, LDH and BUN in the serum of WT and Otud5*® mice after CLP
surgery. (n = 3 mice for PBS group, n =7 mice for CLP group, 8 weeks old). H Hematoxylin-and-eosin staining of spleen sections from mice as
in (A), Scale bar, 20 pm. Inflammation scores of spleen tissue sections are described in (H). I The survival of WT and Otud5°® littermates after
CLP surgery was monitored over the following 8 days (n = 8 mice per group, 8-10 weeks old). Data are represented as mean = SD in (A-H).
*P<0.05, **P<0.01, ***P<0.001; (A-H) two-tailed student’s t-test; (I) log-rank Mantel-Cox test. Similar results were obtained from three

independent experiments.
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Fig. 7 Schematic model of OTUD5 participating in MyD88
oligomerization and Myddosome formation by inhibiting K11-
linked polyubiquitination of MyD88. OTUD5 could abrogate K11-
linked polyubiquitination of MyD88 at Lys95, Lys231 and Lys250 and
promote MyD88 oligomerization and Myddosome formation
dependent on its enzymatic activity, therefore positively regulating
TLR/IL-1R-mediated inflammatory immune response.

a frameshift that destroyed downstream protein domains. Lyz2-Cre
transgenic mice were obtained from Jackson Laboratory. Furthermore,
myeloid cell-specific Otud5 knockout mice were produced by mating
Otud5™Y mice with Lyz2-Cre transgenic mice. All mice used in this study
were 8-10weeks old. All animal experiments were conducted in
accordance with the guiding principles provided by the Association for
Assessment and Accreditation of Laboratory Animal Care. In addition,
approvals to conduct the study were sought from the Ethics Committee of
School of Basic Medical Science, Shandong University.

Cells

PMs were prepared as previously described [78]. THP-1 cells, HEK293T cells
and RAW264.7 macrophages were cultured in either 1640 basic medium or
high-glucose DMEM supplemented with 10% FBS at 37°C in a 5% CO,
atmosphere.

Reagents and antibodies

Lipopolysaccharides (LPS) from Escherichia coli 055:B5 (catalog number
L6529) were purchased from Sigma-Aldrich. Poly(l:C) (tlrl-picw), R848 (tlrl-
r848), CpG (ODN 2395, tIrl-2395), Pam3CSK4 (tlrl-pms), and PMA (tlrl-pma)
were purchased from Invivogen. The LPS, Poly(l:C), R848, CpG ODN 2395 and
Pam3CSK4 were used at a final concentration of 100 ng/mL, 20 pg/mL,
10 pg/mL, 2.5 uM, and 1 pg/mL, respectively. IL-1B (211-11B) was obtained
from PeproTech and used at a final concentration of 20ng/mL for
immunoblot analysis and 50 ng/mL for the quantitative real-time RT-PCR
(gRT-PCR) analysis. Antibodies were obtained as follows: anti-OTUD5
(Abcam, ab176727, 1:1000); anti-MyD88 (Santa Cruz Biotechnology, sc-
74532, 1:1000 for immunoblot analysis); anti-MyD88 (R&D systems, AF3109,
for immunofluorescence staining); anti-TRAF3 (Santa Cruz Biotechnology, sc-
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6933, 1:1000); anti-IRAK2 (Abcam, ab62419, 1:1000); anti-IRAK4 (Abcam,
ab119942, 1:1000); P65 (8242, 1:1000); p-P65 (Ser536)(3033, 1:1000), IKKB
(8943, 1:1000), p-IKKa (Ser176)/IKKB (Ser177)(2078, 1:1000), P38 MAPK (8690,
1:1000), p-P38 MAPK (Thr180/Tyr182)(9215, 1:1000), JNK (9252, 1:1000),
p-JNK (Thr183/Tyr185)(4671, 1:1000), p44/42 MAPK (Erk1/2)(4695, 1:1000), p-
p44/42 MAPK (Erk1/2)(Thr202/Tyr204)(4377, 1:1000), p-TAK1 (Thr187)(4536,
1:1000), TAK1 (5206, 1:1000), IRF3 (4302 S, 1:1000), p-IRF3 (4947 S, 1:1000),
TBK1 (30135, 1:1000), p-TBK1 (5483 S, 1:1000) and ubiquitin (3936, 1:500)
were obtained from Cell Signaling Technology; anti-K11-linkage ubiquitin
(Abclonal, A18197, 1:500); anti-B-actin (Santa Cruz Biotechnology, sc-47778,
1:1000); anti-Myc (Origene, 9E10, 1:1000); anti-HA (Origene, TA180128,
1:1000); and anti-Flag (Sigma Aldrich, F1804, 1:1000). Furthermore, protein
A/G PLUS Agarose (sc-2003) for immunoprecipitation was obtained from
Santa Cruz Biotechnology; Alexa Fluor 568 (A11004) and Alexa Fluor 488
(A11001), goat anti mouse secondary Ab; Alexa Fluor 568 (A11011) and
Alexa Fluor 488 (A11034) goat anti rabbit secondary Ab were obtained from
Thermo Fisher Scientific; Alexa Fluor 405 (ab175670) donkey anti rat
secondary Ab was obtained from Abcam; DAPI (Abcam, ab104139); and anti-
fade fluorescence mounting medium (Abcam, ab104135).

Plasmids, siRNA and transfection

The cDNA fragment of human MyD88 was amplified from THP-1 cells and
inserted into pEGFP-C1 vectors through subcloning. Flag-OTUD5, Myc-
OTUDS5, Myc-MyD88, HA-Ubiquitin and other plasmids were stored in our
laboratory. Myc-TRAF3 was kindly provided by Dr. Peihui Wang (Shandong
University, China). In all RNA interference experiments, negative controls
were implemented by using Scramble siRNAs. For transfection of plasmids
into HEK293T cells, Lipofectamine 3000 reagents (Thermo Fisher Scientific)
were used. Transiently transfected of siRNA duplexes into PMs or THP-1
cells used Lipofectamine RNA iMAX (Thermo Fisher Scientific).

RNA quantification and ELISA

Total RNA was extracted via the RNA fast200 kit (Fastagen). Perform
reverse transcription of RNA by using the Reverse Transcription kit from
Takara. To analyze gene expression, utilize the SYBR RT-PCR kit from Roche
to conduct quantitative real-time RT-PCR (qRT-PCR). Collect data by
gPCRsoft 4.0 from Bio-RAD. The mRNA levels of each gene were
normalized to the expression of B-Actin. Primers used for qRT-PCR are
listed as follows: mouse Tnfa: 5-GCCACCACGCTCTTCTGTCT-3' and 5'-
TGAGGGTCTGGGCCATAGAAC-3’; mouse /l6: 5'-ACAACCACGGCCTTCCCTAC-
3" and 5-CATTTCCACGATTTCCCAGA-3’; mouse [l1b: 5'-ACCTTCCAGGAT-
GAGGACATGA-3' and 5'-AACGTCACACACCAGCAGGTTA-3’; mouse Actin: 5'-
CCACACCCGCCACCAGTTCG-3' and  5-TACAGCCCGGGGAGCATCG-3;
mouse Ifnb: 5-AGTTACACTGCCTTTGCC-3' and 5-GTTGAGGACATCTCC-
CAC-3'; mouse RANTES (Ccl5): 5'-TCACCATATGGCTCGGACACCAC-3’ and
5'-TTGGCACACACTTGGCGGTTC-3'; human TNFa: 5-GCCCATGTTGTAG-
CAAACCCT-3' and 5-GGACCTGGGAGTAGATGAGGT-3; human IL6: 5'-
TGCAATAACCACCCCTGACC-3' and  5-ATTTGCCGAAGAGCCCTCAG-3;
human IL1b: 5'-TGATGGCTTATTACAGTGGCA-3' and 5-GGTCGGAGATTCG-
TAGCTGG-3"; human ACTIN: 5-GGAAATCGTGCGTGACATTAA-3' and 5'-
AGGAAGGAAGGCTGGAAGAG-3'. Commercial ELISA kits (Dakewe Biotech,
Shenzhen, China) were used to measure the concentrations of TNF-q, IL-6,
IL-1B, and IL-12p40. Use Infinite M200 (Pro, Tecan, Switzerland) to collect
Elisa data.

Co-IP analysis and immunoblot analysis
Total protein was extracted with IP buffer containing 1% NP-40, 150 mM
NaCl, 10 mM Tris-Hcl (pH 7.4), 1 mM EDTA and a protease inhibitor mixture
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(Sigma-Aldrich). The samples were centrifugated 12,000g for 10 min,
collected and incubated with specific antibodies together with Protein A/G
PLUS Agarose overnight. The beads were washed four times with IP buffer.
Immunoprecipitation was eluted by boiling with a 1% (wt:vol) SDS sample
buffer and then boiled at 100 °C for 5 min. For western blotting, samples
were subjected to SDS-PAGE, transferred onto nitrocellulose membranes
and then blotted with specific Abs.

Ubiquitination assays

To explore the polyubiquitination of MyD88 in HEK293T cells, Myc-MyD88,
HA-Ubiquitin (WT), HA-Ubiquitin (K11), HA-Ubiquitin (K11R), and Flag-
OTUDS or its mutant C224S were transfected into HEK293T cells for 24 h.
Subsequently, whole-cell extracts were collected and immunoprecipitated
with anti-Myc antibody and analyzed by immunoblotting analysis via anti-
HA antibody. To evaluate endogenous MyD88 ubiquitination, LPS (100 ng/
mL) was used to stimulate PMs, which were then immunoprecipitated with
anti-MyD88 antibody and analyzed by immunoblotting analysis with anti-
Ub antibody.

Immunofluorescence staining

After culturing cells on coverslips, they were fixed with 4% PFA for 20 min
and permeabilized with 0.5% Triton-X 100 for 10 min. Following blocking
of nonspecific binding for 1h, primary antibodies were added and
incubated overnight at 4°C. Suitable fluorescence antibodies were then
used to stain the samples.

Otud5-KO RAW264.7 macrophages

CRISPR-Cas9 methodology was used to generate Otud5-KO RAW264.7
macrophages. A guide RNA (sgRNA) was designed and cloned into a lenti-
CRISPRv2 vector. The sgRNA sequence of OTUD5 was as follows: 5'-
CACCGGACCGTGACTCCGGCGTCGT-3'. The macrophages were cultured in
DMEM enriched with 10% FBS in 37 °C with 5% CO,.

mOtud5 overexpression lentivirus

motud5 coding sequence was subcloned into pLVX-IRES-Puro vector to
generate pLVX-IRES-Puro-mOtud5, and the empty pLVX-IRES-Puro was
used as the control. KOD-Plus-Mutagenesis kit (Toyobo, Osaka, Japan) was
used to construct a plasmid encoding mOtud5 mutant C224S.
HEK293T cells were then transfected with pLVX-IRES-Puro, psPAX2,
pMD2.G, together with pLVX-IRES-Puro-mOtud5 or pLVX-IRES-Puro-
mOtud5 (C224S) or control vector by using Lipofectamine 3000 (Thermo
Fisher Scientific).

DSS crosslinking protocol

HEK293T cells were transiently transfected with indicated plasmids and
incubated for 24 h. Subsequently, cells were washed with ice-cold PBS for
three times and collected in a lysis buffer containing 1% Triton-X 100 and a
protease inhibitor mixture (Sigma-Aldrich) in PBS. After 30 min, cell lysates
were incubated with 3 mM DSS (21655, Thermo Fisher Scientific) for 30 min
at room temperature (RT). The reaction was quenched with 50 mM Tris-HCl
(pH 7.5) and allow them to react for 15 min at RT. The protein samples
were boiled with a 1% (wt:vol) SDS sample buffer at 100 °C for 5 min, then
were subjected to SDS-PAGE.

LPS-induced septic shock

Age- and sex-matched Otud5“*® and WT mice (8 weeks old) were
intraperitoneally injected with LPS (40 pg/g). The survival of mice was
monitored every 4 h. LPS was administered into mice at a concentration of
25pug/g. Blood was collected from the mice eyeballs 4-6 h later. The
bronchoalveolar lavage fluid (BALF) of each individual mouse was
collected by lavaging the lung three times with saline after 8 h, so that
supernatants could be collected for later analysis by ELISA and protein
study and the cell pellet was collected for Flow cytometry. Levels of TNF-q,
IL-6, IL-13 and IL-12p40 in serum or BALF were tested by ELISA. The lung
was dried and weighed, then placed in an incubator for 48 h at 60 °C, to
obtain the dry weight. The calculation of the wet/dry weight ratio can
assess the degree of lung tissue edema. The lungs or spleens of control or
LPS-stimulated mice were dissected, fixed with formalin buffered with 10%
phosphate, paraffin embedded, sliced, stained with hematoxylin and eosin
(H&E) solution, and examined for histological changes under a light
microscope.
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CLP-induced sepsis

Age- and sex-matched Otud5“® and WT mice (8weeks old) were
subjected to CLP surgery. Under a general anesthesia of sodium
pentobarbital (50 mg/kg, ip, once), median abdominal incision of 1.5cm
was used to expose the cecum. The cecum was ligated and punctured
twice with a 14-gauge needle, and the cecal contents were squeezed from
the perforation site and returned back. Next, the abdominal cavity was
sealed in layers. All animals were returned to their cages and kept at 37 °C
until fully recovery. In the control group, only abdominal incision was
made without perforation and cecum ligation. The above-mentioned
experiments were repeated as described previously.

Flow cytometry

Single-cell suspensions of BALFs were prepared and the cells were stained
with antibodies against surface markers. The BALCs were stained with the
markers 7AAD (BioLegend, 559925), LY6G (BioLegend, 127605) and ITGAM/
CD11b (BioLegend, 17-0012-81) to analyze the recruitment of neutrophils
and 7AAD (BioLegend, 559925), LY6C (BioLegend, 128007) and ITGAM/
CD11b (BioLegend, 17-0012-81) to analyze the recruitment of monocytes.
Data was collected by a LSRFortessa flow cytometer (BD Biosciences) and
analyzed with FlowJo software.

Quantification and statistical analysis

Quantification is described in the method details and figure legends. All
data are presented as mean+SD of at least three independent
experiments unless otherwise stated. Data between groups were
compared by two-tailed Student's t-test, with P<0.05 considered
statistically significant, and ns, not significant (P> 0.05). The P-values were
represented as #P<0.05, *xP<0.01, #xxP<0.001. For mouse survival
studies, log-rank (Mantel-Cox) test was generated and analyzed with
GraphPad Prism 8.3.0 (GraphPad, La Jolla, CA, USA).

DATA AVAILABILITY
The data within the article and its Supplementary Information files that support this
study are available from the authors upon request.
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