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SUMMARY

Elevated glucose metabolism in immune cells repre-
sents a hallmark feature of many inflammatory
diseases, such as sepsis. However, the role of indi-
vidual glucose metabolic pathways during immune
cell activation and inflammation remains incom-
pletely understood. Here, we demonstrate a previ-
ously unrecognized anti-inflammatory function of
the O-linked b-N-acetylglucosamine (O-GlcNAc)
signaling associated with the hexosamine biosyn-
thesis pathway (HBP). Despite elevated activities of
glycolysis and the pentose phosphate pathway, acti-
vation of macrophages with lipopolysaccharide
(LPS) resulted in attenuated HBP activity and protein
O-GlcNAcylation. Deletion of O-GlcNAc transferase
(OGT), a key enzyme for protein O-GlcNAcylation,
led to enhanced innate immune activation and
exacerbated septic inflammation. Mechanistically,
OGT-mediated O-GlcNAcylation of the serine-threo-
nine kinase RIPK3 on threonine 467 (T467) prevented
RIPK3-RIPK1 hetero- and RIPK3-RIPK3 homo-inter-
action and inhibited downstream innate immunity
and necroptosis signaling. Thus, our study identifies
an immuno-metabolic crosstalk essential for fine-
576 Immunity 50, 576–590, March 19, 2019 ª 2019 Elsevier Inc.
tuning innate immune cell activation and highlights
the importance of glucose metabolism in septic
inflammation.

INTRODUCTION

Reprogramming of cellularmetabolic activities has recently been

demonstrated toplay a critical role in the activation of the immune

system and hyperinflammation (Buck et al., 2017; O’Neill et al.,

2016). Increased glucose uptake and glycolysis occur in classi-

cally activated innate immune cells in vitro and in vivo (Everts

et al., 2014). A widely accepted concept in the immunometabo-

lism research field is that elevated catabolic activity in activated

immune cells is necessary for meeting the increased demand of

biomolecules and energy for effective immune functions. Those

functions (including cell migration, phagocytosis, and cytokine

production) are necessary for host response against invading

pathogens or tissue injury during inflammation. Recent progress

has broadened our understanding of how metabolic reprogram-

ming modulates immune functions in multiple aspects. For

example, a variety of metabolic enzymes involved in the glycol-

ysis and mitochondrial metabolic pathways have been identified

as playing essential roles in affecting innate immune cell function

(O’Neill et al., 2016). Moreover, many intermediate metabolites,

such as succinate (Tannahill et al., 2013), fumarate (Arts et al.,

2016), itaconate (Bambouskova et al., 2018; Mills et al., 2018),
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anda-ketoglutarate (Liu et al., 2017), have recently been reported

to participate in immune activation or modulation. Therefore, the

metabolic system regulates immune cell function and inflamma-

tion through combined strategies.

Glucose serves as a major nutrient to fuel cellular metabolic

activities. Three major glucose metabolic pathways, namely

glycolysis, the pentose phosphate pathway (PPP), and the hex-

osamine biosynthesis pathway (HBP), collaboratively determine

how glucose is processed. HBP is a unique glucose metabolism

pathway leading to the generation of its end product uridine

diphosphate N-acetylglucosamine (UDP-GlcNAc), which is

further utilized by the O-GlcNAc transferase (OGT) for protein

modification, namely O-GlcNAcylation (Levine and Walker,

2016). Many proteins involved in various fundamental biological

processes, including transcription factors, kinases, and en-

zymes, have been identified as O-GlcNAcylation targets (Yang

and Qian, 2017). Recent studies have identified several mole-

cules involved in the innate immunesignaling asO-GlcNAcylation

targets. For example, O-GlcNAcylation of IKKb, NF-kB p65,

c-Rel, and TAB1 enhances their activities and promotes the tran-

scription of NF-kB target genes. (Ozcan et al., 2010; Pathak et al.,

2012; Yang et al., 2015c).We recently identifiedO-GlcNAcylation

of the transcription factor STAT3 as an important mechanism

antagonizing its activation (Li et al., 2017). However, the specific

role of OGT in innate immune function and inflammation remains

poorly defined.

RIPK3 is a member of the receptor-interacting protein (RIP)

family of serine/threonine kinases and contains an N-terminal ki-

nase domain and a C-terminal RIP homotypic interaction motif

(RHIM) (Silke et al., 2015). Through RHIM-mediated protein inter-

action, RIPK3 forms a necrosome complex with RIPK1, and this

complex is required for the induction of necroptosis, an inflamma-

tory form of cell death (Galluzzi et al., 2017; Weinlich et al., 2017).

BothRHIMandkinaseactivity ofRIPK3areessential for activation

of downstreameffector proteinMLKL and execution of necropto-

sis (Wallach et al., 2016). In addition to having a central role in nec-

roptosis, elevated RIPK3 activation has been shown to promote

inflammatory responses in both cell-death-dependent and -inde-

pendentmanners (Alvarez-Diaz et al., 2016;Moriwaki et al., 2017;

Najjar et al., 2016).Despitebeingawell-studiedsignalingpathway

leading to necrosome formation, the intrinsic mechanism modu-

lating RIPK3 activation is not well understood. In this study, we

identified OGT-mediated RIPK3 O-GlcNAcylation at T467 as a

key mechanism to block RHIM-mediated RIPK3-RIPK1 and

RIPK3-RIPK3 interaction. Removal of OGT or RIPK3O-GlcNAcy-

lation promoted macrophage inflammatory response and nec-

roptosis, both of which are dependent on RIPK3 RHIM domain

and kinase activity. As a result, genetic deletion ofOgt in myeloid

cells markedly exacerbated cytokine storm and host mortality

in experimental sepsis. Therefore, our findings demonstrate a

check mechanism against overzealous innate immune activation

through OGT-mediated RIPK3 O-GlcNAcylation.

RESULTS

Lipopolysaccharide AttenuatesHBPActivity andProtein
O-GlcNAcylation in Macrophages
Increased glucose uptake and glycolysis have been well

documented in activated immune cells (Everts et al., 2014).
We compared intracellular metabolite profiles between mock-

treated and LPS-stimulated mouse bone-marrow-derived

macrophages (BMMs) by performing metabolomics analyses.

Principal-component analysis revealed amarkedly alteredmeta-

bolic profile upon LPS stimulation (Figure 1A). Pathway-enrich-

ment analysis identified several sugar-related metabolic path-

ways (fructose and mannose, pyruvate, and glycolysis) among

the most differentially regulated pathways (Figures 1B and 1C).

Many intermediate metabolites involved in glycolysis (Figure 1D)

and the PPP (Figure 1E) showed increased abundance upon LPS

challenge (Table S1). Several HBP metabolites were decreased

after LPS stimulation, including HBP end product UDP-GlcNAc

(Figures 1F and S1). Metabolic tracer analysis using 13C-glucose

tracing also revealed an increased incorporation of glucose-

derived carbon in glycolysis (Figure 1G) and decreased incorpo-

ration into HBP metabolites (Figure 1H and Table S2), which

suggests that LPS attenuated HBP activity.

The availability of UDP-GlcNAc is an important determinant

of OGT enzymatic activity (Hart et al., 2011). Consistent with

decreased UDP-GlcNAc abundance, LPS-stimulated BMMs

exhibited attenuated total protein O-GlcNAcylation without

affecting the amount of OGT (Figure 1I). In an experimental

sepsis model induced by the cecal ligation and puncture (CLP)

procedure (Wen et al., 2010), peritoneal macrophages isolated

from septic mice 24 h after CLP exhibited markedly attenuated

protein O-GlcNAcylation compared with that in sham mice

(Figure 1J). The O-GlcNAc signal was abolished when anti-O-

GlcNAc antibody was pre-incubated with 500 mM N-acetylglu-

cosamine (GlcNAc), indicating the specificity of O-GlcNAc

signal. These findings demonstrate that classical activation

of macrophages leads to attenuated HBP activity and protein

O-GlcNAcylation in vitro and in vivo.

OGT Inhibits Activation of the Innate Immune Response
We examined the function of OGT-mediatedO-GlcNAc signaling

in the activation of the innate immune responses. Upon LPS

challenge, Ogtfl/flxLyz2-cre BMMs (Li et al., 2018) produced

significantly higher amounts of inflammatory mediators at tran-

script (Figure 2A) and protein (interleukin-6 [IL-6] and tumor

necrosis factor a [TNF-a]) (Figure 2B) concentrations than did

Ogtfl/fl BMMs. Induction of Nos2 and nitrite production by LPS

was also enhanced in Ogtfl/flxLyz2-cre BMMs (Figures 2C and

2D). Treatment with Toll-like receptor 2 (TLR2) (Pam3Cys) or

TLR9 (CpG) agonists showed similar phenotypes (Figures 2E

and 2F). M2-associated gene transcripts (Figure S2A) and

arginase-1 protein (Figure S2B) were normally induced in

IL-4-treated Ogtfl/flxLyz2-cre BMMs, indicating no defect in

Ogtfl/flxLyz2-cre BMM M2 polarization. Furthermore, OGT-

deficient human monocyte-like THP-1 cells (Li et al., 2018) pro-

duced significantly higher amounts of inflammatory cytokines

in response to TLR2, TLR4, or TLR9 agonist than did control

THP-1 cells, suggesting that OGT negatively regulates cytokine

production both in mouse and in human cells (Figure S2C).

We have recently reported that OGT-mediated STAT3

O-GlcNAcylation antagonizes STAT3 phosphorylation and IL-

10 production (Li et al., 2017). Further assays with the use of

Ogtfl/flxLyz2-cremacrophages revealed thatOgt deletion indeed

resulted in enhanced Stat3 phosphorylation (Figure S3A) and

IL-10 production (Figures S3B and S3C) upon TLR activation.
Immunity 50, 576–590, March 19, 2019 577
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Figure 1. LPS Stimulation Affects Glucose Metabolism in Mouse Macrophages

(A andB) Total metabolite profiling inmouseBMMs stimulated with or without LPS (200 ng/mL) for 6 hwas determined by themetabolomics assay based on liquid

chromatography-tandem mass spectrometry (LC-MS/MS) and assessed by principle-component analysis (A) and pathway-enrichment analysis (B).

(C) A schematic of three glucose metabolic pathways: glycolysis (middle), PPP (upper), and HBP (lower).

(D–F) LPS-induced fold changes in intermediate metabolites of glycolysis (D), PPP (E), and HBP (F) in mouse BMMs.

(G and H) LPS-induced fold changes in 13C-intermediate metabolites of glycolysis (G) and HBP (H) in mouse BMMs in the presence of 13C6-glucose.

(I and J) Immunoblotting of OGT and total O-GlcNAc in mouse BMMs (I) or peritoneal macrophages isolated from mice 24 h after a sham or cecal ligation and

puncture (CLP) procedure (J).

*p < 0.05, **p < 0.01 versus controls (two-tailed Student’s t test in E–H). Data are from one experiment representative of three experiments (A, B, D–F; mean ± SD

of four biological replicates) or two experiments (G and H; mean ± SD of three biological replicates) or four experiments (I and J). Please also see Figure S1.
Pretreatment of cells with the specific Stat3 inhibitor S31-201

(Siddiquee et al., 2007) completely abolished the increased

IL-10 production in Ogtfl/flxLyz2-cre macrophages; however,

increased IL-6 and TNF-a production was still maintained in

Ogtfl/flxLyz2-cre macrophages (Figure S3D). These results indi-

cate that the hyperinflammatory response in Ogtfl/flxLyz2-cre

macrophages is caused by a Stat3-independent mechanism.
578 Immunity 50, 576–590, March 19, 2019
Activation of innate immune signaling, such as the NF-kB and

MAPK pathways, is essential for TLR-induced cytokine produc-

tion. We observed increased activation of the NF-kB pathway

as evidenced by phosphorylation of IKKa/b, IkBa, and p65 in

LPS-challenged Ogtfl/flxLyz2-cre BMMs (Figure 2G), as well as

enhanced phosphorylation of Erk, but not p38 or Jnk (Figure 2H).

Furthermore, by isolating macrophage cytosolic and nuclear
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Figure 2. OGT Deficiency Enhances Activation of the Innate Immune Responses

(A–F) BMMs generated fromOgtfl/fl andOgtfl/flxLyz2-cremicewere left untreated or were stimulated with LPS (A�D and G�I) or Pam3Cys or CpG (E and F) for the

indicated periods. Transcripts of inflammatory genes (A and E), IL-6 and TNF-a (B and F), and nitrite concentrations (D) in the supernatants were measured with

RT-PCR, ELISA, and the Griess assay, respectively. Nos2 was assayed by immunoblotting (C).

(G and H) Immunoblotting of NF-kB (G, left) and MAPK (H, left) signaling molecules and densitometric analysis (G and H, right).

(I) Immunoblotting of NF-kB p65, RelB, and p50 in the cytosolic (left) and nuclear (right) compartments.

*p < 0.05 versus controls (two-tailed Student’s t test). Data are from one experiment representative of five experiments (A, B, and D�F; mean ± SD of four

biological replicates) or four experiments (C, G, H, and I). Please also see Figure S2 and S3.
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compartments, we found markedly increased nuclear transloca-

tion of p65, RelB, and p50 in LPS-stimulated Ogtfl/flxLyz2-cre

BMMs, lending further support to increased NF-kB activation

(Figure 2I). In sum, these findings collectively demonstrate that

OGT deficiency leads to the hyperactivation of TLR-mediated

innate immune signaling.

Myeloid Ogt Deletion Exacerbates Septic Inflammation
To examine the function of myeloid-derived OGT in the innate

immune response in vivo, we employed two septic inflammation

models: endotoxin shock induced by intraperitoneal LPS injec-

tion and CLP-induced polymicrobial peritonitis (Wen et al.,

2010). After administration of LPS at 15 mg per kg body weight,

60% of wild-type (WT) mice survived within 48 h, whereas all

Ogtfl/flxLyz2-cremice died over the same period (Figure 3A). An-

alyses of inflammatory cytokines in the peritoneal lavage fluid or

serum revealed an exacerbated cytokine storm in Ogtfl/flxLyz2-

cremice (Figures 3B and 3C). During a mild experimental sepsis

model induced by a two-puncture CLP procedure, Ogtfl/flxLyz2-

cre mice were significantly susceptible to CLP-induced lethality

in sepsis (Figure 3D), accompanied by significantly elevated

inflammatory cytokine production in the peritoneal lavage fluid

(Figure 3E), serum (Figure 3F), and lung homogenate (Figure 3G).

Therefore, OGT in myeloid cells is crucial to limiting hyperactiva-

tion of the innate immune response and protects hosts from

sepsis-induced lethality. It is well known that sepsis causes

massive T cell apoptosis, which plays an important role in pro-

moting immunosuppression following sepsis (Hotchkiss et al.,

2013). However, we found no significant difference in T-cell-

associated cytokines IL-2 and IFN-g in serum (Figure S4A) or

the numbers of CD3+CD4+ or CD3+CD8+ T cells in the spleen

(Figure S4B) or inguinal lymph nodes (Figure S4C) between sep-

tic WT and Ogtfl/flxLyz2-cremice. Therefore, increased mortality

in septic Ogtfl/flxLyz2-cre mice is not likely to be due to altered

T cell responses.

Deletion of Ripk3 Abolishes Hyperinflammation in
Ogtfl/flxLyz2-cre Macrophages and in Mice
We next sought to determine at which level OGT inhibits TLR-

induced innate immune signaling by performing a NF-kB-driven

luciferase assay. OGT inhibited NF-kB-dependent luciferase

gene transcription induced by MYD88, TRAF6, RIPK1, and

RIPK3 but showed no inhibitory effect on IKK1-, IKK2-, or p65-

driven NF-kB activation (Figure 4A). These results suggest that

OGT is functioning at the RIPK1 and/or RIPK3 level. Nec-1

(Degterev et al., 2008) and GSK-872 (Mandal et al., 2014) are

well-defined kinase activity inhibitors for RIPK1 and RIPK3,

respectively. Treatment with GSK-872, but not Nec-1, abolished

increased cytokine production in Ogtfl/flxLyz2-cre BMMs (Fig-

ures S5A and S5B), as well as in OGT-deficient THP-1 cells (Fig-

ure S5C). We next tested BMMs generated from Ripk1K45A-

(Berger et al., 2014) or Ripk3K51A- (Mandal et al., 2014) kinase-

dead mice. Pharmacological inhibition of OGT by OSMI-1 (Li

et al., 2018) promoted LPS-induced cytokine production in WT

BMMs to the same concentrations as those in Ogtfl/flxLyz2-

cre BMMs, indicating that OSMI-1 treatment caused an

OGT-dependent hyperinflammatory response (Figures S5D

and S5E). Importantly, OSMI-1 treatment selectively increased

LPS-induced cytokine production in Ripk1K45A BMMs, but not
580 Immunity 50, 576–590, March 19, 2019
in Ripk3K51A BMMs (Figures S5F and S5G). Together, these find-

ings suggest that the kinase activity of RIPK3, but not RIPK1,

is required for increased cytokine production in LPS-treated

Ogtfl/flxLyz2-cre BMMs.

It has been well established that genetic deletion of apoptosis-

associated effector molecules, such as caspase-8, promotes

RIPK3-dependent necroptotic and inflammatory responses

(Galluzzi et al., 2017; Weinlich et al., 2017). We found that,

compared with WT BMMs, Ogtfl/flxLyz2-cre BMMs generated

higher amounts of both IL-1b and IL-6 in response to the ago-

nists of either canonical (LPS plus ATP, nigericin, silica, or

alum) (Figure S5H) or noncanonical (LPS plus cholera toxin B

[CTB]) inflammasomes (Figure S5I). Given that LPS stimulation

alone caused no IL-1b release in Ogtfl/flxLyz2-cre BMMs, we

concluded that OGT deficiency enhances the ‘‘priming’’ phase,

as evidenced by increased Il1b transcription (Figure 2A), but

not the ‘‘activating’’ phase of inflammasome activation. Further-

more, we found no difference in caspase-8 amounts between

WT and Ogtfl/flxLyz2-cre BMMs (Figures S5J and S5K) and

detected no O-GlcNAc signal on exogenously expressed cas-

pase-8 (Figure S5L). Therefore, it seems not likely that OGT af-

fects RIPK3 activity through caspase-8.

We generated Ogtfl/flxLyz2-creRipk3�/� mice to test whether

additional deletion of Ripk3 could reverse the hyperinflamma-

tory phenotype in Ogtfl/flxLyz2-cre macrophages and mice.

Compared with Ogtfl/flxLyz2-cre BMMs, cells with an additional

deletion of Ripk3 (Ogtfl/flxLyz2-creRipk3�/�) showed a complete

abolishment of the increased cytokine generation (Figures 4B

and S6A), as well as of Nos2 transcript (Figure S6A) and nitric

oxide (NO) production (Figure 4C) upon LPS treatment.

Furthermore, Ogtfl/flxLyz2-creRipk3�/� mice, compared with

Ogtfl/flxLyz2-cre mice, were completely rescued from sepsis-

induced lethality (Figure 4D). Consistently, increased production

of inflammatory cytokines in septic Ogtfl/flxLyz2-cre mice was

also abolished in septic Ogtfl/flxLyz2-creRipk3�/� mice (Figures

4E–4G). In sum, these results suggest that RIPK3 is a key effector

that mediates the hyperinflammatory response in Ogtfl/flxLyz2-

cre cells and mice. We further generatedOgtfl/flxLyz2-creMlkl�/�

mice to examine whether the hyperinflammatory phenotype

in Ogtfl/flxLyz2-cre macrophages was due to RIPK3-mediated

innate immune signaling or secondary to MLKL-mediated nec-

roptosis. Ogtfl/flxLyz2-creMlkl�/� BMMs produced cytokines

(Figures 4H and S6B) and NO (Figure 4I) at the same concentra-

tions as those inOgtfl/flxLyz2-cremacrophages. No improvement

in survival rate (Figure 4J) or inflammatory response (Figures 4K

and 4L) was observed inOgtfl/flxLyz2-creMlkl�/�mice compared

with Ogtfl/flxLyz2-cre mice during CLP-induced sepsis. In sum,

these findings indicate that OGT negatively regulates macro-

phage cytokine production and septic inflammation by restrain-

ing the RIPK3-mediated inflammatory response.

Increased Necroptosis Response in Ogtfl/flxLyz2-cre
Macrophages Is Due to RIPK3 Hyperactivation
We next asked whether OGT affects necroptosis signaling

through RIPK3. When stimulated with LPS plus the pan-caspase

inhibitor zVAD, Ogtfl/flxLyz2-cre BMMs exhibited significantly

enhanced necroptosis as shown by the increased release of

lactate dehydrogenase (LDH) (Figure 5A), high mobility group

box1 (HMGB1), and IL-1a, aswell as augmentedphosphorylation
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Figure 3. Myeloid-Derived OGT Protects Mice from Experimental Sepsis

Ogtfl/fl andOgtfl/flxLyz2-cremice were injected intraperitoneally with 15mg/kg body weight LPS (n = 10 for each group) (A�C) or were subjected to a sham or CLP

procedure (n = 8–10 for each group) (D�G). Survival was recorded (A and D). IL-6, TNF-a, and IL-1b concentrations in peritoneal lavage (B and E), serum (C and F),

and lungs homogenates (G) were measured by ELISA 24 h after LPS injection or a CLP procedure. *p < 0.05 versus controls (two-tailed Student’s t test). Data are

from one experiment representative of three experiments (B, C, and E�G; mean ± SD) or two experiments (A and F). Please also see Figure S4.
of RIPK3 andMLKL (Figure 5B). RIPK1 phosphorylationwas simi-

larly induced betweenWT andOgtfl/flxLyz2-creBMMs, indicating

that OGT affected activation of RIPK3, but not RIPK1. Compared

with WT BMMs, Ogtfl/flxLyz2-cre BMMs also showed markedly

increased staining of SYTOX Green, a cell-impermeable DNA-
binding fluorescence dye (Orozco et al., 2014), upon treatment

with LPS plus zVAD, suggesting increased necroptosis (Fig-

ure 5C). We observed a slightly induced LDH release (Figures

S6C and S6D) and a low amount of phosphorylated RIPK3 (Fig-

ures S6E and S6F) inOgtfl/flxLyz2-cre BMMs upon LPS challenge
Immunity 50, 576–590, March 19, 2019 581
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Figure 4. OGT Inhibits the Innate Immune Responses through RIPK3

(A) NF-kB-driven luciferase activities by co-expression ofMYD88, TRAF6, RIPK1, RIPK3, IKK1, IKK2, or p65 in the presence or absence of the expression plasmid

for OGT.

(B and C) IL-6 and TNF-a (B) and nitrite (C) produced by Ogtfl/fl, Ogtfl/flxLyz2-cre, Ripk3�/�, or Ogtfl/flxLyz2-creRipk3�/� BMMs stimulated with or without LPS.

(D�G) Survival rate (D) and IL-6, TNF-a, and IL-1b in peritoneal lavage (E), serum (F), or lungs (G) in Ogtfl/fl (n = 14), Ogtfl/flxLyz2-cre (n = 10), Ripk3�/� (n = 12), or

Ogtfl/flxLyz2-creRipk3�/� mice (n = 8) subjected to a CLP procedure.

(legend continued on next page)
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alone. Pretreatment with GSK-872, but not Nec-1, completely

abolished cell death in both WT and Ogtfl/flxLyz2-cre BMMs

(Figure 5H). OSMI-1 treatment increased necroptosis, which

phenocopied Ogt genetic deletion (Figure S6G) and required the

kinase activity of RIPK3, but not RIPK1 (Figure S6H). Together,

these findings suggest that RIPK3 kinase activity is responsible

for increased necroptosis in Ogtfl/flxLyz2-cre BMMs.

We next used a Transwell co-culture system to examine

whether enhanced necroptosis was caused by an altered

extracellular cytokine environment for Ogtfl/flxLyz2-cre macro-

phages. Despite the genotypes of cells in the upper chambers,

Ogtfl/flxLyz2-creBMMs in the lower chambers showed increased

phosphorylation of RIPK3 and MLKL upon stimulation with LPS

plus zVAD, supporting a cell-intrinsic mechanism of OGT in

affecting the necroptosis (Figure 5D). After the CLP procedure,

septicOgtfl/flxLyz2-cremice containedmarkedly higher amounts

of HMGB1 and IL-1a in the peritoneal lavage fluids than did

septic WT mice (Figure 5E). Upon necroptosis induction,

RIPK3 and RIPK1 form an amyloid signaling complex known

as the necrosome (Li et al., 2012), which can be biochemically

enriched in a NP-40-insoluble cellular fraction (Najjar et al.,

2016). We compared necrosome formation between WT and

Ogtfl/flxLyz2-cre BMMs and found that the appearance of

RIPK1, RIPK3, andMLKL in the detergent-insoluble cellular frac-

tions was heavily augmented in Ogtfl/flxLyz2-cre BMMs (Fig-

ure 5F). Co-immunoprecipitation assays revealed an increased

association between endogenous RIPK3 and RIPK1, in either a

phosphorylated or total form, in necroptotic Ogtfl/flxLyz2-cre

BMMs (Figure 5G). These findings support an anti-necroptotic

effect of OGT in macrophages.

Compared with Ogtfl/flxLyz2-cre BMMs, Ogtfl/flxLyz2-

creRipk3�/� BMMs showed a complete rescue from cell death

in response to LPS plus zVAD (Figure 5I) or LPS alone (Fig-

ure S6I), as well as the loss of MLKL phosphorylation (Figure 5J).

Similarly, Ogtfl/flxLyz2-creMlkl�/� BMMs were also rescued from

cell death (Figures 5K and S5J). Importantly, Ogt�/� still caused

increased RIPK3 phosphorylation in the Mlkl�/� genetic back-

ground (Ogtfl/flxLyz2-creMlkl�/� versus Mlkl�/� BMMs) during

necroptosis, indicating that OGT affects RIPK3 activity indepen-

dently of MLKL-mediated cell death (Figure 5L). In sum, these

findings suggest that Ogtfl/flxLyz2-cre BMMs exhibit an

increased necroptotic response, which is dependent on RIPK3.

We also tested whether OGT affects apoptosis. Hallmarks

of apoptosis, including the drop in intracellular ATP concentra-

tion, cleavage of poly (ADP-ribose) polymerase (PARP), and

caspase-3, were comparable between WT and Ogtfl/flxLyz2-

cre BMMs in response to TNF-a plus cycloheximide (Figures

S6K and S6L) or staurosporine (Figures S6M and S6N), suggest-

ing no involvement of OGT in either the extrinsic or intrinsic

apoptotic pathway.We finally asked whether the inhibitory effect

of OGT on RIPK3 phosphorylation and activation occurred in a

physiological condition by lowering the glucose concentration

in culture medium. Switching the glucose concentration from
(H and I) IL-6 and TNF-a (H) and nitrite (I) produced by Ogtfl/fl, Ogtfl/flxLyz2-cre, M

(J�L) Survival rate (J) and IL-6, TNF-a, and IL-1b in serum (K) or peritoneal lavage

creMlkl�/� mice (n = 13) mice subjected to a CLP procedure.

*p < 0.05 versus controls (two-tailed Student’s t test in A�C, E�I, K, and L). The re

SD of four biological replicates) or two experiments (D�L). Please also see Figur
25 to 2 mM increased necroptosis in WT BMMs to that observed

in Ogtfl/flxLyz2-cre BMMs but showed no effect in the cells’ lack

of RIPK3 or MLKL (Figure 5M). These results indicate that

glucose metabolism affects the RIPK3-MLKL necroptosis

pathway through OGT.

O-GlcNAcylation of RIPK3 on T467 Inhibits Inflammation
and Necroptosis
We sought to determine whether OGT directly O-GlcNAcylates

RIPK3 to affect its function. Immunoprecipitated endogenous

RIPK3 exhibited a positive O-GlcNAc signal in WT mouse

BMMs, but not Ogtfl/flxLyz2-cre BMMs (Figure 6A). Reciprocal

precipitation with the use of succinylated wheat germ agglutinin

(sWGA) beads, a widely used biochemical strategy for enriching

O-GlcNAcylated proteins (Hart et al., 2011), also detected

RIPK3 as an O-GlcNAcylated protein (Figure 6B). Both RIPK3

O-GlcNAcylation and the association between RIPK3 and OGT

increased upon LPS stimulation (Figure 6C), despite attenuated

total protein O-GlcNAcylation (Figure 1I), which suggests that

OGT actively and specifically promotes RIPK3 O-GlcNAcylation

and prevents its activation. In contrast, necroptosis induction by

LPS plus zVAD caused the opposite effects (Figure 6D). As ex-

pected, lowering medium glucose concentration from 25 to

2 mM markedly decreased RIPK3 O-GlcNAcylation with or

without LPS treatment (Figure 6E). These findings explain the

lack of necroptosis in LPS-stimulated WT macrophages and

identify diminished RIPK3 O-GlcNAcylation as an important

step mediating necroptosis. Indeed, treatment with PUGNAc, a

widely used O-GlcNAcylase (OGA) inhibitor that potently en-

hances protein O-GlcNAcylation (Li et al., 2017), rescued

RIPK3 O-GlcNAcylation and attenuated RIPK3 phosphorylation

(Figure 6F) and cell necroptosis (Figure 6G).

We next sought to identify the O-GlcNAcylation site(s) on

RIPK3. O-GlcNAcylation of exogenously expressed human

RIPK3 in 293T cells was sharply enhanced by WT OGT, but

not by an enzyme-dead mutant of OGT (K908A) (Lazarus et al.,

2011), indicating a requirement of OGT enzymatic activity for

RIPK3 O-GlcNAcylation (Figure 6H). O-GlcNAcylation of exoge-

nously expressed mouse Ripk3 could also be detected in 293T

cells (Figure S7A). RIPK3 contains an N-terminal kinase domain

and a C-terminal RHIM motif, both of which are necessary

for necroptosis signaling. We therefore generated N-terminal

(1–310 aa) and C-terminal (311–518 aa) truncated fragments of

RIPK3 (Figure 6I) and detected the O-GlcNAcylation on its

C-terminal fragment (Figure 6J). Through mass spectrometry

(MS) analysis, several potential O-GlcNAcylation sites were de-

tected on both full-length RIPK3 and the C-terminal fragment

of RIPK3 (Table S3). A follow-up site-directedmutagenesis strat-

egy allowed us to reveal that a single mutant (T467A) inside the

RHIM motif (Figure 6I) lost O-GlcNAc signal without affecting

RIPK3 abundance (Figures 6K and 6L). It should be noted that

T467 on human RIPK3 is only partially conserved among

mammalian species (Figure S7B), suggesting a possibility that
lkl�/� or Ogtfl/flxLyz2-creMlkl�/� BMMs stimulated with or without LPS.

(L) in Ogtfl/fl (n = 12), Ogtfl/flxLyz2-cre (n = 10),Mlkl�/� (n = 15), or Ogtfl/flxLyz2-

sults shown are representative of four independent experiments (A�C; mean ±

e S5.

Immunity 50, 576–590, March 19, 2019 583



D A B 

C 

E 
G 

F 

H I J 

K L M 

Figure 5. OGT Inhibits Necroptosis through RIPK3

(A�C) Cell death assessed by LDH release (A) or Sytox Green staining (C) and phosphorylation of necroptosis signaling molecules (B) inOgtfl/fl orOgtfl/flxLyz2-cre

BMMs left untreated or stimulated with LPS (200 ng/mL) plus zVAD (10 mM) for the indicated periods.

(D) Immunoblotting of p-RIPK3 and p-MLKL in Ogtfl/fl or Ogtfl/flxLyz2-cre BMMs placed in a Transwell system and stimulated with LPS and zVAD.

(E) Immunoblotting of HMGB1 and IL-1a in the peritoneal lavage fluids of Ogtfl/fl and Ogtfl/flxLyz2-cre mice 24 h after a sham or CLP procedure.

(F�H) Necroptosis signaling molecules in the NP-40-insoluble fractions (F), total or phosphorylated RIPK1 in RIPK3 immunoprecipitates (G), and cell death

assessed by LDH release in the absence or presence of RIPK1 inhibitor Nec-1 (20 mM) or RIPK3 inhibitor GSK-872 (10 mM) (H).

(I�M) LDH release (I and K) and phosphorylation of necroptosis signaling molecules (J and L) in Ogtfl/fl, Ogtfl/flxLyz2-cre, Ripk3�/�, or Ogtfl/flxLyz2-creRipk3�/�

(I and J) andMlkl�/� orOgtfl/flxLyz2-creMlkl�/� (K and L) BMMs left untreated or stimulatedwith LPS plus zVADor placed in culturemediumwith 2mMglucose (M).

*p < 0.05 versus controls (two-tailed Student’s t test in A, G, and H). Data represent four independent experiments (A, H, I, K, and M; mean ± SD of four biological

replicates) or three experiments (B�G, J, and L). Please also see Figure S6.
additional functional O-GlcNAcylation site(s) could exist in other

species.

Given the hyperinflammatory and hyper-necroptotic pheno-

type of OgtDmye macrophages, we hypothesized that loss of

RIPK3 O-GlcNAcylation causes the same effect. Human RIPK3
584 Immunity 50, 576–590, March 19, 2019
cannot induce necroptosis in mouse cells because it fails to

interact with mouse MLKL (Sun et al., 2012). We therefore

used short hairpin RNA (shRNA) to generate RIPK3-silenced

THP-1 cells and then reconstituted them with either RIPK3 WT

or T467A mutant. In response to LPS challenge, RIPK3-silenced
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Figure 6. O-GlcNAcylation of RIPK3 on T467 Suppresses Inflammation and Necroptosis

(A�G) Total cell lysates ofOgtfl/fl orOgtfl/flxLyz2-cre BMMs left untreated (A and B) or stimulated with LPS alone (C) or LPS plus zVAD (D) with or without PUGNAc

pretreatment (E). Immunoprecipitation with anti-RIPK3 antibody (A, C�E) or succinylated wheat germ agglutinin (sWGA) beads to pull down O-GlcNAcylated

proteins (B).

(H) FLAG-tagged RIPK3 overexpressed in 293T cells together with OGT WT or enzyme-dead K908A mutant was immunoprecipitated with anti-FLAG beads,

followed by immunoblotting with anti-O-GlcNAc antibody.

(I) Domain Organization of Human RIPK3 and the RHIM Sequence.

(J) O-GlcNAcylation of the full-length, N-terminal or C-terminal fragments of RIPK3 overexpressed in 293T cells in the presence or absence of WT OGT.

(K and L) O-GlcNAcylation of FLAG-tagged RIPK3 WT or mutants overexpressed in 293T cells together with OGT was analyzed as described in (H).

(legend continued on next page)

Immunity 50, 576–590, March 19, 2019 585



cells reconstituted with RIPK3 T467A showed significantly

increased cytokine production (Figure 6M), as well as enhanced

NF-kB and Erk activation (Figure 6N), in comparison with those

reconstituted with WT RIPK3. Because Ogtfl/flxLyz2-cre BMMs

failed to show a robust increase in the activation of NF-kB and

Erk signaling upon LPS stimulation in comparison with WT

BMMs (Figures 2G and 2H), it remains to be determined how

RIPK3 activation uponOGT loss triggers increased LPS-induced

cytokine responses. Furthermore, compared with WT RIPK3,

RIPK3 T467A reconstitution resulted in an augmented necropto-

sis (Figure 6O) and phosphorylation of RIPK3 and MLKL (Fig-

ure 6P). These results demonstrate that RIPK3 O-GlcNAcylation

on T467 negatively regulates the innate immune activation and

necroptosis response.

O-GlcNAcylation of RIPK3 on T467 Suppresses Its RHIM
Functions
We finally explored the molecular mechanism by which

O-GlcNAcylation of RIPK3 antagonizes its functions. The

RIPK3 RHIM region has been demonstrated to be essential for

both inflammation and the necroptosis pathway (Silke et al.,

2015; Wallach et al., 2016), but the kinase activity of RIPK3 is

not absolutely required for inflammation (Najjar et al., 2016).

We found that overexpressed OGT inhibited RIPK3 phosphory-

lation in 293T cells (Figure 7A). Given that RIPK3 T467 is localized

in the RHIM region, we reasoned that O-GlcNAcylation of RIPK3

on T467 might function by suppressing RHIM-mediated effects,

such as RIPK3-RIPK1-hetero- and RIPK3-RIPK3-homo-interac-

tion, as well as RIPK3 kinase activity. Indeed, overexpression

of WT OGT, but not OGT-enzyme-dead mutants (K908A

and H508A) (Lazarus et al., 2011), efficiently abolished RIPK3-

RIPK1-hetero-interaction (Figure 7B), RIPK3-RIPK3-homo-

interaction (Figure 7C), and RIPK3 phosphorylation under both

conditions. The loss-of-O-GlcNAcylation mutation of RIPK3

(T467A) generated opposite results (Figure 7D). Importantly,

the RIPK3 T467A mutant was resistant to OGT-inhibited RIPK3

phosphorylation and RIPK3-RIPK1 interaction. Furthermore,

the RIPK3 RHIM mutant (RHIMmut) showed defects in both

RIPK3-RIPK1 interaction andRIPK3 phosphorylation (Figure 7E),

but RIPK3-kinase-dead mutants (D160N and S199A) (McQuade

et al., 2013) still interacted with RIPK1 (Figure 7F), supporting the

notion that RHIM-mediated RIPK3-RIPK1 interaction is an up-

stream event leading to RIPK3 phosphorylation. In sum, these

findings suggest that OGT-mediated RIPK3 O-GlcNAcylation

on T467 suppresses RHIM-mediated RIPK3-RIPK1 interaction

and downstream RIPK3 kinase activation.

We next examined whether RIPK3-T467A-induced hyperin-

flammatory and hyper-necroptotic responses were dependent

on the protein’s RHIM and/or kinase activity. Both T467A-

RHIMmut and T467A-S199A double mutants lacked RIPK3 phos-

phorylation (Figure 7G). Compared with cell reconstitution with

RIPK3 T467A, RIPK3-silenced THP-1 cell reconstitution with

either RIPK3 T467A-RHIMmut or T467A-S199A abolished the
(M�P) RIPK3-silenced THP-1 cells were virally transfected with RIPK3 WT or T46

Transcripts of RIPK3, IL6, TNFA, and IL1B (M), total and phosphorylated RIPK3,

release (O) was assayed. *p < 0.05, versus controls (two-tailed Student’s t test (

experiments (A�G, I, J, K, M and O) or four experiments (L and N; mean ± SD o
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increased cytokine production in response to LPS (Figure 7H)

and elevated the necroptotic response (Figure 7I). These findings

demonstrate that the loss of O-GlcNAcylation on RIPK3 en-

hances inflammatory and necroptosis signaling, dependent on

RHIM-mediated protein interaction and the resultant kinase acti-

vation (Figures S7C–S7F). We further performed structural

modeling of RIPK3 by using the I-TASSER program (Yang

et al., 2015a) and found that the sidechain of O-GlcNAc at

T467 stays in proximity to the RHIM region core amino acids

VQVG and most likely perturbs RHIM-mediated protein interac-

tion through steric hinderance (Figure 7J).

DISCUSSION

Previous studies have provided biochemical evidence to support

the notion that O-GlcNAc signaling promotes inflammation.

Several key molecules in the TLR-NF-kB signaling pathway

have been identified to be O-GlcNAcylated. O-GlcNAcylation

of these proteins has been shown to enhance their functional

activities and promote the transcription of NF-kB target genes

(Ozcan et al., 2010). Our recent study also observed an

enhanced inflammatory response and disease severity in chem-

ically induced colitis as a result of attenuated STAT3-IL-10

signaling when OGT expression and enzymatic activity were

upregulated in myeloid cells (Li et al., 2017). In this study, we

demonstrated an unexpected inhibitory effect of OGT on innate

immune activation and necroptosis signaling through RIPK3

O-GlcNAcylation. Therefore, the net effect of OGT-mediated

O-GlcNAc signaling in the immune system and inflammation

seems to bemultifaceted because of the involvement of a variety

of target proteins in different immune signaling pathways.

Both the increase and decrease in OGT-mediated protein

O-GlcNAcylation resulted in a similar hyperinflammatory

response through distinct mechanisms. On the one hand,

elevated O-GlcNAc signaling promoted activation of the innate

immune cells by increasing NF-kB signaling, as well as counter-

acting the anti-inflammatory STAT3-IL-10 signaling. On the other

hand, loss of O-GlcNAc signaling removed an inhibitory mecha-

nism of RIPK3 activation and consequently led to enhanced

inflammatory responses and inflammation-associated necrop-

tosis, despite increased IL-10 production. We therefore propose

that loss of homeostasis in O-GlcNAc signaling, instead of

a simple one-way increase or decrease, is an important meta-

bolic mechanism underlying the pathogenesis of inflammatory

diseases.

The aforementioned studies raise an important question on

how to regulate OGT-mediated O-GlcNAc signaling under path-

ophysiological conditions. Previous studies have shed light on

two important mechanisms: controlling UDP-GlcNAc availability

through regulation of HBP activity and targeting OGT gene

transcription and protein degradation. First, the availability of

UDP-GlcNAc produced through HBP metabolic processes is

an important determinant of OGT enzymatic activity (Hart
7A mutant, followed by LPS (M and N) or LPS plus zVAD (O and P) stimulation.

Erk, IKKa/b, IkBa and p65 (N) or necroptosis signaling molecules (P), and LDH

L and N)). Data are from one experiment representative of three independent

f three biological replicates). Please also see Figure S7.
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Figure 7. O-GlcNAcylation of RIPK3 Inhibits RHIM-Mediated RIPK3-RIPK1 Interaction

(A�D) FLAG-tagged RIPK3 was overexpressed in 293T cells together with the indicated expression plasmids. Immunoprecipitation with anti-FLAG beads,

followed by immunoblotting with specific antibodies against O-GlcNAc, p-RIPK3, RIPK1, and GFP, was performed.

(E�G) GFP-tagged RIPK3WT or mutants were overexpressed in 293T cells. Immunoprecipitation with anti-GFP beads, followed by immunoblotting with specific

antibodies against O-GlcNAc, p-RIPK3, or RIPK1, was performed.

(H and I) Transcripts of IL6 and TNFA (H) and LDH release (I) from RIPK3-silenced THP-1 cells virally transfected with RIPK3 WT or various mutants and then

stimulated with LPS (H) or LPS plus zVAD (I).

(J) Structural modeling of RIPK3 by the I-TASSER program. O-GlcNAcylated T467 is red, and the amino acids VQVG of the RHIM motif are highlighted as pink

spheres.

*p < 0.05 versus controls (two-tailed Student’s t test in G and H). Data are from one experiment representative of three experiments (A�F) or four experiments

(H and I; mean ± SD of four biological replicates).
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et al., 2011). The first and rate-limiting enzyme in HBP, glutamine

fructose-6-phosphate transaminase (GFPT), represents a key

mediator in affecting downstream OGT signaling by determining

UDP-GlcNAc concentration. A recent study reported that GFPT

is transcriptionally upregulated under endoplasmic reticulum

(ER) stress, and this upregulation leads to increased protein

O-GlcNAcylation and provides a protective effect against

ischemia-reperfusion injury in the heart (Wang et al., 2014).

Our study observed decreased HBP activity and protein

O-GlcNAcylation by TLR4 activation, despite increased

glycolysis and PPP metabolic activities. In contrast, in a parallel

study, we observed increased HBP flux activity and protein

O-GlcNAcylation when retinoic-acid-inducible gene I (RIG-I)

was activated by intracellular RNA ligands (Li et al., 2018). The

opposite O-GlcNAc signaling changes due to activation of

distinct innate immune sensors highlight that GFPT-mediated

HBP activity is an important mechanism regulating OGT func-

tion. HowGFPT-controlled HBP activity is differentially regulated

during activation of distinct pathogen-recognition-receptor

signaling requires further investigation. Second, the abundance

of OGT protein is negatively regulated by a ubiquitination-medi-

ated protein-degradation process (Yang et al., 2015b), whereas

OGT gene expression is promoted by the transcriptional activity

of Nrf2 (Li et al., 2017). Whether OGT function is affected by

K63-linked protein ubiquitination, a well-established protein

modification for signal transduction, has not been determined

yet. In sum, similar to diverse functions of OGT through the tar-

geting of multiple downstream targets, upstream mechanisms

that modulate OGT function are also diversified.

Recent studies have identified several intracellular amyloid

signaling complexes, including the necrosome (Li et al., 2012),

ASC inflammasome (Lu et al., 2014), and MAVS signalosome

(Cai et al., 2014), which initiate distinct important innate immune

signaling. One common feature of these high-molecular-weight

complexes is well-characterized protein-protein binding pat-

terns depending on unique domains on each protein component.

The RHIM region of RIPK3, one of the best-studied protein-bind-

ing motifs, has been shown to be required for the formation of

the necrosome and execution of necroptosis. Depending on

which initial sensors receive extracellular or intracellular signals,

RIPK3 can directly bind to TRIF (Kaiser et al., 2013), RIPK1 (Li

et al., 2012; Mompeán et al., 2018), or ZBP1 (Z-DNA binding pro-

tein 1, also known as DAI) (Lin et al., 2016; Newton et al., 2016)

through the RHIM motif to activate necroptosis. Recent studies

suggest that, in addition to playing a central role in necroptosis,

RIPK3 also contributes to activation of the immune response in

cell-death-dependent and -independent manners (Alvarez-Diaz

et al., 2016; Moriwaki et al., 2017; Najjar et al., 2016). The

RIPK3 RHIM motif is critical for both necroptosis and the inflam-

matory response both in vitro and in vivo. Our study identified

RIPK3 T467, which is located in proximity to the RHIM region

core amino acids VQVG, as an O-GlcNAcylation site. Loss of

this O-GlcNAcylation promoted RHIM-mediated RIPK3-RIPK1-

hetero- and RIPK3-RIPK3-homo-interaction, RIPK3 activation,

downstream inflammatory and necroptosis signaling, and cyto-

kine storm in experimental sepsis. These findings support an

essential role of RHIM-mediated assembly of the necrosome

signaling complex in promoting immune activation and tissue

damage in inflammatory diseases such as sepsis.
588 Immunity 50, 576–590, March 19, 2019
Previous studies have reported that activated RIPK3 in macro-

phages deficient in apoptosis-associated molecules (caspase-8

or inhibitors of apoptosis) could activate inflammasomes in

response to LPS alone (Galluzzi et al., 2017; Weinlich et al.,

2017). Inflammasome activation leads to caspase-1 activation

and release of proinflammatory cytokines IL-1b and IL-18, among

other substrates (Davis et al., 2011). Both canonical and nonca-

nonical inflammasomes have been indicated to play important

roles promoting septic inflammation. We observed that upon

LPS stimulation, loss of OGT-mediated O-GlcNAcylation caused

RIPK3 phosphorylation and activation, indicating that OGT

deficiency might increase RIPK3-dependent IL-1b production.

Indeed, we observed increased IL-1b concentration in septic

Ogtfl/flxLyz2-cremice, which could be reversed byRipk3 deletion.

Because IL-1b is a prototypical pyrogen to drive cytokine storm

and tissue damage in sepsis, excessive IL-1b could contribute

to elevated mortality in septic OgtDmye mice. In sum, our results

provide a mechanistical link between OGT-mediated glucose

metabolism and key immune signaling in the innate immune sys-

temandexpandour currentunderstandingofmetabolic regulation

of the immune function and inflammation-associated diseases.

Targeting RIPK3 O-GlcNAcylation presents a potential therapeu-

tic strategy for combating multiple inflammatory diseases.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-OGT Cell Signaling Technology Cat#5368; RRID: AB_11217621

Mouse monoclonal anti-O-GlcNAc Cell Signaling Technology Cat#9875; RRID: AB_10950973

Rabbit polyclonal anti-NOS2 EMD Millipore Cat#ABN26; RRID: AB_10805939

Rabbit polyclonal anti-mouse-phospho-RIPK1 (Ser166) Cell Signaling Technology Cat#31122

Rabbit monoclonal anti-RIPK1 Cell Signaling Technology Cat#3493; RRID: AB_2305314

Rabbit anti-mouse-phospho-RIPK3 (Thr231, Ser232) Genentech GEN135-35-9

Rabbit anti-human-phospho-RIPK3 (Ser227) Abcam Cat#ab209384; RRID: AB_2714035

Rabbit anti-RIPK3 Novus Cat#NBP1-77299; RRID: AB_11040928

Rabbit monoclonal anti-mouse-phospho-MLKL (Ser345) Abcam Cat#ab196436; RRID: AB_2687465

Rabbit polyclonal anti-mouse MLKL Abgent Cat#AP14272b; RRID: AB_11134649

Rabbit monoclonal anti-Human-phospho-MLKL (Ser358) Abcam Cat#ab187091; RRID: AB_2619685

Rabbit polyclonal anti-Human MLKL Cell Signaling Technology Cat#14993; RRID: AB_2721822

Rabbit polyclonal anti-HMGB1 Abcam Cat#ab18256; RRID: AB_444360

Goat polyclonal anti-mouse-IL-1a R and D Systems Cat#AF-400-NA; RRID: AB_354473

Rabbit monoclonal anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling Technology Cat#4370; RRID: AB_2315112

Rabbit monoclonal anti-p44/42 MAPK (Erk1/2) Cell Signaling Technology Cat#4695; RRID: AB_390779

Rabbit monoclonal anti-phospho-SAPK/JNK (Thr183/Tyr185) Cell Signaling Technology Cat#4668; RRID: AB_823588

Goat polyclonal anti-JNK1 Santa Cruz Biotechnology Cat#sc-474-G; RRID: AB_632384

Rabbit polyclonal anti-phospho-p38 MAPK (Thr180/Tyr182) Cell Signaling Technology Cat#9211

Rabbit polyclonal anti-p38 MAPK Cell Signaling Technology Cat#8690; RRID: AB_10999090

Rabbit monoclonal anti-phospho-IKKa/b (Ser176/180) Cell Signaling Technology Cat#2697; RRID: AB_2079382

Rabbit polyclonal anti-IKKa EMD Millipore Cat#07-1107

Rabbit monoclonal anti-phospho-NF-kB p65 (Ser536) Cell Signaling Technology Cat#3033; RRID: AB_331284

Rabbit monoclonal anti-NF-kB p65 Cell Signaling Technology Cat#8242; RRID: AB_10859369

Rabbit monoclonal anti-phospho-IkBa (Ser32) Cell Signaling Technology Cat#2859; RRID: AB_561111

RelB Santa Cruz Biotechnology Cat#sc-226; RRID: AB_632341

NF-kB1 p105/p50 Cell Signaling Technology Cat#13586; RRID: AB_2665516

Rabbit polyclonal anti-IkBa Cell Signaling Technology Cat#9242S; RRID: AB_10694550

Arginase I BD Biosciences Cat#610708; RRID: AB_398031

Caspase 8 Cell Signaling Technology Cat#4927; RRID: AB_2068301

FITC conjugated anti-mouse CD3e eBioscience Cat#11-0031-63; RRID: AB_464880

PE-Cy7 conjugated anti-mouse CD4 eBioscience Cat#25-0041-82; RRID: AB_469576

APC conjugated anti-mouse CD8 BioLegend Cat#100712; RRID: AB_312751

Mouse monoclonal anti-GFP Santa Cruz Biotechnology Cat#sc-9996; RRID: AB_627695

Mouse monoclonal anti-Actin Santa Cruz Biotechnology Cat#sc-1615; RRID: AB_630835

Rabbit polycolonal anti-Histone H3 Cell Signaling Technology Cat#9715; RRID: AB_331563

Mouse monoclonal anit-GAPDH EMD Millipore Cat#MAB374; RRID: AB_2107445

Mouse monoclonal anti-FLAG M2-peroxidase (HRP) Sigma-Aldrich Cat#A8592; RRID: AB_439702

Mouse monoclonal anti-V5-peroxidase Sigma-Aldrich Cat#V2260; RRID: AB_261857

Mouse monoclonal anti-Myc-peroxidase Sigma-Aldrich Cat#11814150001

ANTI-FLAG M2 Affinity Gel Sigma-Aldrich Cat#A2220; RRID: AB_10063035

Pierce� Anti-c-Myc agarose Thermo Scientific Cat#20168

GFP-Trap agarose Chromotek Cat#gta-20

succinylated Wheat Germ Agglutinin (sWGA) agarose Vector Laboratories Cat#AL-1023s; RRID: AB_2336863

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

LPS Invivogen Cat#tlrl-eblps

CpG Invivogen Cat#tlrl-1826

Pam3Cys EMC Cat#L2000

Nec-1 Enzo Cat#BML-AP309

GSK-872 Calbiochem Cat#530389

S3I-201 Sigma-Aldrich Cat#SML0330

PUGNAc Sigma-Aldrich Cat#A7229

Cycloheximide Sigma-Aldrich Cat#C4859

zVAD Calbiochem Cat#627610
13C6-glucose Sigma-Aldrich Cat#A389374

N-acetylglucosamine Sigma-Aldrich Cat#A8625

OSMI-1 Aobious Cat#AOB5700

GlcNAc Sigma-Aldrich Cat#A3286

IL-4 PeproTech Cat#214-14

ATP Sigma-Aldrich Cat#A7699

Nigericin Invivogen Cat#tlrl-nig

Silica U.S. Silica Cat#MIN-U-SIL 15

Aluminum Thermo Scientific Cat# 77161

CTB Sigma-Aldrich Cat#C9903

SYTOX Green Nucleic Acid Stain Invitrogen Cat# S7020

Hoechst 33342 Invitrogen Cat# H3570

Recombinant murine IL-4 Peprotech Cat#214-14

TRIsure Bioline Cat#BIO-38033

DMSO Sigma Cat#D2660

RPMI1640 Corning Cat#10-040

Fetal Bovine Serum Hyclone Cat#SH30910.03

0.25% Trypsin Corning Cat#25-053

DMEM Corning Cat#10-013

X-tremeGENE HP DNA Transfection Reagent Roche Cat#06 366 236 001

FuGENE� 6 Transfection Reagent Roche Cat#11 814 443 001

M-MLV Reverse Transcriptase Invitrogen Cat#28025013

SuperSignal� chemiluminescent HRP substrates Thermo Fisher Scientific Cat#34096

Power SYBR Green PCR Master Mix Thermo Fisher Scientific Cat#4367659

Critical Commercial Assays

Mouse IL-6 ELISA Set BD Biosciences Cat#555240

Mouse TNF (Mono/Mono) ELISA Set BD Biosciences Cat#555268

Mouse IL-1b ELISA kit Invitrogen Cat#88701388

Mouse IL-2 ELISA kit Invitrogen Cat#88702488

Mouse IL-IFNg ELISA kit Invitrogen Cat#88731488

Mouse IL-17A ELISA kit Invitrogen Cat# 88737188

Griess Reagent Kit Invitrogen Cat#G7921

Cytotoxicity Detection Kit (LDH) Roche Cat#11644793001

CellTiter-Glo� Luminescent Cell Viability Assay Promega Cat#G7570

Nuclear Extract Kit Active Motif Cat#40010

Phusion Site-Directed Mutagenesis Kit Thermo Fisher Scientific Cat#F541

Experimental Models: Cell Lines

L929 ATCC RRID: CVCL_0462

293T ATCC RRID: CVCL_0063

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

THP-1 ATCC RRID: CVCL_0006

OGT Knockout THP-1 manuscript in press N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6-LysM-Cre The Jackson Laboratory Strain#004781

Mouse: C57BL/6 The Jackson Laboratory Strain#000664

Mouse: Ogtfl/fl Shafi et al., 2000 N/A

Mouse: Ripk3�/� Newton et al., 2004 N/A

Mouse: Mlkl�/� Murphy et al., 2013 N/A

BMM: Ripk1K45A Berger et al., 2014 N/A

BMM: Ripk3K51A Mandal et al., 2014 N/A

Oligonucleotides

OGT-targeted single gRNA Manuscript in press N/A

Primers for RT-PCR, see Table S4 This paper N/A

Primers for cloning, see Table S5 This paper N/A

Primers for mutagenesis PCR, see Table S6 This paper N/A

Recombinant DNA

pCMV-HA-MyD88 Addgene Addgene#12287

pcDNA3-HA-TRAF6 Yang et al., 2009 N/A

pcDNA3-FLAG-RIPK1 Addgene Addgene#78842

pCMV-FLAG-IKK1 Dr. Albert Baldwin N/A

pCMV-FLAG-IKK2 Dr. Albert Baldwin N/A

pcDNA3-FLAG-p65 Ashburner et al., 2001 N/A

pcDNA3-NF-kB-Luc Ashburner et al., 2001 N/A

pWPXLd-OGT Manuscript in press N/A

pCMV-myc-OGT (WT) Chen et al., 2013 N/A

pCMV-myc-OGT (K908A) Manuscript in press N/A

pCMV-myc-OGT (H508A) This paper N/A

pCMV-myc-RIPK3 This paper N/A

pCMV-myc-RIPK3-N This paper N/A

pCMV-myc-RIPK3-C This paper N/A

pcDNA3-FLAG-RIPK3 Addgene Addgene#78815

pEGFP-N1-RIPK3 (human) Addgene Addgene#41387

pEGFP-N1-RIPK3 RHIMmut Addgene Addgene#41385

pEGFP-N1-RIPK3 (D160N) Addgene Addgene#41386

pEGFP-N1-RIPK3 (S199A) Addgene Addgene#41386

pEGFP-N1-RIPK3 (mouse) Addgene Addgene#41382

GIPZ Human RIPK3 shRNA Open Biosystems V2LHS_7679

pEGFP-N1-Caspase 8 Su et al., 2005 N/A

pWPXLd Addgene Addgene#12258

pMD2.G Addgene Addgene#12259

psPAX2 Addgene Addgene#2260

lentiCRISPR v2 Addgene Addgene#52961

Software and Algorithms

GraphPad Prism GraphPad Software GraphPad Prism, RRID: SCR_002798

I-TASSER program Yang et al., 2015a I-TASSER, RRID: SCR_014627

PyMOL 2.1 software PyMOL software PyMOL, RRID: SCR_000305

Immunity 50, 576–590.e1–e6, March 19, 2019 e3



CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to will be fulfilled by the Lead Contact, Haitao Wen

(haitao.wen@osumc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Ogtfl/flxLyz2-cremice were generated by crossing the Ogtfl/fl mice (Shafi et al., 2000) with lysosome M-Cre mice. C57BL/6 mice and

lysosome M-Cre mice were purchased from Jackson Laboratories. Ripk3�/� (Newton et al., 2004) andMlkl�/� (Murphy et al., 2013)

mice have been previously described. Ogtfl/flxLyz2-creRipk3�/� and Ogtfl/flxLyz2-creMlkl�/� mice were generated by crossing

Ogtfl/flxLyz2-cre mice with Ripk3�/� mice and Mlkl�/� mice, respectively. All mice were housed in SPF facilities at 21�C and 31%

humidity. All mice were maintained under general housing environment and fed sterilized food (Chow TD. 7912; Harlan Teklad)

and autoclavedwater ad libitum. Micewereweaned at 28 days after birth, separated into same sex groups and all in vivo experiments

were conducted in accordance with the guidelines established by the Ohio state University and the National Institute of Health Guide

for the Care and Use of Laboratory Animals and the Institutional Animal Care and Use Committee (IACUC).

METHOD DETAILS

Reagents and antibodies
LPS and CpGwere from Invivogen. Pam3Cys was from EMCMicrocollections. Nec-1 was from Enzo. GSK-872 and zVADwere from

Millipore. S3I-201, cycloheximide, PUGNAc, 13C6-glucose and N-acetylglucosamine (GlcNAc) were from Sigma-Aldrich. Lipofect-

amine 2000 and the Griess Reagent Kit for nitrite quantification were from Thermo Fisher Scientific. Antibodies for immunoblotting

included anti-OGT, anti-O-GlcNAc, anti- mouse p-RIPK1, anti-RIPK1, anti-p-IKKa/b (S176/180), anti-p-IkBa (S32), anti-IkBa, anti-p-

p65 (S536), anti-p65, anti-p-ERK1/2 (T202/Y204), anti-ERK1/2, anti-p-JNK (T183/Y185), anti-p-p38 (T180/Y182), anti-p38, anti-p-

STAT3, anti-STAT3, anti-Histone H3 (Cell Signaling Technology), anti-JNK1, anti-GFP, HRP-conjugated anti-b-actin (Santa Cruz

Biotechnology), HRP-conjugated anti-Flag (Sigma-Aldrich), HRP-conjugated anti-Myc (Roche), anti-IKKa, anti-NOS2, anti-GAPDH

(Millipore), anti-RIPK3 (Novus Biologicals), anti-mouse MLKL (Abgent), anti-human p-RIPK3, anti-human p-MLKL, anti-mouse

p-MLKL, anti-HMGB1 (Abcam), anti-IL-1a (R&D Systems) and anti-mouse p-RIPK3 (Genentech). Antibody-conjugated agarose

for immunoprecipitation included anti-Flag agarose (Sigma-Aldrich), anti-c-Myc agarose (Thermo Scientific), GFP-Trap agarose

(Chromotek), and sWGA agarose (Vector Laboratories).

Cell culture and stimulation
292T cells, L929 and THP-1 cells were purchased from ATCC and maintained under a humidified atmosphere of 5% CO2 at 37

�C in

DMEM or RPMI 1640 supplemented with 10% fetal bovine serum (Sigma-Aldrich), respectively. To generate RIPK3-silenced THP-1

cells, GIPZ lentivector carrying shRNA targeting human RIPK3 (V2LHS_77679, Open Biosystems) were transfected into THP-1 cells.

Infected cells were selected with 2 mg/mL puromycin for 5 d. BMMs were generated from mice in the presence of L-929 conditional

medium, as previously described (Li et al., 2017). Peritoneal macrophages were collected from peritoneal lavage with 10 mL sterile

DPBS containing 2% FBS. Macrophages were stimulated with LPS (200 ng/mL), Pam3Cys (1 mg/mL), CpG (2 mg/mL), or LPS plus

zVAD (10 mM) for various periods as indicated in the Figure Legends. Cell culture supernatants were collected for ELISA or LDH

release assay. Cells were collected for immunoblotting.

RT-PCR
Total RNA was extracted from in vitro cultured cells using Trisure (Bioline). cDNA was synthesized with Moloney murine leukemia

virus reverse transcriptase (Invitrogen) at 38�C for 60 min. RT-PCR was performed using SYBR Green PCR Master Mix (Applied

Biosystems) in StepOnePlus detection system (Applied Biosystems). The fold difference in mRNA expression between treatment

groups was determined by DDCt method. b-actin was used as an internal control. The primer pair sequences of individual genes

are listed in the Table S4.

Immunoblotting
Electrophoresis of proteins was performed by using the NuPAGE system (Invitrogen) according to the manufacturer’s protocol.

Briefly, cultured BMMs were collected and lysed with RIPA buffer. Proteins were separated on a NuPAGE precast gel and were

transferred onto nitrocellulose membranes (Bio-Rad). Appropriate primary antibodies and HRP-conjugated secondary antibodies

were used and proteins were detected using the Enhanced Chemiluminescent (ECL) reagent (Thermo Scientific). The images

were acquired with ChemiDoc MP System (Bio-Rad).
e4 Immunity 50, 576–590.e1–e6, March 19, 2019
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ELISA
Cytokines in supernatant from in vitro cultured cells or cytokines in the peritoneal lavage fluids, serum or lung homogenates

from animal experiments were quantified using the ELISA Set for mouse IL-6, IL-1b and TNF-a (BD Biosciences) according to the

manufacturer’s protocol.

Nitrite quantitation
Nitrite generated from LPS-stimulated BMMwere measured using the Griess Reagent Kit (Thermo Fisher Scientific) according to the

manufacturer’s protocol.

Experimental sepsis animal models
For endotoxin shock model, mice were intraperitoneally administrated with LPS at 15 mg per kg body weight. CLP-induced polymi-

crobial peritonitis has been previously described (Wen et al., 2010). Briefly, mice were anesthetized with a combination of ketamine

HCL and xylazine administrated intraperitoneally. A 1-cm midline incision was made to the ventral surface of the abdomen under

sterile surgical conditions to expose the cecum. The cecum was partially ligated with a 3.0 silk suture at its base and punctured

two times with a 21-G needle. Sham-operated mice underwent the identical operation except for the ligation and puncture. The

cecum was returned to the abdomen cavity and closed with a surgical staple. Mice in both groups were treated with antibiotics

intraperitoneally 6 and 24 hours after surgery.

Plasmids and molecular cloning
pCMV vector expressing Myc-tagged human OGT has been described (Chen et al., 2013). FLAG-tagged RIPK3 (#78815), GFP-

tagged RIPK3 (#41387), RIPK3 RHIMmut (#41385) and RIPK3 D160N (#41386) were purchased from Addgene. GFP-tagged RIPK3

S199A was kindly provided by Dr. Francis Chan (McQuade et al., 2013).

To generate the N- and C-terminal fragments of RIPK3, pcDNA3 vector expressing full-length RIPK3 was used as a template for

PCR. To generate the lentivector expressing RIPK3, full-length RIPK3 WT or mutants were subcloned into the pWPXLd-EGFP

lentivector (Addgene #12258). All primers used for cloning are listed in the Table S5. To generate a series of RIPK3mutant constructs

and OGT K908A, H508A mutant, Phusion Site-Directed mutagenesis Kit was used according to the manufacturer’s instructions

(Thermo Scientific). Primers for mutagenesis PCR are listed in the Table S6. All cloned genes were double-checked by sequencing.

Cell transfection
As indicated in the Figure Legends, 293T cells were transfected for 30 h with a combination of expression plasmids for OGT WT,

K908A or H508Amutant, and RIPK3WT ormutants with X-tremeGENEHPDNA Transfection Reagent (Roche). For lentivector-based

transduction, 293T cells were employed to package the pWPXLd lentivirus expressing RIPK3 WT or various mutants, which were

further used to transduce RIPK3-silenced THP-1 cells.

Luciferase assay
293T cells were transfected with NF-kB-driven luciferase reporter construct together with expression plasmids for MYD88, TRAF6,

RIPK1, RIPK3, IKK1, IKK2 or p65, in the presence or absence of OGT using FuGENE6 (Roche). Empty pcDNA3 was used to maintain

equal DNA amounts for transfection. Cells were harvested at 30 h post transfection. Luciferase units were measured as previously

described (Lei et al., 2012).

Metabolomics
33 106 BMMs left untreated or stimulated with LPS for 4 h were harvested. The metabolite extraction was performed as previously

described (Gunda et al., 2016). The media was aspirated, and the cells were washed twice with LC-MS grade water before lysing the

cells. The metabolites were extracted using cold 80%methanol/water mixture and resuspended in 50%methanol/water mixture for

further analysis using LC-MS/MS. A selected reaction monitoring (SRM) LC-MS/MS method with positive and negative ion polarity

switching on a Xevo TQ-S mass spectrometer was used for analysis. Peak areas integrated using MassLynx 4.1 (Waters Inc.) were

normalized to the respective protein concentrations. The resultant peak areas were subjected to relative quantification analyses

with MetaboAnalyst 3.0. Further, principal component analysis, pathway impact analysis and heatmap were performed using

MetaboAnalyst 3.0 software.

Nuclear Magnetic Resonance (NMR) Spectroscopy analysis of 13C-glucose metabolism
13C-labeling of UDP-GlcNAc from U-13C6-Glucose was detected from cell lysates using NMR spectroscopy-based metabolomics

analysis. Briefly, samples were dried and then reconstituted using 550 mL of 50 mM phosphate buffer in 100% D2O at pH 7.2

(uncorrected) with 500 mM 3-(tetramethysilane) propionic acid-2,2,3,3-d4 (TMSP) as a chemical shift reference. 500 mL of the super-

natant was transferred to a 5 mm NMR tube for data acquisition. The NMR data were collected at 298K on an AVANCE III-HD

700 MHz spectrometer (Bruker) equipped with 5 mm quadruple resonance QCI-P cryoprobe (1H, 13C, 15N and 31P) using ICON-

NMR software (Bruker). A (2D) 1H-13C heteronuclear single quantum coherence (HSQC) spectra was collected for each of the sam-

ples. The 2D 1H-13C HSQC spectra were collected with 1K data points and a spectrumwidth of 11160 Hz in the direct dimension and

128 data points and a spectrum width of 29052 Hz in the indirect dimension. The 2D 1H-13C HSQC spectra were processed with
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NMRPipe (Delaglio et al., 1995). The spectra were Fourier-transformed, manually phased, zero-filled, apodized with a sine-bell win-

dow function, and baseline-corrected following solvent subtraction. All spectra were referenced to TMSP at 0 ppm. The processed

spectra were then analyzed using NMRViewJ Version 8.0 (Johnson, 2018).

RIPK3 O-GlcNAcylation site mapping
MS strategy was employed to identify RIPK3 O-GlcNAcylation sites, as described in our recent study (Li et al., 2017). Briefly, immu-

noprecipitated RIPK3 full length or C-terminal fragment from 293T cells was subjected to SDS-PAGE. The corresponding bandswere

excised and the proteins were reduced with DTT, alkylated with iodoacetamide, and digested with trypsin overnight, then subjected

to LC-MS/MS analysis using a nanoAcquity (Waters Corp) coupled to an LTQ Orbitrap Velos (Thermo Scientific). The LTQ Orbitrap

Velos was operated in data-dependent mode, and the 10 most intense precursors were selected for collision-induced dissociation

(CID) fragmentation. Raw data files were processed using Proteome Discoverer (PD) version 2.0 (Thermo Scientific). Peak lists were

analyzed using Sequest against a Homo sapiens Uniprot database. The following parameters were used to identify tryptic peptides

for protein identification: 0.6 Da product ionmass tolerance; 10 ppmprecursor ionmass tolerance; up to twomissed trypsin cleavage

sites; hexNAc (+203.0794 Da) of N/S/T; carbamidomethylation of Cys was set as a fixed modification; oxidation of M and phosphor-

ylation of S/T/Y were set as variable modifications. The Percolator node was used to determine false discovery rates (FDR) and a

peptide FDR of 5% were used to filter all results.

RIPK3 structure prediction
The structure of human RIPK3 is predicted by the program I-TASSER (Yang et al., 2015a). The O-GlcNAcylation was added onto the

predicted structure using PyMOL 2.1 software.

Statistics
All experiments were performed a minimum of three independent replications. Statistical analysis was carried out with Prism 5.0 for

Macintosh. All data are shown as mean ± SD. The mean values for biochemical data from each group were compared by two-tailed

Student’s t test. Comparisons betweenmultiple time points were analyzed by repeated-measurements analysis of variance (ANOVA)

with Bonferroni post-tests. In all tests, p values of less than 0.05 were considered statistically significant.
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