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Abstract

Sepsis is the most common cause of death for patients in intensive care worldwide, due to a
dysregulated host response to infection. Here, we investigate the role of sequestosome 1
(SQSTM1/p62), an autophagy receptor that functions as a regulator of innate immunity, in sepsis.
We find that lipopolysaccharide elicits gasdermin D (GSDMD)-dependent pyroptosis to enable
passive SQSTM1 release from macrophages and monocytes, whereas transmembrane protein 173
(TMEM173/STING)-dependent TANK-binding kinase 1 (TBK1) activation results in
phosphorylation of SQSTM1 at Ser403 and subsequent SQSTM1 secretion from macrophages and
monocytes. Moreover, extracellular SQSTM1 binds to insulin receptor (INSR), which in turn
activates an nuclear factor kappa B (NFKB)-dependent metabolic pathway, leading to aerobic
glycolysis and polarization of macrophages. Intraperitoneal injection of anti-SQSTM1-
neutralizing monoclonal antibodies or conditional depletion of /nsrin myeloid cells using the Cre-
loxP system protects mice from lethal sepsis (cecal ligation and puncture or infection by
Escherichia coli or Streptococcus pneumonia€) and endotoxemia. We also report that circulating
SQSTM1 and mRNA expression levels of SQSTMI1 and /NSR in peripheral blood mononuclear
cells are related to the severity of sepsis in 40 patients. Thus, extracellular SQSTML1 has a
pathological role in sepsis and could be targeted to develop therapies for sepsis.

INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to
infection!, often due to Gram-negative bacteria, and occasionally Gram-positive bacteria,
fungi, or viruses?. Infections with bacteria are characterized by the excessive activation of
the innate immune system that upregulates the release of mediators that trigger
inflammation, metabolic deregulation, immunosuppression, and multiple organ failure2.
Identifying previously unrecognized immunotherapy targets may revolutionize the treatment
of sepsis and septic shock.

Macroautophagy/autophagy is a lysosome-dependent degradation pathway that plays a dual
role in inflammation, immunity, and diseases®-6. Autophagy not only eliminates invading
foreign organisms or inhibits the activation of inflalmmasome, but also mediates the release
of cytokines. The process of autophagy is controlled by a family of autophagy-related (ATG)
proteins and autophagy receptors (e.g., sequestosome 1 [SQSTM1/p62])”:8. In addition to
the function of intracellular ATG, some ATGs (e.g., ATG5 or BECNL1) are detected in the
blood of patients with chronic central nervous system inflammation or diabetic kidney
diseases®11. Moreover, elevated serum SQSTM1 levels are independent risk factors for
patients with steatosis and lobular inflammation2. These findings indicate the emerging role
of extracellular autophagy regulators in disease.

SQSTM1/p62 is a multi-faceted regulator of innate immunity through autophagy-dependent
and independent functions!3-17. For example, intracellular SQSTM1 binds to tumor necrosis
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factor receptor-associated factor 6 (TRAF6) to activate nuclear factor kappa B (NFKB/
NF«xB), a key regulator of immunity819. Compared with intracellular SQSTM1, the
molecular mechanism of innate immunity mediated by extracellular SQSTML1 is unclear. In
this study, we reported that extracellular SQSTM1 mediates septic death in mice by
activating insulin receptor signaling in myeloid cells (macrophages and monocytes).

The activation of MYD88-dependent TLR4 signaling induces SQSTM1 expression and

secretion

Lipopolysaccharide (LPS) is a pathogen-associated molecular pattern (PAMP) from Gram-
negative bacteria during sepsis. Large amounts of SQSTM1 were released from monocytes
or macrophages (including immortalized murine bone marrow-derived macrophages
[BMDMs], THP1 [a human monocytic cell line], primary human blood monocyte-derived
macrophages [HPBMs], primary mouse peritoneal macrophages [MPMs], primary mouse
lung macrophages [MLMs], and primary mouse hepatic macrophages [MHMs]) in a time-
dependent manner, beginning 12 h after stimulation with LPS (Fig. 1a and Extended Data
Fig. 1a). LPS concentrations that induced the accumulation of extracellular SQSTM1 failed
to cause cytotoxicity (Fig. 1a, Extended Data Fig. 1b, and Extended Data Fig. 1c). The
dynamic of LPS-induced SQSTM1 release was similar to the release of late-mediator high-
mobility group box 1 (HMGB1) (Extended Data Fig. 1c)2921, but not the release of early-
mediator TNF (Extended Data Fig. 1¢)22. The size of released SQSTM1 was not changed
compared to intracellular SQSTML1 in LPS-induced BMDMs (Fig. 1b). In contrast, LPS
failed to induce the release of other autophagy receptors, such as NBR1 autophagy cargo
receptor (NBR1), calcium-binding and coiled-coil domain 2 (CALCOCO2/NDP52), and
optineurin (OPTN), in BMDMs (Fig. 1b).

Toll-like receptor 4 (TLR4) is a cell surface receptor for LPS23. The LPS-induced TLR4
signaling pathway uses several adaptor proteins, such as myeloid differentiation primary
response gene 88 (MYD88) and toll-like receptor adaptor molecule 1 (TICAM1/TRIF), to
activate transcription factors and cytokine production?4. The depletion of 7/r4 (tr4™"),
Myd88 (myad88~"), but not TicamI (ticam1™"), limited LPS-induced SQSTML1 secretion
(Fig. 1c) and mRNA upregulation (Extended Data Fig. 1d). Like LPS, treatment with
agonists for TLR1/2 (pam3CSK4), TLR2 (HKLM), TLR5 (FLA-ST), TLR6/2 (FSL1),
TLR7 (imiquimod), TLR8 (ssRNA40), and TLR9 (ODN2006) or IL1B increased SQSTM1
release in wild-type (WT), but not in myd88~~, BMDMs (Extended Data Fig. 1e). MYD88-
independent stimuli, such as TLR3 ligands (e.g., poly[l:C]), TNF, and IL6, failed to induce
SQSTM1 release (Extended Data Fig. 1e).

To determine whether autophagy and lysosome pathways is involved in SQSTML1 secretion,
small interfering RNAs (siRNAs) targeting Afg5or Atg7 or chloroquine (an inhibitor that
prevents endosomal or lysosomal acidification) or CA-074Me (an inhibitor of cathepsin B)
were used. The knockdown of Afg5or Atg7failed to block LPS-induced SQSTM1 secretion
(Fig. 1d). In contrast, chloroquine or CA-074Me inhibited LPS-induced SQSTM1 secretion
(Fig. 1d), indicating that the modulation of lysosomal function affects SQSTM1 release.
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Moreover, we observed that the siRNA-mediated knockdown of Rab7a (encoding a small
GTPase involved in organelle trafficking and protein release)2> or Mcoln1/Troml1 (encoding
a lysosomal ion channel involved in lysosomal exocytosis)?® blocked LPS-induced SQSTM1
secretion (Fig. 1d), but not its expression (Extended Data Fig. 1d). The depletion or
knockdown of 7/r4, Myd88, or Rab7a (but not Mcolnl or Atg5) inhibited LPS-induced co-
localization between SQSTM1 and MCOLN1 (Fig. 1e). As expected, the knockdown of
Rab7aor Mcolnl inhibited LPS-induced exofacial LAMP1 production (Fig. 1f). The
knockdown of Rab7a, but not Mcolnl, inhibited LPS-induced SQSTML1 localization in
lysosomes (Fig. 1g). Collectively, these findings demonstrate that MCOLN1-dependent
lysosome exocytosis contributes to LPS-induced SQSTM1 secretion.

TMEM173-dependent TBK1 activation mediates SQSTM1 phosphorylation, expression, and

secretion

Protein phosphorylation is one of the most common posttranslational modifications that
affects protein secretion or activity?”. LPS increased intracellular SQSTM1 phosphorylation
at Ser403 (but not Ser349) (Fig. 2a). The release of SQSTML1 also produced an increase in
phosphorylation at Ser403 (Fig. 1b). When unmutated (WT) Sgstm1 was transfected into
SgstmI1-knockdown BMDMs, the SQSTM1 protein was readily released in response to LPS.
S403A mutant Sgstm1 failed to be released in these conditions (Fig. 2b), indicating that
LPS-induced SQSTM1 phosphorylation at Ser403 is required for its secretion.

Ser403 on SQSTM1 is phosphorylated by casein kinase 2 (CSNKK2/CK2)28 or TANK-
binding kinase 1 (TBK1)%%. BX795 (a TBK1 inhibitor), but not TBB (a CSNKK2 inhibitor),
inhibited LPS-induced expression (Fig. 2a), phosphorylation (Fig. 2a), and secretion (Fig.
2c) of SQSTM1. Tbkl depletion also blocked the LPS-induced expression (Fig. 2d),
phosphorylation (Fig. 2d), and secretion of SQSTM1 (Fig. 2e) in RAW 264.7 cells.
Consistent with previous studies3, 7bkZ depletion inhibited LPS-induced interferon beta
(IFNB) secretion (Fig. 2f). TBK1 depletion also inhibited the release of extopically
overexpressed WT Sgstm1 (but not Sgstmi phospho-mimicking mutant S403E) in
RAW264.7 cells following LPS treatment (Fig. 2g), indicating that TBK1-mediated
SQSTM1 phosphorylation is important for subsequent SQSTM1 secretion.

Transmembrane protein 173 (TMEMZ173/STING) is an important regulator of lethal
inflammation31-34, In 7mem173-deficient macrophages, LPS failed to elicit TBK1
phosphorylation (Fig. 2d), SQSTM1 expression (Fig. 2d), SQSTM1 phosphorylation (Fig.
2d), SQSTM1 secretion (Fig. 2e), and IFNB secretion (Fig. 2f). The knockout of 7bkZ or
Tmem173also suppressed LPS-induced SgstmI mRNA expression in macrophages
(Extended Data Fig. 1d). LPS failed to trigger SQSTML1 release in primary neutrophils (Fig.
2e) that express extremely low levels of TMEM17335, H-151, an inhibitor of TMEM173,
blocked LPS-induced SQSTML1 secretion in macrophages (Fig. 2h). Consistent with
previous studies3133, rmem173~~ mice or mice with the deletion of 7/memz173in myeloid
cells (termed tmem173"Y2~~ mice) were resistant to the lethal effects of endotoxemia (Fig.
2i). Circulating levels of SQSTM1 were downregulated during endotoxemia in tmem1737/~
mice (Fig. 2j). Thus, TMEM173-dependent TBK1 activation promotes SQSTM1 expression
and phosphorylation, leading to its subsequent release.
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GSDMD-dependent pyroptosis induces passive release of SQSTM1

In addition to extracellular LPS-mediated TLR4 activation, cytosolic LPS is a ligand of
CASP11 that triggers gasdermin D (GSDMD)-dependent pyroptotic cell death36. The
knockout of Caspl1or Gsdmd abolished LPS electroporation- or Escherichia coli infection-
induced cytotoxicity (Fig. 3a and Extended Data Fig. 2a) and the release of HMGBL (Fig.
3b and Extended Data Fig. 2a) or SQSTML1 (Fig. 3c and Extended Data Fig. 2a). However,
the knockdown of Mcoln or Tbk1 failed to inhibit these processes (Fig. 3a—3c), indicating
that TBK1-mediated SQSTM1 phosphorylation and MCOLNZ1-dependent lysosome
exocytosis are only required for the active secretion of SQSTM1 in macrophages.

Consistent with the /in vitro data (Fig. 3c), myeloid cell-specific caspl1-knockout mice
(casp11™Mve ==y or Gsdma195N/I105N mice (which harbor a GSDMD mutant) were resistant
against LPS-induced death (Fig. 3d), and exhibited lower circulating levels of IL1B (Fig.
3e), HMGBL1 (Fig. 3f), LDH (Fig. 3g), and SQSTM1 (Fig. 3h) than WT control mice. Thus,
the CASP11-GSDMD pathway is required for LPS-induced SQSTM1 release /n vivo.

Adenosine triphosphate (ATP) and nigericin, which are NLRP3 inflammasome activators,
induced cell death coupled to the release of HMGB1 and SQSTML1 in LPS-primed WT or
caspl1™~BMDMs, but not in nlrp3”~ or caspl™~ casp117~ or gsdmad™”~ BMDMs
(Extended Data Fig. 2b). This analysis revealed that the CASP1-GSDMD pathway mediates
NLRP3 ligand-induced SQSTML1 release. Y. pestis infection- or LPS5Z7 (LPS+5Z-7-
oxozeaenol)-induced CASP8 activation causes cell death through inducing GSDMD
cleavage to elicit inflammasome-independent pyroptosis3/-38. Yersinia infection or LPS5Z7
also resulted in cell death, HMGB1 release, and SQSTM1 release in casp11~~ or caspl™~
caspl17~ BMDMs, but not in gsdma™~ or Casp8-knockdown BMDMs (Extended Data Fig.
2c). Thus, SQSTM1 is a DAMP during GSDMD-dependent pyroptotic cell death.

Extracellular SQSTM1 promotes metabolic programming and macrophage polarization

We focused on the effects of extracellular SQSTM1 on metabolic reprogramming because
hyperlactatemia is a diagnostic biomarker in patients with septic shock!. We monitored the
extracellular acidification rate (ECAR, an indicator of glycolysis and lactate production) and
oxygen consumption rate (OCR, an indicator of oxidative phosphorylation) in cells cultured
in the absence or presence of human recombinant SQSTML1 protein (rSQSTM1) (Fig. 4a).
THP1-derived macrophages (TMs) exhibited increased ECAR (Fig. 4b) and decreased OCR
in response to rSQSTM1 compared to untreated cells (Fig. 4c). Consistently, rSQSTM1 (but
not heat-inactivated rSQSTM1) induced glucose uptake and lactate production in TMs (Fig.
4d and 4e) or primary macrophages (Extended Data Fig. 3a and 3b).

M1 macrophages have a pro-inflammatory effect, while M2 macrophages have an anti-
inflammatory effect. The expression of M1 markers (e.g., /L6, IL1B, and NOSZ/inos [nitric
oxide synthase 2]) (Fig. 4f), but not M2 markers (/L10and ARGI [arginase 1]) (Extended
Data Fig. 3c), were upregulated by rSQSTM1 treatment for 24 h in TMs or HPBMs. As a
positive control, the M2 stimulus IL4 increased mRNA expression of /L10and ARG1
(Extended Data Fig. 3c). The knockdown of glycolytic enzyme (e.g., HKI [hexokinase 1]
and PDK1 [pyruvate dehydrogenase kinase 1]) or using glycolysis inhibitors (e.g., shikonin,
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plumbagin, and deoxy-D-glucose [2DG]) impaired rSQSTM1-induced M1 polarization (Fig.
4f). Long-term exposure to rSQSTML1 for 5 days also upregulated the mRNA expression of
/L6, IL1B, and NOSZ2 (but not /L10and ARGI) in TMs (Fig. 49), indicating that the impact
of rSQSTML1 on pro-inflammatory expression is persistent. Solute carrier family 2 member 1
(SLC2A1/GLUT1) and solute carrier family 2 member 4 (SLC2A4/GLUTA4) are glucose
transports in monocytes and macrophages3®. rSQSTM1-treated TMs expressed high levels
of SLC2A1, but not SLC2A4 (Fig. 49). The knockdown of SLCZA1, but not SLC2A4,
limited rSQSTM1-induced glucose uptake (Fig. 4h), ECAR (Fig. 4i), and mRNA expression
of /L6, IL1B, and NOS2 (Fig. 4j) in TMs. Together, exogenous SQSTM1 may trigger
macrophage M1 polarization by enhancing SLC2A1-mediated glucose uptake and
subsequent glycolysis.

INSR is the major receptor for the immunometabolic activity of SQSTM1

To determine which TLR might recognize SQSTM1, we suppressed each TLR (encoded by
TLR1to TLRY) by siRNAs in THP1-Lucia NFKB cells. Whereas the positive and negative
controls confirmed the functionality of the assay, the knockdown of none of the 7LR genes
prevented rSQSTM1-mediated stimulation of NFKB activity (Extended Data Fig. 4). These
findings indicate that TLR1 to TLR9 are not involved in the recognition of extracellular
SQSTML1.

Receptor tyrosine kinases (RTKSs) are cell surface receptors for a large range of growth
factors, cytokines, and hormones during inflammation and immunity#%41, Out of 49 RTKs
tested, only the phosphorylation of insulin receptor (INSR) was time-dependently
upregulated in TMs by rSQSTML1 (Fig. 5a). rSQSTM1 induced the phosphorylation of INSR
at Tyr1150/1151 in TMs (Fig. 5b). A GST affinity-isolation assay further demonstrated a
direct interaction between INSR and SQSTM1 /n vitro (Fig. 5c), although more
experimental evidence is needed to confirm this interaction. The knockdown of INSR
blocked rSQSTM1-induced NFKB activation (Fig. 5d) and lactate production (Fig. 5e), as
well as the expression of M1 markers (Fig. 5f) in TMs. Consistent with this notion that
NFKB signaling contributes to glycolysis and M1 polarization in response to inflammatory
stimuli4243, the knockdown of the NFKB subunit-encoding gene RELA/p65 by two specific
shRNAs inhibited rSQSTM1-induced NFKB activation (Fig. 5d), lactate production (Fig.
5e), and the expression of /L6, /IL1B, NOSZ, and SLC2A1 (Fig. 5f) in TMs. Like the
knockdown of SLC2A1, the knockdown of RELA also inhibited rSQSTM1-induced glucose
uptake (Fig. 5g) and ECAR (Fig. 5h). Pretreatment with anti-INSR antibodies blocked the
activity of rSQSTM1 (Fig. 5d-5f), supporting the notion that SQSTM1 binds extracellular
INSR to activate macrophages.

To further investigate the mechanisms responsible for INSR-mediated NFKB activation, we
assayed the phosphorylation of stress-associated kinases. Among 43 different kinases and 2
related proteins, the phosphorylation of phospholipase C gamma 1 (PLCG1) at Tyr783 and
protein tyrosine kinase 2 beta (PTK2B/PYK?2) at Tyr402 were upregulated by rSQSTM1 in
WT, but not in /NSR-deficient cells (Extended Data Fig. 5a). The knockdown of PTK2B
inhibited rSQSTM1-induced PLCG1 phosphorylation (Extended Data Fig. 5b), indicating
that PLCG1 acts downstream of PTK2B. Furthermore, the knockdown of either PLCG1 or
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PTKZ2B diminished rSQSTM1-induced NFKB activation (Fig. 5d), lactate production (Fig.
5e) and the expression of /L6, /L1B, NOS2and SLCZ2A1 (Fig. 5f). In contrast, insulin-
induced glucose uptake required SLC2A4, but not S C2A1 (Extended Data Fig. 5c¢). Insulin
failed to induce phosphorylation of PLCGI and PTKZB (Extended Data Fig. 5d), and NFKB
activation (Extended Data Fig. 5e). As a positive control, insulin induced the
phosphorylation of AKT, GSK3p, and ERK1/2 in TMs (Extended Data Fig. 5d). Of note,
rSQSTML, but not insulin, induced an interaction between INSR and PTK2B in the plasma
membrane of TMs (Extended Data Fig. 5f). There was not a direct interaction between
RTK2B and PLCG1 in TMs in response to rSQSTM1 (Extended Data Fig. 5f). The
knockdown of either /NSR or RTKZB inhibited rSQSTM1-induced interaction between
PLCGL1 and NFKB subunit RELA in TMs (Extended Data Fig. 5g). Thus, the SQSTM1-
INSR axis (but not the insulin-INSR axis)-mediated NFKB activation occurs in a PLCG1-
and PTK2B-dependent manner in macrophages.

Unlike in TMs, rSQSTML1 failed to induce lactate production and /L6 mRNA expression in
human mammary epithelial cells (HMECs) and HepG2 (a human hepatocyte cell line) cells
(Extended Data Fig. 5h). Skeletal muscle cells (SMCs) exhibited a mild increase in lactate
production and /L6 mRNA expression (Extended Data Fig. 5h). These findings suggest that
extracellular SQSTM1 may play a major role in the activation of macrophages.

The SQSTM1-INSR axis mediates sepsis and septic shock in mice

Next, we evaluated the effect of anti-SQSTM1 monoclonal antibodies (mAbs) on
polymicrobial sepsis induced by the cecal ligation and puncture (CLP). The neutralizing
effect of SQSTM1 mADbs on the activity of rSQSTM1-induced lactate production was
confirmed /n vitro (Fig. 6a). SQSTM1 mAbs protected against CLP-induced lethality (Fig.
6b) and tissue injury (Fig. 6¢—f). Moreover, SQSTM1 mAb administration significantly
reduced circulating levels of IL6, IL1B, TNF, HMGB1, LDH, and lactate (Extended Data
Fig. 6). Similar results were also obtained in an endotoxemia model (Extended Data Fig. 7).

To evaluate the role of INSR /n vivo, we generated myeloid cell-specific /nsr-knockout mice
(termed Jnsrve~~mice). The conditional knockout of /nsrin myeloid cells reduced the
lethality of both polymicrobial sepsis (Fig. 6a) and endotoxemia (Extended Data Fig. 7a), an
effect that was associated with an attenuated tissue dysfunction (Fig. 6b—6e and Extended
Data Fig. 7b—7e), reduced proinflammatory cytokine release (Extended Data Fig. 6a—6¢ and
7f=7h), diminished DAMP release (Extended Data Fig. 6d—6e and 7i-7j), and avoidance of
hyperlactatemia (Extended Data Fig. 6f and 7k). SQSTM1 mAbs conferred further
protection to insrMYé~~mice in response to CLP-induced sepsis, indicating that SQSTM1
and INSR may have some non-overlapping functions in septic death (Fig. S6G).

To determine if rSQSTM1 can induce septic shock, we administered mouse rSQSTM1 into
WT, insrMve~=, casp11Mve /=, or tmem173"¥¢~~ mice. Within 2—4 hours, the mice
developed signs of sepsis, such as lethargy and piloerection. 50%-67% mice died within 48
hours after rSQSTM1 administration in WT, casp22Mve ~=, and tmem173¥e~~ mice (Fig.
6g). In contrast, rSQSTM1-induced lethality was not observed in insr"Y2~~ mice (Fig. 69).
These findings indicate that myeloid INSR is responsible for rSQSTMZ1-induced septic
shock in mice.
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Additionally, SQSTM1 mAb administration or depletion of /nsrin myeloid cells protected
against septic death when mice were infected intraperitoneally with Escherichia coli or
Streptococcus pneumoniae, the leading causes of human septic death by Gram-negative or
Gram-positive bacterial infection, respectively (Extended Data Fig. 8a and 8b). Blocking the
SQSTM1-INSR pathway also protected against septic death in an clinically relevant sepsis
model with administering lactated Ringer’s solution and antibiotics (imipenem and
cilastatin) (Extended Data Fig. 8c).

Inflammation-induced immunosuppression from T-cell death or dysfunction at a late stage is
frequently associated with sepsis-related deaths in patients#4. The inhibition of the
SQSTM1-INSR pathway reduced apoptosis (Extended Data Fig. 8d) and
immunosuppressive checkpoint programmed cell death 1 (PDCD1/PD1) expression
(Extended Data Fig. 8e) in CD4+ and CD8+ T cells of mice 72 h after bacterial sepsis
(Escherichia coli, Streptococcus pneumoniae, and CLP).

Disseminated intravascular coagulation (DIC) is a hallmark of sepsis involving the systemic
activation of the fibrinolytic and coagulation pathways2. The platelet count and fibrinogen
concentration were reduced, whereas prothrombin time (PT), activated partial
thromboplastin time (APTT), and D-dimer were elevated during bacterial sepsis
(Escherichia coli, Streptococcus pneumoniae, and CLP) in WT mice compared to ins/Mye~~
mice or WT mice treated with SQSTM1 mAbs (Extended Data Fig. 9). Similar to insrMye~~
mice, sgstmI™MYe~~mice were resistant to Escherichia coli-, Streptococcus pneumoniae-,
and CLP-induced septic death (Extended Data Fig. 6h—j). Together, these findings indicate
that the activation of the SQSTM1-INSR axis mediates the pathophysiology of sepsis and
septic shock in mice.

The SQSTM1-INSR axis is associated with the severity of sepsis in patients

We focused on a cohort of 40 patients with bacterial sepsis (Table S2). As expected, the
Sequential Organ Failure Assessment (SOFA) score in the nonsurvivor group was higher
than in the survivor group (Table S2). The DIC score based on laboratory analyses of
platelet counts, prothrombin time-international normalized ratio (PT-INR), D-dimer, and
fibrinogen in the nonsurvivor group was also higher than in the survivor group (Table S2).
Compared with the survivor group, blood samples from the nonsurvivor group contained
elevated levels of mMRNAs coding for SQSTMI and /NSRin PBMCs as well as soluble
SQSTM1 protein and lactate in the plasma (Table S2). The SOFA and DIC scores
significantly correlated with the concentration of circulating SQSTM1 (Extended Data Fig.
10a and 10b) and the mRNA expression levels of SQSTM1 (Extended Data Fig. 10c and
10d) and /NSR (Extended Data Fig. 10e and 10f). There was a significant positive
correlation between SQSTM1, INSR, and PDCDI1 mRNA expression and plasma immune
mediator levels (TNF, IL6, IL1A, IL1B, and HMGBL1) (Extended Data Fig. 10g). These
findings further support a role for the SQSTM1-INSR pathway in human sepsis and critical
illness linking coagulation, inflammation, and immunosuppression.
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DISCUSSION

In this study, we identified extracellular SQSTML1 as a key immune mediator of septic death
that acts via the INSR pathway (Fig. 6h). SQSTML is a stress response protein that is
upregulated by inflammatory stimuli, oxidative injury, toxic heavy metals, and proteotoxic
challenges®>46, We show here that LPS-induced SQSTM1 release from macrophages or
monocytes occurs through active secretion (in response to TLR4 stimulation) or passive
mechanisms (in the context of pyroptosis). The excessive activation of the SQSTM1-INSR
pathway in patients with sepsis is associated with systemic coagulation abnormalities and
immune dysfunction, which are important drivers of organ injury and death.

Our study highlights the unconventional pathway required for activated macrophages to
secrete SQSTML. The LPS-induced phosphorylation of SQSTM1 by TBK1 promotes
SQSTM1 accumulation in secretory lysosomes for its subsequent secretion into the
extracellular environment. This process requires the activation of TMEM173, an endogenous
activator of TBK1 that responds to various inflammatory stimuli, including LPS, bacterial
cyclic dinucleotides, and host DNA damage?’. TMEM173 not only regulates TLR4
signaling, but also mediates inflammasome activation and subsequent pyroptosis3#48:49,
TMEM173-mediated CASP11 activation in myeloid cells is not related to type | IFN
response, but depends on the calcium released from the endoplasmic reticulum34. Therefore,
although they may still have unknown non-overlapping functions, depletion of Caspi1or
Temem173 can protect mice from septic shock.

We provide evidence that INSR serves as a receptor for extracellular SQSTM1. INSR is
widely distributed in myeloid cells and dysregulated INSR signaling is implicated in chronic
inflammatory diseases, such as atherosclerosis and high-fat-induced inflammation®%:51. Our
work indicates that the INSR stimulation by SQSTM1 enhances LPS-induced aerobic
glycolysis and the M1 polarization of macrophages through the activation of the NFKB
pathway. We identified PLCG1 and PTK2B as signaling proteins responsible for rSQSTM1-
induced NFKB activation. Indeed, inhibition of PLCG1 reduces systemic inflammation and
septic death in mice®2:53, Unlike with insulin, an rSQSTM-induced interaction between
INSR and PTK2B is required for subsequent interaction between PLCG1 and RELA, which
finally leads to NFKB-dependent immunometabolism in macrophages. Thus, targeting this
SQSTM1-INSR axis may offer a hope for preventing and treating this life-threatening
condition, although anti-cytokine therapies have been tried and failed many times in sepsis.

MATERIALS AND METHODS

Reagents

Reagents are as described in Table S1.

Cell culture and bacterial infection

The THP1 (TIB-202), RAW264.7 (TIB-71), and HepG2 (HB-8065) cell lines were obtained
from the American Type Culture Collection (ATCC). The tmem173~~ (rawl-kostg), tbk1™~
(rawl-kotbk), and THP1-Lucia NFKB (thpl-nfkb) cell lines were obtained from InvivoGen.
Immortalized BMDMs from WT and casp™~ caspl1™~ mice were a gift from Kate
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Fitzgerald. BMDMSs from caspl1™", tIr4™~, myd88~~, and ticam1™~ mice were obtained
using 30% L929-cell conditioned medium as a source of CSF2/granulocyte/macrophage
colony stimulating factor>*. CRISPR/Cas9-mediated gsama™~ BMDMs were a kind gift
from Derek Abbott. Primary HPBMs were obtained from STEMCELL Technologies
(70042). Primary MHMs were obtained from ScienCell Research Laboratories (M5340-57).
Primary MLMs were obtained from Cell Biologics (BALB-2313F). MPMs were isolated
from C57BL/6J mice by an intraperitoneal injection of 3.0% thioglycollate medium (T9032,
Sigma-Aldrich; 2 mL/mouse). Primary HMECs (PCS-600-010) and SMCs (PCS-950-010)
were obtained from ATCC. Primary human or mouse neutrophils were obtained from blood
using EasySep Neutrophil Isolation Kits (19666 or 19762, STEMCELL Technologies).
THP1 monocytes were differentiated into macrophages (TMs) by incubation with 50 ng/ml
12-O-tetradecanoylphorbol-13-acetate for 24 h (4174, Cell Signaling Technology). All cells
used were authenticated using STR profiling, and mycoplasma testing was negative.

These cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 11995073,
Thermo Fisher Scientific) or RPMI 1640 (11875119, Thermo Fisher Scientific)
supplemented with 10% heat-inactivated fetal bovine serum (TMS-013-B, Millipore) and
1% penicillin and streptomycin (15070-063, Thermo Fisher Scientific) at 37°C, 95%
humidity, and 5% CO,. For inflammasome activation, cells were primed with LPS (200
ng/ml, 6 h) or poly (I:C) (5 pg/ml, 6 h) and then stimulated with ATP (5 mM, 3 h), nigericin
(10 uM, 3 h), LPS electroporation (1 ug, 24 h), £. coli (multiplicity of infection [MOI] = 25,
24 h), or Y. pestis (MOI = 25, 24 h) infection. Human SQSTML1 full-length recombinant
protein with a GST tag at the N-terminal was obtained from ABNOVA (H00008878-P01),
which was generated from a wheat germ expression system (purity of >95%; LPS-free). All
treatments by rSQSTM1 were carried out in serum-free Opti-MEM | medium (31985070,
Thermo Fisher Scientific).

Animal model of sepsis and endotoxemia

C57BL/6J WT (000664), tmem173~ (025805), Tmem1730x/flox (031670), Lyz2¢re
(004781), and /nsr7oX/flox (006955) mice were obtained from the Jackson Laboratory.
Gsdma'105N/1105N mice (C57BL/6) were a gift from Vishva M. Dixit. Casp1170X/flox mice
(C57BL/6) were a gift from Timothy R. Billiar. Sgstm170X/flox mice (C57BL/6) were a gift
from Takeshi Sakurai. Mice were housed with their littermates in groups of four animals per
cage and kept on a regular 12-h light and dark cycle (7:00-19:00 light period; room
temperature: 20-25 °C; relative humidity: 40-60%). Food and water were available ad
libitum. Experiments were carried out under pathogen-free conditions and the health status
of mouse lines was routinely checked by veterinary staff. No wild animals were used in the
study. Experiments were carried out with randomly chosen littermates of the same sex and
matched by age and body weight. We conducted all animal care and experimentation in
accordance with the Association for Assessment and Accreditation of Laboratory Animal
Care guidelines (http://www.aaalac.org) and with approval from institutional animal care
and use committees (Guangzhou Medical University, UT Southwestern Medical Center, or
Daping Hospital).
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CLP model: Sepsis was induced in male or female C57BL/6J mice (8- to 10-weeks old, 22
to 26 g weight; female or male [1:1]) using a surgical procedure termed CLP°5-57, Briefly,
anesthesia was induced with ketamine (80-100 mg/kg/i.p.) and xylazine (10-12.5 mg/kg/
i.p.). A small midline abdominal incision was made and the cecum was exteriorized and
ligated with 4-0 silk immediately distal to the ileocecal valve without causing intestinal
obstruction. The cecum was then punctured once with a 22-gauge needle. The abdomen was
closed in two layers and mice were injected subcutaneously with 1 ml Ringer’s solution,
including analgesia (0.05 mg/kg buprenorphine). For a clinically relevant sepsis model, the
antibiotics (primaxin; 25 mg/kg imipenem and 25 mg/kg cilastatin) were repeatedly
administered at 2, 24, 48, and 72 h after CLP. SQSTM1 mAbs (20 mg/kg; 814801,
BioLegend) were repeatedly administered intraperitoneally to mice at 2, 24, 48, and 72 h
after CLP.

Single-bacterial sepsis model: Male or female C57BL/6J mice (8- to 10-weeks old, 22
to 26 g weight; female or male [1:1]) were intraperitoneally given a single dose of E. coli
(Serovar O1:K1:H7, 1 x 109 CFU; ATCC) or S. pneumoniae (CIP 104225, 1 x 10° CFU;
ATCC). SQSTM1 mAbs (20 mg/kg; 814801, BioLegend) were repeatedly administered
intraperitoneally to mice at 2, 24, 48, and 72 h after CLP.

Endotoxemia model: LPS (£. coli 0111:B4, 10 mg/kg; L4391, Sigma) was dissolved in
PBS. Male or female C57BL/6J mice (8- to 10-weeks old, 22 to 26 g weight; female or male
[1:1]) were intraperitoneally administered a single dose of SQSTM1 mAbs (20 mg/kg)
followed 30 min later by an infusion of LPS (10 mg/kg, intraperitoneally) and were then re-
treated with SQSTM1 mAbs 6, 12, and 24 h later.

CASP11-mediated sepsis model: Male or female C57BL/6J mice (8- to 10-weeks old,
22 to 26 g weight; female or male [1:1]) were primed with poly(l:C) (10 mg/kg, i.p.) and
then challenged 6 h later with LPS (2 mg/kg, i.p.)?2:%8.

rSQSTM1 model: Mouse SQSTM1 full-length recombinant protein was obtained from
MyBioSource (MBS1399297), which was generated from a yeast expression system (purity
of >95%; LPS-free). Male or female C57BL/6J mice (8- to 10-weeks old, 22 to 26 g weight;
female or male [1:1]) were intraperitoneally administered a single dose of rSQSTM1 (500
ug/mouse).

We did not exclude samples or animals. No statistical methods were used to predetermine
sample sizes, but our sample sizes (n=5-10 mice/group) are similar to those generally
employed in the field>%:60, All treatments were performed by technicians who were not
blind, but not involved in sample measurement.

Patient samples

PBMCs and plasma samples from patients with bacterial sepsis were collected from Daping
Hospital of the Third Military Medical University at the time of admission to the ICU before
initiation of treatment. The collection of samples was approved by the institutional review
board of Daping Hospital and written informed consent was obtained. Sepsis was
established according to the Third International Consensus Definitions for Sepsis and Septic

Nat Microbiol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 12

Shock (Sepsis-3)1, which defines sepsis as life-threatening organ dysfunction caused by a
dysregulated host response to infection. Organ dysfunction can be identified as an acute
change in the total SOFA score of >2 points due to the infection®. Patients were excluded
from the study if they had received a blood transfusion within the past 4 months, a platelet
transfusion within the past month, or anticoagulant therapy with the past month. Patients
were also excluded if they had a preexisting platelet disorder, such as idiopathic
thrombocytopenic purpura, chronic myelogenous leukemia, multiple myeloma, primary
myelofibrosis, polycythemia vera, primary thrombocythemia, and thrombotic
thrombocytopenic purpura.

Basic demographic and clinical data, including data for age, sex, infection site, types of
infection, SOFA score, DIC score, coagulation markers, length of hospital and ICU stay, and
28-day mortalities were retrieved from the registry (Table S2). The SOFA grades the
function of six organ systems on a scale of 0 to 4 depending on the degree of dysfunction
using objective measurements!. The maximum SOFA scores were the highest (worst) scores
within 24 h of emergency department arrival. The DIC scores were evaluated using the
scoring system from the International Society on Thrombosis and Haemostasis®1.

LPS transfection

To stimulate CASP11 noncanonical inflammasome activation, LPS was electroporated into
the indicated cells using the Neon Transfection System (Thermo Fisher Scientific) according
to the manufacturer’s protocol. Briefly, BMDMs were electroporated with LPS (1 pg) in
buffer R (MPK10025, Thermo Fisher Scientific) under pulse voltage 1400 V, pulse width 10
ms, and pulse number 2.

Cytotoxicity assay

LDH release was evaluated using an LDH Assay Kit (ab102526, Abcam) according to the
manufacturer’s instructions. The released LDH was normalized to total LDH content
measured in 1% Triton X-100—permeabilized samples of indicated cells. In addition, the
dead cells were confirmed using Pl (P3566, Thermo Fisher Scientific) staining.

Cell fractionation and organelle isolation

Supernatants of cells were concentrated using a Microcon-10kDa Centrifugal Filter Unit
with Ultracel-10 membrane (MRCPRTO010, Millipore). The lysosome isolation kit
(ab234047, Abcam) was used to isolate lysosomal fractions from cultured cells by
differential centrifugation followed by density gradient centrifugation. Finally, the purified
lysosomal fraction was obtained using an ultracentrifuge (145,000 x g) for 2 h at 4°C.
Membrane protein was extracted using a Mem-PER Plus Membrane Protein Extraction Kit
(89842, Thermo Fisher Scientific). Briefly, the cells were permeabilized with a mild
detergent containing the permeabilization buffer, with the aim of liberating soluble cytosolic
proteins. After removal of the soluble fraction containing hydrophilic proteins, the
membrane proteins were extracted from the insoluble fraction using a membrane
solubilization buffer.
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Biochemical and coagulation assay

RNAI

qPCR

Commercially available ELISA kits were used to measure the concentrations or activity of
HMGBL1 (ST51011, Shino Test Corporation), IL1B (MLB0OC, R&D Systems), IL6
(M6000B, R&D Systems), TNF (MTAO00B, R&D Systems), D-dimer (ab196269, Abcam;
MBS723281, MyBioSource), SQSTM1 (ADI-900-212, Enzo Life Sciences), and lactate
(ab65331, Abcam; E4341, BioVision) in the indicated samples. Measurement of tissue
enzymes (CK, AMY, and GPT/ALT) and BUN in the serum was performed using the
IDEXX Catalyst Dx Chemistry Analyzer. Measurement of glucose uptake was performed
using a Glucose Uptake Assay Kit (ab136955, Abcam). PT, APTT, and fibrinogen were
measured in an automated coagulometer (Sysmex CA-7000). Platelet count was measured
using an IDEXX ProCyte Dx Hematology Analyzer.

All shRNA constructs in a lentiviral format as described in Table S1 were purchased from
Sigma-Aldrich. We seeded 1 x 10° cells in each well of a 12-well plate in 500 pl of complete
medium and transduced by lentiviral vectors at an MOI of 10:1. Transduction was carried
out in the presence of polybrene (8 ug/ml). After recovering with complete culture medium,
puromycin was used for the selection of transduced cells. TARGETplus SMART pool
siRNAs against the indicated genes as described in Table S1 were purchased from
Dharmacon. This pool was a mixture of four siRNAs provided as a single reagent. The Neon
Electroporation System from Invitrogen was used to deliver siRNAs into cells. Transfected
cells were recovered in complete DMEM. The medium was replaced at 3 h post
electroporation. The cells were cultured for 48 h before further examination.

Total RNA was extracted using a QIAGEN RNeasy Plus Kit according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 1 ug of RNA using the iScript cDNA
Synthesis kit (1708890, Bio-Rad). Briefly, 20-ul reactions were prepared by combining 4 pl
of iScript Select reaction mix, 2 pl of gene-specific enhancer solution, 1 pl of reverse
transcriptase, 1 pl of gene-specific assay pool (20%, 2 uM), and 12 pl of RNA diluted in
RNase-free water. Quantitative real-time PCR was carried out using synthesized cDNA,
primers as described in Table S1, and SsoFast EvaGreen Supermix (172-5204, Bio-Rad).
The data were normalized to RNA185/Rni18s RNA and the fold change was calculated via
the 272ACt method®. Relative concentrations of mMRNA were expressed in arbitrary units
based on the untreated group, which was assigned a value of 1.

Western blot analysis

Cells were lysed in Cell Lysis Buffer (9803, Cell Signaling Technology) with protease
inhibitor cocktail (Promega), phosphatase inhibitor cocktail (Sigma), and 1 mM NazVOg,.
Cleared lysates were resolved by SDS-PAGE (3450124, Bio-Rad) and then transferred onto
PVDF membranes (1704273, Bio-Rad)%2:63, The membranes were blocked with Tris-
buffered saline Tween 20 (TBST) containing 5% skim milk for 1 h at room temperature and
then incubated with the indicated primary antibodies (1:1000-1:5000) overnight at 4°C.
After being washed with TBST, the membranes were incubated with an HRP-linked anti-
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mouse IgG secondary antibody (7076, Cell Signaling Technology; 1:1000) or HRP-linked
anti-rabbit 1gG secondary antibody (7074, Cell Signaling Technology; 1:1000) for 1 h at
room temperature. The membranes were washed three times in TBST and then visualized
and analyzed with a ChemiDoc Touch Imaging System (1708370, Bio-Rad) or x-ray films.

Immunoprecipitation analysis

Cells were lysed at 4°C in ice-cold RIPA lysis buffer (20-188, Millipore) and cell lysates
were cleared by a brief centrifugation (12,000 g, 10 min). Concentrations of proteins in the
supernatant were determined by BCA assay. Prior to immunoprecipitation, samples
containing equal amounts of proteins were pre-cleared with Protein A/G Sepharose beads
(4°C, 3 h) from Abcam (ab193262) and subsequently incubated with various irrelevant 1I9G
or specific antibodies (2—4 pg/ml) in the presence of Protein A/G Sepharose beads for 2 h or
overnight at 4°C with gentle shaking®. Following incubation, Protein A/G Sepharose beads
were washed extensively with PBS and proteins eluted by boiling in 2 x SDS sample buffer
before SDS-PAGE electrophoresis.

Proteome profiler antibody array analysis

The R&D Systems Human Phospho-Kinase Array Kit (ARY003B) and the Proteome
Profiler Human Phospho-RTK Array Kit (ARY001B) are membrane-based sandwich
immunoassays. Captured antibodies spotted in duplicate on nitrocellulose membranes bind
to specific target proteins present in the sample (step 1). Captured proteins are detected with
biotinylated detection antibodies (step 2) and then visualized using chemiluminescent
detection reagents (step 3). The signal produced is proportional to the amount of analyte
bound. The intensities of bands were analyzed with Quick Spots Image Analysis Software
(Western Vision Software, http://www.wvision.com/QuickSpots.html).

Oxidative phosphorylation and glycolysis assay

Cellular oxidative phosphorylation (OXPHQOS) and glycolysis were monitored using the
Seahorse Bioscience Extracellular Flux Analyzer (XF24, Seahorse Bioscience) by
measuring the OCR (indicative of respiration) and ECAR (indicative of glycolysis) in real
time as previously described®®. Briefly, 30,000-50,000 cells were seeded in 24-well plates
designed for XF24 in 150 pl of appropriate growth media and incubated overnight. Prior to
measurements, cells were washed with unbuffered media once, then immersed in 675 pl of
unbuffered media and incubated in the absence of CO, for 1 h. The OCR and ECAR were
then measured in a typical 8-min cycle of mix (2—4 min), dwell (2 min), and measure (2—-4
min) as recommended by Seahorse Bioscience. The basal levels of OCR and ECAR were
recorded first, followed by the OCR and ECAR levels following the injection of compounds
that inhibit the respiratory mitochondrial electron transport chain, ATP synthesis, or
glycolysis.

Immunofluorescence analysis

Cells were cultured on glass coverslips and fixed in 3% formaldehyde for 30 min at room
temperature prior to detergent extraction with 0.1% Triton X-100 for 10 min at 25°C.
Coverslips were saturated with 2% bovine serum albumin (BSA) in phosphate-buffered
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saline (PBS) for 1 h at room temperature and processed for immunofluorescence with
primary antibodies, followed by Alexa Fluor 488- or Cy3-conjugated secondary antibodies.
Nuclear morphology was analyzed with the fluorescent dye Hoechst 33342. Images were
taken with a ZEISS LSM 800 confocal microscope (ZEISS, Germany). To visualize
exofacial LAMP1, cells were washed with ice-cold PBS and then stained with monoclonal
antibody (ab25245, Abcam) that recognizes a lumenal sequence of the LAMP1 protein as
previously described®8. In parallel, cells were also marked with Annexin A5 Alexa
Fluor-568 conjugate to visualize exofacial phosphatidylserine.

CD4+ and CD8+ T-cell isolation

A single-cell suspension from mouse spleen was prepared using gentleMACS Dissociator
(Miltenyi Biotec Inc.). CD4+ and CD8+ T cells were then isolated from this single-cell
suspension using the magnetic CD4+ T Cell Isolation Kit (130-104-454, Miltenyi Biotec
Inc.) or CD8+ T Cell Isolation Kit (130-104-075, Miltenyi Biotec Inc.) according to the
manufacturer’s instructions.

Statistical analysis

Unpaired Student’s ftests were used to compare the means of two groups. One-way analysis
of variance (ANOVA) was used for comparison among the different groups. When the
ANOVA was significant, post hoc testing of differences between groups was performed
using the least significant difference test. The correlative analysis was performed with the
Pearson rank correlation test. Log-rank test was used to compare differences in mortality
rates between groups. A Pvalue < 0.05 was considered statistically significant. The exact
value of nwithin figures is indicated in the figure legends.
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Extended Data
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Extended Data Fig. 1. LPSinduces SQSTM 1 secretion in monocytes and macrophages.
(a) ELISA analysis of SQSTML1 release in THP1 (a human monocytic cell line), primary

human blood monocyte-derived macrophages (HPBMSs), primary mouse peritoneal
macrophages (MPMs), primary mouse lung macrophages (MLMs), and primary mouse
hepatic macrophages (MHMs) following treatment with LPS (200 ng/ml) for 3-48 h (n =5
well /group; two-tailed #test, versus untreated group). (b) LDH analysis of cytotoxicity in
the indicated cells following treatment with LPS (200 ng/ml) for 3—-48 h (n = 5 well /group).
(c) Analysis of propidium iodide (PI)-positive cells, HMGBL1 release, and TNF release in
BMDMs following treatment with LPS (200 ng/ml) for 3-48 h (n = 5 well /group; one-way
ANOVA test, versus control group). (d) The indicated BMDMs were treated with LPS (200
ng/ml) for 24 h and the level of SgstmI mRNA was assayed by gPCR (n = 3 well /group;
two-tailed ttest, versus control LPS group). (¢) Heat map of SQSTM1 release in WT and
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myd88~~ BMDMs following treatment with pam3CSK4 (1 ng/ml), HKLM (107 cells/ml),
poly(1:C) (10 ug/ml), LPS (200 ng/ml), FLA-ST (100 ng/ml), FSL1 (0.1 ng/ml), imiquimod
(5 pg/ml), ssRNA40 (5 pg/ml), ODN2006 (10 pg/ml), IL1B (5 ng/ml), IL6 (5 ng/ml), or
TNF (5 ng/ml) for 24 h. Data in (a-c) are presented as mean + SD. Data in (a-c) and (e) are
from two independent experiments. Data in (d) are from three independent experiments.
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Extended Data Fig. 2. The activation of the GSDM D-dependent pyroptosis pathway induces
SQSTM1release.

(a) Analysis of cytotoxicity, HMGBL release, and SQSTML1 release in the indicated poly
(I:C)-primed BMDM s following LPS electroporation (LPSg) or £. coli (MOI = 25) infection
for 24 h (n = 5 well/group; two-tailed #test, versus wild type group). (b) Analysis of
cytotoxicity, HMGBL1 release, and SQSTML1 release in the indicated LPS-primed BMDMs
following ATP (5 mM, 3 h) or nigericin (10 pM, 3 h) treatment (n = 5 well/group; two-tailed
ttest, versus wild type group). (c) Analysis of cytotoxicity, HMGBL1 release, and SQSTM1
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release in the indicated BMDMs following Y. pestis (MOl = 25) infection or LPS5Z7 (LPS
[50 ng/ml] + 5z7 [400 nM]) (n = 5 well/group; two-tailed #test, versus wild type group).
Data in (a-c) are presented as mean + SD from two independent experiments.
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Extended Data Fig. 3. Exogenous SQSTM 1 promotes glucose uptake and lactate production.
(a, b) Indicated primary macrophages were stimulated with rSQSTM1 (10, 100, and 1000

ng/ml) or boiled rSQSTM1 (BrSQSTM1) for 24 h. The glucose uptake (a) and lactate
production (b) were assayed (n = 3 well/group; one-way ANOVA test, versus control group).
(c) TMs and HPBMs were treated with rSQSTM1 (100 ng/ml) and 1L4 (50 ng/ml) for 48 h
and the mRNA expression of //Z0and ArgI were assayed (n = 3 well/group; two-tailed ¢
test, versus control group). HPBMs, primary human blood monocyte-derived macrophages;
MPMs, primary mouse peritoneal macrophages; MLMs, primary mouse lung macrophages;
MHMs, primary mouse hepatic macrophages. Data in (a-c) are presented as mean + SD
from two independent experiments.
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Extended Data Fig. 4. Effects of TLRson rSQSTM 1-induced NFK B activity.
The indicated TLR-knockdown THP1 cells were stimulated with (a) pam3CSK4 (1 ng/ml),

(b) HKLM (107 cells/ml), (c) poly(1:C) (10 pg/ml), (d) LPS (200 ng/ml), (e) FLA-ST (100
ng/ml), (f) FSL1 (0.1 ng/ml), (g) imiquimod (5 pg/ml), (h) sSRNA40 (5 pg/ml), (i)
ODN2006 (10 pg/ml), or (a-i) rSQSTM1 (100 ng/ml) for 24 h and the levels of NFKB-
induced Lucia luciferase were assessed (n = 3 well/group; two-tailed #test, versus control
group). Data in (a-i) are presented as mean + SD from two independent experiments.
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Relative levels (vs. untreated group)

Extended Data Fig. 5. PLCG1 and PTK 2B mediate the activity of SQSTM 1.
(a) Heatmap of kinase phosphorylation in the indicated TMs after rSQSTM1 (100 ng/ml)

stimulation for 24 h. (b) Western blot analysis of protein expression in the indicated TMs
following treatment with rSQSTM1 (100 ng/ml) for 24 h. (c) Indicated TMs (control,
SLC2A1KD, or SLC2A4KD) were stimulated with insulin (100 nM) for 24 h. The glucose
uptake was assayed (n = 3 well/group; two-tailed ztest, versus control group). AU, arbitrary
units. (d, e) Analysis of protein expression and NFKB activity in TMs following treatment
with insulin (100 nM) for 24 h (n = 3 well/group). (f) Analysis of interaction between
PTK2B and INSR in membrane protein extraction from TMs following treatment with
insulin (100 nM) or rSQSTM1 (100 ng/ml) for 24 h. (g) Analysis of interaction between
PLCG1 and RELA in whole protein extraction from indicated TMs following treatment with
rSQSTM1 (100 ng/ml) for 24 h. (h) Indicated cells were treated with rSQSTML1 (100 ng/ml)
for 24 h, and the levels of lactate and /L6 mMRNA were assayed (n = 3 well/group). Data in
(c), (e), and (h) are presented as mean + SD. Data in () is from one independent experiment.
Data in (b), (d), (f), and (g) are from two independent experiments. Data in (c), (e), and (h)
are from three independent experiments.
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Extended Data Fig. 6. The SQSTM 1-INSR pathway mediates CL P-induced polymicrobial sepsis.
(a-f) The serum level of IL6 (2), IL1B (b), TNF (c), HMGBL1 (d), LDH (e), and lactate (f)

were assayed in indicated CLP-induced mice with or without anti-SQSTM1 monoclonal
antibodies (20 mg/kg) treatment or depletion of INSR in myeloid cells (n = 5 mice/group;
two-tailed ¢test, versus control group). (g) Administration of anti-SQSTM1 monoclonal
antibodies (20 mg/kg) and/or depletion of INSR in myeloid cells in mice prevented CLP-
induced animal death (n = 10 mice/group; Log-rank test). (h-j) Survival of the indicated
mice after £. coli (h) or S. pneumoniae (i) infection or (j) CLP-induced sepsis (n = 10 mice/
group; Log-rank test). Data in (a-f) are presented as mean + SD from three independent
experiments. Data in (g-j) are from two independent experiments.
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Extended Data Fig. 7. Theinhibition of the SQSTM 1-INSR pathway protects mice against L PS-
induced endotoxemia.

(a) Administration of anti-SQSTM1 monoclonal antibodies (20 mg/kg) or depletion of INSR
in myeloid cells in mice prevented LPS (10 mg/kg)-induced animal death (n = 10 mice/
group; Log-rank test). (b-k) In parallel, the serum levels of CK (b), AMY (c), BUN (d),
GPT/ALT I (e), IL6 (f), IL1B (@), TNF (h), HMGBL (i), LDH (j), and lactate (k) were
assayed (n = 5 mice/group; two-tailed ¢test, versus control group). Data in (b-k) are
presented as mean + SD. Data in (a-k) are from two independent experiments.
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Extended Data Fig. 8. The inhibition of the SQSTM 1-INSR pathway protects mice against

bacterial sepsis.

(a-c) Survival of the indicated mice in £. coli (a) or S. pneumoniae (b) infection or (c)
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clinically relevant moderate CLP-induced sepsis (n = 10 mice/group; Log-rank test). (d, €)
In parallel, the levels of apoptosis (d) and Pacdl mRNA (e) were assayed at 72h (n=5

mice/group; two-tailed #test, versus control group). Data in (d-e) are presented as mean +
SD. Data in (a-e) are from two independent experiments.
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Extended Data Fig. 9. The SQSTM 1-INSR pathway promotes systemic coagulation in bacterial

Sepsis.

The levels of blood markers of DIC (a-e) were assayed at 72 h in the indicated mice in £.
colior S. pneumoniae infection or clinically relevant moderate CLP-induced sepsis (n =5
mice/group; two-tailed #test, versus control group). Data in (a-e) are presented as mean +
SD from two independent experiments.
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Extended Data Fig. 10. Association of the SQSTM 1-INSR axiswith the severity of sepsisin
patients.

(a-f) The correlation assay between SQSTM1, INSR, SOFA, and DIC score in patients with
sepsis and septic shock (n=40 cases). (g) Pearson correlation heatmap of immune mediators.
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Fig. 1. Activation of MY D88-dependent TL R4 signaling induces the expression and secretion of
SQSTM1.

(a) SQSTML1 release and LDH release in LPS-treated BMDMs (n = 5 well /group; one-way
ANOVA test, versus control group). (b) Protein levels in whole cell lysate (“WCL”) or
supernatant (“SN”) in LPS-treated (200 ng/ml, 24 h) BMDMs. (c) SQSTML1 release in
indicated BMDMs following treatment with LPS (200 ng/ml) for 24 h (n =5 well /group;
two-tailed ¢test, versus control group). (d) SQSTML1 release in the indicated BMDMs
following treatment with LPS (200 ng/ml) in the absence or presence of chloroquine (“CQ,”
40 uM) or CA-047Me (“CA”, 40 uM) for 24 h (n = 5 well /group; two-tailed ftest, versus
LPS-alone group). (e) Analysis of co-localization between SQSTML1 (shown in green) and
MCOLNL1 (shown in red) in the indicated BMDMs following treatment with LPS (200
ng/ml) for 24 h (n=10 random fields; two-tailed #test, versus control group; bar = 15 pm). (f)
Representative images of indicated BMDMs treated with LPS (200 ng/ml) for 24 h and
stained for exofacial LAMP1 and exofacial phosphatidylserine (“PS™). The co-localization
between LAMP1 and PS was quantified from 10 random fields (two-tailed ¢test, versus
control group; bar = 15 pm). (g) SQSTM1 expression in lysosome-enriched fractions in
indicated LPS-treated (200 ng/ml, 24 h) BMDM:s. Data in (a), (c), and (d) are presented as
mean + SD. Data in (e) and (f) are presented as median value (black line), interquartile range
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(box), and minimum and maximum of all data (black line). Data in (e) and (f) are from one
independent experiment. Data in (b), (c), (d), and (g) are from two independent experiments.
Data in (a) are from three independent experiments.
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Fig. 2. TMEM 173-dependent TBK 1 activation mediates SQSTM 1 phosphorylation, expression,
and secretion.

(a) Western blot analysis of protein expression in BMDMs following treatment with LPS
(200 ng/ml) in the absence or presence of TBB (5 uM) and BX795 (5 uM) for 24 h. (b)
ELISA analysis of SQSTML1 release in the indicated BMDMs following treatment with LPS
(200 ng/ml) for 24 h (n = 5 well/group; two-tailed ftest, versus control group). (c) ELISA
analysis of SQSTML1 release in BMDMs following treatment with LPS (200 ng/ml) in the
absence or presence of TBB (5 uM) and BX795 (5 uM) for 24 h (n = 5 well/group; two-
tailed ftest, versus LPS-alone group). (d) Western blot analysis of protein expression in the
indicated RAW264.7 cells following treatment with LPS (200 ng/ml) for 24 h. (e) ELISA
analysis of SQSTM1 release in the indicated macrophages (RAW264.7 cells) or neutrophils
following treatment with LPS (200 ng/ml) for 24 h (n = 5 well/group; two-tailed #test,
versus control LPS group). (f) ELISA analysis of IFNB release in the indicated RAW?264.7
cells following treatment with LPS (200 ng/ml) for 3 h (n = 5 well/group; two-tailed #test,
versus control LPS group). (g) ELISA analysis of SQSTML1 release in the indicated

Nat Microbiol. Author manuscript; available in PMC 2021 December 01.

0



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhou et al.

Page 32

RAW264.7 cells following treatment with LPS (200 ng/ml) for 24 h (n = 5 well/group; two-
tailed ztest, versus control group). (h) Heatmap of SQSTML1 release in the indicated primary
human or mouse macrophages following treatment with LPS (200 ng/ml) in the absence or
presence of H-151 (2 uM) for 24 h. (i) Depletion of 7mem173in mice (tmem17377) or in
myeloid cells (¢mem173"ve~~) prevented LPS (10 mg/kg)-induced animal death (n = 9
mice/group; Log-rank test). (j) In parallel, the level of serum SQSTM1 was assayed (n =5
mice/group; two-tailed #test, versus wild type group). Data in (b), (c), (€), (f), (g), and (j) are
presented as mean + SD. Data in (a), (d), (i), and (j) are from two independent experiments.
Data in (b), (c), and (e-h) are from three independent experiments.
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Fig. 3. Activation of the GSDM D-dependent pyroptosis pathway induces passive release of
SQSTM1.

(a-c) Analysis of cytotoxicity (a), HMGBL1 release (b), and SQSTML release (c) in the
indicated LPS-primed BMDMs following LPS electroporation (LPS,) or £. coli (MOI = 25)
infection for 24 h (n = 5 well/group; two-tailed #test, versus wild type group). (d) Survival
of the indicated mice primed with poly (1:C) (10 mg/kg, i.p.) and then challenged 6 h later
with LPS (2 mg/kg, i.p.; n = 10 mice/group; Log-rank test). (e-h) In parallel, the serum level
of IL1B (e), HMGBL (f), LDH (g), and SQSTML1 (h) were assayed (n = 5 mice/group; two-
tailed #test, versus wild type group). Data in (a-c) and (e-h) are presented as mean + SD.
Data in (d-h) are from two independent experiments. Data in (a-c) are from three
independent experiments.
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Fig. 4. Exogenous SQSTM 1 promotes metabolic programming and macrophage polarization.
(a) Coomassie blue staining of the rSQSTM1 protein. (b, c) THP1-derived macrophages

(TMs) were stimulated with rSQSTM1 (10 and 100 ng/ml) for 24 h and sequentially treated
as indicated with oligomycin (“Olig,” 1 uM), p-trifluoromethoxy carbonyl cyanide phenyl
hydrazone (“FCCP,” 0.3 uM), 2-deoxyglucose (“2DG,” 100 mM), and rotenone (“Rote,” 1
uM). Extracellular acidification rates (ECAR) indicative of glycolysis (b), and oxygen
consumption rates (OCR) indicative of OXPHQOS (c) were monitored using the Seahorse
Bioscience Extracellular Flux Analyzer in real time. (d, €) TMs were stimulated with
rSQSTML1 (10, 100, and 1000 ng/ml) or boiled rSQSTM1 (BrSQSTML) for 24 h. The
glucose uptake (d) and lactate production (e) were assayed (n = 3 well/group; one-way
ANOVA test, versus control group). AU, arbitrary units. (f) Heatmap of gene mRNA
changes in indicated TMs or primary HPBMs after rSQSTM1 (100 ng/ml) stimulation for 24
h with or without pharmacological (shikonin [5 uM], plumbagin [3 pM], and 2DG [2 mM])
or genetic inhibition (HK1KP or PDK1KDP) of glycolysis. (g) gPCR analysis of indicated
gene expression in TMs after rSQSTML1 (100 ng/ml) stimulation for 5 days (n = 3 well/
group; two-tailed ftest, versus untreated group). (h-j) Indicated TMs (control, SLC2A1XP or
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SLC2A4KD) were stimulated with rSQSTM1 (100 ng/ml) for 24 h. The glucose uptake (h),
ECAR (i), and gene mMRNA expression (j) were assayed (n = 3 well/group; two-tailed #test,
versus control rSQSTM1 group). AU, arbitrary units. Data in (b-€) and (g-i) are presented as
mean £ SD. Data in (a-c) and (i-j) are from two independent experiments. Data in (d-h) are
from three independent experiments.
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Fig. 5. INSR isthe major receptor for theimmunometabolic activity of SQSTM 1.
(a) Heatmap of RTK phosphorylation in THP1-derived macrophages (TMs) after rSQSTM1

(100 ng/ml) stimulation for 1-24 h. (b) Western blot analysis of protein expression in TMs
following treatment with rSQSTM1 (100 ng/ml) for 1-24 h. (c) GST affinity isolation
analysis of the binding of SQSTML1 to INSR. (d-f) Analysis of NFKB activity (d), lactate
production (e), and mMRNA expression (f) in the indicated TMs following treatment with
rSQSTM1 (100 ng/ml) in the absence or presence of IgG or anti-INSR monoclonal
antibodies (10 pg/ml) for 24 h (n = 3 well/group; two-tailed #test, versus control rSQSTM1
group). (g-h) Indicated TMs (control or RELAXP) were stimulated with rSQSTM1 (100
ng/ml) for 24 h. The glucose uptake (g) and ECAR (h) were assayed (n = 3 well/group; two-
tailed ¢test, versus control rSQSTM1 group). AU, arbitrary units. Data in (d), (e), (g), and
(h) are presented as mean + SD. Data in (a) is from one independent experiment. Data in (b-
¢) and (h) are from two independent experiments. Data in (d-g) are from three independent
experiments.
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Fig. 6. The SQSTM 1-INSR pathway mediates CL P-induced polymicrobial sepsis.
(a) THP1-derived macrophages (TMs) were stimulated with rSQSTM1 (100 ng/ml) in the

absence or presence of 1gG or anti-SQSTM1 monoclonal antibodies (10 ug/ml) for 24 h, and
then the level of intracellular lactate was assayed (n = 5 well/group; two-tailed ftest, versus
control rSQSTM1 group). (b) Administration of anti-SQSTMZ1 monoclonal antibodies (20
mg/kg) or depletion of INSR in myeloid cells in mice prevented CLP-induced animal death
(n =10 mice/group; Log-rank test). (c-f) In parallel, the serum level of creatine kinase (CK),
amylase (AMY), blood urea nitrogen (BUN), and glutamic pyruvic transaminase, soluble
(GPT) were assayed (n = 5 mice/group; two-tailed ¢test, versus control group). (g) Survival
of the indicated mice after administration of rSQSTM1 (500 pg per mouse, i.p., n = 6 mice/
group; Log-rank test). (h) Schematic summary of the role of extracellular SQSTML1 in the
regulation of sepsis via the activation of the INSR-dependent NFKB pathway. Data in (a)
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and (c-f) are presented as mean = SD. Data in (g) is from one independent experiment. Data
in (a-f) are from three independent experiments.
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