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Chronic TLR Stimulation Controls 
NLRP3 Inflammasome Activation 
through IL-10 Mediated Regulation 
of NLRP3 Expression and 
Caspase-8 Activation
Prajwal Gurung1, Bofeng Li2, R. K. Subbarao Malireddi1, Mohamed Lamkanfi3,4, 
Terrence L. Geiger2 & Thirumala-Devi Kanneganti1

While the molecular mechanisms promoting activation of the Nod-like Receptor (NLR) family 
member NLRP3 inflammasome are beginning to be defined, little is known about the mechanisms 
that regulate the NLRP3 inflammasome. Acute (up to 4 hours) LPS stimulation, followed by ATP is 
frequently used to activate the NLRP3 inflammasome in macrophages. Interestingly, we observed 
that the ability of LPS to license NLRP3 is transient, as prolonged (12 to 24 hours) LPS exposure 
was a relatively ineffective priming stimulus. This suggests that relative to acute LPS, chronic 
LPS exposure triggers regulatory mechanisms to dampen NLRP3 activation. Transfer of culture 
supernatants from macrophages stimulated with LPS for 24 hours dramatically reduced ATP- and 
nigericin-induced NLRP3 inflammasome activation in naïve macrophages. We further identified IL-10 
as the secreted inflammasome-tolerizing factor that acts in an autocrine manner to control activation 
of the NLRP3 inflammasome. Finally, we demonstrated that IL-10 dampens NLRP3 expression to 
control NLRP3 inflammasome activation and subsequent caspase-8 activation. In conclusion, we have 
uncovered a mechanism by which chronic, but not acute, LPS exposure induces IL-10 to dampen 
NLRP3 inflammasome activation to avoid overt inflammation.

The immune system is equipped with a set of pathogen recognition receptors (PRRs) that function to 
mount an immune response against invading pathogens. Toll-like receptors (TLRs) recognize patho-
gen associated molecular patterns (PAMPs) in the extracellular milieu and endosomes, while Nod-like 
receptors (NLRs) patrol the cytoplasm1. A set of Nod-like receptors that include NLRP1b, NLRP3 and 
NLRC4 assemble multi-protein complexes termed inflammasomes2–6. Inflammasome assembly is critical 
for activation of caspase-1, which ultimately cleaves pro-IL-1β  and pro-IL-18 into their mature bioactive 
forms6. Because of their potent inflammatory activities, IL-1β  and IL-18 are regulated at multiple levels7. 
Specifically, two signals are required for the activation of inflammasomes and the release of bioactive 
IL-1β  and IL-18. The first step involves recognition of PAMPs such as LPS, PGN and polyI:C by TLRs 
to induce the priming signals that are necessary for upregulation of inflammasome components and 
pro-IL-1β . In the second step, recognition of cytoplasmic danger signals by NLRs results in assembly of 
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the inflammasome that processes pro-IL-1β  and pro-IL-187,8. This coordinated regulation of the inflam-
masomes is necessary to limit unwanted inflammatory responses.

Inflammatory responses are akin to a double-edged sword and our immune system has several regu-
latory checkpoints to control these responses; too little and the pathogens take over or too much and the 
hyperinflammatory responses cause tissue damage. Aptly so, our immune system employs several nega-
tive feedback pathways to shut down inflammatory responses to avoid excessive damage to self-tissues. 
Once TLRs are activated by their cognate PAMPs, robust activation of NFκ B and MAP kinase signaling 
pathways induce upregulation of several hundred genes, mostly of the proinflammatory signature9–12. 
Studies tracking the time course of proinflammatory cytokine mRNA expression levels has shown that 
these mRNAs get upregulated as early as 30 minutes post TLR stimulation, peak within a couple of hours 
and return to basal expression by 4–6 hours13,14. This coordinated regulation of the pro-inflammatory 
gene expression is necessary to avoid unwanted inflammation and several mechanisms contribute to the 
negative regulation of these pathways15.

Once stimulated with TLR ligands, macrophages become refractory to subsequent challenge with 
similar ligands. This phenomenon is now widely referred to as endotoxin tolerance or LPS tolerance16. 
Studies have shown that similar tolerance can be achieved with stimulation of other TLRs and NLRs 
such as TLR2, TLR5, TLR9 and NOD217–20. While much is known about the negative regulation of 
inflammatory signaling and cytokine production during TLR stimulation, whether inflammasomes are 
also similarly regulated is not known. Here, we utilized a well-established LPS (1st signal–priming)/ATP 
(2nd signal- NLR activation) stimulation protocol to study activation of the NLRP3 inflammasome. Our 
study demonstrates that while acute LPS stimulation (4 h) induces robust NLRP3 inflammasome activa-
tion, chronic LPS stimulation (12 h–24 h) results in attenuation of the NLRP3 inflammasome. We further 
identify IL-10 as a soluble secreted factor that acts through a negative feedback loop to dampen NLRP3 
inflammasome activation. Our studies have thus uncovered a role for IL-10 in tempering activation of 
the NLRP3 inflammasome in response to chronic TLR stimulation.

Results
Chronic TLR engagement negatively regulates NLRP3 inflammasome activation. Prolonged 
LPS stimulation results in the inhibition of proinflammatory gene expression to avoid excessive inflam-
mation14,21. Recent study by Schroder et al. has shown that duration of LPS priming could adversely affect 
the activation of caspase-1 and IL-1β  by ATP and nigericin22. To examine whether we could recapitulate 
similar phenomenon during NLRP3 inflammasome activation, BMDMs were stimulated with LPS for 
different periods of time before being exposed to 5 mM ATP for 30 minutes (Fig. 1A). As expected, mac-
rophages stimulated with LPS for 4 h responded to ATP treatment with robust caspase-1 activation as 
evident by the appearance of the activation-associated 20 kDa (p20) fragment in caspase-1 Western blots 
(Fig.  1A). Interestingly, prolonged LPS stimulation reduced caspase-1 processing in a time-dependent 
fashion, and caspase-1 maturation was dramatically reduced in lysates of ATP-treated BMDMs that had 
been stimulated with LPS for 24 h (Fig. 1A). In addition to preventing caspase-1 processing, prolonged 
LPS treatment also reduced ATP-induced secretion of mature IL-1β  and IL-18 in the culture superna-
tants (Fig. 1C,D).

To address whether prolonged LPS exposure specifically interfered with ATP-induced activation of 
the NLRP3 inflammasome, we examined its effect on caspase-1 processing by nigericin. As expected, 
BMDMs treated with LPS for 4 h responded with robust nigericin-induced caspase-1 processing (Fig. 1B), 
and secretion of IL-1β  (Fig.  1C) and IL-18 (Fig.  1D). However, these responses were all dramatically 
blunted in macrophages that had been exposed to LPS for 12–24 h (Fig. 1A–D). To address whether the 
concentration of LPS mattered in regulating the NLRP3 inflammasome, we stimulated BMDMs with low 
(1 and 10 ng/ml) or high (100 and 1000 ng/ml) concentrations of LPS for the indicated period of times 
(Supplementary Fig. S1). LPS induced robust caspase-1 activation in a dose dependent manner at early 
time points, which were similarly reduced at chronic time points (Supplementary Fig. S1). In addition to 
LPS, prolonged TLR2 engagement with PAM3CSK4 also diminished ATP-induced caspase-1 activation 
and IL-1β  release (Supplementary Fig. S2), suggesting that the regulation of NLRP3 inflammasome fol-
lowing chronic stimulation is not specific to TLR4 alone. All these responses were specific and required 
both priming (LPS/PAM3CSK4) and activation signals (ATP/nigericin), since LPS, PAM3CSK4, ATP or 
nigericin alone did not induce caspase-1 activation or IL-1β  production (Fig. 1 and Supplementary Fig. S2).  
To determine whether chronic TLR stimulation affected expression of IL-1β  and IL-18, we stimulated 
BMDMs with LPS or PAM3CSK4 for 4, 12 and 24 h and assessed the levels of pro-IL1β  and pro-IL-18 by 
Western blot. Our experiments showed that LPS or PAM3CSK4 stimulation for 24 h reduced the levels 
of pro-IL-1β , however pro-IL-18 levels increased in a time dependent manner (Supplementary Fig. S3). 
These results show that chronic TLR2 or TLR4 stimulation can directly regulate IL-1β  levels, however, 
IL-18 levels are regulated through inflammasome-mediated processing.

Secreted factors are responsible for chronic LPS-induced control of NLRP3 inflammasome 
activation. Type I IFNs have been suggested to inhibit NLRP3 inflammasome23. Our studies showed 
that caspase-1 activation and IL-1β  production were reduced to the same extent in chronic LPS-stimulated 
Ifnar−/− BMDMs (Supplementary Fig. S4). Caspase-11 has also been shown to be involved in regu-
lating NLRP3 inflammasome24. Stimulation of WT and Casp11−/− BMDMs further demonstrated that 
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caspase-11 is not involved in chronic LPS-mediated dampening of NLRP3 inflammasome (Supplementary 
Fig. S5). LPS stimulation leads to upregulation of both intracellular and secreted factors. To investi-
gate the mechanism by which chronic LPS exposure limits potent NLRP3 inflammasome activation, we 
examined whether factors in the culture supernatants of BMDMs treated with LPS for 24 h could prevent 
NLRP3 inflammasome activation by naïve macrophages. As expected, macrophages treated with LPS for 
4 h followed by ATP stimulation in fresh culture medium resulted in robust caspase-1 activation and 
pronounced secretion of high levels of IL-1β  and IL-18. These inflammasome readouts were markedly 
reduced when cells were treated similarly in culture medium of BMDMs that have been exposed to LPS 
for 24 h, but not with culture medium of unstimulated or acute LPS-treated BMDMs (Fig. 2A–C). These 
results suggested that chronic LPS stimulation induces extracellular release of a soluble factor that limits 
NLRP3 inflammasome activation in naïve macrophages.

IL-10 is a well-established regulatory cytokine that suppresses and controls inflammation25. 
Furthermore, secretome analysis of supernatants from LPS-stimulated macrophages revealed IL-10 to 
be secreted with prolonged, but not short LPS treatment26. More importantly, study of Il10−/− BMDMs 
suggested that IL-10 regulates pro-IL-1β  expression23. Additionally, studies with Il10−/− mice and neu-
tralizing IL10R signaling in WT mice showed enhanced expression of NLRP3 inflammasome compo-
nents in an antigen-induced arthritis model27. To investigate whether IL-10 was involved in chronic LPS 
stimulation-induced suppression of the NLRP3 inflammasome, we first examined the levels of IL-10 
in the supernatants of BMDMs stimulated for 4 and 24 hours. We found that the production of IL-10 
increased in a time-dependent manner (Fig. 2D–G and Supplementary Fig. S6). Importantly, PAM3CSK4 

Figure 1. Chronic LPS stimulation weakly activates NLRP3 inflammaome activation. Wildtype (WT) 
BMDMs were stimulated with LPS for 4, 12 and 24 hours followed by ATP or nigericin for the last 
30 minutes. (A,B) BMDMs were stimulated with LPS/ATP or LPS/Nigericin as indicated and lysates were 
blotted for caspase-1 and actin. Cell supernatants collected after LPS/ATP or LPS/Nigericin stimulations 
were analyzed by ELISA for IL-1β  (C) and IL-18 (D). Solid arrow represents pro-form and open arrow 
represents cleaved-form of the protein in Western blots. ELISA data are presented as means ±  s.e.m. of 
technical replicates and all data are representative of at least three independent experiments.
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stimulation also upregulated secreted levels of IL-10 with prolonged stimulation, which indicates that 
this is not specific to LPS (Fig. 2G and Supplementary Fig. S6A). Interestingly, chronic LPS stimulation 
also significantly increased IL-10R expression (Supplementary Fig. S6B–D). Collectively, these results 
imply that IL-10 may contribute to negative regulation of the NLRP3 inflammasome upon chronic TLR 
stimulation.

IL-10 negatively regulates NLRP3 inflammasome activation during chronic LPS treatment.  
To ascertain if the enhanced IL-10 production associated with chronic LPS stimulation is responsi-
ble for tempering of NLRP3 inflammasome activation, BMDMs were pre-incubated with recombinant 
IL-10 prior to stimulation with LPS. Addition of IL-10 prior to acute LPS/ATP stimulation significantly 
reduced, but did not completely abolish, the levels of processed caspase-1 and secreted IL-1β  and IL-18 
in macrophages (Fig.  3A–C). Dramatic reduction of NLRP3 inflammasome activation by recombinant 
IL-10 was also observed when cells were primed with LPS for 12 h prior to ATP stimulation (Fig. 3A–C). 
In addition to reducing IL-1β  cleavage, IL-10 also reduced the levels of pro-IL-1β  suggesting a negative 
regulatory role for IL-10 in priming (Fig.  3A). Thus, our results suggest that IL-10 production upon 
chronic LPS exposure suppresses NLRP3 inflammasome activation. To further characterize the role of 
IL-10 in dampening the NLRP3 inflammasome, we utilized Il10raMdel mice that specifically lack IL-10R 
expression in macrophages28. As shown before, wild type BMDMs treated with LPS for 12 h were sig-
nificantly impaired in their ability to induce caspase-1 processing and IL-1β  cleavage in response to 

Figure 2. Secreted factors produced during chronic LPS stimulations reduce NLRP3 inflammasome 
activation. (A–C) Control supernatant, 4 h supernatant and 24 h supernatants from LPS stimulated samples 
were added to fresh BMDMs and stimulated with LPS/ATP for 4 h. Caspase-1 activation (A), IL-1β  release 
(B) and IL-18 release (C) were determined. (D–F) WT BMDMs were stimulated with LPS for 4 or 24 h and 
supernatants were collected. IL-10 and CCL1 in the 4 and 24 h supernatants were determined by cytokine 
profiler reverse Western kit (R&D systems). (D) IL-10 and CCL1 blots for 4 and 24 h supernatants. (E) IL-10 
band intensity normalized to 4 h IL-10 levels. (F) CCL1 levels normalized to 4 h CCL1 levels. (G) BMDMs 
were stimulated with LPS or PAM3CSK4 for 4 and 24 h followed by ATP/nigericin for the last 30 minutes. 
IL-10 in the supernatants of stimulated samples was determined by ELISA. Solid arrow represents pro-
form and open arrow represents cleaved-form of the protein in Western blots. ELISA data represent 
means ±  s.e.m. and data are cumulative of at least three-five independent experiments. All other data are 
representative of at least three independent experiments. Statistical significance was determined by Student’s 
t test. *p <  0.05, **p <  0.01, ***p <  0.001 and ****p <  0.0001. Uncropped blots of represented western blots 
are presented in Supplementary Fig. 11 and 12.
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ATP. In marked contrast, prolonged LPS treatment failed to dampen NLRP3 inflammasome-mediated 
activation of caspase-1 and IL-1β  cleavage in Il10raMdel BMDMs (Fig.  3D). In agreement, Il10raMdel 
BMDMs treated with LPS/ATP for 12 h secreted amounts of IL-1β  and IL-18 in their culture medium 
that were comparable to those of macrophages treated with LPS/ATP for 4 h (Fig. 3E,F). In addition to 

Figure 3. IL-10 negatively regulates NLRP3 inflammasome activation. (A–C) WT BMDMs were 
pretreated with recombinant murine IL-10 for 30 minutes followed by LPS for indicated hours (4 h, 12 h) and 
ATP for the last 30 minutes. (A) Cell lysates were immunoblotted for caspase-1, IL-1β  and GAPDH. Cell 
supernatants were collected and analyzed for IL-1β  (B) and IL-18 (C) by ELISA. (D–F) WT and Il10raMdel 
(Macrophage specific deletion of IL-10R) BMDM were plated and stimulated with LPS for 4 h and 12 h 
followed by ATP for the last 30 minutes. (D) Caspase-1 activation, IL-1β  cleavage, and GAPDH expression 
were determined in the cell lysates by Western blot. Cell supernatants were collected and analyzed for IL-1β  
(E) and IL-18 (F) by ELISA. Solid arrow represents pro-form and open arrow represents cleaved-form of the 
protein in Western blots. ELISA data represent means ±  s.e.m. from three-five independent experiments and 
all other data are representative of at least three independent experiments. Uncropped blots of represented 
Western blots are presented in Supplementary Fig. 11.
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the use of Il10raMdel BMDMs, we also stimulated BMDMs with LPS for 4 or 12 h in the presence of IL-10 
receptor-neutralizing antibodies (α IL-10R Ab) to inhibit IL-10 signaling. α IL-10R Ab treatment rescued 
caspase-1 activation in WT BMDMs that were treated with LPS/ATP for 12 h (Supplementary Fig. S7A).  
Concurrently, the levels of secreted IL-1β  and IL-18 in 12 h LPS treated BMDMs were markedly increased 
by α IL-10R Ab treatment, and reached levels comparable to those of cells exposed to LPS for only 4 h 
(Supplementary Fig. S7B,C). Together, these observations suggest that IL-10 signaling negatively regu-
lates NLRP3 inflammasome activation.

IL-10 suppresses NLRP3 inflammasome activation by regulating caspase-8 activation and 
NLRP3 expression. Our studies demonstrate that the IL-10 signaling pathway is critical for regu-
lating NLRP3 inflammasome activation during chronic TLR stimulations (Fig.  3). We have previously 
demonstrated links between the NLRP3 inflammasome and caspase-8 activity29. Thus, we were interested 
to investigate whether IL-10 abrogated caspase-1 activation by regulating caspase-8 activation. To this 
end, we examined caspase-8 activation in LPS/ATP stimulated BMDMs that were treated with exogenous 
IL-10 or impaired in IL-10R signaling (Il10raMdel). Robust caspase-8 activation was observed during acute 
LPS stimulations and this caspase-8 activation was reduced in chronic stimulations (Fig. 4A,B). While 
IL-10 pretreatment did not impact caspase-8 activation at acute time points (4 h LPS), IL-10 attenu-
ated caspase-8 activation at chronic time points (12 h LPS) (Fig. 4A and Supplementary Fig. S8A). This 
caspase-8 processing was specific to NLRP3 inflammasome activation since LPS or ATP stimulation alone 
did not induce caspase-8 activation (Supplementary Fig. S8C). Furthermore, acute PAM3CSK4+ ATP 
stimulation also induces caspase-8 activation (Supplementary Fig. S8C). In contrast, caspase-8 activation 
was dramatically increased in Il10raMdel BMDMs at both acute and chronic time points (Fig.  4B and 
Supplementary Fig. S8B).

Both NLRP3 and ASC are required for LPS/ATP induced caspase-8 activation29. We proposed that 
IL-10 might be regulating the expression of either ASC or NLRP3 to control caspase-8 activation. ASC 
expression remained unchanged during LPS stimulation in the presence or absence of IL-10 signaling, 
suggesting that IL-10 does not regulate ASC expression (Fig.  4A,B). To examine whether chronic LPS 
stimulation limits NLRP3 expression, we stimulated BMDMs with LPS for either 4 or 16 hours in the 
presence or absence of exogenous IL-10 and NLRP3 protein levels were assessed. Acute LPS stimula-
tion increased NLRP3 protein levels, however, this was reduced with chronic LPS stimulation (Fig. 4C). 
Moreover, addition of exogenous IL-10 dramatically dampened LPS-induced NLRP3 expression follow-
ing stimulation at both 4 and 16 hours (Fig. 4D). IL-10 controlled both IL-1β  and NLRP3 expression by 
decreasing LPS-induced mRNA expression of these proteins (Supplementary Fig. S9A,B). In contrast, 
α IL-10R Ab treatment of WT BMDMs rescued NLRP3 expression at chronic time points (Fig.  4E). 
Similarly, chronic LPS stimulation did not reduce the expression of NLRP3 in Il10raMdel macrophages 
(Fig. 4F). Collectively, these results indicate that chronic LPS stimulation-induced IL-10 dampens NLRP3 
inflammasome activation in part by regulating the NLRP3 expression and caspase-8 activation.

Discussion
NLRP3 is one of the best-studied Nod-like receptors that forms an inflammasome, a multimeric protein 
complex that mediates processing of pro-IL-1β  and pro-IL-18 into their mature forms30. NLRP3 inflam-
masomes are assembled in response to a wide array of stimuli including bacteria, viruses and fungi; as 
well as danger-associated signals such as ATP and nigericin. Infection or stimulation of cells ultimately 
results in K+ efflux and Ca2+ mobilization that activates the NLRP3 inflammasome31,32. Although studies 
characterizing the activation of NLRP3 inflammasomes are abundant, the factors regulating the NLRP3 
inflammasomes are less clear. While several studies have suggested that IL-10 can inhibit NLRP3 inflam-
masome23,27,33, the dynamics of acute and chronic TLR stimulation and how that impacts NLRP3 inflam-
masome was less clear. Herein, we demonstrate that IL-10 works in a negative feedback loop to regulate 
NLRP3 inflammasome activation during chronic stimulations (Supplementary Fig. S10).

Previous work has shown that IFN-β  induces IL-10 production through the IFNAR signaling pathway 
that involves STAT123. Upstream of IFN-β , the TLR-TRIF signaling axis is critically involved in IFN-β  
production34. Thus, it could be argued that TLR-induced IFN-β  production is responsible for induction of 
IL-10 synthesis through the IFNAR signaling axis. However, we see negative regulation of NLRP3 inflam-
masome during chronic PAM3CSK4 stimulation (Supplementary Fig. S2), which does not engage the 
TRIF pathway. Furthermore, chronic LPS stimulation induces similar reduction of caspase-1 activation 
and IL-1β  production in Ifnar2−/− BMDMs (Supplementary Fig. S4). This suggests that TLR-stimulation 
induced IL-10 and control of NLRP3 inflammasome is independent of the IFNAR signaling axis.

IL-10 has previously been shown to promote endotoxin tolerance in macrophages, where tolerized 
macrophages fail to produce proinflammatory cytokines upon re-challenge25,35. While we have only 
shown that chronic TLR-2 and TLR-4 stimulation induces IL-10 and regulates NLRP3 inflammasome, 
other studies have shown that IFNAR signaling, especially IFNβ  induces IL-1023. Thus, it is possible that 
chronic stimulation through another TLR that engages TRIF (TLR-3) might also abrogate the NLRP3 
inflammasome. IL-10 is a regulatory cytokine that is known for its negative role in inflammation. As 
such, Il10−/− mice exhibit hyperinflammation and are susceptible to inflammatory bowel disease36. IL-10 
has also been reported to inhibit NFκ B and MAP kinases, and thus control inflammation37,38. Our stud-
ies demonstrated that the ability of IL-10 to inhibit NLRP3-mediated IL-1β  secretion is in part due to 
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its regulation of pro-IL-1β  expression. While IL-10 did not appear to significantly alter the expression 
of ASC, our work further revealed a role for IL-10 in regulating inflammasome activation by regulat-
ing NLRP3 expression (Fig.  4). IL-10 induced reduction of NLRP3 could be attributed to enhanced 
proteasomal degradation of NLRP3, or inhibition of Nlrp3 mRNA expression. Our studies with IL-10 
pretreatment of WT BMDMs suggest that IL-10 negatively regulates mRNA expression of both Il1b and 
Nlrp3 (Supplementary Fig. S9).

Figure 4. IL-10 regulates caspase-8 activation and NLRP3 levels to modulate NLRP3 inflammasome 
activation during chronic LPS stimulations. (A) WT BMDMs were pretreated with recombinant murine 
IL-10 for 30 minutes followed by LPS for 4 or 12 h and ATP for the last 30 minutes. Cell lysates were 
immunoblotted for ASC, caspase-8 and GAPDH. (B) WT and Il10raMdel BMDMs were plated and stimulated 
with LPS for 4 and 12 h followed by ATP for the last 30 minutes. ASC, caspase-8 activation and GAPDH 
expression were determined in the cell lysates by Western blot. Solid arrow represents pro-form and open 
arrow represents cleaved-form of the protein in Western blots. (C) WT or Nlrp3−/− BMDMs were stimulated 
with LPS for 4 and 16 h. NLRP3 and GAPDH expression was determined by Western blot. WT BMDMs 
were pretreated with recombinant murine IL-10 (D) or α IL-10R Ab (E) for 30 minutes followed by LPS for 
4 or 16 h. Cell lysates were immunoblotted for NLRP3 and GAPDH. (F) WT and Il10raMdel BMDM were 
treated with LPS for 4 and 16 h. Cell lysates were blotted for NLRP3 and GAPDH. All data are representative 
of at least three independent experiments. Uncropped blots of represented Western blots are presented in 
Supplementary Fig. 11.
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The IL-10/IL-10R signaling axis plays a central role in modulating inflammation. Genome wide asso-
ciation studies identified the IL-10 signaling axis as one of the important factors in conferring suscepti-
bility to colitis39. In agreement, humans with loss of function mutations in either IL-10 or IL-10R develop 
severe spontaneous colitis40. Similarly, Il10−/− and Il10rb−/− mice develop spontaneous colitis due to 
uncontrolled inflammation36,41,42. While IL-10 production by macrophages is dispensable for progression 
of colitis, IL-10R signaling in macrophages is critically involved in controlling the progression of auto-
immune colitis in mice43. A recent report suggested that uncontrolled NLRP3 inflammasome activation 
promotes the spontaneous colitis observed in Il10−/− mice44. Gut microbiota and associated endotoxin 
are major sources of stimulation that promote inflammation and spontaneous colitis in Il10−/− mice45. 
Our study herein provides molecular insights into how the IL-10/IL-10R signaling axis regulates NLRP3 
inflammasome activation in macrophages during acute and chronic LPS/ATP stimulation, and helps to 
identify novel targets that could be exploited to treat colitis.

In conclusion, we have uncovered a novel regulatory pathway involving IL-10 in dampening NLRP3 
inflammasome activation. Mechanistically, our studies demonstrate that IL-10 diminishes protein expres-
sion levels of NLRP3 and pro-IL-1β , which ultimately impacts caspase-8 activation to regulate activation 
of the NLRP3 inflammasome. Conceptually, our study is the first to uncover how NLRP3 inflammasomes 
are modulated during acute and chronic TLR stimulations. Therapeutically, IL-10 can be specifically tar-
geted to either attenuate or activate NLRP3 inflammasome in the treatment of several autoinflammatory 
and infectious diseases.

Methods
Guideline statement. All methods used in this study are in accordance to protocols approved by St. 
Jude Children’s Research Hospital. All studies and experiments were conducted under guidelines and 
protocols approved by St. Jude Children’s Research Hospital on the Use and Care of Animals Committee.

Mice. C57BL/6 were purchased from Jackson laboratory and bred at St. Jude Children’s Research 
Hospital in a specific pathogen-free animal care facility. Nlrp3−/−3 and Il10raMdel 28 (macrophage specific 
deletion of IL-10Rα ) mice have been previously described. Animal studies were conducted under proto-
cols approved by St. Jude Children’s Research Hospital on the Use and Care of Animas.

Macrophage differentiation and stimulation. Bone marrow-derived macrophages (BMDMs) were 
prepared as described previously24. In brief, bone marrow cells were grown in L-cell-conditioned IMDM 
medium supplemented with 10% FBS, 1% non-essential amino acid and 1% penicillin-streptomycin for 5 
days to differentiate into macrophages. On day 5 BMDMs were seeded in 6-well cell culture plates. On the 
next day BMDMs were stimulated with LPS (Invivogen- LPS-SM) (20 ng/ml) or PAM3CSK4 (1 μ g/ml)  
for the indicated hours of time followed by 5 mM ATP or 20 μ M nigericin for the last 30 minutes. In 
some experiments, BMDMs were pretreated for 30 minutes with mouse recombinant IL-10 (50 ng/mL- 
Peprotech) or anti-mouse IL-10R mAb (1 μ g/mL- BioxCell) before LPS/PAM3CSK4 stimulation.

In supernatant transfer experiments, supernatants from control (0 h sups), 4 h LPS treated (4 h sups) 
and 24 h LPS treated (24 h sups) BMDMs were transferred to fresh unstimulated BMDMs. These BMDMs 
were then stimulated with 20 ng/ml LPS for 4 h followed by ATP for the last 30 minutes. Caspase-1 
activation was determined in the cell lysates and IL-1β and IL-18 production were determined in the 
supernatants by ELISA.

Western blotting. Samples for immunoblotting were prepared by combining cell lysates with culture 
supernatants. Samples were denatured in loading buffer containing SDS and 100 mM DTT and boiled 
for 5 min. SDS-PAGE-separated proteins were transferred to PVDF membranes and immunoblotted 
with primary antibodies against caspase-1 (Adipogen, AG-20B-0042), pro-caspase-8 (Enzo Life Sciences, 
1G12), cleaved caspase-8 (Cell Signaling Technology, D5B2), NLRP3 (Adipogen, AG-20B-0014), IL-1β  
(Cell Signaling Technology, D3H1Z), and GAPDH (Cell Signaling Technology, D16H11) followed by sec-
ondary anti-rabbit or anti-rat or anti- mouse HRP antibodies (Jackson Immuno Research Laboratories), 
as previously described24.

Cytokine analysis. Concentrations of cytokines and chemokines were determined by multiplex 
ELISA (Millipore), or classical ELISA for IL-1β  (eBioscience) and IL-18 (MBL international). ELISA 
data without statistical analysis were presented as mean ±  s.e.m. of duplicate/triplicate technical repeats 
and all of these experiments were performed at least three times. For ELISA data with statistical analysis 
and showing significance, ELISA data were taken from three-five independent experiments.

Flow cytometry. BMDMs were stimulated with 20 ng LPS for indicated hours. Cells were then stained 
with anti-IL10R-PE or Isotype-PE control antibody and analyzed by flow cytometry.

Mouse Cytokine Array. IL-10, CCL1 and several other inflammatory cytokines were determined 
using mouse cytokine array kit by following manufacturer’s protocol (R&D Systems).
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Statistical Analysis. All data are represented as mean ±  s.e.m. and all experiments were repeated at 
least two-three times before being reported.

References
1. Fukata, M., Vamadevan, A. S. & Abreu, M. T. Toll-like receptors (TLRs) and Nod-like receptors (NLRs) in inflammatory 

disorders. Seminars in immunology 21, 242–253 (2009).
2. Agostini, L. et al. NALP3 forms an IL-1beta-processing inflammasome with increased activity in Muckle-Wells autoinflammatory 

disorder. Immunity 20, 319–325 (2004).
3. Kanneganti, T. D. et al. Bacterial RNA and small antiviral compounds activate caspase-1 through cryopyrin/Nalp3. Nature 440, 

233–236 (2006).
4. Mariathasan, S. et al. Differential activation of the inflammasome by caspase-1 adaptors ASC and Ipaf. Nature 430, 213–218 

(2004).
5. Mariathasan, S. et al. Cryopyrin activates the inflammasome in response to toxins and ATP. Nature 440, 228–232 (2006).
6. Martinon, F., Burns, K. & Tschopp, J. The inflammasome: a molecular platform triggering activation of inflammatory caspases 

and processing of proIL-beta. Molecular cell 10, 417–426 (2002).
7. Dinarello, C. A. Interleukin-1 beta, interleukin-18, and the interleukin-1 beta converting enzyme. Annals of the New York 

Academy of Sciences 856, 1–11 (1998).
8. Latz, E. The inflammasomes: mechanisms of activation and function. Current opinion in immunology 22, 28–33 (2010).
9. Medzhitov, R., Preston-Hurlburt, P. & Janeway, C. A., Jr. A human homologue of the Drosophila Toll protein signals activation 

of adaptive immunity. Nature 388, 394–397 (1997).
10. Medzhitov, R. Toll-like receptors and innate immunity. Nature reviews. Immunology 1, 135–145 (2001).
11. Ehrt, S. et al. Reprogramming of the macrophage transcriptome in response to interferon-gamma and Mycobacterium 

tuberculosis: signaling roles of nitric oxide synthase-2 and phagocyte oxidase. The Journal of experimental medicine 194, 
1123–1140 (2001).

12. Nau, G. J. et al. Human macrophage activation programs induced by bacterial pathogens. Proceedings of the National Academy 
of Sciences of the United States of America 99, 1503–1508 (2002).

13. DeForge, L. E. & Remick, D. G. Kinetics of TNF, IL-6, and IL-8 gene expression in LPS-stimulated human whole blood. 
Biochemical and biophysical research communications 174, 18–24 (1991).

14. Zaki, M. H. et al. The NOD-like receptor NLRP12 attenuates colon inflammation and tumorigenesis. Cancer cell 20, 649–660 
(2011).

15. Kondo, T., Kawai, T. & Akira, S. Dissecting negative regulation of Toll-like receptor signaling. Trends in immunology 33, 449–458 
(2012).

16. Cavaillon, J. M. The nonspecific nature of endotoxin tolerance. Trends in microbiology 3, 320–324 (1995).
17. Sato, S. et al. Synergy and cross-tolerance between toll-like receptor (TLR) 2- and TLR4-mediated signaling pathways. J Immunol 

165, 7096–7101 (2000).
18. Yeo, S. J., Yoon, J. G., Hong, S. C. & Yi, A. K. CpG DNA induces self and cross-hyporesponsiveness of RAW264.7 cells in response 

to CpG DNA and lipopolysaccharide: alterations in IL-1 receptor-associated kinase expression. J Immunol 170, 1052–1061 
(2003).

19. Mizel, S. B. & Snipes, J. A. Gram-negative flagellin-induced self-tolerance is associated with a block in interleukin-1 receptor-
associated kinase release from toll-like receptor 5. The Journal of biological chemistry 277, 22414–22420 (2002).

20. Hedl, M., Li, J., Cho, J. H. & Abraham, C. Chronic stimulation of Nod2 mediates tolerance to bacterial products. Proceedings of 
the National Academy of Sciences of the United States of America 104, 19440–19445 (2007).

21. Dedrick, R. L. & Conlon, P. J. Prolonged expression of lipopolysaccharide (LPS)-induced inflammatory genes in whole blood 
requires continual exposure to LPS. Infection and immunity 63, 1362–1368 (1995).

22. Schroder, K. et al. Acute lipopolysaccharide priming boosts inflammasome activation independently of inflammasome sensor 
induction. Immunobiology 217, 1325–1329 (2012).

23. Guarda, G. et al. Type I interferon inhibits interleukin-1 production and inflammasome activation. Immunity 34, 213–223 (2011).
24. Gurung, P. et al. Toll or interleukin-1 receptor (TIR) domain-containing adaptor inducing interferon-beta (TRIF)-mediated 

caspase-11 protease production integrates Toll-like receptor 4 (TLR4) protein- and Nlrp3 inflammasome-mediated host defense 
against enteropathogens. The Journal of biological chemistry 287, 34474–34483 (2012).

25. Grutz, G. New insights into the molecular mechanism of interleukin-10-mediated immunosuppression. Journal of leukocyte 
biology 77, 3–15 (2005).

26. Meissner, F., Scheltema, R. A., Mollenkopf, H. J. & Mann, M. Direct proteomic quantification of the secretome of activated 
immune cells. Science 340, 475–478 (2013).

27. Greenhill, C. J. et al. Interleukin-10 regulates the inflammasome-driven augmentation of inflammatory arthritis and joint 
destruction. Arthritis Res Ther 16, 419 (2014).

28. Li, B., Alli, R., Vogel, P. & Geiger, T. L. IL-10 modulates DSS-induced colitis through a macrophage-ROS-NO axis. Mucosal 
Immunol 7, 869–878 (2013).

29. Gurung, P. et al. FADD and caspase-8 mediate priming and activation of the canonical and noncanonical Nlrp3 inflammasomes. 
J Immunol 192, 1835–1846 (2014).

30. Anand, P. K., Malireddi, R. K. & Kanneganti, T. D. Role of the nlrp3 inflammasome in microbial infection. Frontiers in 
microbiology 2, 1–12 (2011).

31. Munoz-Planillo, R. et al. K(+ ) efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and 
particulate matter. Immunity 38, 1142–1153 (2013).

32. Lee, G. S. et al. The calcium-sensing receptor regulates the NLRP3 inflammasome through Ca2+  and cAMP. Nature 492, 
123–127 (2012).

33. Bauernfeind, F. G. et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3 
inflammasome activation by regulating NLRP3 expression. J Immunol 183, 787–791 (2009).

34. Yamamoto, M. et al. Cutting edge: a novel Toll/IL-1 receptor domain-containing adapter that preferentially activates the IFN-beta 
promoter in the Toll-like receptor signaling. J Immunol 169, 6668–6672 (2002).

35. Murphey, E. D. & Traber, D. L. Protective effect of tumor necrosis factor-alpha against subsequent endotoxemia in mice is 
mediated, in part, by interleukin-10. Critical care medicine 29, 1761–1766 (2001).

36. Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K. & Muller, W. Interleukin-10-deficient mice develop chronic enterocolitis. Cell 75, 
263–274 (1993).

37. Wang, P., Wu, P., Siegel, M. I., Egan, R. W. & Billah, M. M. Interleukin (IL)-10 inhibits nuclear factor kappa B (NF kappa B) 
activation in human monocytes. IL-10 and IL-4 suppress cytokine synthesis by different mechanisms. The Journal of biological 
chemistry 270, 9558–9563 (1995).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 5:14488 | DOi: 10.1038/srep14488

38. Kontoyiannis, D. et al. Interleukin-10 targets p38 MAPK to modulate ARE-dependent TNF mRNA translation and limit 
intestinal pathology. The EMBO journal 20, 3760–3770 (2001).

39. Franke, A. et al. Sequence variants in IL10, ARPC2 and multiple other loci contribute to ulcerative colitis susceptibility. Nat Genet 
40, 1319–1323 (2008).

40. Glocker, E. O. et al. Inflammatory bowel disease and mutations affecting the interleukin-10 receptor. N Engl J Med 361, 2033–2045 
(2009).

41. Murai, M. et al. Interleukin 10 acts on regulatory T cells to maintain expression of the transcription factor Foxp3 and suppressive 
function in mice with colitis. Nat Immunol 10, 1178–1184 (2009).

42. Shouval, D. S. et al. Interleukin-10 receptor signaling in innate immune cells regulates mucosal immune tolerance and anti-
inflammatory macrophage function. Immunity 40, 706–719 (2014).

43. Zigmond, E. et al. Macrophage-restricted interleukin-10 receptor deficiency, but not IL-10 deficiency, causes severe spontaneous 
colitis. Immunity 40, 720–733 (2014).

44. Zhang, J., Fu, S., Sun, S., Li, Z. & Guo, B. Inflammasome activation has an important role in the development of spontaneous 
colitis. Mucosal Immunol 7, 1139–1150 (2014).

45. Uronis, J. M. et al. Modulation of the intestinal microbiota alters colitis-associated colorectal cancer susceptibility. PLoS One 4, 
e6026 (2009).

Acknowledgements
We thank John R. Lukens, Si Ming Man, Farrah C. Steinke and Deepika Sharma for critical review of 
this manuscript. P.G. is a postdoctoral fellow supported by Paul Barrett Endowed Fellowship from St. 
Jude. M.L. is supported in part by grants from the European Research Council (Grant 281600), and the 
Fund for Scientific Research-Flanders (grants G030212N, 1.2.201.10.N.00 and 1.5.122.11.N.00). T.L.G 
is supported by National Institute of Health (Grants AI056153, AI106600) and American Lebanese 
Syrian Associated Charities (ALSAC) grants. T.-D.K. is supported by grants from the National Institute 
of Health (Grants AR056296, CA163507 and AI101935) and the American Lebanese Syrian Associated 
Charities (ALSAC).

Author Contributions
P.G. and T.-D.K. designed the study. P.G., B.L. and R.K.S.M. performed experiments. T.L.G. provided 
essential reagents. P.G., M.L. and T.-D.K. analyzed the data and wrote the manuscript. T.-D.K. oversaw 
the project.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Gurung, P. et al. Chronic TLR Stimulation Controls NLRP3 Inflammasome 
Activation through IL-10 Mediated Regulation of NLRP3 Expression and Caspase-8 Activation. Sci. 
Rep. 5, 14488; doi: 10.1038/srep14488 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Chronic TLR Stimulation Controls NLRP3 Inflammasome Activation through IL-10 Mediated Regulation of NLRP3 Expression and Ca ...
	Results
	Chronic TLR engagement negatively regulates NLRP3 inflammasome activation. 
	Secreted factors are responsible for chronic LPS-induced control of NLRP3 inflammasome activation. 
	IL-10 negatively regulates NLRP3 inflammasome activation during chronic LPS treatment. 
	IL-10 suppresses NLRP3 inflammasome activation by regulating caspase-8 activation and NLRP3 expression. 

	Discussion
	Methods
	Guideline statement. 
	Mice. 
	Macrophage differentiation and stimulation. 
	Western blotting. 
	Cytokine analysis. 
	Flow cytometry. 
	Mouse Cytokine Array. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Chronic LPS stimulation weakly activates NLRP3 inflammaome activation.
	Figure 2.  Secreted factors produced during chronic LPS stimulations reduce NLRP3 inflammasome activation.
	Figure 3.  IL-10 negatively regulates NLRP3 inflammasome activation.
	Figure 4.  IL-10 regulates caspase-8 activation and NLRP3 levels to modulate NLRP3 inflammasome activation during chronic LPS stimulations.



 
    
       
          application/pdf
          
             
                Chronic TLR Stimulation Controls NLRP3 Inflammasome Activation through IL-10 Mediated Regulation of NLRP3 Expression and Caspase-8 Activation
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14488
            
         
          
             
                Prajwal Gurung
                Bofeng Li
                R. K. Subbarao Malireddi
                Mohamed Lamkanfi
                Terrence L. Geiger
                Thirumala-Devi Kanneganti
            
         
          doi:10.1038/srep14488
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14488
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14488
            
         
      
       
          
          
          
             
                doi:10.1038/srep14488
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14488
            
         
          
          
      
       
       
          True
      
   




