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SUMMARY
Short-chain fatty acids (SCFAs) are immunomodulatory compounds produced by the microbiome through
dietary fiber fermentation. Although generally considered beneficial for gut health, patients suffering from in-
flammatory bowel disease (IBD) display poor tolerance to fiber-rich diets, suggesting that SCFAs may have
contrary effects under inflammatory conditions. To investigate this, we examined the effect of SCFAs on hu-
man macrophages in the presence of Toll-like receptor (TLR) agonists. In contrast to anti-inflammatory ef-
fects under steady-state conditions, we found that butyrate and propionate activated the NOD-, LRR-, and
pyrin domain-containing protein 3 (NLRP3) inflammasome in the presence of TLR agonists. Mechanistically,
these SCFAs prevented transcription of FLICE-like inhibitory protein (cFLIP) and interleukin-10 (IL-10)
through histone deacetylase (HDAC) inhibition, triggering caspase-8-dependent NLRP3 inflammasome acti-
vation. SCFA-driven NLRP3 activation was potassium efflux independent and did not result in cell death but
rather triggered hyperactivation and IL-1b release. Our findings demonstrate that butyrate and propionate
are bacterially derived danger signals that regulate NLRP3 inflammasome activation through epigenetic
modulation of the inflammatory response.
INTRODUCTION

Short-chain fatty acids (SCFAs), including acetate, propionate,

and butyrate, are generated at high concentrations by the mi-

crobiota through fermentation of dietary fiber.1 This occurs

in the intestine, where concentrations can range from 10 to

90 mM at a ratio of 3:1:1 acetate:propionate:butyrate, as well

as in the periodontal pockets in the mouth.1,2 Under steady-

state conditions, SCFAs play a crucial role in maintaining gut

homeostasis by supporting the integrity of the intestinal epithe-

lial barrier and modulating the function of immune cells. SCFAs

mediate these effects through multiple mechanisms: activation

of G protein-coupled receptors and olfactory receptors, inhibi-
Cell Reports 43, 114736, Septem
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tion of histone deacetylase (HDAC) activity, or as a fuel

source.3–5 One notable example is their effect on intestinal

macrophages, where butyrate, through epigenetic modifica-

tion, triggers differentiation of monocytes to macrophages

and imprints an anti-inflammatory, antimicrobial transcriptional

program.6

Due to their action as immune modulators, SCFAs have been

studied as a potential therapy for intestinal inflammatory disor-

ders, including IBD.7 IBD is characterized by a breakdown of

the intestinal epithelial cell barrier, resulting in ongoing inflam-

mation that is thought to underlie the pathology of the condi-

tion.7 However, it remains unclear whether SCFAs are benefi-

cial or detrimental for IBD, as fiber, which enables SCFA
ber 24, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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production, is poorly tolerated by IBD patients in some

cases.8,9 This intolerance is partially attributed to the type of fi-

ber ingested,10 but diets that increase the level of SCFAs do

not always have beneficial effects.11

The role of inflammation in IBD has suggested that drugs tar-

geting inflammatory cytokines involved in the would have thera-

peutic potential. However, drugs targeting tumor necrosis factor

alpha (TNF-a), interleukin-12 (IL-12), or IL-6 have been unable to

completely reverse the IBD phenotype.12–14 Subsequently, the

NLRP3 inflammasome, which triggers secretion of IL-1b and

IL-18, has emerged as a new potential target in the treatment

of IBD. Notably, people harboring hyperactivating NLRP3 muta-

tions have an increased risk of ulcerative colitis and IBD.15,16 This

is less clear in two murine models of colitis, dextran sulfate so-

dium (DSS) and 2,4,6-trinitrobenzenesulfonic acid, where

NLRP3 has been suggested to be both detrimental and protec-

tive in the disease.17–20 Furthermore, the ablation of caspase-1

rescued the spontaneous colitis that occurs in the IL-10-defi-

cient murine model.21 The variations in the results likely reflect

the complex etiology of IBD and differences arising from dispar-

ities in genetic background, housing conditions, and microbiota

composition. Perhaps the most relevant result, then, is that CP-

456,773 (also called CRID3 or MCC950) mitigated DSS colitis in

littermate controls with the same genetic background,17 indi-

cating that NLRP3 is a relevant target for treatment of IBD.

RESULTS

Butyrate and propionate decrease the LPS-driven
cytokine response but trigger IL-1b release
To investigate the impact of SCFAs on the inflammatory

response in human macrophages, we incubated human

monocyte-derived macrophages (hMDMs), differentiated with

granulocyte-macrophage colony-stimulating factor (GM-CSF),

with lipopolysaccharide (LPS) in the presence or absence of

the SCFAs butyrate, propionate, or acetate. Compared to LPS,

co-incubation of LPS with SCFAs decreased secretion of most

LPS-dependent cytokines, including IL-10, IL-12p40, and IL-6

(Figure 1A). Butyrate had the strongest effect, altering cytokine

secretion at 1 mM, while propionate exhibited a moderate effect,

and acetate had almost no effect. However, in contrast to most
Figure 1. SCFAs decrease LPS-induced cytokine secretion but trigger

(A) Heatmap of cytokines measured from cell-free supernatant (sup) from hMDM

butyrate and normalized to LPS and NaCl. n = 6.

(B) hMDMs incubated with butyrate (5 mM), propionate (10 mM), or nigericin (10

whole-cell lysate (WCL) by WES. Representative of n = 2.

(C) IL-1b release from sup from hMDMs treated with butyrate (10mM), Trichostatin

1.5 h) with or without CP-456,773 (2 mM, 30 min) or VX-765 (40 mM, 30 min).

(D) IL-1b release measured from sup from hMDMs treated with propionate (10 m

(40 mM, 30 min).

(E) IL-18 release from hMDMs treated as in (C).

(F) IL-1b release from NLRP3- or scrambled siRNA-treated hMDMs incubated w

(10 mM, 1.5 h).

(G) Fluorescence imaging of apoptosis-associated speck-like protein containing a

nigericin in the presence of VX-765. Quantitation of ASC specks is shown for 4 i

(H) Cellular potassium from hMDMs treated as in (D) and analyzed by ICP-MS; r

Mean ± SEM are shown; each dot represents one donor. *p < 0.05, **p < 0.01, ***p

test.
of the assessed cytokines, co-incubation of LPS with butyrate

and propionate triggered release of IL-1b, a key pro-inflamma-

tory cytokine (Figure 1A). Maximal release of IL-1b occurred at

4 mM butyrate, although it was evident at a dose as low as

1 mM (Figure S1A) and was released from 6 h onward (Fig-

ure S1B). We then assessed monocytes, which, in contrast to

macrophages, release IL-1b in response to LPS alone without

needing a secondary trigger.22 Markedly, butyrate and propio-

nate triggered IL-1b release following co-incubation with LPS

and butyrate at a concentration of LPS that did not elicit IL-1b

release alone (Figure S1C). This demonstrates that SCFAs

generally activate IL-1b release from myeloid cells in the pres-

ence of LPS.

SCFA-mediated IL-1b release is dependent on the
NLRP3 inflammasome
A key mechanism driving IL-1b release is activation of an inflam-

masome complex. Among these, NLRP3 is the most notable,

triggering inflammasome formation in response to a diverse

range of cell stresses.23 Therefore, we assessed hallmarks of in-

flammasome activation, cleavage of IL-1b and caspase-1, in

LPS-primed hMDMs incubatedwith either SCFA. Nigericin, a ca-

nonical NLRP3 activator, was included as a control. Notably,

butyrate and propionate resulted in cleavage and release of IL-

1b and caspase-1, similar to nigericin (Figure 1B), indicating

that they trigger inflammasome activation. Furthermore, IL-1b

cleavage was evident when butyrate was co-incubated with

Pam3CSK4 (Toll-like receptor 2 [TLR2]), flagellin (TLR5), and

R848 (TLR7/8), demonstrating that activation of any TLR in

the presence of butyrate is sufficient for NLRP3 activation

(Figures S1C and S1D). To investigate whether SCFA-mediated

IL-1b release by activating the NLRP3 inflammasome, we in-

hibited NLRP3 with CP-456,773 (also called MCC-950 and

CRID3) or caspase-1 with VX-765 and stimulated hMDMs with

butyrate or propionate. Both VX-765 and CP-456,773 inhibited

IL-1b release and cleavage mediated by butyrate (Figures 1D

and S1C), propionate (Figure 1F), and nigericin (Figure 1F).

Furthermore, both inhibitors blocked butyrate- and nigericin-

mediated IL-18 release. Collectively, this indicates that both

SCFAs activate the NLRP3 inflammasome. To confirm this, we

knocked down NLRP3 in hMDMs (Fig. S1D). Compared to
NLRP3 inflammasome-dependent IL-1b release

s stimulated with LPS (1 ng/mL, 16 h) with or without acetate, propionate, or

mM) with LPS (1 ng/mL). IL-1b and caspase-1 cleavage assessed from sup or

A (TSA) (0.5 mM), and LPS (1 ng/mL) or LPS (1 ng/mL, 3 h) and nigericin (10 mM,

M) and LPS (1 ng/mL) with or without CP-456,773 (2 mM, 30 min) or VX-765

ith butyrate (10 mM) or TSA (0.5 mM) and LPS (1 ng/mL) for 16 h or nigericin

CARD (ASC) (red) and nuclei (blue) in hMDMs treated with LPS and butyrate or

mages per condition.

epresentative of n = 4.

< 0.001, ****p < 0.0001 by two-way ANOVAwith �Sı́dák’s multiple-comparisons
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Figure 2. Inhibition of HDACs 1–3 and 10 enables NLRP3 activation

in response to TLR stimulation

(A) HDAC inhibitors and their specificities. hMDMs were treated with HDAC

inhibitors with or without LPS (1 ng/mL, 16 h). Concentrations used were as

follows: butyrate (10 mM), Pan (1 mM), Vor (1 mM), quisinostat (Quis) (0.2 mM),

fimepinostat (Fimep) (0.1 mM), abexinostat (Abex) (0.1 mM), SR4370 (4 mM),

TMP-195 (TMP) (0.3 mM), LMK 235 (LMK) (20 nM), tubacin (Tuba) (50 nM), and

SIS-17 (1 mM).

(B and C) IL-1b release (B) and TNF-a secretion (C) measured from sup.

Mean ± SEM are shown; each dot represents one donor.
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the scrambled control, NLPR3 knockdown ablated butyrate-,

Trichostatin A (TSA)-, and nigericin-mediated IL-1b release (Fig-

ure 1E) but had no effect on TNF-a secretion (Figure S1E), con-

firming that both butyrate and propionate activate NLRP3. It was

surprising that we observed NLRP3 activation, as butyrate and

propionate ablated expression of nuclear factor kB (NF-kB)-

inducible genes, which should include NLRP3 and IL1B. Consis-

tent with our other results, we observed a decrease in both

NLRP3 and IL-1b mRNA at 16 h (Fig. S1H). However, NLRP3

or pro- IL-1b protein levels did not change between the LPS
4 Cell Reports 43, 114736, September 24, 2024
and LPS and butyrate conditions (Figure S1I), demonstrating

that the drop in transcription did not affect the amount of either

protein.

NLRP3 activation can also trigger aggregation of the adapter

apoptosis-associated speck-like protein containing a CARD

(ASC), resulting in formation of the ASC ‘‘speck’’. However, in

comparison to nigericin, almost no ASC specks were observed

in hMDM response to butyrate (Figure 1H), suggesting that these

are not required for the butyrate-driven NLRP3 response. The

absence of ASC speck formation was reminiscent of the alterna-

tive pathway of activation observed in human monocytes in

response to prolonged exposure to LPS.24 Unlike the majority

of NLRP3 activators, alternative NLRP3 activation does not

trigger potassium efflux. Therefore, we measured potassium

levels in the hMDMs following stimulation with LPS, LPS and

butyrate, or LPS and nigericin using inductively coupled plasma

mass spectrometry (ICP-MS). LPS and butyrate did not cause a

decrease in cellular potassium compared to the hMDMs treated

with LPS alone (Figure 1I), while there was a marked decrease in

response to nigericin (Figure 1I). This demonstrates that buty-

rate-driven NLRP3 activation does not require potassium efflux.

Inhibition of HDACs 1–3, 8, and 10 is sufficient to trigger
NLRP3-dependent IL-1b release
SCFAs mediate many of their functions through the inhibition of

HDAC activity.25 The propensity of SCFAs to activate NLRP3

correlated with their effectiveness as HDAC inhibitors, as buty-

rate and propionate, but not acetate, inhibit HDACs.26 Further-

more, TSA, a pan-HDAC inhibitor, triggered NLRP3-dependent

IL-1b release, suggesting that this could be the mechanism

through which SCFAs activate NLRP3. We confirmed this with

two other pan-HDAC inhibitors, panobinostat (Pan) and vorino-

stat (Vor), which both triggered IL-1b release from LPS-primed

hMDMs (Figure 2B). To determine which HDAC(s) were required,

we assessed HDAC expression in hMDMs and knocked

down the expressed HDACs (Figure S2A). However, individual

knockdown of any of the HDACs tested did not trigger IL-1b

release in response to LPS alone (Figure S2B) and did not

alter TNF-a secretion (Figure S2B). This suggested that the

HDACs regulating NLRP3 activation were redundant, consistent

with HDACs having overlapping function.27 Therefore, we used

HDAC inhibitors with different specificities to determine which

HDACs needed to be inhibited to activate NLRP3. Inhibitors tar-

geting a combination of HDACs 1–3 and 10 could all mediate IL-

1b release in the presence of LPS (Figure 2B), but did not perturb

secretion of TNF-a (Figure 2C), demonstrating that inhibition of

HDAC activity activates NLRP3 under inflammatory conditions.

To determine whether HDAC inhibition is the pathway used by

SCFAs to activate NLRP3, we incubated LPS-primed hMDMs

with Pan or Vor alone or in combination with butyrate. Notably,

butyrate did not increase IL-1b release when added in addition

to Pan or Vor (Figure S2C), providing a strong indication that

they activate NLRP3 through the same pathway.

Butyrate and propionate modulate the LPS-driven gene
expression profile
Activation of NLRP3 by butyrate and propionate required the

inhibition of HDAC activity, which, along with a relatively long
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incubation period, suggested that it required changes in tran-

scription. Therefore, we assessed the effect of SCFAs on the

LPS-mediated transcriptome in hMDM using RNA sequencing

(RNA-seq). TSA was included to define the effect of HDAC inhi-

bition on the LPS response.

The principal-component analysis demonstrated that butyrate

clustered with TSA (Figure 3A), and their gene signatures almost

completely overlapped (Figure S3A). Propionate had a similar

but weaker effect compared to butyrate and TSA (Figure 3A),

also showing an overlapping signature with butyrate (Figure S3B),

while acetate had aminimal effect (Figure 3A). Consistent with our

cytokine data, butyrate and TSA reversed the effect of the LPS-

dependent transcriptional signature, decreasing expression of

genes decreased by LPS or vice versa (Figure 3B). Notably, in

spite of histone acetylation being associated with increased

gene transcription, butyrate, TSA, andpropionate decreased tran-

scription of a similar number of genes as they increased (Fig-

ure 3C). We examined these using a gene set enrichment analysis

(GSEA) onhallmark gene sets and found that the genes decreased

by butyrate, TSA, and, to a lesser extent, propionate, were en-

riched for terms associated with the inflammatory response,

including ‘‘inflammatory cytokine response’’ and ‘‘interferon’’ (Fig-

ure 3D). In contrast, the few terms that were significantly enriched

in upregulated genes were not consistently identified among the

three treatments, indicating that no specific pathways were acti-

vated bySCFAs (Figure 3D). The correlation between the enriched

pathways from SCFAs and TSA suggested that the primary effect

of SCFAs on the LPS-driven gene signature was due to HDAC

inhibition.

The overlap in gene changes between the SCFAs and TSA

suggested that SCFA-mediated HDAC inhibition altered tran-

scription of inflammatory and interferon-related genes by modi-

fying histone acetylation. We first confirmed that incubating

hMDMs with butyrate increased total levels of acetylated lysine

27 on histone H3 (H3K27ac), a hallmark of active transcription

at enhancers and promoters (Figure S3C). We then delineated

the genomic distribution of the increase in H3K27ac by perform-

ing chromatin immunoprecipitation sequencing (ChIP-seq).

Consistent with the hyperacetylation observed by immunoblot,

butyrate increased the number of the total called peaks by

almost 4-fold (Figure S3D) and caused a general increase in

H3K27ac both at promoters and at intergenic peaks (Figure S3E).

However, the increase in H3K27ac at gene promoters was

distributed unevenly and correlated significantly with the

changes in gene expression caused by butyrate (Figure 3E).

Genes with the lowest increase in acetylation tended to show

decreased transcription and vice versa (Figure 3F). GSEA

showed that pathways enriched among downregulated genes

were also significantly enriched among genes with a low acety-

lation increase and included pathways such as ‘‘interferon,’’ ‘‘in-

flammatory response,’’ or ‘‘NF-kB’’ (Figure 3G). Genes belonging

to these pathways had less of an acetylation increase than the

average of all genes or specific subsets with high hyperacetyla-

tion (Figure 3H). Transcription factor (TF) binding motif enrich-

ment of downregulated gene promoters in RNA-seq (butyrate +

LPS vs. LPS) and the 10% of genes with the lowest H3K27ac in-

crease (butyrate + LPS vs. LPS) showed a significant enrichment

for interferon-associated TFs (Figure 3I). In contrast, enrichment
for TF binding motifs from upregulated genes or those with the

most increased H3K27ac showed general promoter-binding

TFs and no consistent pathways (Figure S3F).

To determine whether the changes seen on the RNA level re-

flected changes in protein levels, we performed proteomics on

hMDMs incubated with LPS with or without butyrate or TSA.

While we identified considerably fewer differentially regulated

proteins compared to the RNA-seq results (Figure S3G), butyrate

and TSA still clustered together by multidimensional scaling plot

(Figure S3H) and hierarchical clustering (Figure S3I). GSEA

showed that pathways similar to those in the RNA-seq data

were altered, demonstrating that the changes observed in

the RNA-seq data were also occurring on the protein level

(Figure S3J).

SCFAs decrease expression of cFLIP and XIAP
The butyrate- and TSA-dependent decrease in genes involved in

the inflammatory response was particularly interesting. Previous

studies have shown that inhibition of the NF-kB signaling

pathway, following engagement of a TLR, results in caspase-8

activation,28,29 which can, in some cases, lead to activation of

the NLRP3 inflammasome.30 Analysis of the RNA-seq dataset

revealed that butyrate and TSA decreased expression of

two key regulators of caspase-8, cFLIP (CFLAR) and X-linked in-

hibitor of apoptosis protein (XIAP) (Figure 4A). Consistent with

the global correlation between gene expression and H3K27ac

changes induced by butyrate, both the CFLAR and XIAP genes

were among the 10% with the lowest increase in promoter acet-

ylation (Figure 4B). We confirmed the decrease in expression by

qPCR, which showed that butyrate and TSA decreased tran-

scripts of both genes regardless of LPS pre-treatment

(Figure 4C).

cFLIP can be transcribed in multiple isoforms, a long isoform

(cFLIPL) or two short isoforms (cFLIPR and cFLIPS).
31 Consistent

with alterations on the RNA level, expression of both the long and

short isoforms of cFLIP were reduced in the presence of butyrate

(Figure S4A) and propionate (Figure S4B). However, neither

SCFA noticeably reduced XIAP protein levels (Figure S4B).

Correlating cFLIP and XIAP expression with IL-1b release over

time revealed that cFLIPL expression was lost as early as 4 h

(Figures 4D and 4E), correlating with the time we required for

IL-1b release (Figure 4F). In contrast, XIAP decreased across

the time course but was not completely absent until 12–16 h

(Figures 4D and 4E). To ensure that loss of cFLIP was due to

changes in gene expression, we assessed cFLIP degradation.

However, inhibitors of the proteasome had no effect on cFLIP

protein level in this time frame (Figure S4C).

Butyrate-dependent ablation of cFLIP is required for
NLRP3 inflammasome activation
The correlation between IL-1b release and the loss of cFLIP

expression suggested that it was required for NLRP3 activa-

tion. To investigate this, we expressed cFLIP in hMDMs using

lentiviral transduction, resulting in exogenous cFLIP expression

at a level comparable to the endogenous expression in the

absence of butyrate (Figure 4G). Exogenous expression of

cFLIP, but not vector alone, prevented LPS and butyrate-medi-

ated IL-1b release but had no effect on activation of the NLRC4
Cell Reports 43, 114736, September 24, 2024 5



Figure 3. SCFAs alter the LPS-mediated transcrip-

tome through HDAC inhibition and subsequent his-

tone hyperacetylation

Shown is RNA-seq analysis of hMDMs treated with either

NaCl, acetate, propionate, or butyrate (all 10 mM) or TSA

(0.5 mM) with LPS (1 ng/mL).

(A) Multidimensional scaling plot visualizing the relation-

ship between the samples. n = 3–4.

(B) Heatmap depicting relative expression values of tran-

scripts significantly changed in LPS + butyrate vs. LPS +

NaCl comparison, scaled by row.

(C) Volcano plots of genes altered by incubation with

SCFAs or TSA compared to LPS alone. Significant up- and

downregulated genes (adjusted p < 0.05 and absolute

log2(fold change) > 1) are shown in red and blue,

respectively.

(D) Gene set enrichment analysis (GSEA) performed based

on the Molecular Signatures Database, using the hallmark

gene sets. Plots show the top 10 hallmark gene sets. Bars

are colored by average log2(fold change) (log2(FC)). Bar

width represents the number of genes in the respective

gene set. A dashed line indicates the adjusted p value

threshold.

(E) Correlation between the FC of differential H3K27ac

signals at promoters (ChIP-seq) and the FC of differential

gene expression (RNA-seq) comparing butyrate + LPS vs.

LPS alone. Correlation was tested by Spearman correla-

tion coefficient (R).

(F) Distribution of the RNA-seq FC between butyrate + LPS

vs. LPS alone for genes with the 10% lowest and 10%

highest increase in H3K27ac ChIP-seq signal at pro-

moters.

(G) Normalized enrichment score from GSEA of hallmark

gene sets using either RNA-seq or H3K27ac ChIP-seq

signal for the comparison LPS + butyrate vs. LPS alone.

Only gene sets showing significance in both datasets

(false discovery rate q < 0.05) are shown.

(H) FC in H3K27ac signal at promoters of genes belonging

to gene sets negatively and positively enriched (by GSEA),

shown in blue and red, respectively. Gray shows values for

all genes.

(I) Motif enrichment analyses for downregulated genes

(RNA-seq) and the 10% of promoters with the lowest

H3K27ac increase (ChIP-seq) comparing butyrate + LPS

vs. LPS alone.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Wil-

coxon’s test.
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Figure 4. Butyrate-mediated decrease in cFLIP expression is required for NLRP3 inflammasome activation

(A) Expression of cell death-related gene expression values of transcripts significantly changed in LPS + butyrate compared to LPS + NaCl, scaled by row (n = 3).

(B) Ranking of all genes ordered by the FC in H3K27ac signal in LPS + butyrate-treated samples.

(C) CFLAR and XIAP expression assessed by qPCR; n = 6. hMDMs were treated with LPS (1 ng/mL) with or without butyrate (10 mM).

(D and E) cFLIPL and XIAP assessed by WES (D) and quantified (E); representative of n = 4.

(F) IL-1b release measured from sup from (D).

(G) hMDMs were transduced with cFLIPL or vector alone and stimulated with LPS (1 ng/mL) and/or butyrate (5 mM, 16 h) or Needle-Tox (1 mg/mL Needle-Tox,

1 mg/mL protective antigen [PA], 1.5 h). cFLIP expression assessed by WES, representative of n = 3.

(H) IL-1b release measure from sup.

Mean ±SEM are shown, each dot represents one donor. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by either one way ANOVAwith Tukey test (C) or two-way

ANOVA with �Sı́dák’s multiple-comparisons test (F and G).
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inflammasome by its activator Needle-Tox (Figure 4H), demon-

strating that loss of cFLIP was required for NLRP3 activation.

To determine whether loss of cFLIP expression was sufficient

to enable LPS-mediated NLRP3 activation, we used cFLIP-tar-
geting small interfering RNA (siRNA) to reduce cFLIP expres-

sion. cFLIP knockdown ablated cFLIP expression (Figure S4D),

which decreased viability (Figure S4E) and TNF-a secretion

(Figure S4F) but did not enable activation of NLRP3 by LPS
Cell Reports 43, 114736, September 24, 2024 7
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alone (Figure S4G). This demonstrates that, while loss of cFLIP

is required for NLRP3 activation, it is insufficient to enable it

alone.

Butyrate-mediated NLRP3 activation is dependent on
caspase-8
The requirement for loss of cFLIP expression suggested that

caspase-8 would be required for SCFA-mediated NLRP3 activa-

tion. Therefore, we assessed caspase-8 activity in hMDMs

following stimulation with LPS, butyrate, or the combination

and found that butyrate increased caspase-8 activity in both

the absence or presence of LPS (Figure 5A) and that butyrate

and propionate, but not nigericin, triggered caspase-8 cleavage

(Figure 5B). To determine whether caspase-8 was required for

NLRP3 activation, we pre-incubated hMDMs with z-IETD-FMK,

a capase-8 inhibitor, prior to stimulation with LPS and butyrate

and determined that it inhibited butyrate-mediated NLRP3 acti-

vation, as shown by IL-1b release (Figure 5C), IL-1b cleavage

(Figure 5D), and caspase-1 cleavage (Figure S5A). IETD sub-

strate cleavage occurred prior to NLRP3 activation, as it was

not inhibited by either CP-456,773 or VX-765 (Figure S5B). We

confirmed this result by knocking down caspase-8 (Figure S5C),

which ablated butyrate-mediated IL-1b release (Figure 5E), IL-1b

cleavage (Figure 5F), and caspase-1 cleavage (Figure 5F). In

contrast, it had no effect on NLRP3 activation by nigericin (Fig-

ure 5F), nor did it alter NLRP3 or pro-IL-1b protein levels

(Figure S5C).

Butyrate-mediated NLRP3 activation is restrained by
RIPK1-mediated regulation of caspase-8
A key regulator of caspase-8 activation upon inhibition of the NF-

kB signaling pathway is receptor-interacting serine/threonine-

protein kinase 1 (RIPK1). RIPK1 has both kinase-dependent

and -independent functions,32 and we investigated these using

either a RIPK1 inhibitor, Necrostatin-1 (Nec1), or reducing

RIPK1 expression with siRNA. Inhibiting RIPK1 kinase activity

with Nec1 caused a minor increase in NLRP3 activation

by LPS and butyrate (Figure S5D), demonstrating that RIPK1

activity is not required for NLRP3 activation. In contrast,

ablating RIPK1 expression using siRNA (Figure 5E) substantially

increased IL-1b release (Figure 5G) as well as IL-1b and

caspase-1 cleavage (Figure 5H) in response to LPS and butyrate.

In contrast, TNF-awas unchanged by both RIPK1 inhibition (Fig-

ure S5E) or knockdown (Figure S5F). This was contrary to our ex-

pectations, but, under certain circumstances, RIPK1 has been

shown to restrict rather than promote caspase-8 activation33.

Accordingly, we found that RIPK1 knockdown enhanced buty-

rate-mediated caspase-8 activation (Figure 5I), demonstrating

that RIPK1 negatively regulates SCFA-mediated NLRP3

activation by inhibiting caspase-8 activation. Restriction of

caspase-8 activity by RIPK1 has been described previously,

and in that case, RIPK3 was required for caspase-8 activation

(Anderton 2019). Therefore, we investigated whether RIPK3

was required for SCFA-mediated NLRP3 activation by ablating

expression with RIPK3 targeting siRNA. However, we were

only able to partially ablate RIPK3 expression by siRNA knock-

down (Figure S5G), and reduction of RIPK3 to this level had no

effect on LPS and butyrate-mediated IL-1b release (Figure S5H).
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Loss of IL-10 secretion is required for butyrate-driven
NLRP3 inflammasome activation
In addition to causing IL-1b release, butyrate decreased secre-

tion of other cytokines, including IL-6, IL-10, and IL-12p40 (Fig-

ure 1A). As our data indicated that loss of cFLIP alone was not

sufficient to trigger NLRP3 activation, we hypothesized that

further loss of other regulatory mechanisms would be required

for NLRP3 activation. IL-10, in particular, is important in main-

taining gut homeostasis, and this is partially mediated by inhibi-

tion of NLRP3 activation.34 We first confirmed that butyrate

(Figures 6A and S6A) and propionate (Figure S6B) blocked IL-

10 secretion. Furthermore, butyrate blocked IL-10 secretion

across a range of different TLR ligands (Figure S6C). Similar to

CFLAR and XIAP, the IL-10 gene locus had little increase in acet-

ylation compared to other expressed genes following butyrate

and LPS (Figure 6B). Therefore, we tested whether loss of IL-

10 was also due to HDAC inhibition. As we observed with IL-

1b release, knocking down single HDACs did not recapitulate

the SCFA-driven loss of IL-10 secretion (Figure S4D). However,

inhibition of all class 1 HDACs (Figure 6C) was sufficient to inhibit

IL-10 secretion. To determine whether loss of IL-10 secretion

was a requirement for NLRP3 activation, we treated the cells

with LPS and butyrate in the presence or absence of recombi-

nant IL-10. Pre-incubation with IL-10 completely ablated activa-

tion of NLRP3 with LPS and butyrate (Figure 6D), demonstrating

that loss of IL-10 or other cytokines that activate the same

signaling pathways is required for butyrate-mediated NLRP3

activation.

IL-10 has been shown to inhibit NLRP3 through activation of

STAT3 in a model of colitis.21 To determine whether STAT3

was inactivated by pre-treatment with butyrate and LPS, we as-

sessed its phosphorylation at Tyr705, and found that, compared

to LPS, phosphorylation was ablated by the addition of butyrate

(Figure 6E). This was also observed in response to activation of

other TLRs (Figure S6E). Notably, IL-10 rescued STAT3 phos-

phorylation at Tyr705 (Figure 6E), demonstrating that butyrate in-

hibits STAT3 activation through inhibition of cytokine transcrip-

tion. To determine whether loss of IL-10-mediated STAT3

activation was sufficient to activate NLRP3, we blocked the IL-

10 receptor or neutralized IL-10 in the presence of LPS. While

both treatments increased IL-1b release in the presence of

LPS and butyrate (Figures 6F and S6G) neither enabled IL-1b

release in the presence of LPS alone (Figures 6F and S6G) or

altered TNF-a secretion (Figures S6F and S6G). To confirm

this, we ablated STAT3 expression by knockdown (Figure 6G).

Similar to inhibition of IL-10, STAT3 knockdown increased IL-

1b release in the presence of LPS and butyrate but did not

consistently enable IL-1b release by LPS alone, though some

donors showed a small increase in IL-1b release (Figure 6G). In

contrast, TNF-a secretion was unaltered by STAT3 knockdown

(Figure 6H). These results collectively demonstrate that inhibiting

IL-10 signaling or STAT3 signaling enhances NLRP3 activation

by LPS and butyrate but is insufficient to activate NLRP3.

In other contexts, IL-10 signaling increased expression of

cFLIP through STAT3 activation,35 and somay be inhibiting buty-

rate-mediated NLRP3 activation by rescuing cFLIP expression.

To determine whether this was the case, recombinant IL-10

was added to hMDMs together with LPS in the absence or



Figure 5. Butyrate-mediated NLRP3 infla-

mmasome activation is dependent on

caspase-8 and restrained by RIPK1

(A) hMDMs were incubated with butyrate (10 mM,

16 h) with or without LPS (1 ng/mL, 16 h).

Caspase-8 activity was assessed by Caspase-Glo

assay; n = 6.

(B) hMDMs were treated with LPS (1 ng/mL),

butyrate (10 mM), propionate (10 mM), or nigericin

(10 mM). Caspase-8 cleavage was assessed by

WES; representative of n = 2.

(C and D) IL-1b measured from sup (C) and IL-1b

assessed from sup or WCL (D). Representative of

n = 3. hMDMs were treated with LPS (1 ng/mL, 16

h), with or without butyrate (10 mM, 16 h), with or

without z-IETD-FMK (5 mM, 30min), or with or

without CP-456,773 (2 mM, 30 min) and VX-765

(40 mM, 30 min).

(E and F) IL-1bmeasured from sup (n = 5) (E) and IL-

1b and caspase-1 cleavage assessed from sup and

WCL (F); representative of n = 2. hMDMs were

electroporated with either scrambled or caspase-8

siRNA and stimulated with butyrate (10 mM) with or

without LPS (1 ng/mL) and with or without nigericin

(10 mM).

(G–I) IL-1b from sup n = 5 (G) and IL-1b and

caspase-1 cleavage assessed from sup and WCL

(H); representative of n = 2, or caspase-8 activity,

n = 3 (I). hMDMs were electroporated with either

scrambled or RIPK1 siRNA stimulated with butyrate

(10 mM) with or without LPS (1 ng/mL) and with or

without nigericin (10 mM).

Mean ± SEM are shown; each dot represents one

donor. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 by either one-way ANOVAwith Tukey

test (A and C) or two-way ANOVA with �Sı́dák’s

multiple-comparisons test (E, G, and I).
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Figure 6. Loss of STAT3-activating cytokines is required for butyrate-driven NLRP3 inflammasome activation
(A) IL-10 measured from sup from hMDMs treated with butyrate (10 mM) with or without LPS (1 ng/mL).

(B) Ranking of all genes ordered by the FC in H3K27ac signal in LPS + butyrate-treated samples.

(C) IL-10 measured from sup from hMDMs treated with LPS with or without HDAC inhibitors.

(legend continued on next page)
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presence of butyrate, and the cells were assessed for cFLIP

expression. However, IL-10 did not rescue butyrate-mediated

expression of either form of cFLIP (Figure S6H), demonstrating

that IL-10-mediated inhibition of butyrate-mediated NLRP3 acti-

vation is independent of cFLIP regulation.

Butyrate-mediated NLRP3 activation does not trigger
cell death but causes gasdermin-D-independent IL-1b
secretion
Alongside IL-1b release, NLRP3 activation can also trigger lytic,

inflammatory cell death, termed pyroptosis. We assessed py-

roptosis in response to LPS and butyrate or propionate but

found, surprisingly, that there was no increase in lactate dehy-

drogenase (LDH) release, a key readout for pyroptosis (Fig-

ure 7A). In contrast, nigericin triggered LDH release dependent

on both CP-456,773 and VX-765 (Figure S7A). To confirm this,

we assessed plasma membrane integrity using an exclusion

dye. In contrast to nigericin (Figure 7B), but concordant with

the lack of LDH release, LPS and butyrate did not trigger dye

uptake or change cell morphology (Figure 7B), suggesting

that they do not undergo cell death. As we found no sign of py-

roptosis, we assessed cleavage of gasdermin D (gsdmD), the

primary effector of pyroptosis, in response to LPS and butyrate.

Consistent with our previous results, we did not detect the

active p30 C-terminal fragment of gsdmD, which was present

in hMDMs treated with LPS and nigericin. Instead, we detected

the inactive p43 fragment of gsdmD (Figure 7C).36 GsdmD

knockdown (Figure 7D) demonstrated that gsdmD was not

required for LPS and butyrate-mediated IL-1b release

(Figure 7E).

The p43 fragment of gsdmD is formed when it is cleaved by

caspase-3, which inactivates gsdmD. Therefore, we assessed

caspase-3 and caspase-7 cleavage following incubation with

LPS and butyrate and found that the active, cleaved forms of

both were present in the hMDMs (Figure 7F). Notably, activation

of caspase-3 and -7 was independent of pre-incubation with

LPS, as observed for butyrate-mediated caspase-8 activation,

demonstrating that multiple caspases are activated by butyrate.

Gasdermins other than gsdmD have been implicated in both cell

death and release of IL-1b, including gasdermin E (gsdmE),

which is cleaved and activated by caspase-3.36 As caspase-3

was also active in these cells, we assessed whether gsdmE

was cleaved into its active form but found no difference in cleav-

age between the LPS condition and either butyrate alone or

LPS and butyrate (Figure 7G), indicating that gsdmE is also not

required for IL-1b release.
(D) IL-1bmeasured from sup from hMDMs incubated with LPS (1 ng/mL) and butyr

10) (30 min).

(E) hMDMs pre-treated with rhIL-10 (100 ng/mL, 30 min) before treatment with m

STAT3(Y705), total STAT3, and b-tubulin were measured by immunoblot; repres

(F) IL-1bmeasured from sup from hMDMs pre-incubated with IL-10Ra-blocking a

16 h).

(G) hMDMs electroporated with siRNA targeting STAT3 and incubated with LPS

assayed 3 days post electroporation by WES; representative of n = 3.

(H) IL-1b and TNF-a measured from sup.

Mean ± SEM are shown; n = 3–6; each dot represents one donor. *p < 0.05, **p

comparisons test.
DISCUSSION

SCFAs contribute to both the maintenance of the epithelial bar-

rier and the programming of immune cells under steady-state

conditions.37,38 However, it is unclear what role SCFAs might

play in the immune response under conditions where the intesti-

nal barrier has become permeable. Our findings demonstrate

that the effects of SCFAs depend on the context in which they

are sensed. In contrast to the antimicrobial program engendered

by SCFAs on macrophages in steady-state conditions, we show

that butyrate and propionate instigate a pro-inflammatory pro-

gram in the presence of pathogen- and danger-associated mo-

lecular patterns. This is primarily mediated through activation of

the NLRP3 inflammasome and the subsequent release of IL-1b.

NLRP3 could be activated by exposure to butyrate or propionate

concurrent with stimulation of any TLR, demonstrating that

translocation of any pathogen-derived molecules would be suf-

ficient to trigger IL-1b release in their presence. Concurrently,

butyrate and propionate reduced expression and secretion of

many LPS-induced cytokines, including the anti-inflammatory

molecules IL-10 and IL-1RA, amplifying the effect of NLRP3-

dependent IL-1b release. Importantly, butyrate and propionate

are produced exclusively by viable bacteria and are sensed by

macrophages as danger signals. Therefore, under inflammatory

conditions, butyrate and propionate represent viability-associ-

ated pathogen-associated molecular patterns (vita-PAMPs), mi-

crobially derived products that signal bacterial viability.39 The

requirement for ongoing synthesis of SCFAs is consistent with

the two other vita-PAMPS characterized so far, cyclic di-AMP

and prokaryotic mRNA, both of which need to be actively synthe-

sized by live bacteria.40 The action of both butyrate and propio-

nate as danger signals is further evidenced by the inhibition of a

key IL-1-regulatory mechanism, IL-1RA, thus ensuring that the

IL-1b-mediated pro-inflammatory response is propagated to

trigger inflammation.

The vita-PAMP activity of butyrate and propionate is likely

to be mediated by their ability to inhibit HDACs. Inhibition

of HDACs, specifically HDACs 1–3 and 10, recapitulated both

of the effects of butyrate and propionate; namely, activation of

NLRP3 and modulation of the LPS-mediated cytokine response.

This differentiates them from the two previously described vita-

PAMPs, which are detected directly by immune receptors.

Notably, HDAC inhibition by either butyrate or TSA caused pro-

found changes in the transcriptome and, in particular, caused

the loss of transcription of two important genes required to

prevent NLRP3 inflammasome activation, CFLAR and IL10.
ate (10mM)with or without pre-incubationwith recombinant human IL-10 (rhIL-

edium, LPS (1 ng/mL, 16 h), and/or butyrate (10 mM, 16 h). Phosphorylated

entative of n = 3.

ntibody for 30min and subsequent LPS (1 ng/mL, 16 h) and/or butyrate (10mM,

(1 ng/mL, 16 h) with or without butyrate (10 mM, 16 h). STAT3 expression was

< 0.01, ***p < 0.001, ****p < 0.0001 by two-way ANOVA with �Sı́dák’s multiple-
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Figure 7. Butyrate-mediated NLRP3 activation triggers IL-1b release independent of gsdmD and cell death

(A) LDH activity measured from sup from hMDMs treated with LPS (1 ng/mL), butyrate (10 mM), or propionate (10 mM), and/or LPS (1 ng/mL, 3 h) with or without

nigericin (10 mM, 1.5 h) pre-incubated with or without CP-456,773 (2 mM, 30 min) or VX-765 (40 mM, 30 min).

(B) Fluorescence and bright-field imaging and analysis of hMDMs incubated with LPS (1 ng/mL) with or without butyrate (10 mM) for 24 h or with LPS (10 ng/mL, 3

h) and nigericin (10 mM) in the presence of the viability dye Diyo-1. Shown are representative images from t = 24 h. Quantitation of Diyo-1 positive cells shows

mean ± SD, four images/well, used to give average cell count/image/well, representative of n = 4.

(legend continued on next page)
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Reconstitution or addition of either one of these molecules was

sufficient to prevent NLRP3 inflammasome activation, demon-

strating that butyrate and propionate engage a multifaceted

program to enact NLRP3 inflammasome activation. It was

interesting to note that, counterintuitively, loss of CFLAR and

IL10 expression occurred despite increasing H3K27ac across

the genome. This suggests that HDAC inhibition results in

an altered pattern of histone acetylation caused by histone hy-

peracetylation, which may then overload the transcriptional ma-

chinery, resulting in it becoming the limiting factor for

transcription. This has been observed previously for interferon-

stimulated genes (ISGs), where butyrate and other HDAC

inhibitors cause a decrease in ISG expression.41 This study

demonstrated that histone hyperacetylation mediated by

HDAC1/2 inhibition resulted in relocalization of Brd4, an epige-

netic reader, and the elongation factor P-TEFb, to other histones

and away from ISG loci, causing loss of ISG expression. Given

the correlation between the loss of expression of cFLIP and

XIAP and the lack of increased acetylation, we suggest that

expression of these genes may be regulated by the same mech-

anism. The coupling of expression of ISG and interferon-related

genes, which are important for the response to pathogens, to

genes essential for the prevention of cell death may be a mech-

anism to ensure the cell dies if expression of ISGs is interfered

with. This is highly relevant to treatment for interferonopathies,

where HDAC inhibitors have been proposed as a potential ther-

apy. Further research exploring the link between alteration to his-

tone acetylation and cell death could potentially lead to a better

understanding of epigenetic modulation in both pathogen-medi-

ated cell death and HDAC inhibitors as a therapy for auto-inflam-

matory and immune disorders.

In addition to inhibiting expression of cFLIP, butyrate-medi-

ated NLRP3 activation also required loss of IL-10 expression

and secretion. This effect was also likely to be mediated by

HDAC inhibition and subsequent loss of transcriptional ma-

chinery at the IL-10 locus, as it was also not highly hyperace-

tylated following treatment with butyrate. IL-10 regulated

NLRP3 activation by controlling activation of STAT3, as loss

of STAT3 in hMDM resulted in spontaneous NLRP3 activation

following incubation with LPS. It was interesting to note here

that inhibition of NLRP3 by IL-10 was independent of regula-

tion of cFLIP, implying that the IL-10/STAT3 axis regulates

NLRP3 activation independent of caspase-8 activity. This sug-

gests that the presence of IL-10, rather than regulating cell

death, will dictate whether caspase-8 dependent cell death is

inflammatory, based on whether it activates apoptosis, an

immunologically silent form of death, or leads to continued

IL-1b release. It also demonstrates that SCFA-driven NLRP3

activation requires multiple, different perturbations of the LPS

transcriptome.
(C) hMDMs treatedwithmedium, LPS (1 ng/mL), or butyrate (10mM) for 16 h or LP

from WCL by immunoblot; representative of n = 3.

(D) hMDMs electroporated with either scrambled siRNA or gsdmD siRNA. Gsdm

(E) IL-1b measured from sup from hMDMs treated as in (C).

(F and G) hMDMs treated as in (B) were analyzed for cleaved caspase-3 or cleav

n = 2.

Mean ± SEM are shown; n = 3–5; each dot represents one donor.
The loss of cFLIP expression enabled activation of caspase-8,

which was required to subsequently trigger the NLRP3 inflam-

masome. Caspase-8 activation is a crucial cellular defense

mechanism to guard against pathogen-mediated inhibition of

the NF-kB-mediated inflammatory response.42 Indeed, inhibition

of TAK1, an essential kinase in the NF-kB signaling pathway, is

sufficient to trigger caspase-8-dependent cell death through

loss of cFLIP expression.43 However, beyond inhibition of this

signaling cascade, it is unclear how other mechanisms that inter-

fere with expression of inflammatory genes trigger caspase-8

activation. Here we show that epigenetically mediated loss of

cFLIP is a new pathway through which this can occur. Further

research focusing on pathogen-mediated loss of transcription

and translation generally, or specifically for cFLIP, can lead to

cell death and promote immunity.

The absence of potassium efflux, ASC speck formation, and

cell death accompanying butyrate-mediated NLRP3 activation

was surprising. This is reminiscent of the alternative pathway

of NLRP3 activation triggered by LPS in monocytes24 or

NLRP3 hyperactivation in response to oxidized PAPC (ox-

PAPC),44 where the cells also release IL-1b without the accom-

panying cell death. Indeed, despite butyrate-mediated activation

of caspase-1, -3, and -7, IL-1b release was independent of

gsdmD and gsdmE, consistent with the cells not becoming

permeable to the exclusion dye, suggesting that pore-forming

proteins are not involved in IL-1b release. It is unclear how IL-

1b is released in response to butyrate, though one possibility is

the non-classical secretion pathway, which is reliant on the

autophagy system and has been shown to release IL-1b in other

contexts.45 Alternatively, it has been shown recently that cleaved

IL-1b could be translocated to the Golgi and secreted through

the canonical secretion pathway.46 Further research will be

required to delineate the exact mechanism, as well as how the

hMDMs survive in spite of having multiple active caspases.

Our results also go some way toward explaining the opposing

effects of dietary fiber and SCFAs in IBD, as studies have sug-

gested both beneficial and detrimental effects on the gut health

in patients with IBD and in mouse colitis models.11 They suggest

that the timing of the SCFA generation will have an impact on

whether they function in an anti- or pro-inflammatory manner.

SCFAs that are generated once the intestinal epithelial barrier

has been breached and TLR ligands and pro-inflammatory cyto-

kines, including TNF-a, are present and would result in NLRP3

inflammasome activation, thus contributing to the pathogenesis

of IBD rather than suppressing it. This would be exacerbated by

the SCFA-driven loss of other cytokines, particularly IL-10, and

the subsequent absence of STAT3 activation. Further research

examining the role of fiber in different stages of IBD will help to

elucidate in what contexts they are beneficial and when they

may be detrimental.
S (1 ng/mL, 3 h) and nigericin (10 mM, 1.5 h). GsdmDand b-actin weremeasured

D and b-actin were measured from WCL by WES.

ed caspase-7 (F) or gsdmE (G) from WCL by immunoblot; all representative of
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Limitations of the study
In this study, we demonstrated NLRP3 inflammasome activation

in human macrophages upon stimulation with the SCFAs buty-

rate and propionate. Both butyrate and propionate were used

at a concentration of 1–10 mM to stimulate NLRP3 inflamma-

some activation, but effects at concentrations lower than 1 mM

were not examined, with the exception of the effect of SCFAs

on IL-10. Therefore, the mechanism we describe will be relevant

to sites in the body where these concentrations are generated,

including the small and large intestine and the buccal cavity. In

contrast, plasma levels of SCFAs in the micromolar range have

been reported. Furthermore, due to known differences in

NLRP3 inflammasome activation between the human and mu-

rine system, the study was conducted with primary human cells

isolated from buffy coats, and so the mechanism we describe is

relevant to the human system. As a consequence, we did not use

murine models of IBD or provide evidence for the in vivo role of

SCFA sensing and HDAC inhibition. Further studies will be

required to prove these pathways in an in vivo context.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

beta-Actin Licor 926–42212

beta-Tubulin Cell Signaling Technology 2128S

NLRP3 (D4D8T) Cell Signaling Technology 15101S

IL-1beta R&D systems BAF201

XIAP Cell Signaling Technology 2042

cFLIP (D5J1E) Cell Signaling Technology 56343

Pro-IL-1b abcam Ab2105

Cleaved Caspase-1 (ASP297) Cell Signaling Technology 4199

Caspase-8 Cell Signaling Technology 9746

RIPK1 Cell Signaling Technology D94C12

cleaved Caspase-3 (Asp175) Cell Signaling Technology 9664

cleaved caspase-7(Asp198) Cell Signaling Technology 9491

HDAC1 Pierce PA1-860

HDAC2 Cell Signaling Technology 2540S

HDAC3 Cell Signaling Technology 85057S

STAT3 Cell Signaling Technology 9132

p-STAT3 Cell Signaling Technology 9145

Gasdermin D Sigma (Atlas) HPA044487

DFNA5/GSDME Abcam ab215191

Histone 3 Cell Signaling Technology 9715S

H3K27Ac Cell Signaling Technology 8173

H3K27Ac Abcam ab4729

NFkB (p65) Cell Signaling Technology 6956

pNFkB (p65) Cell Signaling Technology 4764S

IL-10 Neutralisation Antibody R&D Systems MAB217

Anti-rabbit IRDye 680RD Li-Cor 926–68073

ASC Biolegend HASC-71

Anti-mouse IRDye 800CW Li-Cor 926–32212

Anti-mouse IRDye 680RD Li-Cor 926–68072

Anti-rabbit IRDye 800CW Li-Cor 926–32213

Anti-rabbit IRDye 680RD Li-Cor 926–68073

Bacterial and virus strains

DH5a LifeTechnologies 18265017

DH10a ThermoFischer EC0113

Biological samples

Buffy coat Unikliniken Bonn Blood donation center N/A

Chemicals, peptides, and recombinant proteins

DMEM Medium Thermo Fisher 12634010

RPMI 1640 Medium Thermo Fisher 21875–091

DPBS Thermo Fisher 14190–169

FCS Thermo Fisher 10270106/3475027 S2

PenStrep Lifetechnologies 15140–122

Ficoll–Paque PLUS GE Healthcare 17-1440-03

CD14 MicroBeads UltraPure (human) Miltenyi Biotech 130-118-906

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

rhGM-CSF ImmunoTools 11343125

GlutaMAX Thermo Fisher 35050–038

Sodium pyruvate Thermo Fisher 11360039

LPS ultrapure EB Invivogen tlrl-smlps

Sodium butyrate Sigma 303410

cOmplete EDTA-free Protease Inhibitor Cocktail Tablet Roche 4693132001

PhosStop Easypack Phosphatase Inhibitor Cocktail Tablets Sigma-Aldrich 4906837001

Tris-HCl Sigma T2694-100mL

NaCl VWR 1.06404.5000

EDTA Sigma 03690-100mL

Triton X-100 Carl Roth 3051,3

Glycerol Merck 8.18709.1000

SDS Sigma L4509

Deoxycholate Sigma 30970-100G

NuPAGE LDS sample Buffer (4x) Invitrogen NP0008

PierceTM DTT (Dithiothreitol), No-WeighTM Format Thermo Fisher A39255

PageRuler Plus Prestained Protein Ladder ThermoScientific 26619

NuPAGE Mops SDS running buffer 20x Invitrogen NP0001-02

NuPAGE Mes SDS running buffer 20x Invitrogen NP0002-02

Anti-Rabbit Detection Module for Jess/Wes Biotechne DM-001

Anti-Mouse Detection Module for Jess/Wes Biotechne DM-002

Anti-Goat Detection Module for Jess/Wes Biotechne DM-006

Nigericin (Sodium salt), 10mg Cayman Chemical Cay11437-10

Emricasan Sigma/Merck SML2227-25MG

Necrostatin-1 Tocris 2324

CP-456 Tocris 5479/10

16% Formaldehyde (w/v), Methanol-free ThermoFisher 28908

FcR Blocking Reagent, human Milltenyi 130-059-901

CytoVistaTM Permeabilization Buffer Thermo Fisher V11313

Hoechst 34580 Thermo Fisher H21486

Sodium Acetate Sigma S6636-250G

Sodium Propionate Sigma P5436-100G

TSA in DMSO (Trichostatin A) Merck T1952

Trizol Thermo Fisher 15596018

RNeasy Mini Kit Qiagen 74104

TruSeq RNA Sample Preparation Kit v2 Illumina RS-122-2001

SPRIBeads Beckman-Coulter A47942

KAPA Library Quantification Kits Kapa Biosystems 07960140001

Acetone (HPLC) Fischer Thermo Fisher 10417440

Sodium Deoxycholate R97% 100g (SDC) Merck D6750-100G

5 mL - Bond-BreakerTM TCEP Solution, Neutral pH Thermo Fisher 77720

BCA Protein Assay Kit Thermo Fisher 23227

Trypsin/Lys-C Mix, Mass Spec Grade Promega V5072

CDS EmporeTM SDB-RPS Extraction Disks, 4.7 cm diameter affinisep SPE-Disks-Bio-RPS-M-47.20

Pierce Acetonitrile (ACN) Thermo Fisher TS-51101

PierceTM Trifluoressigsäure (TFA) Thermo Fisher 85183

ReproSil-Pur 120 C18-AQ, 1.9 mm beads Dr. Maisch r119.b9.

Formic Acid (FA) Sigma 5330020050

Human IL1 beta HTRF kit Cisbio 62HIL1BPEH

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human IL10 HTRF kit Cisbio 6FH10PEB

Human TNF alpha HTRF kit Cisbio 62HTNFAPEH

Human Monocyte Isolation kit Stemcell 19059

CyQUANT LDH cytotoxicity assay kit Thermo Fisher C20301

VX-765 Selleckchem S2228

Pam3CSK4 Invitrogen tlrl-pms

Flagellin Invitrogen tlrl-bsfla

R848 Invitrogen tlrl-r848-5

Panobinostat (LBH589) Biomol B2764-Cay13280-5

SR-4370 Biomol Cay25543-1

Abexinostat (PCI-24781) Biomol Cay20059-1

TMP195 Biomol Cay23242-1

Fimepinostat (CUDC-907) Biomol Cay25651-5

Quisinostat (JNJ-26481585) Biomol B2764-Cay14088-1

Vorinostat (SAHA) Biomol SML0061

Tubacin Biomol SML0065

LMK-235 Biomol SML1053

SIS17 Biomol B7235-A18463-5

Z-IETD-FMK R&D Systems FMK007

rhIL-10 Immunotools 11340105

rhIL-6 Immunotools 11340066

Bortezomib PS-341 Selleckchem S1013

PureLink HiPure Plasmid Filter Maxiprep Kit Thermo Fisher K210017

PureLinkTM Quick Gel Extraction Kit-50 Thermo Fisher K210012

PureLink Quick Plasmid Miniprep Kit (250) Thermo Fisher K210011

FastDigest NotI Thermo Fisher FD0596

FastDigest� AscI (SgsI) Thermo Fisher FD1894

Fast SYBR Green Master Mix Applied Biosystems 4385612

Oligo (dT)18 primer Thermo Fisher S0132

dNTPs Thermo Fisher R0192

Diyo-1 VWR 76482–918

DRAQ-7 Thermo Fisher D15106

SuperScript III Reverse Transcriptase Thermo Fisher 18080–044

Protein G Dynabeads Invitrogen 10003D

Proteinase K Qiagen 1014023

ChIP DNA Clean & Concentrator Kit Zymo D5205

NEBNext Ultra DNA Library Prep kit New England Labs E7645

Experimental models: Cell lines

HEK-293T cells ATCC CRL-3216TM

Deposited data

RNA-seq and ChIP-seq data from Figure 3 Gene Expression Omnibus GSE248579

Consumables

m-slide 8 well ibi-treat, tissue culture treated, sterile Ibidi 80826

NuPAGE Novex 4–12% Bis-Tris Gels (1.0-mm thick, 15-well) Invitrogen NP0323BOX

NuPAGE Novex 10% Bis-Tris Protein Gels, 1.5 mm, 10 well Invitrogen NP0315BOX

6-well Nunclon delta surface Thermo Fisher 140685

12-well tissue culture plate Sarstedt 83.3921

24-well tissue culture plate Sarstedt 83.3922

96-well tissue culture plate Thermo Fisher 08-772-3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

384-well F-bottom plate, white Labomedic 784075

Nunc 384-Well Clear Polystyrene Plates

with Nontreated Surface

Thermo Fisher 262160

Oligonucleotides

Silencer TM Select Negative Control No. 1 siRNA Thermo Fisher 4390843

Silencer TM Select siRNA NLRP3 human s41554 Thermo Fisher 4392420

Silencer TM Select siRNA NLRP3 human s41556 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC1 human s73 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC1 human s74 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC2 human s6495 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC2 human s6493 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC3 human s16876 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC3 human s16877 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC4 human s18839 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC4 human s18839 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC5 human s19462 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC5 human s19463 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC6 human s19459 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC6 human s19461 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC7 human s28336 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC7 human s28335 Thermo Fisher 4392420

Silencer TM Select siRNA HDAC8 human s31698 Thermo Fisher 4390824

Silencer TM Select siRNA HDAC8 human s31697 Thermo Fisher 4390824

Silencer TM Select siRNA RIPK3 human s21740 Thermo Fisher 4392420

Silencer TM Select siRNA RIPK3 human s21742 Thermo Fisher 4392420

Silencer TM Select siRNA CFLAR human s229912 Thermo Fisher 4392420

Silencer TM Select siRNA CFLAR human s16864 Thermo Fisher 4392420

Silencer TM Select siRNA Caspase-8 human s2426 Thermo Fisher 4390824

Silencer TM Select siRNA Caspase-8 human s2427 Thermo Fisher 4390824

Silencer TM Select siRNA Gasdermin D human s36339 Thermo Fisher 4392420

qPCR Primer hHPRT-Fw:

TCAGGCAGTATAATCCAAAGATGGT

Metabion N/A

qPCR Primer hHPRT-Rv:

AGTCTGGCTTATATCCAACACTTCG

Metabion N/A

qPCR Primer hZBP-1-Fw:

AACATGCAGCTACAATTCCAGA

Metabion N/A

qPCR Primer hZBP-1-Rv:

AGTCTCGGTTCACATCTTTTGC

Metabion N/A

AscI-frame T-Kozak-CFlar fwd: GGCGCGCCTG

CCACCATGTCTGCTGAAGTCATCCATC

Metabion N/A

NotI-CFlar rev: GCGGCCGCTGTGTAGG

AGAGGATAAGTTTCTTTC

Metabion N/A

Recombinant DNA

psPAX2-Gag-Pol CMV Enhancer-Chicken Beta Actin-

GagPol-RRE-Rabbit Globulin Terminator

– N/A

pMD2.G CMV Enhancer-CMV-VSVG-Human

beta Globulin Terminator

– N/A

pInducer20 minus mPGK-hCflar wt v5-T2A-

mCherry-hPGK-Puromycin

CFLAR insert from Addgene #82936

pInducer20 minus mPGK-MCS-T2A-

mCherry-hPGK-Puromycin

– N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Compass for Simple Western Protein simple N/A

IncuCyte analysis software Sartorius N/A

Cell profiler 3.0 CellProfiler N/A

CASAVA v1.8.2 Illumina N/A

MaxQuant 1.5.5.2 MaxQuant N/A

Perseus v1.5.5.5 MaxQuant N/A

Other

SpectraMax i3 Molecular Devices N/A

Neon Transfection System Invitrogen MPK5000

Wes Bio-Techne N/A

Odyssey Scanner LI-COR N/A

IncuCyte Sartorius N/A

Observer Z1 epifluorescence microscope Zeiss N/A

Nansluodrop 2000 Spectrometer Thermo Scientific N/A

Tapestation 2200 Agilent N/A

HiSeq1500 Illumina N/A

Bioruptor Diagenode N/A

EASYnLC 1200 system Thermo Fisher N/A

Q Exactive HFX Thermo Fisher N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Monocyte for use or differentiation into macrophages were obtained from buffy coats from healthy donors according to protocols

accepted by the institutional review board at the University of Bonn (local ethics votes Lfd. Nr. 075/14). Due to privacy restrictions

age and sex of donors was not available and so not recorded.

METHOD DETAILS

Isolation and culturing of primary human macrophages
Human PBMCs were obtained from buffy coat by density gradient centrifugation in Ficoll–Paque PLUS (GE Healthcare). PBMCs

were incubated at 4�C with magnetic microbeads conjugated to monoclonal anti-human CD14 Abs (Miltenyi Biotec) and isolated

by positive magnetic selection according to manufacturer’s instructions (Miltenyi Biotec). Primary human macrophages were

generated through differentiation of CD14+ monocytes with 500 U/mL of recombinant human GM-CSF (ImmunoTools) in RPMI

1640 medium (Life Technologies) containing 10% FBS (Thermo Fisher), 1% penicillin/streptomycin, 1 3 GlutaMAX, and 1 3 so-

dium pyruvate (both from Life Technologies) for 3 days. Human monocytes-derived macrophages (hMDM) were cultured in RPMI

1640 medium (Life Technologies) containing 10% FBS (Thermo Fisher), 1% penicillin/streptomycin, 1 3 GlutaMAX, and 1 3 so-

dium pyruvate.

Inflammasome stimulation
For inflammasome stimulation assays hMDMwere incubated with LPS (1 ng/mL) and SCFAs (0.1–10mM) for 16 h prior to harvesting.

For nigericin and needletox stimulation hMDM were stimulated O/N with LPS (1 ng/mL) before stimulation on the following day with

nigericin (8 mM) or needletox (Lfn-PrgI 10 ng/mL, PA 10 ng/mL) for 1.5 h prior to sample harvesting. For Figure S2C, the HDAC in-

hibitors and butyrate were added simultaneously to the hMDM along with LPS.

Measurement of cytokine secretion
1 x 105 hMDM/well were seeded in a 96-well plate in 100 mL. 50 mL of LPS and/or SCFAs (0.1–10mM) were added simultaneously and

the hMDM incubated for 16 h. 100 mL of cell-free supernatant was collected. The cytokine concentration was determined by HTRF or

ELISA according to the manufacturer’s instructions. For some measurements, Bio-Plex Pro Human Cytokine 27-plex Assay kit was

used according to the manufacturer’s instructions.
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Caspase-8 activity assay
1.5 x 105 hMDM/well were seeded into white 96-well plate in 100 mL (Figure 5A), or 0.5 x 105 hMDM/well in 60ul (Figure 5I). 100 mL or

40ul of the indicated stimuli were added to the cells. Cells were incubated for 16 h, or 1.5 h for nigericin. Afterward, the plate was

centrifuged for 5 min at 340 x g and supernatants were collected for the measurement of cytokines. The cells were washed once

with PBS. Then 25 mL caspase-8 Glo assay buffer containing MG-312 were added to the cells immediately. After the samples

were incubated for 30–60 min in dark, the luminescent signal was measured at 470 nm by a SpectraMax i3 system.

Lactate dehydrogenase (LDH) assay
To determine the cell viability of hMDM in response to the treatment with LPS and butyrate, the activity of released LDH in the su-

pernatants were measured and quantified as an indicator of cell death. 1 x 105 hMDM were seeded into 96-well plates in 100 mL

RPMI 1640 medium containing 0.1% FCS. Another 100 mL indicated stimuli were added to and cultured with the cells for 16 h, after

which the plate was centrifugated for 5 min at 340 x g to remove non-adherent cells from the supernatants. Meanwhile, 200 mL 1 x

lysis buffer provided by the kit (Pierce LDH cytotoxicity Assay) were used to lyse the control cells as positive control. Afterwards,

25 mL supernatants and 25 mL LDH assay buffer were transferred and mixed in a transparent 384-well plate and incubated for

30 min in the dark. Then the absorbance was measured at 490 nm and 680 nm by a SpectraMax i3 system.

Small interfering RNA (siRNA) electroporation in primary human macrophages
All the siRNA-mediated knockdown experiments in primary human macrophages were performed by electroporation using a Neon

Transfection System (MPK5000; Invitrogen). Each reaction used 1.2–1.5 x 106 hMDM, which were mixed with 10 mL buffer R and 75

pmol (1.5 mL) siRNA. Subsequently, the samples were taken up using a 10 mL Neon Pipette Tip and electroporated with the following

protocol: 1400 V, 20 ms, 2 pulses. The electroporated cells were cultured in 10% FCS RPMI medium without antibiotics for 3 days or

overnight for the cFLIP knock down. For some of the siRNAs with low knockdown efficiency, cells had to be electroporated again at

day 3 after the first electroporation and cultured in 10% FCS RPMI medium without antibiotics for another 2 days. 0.5–1 x 106 cells

were lysed by 30 mL RIPA buffer containing cOmpleteTM EDTA-free protease inhibitor and phosphatase inhibitor to prepare the sam-

ples for the validation of siRNA-mediated knockdown efficiency by either Western blot or WES.

Cloning
CFLAR WT was cloned from addgene plasmid #82936 by PCR before using restriction enzyme digest and ligation to insert it into a

lentiviral vector containing a murine phosphoglycerate kinase 1 (PGK) promoter, as well as a C-terminal T2A followed by a mCherry

and a Puromycin selection cassette.

Lentiviral transduction of primary human macrophages
To produce the virus-containing supernatant 7x106 HEK293T cells were plated in complete DMEM in a 10 cm dish. After 16–24 h,

HEK293T cells were transfected with either a lentiviral construct encoding the gene of interest (2 mg per well) or a vector encoding

the Vpx-Vpr restriction factors47 with the pPAX2 (1 mg well), and pMD2.G (100 ng/well) plasmids using PEI MAX (Polyscience, 24765-

100). Cells were incubated at 37C, 5% CO2 for approximately 12 h, and then the media was exchanged with RPMI containing 30%

HI-FBS, and cells were incubated for another 36 h. After 36 h, the viral supernatant was collected using a 10 mL Luer-lock syringe

attached to a blunt 18G needle and then filtered using a 0.45mm filter unit into a 50mL falcon. LentiX-concentrator was added as per

manufactures instructions and the supernatant incubated overnight at 4�C. The virus was collected by centrifugation (1500xg, 50min,

4�C) and resuspended in complete RPMI. The Vpx-Vpr virus was mixed with the virus containing the gene of interest at a ratio of 1:1,

8 mg/mL polybrene was then added and the virus diluted 1:7 in complete RPMI. hMDMwere seeded for transduction the day prior to

transduction in 96 well plates, 0.4x105 cells/well and adhered overnight. The virus containing media was added to the hMDM for ap-

prox. 14 h at 37�C, 5% CO2. Following incubation, the cells were collected by centrifugation, and the virus-containing medium was

removed and replaced by complete RPMI. The experiment was performed 24 h post-transduction.

Cellular potassium quantification
Following treatment, the supernatant was removed from the hMDM, which were then washed 3x in potassium free balanced salt so-

lution (125 mM NaCl, 5 mM N-methyl-glucamine chloride, 2 mMMgCl2, 1 mM CaCl2, 10 mM Glucose, 10 mM HEPES pH 7.4.) and

lysed in 1mL of ddH2O. The cells were freeze thawed three times to lyse them, then the supernatant harvested and clarified by centri-

fugation. Potassium was measured from the clarified supernatant by ICP-MS.

Immunoblotting
Up to 13 106 cells were lysed using RIPA buffer (20 mM Tris-HCl pH 7.4, 150mMNaCl, 1 mMEDTA, 1% Triton X-100, 10% glycerol,

0.1% SDS and 0.5% deoxycholate) supplemented with PhosSTOP and complete protease inhibitors (Roche). Cell lysates were clar-

ified by centrifugation at 10,000 x g for 10 min, followed by the protein concentration quantification by BCA assay. Equal amounts of

samples for immunoblotting in NuPAGE LDS sample buffer and reducing agent were always incubated at 85�C for 10 min before

loading onto a 4–12% or 10% NuPAGE Bis-Tris gel. As a size marker, 3 mL of PageRulerTM Plus prestained protein ladder were

loaded on each gel. Samples were separated under denaturing and reducing electrophoretic conditions at 150 V in MOPS or
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MES buffer. Separated proteins were then transferred from the gel to an Immobilon-FL polyvinylidene difluoride (PVDF) membrane at

32 V for 1–1.5 h. Non-specific antibody binding to themembrane was blocked by incubation of themembrane with blocking buffer for

at least 1 h at RT. Antibodies diluted in binding buffer were incubated with the blockedmembrane overnight at 4�C.Membranes were

washed three times with TBST and then incubated with the secondary antibody for 1 h at RT in binding buffer. Membranes were then

washed twice in TBST and one last time in TBS before being developed on an Odyssey Scanner (LI-COR).

Simple Western assay on WesTM
Protein concentration of each sample was normalized using the BCA assay to 1–2 mg/mL. Four parts of the lysates were combined

with one part of the 5x Fluorescent Master Mix containing a fluorescently labeled standard, DTT and Sample Buffer, and were de-

natured by incubation at 95�C for 5 min. The samples, a biotinylated ladder, the primary antibody, streptavidin-horseradish perox-

idase (HRP), the secondary antibody, the chemiluminescent substrate, and wash buffer were loaded, as indicated by the manufac-

turer, into a microplate pre-filled with Split Running Buffer, Wash Buffer and 10x Sample Buffer. Samples were electrophoretically

separated and detected in a 25-capillary cartridge (12–230 kDa) using the following protocol: 200 s loading time of the separation

matrix, 15 s loading time of the stacking matrix, 9 s loading time of the sample, 25 min separation time of the sample at 375 V,

90 min incubation with the primary antibody and 30 min incubation with the secondary antibody. Results were analyzed with the

Compass for Simple Western software.

Live cell imaging for cell death analysis
hMDM were used to determine cell viability by live cell imaging. 3.5 x 104 cells/well were seeded into a 96-well plate in RPMI 1640

medium containing rhGM-CSF (3.1 mL/mL). Diyo-1 (1:10,000), a live cell imaging dye, was also added. Cells were allowed to reattach

for 4 h before addition of any compounds. Cell death analysis was performed after stimulating the cells with LPS (1 ng/mL) and buty-

rate (10 mM), alone or in combination, using the IncuCyte bioimaging platform, which is housed in a high humidity, 37�C, 5% CO2

incubator. LPS (10 ng/mL) was added 3 h prior to addition of nigericin (10 mM) as a positive control. Four images were captured

per well in the appropriate fluorescent channels and phase contrast every one or 2 h for 24 h. These images were analyzed using

the IncuCyte analysis software. The fluorescent count/image was averaged between four images/well. This was used to yield the

average cell count/image/well, demonstrating membrane-permeabilized cells in the case of Diyo-1. Each condition was measured

in technical duplicates for each donor.

ASC speck imaging and quantitation
200 mL of 1 x106/mL hMDMper well were seeded in 8-well ibidi slides. The cells were treated with medium, LPS (1 ng/mL) or butyrate

(10 mM), alone or in combination, for 16 h, or primed with LPS (10 ng/mL, 3 h) prior to the addition of NLRP3 inflammasome activator

Nigericin (10 mM, 1.5 h). Then, the cells were fixed with 200 mL 4% formaldehyde in PBS after 30 min incubation at room temperature,

followed by two washes with 200 mL PBS. 100 mL of mixtures containing 10 mL human FcR blocking reagent and 90 mL permeabi-

lization buffer were incubated with the cells for 10 min at 37�C. Afterward, the cells were stained with 4 mL of directly labeled anti-

ASC-647 (1:25) and incubated overnight at 4�C in the dark. To wash out the extra antibodies, the cells were washed twice with

200 mL permeabilization buffer. Subsequently, 100 mL DNA dye Hoechst diluted by PBS (1:3000) were incubated with the cells for

10 min at room temperature in the dark, followed by two washes with 200 mL PBS to remove the remaining Hoechst solution. Finally,

the cells were filled with 200 mL PBS and imaged by Observer Z1 epifluorescence microscope (ZEISS). The analysis of ASC specks

was processed by counting the number of cells using Hoechst as a nuclear marker as well as the ASC 647 signal to count the specks

to ultimately calculate the number of ASC specks per cell. This analysis was performed by using the image analyser software Cell

profiler 3.0.

Gene expression analysis by quantitative PCR (qPCR)
1 x 106 hMDM were seeded in 12-well plate and incubated with indicated stimuli for 16 h, after which 350 mL RLT lysis buffer con-

taining 1% (v/v) b-mercaptoethanol were used to lyse the cells at room temperature. RNA was isolated according to the manufac-

turer’s instructions (RNeasyMini Kit, Qiagen). Equal quantities of RNA (500–1000 ng) from each sample were reverse transcribed into

cDNA using the SuperScript III Reverse Transcriptase and oligo dT(18) primers. The qPCR was performed on the QuantStudio 6 Flex

real-time PCR system, and the relative expression of the target mRNAwas analyzed using the DDCTmethod with HPRT as the refer-

ence mRNA. For primer sequences see key resources table.

RNA-sequencing
1 x 106 GM-MDMs were treated with NaCl (10 mM), SCFAs (acetate, propionate or butyrate; 10 mM) or TSA (0.5 mM) in the presence

or absence of LPS (1 ng/mL) for 16 h and subsequently lysed in TRIZOL (Invitrogen) and total RNA was extracted using the RNeasy

Mini Kit (Qiagen) according to the manufacturer’s protocol. RNA was eluted in RNase-free water. The quality of the RNA was as-

sessed by measuring the ratio of absorbance at 260 nm and 280 nm using a Nanodrop 2000 Spectrometer (Thermo Scientific)

and by visualization of 28S and 18S band integrity on a Tapestation 2200 (Agilent). Total RNA was converted into libraries of dou-

ble-stranded cDNA molecules as a template for high-throughput sequencing using the Illumina TruSeq RNA Sample Preparation

Kit v2. Briefly, mRNA was purified from 100 to 500 ng of total RNA using poly-T oligo-attached magnetic beads. Fragmentation
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was carried out using divalent cations under elevated temperature in Illumina proprietary fragmentation buffer. First strand cDNAwas

synthesized using random oligonucleotides and SuperScript II. Second strand cDNA synthesis was subsequently performed using

DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities and

enzymes were removed. After adenylation of 30ends of DNA fragments, Illumina adaptor oligonucleotides were ligated to prepare for

hybridization. DNA fragments with ligated adaptor molecules were selectively enriched using Illumina PCR primers in a 15 cycles

PCR reaction. Size-selection and purification of cDNA fragments with preferentially 200 bp in insert length was performed using

SPRIBeads (Beckman-Coulter). Size distribution of cDNA libraries was measured using the Agilent high sensitivity DNA assay on

a Tapestation 2200 (Agilent). cDNA libraries were quantified using KAPA Library Quantification Kits (Kapa Biosystems). After cluster

generation on a cBot, 75 bp single read sequencing was performed on a HiSeq1500 and de-multiplexed using CASAVA v1.8.2.

RNA-sequencing analysis
Pre-processing of RNA-Seq data was performed by a standardized and reproducible pipeline based on the Docker system (Docker

image is available via docker hub, limesbonn/hisat2). Briefly, alignment to the human reference genome hg19 from UCSC was con-

ducted byHisat2 (Hisat2, 2.0.6) (Kim et al., 2015) using standard settings. The external gene names and Entrez gene IDsmatching the

original Ensembl gene IDs were obtained using The biomaRt package (v2.38.0) (Kinsella et al., 2011) and A DGEList object was

created using the raw counts and gene annotation using the edgeR package (v3.24.0) (Robinson et al., 2009). Since genes with

very low counts are not useful, only genes that had at least 10 reads in a worthwhile number of samples determined by the design

matrix were kept. In addition, each kept gene is required to have at least 15 reads across all the samples. Filtering was performed

using the filterByExpr function. Afterward, counts were normalised. The aim of normalisation is to remove systematic technical ef-

fects that occur in the data to ensure that technical bias has minimal impact on the results. Normalisation was done by using

TMMmethod (Robinson and Oshlack, 2010) (weighted, trimmed mean of M-values) with the application of edgeR calcNormFactors

function. In contrast to other procedures, where the proportion of each gene’s reads is computed relative to the total number of reads

and compared across all samples, here it is taken into account that different experimental conditions might express a diverse RNA

repertoire and therefore might lead to not directly comparable proportions. To put it simply, normalisation is supposed to level the

median of gene expression values across samples, assuming that the majority of genes are expressed at an equal level. After data

normalisation and with the edgeR package v3.24.0, estimateDisp was used to estimate common dispersion and tagwise dispersion

and transform the data for linear modeling. Multidimensional scaling (MDS) plot visualising the relationship between the samples

were displayed with the batch-corrected data according to all the donors. For each comparison, differentially expressed genes

(DEGs) were identified with a false discovery rate (FDR)-adjusted p-value <0.05. Differential expression analysis was also performed

with DESeq (v. 1.34.0)48 to ensure robustness, and for comparison with ChIP-seq results. Gene set enrichment analysis was per-

formed using the camera function of the limma package v3.38 (Wu and Smyth, 2012) with the hallmark gene set collections from

the Molecular Signatures Database v5.2 (Liberzon et al., 2015; Subramanian et al., 2005).

ChIP-seq
10 x 106 GM-MDMs were treated with butyrate (10 mM) in the presence or absence of LPS (1 ng/mL) for 6 h. They were cross-linked

with 1% formaldehyde, lysed and sonicated in 1% Triton, 0.1% sodium deoxycholate, 0.5% SDS, 0.2 M NaCl, 10 mM Tris, pH 7.5,

10 mM EDTA, and 1X protease inhibitor cocktail. Sonication was performed in a Covaris M220 (75% PIP, 200 CPB, 7�C, 10%DF) for

15 min in lysis buffer with 0.5% SDS. Lysates were incubated with 4 mg of H3K27ac antibody (Abcam) overnight at 4�C. For normal-

ization, 50 ng of Drosophila spike-in chromatin (53083, Active Motif) and 2 mg of spike-in antibody (61686, Active Motif) were added.

Antibody-bound chromatin was pulled down with protein G Dynabeads. Samples were washed, RNase-treated and reverse cross-

linked by incubation at 65�C in 1%SDS, 0.1MNaHCO3 and proteinase K. DNAwas purified usingChIPDNAClean &Concentrator Kit

(Zymo). Libraries were prepared using the NEBNext Ultra DNA Library Prep kit (New England Biolabs).

ChIP-seq data processing
ChIP-seq libraries were sequenced along with input libraries as paired end 150bp reads. Reads were aligned to human genome hg38

and to fruit fly genome dm6 using Bowtie2 version 2.4.4 with ‘–very-sensitive’ flag set and a minimum fragment length (-X flag) of

1000bp,49 all other parameters set to default. Normalization based on spike-in chromatin was performed within each biological repli-

cate as follows: scaling factors were calculated for each sample as the ratio of total uniquely aligned counts to Drosophila relative to

the counts in the sample containing the least number of Drosophila counts, and reads were down-sampled according to this ratio.

Quality of the ChIP-Seq libraries were assessed using ChIPQC. Duplicate reads were identified using Picard MarkDuplicates and

excluded from the downstream analysis. Genome wide coverage tracks in bigwig format were generated using DeepTools bamCo-

verage (v. 3.3.1).50 ChIP-Seq Peaks were identified by MACS2 (v. 2.2.5)50 using input libraries as control. Average ChIP-seq

signal around TSS and intergenic peaks (>5 kb from closest gene) were calculated and plotted with deepTools using bigwig files

as input (v. 3.3.1, computeMatrix and plotProfile, respectively). To quantify H3K27ac signal at promoters, ChIP-seq reads were quan-

tified at promoters (+-500 bp of transcription start site) of all genes previously analyzed by RNA-seq. Differential ChIP-signal between

samples was analyzed with DESeq2 (v. 1.34.0),48 omitting default normalization as ChIP-seq signal was already normalized by spike-

in chromatin.
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GSEA
GSEA was carried out using ranked gene lists based on RNA-seq expression (wald statistics from DESeq2 results) and on ChIP-seq

signal (log2FC of ChIP-seq counts at gene promoters). GSEA software v. 4.2.2 was usedwith a ‘classic’ scoring scheme andMSigDB

gene sets.51

Motif enrichment
Enrichment analyses of known transcription factor motifs were performed at promoters of up and downregulated genes in RNA-seq

and at the 10%of promoters with highest and lowest H3K27ac increase. Homer’s findMotifsGenome.pl program52was utilized, using

in each case all other promoters as background and a region size of 400 bp, with all other parameters set as default.

Mass spectrometry-based proteomics (MS)
1.5 x 106GM-MDMswere cultured in 1mLRPMI 1640medium in 12-well plates and challenged by indicated stimuli for 16 h. The cells

were washed twice with PBS before lysing the cells with 200 mL SDS lysis buffer containing freshly added DTT. Cell lysates were

collected into new Eppendorf tubes and boiled for 10 min. 800 mL pre-cooled acetone were mixed with the samples and then incu-

bated overnight at�20�C. Subsequently, the samples were washed twice with 80% acetone after centrifugation (19,000 x g, 20 min,

4�C). The pellets at the bottom of tubes were dried for 15 min at room temperature and stored at �80�C.
Frozen samples were resuspended in 50 mL of digestion buffer containing 1%SDC, 10mMTCEP, 55mMCAA, 25mMTris (pH = 8)

and boiled for 10 min to denature proteins. After sonication using a Bioruptor (Diagenode), protein concentration was measured via

BCA assay. 50 mg of proteins were digestedwith 1 mg Lys-C and Trypsin overnight at 37�Cand 1500 rpm. Peptideswere desalted and

purified using 2 discs of SDB-RPS material and re-suspended in 2% acetonitrile/0.1% TFA for LC-MS.

Reverse phase chromatographic separation of peptides was performed by loading approximately 200–500 ng of peptides on a

50-cm HPLC-column (75-mm inner diameter; in-house packed using ReproSil-Pur C18-AQ 1.9-mm silica beads; Dr Maisch

GmbH, Germany) coupled to an EASYnLC 1200 ultra-high-pressure systemPeptides were separatedwith a buffer system consisting

of 0.1% formic acid (buffer A) and 80% acetonitrile in 0.1% formic acid (buffer B) using a linear gradient from 5 to 30% B in 110 min.

The column temperature was set to 60�C.
The LC was coupled to a quadrupole Orbitrap mass spectrometer (Q Exactive HFX, Thermo Fisher Scientific, Rockford, IL, USA)

via a nano-electrospray ion source. The mass spectrometer was operated in a data-dependent acquisition mode, collecting MS1

spectra (60,000 resolution, 300–1650 m/z range) with an automatic gain control (AGC) target of 3E6 and a maximum ion injection

time of 20 m. The top-15 most intense ions from the MS1 scan were isolated with an isolation width of 1.4 m/z. Following higher-en-

ergy collisional dissociation (HCD) with a normalized collision energy (NCE) of 27%, MS2 spectra were collected (15,000 resolution)

with an AGC target of 5E4 and a maximum ion injection time of 28 m. Dynamic precursor exclusion was enabled with a duration

of 30 s.

MS data processing and analysis
Mass spectra were searched against the 2019 Uniprot mouse databases using MaxQuant version 1.5.5.2 with a 1% FDR at the pep-

tide and protein level. Peptides required a minimum length of seven amino acids with carbamidomethylation as a fixed modification,

and N-terminal acetylation andmethionine oxidations as variable modifications. Enzyme specificity was set as C-terminal to arginine

and lysine using trypsin as protease and a maximum of two missed cleavages were allowed in the database search. The maximum

mass tolerance for precursor and fragment ions was 4.5 ppm and 20 ppm, respectively. ‘Match between runs’ was enabled to trans-

fer peptide identifications between individual measurements with a 0.7-min window after retention time alignment. Label-free quan-

tification was performed with the MaxLFQ algorithm using a minimum ratio count of 2. Protein identifications were filtered by

removing matches to the reverse database, matches only identified by site, and common contaminants. Data filtering and Statistical

analysis was performed with Perseus v1.5.5.5, GraphPad Prism v7.03, Microsoft Excel, and R Studio v3.4.0. Data was filtered further

such that only proteins with identifications in all replicates of one cell type were retained. Missing values were imputed from a normal

distribution of intensity values at the detection limit of the mass spectrometer. Statistical analysis was performed as indicated in the

Figure legends with a constant permutation-based FDR correction at 5%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and statistical analysis was performed in R and GraphPad Prism. All statistical analysis were preceded by Normality

tests, followed by parametric tests as all data was found to be normal. The ‘n’ represents the number of unique donors that exper-

iment was performed with. p values were determined by two-way ANOVA with Tukey’s or Sidak’s tests. Values of p < 0.05 were

considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.0002, ****p < 0.0001. Data are graphed as mean; error bars show

SEM unless otherwise stated.
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