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Abstract
Background: Short-chain fatty acids (SCFAs) are fermented dietary components that

regulate immune responses, promote colonic health and suppress mast cell-mediated
diseases. However, the effects of SCFAs on human mast cell function, including the
underlying mechanisms, remain unclear. Here, we investigated the effects of the SCFAs
acetate, propionate and butyrate on mast cell-mediated pathology and human mast cell
activation, including the molecular mechanisms involved.

Method: Precision-cut lung slices (PCLS) of allergen-exposed guinea pigs were used to
assess the effects of butyrate on allergic airway contraction. Human and mouse mast
cells were co-cultured with SCFAs and assessed for degranulation after IgE- or non-IgE-
mediated stimulation. The underlying mechanisms involved were investigated using
knockout mice, small molecule inhibitors/agonists, and genomics assays.

Results: Butyrate treatment inhibited allergen-induced histamine release and airway
contraction in guinea pig PCLS. Propionate and butyrate, but not acetate, inhibited IgE
and non-lgE-mediated human or mouse mast cell degranulation in a concentration-
dependent manner. Notably, these effects were independent of the stimulation of SCFA
receptors GPR41, GPR43 or PPAR, but instead were associated with inhibition of histone
deacetylases. Transcriptome analyses revealed butyrate-induced downregulation of the
tyrosine kinases BTK, SYK and LAT, critical transducers of FceRI-mediated signals that
are essential for mast cell activation. Epigenome analyses indicated that butyrate
redistributed global histone acetylation in human mast cells, including significantly
decreased acetylation at the BTK, SYK and LAT promoter regions.

Conclusion: Known health benefits of SCFAs in allergic disease can, at least in part, be

explained by epigenetic suppression of human mast cell activation.
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Abbreviations

BMCMCs: Bone marrow—derived cultured mast cells

GO: Gene ontology

GPR: G protein-coupled receptor

HDAC: Histone deacetylase

OVA: Ovalbumin

PBCMC: Peripheral blood mononuclear cell-derived human mast cell
PCLS: Precision-cut lung slices

PPARs: Peroxisome proliferator-activated receptors
SCFA: Short-chain fatty acids

TSA: Trichostatin A

TSS: Transcription Start Site

WT: Wild-type
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Introduction

Short-chain fatty acids (SCFAs) are positive regulators of immune responses and colonic
health(1,2). The three most prevalent SCFAs, acetate, propionate and butyrate, produced
by fermentation of non-digestible dietary fiber in the gut, are known to regulate gut
integrity, colonic mobility, mucus production, and gastrointestinal pH(1,2). SCFAs are
important regulators of immune responses in human studies of IgE-mediated(3) and non-
IgE-mediated(4) food allergy and mouse models of colitis, arthritis and allergic airway
disease(5). Although mainly produced in the gut, human and mouse studies indicate
significant immunoregulatory effects of SCFAs in other tissues including the lungs(6-8),
skin(9-11) and bones(12).

Mast cells play a central role in initiating and maintaining inflammation, particularly
in allergies and asthma, in which allergen re-exposure induces IgE-mediated FceRI
aggregation on the plasma membrane, rapidly triggering mast cell degranulation(15-17).
Degranulation initiates the release of numerous inflammatory mediators(13) and
subsequent downstream signaling responses initiate the production of inflammatory
cytokines, including tumor necrosis factor-alpha (TNFa)(14,15) and interleukin 6 (IL-
6)(16). FceRI aggregation induces phosphorylation of the Linker for Activation of T cells
(LAT) adaptor molecule by the tyrosine kinases Lck/Yes-related Novel tyrosine kinase
(LYN) and spleen tyrosine kinase (SYK)(17). This signaling cascade subsequently
triggers Bruton’s tyrosine kinase (BTK) phosphorylation and activation of phospholipase
(PLC)y and protein kinase C, which increase the mobilization of calcium (Ca?*) to initiate
mast cell degranulation(17).

Mast cells are present in tissues where the body contacts the outside world(18),
including the gastrointestinal tract, the upper and lower airways and the skin. Due to their
location in the gut and vascularized tissues, mast cells are exposed to high SCFA
concentrations, reaching up to 140 mM in the colon (23, 24). Notably, diffusion and active
transport significantly reduce SCFA concentrations in human stool samples (3,19).
Importantly, SCFAs are also detectable in the blood(20,21) and previously implicated in
protection against allergic airway inflammation, although the role of mast cells was not
investigated(21).

Previous studies have suggested possible links between fiber intake, SCFA

concentrations and mast cell-mediated pathology. Butyrate has been reported to
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decrease proliferation and increase histamine content in a mouse mast cell line(22).
Butyrate also inhibits mouse mast cell degranulation and cytokine production(23) as well
as mast cell degranulation and inflammatory mediator content in the gut mucosa of
piglets(24). However, the underlying mechanistic basis for these effects of butyrate
remains unclear(25). Moreover, studies in primary human mast cells are lacking, which is
critical since significant functional and phenotypical differences exist between rodent and
human mast cells(26).

Functional effects of SCFAs are often attributed to activation of membrane
receptors GPR41 (or ‘FFAR3’) and GPR43 (or ‘FFAR2’)(5,27), the latter also expressed
by mast cells(28). Nuclear peroxisome proliferator-activated receptors (PPARs) can also
be stimulated by SCFAs, in particular butyrate(29). PPARs are expressed in mast cells
(30) and PPARYy stimulation attenuated atopic and contact dermatitis, possibly inhibiting
mast cell maturation(31). Finally, butyrate is a known inhibitor of histone deacetylases
(HDACs)(32), a class of chromatin modifying enzymes that plays key roles in
transcriptional regulation(33,34). Butyrate inhibits class | and || HDACs, but not class Il
enzymes (including the Sirtuins)(35). Dietary components, including SCFAs, were shown
to promote gut homeostasis and immunity via control of histone acetylation and
subsequent gene transcription(36,37). Furthermore, the therapeutic use of butyrate to
modulate gene expression has been employed for various diseases, including cancer(38-
41) and inflammatory disease(42-45). Notably, It was recently shown in mouse mast cells
that butyrate suppressed FceRI-dependent cytokine release, likely via inhibition of HDAC
activity, without affecting B-Hexosaminidase(46).

Here, we investigated the effects of SCFAs in a clinically relevant ex vivo model of
mast cell-mediated pathology. Importantly, using primary mouse and human mast cells
for functional assays as well as transcriptome and epigenome profiling, we have
uncovered a critical mechanism of action by which butyrate suppresses mast cell

activation.

Methods

Animals
All protocols described in this study were approved by the University of Groningen

Committee for Animal Experimentation, Groningen, The Netherlands. Guinea pigs were
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housed under a 12-hour light/dark cycle in a temperature- and humidity-controlled room
with food and tap water ad libitum. Animals were actively IgE-sensitized to ovalbumin as
described previously(72). The animals were used for experiments 4 weeks after

sensitization.

Peripheral blood mononuclear cell-derived human mast cells

Human peripheral blood mononuclear cell-derived mast cells were generated as
previously described by Gaudenzio et al.(73). Briefly, peripheral blood mononuclear cells
were obtained from buffy coats of healthy blood donors and CD34+ precursor cells were
isolated using the EasySep Human CD34 Positive Selection Kit (STEMCELL
Technologies). CD34+ cells were maintained for 4 weeks under serum-free conditions
using StemSpan medium (STEMCELL Technologies) supplemented with recombinant
human IL-6 (50 ng/ml; Peprotech), human IL-3 (10 ng/ml; Peprotech) and human Stem
Cell Factor (100 ng/mL Peprotech, Rocky Hill, NJ). Thereafter, the cells were maintained
in IMDM Glutamax |, sodium pyruvate, 2-mercaptoethanol, 0.5% BSA, insulin- 175
transferrin selenium (all from Invitrogen), ciprofloxacin (10 ug/ml; Sigma-Aldrich), IL-6 (50
ng/ml) and human Stem Cell Factor (100 ng/mL Peprotech, Rocky Hill, NJ). After 8-12
weeks, PBCMCs were tested for maturity by Giemsa or toluidine blue staining and beta-

hexosaminidase release assays (see below).

Statistical analysis

Statistical tests were performed with Graphpad Prism 7 (GraphPad Software, Inc). Two-
tailed Student’s t-tests (unpaired or paired) and one-way ANOVA tests were performed
as described in the respective figure legends. A p-value of less than 0.05 was considered

statistically significant.

A full description of all methods is available in the Supplementary Methods.
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Results

Butyrate reduces histamine release and inhibits OVA-induced airway narrowing

To mimic the mast cell-driven airway narrowing seen in asthma patients, we prepared
precision cut lung slices (PCLS) from the lower airways of guinea pigs sensitized to the
model allergen ovalbumin (OVA). Subsequent OVA challenges induced airway narrowing
in a concentration-dependent manner (Fig.1A). To assess the functional effects of
butyrate on mast cell-mediated airway contraction, we treated PCLS with different
concentrations of butyrate for 24 hours. Butyrate inhibited IgE- and allergen-induced
airway contraction in a concentration-dependent manner (Fig.1A-B). Normal tissue
viability and responsiveness were confirmed via a histamine challenge following the final
OVA challenge (Appendix S1A).

Histamine release by mast cells, and subsequent stimulation of the H1-receptor on
airway smooth muscle cells, is a common inducer of airway contraction(47,48). We
measured histamine release in our ex vivo assay and found that OVA-challenged PCLS
showed increased histamine release (Appendix S1B). Butyrate treatment of tissue slices
abolished histamine release upon OVA stimulation (Appendix S1B). The concentration-
dependent inhibition of airway narrowing by butyrate is visualized by representative
photographs in Fig.1C and in supplementary videos 1-4. Together, these data
demonstrate that butyrate inhibits IgE-dependent mast cell activation in a clinically

relevant model of allergen-induced airway narrowing.

Short-chain fatty acids propionate and butyrate inhibit primary mast cell activation

Given the continuous exposure of mast cell populations to high concentrations of acetate,
propionate and butyrate in vivo, we investigated the direct effects of these SCFA on the
activation of cultured mast cells. Murine primary bone marrow-derived mast cells and
human peripheral blood mononuclear cell-derived mast cells were incubated with
increasing concentrations of the SCFAs acetate, propionate and butyrate for 24 hours.
Propionate and butyrate, but not acetate, inhibited IgE/antigen-induced mast cell
degranulation in a concentration-dependent manner (Fig.2A). Propionate and butyrate —
but not acetate - , at millimolar concentrations, induced up to 90% inhibition of both
mouse and human mast cell degranulation after IgE/antigen-induced stimulation. Mast

cell activation induced by ionomycin was also markedly inhibited by butyrate and, to a
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lesser extent, by propionate treatment (Appendix S2A), as was degranulation triggered
by compound 48/80 or substance P (Fig.2B). In addition, mast cell secretion of IL-6, a
typical inflammatory mediator produced by activated mast cells, was inhibited by both
propionate and butyrate (Fig.2C). SCFAs did not affect total beta-hexosaminidase levels
(data not shown), did not induce spontaneous mast cell degranulation (Appendix S2A)
and did not induce cellular toxicity as measured by LDH leakage (Appendix S2B).
Together, these data show that butyrate and propionate, but not acetate, potently inhibit

both IgE and non-IgE-mediated mast cell activation.

Inhibitory effects of SCFAs on mast cell activation are independent of GPR41, GPR43
and PPAR receptors

Next, we investigated whether the inhibitory effects of SCFAs depend on signaling
through their known GPR41/43 and PPAR receptors. We found that FceRI-mediated
degranulation was highly similar in mast cells from GPR417- and GPR43” mice as
compared to wildtype (WT) mast cells (Fig.3A). Importantly, GPR41 and GPR43 were
not required for the inhibitory effects of butyrate (Fig.3A) or propionate (Appendix S3A-
B) on mast cell degranulation. In line with these observations, direct agonist stimulation
of the GPR43 receptor did not suppress mast cell degranulation (Fig.3A, right panel).
Potential signal transduction of SCFAs via GPR109a was not further pursued due to very
low expression detected in our gene expression analysis of primary human mast cells
(see below; data not shown). Exposure of mast cells to PPARa, PPARB or PPARYy
agonists also did not result in reduced mast cell degranulation (Fig.3B). Moreover, a
specific PPARy antagonist did not prevent the inhibition mast cell degranulation by
butyrate (Appendix S3C). These results indicate that the effects of SCFAs on mast cell
activity are not mediated via GPR41, GPR43 or PPAR receptor stimulation.

HDAC activity is regulated by propionate and butyrate and modulates mast cell
degranulation

SCFAs, and butyrate in particular, are known to act as inhibitors of HDAC activity.
Indeed, administration of butyrate led to attenuated HDAC activity in both human and
mouse mast cells (Fig.3C). Propionate also inhibited HDAC activity in mouse mast cells,

albeit less potently than butyrate (Appendix S3D). In mouse mast cells, inhibition of
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HDAC activity was strongest after 1 hour of incubation (Fig.3C). Trichostatin A (or TSA, a
potent pan-HDAC inhibitor) treatment also caused a significant decrease in human and
mouse mast cell degranulation (Fig.3D), with a quantitatively similar impact as SCFAs
(i.e. compared to Fig.2A). Therefore, SCFAs may regulate mast cell degranulation via

modulation of HDAC activity and, as a consequence, gene expression.

Butyrate induces gene expression changes associated with cytokine signaling and
activation of human mast cells
To assess whether butyrate treatment induced gene expression changes in primary
human mast cells, we employed microarray gene expression profiling. The effect of
butyrate on the human mast cell transcriptome was studied in non-stimulated mast cells
and anti-IgE stimulated mast cells. In non-stimulated mast cells, 1683 genes were
differentially expressed (>2-fold up- or downregulated) following butyrate treatment. Of
these genes, 735 were upregulated (43.7%) and 948 downregulated (56.3%) (Fig.4A).
To investigate the cellular functions of butyrate-regulated genes and to link such
functions to the regulatory effects of butyrate on mast cell activation, we performed a
gene ontology (GO) pathway enrichment analysis. Human mast cells treated with
butyrate for 24 h predominantly showed expression changes in genes associated with the
regulation of immune cell activation and (cytokine) signaling processes (Fig.4B). Butyrate
treatment strongly affected transcription of genes associated with mast cell activation and
FceRI signaling. 15 of 62 genes linked to the mast cell activation pathway (GO:0045576)
were found to be differently expressed, including reduced expression of the signaling
genes BTK (-2,12 fold), SYK (-2,84 fold) and LAT (-4,6 fold), each of which is essential
for full mast cell activation(49-52) (Fig.4C-D). Downregulation of these essential genes
following 24 h of butyrate treatment was validated using gPCR in human mast cells from
3 additional donors (Fig.4E). Accordingly, 24 h of butyrate exposure reduced BTK and
SYK protein levels in mouse mast cells (Appendix S4A-B). The butyrate-induced
transcriptional changes in FceRI signaling pathway genes and how they explain the
impaired mast cell response is further visualized in Appendix S4C. To further define the
roles of butyrate-targeted genes in human mast cell activation, we examined the basal
expression levels of these genes. Interestingly, genes upregulated in response to

butyrate treatment showed overall low expression levels in the vehicle-treated mast cells,
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while downregulated genes showed significantly higher expression levels prior to
treatment (Fig.4F). The 13 downregulated mast cell activation genes in particular were
highly expressed before butyrate treatment (Fig.4F, right boxplot).

In human mast cells stimulated via IgE-crosslinking, butyrate treatment also
induced a robust transcriptional response, with 1767 differentially expressed genes
following butyrate treatment (1092 upregulated and 675 downregulated, see Appendix
S5A). Similar to non-stimulated mast cells, gene expression changes were associated
with mast cell activation and cytokine production (Appendix S5B). Although butyrate
primarily induced transcriptional upregulation in stimulated mast cells, genes in pathways
associated with the activation of immune responses (e.g. mast cell activation, FceRI-
mediated signaling and cytokine production) were strongly downregulated (Appendix
S5C-D). Butyrate-induced downregulation of key mast cell activation genes BTK, SYK
and LAT also occurred in stimulated mast cells (Appendix S5E).

Finally, our microarray analysis showed that butyrate treatment regulated
expression of genes associated with asthma and bronchoconstriction (ALOX5, LTC4S
and IFNGR2)(53-57), JAK/STAT signal transduction (JAK3, STAT6), cytokine receptors
associated with different immune responses (IL2RG, IL1RL1, IL18R1, IL18RAP, CRLF2)
and the negative regulator of NFkB signaling, TNFAIP3 (Supporting Information1 -
MicroArray_Genelist). Furthermore, expression of TET2, a gene associated with
epigenetic regulation of mast cell proliferation and activation, was downregulated(58-61).
Together, these data indicate that butyrate regulates the expression of genes associated

with mast cell activation, inflammatory responses and cytokine signaling.

Butyrate triggers elevated global H3K27 acetylation but decreased acetylation at the
transcription start site of human mast cell activation genes

Acetylated histones are associated with active gene transcription and represent a major
substrate for HDACs. To assess whether butyrate-induced changes in HDAC activity
result in an altered histone acetylation landscape in mast cells, we performed ChlIP-Seq
analysis of H3 lysine 27 acetylation (H3K27Ac) - a well-characterized epigenetic
modification that recognizes active promoters and enhancers(62) - on two independent
butyrate (or vehicle) treated primary human mast cell cultures. To capture the immediate

early effects of butyrate treatment on the mast cell chromatin landscape, we analyzed

This article is protected by copyright. All rights reserved



H3K27Ac levels after 3 hours of treatment. In line with its inhibitory effect on HDAC
activity, butyrate treatment rapidly triggered increased global H3K27Ac levels, both in
terms of genome-wide acetylation coverage and enrichment peaks detected (Fig.5A-B,
shown for the KIT gene, as an example in Figure 5C). These observations were largely
independent of analysis parameter settings (Appendix S6A-B). Notably, 3 hours of
butyrate treatment predominantly triggered de novo acetylation events, with only a small
minority (~1%) of regions that completely lost H3K27Ac (Fig.5A). De novo acquisition of
H3K27Ac induced relatively modest acetylation mostly outside of or between regions that
were highly acetylated in vehicle-treated mast cells (Fig.5C, Appendix S6C-E). Thus,
butyrate exposure has a rapid and substantial impact on global mast cell histone
acetylation.

We next integrated H3K27Ac ChlP-Seq data with butyrate-induced transcriptional
changes in non-stimulated human mast cells (see Fig.4). H3K27Ac levels around the
transcription start site (TSS) of the 735 genes upregulated by butyrate treatment
remained largely unchanged (Appendix S6D), although there was a minor reduction in
peak height. In contrast, genes that were downregulated after 24 hours of butyrate
exposure showed substantial deacetylation already at 3 hours of treatment (Appendix
S6E). These included the set of 62 GO mast cell activation genes, which showed high
H3K27Ac levels in the absence of butyrate, but were rapidly deacetylated around their
TSS upon butyrate treatment (Fig.5D). Specifically, H3K27ac covering the TSS of BTK
(64% decrease), SYK (43% decrease) and LAT (70% decrease) was substantially
reduced (Fig.5E-G), correlating with their loss of expression upon butyrate treatment.

Together, these data show that exposure of mast cells to butyrate has a profound
impact on their chromatin landscape. Butyrate evokes a low-level global histone hyper-
acetylation, but also induces a specific loss of acetylated transcription-competent

chromatin around highly expressed genes critical for FceRI-mediated mast cell activation.
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Discussion

The immunomodulatory effects of SCFAs in mast cell-mediated disease, such as
allergies and asthma, have been extensively studied. While SCFAs such as butyrate
appear to suppress mast cell activity, the underlying mechanisms remain unclear and the
direct effects of SCFAs on human mast cells have not yet been explored. Here, we
validate that butyrate strongly reduces mast cell-driven airway narrowing in an ex vivo
model of mast cell-mediated bronchoconstriction. These findings were further
substantiated in a primary human mast cell culture system, as SCFAs propionate and
especially butyrate inhibited both IgE and non-IgE mediated degranulation. Importantly,
our studies in primary mast cells indicate that these effects are not dependent on the
membrane receptors GRP41 and GPR43, nor on the nuclear PPAR receptors, which all
have been implicated in mediating the biological effects of SCFAs. Instead, we show that
HDAC activity in both mouse and human mast cells can be suppressed by propionate
and butyrate, evoking a redistribution of global histone acetylation. Altered histone
acetylation included a loss of acetylation and expression at genes encoding key signaling
molecules mediating FceRI-mediated degranulation, providing a plausible mechanism for
how SCFAs can provide health benefits in the context of mast cell-mediated allergic
disease.

The SCFA levels that we found to inhibit mast cell activation in vitro or ex vivo
were non-toxic and comparable to physiological SCFA concentrations in the gut and
blood of humans(20,63) or rodents(64). Although several mechanisms have been
proposed to underlie the immunomodulatory effects of SCFAs(5,27,29,30,65), our data
indicate that mast cell suppression by SCFAs is relayed via modulation of HDAC activity,
rather than by the stimulation of membrane GPR41/43 or PPAR nuclear receptors. The
non-instantaneous (>12 h) effects of SCFAs on mast cell degranulation indicate that they
are more likely to originate from alterations in gene expression, rather than by direct
receptor stimulation. Indeed, we observed maximum HDAC inhibition directly after
butyrate incubation (1 h), followed by rapid changes in histone acetylation (3 h) and a
subsequent transcriptional silencing of FceRI signaling genes for optimal suppression of
mast cell degranulation (18-24 h). Zhang et al. recently reported that butyrate did not
affect B-Hexosaminidase release in mouse mast cells. We believe that this discrepancy

arises from the shorter exposure time (i.e. 12 h) used in this study, which is likely not
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enough to allow for the abovementioned sequence of molecular events to sufficiently
deplete the levels of FceRI signaling components or other, possibly FceRI-independent,
mediators of degranulation.

Although butyrate-induced local histone deacetylation and subsequent
transcriptional downregulation at highly expressed genes appears counterintuitive at first
glance, earlier studies have also reported gene repression induced by HDAC
inhibitors(66), particularly for highly expressed genes heavily occupied by HDACs(67-69).
Of note, HDACs were reported to boost transcription by restricting histone acetylation
specifically to the TSS(68). We postulate that HDAC inhibition by SCFAs triggers global
‘aspecific’ low level histone hyper-acetylation, especially near highly active gene loci that
are preferentially targeted by HDACs. This redistribution lowers acetylation levels at
transcription start sites, resulting in reduced mRNA expression and histone acetylation at
highly expressed genes (e.g. for BTK, Fig.5). Regulation of mast cell function by HDAC
activity is further supported by a recent study demonstrating that TSA can diminish
FceRIl-mediated cytokine production and degranulation in mouse mast cells(70).

Our analyses suggest that a strong transcriptional silencing of critical molecules
for IgE receptor-induced signal transduction, including BTK, SYK and LAT, represents
the mechanism that underlies SCFA-mediated inhibition of human mast cell activation.
Mast cells deficient in these signaling genes display reduced FceRI-mediated
degranulation(49-52). Importantly, BTK, SYK and LAT are directly upstream of JNK and
NFAT activation, potentially explaining the results of studies showing reduced JNK and
NFAT phosphorylation or binding upon butyrate treatment (23,24). Butyrate might
additionally modulate AP-1 and NF-AT DNA binding through altered histone acetylation
to suppress the late phase of mast cell activation. Whether butyrate exposure also
modulates other (unknown) regulators of mast cell activity via histone acetylation levels is
an important topic for future investigations.

The observation that butyrate prevented allergen-induced histamine release in
PCLS of OVA-sensitized guinea pigs and markedly attenuated OVA-induced airway
contraction indicates that SCFA-mediated HDAC inhibition of mast cell activation could
potentially be of therapeutic interest in allergic diseases. Comparable effects were
reported in a similar PCLS model using other HDAC inhibitors(71,72). Notably, short-term

butyrate treatment (2 hours) showed little effect on contraction of guinea pig PCLS(71),
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which parallels our findings that longer treatment with butyrate (24 hours) is needed for
demonstration of inhibitory responses.

In summary, our findings indicate that SCFAs suppress human mast cell
degranulation, cytokine production and allergen-induced airway contraction via HDAC
inhibition and the subsequent transcriptional downregulation of critical mast cell signal
transducers via an epigenetic mechanism. Hence, the acknowledged health benefits of
SCFAs for allergic disease can be, in part, attributed to inhibition of mast cell activation
via histone deacetylation. Additional insight into the inhibitory mechanisms of SCFAs may
be of clinical importance and could reveal new approaches to inhibit pathogenic mast cell

activity in allergic diseases.
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Figure Legends

Figure 1. Butyrate inhibits OVA-induced airway contraction in an ex vivo model of
bronchoconstriction. A, OVA-induced reduction of airway luminal area in precision cut
lung slices (PCLS) of OVA-sensitized guinea pigs either untreated or treated with
butyrate for 24 h. B, Effect of different concentrations of butyrate on the airway luminal
area after the final OVA challenge. As a control, slices were stimulated with histamine to
induce strong contraction (1.84 mg/ml). C, Video stills depicting the effects of butyrate on
OVA-induced airway contraction in PCLS. The white scale bar indicates 500 ym. OVA
stimulation in vehicle treated PCLS induced strong airway contraction (‘control’). Note
that the airway, indicated by a yellow arrow, is located close to a blood vessel. Pre-
treatment of 5 and 25 mM butyrate inhibits OVA-induced airway contraction. Data
represent mean + SEM, statistical significance was tested using a (A) two-way ANOVA
test or (B) one-way ANOVA test: Results in A and B are pooled from 2-3 independent
experiments performed with PCLS from different animals (n=2-3).

Figure 2. Butyrate and propionate, but not acetate, inhibit IgE and non-IgE
mediated mast cell activation. A, Percentage of mast cell degranulation (as measured
by beta-hexosaminidase release) after IgE-mediated activation using either DNP-HSA or
anti-IgE stimulation in mouse and human mast cells treated with increasing
concentrations of acetate (left), propionate (middle) and butyrate (right). B, Percentage of
degranulation after IgE- and non-IgE (C48/80 or Substance P) mediated mast cell
activation in untreated or treated (5 mM butyrate, 24 h) human mast cells. C, Effects of
butyrate and propionate on IL-6 cytokine production in mouse mast cells after IgE-
mediated activation. Results are pooled from 3 independent experiments performed with
mouse or human mast cells from 3 different donors (n=3/group). Data represent mean +
SEM, statistical significance was tested using a one-way ANOVA test: #, significantly
increased compared to non-stimulated; *, Significantly decreased compared to control (P
< 0.05). *P < 0.05; ** P < 0.01; *** ## P < 0.001. NS = not significant, DNP-HSA =

Dinitrophenyl - Human Serum Albumins, Sub. P. = Substance P.
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Figure 3. The effects of SCFAs are independent of GPR41, GPR43 and PPAR
stimulation, but dependent on HDAC activity. A, Percentage of mast cell
degranulation after IgE-mediated activation in mouse mast cells from WT, GPR41-- or
GPR43- mice (left panel). Effects of a GPR43 agonist on mast cell degranulation (right
panel). B, Effect of different PPAR agonists on the percentage of degranulation via IgE-
mediated activation in mouse mast cells. C, The effect of butyrate or TSA (10 uM) on
HDAC activity in mouse and human mast cells. HDAC activity was measured by adding
cell permeable HDAC substrate containing an acetylated lysine side chain; subsequent
deacetylation by HDAC releases a detectable fluorophore. D, Percentage of
degranulation after TSA treatment (left panel: 10 — 1000 nM, right panel: 1000 nM) in
mouse and human mast cells. Results are pooled from 3 independent experiments
performed with mouse and human mast cells from 3 different donors (n=3/group). Data
represent mean + SEM, statistical significance was tested using a one-way ANOVA test
or an unpaired Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001. TSA = Trichostatin A,
Sub. P. = Substance P.

Figure 4. Butyrate induces human mast cell gene expression changes associated
with cytokine signaling and mast cell activation. A, Scatterplot comparison of gene
expression levels measured by microarray analysis in unstimulated human mast cells
either untreated or exposed to 5 mM butyrate for 24 h. Upregulated genes (>1.0 log2 fold
change) are indicated in green, downregulated genes (<-1.0 log2 fold change) in red. B,
Selected pathways that were strongly affected by butyrate treatment in unstimulated
human mast cells. Y-axis denotes P-values on a -log10 scale. C, D, Butyrate-induced
upregulation or downregulation of genes associated with the GO:0045576 — ‘Mast Cell
Activation’ pathway represented as a Venn diagram (C) or bar graph (D) in unstimulated
human mast cells treated with or without butyrate for 24 h. E, Butyrate-induced
downregulation of BTK, SYK and LAT was validated using qPCR in human mast cells
from 3 additional independent donors. F, Genes upregulated in response to 24h butyrate
treatment (compared to vehicle treated cells, indicated as 0 h) showed overall low
expression levels in vehicle treated mast cells, while downregulated genes showed
significantly higher expression levels prior to treatment. Downregulated mast cell

activation genes in particular are highly expressed before butyrate treatment (right
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boxplot). A-D, F, Results are from a single culture of human mast cells. E, Results are
pooled from 3 independent experiments performed in human mast cells from 3 different
donors. Data represent mean + SEM, statistical significance was tested using a one-way
ANOVA test: *P < 0.05; **P < 0.01; ***P < 0.001. GO = Gene ontology.

Figure 5. Butyrate induces a loss of histone acetylation at the transcription start
site of key genes involved in FceRIl-mediated signaling. A, Venn diagram depicting
the overlap in H3K27Ac enrichment peaks (reproducibly detected in both donors)
detected at Oh and 3h of butyrate treatment. Only a minority (~1%) of regions lose all
H3K27Ac signal, in contrast to de novo enrichment of 14292 unique peaks following
butyrate treatment. B, Butyrate treatment induces elevated megabases (Mb) of genome
covered by H3K27Ac. C, Genome browser view of histone 3 lysine 27 acetylation
(H3K27Ac) levels at the KIT locus, as measured by ChIP-Seq before and after 3h of 5
mM butyrate exposure. D, Average H3K27Ac levels around the TSS of mast cell
activation genes downregulated by 24 hours of butyrate exposure (see Fig.4D). E-G,
Genome browser views depicting H3K27ac levels across loci encoding key signaling
molecules involved in FceRI-mediated signaling. TSS regions show reduced acetylation
levels for BTK (64% decrease), SYK (43% decrease) and LAT (70% decrease),
correlating with their loss of expression upon butyrate treatment. Similar results were
obtained using mast cells from 2 independent cultures of 2 different donors; data

obtained from donor 2 is shown. TSS = transcription start site.
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Supplementary Methods

Animals

Outbred, male, specified pathogen-free Dunkin Hartley guinea pigs (Envigo, Horst,
NL) (600-800 g) were used. All protocols described in this study were approved by
the University of Groningen Committee for Animal Experimentation, Groningen, The
Netherlands. The animals were housed under a 12-hour light/dark cycle in a
temperature- and humidity-controlled room with food and tap water ad libitum. The
animals were actively IgE-sensitized to ovalbumin as described previously(1). Briefly,
0.5 ml of an allergen solution containing 100 pg/ml ovalbumin and 100 mg/ml
AlI(OH)3 in saline was injected intraperitoneally, while another 0.5 ml was divided
over seven intracutaneous injection sites in the proximity of lymph nodes in the
paws, lumbar regions, and the neck. The animals were used experimentally 4 weeks

after sensitization.

Precision-cut lung slices

Precision-cut lung slices (PCLS) were prepared as decribed by Maarsingh(2). Briefly,
after euthanization by injection with pentobarbital (Euthasol 20%, Produlab Pharma,
Raamsdonksveer, the Netherlands) the trachea was cannulated, and the animal was
ex-sanguinated via the aorta abdominalis. Lungs were filled through the cannula with
a low melting-point agarose solution (1.5% final concentration (Gerbu Biotechnik
GmbH, Wieblingen, Germany) containing isoproterenol (1 pM) in CaCl2 (0.9 mM),
MgS0O4 (0.4 mM), KCI (2.7 mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM), glucose (8.4
mM), NaHCO3 (13 mM), Hepes (12.6 mM), sodium pyruvate (0.5 mM), glutamine (1
mM), MEM-amino acids mixture (1:50), and MEM-vitamins mixture (1:100), pH =
7.2). Subsequently, lungs were placed on ice for at least 30 min, in order to solidify
the agarose for slicing. Tissue cores were prepared from the lobes using a rotating
sharpened metal tube (diameter 15 mm), followed by slicing the tissue in medium
composed of CaCl2 (1.8 mM), MgSO4 (0.8 mM), KCI (5.4 mM), NaCl (116.4 mM),
NaH2PO4 (1.2 mM), glucose (16.7 mM), NaHCO3 (26.1 mM), Hepes (25.2 mM), pH
= 7.2, using a tissue slicer (CompresstomeTM VF- 300 microtome, Precisionary
Instruments, San Jose CA, USA). PCLS were cut at a thickness of 500 um and
incubated in a humid atmosphere under 5% CO2/95% air at 37°C. PCLS were



washed every 30 min, 3 times with medium containing isoproterenol and once with

medium only. Afterwards slices were treated with 1, 5- or 25-mM butyrate for 24 h.

Airway narrowing assay

Guinea pig PCLS were used for mast cell-induced airway narrowing studies.
Butyrate pretreated and untreated PCLS were placed in a 24 well plate containing 1
ml medium. A plastic ring was used to immobilize the lung slice. Ovalbumin (OVA)
dose response curves (10°-10° pg/ml) were recorded, after which tissue
responsiveness was tested by histamine challenge. Using a microscope (Eclipse,
TS100; Nikon) time-lapse images (1 frame per 2 s) of the PCLS were captured. The
airway luminal area was quantified using image acquisition software (NIS-elements;

Nikon) and expressed as percentage of basal area.

Bone marrow—derived cultured mouse mast cells

As described earlier by Boesiger et al(3), mouse bone marrow—derived cultured mast
cells (BMCMCs) were obtained by maintaining the femoral bone marrow cells of 4-6-
wk-old BALB/c mice (Charles River Laboratories, Wilmington, MA) or from C57BL/6
GPRA41/43 knockout mice (kindly provided by Tobias Junt, Novartis). Cells were
maintained in conditioned complete medium, consisting of 10% heat-inactivated fetal
bovine serum (FBS; Sigma Chemical Co., St. Louis, MO), 50 uM-mercaptoethanol
(Sigma Chemical Co.), 2 mM I-glutamine (GIBCO BRL, Gaithersburg, MD) in DMEM
(GIBCO BRL), 10 ng/ml rec. IL-3 (cyt 371, Prospec) and 10 ng/ml SCF (cyt 275,
Prospec). Cells were resuspended in fresh conditioned medium one to two times per
week. After 4-5 weeks, at least 95% of cells in the culture were mast cells, as
determined by toluidine blue or May-Griinwald/Giemsa staining.

Mast cell activation assay

Mouse mast cells were cultured (if applicable) with SCFAs (Sodium Acetate (Merck,
USA), sodium butyrate (Sigma, St. Louis, MO), sodium propionate (Sigma, St. Louis,
MO) 24h prior to activation. Briefly, mature mast cells were primed with 15% of total
volume Trinitro-phenol (TNP)-specific IgE MAb (clone 26.82)) for 1 h, washed and
activated with 12.5 ng/ml DNP-HSA (Dinitrophenol-Human Serum Albumins) (Sigma,
St. Louis, MO) to crosslink receptor-bound IgE and activate the mast cells. Similarly,

PBCMCs were sensitized with human IgE (2 pg/ml, for 1 hour) and washed, followed



by stimulation with 2 ug/ml of anti-lgE. Human IgE myeloma was purchased from
Calbiochem (USA) and rabbit anti-human IgE from Bethyl Laboratories (USA). For
non-IgE mediated activation, PBCMCs were stimulated with 10 uM Substance P
(S6883, Sigma-Aldrich) or 10 uM Compound 48/80 (C2313, Sigma-Aldrich).
Degranulation was measured by the release of beta-hexosaminidase(4). Substrate
(4-MUG (Sigma, St. Louis, MO)) was added to this enzyme containing supernatant
and the product was measured after 1 h by means of fluorescence (VICTOR
Multilabel Plate Reader).

LDH Toxicity Test

Cytotoxicity was measured using the Cytotoxicity Detection KitPLUS (LDH) (Roche).
Briefly, mature mouse or human mast cells (5x1074 cells per well) were incubated in
medium with or without SCFASs for 24 h (unless stated otherwise). Thereafter, culture
plates were centrifuged at 250 x g for 10 minutes and 100 pL supernatant was
collected. 100 uL Reaction mixture was added and incubated for 30 minutes at room
temperature. Using an ELISA plate reader, absorbance was measured at 490 nm
and Lactate dehydrogenase (LDH) activity was calculated per manufacturer’s

instructions.

ELISA
To determine cytokine production and secretion, supernatant was collected 24h after
mast cell stimulation. Concentration of mouse mast cell IL-6 was determined using

an ELISA kit (eBioscience) per the manufacturer’s protocol.

Microarray gene expression analysis and pathway enrichment analyses

Human PBCMCs were treated with 5 mM butyrate (or vehicle) for 24 h, primed with 2
ug/ml Human IgE, washed 2 times with Tyrodes Buffer, stimulated with 2 ug/ml of
anti-IgE (or vehicle). After 1 h RNA was isolated using the RNeasy Micro Kit (74004,
Qiagen). Micro Array Analysis was performed using a GeneChip Human
Transcriptome Array (HuGene2.0, Affymetrix). Data were analysed using the TAC
software from Affymetrics. Pathway enrichment analysis was done using
Metascape(5) and Ingenuity Pathway Analysis (QIAGEN Bioinformatics).



Assessment of mechanisms of action of SCFA inhibition of mast cells

Involvement of GPR43, PPARa, PPARB and PPARy was investigated using the
following (ant)agonists: GPR43/FFA2 agonist (371725, Calbiochem), Fenofibrate
(S1794, Selleckchem), GWO0742 (S8020, Selleckchem), Rosiglitazone (S2556,
Selleckchem), GW6471 (G5045, Sigma-Aldrich), GSK0660 (G5797, Sigma-Aldrich),
GW9662 (S2915, Selleckchem). HDAC activity was inhibited using Trichostatin A
(TSA) (S1045, Selleckchem). HDAC activity was measured using the standard
protocol from Sigma’s InSitu HDAC activity Fluorometric Assay Kit. Briefly, mast cells
were incubated with SCFAs for 24 h, after which cell culture medium was replaced
with a cell-permeable HDAC substrate containing an acetylated lysine side chain.
Finally, developer was added to lyse the cells and cleave the deacetylated HDAC
substrate to release a fluorophore. The generated fluorescence was quantified at
ExX/Em = 368/442 nm.

ChIP-Seq and data analysis

Chromatin immunoprecipitation (ChlP) was performed as previously described(6),
with minor modifications. Per ChIP, 100k crosslinked mature primary human mast
cells were used. Sonicated chromatin was immunoprecipitated using 1 ug of anti-
H3K27Ac antibody (Abcam, Ab4729) and 25 ul BSA-blocked Protein A agarose
beads (Millipore #16-125). Illumina sequencing libraries were prepared using the
ThruPLEX DNA-Seq Kit (Rubicon Genomics) and sequenced on an lllumina
HiSeg2500 sequencer (single read 50 bp length, 17-21 million reads per sample).
Reads were aligned to the human GRCh38 genome build using HISAT2(7) with
standard parameters and parsed to HOMER(8) for downstream analyses. Tag
directories were generated for each sample with removal of duplicate reads (-tbp 1
option). BedGraph files displaying normalized counts (reads per million) were
generated for direct visualization in the UCSC Genome Browser using the
makeUCSCfile HOMER script. H3K27Ac enriched regions were identified using
HOMER findPeaks with -region -size 1000 -minDist 2500 (parameter set 1) or -
region -size 150 -minDist 370 (parameter set 2) options. Histograms of ChIP signal
were generated with the annotatePeaks script (using the -hist option). ChlP-Seq
datasets were deposited in the Gene Expression Omnibus (GEO), accession

number pending.



Western Blot

Western Blot was performed as described earlier by Yu et al. (9). In brief, after 24h

vehicle or butyrate (1, 5 or 25mM) treatment, 1.0x10A6 BMMCs were washed twice
with RPMI/1%FCS and lysed for 30min on ice in 200ul ice cold RIPA buffer (Thermo
Scientific) with Complete Protease Inhibitor/PhosStop (Roche). Next, 65ul boiling 4X

Laemmli sample buffer (Bio-Rad) and DTT (final concentration of 100mM) were

added and incubated for 5 min at 95°C. Protein extracts were separated by SDS-

PAGE and transferred overnight to a PVDF membrane. Membranes were blocked
with 5% Dry Milk and incubated overnight with antibodies (Cell Signaling, 1/2000
dilution, cat. no. 3532 (BTK), 2712 (SYK), 9166 (LAT) and 4967 (B-Actin). HRP
secondary antibodies (DAKO) were used to visualize proteins with ECLprime

(GEhealthcare) & Bio-Rad Chemidoc MP Image lab imaging software (Bio-Rad).
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Supplementary Figure Legends

Appendix S1. Histamine release measured in the supernatant of PCLS after OVA
challenge. A, Tissue viability and responsiveness of precision cut lung slices (PCLS)
was confirmed via a histamine challenge (1.84 mg/ml) following the final OVA challenge.
B, Histamine levels from PCLS lysate were set to 100%. Histamine concentration data
were pooled from 3 different PCLS per condition (n=3), originating from one sensitized
animal. Data represent mean + SEM, statistical significance was tested using a (A) two-
way ANOVA test or (B) one-way ANOVA test; *P < 0.05; **P < 0.01; ***P < 0.001. His =
Histamine, OVA = Ovalbumin.

Appendix S2. SCFAs do not induce spontaneous MC degranulation or evoke toxic
effects. A, Percentage of MC degranulation in resting, IgE-sensitized, DNP-HSA
activated and ionomycin stimulated mouse MCs, treated with increasing concentrations
of acetate (top), propionate (middle) and butyrate (bottom). B, Percentage of LDH
leakage after 24 h treatment with acetate, propionate and butyrate in mouse and human
(lower right panel) MCs. Results are pooled from 3 independent experiments performed
with mouse or human MCs from 3 different donors (n=3/group). Data represent mean *
SEM, statistical significance was tested using a one-way ANOVA test: #, significantly
increased compared to non-stimulated; *, Significantly decreased compared to control (P
< 0.05). * P < 0.05; ** P < 0.01; ** " P < 0.001. NS = not significant, LDH = Lactate
dehydrogenase, MCs = Mast Cells.

Appendix S3. The effects of SCFAs are independent of GPR41, GPR43 and PPAR
stimulation, but dependent on HDAC activity. A, B, Percentage of MC degranulation
after propionate (A) or butyrate (B), treatment and subsequent IgE-mediated activation
in mouse MCs from WT (upper panel), GPR41" (middle panel) or GPR43™ mice (lower
panel). C, Effect of different PPAR antagonists on the inhibitory effects of butyrate,
measured by percentage of degranulation via IgE-mediated MC activation in mouse
MCs. D, The effect of propionate and TSA on HDAC activity in mouse and human MCs.
HDAC activity was measured by adding cell permeable HDAC substrate containing an
acetylated lysine side chain; subsequent deacetylation by HDAC releases a detectable
fluorophore. Results are pooled from 3 independent experiments performed with mouse

and human MCs from 3 different donors (n=3/group). Data represent mean + SEM,



statistical significance was tested using a one-way ANOVA test: *P < 0.05; **P < 0.01;
***pP < 0.001. TSA = Trichostatin A, MCs = Mast Cells.

Appendix S4. Butyrate reduces expression of genes associated with MC
activation. (A) A representative Western Blot analysis of BTK, SYK and LAT levels in
BMMCs. Actin levels were used as a loading control and for normalization purposes. (B)
Quantification of Western Blot signals shown in A, using BioRad Image Lab Software.
(C) Gene expression data from human MCs treated with 5 mM butyrate for 24 h were
analyzed using Ingenuity Pathway Analysis (QIAGEN Bioinformatics). Genes that were
found downregulated are depicted in green. Based on the decreased measurement of
genes in GO:0045576 (MC activation), a precise prediction of increased (orange) or
inhibited (blue) molecule activity could be made. Results are from a single culture of

human MCs.

Appendix S5. Butyrate induces gene expression changes in stimulated human
mast cells associated with cytokine signaling and mast cell activation. A,
Scatterplot comparison of gene expression levels measured by microarray analysis in
stimulated human mast cells either untreated or exposed to 5 mM butyrate for 24 h.
Upregulated genes (>1.0 log2 fold change) are indicated in green, downregulated genes
(<-1.0 log2 fold change) in red. B, Selected pathways that were strongly affected by
butyrate treatment in stimulated human mast cells. Y-axis denotes P-values on a -log10
scale. C, D, Butyrate-induced upregulation or downregulation of genes associated with
the GO:0045576 — ‘Mast Cell Activation’ pathway represented as a Venn diagram (C) or
bar graph (D) in stimulated human mast cells. E, Butyrate-induced downregulation of
BTK, SYK and LAT was validated using gPCR in stimulated human mast cells from 3
additional independent donors. A-D, Results are from a single culture of human mast
cells. E, Results are pooled from 3 independent experiments performed in human mast
cells from 3 different donors (n=3). Data represent mean + SEM, statistical significance
was tested using a one-way ANOVA test: *P < 0.05; *P < 0.01; ***P < 0.001. GO =

Gene ontology.

Appendix S6. Butyrate triggers elevated global H3K27 acetylation in human mast
cells. A, B, Butyrate treatment induces increased qualitative global H3K27Ac levels both
in terms of enrichment peaks detected and megabases (MB) of genome covered by

acetylation using two different peak-calling parameter sets (see Supplementary



Methods). C, Average H3K27Ac signal at regions that acquire acetylation de novo upon
butyrate treatment, which involves relatively modest acetylation mostly outside of or in
between regions of high H3K27Ac levels in vehicle-treated mast cells. Results are from
2 independent cultures of 2 different donors. D, Average H3K27Ac levels around the
transcription start site (TSS) of genes upregulated by butyrate treatment remain largely
unchanged. E, By contrast, genes that were downregulated by 24 hours of butyrate
exposure showed substantial deacetylation already at 3 hours of treatment. Similar
results were obtained using mast cells from 2 independent cultures of 2 different donors;

data obtained from donor 2 is shown.

Supplementary Video’s 1-4. Butyrate inhibits OVA-induced airway contraction ex
vivo. 1, Video depiction of antigen-induced airway narrowing in vehicle treated precision
cut long slices (PCLS) of OVA-sensitized guinea pigs. On regular intervals, increasing
dosages of OVA are administered (video is fast forwarded). OVA stimulation causes
airway narrowing in a dose dependent manner in PCLS. Airways are often found close
to blood vessels, depicted in the top right corner of the video. 2, 24 h treatment of 1 mM
butyrate delays OVA induced airway narrowing. 3-4, 24 h of 5- and 25-mM butyrate
treatment completely prevents OVA induced airway narrowing. Videos are
representatives of 3 independent experiments performed with PCLS from different

animals.
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