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Abstract

Buruli ulcer is a chronic infectious disease caused by Mycobacterium ulcerans. The patho-
gen persistence in host skin is associated with the development of ulcerative and necrotic
lesions leading to permanent disabilities in most patients. However, few of diagnosed cases
Robbe-Saule M, Boucaud Y, Esnault L, et al. (2023) . L L
Type-l interferons promote innate immune are thought to resolve through an unknown self-healing process. Using in vitro and in vivo
tolerance in macrophages exposed to mouse models and M. ulcerans purified vesicles and mycolactone, we showed that the
Mycobacterium ulcerans vesicles. PLoS Pathog development of an innate immune tolerance was only specific to macrophages from mice
:)Eg)1 5’11?;;379' hitps://dol.org/10.1371/journal. able to heal spontaneously. This tolerance mechanism depends on a type | interferon
' response and can be induced by interferon beta. A type | interferon signature was further
detected during in vivo infection in mice as well as in skin samples from patients under anti-
biotics regiment. Our results indicate that type | interferon-related genes expressed in mac-

rophages may promote tolerance and healing during infection with skin damaging
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Introduction

Buruli ulcer, a chronic infectious disease caused by Mycobacterium ulcerans (M. ulcerans), is
the third most common mycobacterial disease worldwide after tuberculosis and leprosy. It is
one of the 20 neglected tropical diseases listed by the World Health Organization (WHO). It
affects hundreds of people every year, in 33 different countries, with foci in West and Central
Africa and in Australia [1]. The route of M. ulcerans transmission remains unclear, but a few
weeks after its inoculation into the human dermis it can cause a necrotizing hypodermitis,
with the appearance of an early closed lesion, such as a nodule, plaque and/or edema, progress-
ing to a late ulcerative lesion [2]. Most lesions are located on the upper or lower limbs and
their extent varies considerably, ranging from a diameter of less than 5 cm to an area covering
an entire limb.

The first major advance in our understanding of the pathogenesis of Buruli ulcer came with
the discovery of a lipid toxin, mycolactone, secreted by M. ulcerans during infection [3]. With-
out this toxin, the mycobacterium cannot colonize its hosts or cause dermal injuries [4,5].
Mycolactone toxicity is dependent on the ability of this toxin to bind Sec61, a protein located
in the endoplasmic reticulum (ER) membrane of host cells [6]. Sec61 binding enables mycolac-
tone to block the protein translocation machinery involved in the transport of newly synthe-
sized membrane and secreted proteins, inducing cell stress that eventually leads to activation
of the transcription factor ATF4 and the activation of apoptosis [7]. The Sec61-mycolactone
interaction also impedes the inflammatory response, as the toxin prevents cells from produc-
ing most secreted cytokines and membrane immune receptors [8]. This anti-inflammatory
activity has been linked to the ability of the mycobacterium to persist within host tissues with-
out clearance [9,10]. However, it is not consistent with the observed presence of a significant
inflammatory cell infiltrate around the infection site observed in patients and infected-mouse
lesions. We recently reconciled these observations by showing that mycolactone, either within
M. ulcerans or in natural extracellular vesicles (MEVs) secreted during infection, also has
inherent pro-inflammatory activity mediated by activation of the inflammasome and the
Sec61-independent secretion of IL-1 family cytokines [11,12]. MEVs, which are known to be
associated with mycobacterial pathogenesis [13], are detected in biopsy specimens from
patients with active Buruli ulcer, suggesting a key role for these vesicles in spreading inflamma-
tion [14].

M. ulcerans infection is most commonly associated with the development of necrotic
lesions in patients, leading in 25% of cases to permanent disabilities; however, about 5% of
newly diagnosed cases are thought to resolve through a self-healing process [15,16]. In either
case, the mycobacterium can remain in host tissues, detectable for several months, or even
years, if left untreated. Such persistence of the pathogen in host skin suggests that immune
cells are subject to repeated contact with mycobacterial antigens. However, the effect of these
repeated interactions on the pathogenesis of Buruli ulcer is unknown. Repeated exposure to
pathogen/damage associated molecular patterns (PAMPs/DAMPs) has been shown to induce
a form of innate immune memory in the context of other bacterial diseases [17,18]. This mem-
ory is characterized by long-lasting antigen-non-specific epigenetic reprogramming events in
innate immune cells, increasing (trained immunity) or decreasing (tolerance) the strength of
the inflammatory response relative to the initial activation. Trained immunity, associated with
an upregulation of inflammatory cytokines following repeated exposure to pathogen antigens,
has been shown to protect against several infectious diseases, including those caused by Strep-
tococcus pneumoniae, Plasmodium, Leishmania, Toxoplasma gondii and M. tuberculosis [19-
23]. It has recently been suggested that a dysregulation of trained immunity may also contrib-
ute to the detrimental inflammation observed in bacterial infections such as Lyme disease or
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during atherosclerosis [24,25]. The opposing mechanism, innate immune tolerance, protects
the host from detrimental outcomes induced by excessive inflammation. It was originally char-
acterized in response to LPS, where prior challenge with a low dose of the toxin mediates host
protection against sepsis [26,27]. Innate immune tolerance has since been studied in the con-
text of host-microbiome interactions, in particular in atherosclerosis, rheumatoid arthritis,
multiple sclerosis or diabetes [28-30]. Fine-tuning of the regulation of trained immunity and
innate immune tolerance enables the host to develop a protective immune response while
simultaneously avoiding overly exuberant responses that lead to host damage.

Our understanding of M. ulcerans infection has been bolstered by studies in mouse models,
with BALB/c or C57BL/6 mouse strains effectively mimicking the pathogenesis of Buruli ulcer
in humans. Subcutaneous inoculation of the tail or footpad of these mice with M. ulcerans
leads to edema formation after several weeks, followed by ulceration and progression toward
tissue necrosis and death. Infection stages are characterized by an accumulation of myeloid
cells around the necrotic area and the production of large amounts of inflammatory cytokines,
such as IL1f [31,32]. By contrast, another inbred mouse strain, FVB/N, exhibits spontaneous
healing after the ulcerative stage without clearance of the mycobacterium, mimicking the self-
healing process observed in a minority of patients [33]. This healing process is associated with
an accumulation of macrophages in draining lymph nodes and a decrease in inflammatory
cytokine expression. We hypothesize that repeated exposure to M. ulcerans antigens may favor
tolerance over trained immunity specifically in macrophages from FVB/N mice, thereby pre-
venting the pro-inflammatory response characteristic of BALB/c mice and instead leading to
establishment of the healing process.

Results

FVB/N mice uniquely exhibit signs of tolerance upon repeated exposure to
M. ulcerans vesicles

It is well established that about 35 days after subcutaneous infection (dpi) with M. ulcerans,
both FVB/N and BALB/c mice develop edema with signs of ulceration. After 45 days, this
ulceration progresses to irreversible necrosis in BALB/c mice, whereas it begins to regress and
ultimately heals 90 dpi in FVB/N mice [33]. The duration of disease development implies that
host cells are likely repeatedly exposed to M. ulcerans over the course of infection. We previ-
ously showed that the injection of MEVs purified from a M. ulcerans strain producing myco-
lactone (MEVs-PM) into mouse footpads induces an inflammatory response characterized by
significant swelling in BALB/c mice. Inoculation with the same number of MEV's purified
from a M. ulcerans strain unable to produce mycolactone (MEVs-NPM) does not result in
skin damage [11]. We aimed to investigate whether sustained exposure to mycobacterium
antigens affects the outcome of pathogenesis by analyzing the impact of multiple injections of
MEVs-PM on the host inflammatory response. BALB/c and FVB/N mice received PBS or
MEVs-PM footpad injections. Upon resolution of swelling, 3 days post-injection, all mice
received a second injection with MEVs-PM (Fig 1A). FVB/N mice that received a single injec-
tion of MEVs-PM displayed less swelling than the equivalently treated BALB/c mice. Exposure
to a second MEVs-PM injection induced a significantly weaker inflammatory response with
less swelling compared to the initial exposure in FVB/N mice, but not in BALB/c mice, whose
secondary response was not significantly different than their first (Fig 1B). We then performed
a histological investigation of the treated footpads, to cellularly characterize the inflammation
(Fig 1C). In either BALB/c or FVB/N mice, a single injection of MEVs-PM induces a signifi-
cant recruitment of polynuclear cells to the dermis, as well as an increased number of mono-
nuclear cells (macrophages/ lymphoid cells) as compared to PBS-treated mice (Fig 1C). In
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Fig 1. Repeated exposure to M. ulcerans vesicles containing mycolactone induces a tolerance phenotype in FVB/N
but not in BALB/c mice. (A) A schematic representation of our footpad injection model. In the first group, BALB/c
and FVB/N mice were injected with PBS, then three days later with M. ulcerans extra-cellular vesicles containing 2 ug
of mycolactone (MEVs PM). In the second group, BALB/c and FVB/N mice were injected twice with MEVs PM three
days apart. 24 hours following the last injection, the host immunological response was monitored. (B) Footpad
swelling was determined using a caliper. (C) Tissues were collected for histological analysis by Hematoxylin-phloxine-
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saffron staining. Red and blue arrows are pointing towards polynuclear cells and mononuclear cells respectively. (A, B
and C) 0, 1 and 2 refer to the mice that received PBS only, PBS then MEVs PM and MEVs PM twice respectively.
Results are expressed as means + SEM of three independent experiments (n = 3 for each condition in each
independent experiment). Statistical analysis was performed using one-way ANOVA with Tukey post-test (NS: not
significant, ***P < 0.001).

https://doi.org/10.1371/journal.ppat.1011479.g001

BALB/c mice, the second injection of MEVs-PM induces a pro-inflammatory immune
response similar in magnitude and appearance to the first injection. In contrast, FVB/n mice
injected a second time with MEVs-PM show a phenotype more closely resembling the control,
with very few polynuclear cells recruited to the dermis. These observations suggest that resi-
dent cells from FVB/N mice develop a tolerance phenotype following repeated exposure to M.
ulcerans vesicles containing mycolactone.

Macrophages from FVB/N, but not BALB/c mice develop a tolerance
phenotype following exposure to M. ulcerans vesicles plus mycolactone

We focused on macrophage responses, as these cells are crucial immune sentinels of the skin
and are present in the cell infiltrate in mouse tissues following M. ulcerans infection. Bone
marrow was extracted from BALB/c and FVB/N mice and incubated with m-CSF for 7 days to
promote macrophage differentiation. To differentiate between the effects of extracellular vesi-
cles and of mycolactone, we incubated bone marrow-derived macrophages (BMDMs) for 24
hours in the presence or absence of MEVs-NPM, with or without the addition of purified
mycolactone. We used a dose of 6 ng/mL mycolactone, as higher doses known to fully inhibit
the secretion of IL-6 or TNFa resulted in a significant increase in cell death ([8,11,34] and

S1 Fig). In agreement with previous studies (6,8,11), mycolactone decreased the production of
several soluble mediators, including both inflammatory and regulatory cytokines and simulta-
neously increased the production of IL-1p by activated macrophages (Fig 2B).The cells were
washed with PBS and restimulated with the same conditions for another 24 hours (Fig 2A).
We then analyzed the cellular immune response with Luminex assays quantifying 12 different
cytokines in the supernatant.

Following a single stimulation, the secretion profiles of BALB/c and FVB/N cells were simi-
lar. As expected, we observed significant levels of IL1a and IL1b, cytokines for which the secre-
tion does not depends on Sec61 activity, induced in the presence of mycolactone, due to the
ability of this toxin to activate the inflammasome (Fig 2B, top left) [11]. Moreover, lower lev-
els of secretion for most MEV-NPM-induced soluble factors (CXCL1, IL6, CCL3, CCL2, IL10
and TIMP1) were induced in the presence mycolactone, due to inhibition of Sec61 by the
toxin (Fig 2B, blue vs. pink).

The response of cells to two stimulations depends on the mouse strain of origin and the
presence of mycolactone. Prior exposure to MEVs-NPM decreases the overall inflammatory
response to a secondary MEV-NPM treatment independent of mouse strain (Fig 2B, blue vs.
orange). This downregulation has been associated to innate immune tolerance in studies
investigating the impact of successive TLR stimulations on the cellular inflammatory response
[35,36]. Conversely, MEVs-NPM priming in the presence of mycolactone led to significant dif-
ferences in the response to a secondary stimulation depending on the mouse strain as mea-
sured by secretion of six of the 12 cytokines tested (CXCL1, CCL3, IL-6, TNFa, IL-1a and IL-
1b) (Fig 2B). When mycolactone was added during the first stimulation, FVB/N cells still
showed reduced secretion of CXCL1, IL6, TNFo and CCL3 (Fig 2B, blue vs. green) and IL-1§
(Fig 2B, pink vs. yellow) in response to subsequent MEV's stimulation, in contrast to increas-
ing or unchanged levels in BALB/c cells. Under these conditions, secretion of IL1o did not
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Fig 2. BALB/c but not FVB/N macrophages fail to develop tolerance against M. ulcerans vesicles in the presence of mycolactone. (A) A schematic
representation of our in vitro protocol. The bone marrow from BALB/c and FVB/N mice was extracted. Collected cells were differentiated into
macrophages using m-CSF for 7 days. Macrophages were seeded into plates and incubated for 24 hours with control media or media containing vesicles
from a mycolactone deficient strain (MEVs NPM) (MOI: 20 000) +/- purified mycolactone (Myco) (6 ng/mL). Cells were washed with PBS and activated
with the same ligands for another 24 hours at which point supernatants were collected for analysis. (B) Luminex analysis was performed to measure the
levels of 12 inflammatory cytokines in the supernatant including IL1a and IL1b whose secretion is not dependent on Sec61 activity, and CXCL1, IL6,
TNFa, CCL3, CCL2, CXCL2, IL10, IL33, TIMP1 and VEGF. Bars represent the mean + SEM of at least three independent experiments. Statistical analysis
was performed using one-way ANOVA with Tukey post-test (NS = not significant, *P < 0.05, **P < 0.005, ***p<0.001).

https://doi.org/10.1371/journal.ppat.1011479.9002
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decrease significantly in FVB/N cells, but the effects still contrasted with the increased secre-
tion seen in BALB/c cells (Fig 2B, pink vs. yellow). These data suggest that, in the presence of
mycolactone, BALB/c but not FVB/N BMDMs fail to maintain the tolerance phenotype nor-
mally observed following repeated exposure to M. ulcerans vesicles. In fact, BALB/c cells exac-
erbate the immune response for some cytokines, perhaps due to trained immunity. This
difference seems to be specific to BMDMs, as similarly treated fibroblasts from BALB/c and
FVB/N mice did not show strain-specific differences in IL-6 secretion, with both showing
signs of tolerance (S2 Fig).

Inflammatory tolerance in FVB/N macrophages in the presence of
mycolactone corresponds to transcriptional differences

We investigated whether immune response differences after repeated antigen exposure could
be characterized at the transcriptional level. We used RNA sequencing of FVB/N and BALB/c
cells stimulated twice with MEVs-NPM plus mycolactone compared to cells stimulated once
with the same ligands (Fig 3A). We focused on the data obtained in the presence of mycolac-
tone, corresponding to natural infection conditions. We observed a strong and significant
decrease in expression (logFC<2, g<0.05) for 529 genes in FVB/N macrophages and 490
genes in BALB/c cells (Fig 3B, S1 Data). These genes included 94 that were exclusively down-
regulated in FVB/N macrophages and 87 that were only downregulated in BALB/c cells

(Fig 3A). Interestingly, significant pathway enrichment was present only for the downregu-
lated genes in FVB/N cells (Figs 3C, S3A-S3B), including multiple pro-inflammatory path-
ways, such as those regulating cytokine expression that are consistent with our Luminex
secretion data (e.g. IL1o, IL1B, CXCL1, TNFo and CCL3) (Figs 3D, S4).

We also investigated the genes for which expression increased in cells exposed twice to
MEVs-NPM plus mycolactone compared to cells exposed once. A strong, significant upregula-
tion (logFC>2, g<0.05) was observed for 167 genes in FVB/N macrophages and 154 genes in
BALB/c cells. These included 58 genes that were exclusively and strongly elevated in FVB/N
macrophages and 68 that were only highly upregulated in BALB/c cells (Fig 3E, S1 Data). Sig-
nificant pathway enrichment for the upregulated genes was observed only in BALB/c macro-
phages (Figs 3F, S3C-S3D), with pathways involving pro-inflammatory cytokines, consistent
with the Luminex analysis, such as IL1o. and IL6 (Figs 3G, S4). Thus, the transcriptomic pro-
file of mouse macrophages after two stimulations corresponds to the cytokine secretion pro-
files of these cells, with inflammation mostly dampened in FVB/N cells and enhanced in
BALB/c cells at the RNA and protein levels.

The induction of interferon-stimulated genes (ISGs) following initial
exposure to M. ulcerans vesicles and mycolactone allows to maintain
immune tolerance

To investigate why macrophages from FVB/N mice could reduce the expression of selected
inflammatory genes in the presence of mycolactone while macrophages from BALB/c mice
could not, we performed RNAseq to characterize the cellular response to the first stimulation.
No significant differences in gene expression were observed when comparing induction with
MEVs-NPM alone and with mycolactone for either strain (S5A Fig). This suggests that the
inability of BALB/c macrophages to reduce the production of selected inflammatory factors in
the presence of mycolactone is dependent on post-transcriptional regulatory events. Neverthe-
less, a significantly larger number of genes were induced exclusively in FVB/N macrophages
(193) than in BALB/c cells (9) upon initial stimulation (Figs 4A, S5B, S1 Data). We saw path-
way enrichment only for genes induced in FVB/N cells, particularly including type I
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values as in (B) with positive log2FC values. (F) Pathway enrichment of upregulated genes in BALB/c macrophages only. (G) Heatmap of genes included in the
upregulated pathways from BALB/c macrophages (red square in (F)). The Rich ratio is the ratio of the number of differentially expressed genes annotated in
this pathway relative to all genes annotated in this pathway. A Q value is the corrected p value ranging from 0 to 1. Q values < 0.05 are considered significant.
Data are based on three independent experiments.

https://doi.org/10.1371/journal.ppat.1011479.9003
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Fig 4. Tolerance developed in macrophages following initial exposure to M. ulcerans vesicles and mycolactone is allowed by the
induction of type-I interferon related genes. Macrophages from FVB/N and BALB/c mice were seeded into plates and incubated for six
hours +/- vesicles from a mycolactone deficient strain (MEVs NPM, MOI:20,000) in the presence of purified mycolactone (Myco, 6 ng/
mL). mRNA was collected and sequenced. (A) Representation of upregulated differential gene enrichment following single incubation
with vesicles and mycolactone as compared to untreated cells. Upregulated genes have log2FC > = 2, Q value < = 0.05. Slight induction is
defined as (2 > log2FC > 0.5). Not induced is defined as log2FC < 0.5, Q value < = 0.05. (B) Pathway enrichment of genes induced in
FVB/N macrophages only. (C) Heatmap of the genes induced in FVB/N macrophages belonging to the cellular response to IFN-f
pathway. (D) The expression level of ifnb was measured at the mRNA level (Left panel) by RNAseq and at the protein level (Right panel)
by ELISA. (E) The expression level of ifnb in the mouse footpad of BALB/c and FVB/N mice following a single injection of MEVs PM
measured by qPCR. (F) BALB/c macrophages were seeded into plates and incubated for 24 hours +/- vesicles from a mycolactone
deficient strain (MEVs NPM, MOI: 20,000) +/- purified mycolactone (Myco, 6 ng/mL), with or without recombinant IFN-p at the
indicated concentrations. Cells were washed with PBS and activated by vesicles +/- mycolactone for another 24 hours before supernatants
were collected and the secretion of IL1b and IL6 was measured by ELISA. (G) An analogous experiment using FVB/N macrophages and a
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IFN-B blocking antibody instead of IFN-B protein was performed. The legend is the same as in (F). (D-E) Bars represent the mean + SEM
of three independent experiments. (F-G) Bars represent the mean + SEM of two independent experiments. (A-C) The Rich ratio is the
ratio of the number of differentially expressed genes annotated in this pathway relative to all genes annotated in this pathway. A Q value is
the corrected p value ranging from 0 to 1. Q values < 0.05 are considered significant. (D-G) Statistical analysis was performed using one-
way ANOV A with Tukey post-test (NS = not significant, *P < 0.05, **P < 0.005, ***P >0.001).

https://doi.org/10.1371/journal.ppat.1011479.g004

interferon-related genes such as ifu-b, stat1/2, irf7, ifit1-3 and isg15 (Fig 4B). IFN-f, the main
upstream inductor of this pathway, was significantly upregulated in FVB/N macrophages both
at the mRNA and protein levels (Fig 4C, 4D). Interestingly, despite the ability of mycolactone
to inhibit Sec61 secretion activity, IFN-f was secreted in significantly higher concentrations by
FVB/N than by BALB/c cells even in its presence (Fig 4D). Furthermore, similar observations
were made in our in vivo model of vesicles injection as the expression of IFN-B was signifi-
cantly increased in the footpad of FVB/N but not BALB/c mice injected with MEVs-PM as
compared to PBS injected mice (Fig 4E). These data, together with a previous report showing
arole of IFN-B and ISGs in downregulating the inflammatory response in specific conditions
[37], suggest that the ability of FVB/N cells to activate the type I interferon pathway following
the first stimulation may allow these cells to maintain a tolerance phenotype despite the pres-
ence of mycolactone, in contrast to BALB/c macrophages.

To investigate that hypothesis, we explored the ability of the type I interferon pathway to
dampen the macrophage inflammatory response during repeated exposure to MEVs-NPM
plus mycolactone, by supplementing BALB/c macrophages with various concentrations of
IFN-B during the first stimulation. Cells were then washed and stimulated with fresh MEVs-
NPM in the presence or absence of mycolactone, and the secretion of two key inflammatory
cytokines was assessed by ELISA. The addition of IFN-f during the first stimulation restored
the ability of BALB/c macrophages to tolerize the induction of IL-1b and IL-6 in a dose-depen-
dent manner in the presence of mycolactone (Fig 4F, blue vs. green and yellow vs. pink).
These findings confirm that inducing the cellular pathway of type-I interferons can act as neg-
ative regulator of the inflammation induced by M. ulcerans antigens. In parallel, to assess the
requirement for IFN- itself in the tolerance phenotype, we explored the ability of FVB/N
macrophages to tolerize the secretion of inflammatory cytokines in the presence of IFNAR-
blocking antibody during the first stimulation. Unexpectedly, we found that blocking the IFN-
B receptor did not abolish the ability of FVB/N macrophages to tolerize the secretion of IL1j
(Fig 4G, blue vs. green and yellow vs. pink). This finding suggested that either the first wave
of IFN-B or ISGs, that can be induced directly through TLR2 activation [38], promote toler-
ance via an IFNAR-independent pathway in FVB/N macrophages.

FVB/N macrophage immune tolerance phenotype in vitro is associated
with histone methylases

The induction of innate immune memory relies on the presence of epigenetic marks deposited
on histone proteins [17]. These modifications, most often methylation and acetylation of lysine
residues, control chromatin access to the transcriptional machinery, thus regulating gene
expression. Type I interferons have been shown to influence epigenetic regulation in macro-
phages, leading to tolerance through an upregulation of the setdb2 lysine methyltransferase
gene [39]. Our RNAseq analysis revealed that among the genes encoding histone modification
enzymes, setdb2 and few other genes from the same locus were upregulated in FVB/N but not
BALB/c cells following the first stimulation with M. ulcerans antigens (Fig 5A, S1 Data).
SETDB?2 is an enzyme involved in the methylation of H3K9me2 to H3K9me3, a mark mostly
present in inter-genic regions and associated with transcriptional repression. In BALB/c
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Fig 5. The induction of innate immune tolerance in the presence of mycolactone in FVB/n macrophages is associated with histone
methylases. Macrophages from FVB/N and BALB/c mice were seeded into plates and incubated or not for six hours with vesicles from a
mycolactone deficient strain (MEVs NPM) (MOI: 20 000) in the presence of purified mycolactone (Myco) (6 ng/mL). mRNAs were collected and
gene expression was measured by RNAseq. (A) A heatmap of genes related to the lysine degradation pathway including most of the enzymes
involved in the methylation of histone’s lysine residues. (B) Macrophages from BALB/c mice were seeded into plates and incubated or not for 6 or
24 hours with vesicles from mycolactone deficient strain (MEVs NPM) (MOI: 20 000) +/- purified mycolactone (Myco) (6 ng/mL) and
recombinant IFN-B (1 uM). mRNAs were collected and gene expression was measured by qRT-PCR. The expression of setdb2 is shown as fold
change over the control condition (medium only). (A) Data are based on three independent experiments. (B) Data represent the mean + SEM of
two independent experiments. Statistical analysis was performed using one-way ANOV A with Tukey post-test (*P < 0.05, ***P >0.001).

https://doi.org/10.1371/journal.ppat.1011479.9005

macrophages, the setdb2 induction was restored when recombinant IFN-f was added in the
presence of MEVs NPM (Fig 5B). Together, these data suggest that methylases, and the
SETDB2 pathway, are active even in the presence of mycolactone and could maintain the
development of innate immune tolerance observed in FVB/N macrophages following repeated
exposure to M. ulcerans antigens.

A type-I interferon response is associated with healing conditions during
M. ulcerans infection

Based on our in vitro experiments, we made the hypothesis that the induction of the type I
interferons pathway following infection with M. ulcerans could pave the way for the anti-
inflammatory phenotype observed in FVB/N mice during the healing phase. We then collected
skin tissues from BALB/c and FVB/N mice infected with M. ulcerans at the ulcerative stage,
several days before the healing phase starts in FVB/N mice and performed RNAseq (Fig 6A).
A significantly larger number of genes were induced exclusively in FVB/N tissues (90) than in
BALB/c skin (6) upon infection at the ulcerative stage (Figs 6B, S6A, S1 Data). We saw path-
way enrichment only for genes induced in FVB/N mice (Figs 6C, S6B), particularly including
type I interferon-related genes such as stat1, irfl, ifit3 and ifi208 (Fig 6D).

We then decided to investigate whether similar observations could be made in human tis-
sues. Since samples from untreated patients were not available for ethical reasons, we mea-
sured the expression of selected inflammatory genes in skin biopsies collected at different
stages during the antibiotic treatment. Of note, during the treatment, patients transition at dif-
ferent speed from a severe necrosis associated with inflammation toward clean wounds charac-
terized by signs of tissue healing. During or after antibiotic treatment, some patients required
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Fig 6. An interferon beta response is associated with healing conditions during M. ulcerans infection. (A) BALB/c and FVB/N mice were injected in
the tail with living M. ulcerans organisms. 40 days following the infection, when the ulceration stage was reached, mice were sacrificed and the skin from
the injection site was collected. mRNAs were purified and gene expression was measured by RNAseq. (B) Representation of upregulated differential gene
enrichment in infected mice as compared to naive mice. Upregulated genes have log2FC > = 1.5, Q value < = 0.05. Slight induction is defined as (1.5>
log2FC > 0.5). Not induced is defined as log2FC < 0.5, Q value < = 0.05. (B) Pathway enrichment of genes induced in FVB/N mice only. (C) Heatmap of
the genes induced in FVB/N macrophages belonging to the cellular response to IFN-f pathway. (E) Skin biopsies from patients infected by M. ulcerans
were collected during the antibiotic treatment. Samples were separated into two groups based on the phenotype of their lesions. Patients showing advanced
signs of healing were categorized as “clean wound” while patients still showing a highly necrotic lesion were categorized as “necrotic”. The tissue collection
happened after a median duration of treatment of 60 and 56 days for the necrosis and clean wound group respectively. nRNAs were collected and gene
expression was measured by QRT-PCR. (B-D) The Rich ratio is the ratio of the number of differentially expressed genes annotated in this pathway relative
to all genes annotated in this pathway. A Q value is the corrected p value ranging from 0 to 1. Q values < 0.05 are considered significant. Data are based on
6 and 7 individual samples per group in (A-D) and (E-F) respectively. (F) Scatter plots represent the mean + SEM Statistical analysis was performed using
t-test (*P < 0.05, **P < 0.005).

https://doi.org/10.1371/journal.ppat.1011479.9006
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surgery (for debridement, curettage, preparation for grafting, skin grafting). In the report of
the surgical operation, the surgeon indicated the state of the wound, i.e. the massive presence
of necrosis or a clean wound, with or without the need of a skin graft. The information was col-
lected to categorize the lesions in two groups: necrosis (n = 7) versus clean wound (n = 7). The
patients presented a paradoxical reaction was excluded from this study. (Fig 6E, S1 Table).
The median duration of antibiotic treatment at the tissue collection date was similar between
the two groups with 60 days for the necrosis group and 56 days for clean wound group

(S1 Table). qPCR analysis performed on these samples revealed that while pro-inflammatory
genes such as il1b and il6 were significantly upregulated in the necrosis group as compared to
the clean wound group, the opposite observation was made for ifnb, the main regulator of the
type I interferon pathway (Fig 6F). Altogether, these data strongly associate the activation of
the type I interferon pathway with the healing of M. ulcerans induced lesions.

Discussion

The key feature of Buruli ulcer is the late development of necrotic lesions in cutaneous tissues.
Most patients seek medical assistance when the disease is at an active inflammatory stage, but
about 5% of Buruli ulcer cases present signs of spontaneous healing without prior clinical
intervention [15]. The mechanisms underlying this spontaneous healing are currently
unknown. Our results, using mouse models with differing infection course, indicate that type I
interferon-related genes expressed in macrophages may promote tolerance and healing.

M. ulcerans infection leads to tail ulceration and necrosis in BALB/c mice, but FVB/N mice
display spontaneous healing. We show here that macrophages from BALB/c and FVB/N mice
develop a tolerance phenotype upon stimulation with MEVs-NPM alone. However, when the
mycolactone is added to the vesicles, FVB/N cells only maintain a tolerance phenotype for sev-
eral tested cytokines whereas BALB/c cells fail to do so and in fact exhibit signs of trained
immunity instead. IL-1B and other members of the IL-1 family can promote trained immunity
in monocytes and NK cells [40]. Both FVB/N and BALB/c cells express IL-1f after initial expo-
sure to M. ulcerans vesicles and mycolactone; however, the absence of type I IFN production
in BALB/c cells to counter this IL-1p may explain the development of trained immunity over
tolerance in this strain [41]. Of note, the maintenance of the FVB/N cell tolerance phenotype
despite the presence of mycolactone is associated with the presence of a type I interferon
response, with IFN-f and IFN-stimulated genes (ISGs) being induced during the initial prim-
ing events. Crucially, despite the presence of mycolactone, supplementation with recombinant
IFN-B results in the development of tolerance in macrophages from BALB/c mice as well, sug-
gesting a major role played by the type-I interferon response in maintaining the tolerance in
the presence of the toxin. However, tolerance cannot be abolished by blocking the interferon
receptor (IFNAR) in FVB/N macrophages. Previous studies of viral infections have revealed
the existence of IFNAR-independent pathways mediating the expression of ISGs, such as
IFIT1, IFIT2, IFIT3 and ISG15 [42], all of which were expressed by FVB/N macrophages dur-
ing priming with M. ulcerans antigens. IFIT1 has been shown to promote ISG expression and
to decrease inflammation (as measured by TNFo and IL1b) in macrophages stimulated with
LPS, via a mechanism involving histone deacetylation [43]. Besides, the activation of TLR2, the
major TLR involved in the recognition of M. ulcerans vesicles [11], has been previously shown
to induce the expression of type-I interferons as well [38]. Also, another study has shown that
the IFNAR feedback loop is not strictly necessary for robust type I IFN expression in the con-
text of viral infection [44]. We therefore hypothesized that either the first wave of IFN-f or
ISGs induced in an IFNAR pathway-independent manner may promote macrophage tolerance
to M. ulcerans despite the presence of mycolactone.
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Type I interferons were originally reported to have antiviral activity via induction of ISGs
[45,46]. During bacterial infection, type I IFNs can induce pro- or anti-inflammatory signals.
It depends on various parameters, including the pathogen, the tissue, and interferon secretion
kinetics and concentration [47-49]. For example, It can promote inflammation thus confer-
ring protection during Pneumococcal Invasive Disease [50]. On the other hand, type I IFNs
are also able to downregulate the inflammation, notably through the induction of IL-1Ra-an
antagonist of the IL-1p receptor-and IL-10 [51], or by inhibiting the activation of the NLRP3
inflammasome [52]. This anti-inflammatory property of type I IFNs can be detrimental for the
host. It is the case in tuberculosis, where it promotes M. tuberculosis infection by negatively
controlling the secretion of IL-1p [53]. However, it can also be beneficial as IFN-f has been
shown to promote resolution of the inflammatory response in mice during E. coli-induced
pneumonia [54]. We show here that prior exposure to IFN-f in the presence of M. ulcerans
antigens promotes the development of a tolerant phenotype for several pro-inflammatory
cytokines in macrophages in vitro. Moreover, we observe the induction of a type I interferon
pathway in FVB/N mice infected with M. ulcerans several days before signs of healing. This
pathway, by promoting an anti-inflammatory environment, could promote the resolution of
the inflammation required for the healing process [55] observed in FVB/N mice.

It is generally accepted that phenotypic states of macrophages, such as those leading to tol-
erance or trained immunity, are controlled through chromatin regulation mediated by methyl-
ation or acetylation of histones [17]. Type I interferons can lead to tolerance through setdb2, a
lysine methyltransferase gene [39]. Another study has shown that SETDB2 expression in
wound macrophages is upregulated by IFN-f3, whereas the IFN-f -SETDB2 axis is impaired in
diabetes, leading to a persistent inflammatory macrophage phenotype [56]. We also observed
an IFN-B dependent induction of setdb2 expression in macrophages before the acquisition of
the tolerant phenotype. In this context of infection, a kinetic analysis of the macrophage epige-
nomic status could highlight the regulation link between macrophage tolerance and the type-I
interferon response [57].

We showed that only macrophages from mice able to control excessive inflammation dur-
ing M. ulcerans infection were able to produce type I IFNs in response to this pathogen in
vitro. In humans, a small proportion of the patients infected with M. ulcerans also recover
from the infection-induced tissue damage without treatment. The host genetic component of
this phenomenon is intriguing, but largely unknown. One study found a microdeletion on
chromosome 8 encompassing a long non-coding RNA gene (close to a cluster of defensin
genes), in a familial form of severe Buruli ulcer [58]. Moreover, a specific allele of the
ATGI6L1 gene (rs2241880), producing a nonfunctional protein that impairs autophagy, has
been associated with protective effects against Buruli ulcer [59]. This variant has also been
characterized as a marker of protection against Citrobacter rodentium infection, as the associ-
ated impairment of autophagy results in the induction of a protective type I IFN response by
the gut microbiota [60]. We show here, that in patients under antibiotic treatment, the closer
they are from healing, the higher and the lower are the expression of ifub and il1b/il6 respec-
tively. These data characterize IFN-p as a marker of healing in patients infected with M. ulcer-
ans. Based on our mouse data, we make the hypothesis, that in humans, type I interferons
could help promote the healing of M. ulcerans induced lesions by negatively regulating the
inflammatory response through innate immune tolerance.

The link between type I IFN and innate immune tolerance is an interesting open question
in the context of Buruli ulcer. In addition to host genetic studies, it would be of interest to also
collect patient health status information, such as viral infection history prior to M. ulcerans
infection to identify factors promoting the type I IFN response and potentially influencing dis-
ease severity in absence of antibiotic treatment [39,49]. Our work, implicating innate immune
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tolerance in the resolution of inflammation in M. ulcerans infection, suggests that modulation
of type I IFN is a rational strategy for the improved treatment of Buruli ulcer to induce wound
healing responses instead of rampant inflammation.

Materials and methods
Ethics statement for animal experiments and the use of human tissues

All animal experiments were performed in full compliance with national (articles R214-87 to
R214-90 of the French “rural code”) and European (directive 2010/63/EU of the European Par-
liament and of the Council of September 22, 2010 on the protection of animals used for scien-
tific purposes) guidelines. All protocols were approved by the Ethics Committee of the Pays de
la Loire region, under protocol nos. CEEA 2009.14 and CEEA 2012.145. Animals were main-
tained under specific pathogen-free conditions in the animal housing facility of Angers Uni-
versity Hospital, France (agreement A 49 007 002). The use of biopsy samples from patients
for research purposes was approved by the research committee of the government of Benin
(Ministry of Health, Republic of Benin, agreement number 2893). The genetic studies of sus-
ceptibility to Buruli ulcer (BU) were approved by the institutional review board of the
CDTLUB (Centre de Diagnostic et de Traitement de la Lepre et de I'Ulcére de Buruli) and the
national Buruli ulcer control authorities in Benin (IRB00006860), and by the ethics committee
of Angers University Hospital, France. All participants provided written informed consent or
had their parents provide written informed consent on their behalf.

M. ulcerans, vesicles and mycolactone

M. ulcerans strain 1615 was originally isolated from patients in Malaysia. M. ulcerans 1615 and
its mycolactone-deficient mutant (Tn:118 mutant) were used for the purification of mycolac-
tone and MEVs. These strains were grown on solid 7H10 medium supplemented with 10%
OADC (oleic acid, dextrose, catalase; Difco, Becton-Dickinson and Tween 80 0.05%, Sigma),
as previously described [11]. After 35 days of culture, mycolactone or vesicles were purified
from the pellet, as previously described [11]. Mycolactone was stored in absolute ethanol at
-20°C in the dark, and vesicles were stored in PBS at -80°C.

Mycolactone concentration and vesicle characterization

The amount of purified mycolactone, or of mycolactone present in the MEVs, was determined
by high-performance liquid chromatography (HPLC) on a C18 column, as previously
described [11]. M. ulcerans vesicles were characterized by nanoparticle tracking analysis
(NTA) on the Nano-sight NS300 system (Malvern Instruments Ltd., Malvern, United King-
dom) equipped with an sSCMOS camera and a blue laser (488 nm) to illuminate particles
within the 10-2000 nm size range, as previously described [11].

Footpad swelling

We injected PBS or MEVs-PM containing a total of 2 ug mycolactone into the footpads of 8-
12-week-old female FVB/N mice (Janvier, Le Genest Saint Isle, France) and BALB/c mice
(Charles River Laboratories, Saint-Germain-Nuelles, France). Three days later, mice were
injected with MEVs-PM (2 g mycolactone). We measured the footpad swelling using a caliper
24 hours following the last injection.
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Histology

The inoculated mice were sacrificed 24h following the last injection and the footpad was
excised and immediately fixed by incubation in 4% paraformaldehyde (PFA) for 24 h. Tissues
were then embedded in paraffin blocks, which were cut into 3 pm-thick sections. Hematoxy-
lin-phloxine-saffron (HPS) staining was performed, according to the kit manufacturer’s
protocol.

Murine bone marrow-derived macrophages

Bone marrow-derived macrophages (BMDMs) were generated by culturing bone marrow pro-
genitors (5 x 10° cells/mL) from the femur bones of BALB/c and FVB/N mice for seven days in
RPMI medium containing FBS (10%) and M-CSF (20 ng/mL) (Immunotools). Macrophages
were used to seed 12-well plates at a density of 10° cells/well and were incubated as indicated
for each experiment at 37°C in 5% CO®. For ELISA analysis, supernatants were collected 24
hours following the last incubation. For RNA sequencing processing, RNA was collected at 6
hours after the last incubation and stored frozen at -80°C until mRNA extraction. Recombi-
nant IFN-B (1 and 10 ng/mL) and IFN-f blocking antibodies (10 ug/mL) were purchased from
Biolegends.

Mouse infection experiment

A bacterial suspension of M. ulcerans was prepared, as previously described [11] and its con-
centration was adjusted to 2 x 10° acid-fast bacilli/mL for an inoculum of 1 x 10* bacilli in

50 uL, which was injected into the tail dermis of six-week-old female consanguineous BALB/c
or FVB/N mice. Mice were euthanized when they reached the ulcerative stage of the infection
(40 days), and the skin from tails were collected and stored frozen at -80°C until mRNA
extraction.

Human biopsies

We selected 14 patients (upon treatment at the Centre de diagnostic et de traitement de la
lépre et de 'ulcére de Buruli (CDTLUB) in Pobe). Biopsies were conserved in RNALater
reagent (QIAGEN) at -20°C and total RNA were extracted using the RNeasy Fibrous Tissue
Midi Kit (QIAGEN) according to the manufacturer’s protocol

RT-qPCR

For mouse tissues, the inoculated mice were sacrificed 24h following the last injection and the
footpad was excised and immediately frozen in liquid nitrogen. Footpads were grinded using
liquid nitrogen and resuspended in TRIzol reagent (Invitrogen). For cells, TRIzol was directly
added at the end of the experiment. TRIzol samples (from cells and footpads) were processed
using the direct-zol RNA miniprep kit. Collected RNAs (Cells, footpads, human biopsies) were
treated with DNase and transcribed into cDNA by using MLV reverse transcriptase (Invitro-
gen). We conducted qPCR using SYBR Green master mix (Thermofisher). Transcript levels of
individual genes were measured using specific primers (m-f-actin-F: GGCTGTATTCCCC
TCCATCG, R: CCAGTTGGTAACAATGCCATGT, m-ifnb-F: TCCCACGTCAATCTTT
CCTGTTGCTTT, R: AACCTCACCTACAGGGCGGACTTCA, m-setdb2-F: GGATGGAGC
TACAAGATGATGG, R: CCAGTGTTTGCGTGTTACTCAG, h-gapdh-F: CTGGGCTACAC
TGAGCACC, R: AAGTGGTCGTTGAGGGCAATG, h-il6-F: ACTCACCTCTTCAGAACG
AATTG, R: CCATCTTTGGAAGGTTCAGGTTG, h-il1b-F: TGAGCTCGCCAGTGAAAT
GA, R: AGGAGCACTTCATCTGTTTAGGG, h-ifnb-F: ATGACCAACAAGTGTCTCCTCC
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R: GGAATCCAAGCAAGTTGTAGCTC) and calculated using the 2-ACt method and pre-
sented as number of copies compared with control gene expression (gapdh) for human data or
as fold change over the control condition (normalized with S-actin) for mouse data.

ELISA and multiplex quantification

IL-1B, IL-6 and IFN-B were quantified with a quantitative ELISA kit, according to the manu-
facturer’s instructions (Invitrogen, Thermo Fisher Scientific). The levels of mouse CXCL1,
CCL3, IL10o, IL1B TNFa, IL6, CCL2, IL33, CXCL2, IL10, TMP-1 and VEGF were determined
with a Luminex assay kit (R&D Systems).

RNA sequencing and analysis

Tissues were grinded with beads using a beat beater (Mixer Mill MM301, Retsch GmbH).
RNAs from grinded tissues or collected cells were purified using direct-zol RNA mini prep kit
(Zymo research). RNA pellets were sent to BGI for RNA sequencing and were treated as fol-
lows: oligo(dT)-conjugated magnetic beads were used to purified mRNA. The purified mRNA
was then fragmented into small pieces in fragmentation buffer at the appropriate temperature.
The first-strand cDNA was then generated by reverse transcription with random hexamer
primers, and the second strand was generated with a strand synthesis reaction system (using
dUTP instead of dTTP). The reaction product was purified with magnetic beads, and A-Tail-
ing Mix and RNA index adapters were added, with the mixture incubated until end repair was
complete. The cDNA fragments with adapters thus obtained were amplified by several rounds
of PCR, and the U-labeled second-strand template was digested with UDG enzyme. PCR prod-
ucts were purified with XP beads and dissolved in EB solution. The quality of the library was
assessed with two methods. First, we checked the distribution of fragment size with an Agilent
2100 bioanalyzer. The double-stranded PCR products were denatured by heating and circular-
ized by the splint-oligo sequence. The single-strand circlular DNAs (ssCir DNA) were format-
ted to generate the final library. The library was amplified with phi29 to obtain a DNA
nanoball (DNB), with more than 300 copies of each molecule. The DNBs were loaded into the
patterned nanoarray and paired-end 100-base reads were sequenced by combinatorial Probe-
Anchor Synthesis (cPAS) on a DNBseq sequencer. The sample and group comparison were
made according to the poisson distribution and the DESeq2 method respectively. The
sequencing analysis was performed, and graph (heatmap/pathway enrichment) were generated
with Dr. Tom software (BGI).

Supporting information

S1 Fig. Quantification of toxicity and IL-6 secretion in a dose-response of mycolactone on
FVB/N and Balb/c macrophages. A. BMDM cells were stimulated with mycolactone at dose
of 3, 6 or 12 or 24 ng/ml during 48h. Cytotoxic effect was recorded using ToxiLight bioassay
kit (Lonza). B. IL-6 were detected in supernatant of cells by ELISA at 48h post-stimulation
with NPM.

(DOCX)

S2 Fig. BALB/c and FVB/N fibroblasts develop a tolerant phenotype following repeated
exposures to M. ulcerans antigens whether or not mycolactone is present. Fibroblasts were
isolated from BALB/c and FVB/N mouse tails and cultured for three passages. Cells were
seeded into plates and incubated for 24 hours +/- vesicles from a mycolactone deficient strain
(MEVs NPM, MOI: 20,000) +/- purified mycolactone (Myco, 6 ng/mL). Cells were washed
with PBS and activated with the same ligands for another 24 hours. Supernatants were
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collected. IL-6 secretion was measured by ELISA. Bars represent the mean + SEM. Data are
representative of 4 independent experiments. Statistical analysis was performed using one-way
ANOVA with Tukey post-test (**P < 0.005, ***p<0.001).

(DOCX)

$3 Fig. Summary of differentially regulated genes in BALB/c and FVB/N macrophages fol-
lowing repeated exposure to M. ulcerans vesicles and mycolactone. (A) Heatmap of 87
genes downregulated in BALB/c macrophages only, highlighted in Fig 3B. (B) Pathway enrich-
ment of downregulated genes in BALB/c macrophages only. (C) Heatmap of 58 genes upregu-
lated in FVB/N macrophages only, highlighted in Fig 3E. (D) Pathway enrichment of
upregulated genes in FVB/N macrophages only. For (B) and (D), the Rich ratio is the ratio of
the number of differentially expressed genes annotated in this pathway relative to all genes
annotated in this pathway. A Q value is the corrected p value ranging from 0 to 1. Q

values < 0.05 are considered significant. Data are based on three independent replicates.
(DOCX)

S4 Fig. BALB/c but not FVB/N macrophages fail to develop immune tolerance against M.
ulcerans vesicles in the presence of mycolactone at the mRNA level. Macrophages were
seeded into plates and incubated for 24 hours +/- vesicles from a mycolactone deficient strain
(MEVs NPM, MOI: 20,000) +/- purified mycolactone (Myco, 6 ng/mL). Cells were washed
with PBS and activated with the same ligands for six hours and mRNA was collected. Gene
expression of cytokine genes (cxcll, il6, ccl3, tnfa, illa and il1b) was measured by RNAseq.
Bars represent the mean + SEM. Data are based on three independent replicates. Statistical
analysis was performed using one-way ANOVA with Tukey post-test (NS = not significant,
*P < 0.05, **P < 0.005, ***p<0.001).

(DOCX)

S5 Fig. Genes induced during the first exposure to M. ulcerans vesicles with purified myco-
lactone in BALB/c macrophages. Macrophages from BALB/c and FVB/N mice were seeded
into plates and incubated for six hours +/- vesicles from a mycolactone deficient strain (MEV's
NPM, MOL: 20,000) +/- purified mycolactone (Myco, 6 ng/mL). mRNA was collected and
gene expression was measured by RNAseq. (A) Differential gene expression summary compar-
ing cells stimulated with MEVs NPM + Myco vs. cells stimulated only MEVs NPM only, for
each mouse strain. Genes induced have log2FC > = 2, Q value < = 0.05. (B) Heatmap of 9
genes induced in BALB/c macrophages only highlighted in Fig 4A. Data are based on three
independent replicates.

(DOCX)

S6 Fig. Genes induced during infection with M. ulcerans in BALB/c mice only. BALB/c and
FVB/N mice were injected in the tail with living M. ulcerans organisms. Mice were sacrificed
at the ulcerative stage and the skin from tails was collected. mRNA was collected and gene
expression was measured by RNAseq. (A) Heatmap of the genes induced in infected BALB/c
mice only as compared to control (log2FC > = 1.5, Q value < = 0.05). (B) Pathway enrichment
of genes induced only in infected BALB/c mice. the Rich ratio is the ratio of the number of dif-
ferentially expressed genes annotated in this pathway relative to all genes annotated in this
pathway. A Q value is the corrected p value ranging from 0 to 1. Q values < 0.05 are consid-
ered significant.

(DOCX)

S1 Data. Differentially regulated genes in BALB/c and FVB/N macrophages following one
or two exposure to M. ulcerans vesicles and mycolactone. The differentially regulated genes
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in figure 3, 4, 5 and 6 are available in this file.
(XLSX)

S1 Table. Duration of antibiotic treatment before human tissue collection.
(DOCX)
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