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Iñaki Robles-Vera,1,* Aitor Jarit-Cabanillas,1,5 Paola Brandi,1,7 Marı́a Martı́nez-López,1,8 Sarai Martı́nez-Cano,1,2
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Javier Moleón,3 Juan Duarte,3 Laura Conejero,2 Pablo Mata-Martı́nez,4 Carmen Marı́a Dı́ez-Rivero,2
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SUMMARY
Impairment of the intestinal barrier allows the systemic translocation of commensal bacteria, inducing a
proinflammatory state in the host. Here, we investigated innate immune responses following increased gut
permeability upon administration of dextran sulfate sodium (DSS) in mice. We found that Enterococcus fae-
calis translocated to the bonemarrow following DSS treatment and induced trained immunity (TI) hallmarks in
bone-marrow-derived mouse macrophages and human monocytes. DSS treatment or heat-killed E. faecalis
reprogrammed bone marrow progenitors (BMPs), resulting in enhanced inflammatory responses in vitro and
in vivo and protection against subsequent pathogen infections. The C-type lectin receptor Mincle (Clec4e)
was essential for E. faecalis-induced TI in BMPs.Clec4e�/�mice showed impaired TI upon E. faecalis admin-
istration and reduced pathology following DSS treatment. Thus, Mincle sensing of E. faecalis induces TI that
may have long-term effects on pathologies associated with increased gut permeability.
INTRODUCTION

The host immune system has coevolved with trillions of microor-

ganisms, drawing a fine balance between resistance to patho-

gens while maintaining symbiosis with commensal microbiota.

However, imbalances in gut microbial composition or in its

containment can contribute to inflammatory disorders.1–3

Sensing of microbial signals by myeloid cells may lead to meta-

bolic and epigenetic reprogramming that boosts inflammatory

responses to secondary challenges and induces protection to-

ward pathogen re-infection, a process termed trained immunity

(TI).4,5 These transient epigenetic changes can be mediated by

microbe-derived metabolites such as short-chain fatty acids

(SCFAs) through their effects on histone-modifying enzymes.6,7

Moreover, metabolic changes resulting from alterations in the

gut microbiota affect the bone marrow (BM) niche.8 In contrast
Immunity 58, 381–396, Febr
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to germ-free (GF) mice, mice harboring gut microbiota show

increased myelopoiesis.9–11

The long-term effects of TI are explained by the modulation of

BM progenitors (BMPs).12 Among the receptors sensing micro-

bial signals, Dectin-1 is a paradigmatic C-type lectin receptor

(CLR) that drives TI.13 Mincle (Clec4e) is a closely related CLR

that shares similar signaling pathways with Dectin-114 and

senses ligands in different microbes15 but has not been previ-

ously related to TI. Mincle mediates sensing of ligands in micro-

biota by myeloid cells, promoting intestinal barrier integrity.16

Increased gut permeability leading to bacterial translocation

can arise after exposure to certain diet components, medica-

tions, alcohol, radiation, and hyperglycemia or as a conse-

quence of various pathologies.17–20 Systemic dissemination of

gutmicrobiota, microbial products, andmicrobe-derivedmetab-

olites that reach the circulation result in immune cell activation.
uary 11, 2025 ª 2025 The Authors. Published by Elsevier Inc. 381
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Figure 1. Gut microbiota translocation induces trained immunity in myeloid bone marrow progenitors

(A and B) (A) Mice were treated or not with DSS and antibiotics (ABX) as indicated in the outline; bone marrow (BM) extracted and BM-derived macrophages

(BMDMs) generated and stimulated for 24 h with the following pathogen-associated molecular patterns: LPS, CpG, or Pam3CSK4 (P3C4). (B) TNF production

measured by ELISA in culture supernatant of BMDMs from the indicated treatments and stimulations. Data obtained from a pool of two independent experiments

(n = 7–9).

(C and D) (C) Germ-free (GF) mice were administered or not with fecal microbiota inoculation (FMI) from SPF mice and treated or not with the DSS protocol as

indicated. Then, BMDMs were generated and stimulated as in (A).

(D) TNF production measured by ELISA in culture supernatant of BMDMs from indicated treatments and stimulations. Two pooled independent experiments

(n = 8).

(E) Mice were treated or not with DSS, as indicated in (A), and BM myeloid progenitors (BMPs) counted at day 10. Graphs show total numbers per femur of

common myeloid progenitors (CMPs), granulocyte-monocyte progenitors (GMPs), and multipotent progenitor cells (MPP3). Three pooled independent exper-

iments (n = 13–15).

(F and G) ATAC-seq analysis in GMPs sorted from BMof control (CTR) or DSSmice at day 10 of the protocol shown in (A). (F) MAplot showing 40.011 differentially

accessible peaks between DSS and CTR mice GMPs, with p < 0.01. (G) Bar plot showing enriched gene sets from the MSigDB Hallmark collection with

false discovery rate (FDR) < 0.25. Positive normalized enrichment score (NES) values (orange color) and negative (green color) indicate congruent over- or

(legend continued on next page)
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However, the link between microbiota translocation and TI re-

mains unresolved.21–24

We sought to examine the impacts of microbial dissemination

as a result of colitis injury in distant immune sites and cells. To

explore mechanisms connecting gut microbiota translocation

with systemic inflammation we administered dextran sulfate so-

dium (DSS) in mice, which impairs the intestinal barrier, and

we found translocation of gut commensals to distal tissues,

including the BM. This microbiota translocation drove epigenetic

changes and promoted TI in BMPs. Enterococcus faecalis

(E. faecalis) was one of the bacteria identified in the BM that acti-

vated immune cells in a Mincle-dependent manner. Consis-

tently, Clec4e�/� mice showed reduced TI-related inflammation

and pathology upon E. faecalis administration or DSS treatment.

Our results identify Mincle sensing of gut microbiota transloca-

tion (including E. faecalis but potentially also other species

such as Staphylococcus aureus) as an inducer of TI, which can

subsequently enhance the inflammatory response, leading to

protective or detrimental effects.

RESULTS

Gut barrier disruption induces TI in myeloid BMPs
Acute colitis induced by DSS treatment causes gut permeability

and massive translocation of gut microbiota to distal tissues.25

We therefore examined how gut microbiota translocation

impacted innate immune cell responses to secondary stimula-

tion. Mice were treated with antibiotics (ABXs) that reduce gut

microbiota26 and given 3% DSS in drinking water for 5 days,

with PBS and normal drinking water controls. After a 5-day or

15-day rest period for epithelial repair, BM cells were collected

(Figures 1A, S1A, and S1B). BM-derived macrophages

(BMDMs) obtained fromDSS-treatedmice (‘‘DSSmice’’ onward)

showed an increased production of tumor necrosis factor (TNF)

and interleukin-6 (IL-6) when stimulated with either LPS (TLR4

ligand), CpG (TLR9 ligand), or Pam3Csk4 (P3C4, TLR1/2 ligand)

compared with untreated mice. ABX treatment abolished this ef-

fect (Figures 1B and S1A). Moreover, these enhanced secondary

responses occurred in BMDMs from Rag1�/�mice (Figure S1C),

suggesting that this effect is independent of the adaptive immu-

nity. Total BM cells from DSS mice also showed boosted

response against secondary challenges ex vivo, which was pre-

vented upon ABX administration (Figure S1D). In addition,

splenic macrophages and neutrophils from DSS mice also dis-

played boosted TNF production in peripheral organs compared

with untreated controls (Figure S1E). GF C57BL/6 mice adminis-
under-expression of a pathway or function-associated genes in DSS compared w

pool of 3 mice was used per biological replicate, and 3 biological replicates wer

(H) H3K4me3 Cut&Tag analysis in GMPs sorted from BM of CTR or DSS mice

analysis (GSEA) from theMSigDBHallmark collectionwith p< 0.1. Positive NES va

a pathway or function-associated genes in DSS comparedwith CTR condition. On

per biological replicate, and 3 biological replicates were used per condition.

(I) RNA-seq analysis in GMPs obtained from untreated or DSSmice after DSS prot

mTOR, IL-6, and TNF is highlighted. A pool of 3 mice was used per biological re

(J) Donor mice were treated or not with DSS as in (A) and BM grafted to CD45.1

(K) After 60 days, mice were challenged with LPS and TNF measured in plasma

(L) Graphs show total numbers per femur of the indicated myeloid BMPs. Two p

(B, D, E, K, and L) Individual data and mean ± SEM are shown. *p < 0.05; **p < 0

See also Figure S1.
tered a fecal microbiota inoculation (FMI) to restore the conven-

tional gut microbiota, followed by DSS treatment (Figure 1C)

showed increased TNF and IL-6 production by BMDMs

(Figures 1D andS1F) and increased TNFby total BM (Figure S1G)

upon pathogen-associated molecular pattern restimulation

compared with GF mice that did not receive FMI or DSS.

This further confirms the role of gut microbiota in BM

reprogramming.

DSS treatment led to the expansion of various BMPs, such as

common myeloid progenitors (CMPs), granulocyte-monocyte

progenitors (GMPs), multipotent progenitor 3 (MPP3) and

MPP4 cells, and long-term (LT), but not short-term (ST), hemato-

poietic stem cells (HSCs) (Figures 1E and S1H–S1K). To deter-

mine whether this shift in BMPs was due to an intrinsic epige-

netic and/or transcriptional reprogramming in the BMPs, we

sortedGMPs fromDSS or untreatedmice and analyzed: (1) chro-

matin accessibility by assay for transposase-accessible chro-

matin with sequencing (ATAC-seq); (2) H3K4me3 by Cut&Tag,

indicating open and potentially active promoter regions linked

to TI27; and (3) gene expression by RNA sequencing (RNA-

seq). Our ATAC-seq results revealed deep changes in chromatin

accessibility in GMPs from DSS mice compared with untreated

controls (Figure 1F). By ascribing open regions to gene pro-

moters, gene set enrichment analysis (GSEA) showed an enrich-

ment in pathways related to inflammation status, such as nuclear

factor kB (NF-kB), proinflammatory cytokines, mTOR signaling,

and pathways related to glycolysis (Figure 1G). Cut&Tag analysis

showed a higher number of H3K4me3 counts in GMPs fromDSS

mice (Figure S1L). Additionally, GSEA from Cut&Tag sequencing

showed an enrichment in similar pathways to those identified by

ATAC-seq (Figure 1H). In contrast, GSEA on RNA-seq showed

increased transcriptional activity in mTORC1 signaling, but not

in inflammatory genes, in DSS mice compared with control

mice (Figure 1I), suggesting that TI induces epigenetic changes

but maintains a transcriptional resting state in inflammatory

genes.5

To determine whether intrinsic epigenetic changes in BMPs

drive TI in DSS mice, BM from CD45.2+ DSS or untreated donor

mice was grafted into lethally irradiated CD45.1+ recipient mice.

60 days later, LPS challenge showed higher systemic TNF pro-

duction in mice grafted with BM from DSS donors compared

with untreated ones (Figures 1J and 1K). Moreover, myeloid

BMPs (CMP, GMP, and MPP3) were expanded in mice grafted

with BM fromDSS donors compared with untreated donors (Fig-

ure 1L). These findings indicate that DSS, which promotes gut

permeability and microbiota translocation,28 induces epigenetic
ith CTR condition. Only the top 20 hits (according to FDR) are represented. A

e used per condition.

at day 10 of protocol shown in (A). Bubble plot showing gene set enrichment

lues (red) and negative (purple) indicate congruent over- or under-expression of

ly the top 20 hits (according to FDR) are represented. A pool of 3mice was used

ocol described in (A). GSEA profile from gene expression changes in glycolysis,

plicate, and 3 biological replicates were used per condition.

C57BL/6J recipient mice.

by ELISA 1 h later. Two pooled experiments (n = 8–10).

ooled experiments (n = 7–8).

.01; ***p < 0.005; ****p < 0.001 (unpaired Student’s t test).
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faecalis as a driver of bone marrow training

upon gut barrier disruption

(A and B) BM from DSS mice was flushed and

analyzed by 16S sequencing (A) or cultured in

lysogeny broth (LB) plates for MALDI-TOF analysis

(B). (A) Heatmap representing the bacterial read

counts found in flushed BM. (B) MALDI biotyper

report showing the species of bacteria detected by

MALDI-TOF analysis from colonies obtained from

LB plates in aerobic conditions after BM flushing. A

log score ofR1.80 represents high confidence and

it is accepted for bacterial identification.

(C) GF mice were monocolonized or not with

E. faecalis and treated with DSS; BM extracted and

BMDMs generated and stimulated with LPS, CpG,

or P3C4 for 24 h. TNF production measured by

ELISA in culture supernatant of BMDMs from indi-

cated treatments and stimulations. Two pooled

experiments (n = 8).

(D–F) BMDMs obtained from C57BL/6J mice

were pretreated or not with the methyltransferase

inhibitor, 50-methylthioadenosine (MTA) (E), or

the glycolysis inhibitor 2-deoxy-glucose (2-DG)

(F), for 1 h before incubation with HK-EF for a

further 24 h. After this time, media were changed,

and cells were rested for 5 days. TNF production

measured by ELISA in culture supernatant of

BMDMs after 24 h stimulation with CpG. (E) Three

pooled experiments (n = 10). (F) Two pooled ex-

periments (n = 5).

(G and H) Human peripheral blood mononuclear cells (PBMCs) were incubated for 24 h with or without b-glucan or HK-EF, washed and left resting for 5 days

before restimulation with CpG. (H) TNF concentration was measured in the supernatant by ELISA. Two pooled experiments (n = 7).

(C and H) Individual data and mean ± SEM are shown. Unpaired Student’s t test. (E and F) Individual data and paired Student’s t test. *p < 0.05; **p < 0.01;

****p < 0.001.

See also Figures S2 and S3.
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reprogramming of BMPs. This leads to a long-lasting state

poised for inflammation that can be transferred by BM graft,

thus meeting key hallmarks of TI.

Bacteria translocate to the BM and promote TI upon gut
barrier disruption
Following DSS treatment, we found ABX-sensitive bacteria un-

der anaerobic and aerobic culture conditions not only in the liver

but also in the BM (Figures S2A and S2B). Unbiased 16S-rRNA

sequencing of bacteria in the BM fromGFmice, receiving or not

receiving FMI from specific pathogen-free (SPF) mice, and

exposed or not to DSS, revealed four bacterial species translo-

cating to the BM from the gut: Staphylococcus aureus, Entero-

coccus faecalis, Blautia producta, and Akkermansia muciniphila

(Figure 2A). The culture of BM flushed from DSS mice in a rich

medium for broad-spectrum bacteria revealed one type of

morphologically homogeneous colony facultative anaerobic,

Gram+, MacConkeyneg, Aesculin+, and validated by analytical

profile index test as Enterococcus sp. (E. faecalis 99.3%)

(Figures S2C and S2D). Matrix-assisted laser desorption ioniza-

tion time-of-flight (MALDI-TOF) mass spectrometry analysis

confirmed E. faecalis as the only bacteria detected upon culture

of BM from DSS mice in rich medium (Figure 2B). The quantifi-

cation of E. faecalis cultured from the BM of one tibia and

femur revealed an average of 2 3 102 colony-forming units

(CFUs), growing similarly in aerobic and anaerobic conditions

(Figure S2E).
384 Immunity 58, 381–396, February 11, 2025
Next, we tested the intrinsic capacity of E. faecalis transloca-

tion to induce TI. To this aim, GF mice were monocolonized with

108 CFU E. faecalis for two consecutive days prior to DSS admin-

istration (Figure 2C). The monocolonization with E. faecalis

induced enhanced TNF and IL-6 production by BMDMs upon re-

challenge with LPS, CpG, and P3C4 (Figures 2C and S2F). To

assess the ability of heat-killed E. faecalis (HK-EF) to induce TI

hallmarks in vitro, we treated BMDMs for 24 h with HK-EF in

the presence of 50-methylthioadenosine (MTA), amethyltransfer-

ase-selective inhibitor, followed by washing, a 5-day resting

period, and restimulation with CpG (Figure 2D), as described.29

Pretreatment of BMDMs with HK-EF increased TNF and IL-6

production upon rechallenge with CpG, an effect that was abol-

ished upon MTA pretreatment (Figures 2E and S3A). Compared

with unstimulated BMDMs, BMDMs stimulated with HK-EF for

24 h showed increased basal extracellular acidification rate

(ECAR), indicative of glycolytic activity, a hallmark of TI3,27

(Figures S3B and S3C), without an effect on basal oxygen con-

sumption rate (Figure S3D). Preincubation with 2-deoxy-

glucose (2-DG), a glycolysis inhibitor, effectively abolished the

enhanced TNF production induced by HK-EF pretreatment of

BMDMs (Figure 2F). TI induction by HK-EF was also found, to

a similar extent as b-glucan-induced training,30 in human periph-

eral blood mononuclear cells (PBMCs) from healthy donors

(Figures 2G, 2H, and S3E). In conclusion, culturable E. faecalis

was confirmed to translocate to the BM, and HK-EF induces TI

in mouse and human myeloid cells.
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Figure 3. Systemic administration of HK-EF trains myeloid progenitors

(A and B) (A) Wild-type (WT) or Rag1�/� mice were treated or not with HK E. faecalis (HK-EF) i.v. followed by the indicated analyses 10 days later. (B) TNF

concentration measured by ELISA in plasma obtained 1 h after LPS stimulation in the indicated genotypes and treatments. Two pooled independent experiments

(n = 5–7).

(C) Graphs show total cell numbers per femur of common myeloid progenitors (CMPs), granulocyte-monocyte progenitors (GMPs), and multipotent progenitor

cells (MPP3) at day 10 of protocol shown in (A). Three pooled independent experiments (n = 12–13).

(D and E) ATAC-seq analysis in GMPs sorted fromBMat day 10 of protocol shown in (A). (D)MAplot showing 2.360 differentially accessible peaks between HK-EF

and control (CTR) mice GMPs, with p < 0.01. (E) Bar plot showing enriched gene sets from the MSigDB Hallmark collection with FDR < 0.25. Positive normalized

enrichment score (NES) values (orange color) and negative (green color) indicate congruent over- or under-expression of a pathway or function-associated genes

in HK-EF compared with CTR. Only the top 20 hits (according to FDR) are represented. A pool of 3 mice was used per biological replicate, and 3 biological

replicates were used per condition.

(F) H3K4me3 Cut&Tag analysis in GMPs at day 10 of protocol shown in (A). Bubble plot showing gene set enrichment analysis (GSEA) from the MSigDB Hallmark

collection with an p < 0.1. Positive NES values (depicted in red) and negative (depicted in purple) indicate congruent over- or under-expression of a pathway or

function-associated genes in HK-EF compared with CTR. Only the top 20 hits (according to FDR) are represented. Each biological replicate consisted of a pool of

3 mice, and 3 biological replicates were used per condition.

(G) RNA-seq analysis was performed onGMPs at day 10 of protocol shown in (A). GSEA for GMPs obtained fromWTmice treated or not with HK-EF. GSEA profile

from gene expression changes in glycolysis, mTOR, IL-6, and TNFA is highlighted.

(H–J) Donor mice were treated or not with HK-EF and rested for 10 days as in (A) and BM (I) or GMPs sorted from BM (J) were grafted to lethally irradiated CD45.1

C57BL/6J recipient mice. After 60 days, mice were challenged with LPS and TNF concentration measured by ELISA in plasma obtained 1 h after LPS stimulation.

(I) One representative experiment of two performed (n = 5–9). (J) Two pooled independent experiments (n = 6–8).

(B, C, I, and J) Individual data and mean ± SEM are shown. Unpaired Student’s t test was used to compare groups. **p < 0.01; ***p < 0.005; ****p < 0.001;
##p < 0.01 vs. Rag1�/�.
See also Figure S4.
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Systemic administration of HK-EF trains myeloid
progenitors
We then evaluated the ability of HK-EF to induce TI in vivo in the

absence of intestinal barrier disruption. C57BL/6 mice were in-

jected intravenously (i.v.) with live-EF or HK-EF, to test their ability

to reach the BM. Both live-EF and HK-EF reached the BM within

2 h post injection but were not detected after 24 h (Figures S4A

andS4B), suggesting a fast removal. Dose-response experiments

showed that TI induction by HK-EF was bell shaped, persisted for

at least 8 weeks (Figures S4C and S4D), and was independent of

mature B and T cells (Rag1�/� mice, Figures 3A, 3B, and S4E).

Indeed, several myeloid cell subsets contributed to this increased

TNF production (Figure S4F). Consistent with our in vitro findings,

TNF production was dampened when mice were treated with

MTA in the drinking water (Figure S4G).

HK-EF administration resulted in BMP expansion (Figures 3A,

3C, and S4H–S4J). To determine whether this was due to an

intrinsic change in epigenetic reprogramming or in transcrip-

tional activity, we sorted GMPs from HK-EF-treated or control

mice and performed ATAC-seq, H3K4me3 Cut&Tag, and RNA-

seq. Our ATAC-seq results revealed differentially accessible

peaks in GMPs from HK-EF-treated mice compared with control

mice (Figure 3D). By ascribing open regions to gene promoters,

GSEA showed an enrichment in pathways related to inflamma-

tion status, such as proinflammatory cytokines, mTOR, and

pathways related to glycolysis in HK-EF mice, consistent with

ATAC-seq (Figure 3E). H3K4me3 analysis by Cut&Tag also re-

vealed more H3K4me3 peaks in HK-EF-treated mice compared

with untreated mice (Figures 3F and S4K). Conversely, RNA-seq

did not indicate transcriptional activity within the open chromatin

regions related to inflammatory genes (Figure 3G). Given these

epigenetic changes in BMPs, we next tested whether the TI

phenotype was transferable by BM graft. After 60 days, mice

grafted with BM from donors primed with HK-EF showed

enhanced secondary response upon LPS rechallenge compared

with mice grafted with BM from untreated mice (Figures 3H and

3I). Using GMPs instead of full BM also transferred the trained

phenotype (Figures 3H and 3J). In conclusion, i.v. administration

of HK-EF induces long-term TI associated with epigenetic

changes in GMPs that can be transferred by BM graft.

HK-EF triggers Mincle-dependent TI in BMDMs
To explore the potential myeloid sensing receptor(s) for HK-EF,

we analyzed the effect of inhibitors related to the CLR signaling

pathway in HK-EF-induced TI. BMDMs from wild-type (WT)

mice were pretreated with reversible inhibitors for 1 h prior to

treatment with HK-EF, washed 1 day later to remove HK-EF

and inhibitors. 5 days later, TNF and IL-6 production was evalu-

ated upon restimulation with CpG (Figure 4A). Inhibition of Syk

(Figures 4B and S5A), CARD9 (Figures 4C and S5B), or mTOR

(Figures 4D and S5C) abolished the enhanced secondary

response. Because several CLRs are upstream of this signaling

pathway,14 we used a reporter system consisting of B3Z cells ex-

pressing the extracellular domains of either Dectin-1, Dectin-2, or

Mincle coupled to an intracellular CD3z domain to activate a nu-

clear factor of activated T cells (NFAT) reporter.31,32 Although

the reporter signal was triggered by specific ligands for every re-

ceptor, used as positive controls, only the Mincle reporter was

activated by HK-EF (Figure 4E). Moreover, HK-EF also triggered
386 Immunity 58, 381–396, February 11, 2025
the natural Mincle/Syk pathway in a B3Z cell line transfected

with the WT Mincle receptors, FcRg and Syk32 (Figure 4F). To

further validate this result, we stained HK-EF with Mincle-

ectodomain-human-Fc chimera (Mincle-hFc), which bound spe-

cifically to a fraction of the bacteria exposing the ligand compared

with the control human-Fc chimera (Figure 4G). In addition,

BMDMs treatedwith HK-EF showed increased S6 ribosomal pro-

tein phosphorylation (pS6), indicative of mTOR activation. This

was dependent on Mincle, as phosphorylation was abolished in

BMDMs from Clec4e�/� mice (Figure 4H). To test the role of

Mincle in the induction of TI by HK-EF, we generated BMDMs

from WT and Clec4e�/� mice. Following treatment with HK-EF,

BMDMs from Clec4e�/� mice lost the enhanced TNF production

upon restimulation with CpG, LPS, or P3C4 observed in WTmice

(Figures 4I, S5D, and S5E). Therefore, we conclude that HK-EF

signals through the Mincle-Syk pathway, resulting in mTOR acti-

vation, a signaling pathway linked to increased TI.27

Mincle receptor stimulation induces TI
To further investigate the connection between Mincle and TI, we

explored whether a known Mincle agonist, trehalose-6,6-di-

behenate (TDB),33 could also induce TI. Following treatment

with TDB for 24 h, BMDMs were washed, rested for 5 days,

and then re-challenged with CpG (Figure 5A). Pretreatment

with the Mincle agonist enhanced TNF and IL-6 secretion by

BMDMs upon CpG restimulation, an effect prevented by adding

the epigenetic inhibitor MTA during TDB pretreatment (Fig-

ure 5B). The enhanced secondary response was abolished in

Clec4e�/� BMDMs (Figure 5C). Moreover, 24 h of TDB stimula-

tion increased basal glycolysis in BMDMs (Figure 5D) and

increased pS6 in a Mincle-dependent fashion (Figure 5E), further

validating the role of the Mincle receptor in the activation of the

mTOR pathway. Other Mincle ligands, such as GlcC14C18 and

ManC14C18,
34 and mucus from Lactobacillus plantarum-mono-

colonized mice16 also induced TI in vitro to a similar extent as

live or HKE. faecalis. In contrast, other abundantmicrobiota spe-

cies that do not bind Mincle, such as Escherichia coli, did not

induce TI in vitro (Figure 5F).

DSS treatment promotes the translocation of Staphylococcus

aureus (Figure 2A), a microbiota species that contains ligands

for Mincle, to the BM.33 Indeed, we validated that S. aureus binds

the Mincle-CD3z chimera and also signals through theWTMincle

receptor (Figure 5G). Pretreatment of BMDMs with HK-S. aureus

(HK-SA) enhanced TNF production in the typical TI setting, an ef-

fect that was abolished in Clec4e�/� BMDMs (Figure 5H).

To analyze the ability of TDB to induce TI in vivo through

Mincle, WT and Clec4e�/� mice were i.v. injected with dimethyl

dioctadecyl ammonium bromide (DDA) liposomes containing

or not containing TDB (DDA vs. DDA:TDB). Mice were re-chal-

lenged i.p. with LPS 10 days later as a readout for TI induction

(Figure 5I).WTmice pretreatedwith DDA:TDB showed increased

production of TNF compared with DDA, which was prevented in

Clec4e�/� mice (Figure 5J). Collectively, these results demon-

strate that Mincle activation induces TI hallmarks.

HK-EF induces Mincle-dependent TI in vivo that is
protective against infection
To address the role of the Mincle receptor in HK-EF-mediated TI

in vivo, WT and Clec4e�/� mice were primed with HK-EF and
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Figure 4. HK-EF triggers Mincle-dependent trained immunity in BMDMs

(A–D) (A) BMDMs were treated or not with HK-EF upon pretreatment with Syk inhibitor (B), Card9 inhibitor (C), or mTOR inhibitor (D), stimulated with CpG 5 days

later, and TNF production measured by ELISA in culture supernatant of BMDMs 24 h after CpG stimulation. Paired Student’s t test comparing independent

BMDMs cultures (n = 5).

(E) NFAT reporter activity of B3Z cells expressing the extracellular domains of either mouse Dectin-1 (left), Dectin-2 (middle), or Mincle (right) coupled to an

intracellular CD3z in response to the indicated stimuli: PBS, HK-EF, Zymosan (Zym), Candida albicans (C. alb), and trehalose-6,6-dibehenate (TDB). Increasing

doses of HK-EF correspond to 23 105, 23 107, and 23 109 CFU per well. One representative experiment of three performed is shown. Statistical analysis was

performed using one-way ANOVA with Bonferroni post hoc test.

(F) NFAT reporter activity in response to TDB or HK-EF (23 102 CFU) in B3Z cells parental, stably transfected with WTMincle, Syk, and FcRg, or B3Z expressing

human Mincle-CD3z chimera. One representative experiment of three performed is shown. Statistical analysis was performed by one-way ANOVA with Bon-

ferroni post hoc test.

(G) Representative plots (left) and graph depicting the frequency (right) of HK-EF stained with control-hFc or Mincle-hFc. Pool of three independent experiments.

(H) Representative histograms (left) and frequency of BMDMs from WT and Clec4e�/� mice showing high phosphorylation of S6 ribosomal protein (Ser235/236)

measured by flow cytometry. Pool of two independent experiments. (G and H) Individual data and mean ± SEM.

(I) BMDMs fromWT or Clec4e�/� mice were treated with PBS or HK-EF as indicated in the outline. TNF production measured by ELISA in culture supernatant of

BMDMs from indicated treatments and stimulations. Paired Student’s t test compares 5 independent WT and Clec4e�/� BMDMs cultures. *p < 0.05; **p < 0.01;

***p < 0.005; ****p < 0.001.

See also Figure S5.
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10 days later challenged with LPS (Figure 6A). WT mice pre-

treated with HK-EF exhibited an enhanced TNF and IL-6 produc-

tion following LPS rechallenge that was fully abolished in

Clec4e�/� mice (Figures 6B and S6A). Moreover, HK-EF treat-

ment resulted in a Mincle-dependent expansion of BMPs

(Figures S6B andS6C). To determinewhether epigenetic reprog-
ramming induced by HK-EF depended on Mincle, we performed

ATAC-seq and Cut&Tag on GMPs from WT or Clec4e�/� mice

treated or not with HK-EF. GSEA of genes associated to open

regions showed that the enrichment of pathways linked to

inflammation in GMPs following treatment with HK-EF in vivo

was largely prevented in Clec4e�/� mice (Figure 6C). The
Immunity 58, 381–396, February 11, 2025 387
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Figure 5. Mincle receptor stimulation induces trained immunity

(A and B) (A) BMDMswere treated or not with MTA 1 h before plating in trehalose-6,6-dibehenate (TDB)-coated wells. After 24 h, cells were re-plated in non-TDB-

coated plates and rested for 5 days before stimulation with CpG for 24 h. (B) TNF (left) and IL-6 (right) production measured by ELISA in culture supernatant of

BMDMs from indicated treatments and stimulations. Paired Student’s t test compares 5 independent cultures.

(C) BMDMs from WT or Clec4e�/� mice were trained with TDB as described in (A). TNF production measured by ELISA in culture supernatant of BMDMs from

indicated treatments and stimulations. Paired Student’s t test compares 5 independent WT and Clec4e�/� BMDMs cultures.

(D) Time course kinetics extracellular acidification rate (ECAR) (left) and basal ECAR (right) of BMDMs stimulated or not with TDB for 24 h, measured in the

MitoStress test in a Seahorse assay (n = 4).

(E) Representative histograms (left) and frequency of BMDMs from WT and Clec4e�/� mice stimulated or not for 24 h with TDB showing high phosphorylation of

S6 ribosomal protein (Ser235/236) measured by flow cytometry. Pool of 3 independent experiments.

(F) BMDMs from WT mice were treated as in (A) but using as training stimuli HK or live EF, HK E. coli or some well-stablished ligands for Mincle, including

GclC14C18, ManC14C18, and mucus from Lactobacillus plantarum-gavaged mice (enriched LP mucus). TNF production measured by ELISA in the culture su-

pernatant of BMDMs from indicated treatments and stimulations. Paired Student’s t test compares 5 independent WT BMDMs cultures.

(G) NFAT reporter activity in response to TDB or 23 102 CFU of HK Staphylococcus aureus (HK-SA) in B3Z cells parental, stably transfected withWTMincle, Syk,

and FcRg or B3Z expressing human Mincle-CD3z chimera. One representative experiment of three performed is shown. One-way ANOVA with Bonferroni post

hoc test.

(H) BMDMs fromWT or Clec4e�/� mice were trained or not as indicated in (A) with HK-SA. TNF production was measured by ELISA in the culture supernatant of

BMDMs from the indicated treatments and stimulations. Paired Student’s t test compares 3 independent WT and Clec4e�/� BMDMs cultures.

(I and J) (I) WT or Clec4e�/� mice were treated with DDA or DDA:TDB i.v. and restimulated with LPS 10 days later. (J) TNF (left) and IL-6 (right) concentration

measured by ELISA in plasma obtained 1 h after LPS stimulation. Three pooled independent experiments (n = 9).

Individual data and mean ± SEM are shown. Unpaired Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001.
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Figure 6. HK-EF induces Mincle-dependent trained immunity in vivo that is protective against infection

(A and B) (A) WT and Clec4e�/� mice were treated or not with HK-EF i.v. and challenged with LPS i.p. at day 10. (B) TNF concentration in plasma frommice of the

indicated treatments and genotypes. Three pooled independent experiments (n = 8–10).

(C and D) Mice were either trained with HK-EF or left untreated and GMPs were sorted from BM at day 10 of protocol shown in (A) and analyzed by ATAC-seq

(C) and H3K4me3 Cut&Tag analysis (D). Comparative heatmap representing normalized enrichment score (NES) values for gene sets from the MSigDB Hallmark

collection, calculated through GSEA, after ascribing open regions to gene promoters. Gene sets have been selected among those enriched with FDR < 0.1 (C) or

FDR < 0.5 (D). Positive and negative NES values indicate increased accessibility for gene-associated regions in mice treated with HK-EF or not (CTR), in WT or

Clec4e�/� backgrounds, as indicated. A pool of 3 mice was used per biological replicate, and 3 biological replicates were used per condition.

(E) Donor mice were either treated with HK-EF or left untreated, followed by a 10-day resting period as outlined in (A). GMPs from these mice were subsequently

grafted to lethally irradiated CD45.1 C57BL/6J recipient mice. After 60 days, the recipient mice were challenged with LPS. TNF concentration measured by ELISA

in plasma obtained 1 h after LPS stimulation was measured by ELISA. One representative experiment out of two performed is shown (n = 5–9). WT mice are the

same as in Figure 3I and shown here for comparison with Clec4e�/� mice tested in the same experiment.

(F–H) WT and Clec4e�/� mice treated or not with HK-EF were challenged with 1.5 3 105 CFU per mouse C. albicans i.v. (G) or 15 plaque-forming unit (PFU) per

mouse of influenza A virus i.n. (H) at day 10. Weight loss (left) and survival curves (right) are shown.

(I and J) Donor mice were treated or not with HK-EF, followed by a 10-day resting period as in (A) and their BM used to graft lethally irradiated CD45.1 C57BL/6J

recipient mice. After 60 days, mice were challenged with C. albicans 1.5 3 105 CFU per mouse i.v.

(J) Weight loss (left) and survival curves (right) are shown.

(B and E) Individual data and mean ± SEM are shown. Unpaired Student’s t test was used to compare conditions. ***p < 0.005; ****p < 0.001.

(G, H, and J) Results from a pool of two independent experiments (n = 10). Two-way ANOVA test comparing CTR vs. HK-EF weight. Log rank (Mantel-Cox) test for

survival curve comparison. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001.

See also Figure S6.
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increased number of H3K4me3-marked genes in mice treated

with HK-EF in vivo compared with untreated mice was partially

dependent on Mincle (Figure S6D). GSEA in the H3K4me3

differential peaks showed an enrichment in inflammatory and

metabolic pathways similar to the ones shown by ATAC-seq

(Figure 6D), indicating a Mincle-dependent HK-EF-induced

epigenetic reprogramming in promoter gene regions. To explore

whether this TI phenotype could be transferred, we grafted

lethally irradiated mice with GMP from WT or Clec4e�/� donors

primed or not with HK-EF. LPS rechallenge in the recipient mice

60 days after BM graft showed enhanced response in mice

grafted with BM from HK-EF-primed donors in a Mincle-depen-

dent manner (Figure 6E).

Next, we explored the potential for HK-EF-induced TI to pro-

tect against heterologous infection, a key hallmark of TI. WT

and Clec4e�/� mice were i.v. trained or not with HK-EF and,

10 days later, mice were infected i.v. with a lethal dose of

Candida albicans or influenza A virus (Figure 6F). Training with

HK-EF resulted in reduced weight loss and improved survival

to both pathogens compared with non-trained mice, which

was Mincle dependent (Figures 6G and 6H). Rag1�/� mice

showed that this protective effect was independent of T and B

cells (Figure S6E). Consistently, Mincle-dependent HK-EF

training also contributed to enhanced phagocytic capacity of

trained BMDMs against C. albicans (Figure S6F). Mice grafted

with BM from donors primed with HK-EF also showed anti-

fungal protection in a Mincle-dependent manner (Figures 6I

and 6J).Moreover, we testedwhether intranasal (i.n.) administra-

tion of HK-EF, similar to other bacteria-based preparations that

induce TI, such as MV130 and MV140,3,35,36 could be protective

against infection. WT mice were treated with HK-EF i.n., three

times per week for 2 consecutive weeks, as described previously

for i.n. polybacterial vaccines3,36 (Figure S6G). 7 days after

the last dose, mice were i.v. infected with a lethal dose of

C. albicans. We found that i.n. HK-EF pretreatment resulted in

reduced mortality compared with that in untreated mice (Fig-

ure S6H). Therefore, HK-EF induces TI in vivo via Mincle, result-

ing in protective immunity against heterologous infections,

regardless of the administration route.

Mincle deficiency prevents TI and attenuates pathology
associated with DSS-induced gut barrier disruption
We wondered whether TI induced by gut bacterial translocation

would also depend on Mincle expression. Following DSS treat-

ment to increase gut permeability in WT and Clec4e�/� mice,

we generated BMDMs and treated them with LPS, CpG, or

P3C4 (Figure 7A). In agreement with our results above (Fig-

ure 1B), this stimulation resulted in boosted TNF and IL-6 pro-

duction in BMDMs obtained from DSS compared with that in un-

treated mice, a boosting effect that was dependent on Mincle

(Figures 7B and S7A). Moreover, the expansion of BMPs upon

DSS treatment was prevented in Clec4e�/� mice (Figures S7B

and S7C).

To determine whether DSS-induced changes in epigenetic re-

programming were dependent on Mincle, we sorted GMPs from

WT orClec4e�/�mice treated or not with DSS, as indicated (Fig-

ure 7A), and performed ATAC-seq and Cut&Tag. GSEA of genes

associated to open regions byATAC-seq revealed an enrichment

in pathways associated with inflammatory processes, which was
390 Immunity 58, 381–396, February 11, 2025
prevented in DSS Clec4e�/� mice (Figure 7C). The number of

genes marked with H3K4me3 in DSS WT mice compared with

DSS Clec4e�/� mice was similar (Figure S7D). GSEA in the

H3K4me3 differential peaks demonstrated enrichment in similar

pathways as identified by ATAC-seq analysis in a largely

Mincle-dependent manner (Figure 7D), indicatingMincle-depen-

dent, DSS-induced epigenetic reprogramming in promoter gene

regions. DSS treatment in vivo also enhanced the ability of

BMDMs to phagocytose C. albicans in a Mincle-dependent

manner (Figure S7E). This protection was also transferrable, as

mice receiving BM grafts from DSSWT donors showed superior

anti-fungal protection, in aMincle-dependentmanner, compared

with those receiving BM fromuntreatedmice (Figures 7E and 7F).

However, TI can also enhance detrimental inflammatory re-

sponses.37Becausecolitis isapathologicaloutcomeofDSS treat-

ment, we tested whether the absence of Mincle affected colitis

development following a standard DSS-colitis protocol38 (Fig-

ure 7G). Clec4e�/� mice showed reduced disease activity index,

weight loss, and colon inflammation upon DSS-induced colitis

compared with WT littermates (Figures 7H–7J). To confirm the

key role of Mincle expression in BMPs for these effects, BM

from WT or Clec4e�/� CD45.2+ donor mice was grafted into

lethally irradiated recipient CD45.1+ mice. After 60 days, recipient

mice were exposed to DSS (Figure S7F). BMDMs from these

grafted mice kept the Mincle-dependent TI, similar to the donor

BM(FigureS7G). Similarly,BMPswereexpandeduponDSS treat-

ment inaMincle-dependentmanner (FigureS7H).Correlatingwith

the reduced TI phenotype in the BM,Mincle-deficient BM-derived

cells led to an attenuated disease activity index, weight loss, and

colon inflammation upon DSS-induced colitis compared with

WT BM engraftment (Figures S7I–S7K). These results show that

Mincle in BM-derived cells favors TI induced by bacterial translo-

cation, along with the development of DSS colitis.

DISCUSSION

The potential mechanisms connecting gut microbial composi-

tion and/or impaired microbial containment remain unre-

solved.1–3 Our results revealed that disruption of intestinal barrier

integrity allows bacterial translocation to the BM, inducing TI

characterized by epigenetic rewiring in GMPs, with a concomi-

tant expansion ofmyeloid progenitor cells. The enhanced inflam-

matory response to secondary challenges was maintained in

mice lacking B and T cells (Rag1�/� mice), pointing toward a

phenotype driven by innate immune cells consistent with previ-

ous results in TI.13 TI is a long-lasting process, intrinsic to BM

cells, which are therefore transferable by BM graft.12,39,40

Accordingly, we found that BMP cells grafted from DSS mice

to healthy mice transfer a long-term trained phenotype, suggest-

ing that the effect is independent of the primary stimulus (bacte-

ria or gut damage), which is not carried over with the BM graft.

Although we identified several bacterial species able to reach

BM in mice undergoing DSS treatment, E. faecalis was predom-

inant in culture ex vivo. E. faecalis is an opportunistic bacteria,

more abundant in the gut microbiota from inflammatory bowel

disease (IBD) patients compared with healthy patients, but its

potential role in IBD pathology remains unknown.41 Transloca-

tion of E. faecalis is associated with gastric acid suppression

in alcoholic liver disease, leading to liver inflammation and
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Figure 7. Mincle deficiency prevents trained immunity and attenuates pathology associated to DSS-induced gut barrier disruption

(A and B) (A)WT andClec4e�/�mice were treated or not with DSS for 5 days and rested. At day 10, BMwas extracted and BMDMs generated and stimulated with

LPS, CpG, or P3C4 for 24 h. (B) TNF production measured by ELISA in culture supernatant of BMDMs from indicated treatments and stimulations. Two pooled

independent experiments (n = 7–10).

(C and D) GMPs were sorted from BM at day 10 of protocol shown in (A) and analyzed by ATAC-seq (C) and H3K4me3 Cut&Tag (D). Comparative heatmap

representing normalized enrichment score (NES) values for gene sets from the MSigDB Hallmark collection, as calculated by GSEA, after ascribing open regions

to gene promoters. Gene sets have been selected among those enrichedwith FDR < 0.1 (C) or FDR < 0.5 (D). Positive and negative NES values indicate increased

accessibility for gene-associated regions in mice treated with DSS or not (CTR), in WT or Clec4e�/� backgrounds, as indicated. A pool of 3 mice was used per

biological replicate, and 3 biological replicates were used per condition.

(E and F) WT orClec4e�/� donor mice were treated as in (A) and BM grafted into lethally irradiated CD45.1 C57BL/6J recipient mice. After 60 days, recipient mice

were challenged with C. albicans 1.53 105 CFU per mouse i.v. (F) Weight loss (left) and survival curves (right) are shown. Results from a pool of two independent

experiments (n = 10). Two-way ANOVA test comparing CTR vs. HK-EF weight. Log rank (Mantel-Cox) test for survival curve comparison.

(G–J) WT and Clec4e�/� mice were treated with DSS as indicated. (H) Disease activity index (DAI) (n = 8). Mean ± SEM. (I) Weight loss (n = 10). Mean ± SEM. (J)

Colon length (n = 5). Individual data and mean ± SEM. Two pooled independent experiments. Unpaired Student’s t test was used to compare groups. *p < 0.05;

**p < 0.01; ***p < 0.005; ****p < 0.001.

See also Figure S7.
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hepatocyte death.42 Moreover, systemic translocation of other

species of Enterococcus, such as E. gallinarum, triggers autoim-

mune responses inmicewith genetic predisposition to lupus-like

autoimmunity.21 HK-EFwas sufficient to prime hyperresponsive-

ness and metabolic reprogramming of myeloid cells, character-

ized by induction of glycolyticmetabolism, as described for other

TI inductors such as b-glucan,29,30 BCG,43 or MV130.3 Besides,

HK-EF trained human PBMCs as described for others TI-

inducing stimuli, such as MV1303 or b-glucan.37,44 Systemic
HK-EF induced TI in vivo, characterized by an expansion in

myeloid progenitor cells, epigenetic changes in GMP, and

enhanced response upon restimulation, which was independent

of an adaptive immune response. This TI phenotype was trans-

ferred by GMP graft, with enhanced secondary responses de-

tected up to 60 days after the graft, consistent with previous re-

sults on BM transfer of the TI phenotype.12,39

Our results unveiled that pathways downstream of Syk, via

Card9 and also via mTOR, would contribute to the TI effect
Immunity 58, 381–396, February 11, 2025 391
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producedbyHK-EF.We identifiedMincle as the upstream recep-

tor coupled to this signaling pathway, specifically sensing

E. faecalis and responsible for TI induction. Mincle is a well-char-

acterized sensor for a diversity of microbial ligands that can

mediate inflammatory responses.33,45–47 Mincle can also detect

microbiota signals and regulate intestinal immunity and mucosal

barrier function.16Moreover,Mincle signalingpromotes intestinal

inflammation.48 One of the main pathologies associated with

bacterial translocation is IBD.49,50 Biopsies from IBD patients,

DSS-inducedmouse colitismodel, and 2,4,6-trinitrobenzene sul-

fonic acid-induced mouse colitis model show increased expres-

sion of Mincle, correlating with gut inflammation. Mincle defi-

ciency attenuates experimental colitis, whereas administration

of theMincle agonist TDB exacerbates the disease.48 Our results

showing that microbial sensing by Mincle induced TI hallmarks

and that both TI and DSS colitis are reduced in Mincle-deficient

mice suggest the possibility that TI may contribute to gut

inflammation.

On the bright side, TI is a potential immunotherapy to improve

protection against heterologous infections.36,39,51,52 We found

that DSS treatment and HK-EF administration primed BMPs,

generating a Mincle-dependent innate reprogramming that

was protective against C. albicans and influenza A virus infec-

tion. This could imply a potential evolutionary advantage for se-

lection of bacterial translocation in evolution. HK-EF conferred

broad protection and was effective upon i.n. administration.

This suggests that HK-EF could be used as a TI-based vaccine

to prevent heterologous infections, similar to polybacterial prep-

arations MV1303,53,54 and MV140,35,55 or BCG.56

Our findings suggest that gut microbiota translocation induces

TI on BMPs, which can underlie pathologies related to low-grade

systemic inflammation. The identification ofE. faecalis transloca-

tion to the BMas amain driver of this effect and its sensing by the

Mincle receptor in BMPs offers potential targets for intervention

in pathophysiological settings where gut permeability is altered.

Limitations of the study
Our results have focused on the species that we could culture

ex vivo from BM, E. faecalis and, to a lesser extent, S. aureus.

However, 16S rRNA analysis suggests that other species are

translocated and may contribute to this effect. TI induction

upon DSS treatment is prevented in Mincle-deficient mice, sug-

gesting that it is the key sensor of signals from microbiota trans-

location, but we cannot rule out that additional sensors for other

bacterial products or metabolites from the translocated or even

from the gut-residentmicrobiota also contribute to the epigenetic

remodeling of BMPs. Although RNA-seq in parallel with ATAC-

seq andCUT&Tag showedno transcriptional activation of inflam-

matory genes, additional approaches (e.g., H3K27ac epigenetics

changes) were not tested. Epigenetic changes detected in

H3K4me3-tagged regions in DSS and HK-EF compared with

controls are involved in inflammatory responses. However, the

overlap analysis between ATAC-seq and H3K4me3-tagged re-

gions suggests that other important epigenetic changes induced

by bacterial translocation occur in enhancer regions, which could

have a relevant role in TI induced by bacterial translocation. Our

results indicate that glycolysis is involved in the TI induced by

HK-EF; however, future research would be necessary to under-

stand the exact metabolic pathways underlying the potential
392 Immunity 58, 381–396, February 11, 2025
regulation of TI induced by HK-EF. An additional limitation is

the use of a very aggressive model of gut barrier disruption

(DSS treatment) as a proof of principle for our study. Moreover,

some experiments were performed at a time point in which gut

healing after DSS is not complete, but we also performed exper-

iments with longer resting periods, allowing for gut healing. In

addition, the training phenotype was transferred upon BM graft

to intact recipients, ruling out a direct role for gut damage or bac-

terial products. Future studies will dissect whether pathophysio-

logical conditions that alter the gut barrier can trigger similar

responses. Regarding the relevance in humans, although we

have found that HK-EF trains human PBMCs ex vivo, whether a

similar phenomenon is found in humanswill require future studies

of BMPs in patients with altered gut permeability.
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Anti-mouse CD16/CD32, clone 2.4G2 Tonbo Biosciences Cat# 70-0161; RRID: AB_2621487

Biotin anti-mouse CD3 Antibody Biolegend Cat# 100244; AB_2563946

Biotin Rat Anti-Mouse CD45R/B220 BD pharmigen Cat# 553086; AB_394615

Biotin Rat Anti-Mouse CD11b BD pharmigen Cat# 553309; AB_394773
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Vancomycin hydrochloride Sigma-Aldrich Cat# SBR00001
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Mouse TNF DuoSet R&D Systems Cat# DY410

Mouse IL-6 DuoSet R&D Systems Cat# DY406
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API 20 strep test Biomerieux Cat# 20600
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Antibody package for CUT&Tag (anti-mouse) 24 rxns Diagenode Cat# C01070023

24 UDI for Tagmented libraries Diagenode Cat# C01011034

Deposited data

RNAseq of GMP from mice treated with

DSS, HK-EF or its excipient

https://www.ncbi.nlm.nih.gov/geo/ GSE281376

ATAC-Seq of GMP from mice treated with DSS,

HK-EF or its excipient

https://www.ncbi.nlm.nih.gov/geo/ GSE230337

Cut&Tag of GMP from mice treated with

DSS, HK-EF or its excipient

https://www.ncbi.nlm.nih.gov/geo/ GSE281375

Experimental models: Organisms/strains

Mouse: Clec4e-/- (B6.Cg-Clec4etm1.1Cfg) Wells et al.57 MGI ID: 5052164

Mouse: Rag1–/– mice (B6.129S7-Rag1tm1Mom/J) N/A MGI ID: 002216

Software and algorithms

Analysis code for the study "————————" https://zenodo.org/ N/A

GraphPad Prism version 9 GraphPad Software https://www.graphpad.com/

FlowJo v10 Tree Star https://www.flowjo.com/

BD FACSDiva� Software BD Biosciences https://www.bdbiosciences.com/

Seahorse Wave Desktop Software Agilent technologies https://www.agilent.com/

Other

LS Columns Miltenyi Biotec Cat# 130-042-401
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Mice were bred and maintained in groups of 5 animals per cage at the CNIC under specific pathogen-free conditions. Unless other-

wise stated, males of 6-8 weeks old were used. Animal studies were approved by the local ethics committee. The local ethics com-

mittee approved all animal studies (PROEX 236/16; PROEX 301.5/21; PROEX 302.6/21) and all animal procedures conformed to EU

Directive 2010/63EU and Recommendation 2007/526/EC regarding the protection of animals used for experimental and other sci-

entific purposes, enforced by Spanish law under Real Decreto 53/2013. Colonies included C57BL/6J (Jackson Laboratory); C57BL/

6J male germ-free (GF) mice (University of Granada, Granada, Spain); Clec4e-/- (B6.Cg-Clec4etm1.1Cfg) mice were kindly provided

by the Scripps Research Institute, through R. Ashman and C. Wells (Griffiths University, Australia)57; Rag1–/– mice (B6.129S7-

Rag1tm1Mom/J, The Jackson Laboratory).

Cell lines
The L929 cell line (ATCC�CCL-1TM), used to produce M-CSF supernatant, was grown on 175 cm2 cell culture flasks (Stemcell) and

resuspended in Complete RPMI minus HEPES. Supernatants were obtained by filtering L929 culture supernatant at day 15 through

0.22 mm Stericup Filter units (Merck Millipore) and were used to subsequently supplement the medium for the generation of bone

marrow derived macrophages.

Parental B3Z cells were kindly provided by N. Shastri, University of California) and expressed a b-gal reporter for nuclear factor of

activated T cells (NFAT).58 Parental B3Z cells were transduced with retroviruses encoding a chimera of the extracellular domain of

either mouse Mincle, Dectin-1 or Dectin-2 fused to the transmembrane region from NKRP1B and the intracellular tail of CD3z fol-

lowed by an internal ribosome entry site (IRES) sequence and the GFP gene.59 In addition, B3Z cells were transduced with retrovi-

ruses encoding for FcRg chain, Syk and mouse Mincle, to test signaling through the natural receptor.32 Binding of ligands can be

detected by NFAT reporter activation and induction of b-gal activity.31

Differentiation, culture, and stimulation of BMDMs
Murine BMDMswere generated as previously described60 with somemodifications. BM cells fromWTC57BL/6J,Clec4e -/-,Rag1-/-,

or C57BL/6J Germ-free mice, were cultured in Complete RPMI supplemented with 30% M-CSF (obtained from L929 cell superna-

tants) during 5 days in sterile, but not tissue-culture treated, 10cm Petri dishes. BMDMs, obtained fromCTR or DSS pretreated mice,

were plated in equal numbers (105 cells per well) in 96-well plates (200ml final volume, Corning) and rested overnight. BMDMs were

then stimulated with TLR-ligands for 24 hours: LPS-EK (10ng/ml; TLR4 ligand), Pam3CSK4 (P3C4, 10ng/ml; TLR1/2 ligand) or CpG
Immunity 58, 381–396.e1–e9, February 11, 2025 e3
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(10mM; TLR9 ligand). Subsequently, supernatants were collected for cytokine analysis. In separate experiments, BMDMs obtained

from C57BL/6 mice were primed with heat killed (80�C-15min) HK-EF (2x102 CFU/mL) for 24 hours. In the indicated experiments,

BMDMs were pre-treated with 50-methylthioadenosine (MTA) (500 mM), rapamycin (10nM), Syk Inhibitor (R406 (1mM)) or Card9 inhib-

itor (BRD5529 (10 mM)) one hour before HK-EF addition. In addition, to test other Mincle ligands cells were pre-treated with live-EF,

HK-S. aureus, HK-E.coli (2x102 CFU/mL), GlcC14C18, ManC14C18 (1nM, kindly provided by Jérôme Nigou)34 and enriched Lactoba-

cillus plantarum mucus, obtained as previously reported.16

Human peripheral blood mononuclear cell isolation
Healthy donors were recruited from the Blood Donor Service of La Paz University Hospital. Peripheral blood mononuclear cells

(PBMCs) from healthy donors were isolated from venous blood collected in EDTA-containing tubes using Ficoll-Plus (GE Healthcare

Bio-Sciences) solution according to the manufacturer’s instructions. PBMCs were washed twice with phosphate buffer saline (PBS),

counted using Trypan blue staining, and resuspended at 2x106 cell/mL in RPMI-1640 (Gibco) supplemented with 0.01% penicillin/

streptomycin (p/s) (Thermofisher; Waltham, MA, United States) and with 10%FBS (Gibco). PBMCs (6x106 cells) were plated in 6-well

plates with RPMI supplemented with 10% FBS and 0.01% penicillin/streptomycin (p/s) (Thermofisher; Waltham, MA, United States)

and rested an overnight before stimulation.

METHOD DETAILS

DSS models
6-8-week-old male mice were treated (DSS) or not (CTR) in drinking water with dextran sulfate sodium (DSS) 36–55 KDa 3% w/v for

5 days, after a 5-day rest the mice were sacrificed. All mice were fed with standard chow for the whole experiment. The disease

activity index (DAI) was evaluated after 10 days for each animal according to the scores listed in the Table below. Where indicated,

mice were co-treated in the drinking water with antibiotics-fungizone cocktail (Vancomycin (0.5g/L), Metronidazole (1g/L), Neomycin

(1g/L), Ampicillin (1g/L) and Amphotericin B (50mg/L).
SCORE WEIGHT Blood in feces Stool formation

0 no change - normal

1 decrease by 1% + soft but formed

2 decrease by 3% Blood visible very soft

3 decrease by 5% Bleeding out diarrhea
Isolation and ex vivo stimulation of murine bone marrow cells
Bonemarrow was isolated from femora and tibiae of 8 to 10-week-old male mice onWTC57BL/6J background kept in specific path-

ogen free (SPF) or Germ-free (GF) conditions, or Clec4e-/-, or Rag1-/- kept in SPF. Bone marrow cell suspensions were prepared as

described.61 Briefly, bones were flushed with Roswell Park Memorial Institute medium (RPMI)-1640 supplemented with 10% Fetal

Bovine Serum (FBS), 2mM L-glutamine, 100mg/ml penicillin, 100mg/ml streptomycin (all from Gibco), 10mM HEPES (Thermo Fisher),

1nM sodium pyruvate (Lonza), 100mM non-essential amino acids, herein referred to as ‘‘Complete RPMI’’. Cells were centrifuged at

4 �C (5 min; 350xg). Erythrocytes were lysed by resuspending the pellet in red blood cell lysis buffer (150mM NH4Cl; 10mM KHCO3;

130mM ethylenediaminetetraacetic acid (EDTA)). The reaction was stopped by adding RPMI and cells were again centrifuged and

used directly. For ex vivo stimulation, total cells from BM were cultured in a 96-well flat-bottom plate (105 cells/well) in complete

RPMI medium. After a 2-hour resting period in the incubator (37�C, 5% CO2), cells were stimulated with TLR-ligands for 6 hours:

LPS (10ng/ml; TLR4 ligand), Pam3CSK4 (P3C4, 10ng/ml; TLR1/2 ligand), and CpG (10mM; TLR9 ligand) and supernatants were

collected for cytokine analysis.

Trained immunity protocol in vitro

HK-EF (2x102 CFU/mL) or particulate b-glucan (5mg/mL) were added to the cell culture medium for 24 hours to induce training; cells

were then washed with PBS and fresh media was added. 5 days post-training, the medium was removed and LPS-EK was added in

Complete RPMI, and supernatant was collected 24 hours after.

Trained immunity protocol in vivo

HK-EF (2x102 CFU) or PBSwere injected i.v. at day 0. After 10 days or 8 weeksmice were challenged i.p. with 5mg LPS-EK or LPS-B5

respectively. In other set of experiments a dose-response curvewas performedwith a range of doses of HK-EF between 2x101-2x107

and, after 10 days, mice were challenged i.p. with LPS-EK 5mg. One hour after LPS-EK challenge bloodwas obtained and TNF or IL-6

was measured by ELISA using Mouse TNF DuoSet; or IL-6 Mouse IL-6 DuoSet; R&D Systems, respectively in plasma according with

the manufacturer instructions.
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Flow cytometry analysis of bone marrow progenitors
For the analysis of bone marrow progenitor cells, single cell suspensions from BM were collected as described above. Cells were

labelled with a viability staining Aqua dead cell stain kit (Thermofisher) 30 min. Then a cocktail of biotinylated antibodies against line-

age (lin) markers CD3, B220, Cd11b (1:100), Gr-1 and TER-119 (1:20) all from BD Pharmigen for 20 min. Then, cells were additionally

stained with MHCII-FITC (BD Pharmigen); CD115-PerCP (Biolegend); CD45.2-V450 (BD Biosciences); c-kit-PE (Biolegend);

CD11c-BV650 (Biolegend); CD150-BV605 (Biolegend); Strep-BV711 (Biolegend); Sca1-PECy7 (Biolegend); CD135-APC (Bio-

legend); CD48-APCCy7 (Biolegend) (1:200) for 20 min. CMPs were identified as as lin� Sca1� c-kit+ CD48+ CD150+; GMPs

were identified as lin�Sca1� c-kit+ CD48+CD150-; MPP3 cells were identified as lin- Sca1+ c-kit+ CD135-CD150-CD48+. Samples

were analyzed on the LSR Fortessa (BD), and quantification was performed using FlowJo software (TreeStar Inc).

mTOR activation by Phospho-S6 staining
Cultured BMDMs from C57BL/6 or Clec4e-/- mice were plated in equal number (6x105 cells per well) in 6-well plates (2000-ml final

volume, Corning) and rested overnight. Cells were treated in vitro with HK-EF 2x102 CFU/mL, TDB 10 mg/mL or PBS (CTR). Some

cells were also co-incubatedwith Rapamycin (10nM). After 24h cells were collected and labelledwith Phospho-S6-PE (Cell Signalling

#5316) according to the manufacturer protocol, activation was measured by flow cytometry MFI.

Quantification of cytokines
Cell culture supernatants and plasma samples were used to analyze cytokine production. TNF measurement by ELISA using Mouse

TNF DuoSet; R&D Systems and IL-6 by ELISA using Mouse IL-6 DuoSet; R&D Systems to BMDMs or plasma frommice and Human

TNF-alpha DuoSet ELISA; R&D Systems or Human IL-6 DuoSet ELISA; R&D Systems to PBMC following manufacturer’s instructions

Bone marrow graft
WT C57BL/6J CD45.1+ mice were irradiated with two doses of 550 rads (5.5 Gy), separated by at least 3 hours, for a total radiation

dose of 1100 rads. After 2 hours, irradiated mice received BM cells extracted from the medulla of CD45.2+ treatment group or control

mice 1:1. Grafted mice received at least 2x106 BM cells in 100 ul PBS or 5x105 GMPs by i.v. injection, and antibiotics (100 mg/mice

Ampicillin) were injected subcutaneously. To isolate GMPs, BM cells were stained as describe above and GMPs were identified as

Lin-c-kit+sca-1-CD48+CD150- cells. After 30 days the reconstitution efficiency was checked in blood by analyzing CD45.1 vs

CD45.2 expression. After 60 days mice were challenged in vivo with LPS 5mg and sacrificed after 1 hour. Blood was collected in

EDTA-containing tubes to obtain plasma for cytokine analysis. Some mice were not injected with LPS to collect bone marrow as

described above to analyze bone marrow progenitor cells. WT C57BL/6J CD45.1+ mice were lethally-irradiated as described above.

After 2 hours, irradiated mice received BM cells extracted from WT C57BL/6J or Clec4e-/- mice. After resting period mice were

treated with DSS and disease index activity, and training was analyzed.

In another set of experiments, WT C57BL/6J CD45.1+ mice irradiated as described before were grafted with BM fromWT C57BL/

6J orClec4e-/- mice treated or not with DSS/HK-EF. After 60 days, recipient mice were challenged with 1.5x105 CFU per mouseC.al-

bicans i.v. Survival and weight loss was analyzed.

Analysis of bacterial translocation
Liver and BM fromDSS, ABX-treated, or untreated mice were homogenized in endotoxin-free PBS with 0.1% Triton X-100 to release

intracellular bacteria. After a short centrifugation, 100ml supernatant from 1mL was added to a LB agar plate (Hardy Diagnostics) and

cultured at 37�C for 24 hours in aerobic or anaerobic conditions. The number of colonies was counted and calculated as colony-form-

ing units (CFU) per ml. BM treated as describe above was also used to analyze the bacterial translocation by 16S. Total genomic

DNA was extracted from BM tissue with QIAamp PowerFecal (pro) DNA kit (QIAGEN-#51804) according to the manufacturer’s in-

structions. Samples were disrupted using PowerBead Pro Tubes included in the kit in a TissueLyser II for 10 min at 30 Hz. The

PowerBead Pro Tubes contained large beads. Then the DNA was purified following manufacturer’s instruction and 16S performed.

Briefly, for library preparation and sequencing, mock community DNA was included as positive control for library preparation (Zymo-

biomics Microbial Community DNA, ZymoResearch, Irvine, CA, USA) and to ensure quality control. Also, Negative controls of DNA

extraction and PCR amplification steps were routinely performed in parallel, as well as positive controls, using the same conditions

and reagents, to sure that no contaminant were introduced in any step. Samples were amplified using 16S rRNA V3-V4 regions spe-

cific primers (Forward; 50TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-30, Reverse;50GTCTCG

TGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-30). The PCR was performed in 10-ml volume with

0.2-mM primer concentration. Cycling conditions were initial denaturation of 3 min at 95 �C followed by 25 cycles of 95 �C for

30 s, 55 �C for 30 s, and 72 �C for 30 s, ending with a final elongation step of 5min at 72 �C. PCR reactions were purified using AMPure

XP beads (Beckman Coulter) with a 0.93 ratio according to manufacturer’s instructions. PCR products were eluted from the mag-

netic beads with 32 ml of Milli-Q water and 30 ml of the eluate were transferred to a fresh 96-well plate. The primers contain overhangs

allowing the addition of full-length Nextera adapters with barcodes for multiplex sequencing in a second PCR step, resulting in

sequencing ready libraries with approximately 450 bp insert sizes. 5 ml of the first amplification were used as template for the second

PCRwith Nextera XT v2 adaptor primers in a final volume of 30 ml using the same PCRmix and thermal profile as for first PCR but only

8 cycles. After the second PCR, 25 ml of the final product was used for purification and normalization with SequalPrep normalization

kit (Invitrogen), according to manufacturer’s protocol. Libraries were eluted in 20 ml volume and pooled for sequencing. Sequencing
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was performed in an IlluminaMiSeq with 23300 bp reads using v3 chemistry with a loading concentration of 10 pM. In all cases, 15%

of PhIX control libraries was spiked in to increase the diversity of the sequenced sample. High-quality 16S rRNA amplicon sequences

were analyzed via TADA (Targeted Amplicon Diversity Analysis using DADA2, implemented in Nextflow). The data set for mapping is

from Green Genes (13.8), being forward and reverse truncate length 291/280 bp, ang maximum expected error 2. The Microbiome

Analyst pipeline62,63was used for downstream analysis. The feature filter was manually performed removing taxa found in any of

Negative controls of DNA extraction and PCR amplification and in germ free mice. The data were scaled by total sum scaling

(TSS). GraphPad Prism 9 were used to analyze and illustrate the data.

Germ-free mice inoculation
Male Germ-free mice were colonized with whole gut microbiota from conventional C57BL/6. For this, fresh feces were collected, re-

suspended in sterile PBS 1/20 w/v, centrifuged at 30xg for 10 min and kept -80�C until use)64 Mice colonized were maintained in

separate isolators for the duration of the experiment.

Germ-free mice mono-colonization
Isolated E. faecalis cultured as described above, was used to mono-colonize male Germ-free mice. The colonization was per-

formed by oral gavage (100ml) for two consecutive days with 108 CFU of live bacteria. 24 hours after the second dose, DSS treat-

ment was carried out as was described above. Mice colonized were maintained in separate isolators for the duration of the

experiment.

Bacteria identification
Bacterial identification was performed using several tests. Isolated bacteria were grown in Columbia 5%SG horse (Biomerieux), PVX

Chocolate polyvitex, (Biomerieux) Mac Conkey, (Biomerieux) GBS modified agar medium (VWR) and Aesculin agar (Oxoid). After

24 hours incubation at 37�C 5% CO2, grown bacteria were analyzed by microbiological test, Gram staining (allows bacteria to be

differentiated according to their cell wall) and catalase test following standard procedures. After, API 20 strep test (Biomerieux)

was carried out following manufacturer’s instructions.

The fermentation tests were inoculated with an enriched medium which rehydrates the sugar substrates. Fermentation of carbo-

hydrates was detected by a shift in the pH indicator.

The reactions were read according to the Reading Table (included in the protocol) and the identification was obtained by referring

to the Analytical Profile Index or using the identification software.

To confirm the bacterial species, Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) and sequencing of the

16S were used. MALDI-TOF is a mass spectrometry technique to assess the unique ‘‘molecular fingerprint’’ of an organism. Briefly,

an isolated colony was transferred with an inoculation loop and placed in a well of the plate, once it was dry, 1ml of 70% formic acid

was added. When the sample was dry, 1ml of Bruker matrix solution (a-Cyano-4-hydroxycinnamic acid, HCCA) was added on the

sample, and once dry, the plate was inserted into the MALDI BioTyper (Bruker Daltonics) for the identification. Spectra was analyzed

by the BioTyper program (Bruker Daltonics, Inc) utilizing both the Bruker database and a previously created Inmunotek in-house

database. The MALDI-TOF Biotyper system (Bruker Daltonics) provides a numerical score for the interpretation of results. Scores

are classified globally into several categories. According to the manufacturer, the score thresholds for microorganism identification

are currently as follows: a score ofR1.80 represents high confidence and it is accepted for bacterial identification. The bacterial test

standard (BTS) will be included as a positive quality control for all experiments.

The 16S was performed in collaboration with Charles Rivers using AccuGENX-ID� BacSeq to identified bacteria and MLST

AccuGENX-ST to know the strain.

Enterococcus faecalis culture
Isolated E. faecalis as was described above from BM of DSS treated mice, was grown in aerobic condition overnight 37�C in LB me-

dium under agitation 200 rpm. Grown bacteria were pelleted at 8000 g for 10 min and quantified by optical density and serial dilution

1:100 on Agar LB.

Flow cytometry analysis of Spleen
Spleen was harvested in R10 medium (RPMI Medium 1640 (Gibco�). Spleen was digested for 10 min with 0.25 mg/ml Liberase

TL (Roche) and 50 mg/ml DNaseI (Sigma Aldrich), after incubation time single cells solution was obtained after mechanical disin-

tegration and filtered out 70 mm filters. For the analysis of spleen single cell cells were labelled with a viability staining

Aqua dead cell stain kit (Thermofisher) 30 min. Then cells were stained with a cocktail of antibodies with CD45-BV570 (BD Phar-

migen); CD11b-BV605 (Biolegend); CD11c-PECy7 (Biolegend); F4/80-BV711 (Biolegend); MHCII-UV737 (Biolegend); CD90-

UV805 (Biolegend); B220-PerCP (Biolegend); Ly6G-Pacific blue (Biolegend) 1:200 for 20 min. For intracellular staining

cell were fixed with PFA 4% 15 min and permeabilized with permeabilization buffer (BSA 1%, Saponin 0.1% in miliQ

water) for 30min. After that time cells was washed and stained with cocktail of antibodies TNF-PE and IL-6-APC (1:50) for

1h. Samples were analyzed on FACSymphony (Becton Dickinson) and quantification was performed using FlowJo software

(TreeStar Inc).
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Seahorse assay
Real-timeExtracellular AcidificationRate (ECAR) inBMDMswasdeterminedwith anXF-96Extracellular FluxAnalyzer (SeahorseBiosci-

ence). BMDMswere plated in Seahorse Cell Culture Microplates at a density of 100,000 cells per well and left to attach overnight. In the

case of TDB stimulated BMDMs, 10mg TDB was coated to the Seahorse plate 24 hours before BMDMs were plated. After 24 hours of

TDB or HK-EF stimulation, culture media was replaced by Seahorse Assay Medium (DMEM, 100mg/ml penicillin, 100mg/mL strepto-

mycin, 2mM glutamine, 25mM glucose, 1mM pyruvate) at pH 7.4. Four technical replicates were used for each condition.

Seahorse cartridges were hydrated overnight in distilled water and calibrated for 1 hour in Seahorse XF Calibrant solution in a non-

CO2-corrected incubator at 37�C. Seahorse assay was run using the Glycolysis Stress Test Protocol. For the Mito Stress Test the

following compounds were added: Port A – oligomycin (2mM); Port B - carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone

(FCCP) (0.5mM); Port C – rotenone + antimycin A (0.5mM). ECAR was analyzed at the beginning of the protocol with 3 measurements

before inhibitor injection.

Fungal infections
Micewere i.v. infectedwith 100 ml ofCandida albicans (1.5x105 CFU permouse) or (7.5x104 CFU permouse inRag1-/-), both diluted in

sterile PBS. Mice were monitored for weight, general health, and survival, following institutional guidance. Candida albicans (strain

SC5314, clinical isolate) was kindly provided by Prof. C. Gil (Complutense University, Madrid, Spain). The fungus was grown on yeast

extract-peptone-dextrose (YPD)-agar plates (Sigma) at 30�C for 24 hours to maintain the degree of virulence. After 24 hours, the col-

ony was grown in liquid YPD at 30�C for 24 hours under agitation. Fungal titer was quantified and resuspended in PBS for injection.

Phagocytosis assay
BMDMswere obtained fromWT orClec4e-/-DSS/HK-EF treatedmice. BMDMs stained with were exposed to CFSE-labeled (2.5 mM)

HK-C.albicans (HK-CA) for 15min. After extensivewashing, cells were recovered on icewith PBS-5mMEDTA. Trypsin-EDTA (0.25%)

(Gibco) treatment was used to remove bound, not internalized, HK-CA particles prior to analysis by flow cytometry. BMDMs Percent-

age of engulfed HK-CA was determined as double positive cells for Cell Violet and CFSE.

Viral infection
Mice were i.n. infected with 50 ml of Influenza A virus (15 PFU per mouse) diluted in PBS, andmice monitored daily for weight, general

health, and survival, following the institutional guidance. Influenza A/Puerto Rico/8/34 (flu PR8) virus was a gift from E. Nistal-Villán

(San Pablo CEU University, Madrid, Spain).

B3Z reporter assays
Parental or B3Z cells stably transduced with Mincle (WT receptor, Syk and FcgR chain or Mincle-CD32 chimera),32 Dectin-1-CD32

chimera or Dectin-2-CD32 chimera were used. For generation of Dectin-1 and Dectin-2 CD32 chimera, B3Z were transduced with a

retrovirus encoding a chimera of the extracellular domain of mouse Dectin-1 or Dectin-2 fused to the transmembrane region of

NKRP1B and the intracellular tail of CD32 followed by an IRES sequence and the GFP gene, as described.31 2x105 cells per well

were plated in 96-well plates and incubated with plated TDB or Zymosan or Candida albicans as positive control, respectively. In

addition, cells were exposed to plated HK-EF (2x105, 2x107 and 2x109 CFU/mL) or HK-SA (2x109 CFU/mL) and cultured in RPMI

1640 supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 50 mM 2-mercaptoethanol, and 10%

heat-inactivated fetal bovine serum (FBS) (all from Life Technologies, Carlsbad, CA) at 37�C. After overnight culture, cells were lysed

in lysis buffer containing chlorophenol red-b-D-galactopyranoside (CPRG, Roche)-containing buffer. 1-4 hours later, LacZ activity

was measured by absorbance in the supernatant, with O.D. 595 measured relative to a reference of O.D. 655 nm on a spectropho-

tometer (Benchmark Plus. Bio Rad).

Human Fc recombinant assay
Mincle-hFc, generated as described,32 and control-hFc (R&D Systems) were prepared in 10% skimmed milk in PBS and incubated

overnight at 4�C on a rotating wheel, washed three times and labeled with PE-conjugated goat anti-hFc antibody (eBioscience). Spe-

cific binding of Mincle was detected by PE-positive signal by flow cytometry. Human Mincle-Fc chimera was blocked with anti-hu-

man Mincle 2F2 clone (Sigma-Aldrich). An isotype matched antibody (clone GC323, mouse IgM) was used as a negative control

(Sigma Aldrich).

ATAC-Sequencing
BM cells were isolated as described above. Lineage negative (Lin-) cells were enriched by staining with a panel of biotinylated an-

tibodies against lineage committed cells (CD3, CD45R, CD11b (1:100) Ter-119, Gr-1 (1:20), all from BD Pharmigen). After washing,

cells were incubated with streptavidin magnetic beads (Miltenyi) and passed through LS columns (Miltenyi), the negative fraction was

collected for further staining with Sca-1 (APC), c-kit (CD117; PE), CD48 (APCCy7), CD150 (BV650), Streptavidin (BV421) (1:200) an-

tibodies andwith the viability marker Hoechst 33258 prior to sorting by FACSAria II. GMPswere identified as Lin-c-kit+ sca-11- CD48+

CD150- cells. 30,000-50,000 flow sorted GMPs were collected in ice-cold Flow cytometry buffer, and immediately treated as

described previously.65 In brief, cells were spun down in 25 ml cold lysis buffer at 500g for 20min at 4�C. Afterwards, the transposition

reaction was started by adding Nextera’s Tn5 Transposase in reaction buffer. The transposition reaction mix was incubated for
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30 min at 37�C, DNA was purified using a Qiagen MinElute PCR purification kit. ATAC-Seq libraries were purified using a PCR

purification MinElute kit (Qiagen). Afterward, AMPure XP beads (Beckman) were used for size selection of the libraries, which

were subsequently quantified using a Qubit fluorometer (ThermoFisher Scientific). Libraries size and quality were assessed using

a 2100 Bioanalyzer instrument (Agilent). Libraries were sequenced in paired-end reads (2350) using a NextSeq 2000 System. (Illu-

mina) at the Genomics Unit of the CNIC.

ATAC-Seq data analysis
Sequencing reads were pre-processed by means of a pipeline that used FastQC, to asses read quality, and Cutadapt66 to trim

sequencing reads, eliminating Illumina and Nextera transposase adapter contaminations, and to discard reads that were shorter

than 30 bp. Resulting reads were then mapped against reference genome GRCm38/MM10 with a pipeline that used bowtie267 as

aligner, Piccard to mark duplicate alignments, and samtools68 to eliminate duplicate, chimeric and sub-optimally multi-mapped

alignments, keeping only properly paired and mapped reads. Alignments against the mitochondrial genome or chromosome Y

were also removed. The final number of correctly aligned, filtered read pairs was between 12 and 47 million. TSS enrichment values,

calculated with HOMER’s annotatePeaks function69 had values between 31 and 39. Once filtered alignments had been obtained,

peaks (accessible DNA regions) were called with MACS3,70 using parameters "–nomodel –shift -100 –extsize 200", and "-q 0.05"

as the false discovery rate cut-off. The numbers of peaks detected were between 97000 and 131000. Next, filtered alignments

and peaks, in BAM and XLS formats, respectively, were processed with the R package DiffBind to define a consensus set of

154,415 peaks, representing the complete collection of accesible DNA regions detected in any condition. DiffBind was also used

to calculate and normalize peak coverage across samples, and to identify differentially accessible regions (DARs) in pair-wise con-

trasts, using EdgeR as analysis method. The fraction of reads in peaks (FRiP score), as calculated by DiffBind, was between 0.58 and

0.73. The number of DARs (with p < 0.01) was between 1,474 and 56,012, depending on the contrast. DAR collections were anno-

tated with HOMER68 to calculate the association of peaks to various genomic features, to identify the closest gene for each peak and

to perform functional enrichment analyses, and to identify enriched motifs. In order to perform additional functional enrichment an-

alyses with GSEA,71 peaks in the consensus peak set were associated to the corresponding closest genes with HOMER. Then,

unique gene-peak pairs were defined for each contrast by keeping those pairs with the maximal absolute ATAC-Seq accesibility

logFC value, as long as gene-peak distance was shorter than 1MB. Gene lists were finally used to perform functional enrichment

analyses with GSEA preranked, using accesibility logFC values to sort gene lists. The association between DARs and promoters

and proximal and distal enhancers as defined in ENCODE’s candidate Cis-Regulatory Element collection (cCRE; http://genome.

ucsc.edu/cgi-bin/hgTrackUi?db=hg38&g=encodeCcreCombined) was tested with GAT,72 Genomic heatmaps were generated

with deepTools2.62 Other data manipulations and graphical representations were produced with R.

Cut&Tag Sequencing
BM cells were isolated as was described above for ATAC-Seq protocol.

To analyze H3K4me3 mark by Cut&Tag the iDeal CUT&Tag kit for Histones (Diagenode) was used following the manufacturer’s

instructions. Briefly, we performed the analysis with individual samples which 30,000 fresh cells were used per immunoprecipitation

(3 biological replicates per condition) and 1 mg of anti-H3K4me3 antibody was add to each reaction. As positive and negative con-

trols, 1 mg of anti-H3K27me3 and IgG antibodies were also included in the Antibody Package for CUT&Tag, were used to carried out

positive and negative control of analysis. Immunoprecipitation reactions took place on a rotating wheel at +4�C overnight. The sec-

ondary antibody binding was performed by adding 100 ml of diluted secondary antibody added per reaction and incubated on a

rotating wheel at room temperature for 45 min. Cells were wash two times with Complete CT Wash Buffer and the tagmentation re-

action was carried out with 100 ul of 1/250 dilution of pA-Tn5 Transposase. Cut&Tag libraries were purified using a PCR purification

MinElute kit Libraries size and quality were assessed using a 2100 Bioanalyzer instrument (Agilent). Afterward, AMPure XP beads

(Beckman) were used for size selection of the libraries, which were subsequently quantified using a Qubit fluorometer

(ThermoFisher Scientific). Libraries were sequenced in paired-end reads (2350) using a NextSeq 2000 System. (Illumina) at the Ge-

nomics Unit of the CNIC.

Cut&Tag data analysis
Following a strategy that was similar to that applied for ATAC-Seq data processing, FastQC and Cutadapt were used to pre-process

sequencing data fromCUTnTAG experiments, bowtie2 was used tomap resulting reads against reference genomeGRCm38/MM10,

Piccard to mark duplicate alignments, and Samtools to eliminate sub-optimally multi-mapped alignments, keeping only properly

paired and mapped reads, even if they corresponded to duplicate alignments, and removing alignments against the mitochondrial

genome or chromosome Y. The number of unique reads in filtered alignments was around 80% of the number of processed reads,

and fragment length distributions showed a maximal value at around 200, and a 10-bp sawtooth periodicity. Peaks were then called

with MACS3, using parameter "–keep-dup auto", and "-q 0.01" as the false discovery rate cut-off. The numbers of peaks detected

were between 13 and 17 thousand. Filtered alignments and peak sets were then processed DiffBind to define a consensus set of

19,905 peaks, to calculate and normalize peak coverage across samples, and to identify differential peaks in pair-wise contrasts,

using EdgeR. The numbers of differential peaks (with raw p_value < 0.05) were between 717 and 2,833, depending on the contrast.

The collections of differential peaks were annotated with HOMER, including the identification of the closest gene for each peak, and

non-redundant gene-peak pairs were defined for each contrast by keeping those pairs with the maximal absolute CUTnTAG logFC
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value and maximal gene-peak distance of 1MB. Gene lists were used to perform functional enrichment analyses with GSEA pre-

ranked, using CUTnTAG logFC values to sort gene lists

RNA-Seq sequencing
BM cells were isolated and treated as described above for ATAC-Seq and Cut&Tag.

Total RNA was isolated from GMP (miRNeasy Micro Kit). Bulk RNAseq experiments were performed in the Genomics Unit of the

CNIC. Libraries were prepared using the NEBNext Single Cell/Low Input RNA Library Prep Kit for Illumina (New England Biolabs) ac-

cording to manufacturer’s instructions. All libraries were sequenced in a Nextseq 2000 (Illumina). FastQ files for each sample were

obtained using bcl2fastq v2 2.20 software (Illumina). The number of reads per sample was between 11 and 21 million.

RNA-Seq analysis
RNA-Seq data were processed by applying a pipeline that used FastQC and Cutadapt. Resulting reads were mapped against the

reference transcriptome GRCm38.99 and gene expression levels were estimated with RSEM.73 The percentage of aligned reads

was above 85% for all samples. Expected expression counts calculated with RSEM were then processed with an analysis pipeline

that used the Bioconductor package limma74for normalization (using TMM method) and differential expression testing, taking into

account only those genes expressed with at least 1 count per million (CPM) in at least three samples. Changes in gene expression

were considered significant if associated to Benjamini and Hochberg adjusted p-value < 0.05. The collections of differentially ex-

pressed genes were used as input for functional enrichment analyses with QIAGEN Ingenuity Pathway Analysis (IPA).

DDA:TDB liposomes
Liposomes were prepared as described previously.75 Briefly, a 5mg/mL solution of dimethyl-dioctadecyl-ammonium bromide (DDA)

and TDB (Trehalose-6,6-dibehenate) were prepared using as dissolvent chloroform/methanol (9:1 v/v). DDA solution (5mg/mL) and

TDB solution (5mg/mL) were mixed in a ratio 5:1 w/w (DDA:TDB). The organic solvent was removed using a roto-evaporator followed

by flushing with N2 to form a thin lipid film on the bottom of a round-bottomed flask. The DDA:TDB complex was stored at -20�C. The
lipid filmwas hydrated with 2mL of PBS and heating for 20min at 60 �C to a final concentration of 2mg/mLDDA and 0.25mg/mL TDB

and used immediately to inject 10mg per mice.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mice were included in the studies in a blind manner and randomly assigned to receive or not DSS (1:1 simple randomization). The

same procedure was used to allocate mice to different groups to be treated with HK-EF or PBS and DDA:TDB or DDA.

Sample size was calculated according to a previously performed pilot study to determine the DSS, and the infective dose of

C. albicans. For the C. albicans experiments, we considered two independent study groups with a dichotomous primary endpoint

represented by mortality. As statistical parameters we chose an anticipated incidence of 50% for one group and 20% for another

one, an alpha error of 0.05 and a power of 0.8. In the experimental models, the distribution normality of data was evaluated with

the Kolmogorov-Smirnov (KS) test. Differences in weight loss between HK-EF and PBS groups were compared using a two-way

ANOVA test, followed by multiple comparisons corrected using Bonferroni statistical hypothesis testing. Survival curves were

compared with log rank (Mantel-Cox) test. Two-tailed unpaired Student’s t test was generally used to evaluate statistical significance

between two conditions, except for experiments in vitro with BMDMs and human monocytes in which paired Student’s t test was

applied to compare results within the same cultures. Differences were considered significant at P < 0.05 (*p < 0.05; **p < 0.01;

***p < 0.005; ****< 0.001). (Prism 9, Graph-Pad Software). The statistical test used and the definition of n are indicated in figure

legends.
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