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I M M U N O L O G Y

Multi-omics analysis reveals that linoleic acid 
metabolism is associated with variations of trained 
immunity induced by distinct BCG strains
Jin-Chuan Xu1, Zhen-Yan Chen1, Xue-Jiao Huang1, Juan Wu1, Huan Huang1,2,  
Liang-Fei Niu1, Hui-Ling Wang1, Jian-Hui Li1, Douglas B. Lowrie1,2, Zhidong Hu1*,  
Shui-hua Lu1,2*, Xiao-Yong Fan1,2*

Trained immunity is one of the mechanisms by which BCG vaccination confers persistent nonspecific protection 
against diverse diseases. Genomic differences between the different BCG vaccine strains that are in global use could 
result in variable protection against tuberculosis and therapeutic effects on bladder cancer. In this study, we found 
that four representative BCG strains (BCG-Russia, BCG-Sweden, BCG-China, and BCG-Pasteur) covering all four ge-
netic clusters differed in their ability to induce trained immunity and nonspecific protection. The trained immunity 
induced by BCG was associated with the Akt-mTOR-HIF1α axis, glycolysis, and NOD-like receptor signaling path-
way. Multi-omics analysis (epigenomics, transcriptomics, and metabolomics) showed that linoleic acid metabolism 
was correlated with the trained immunity–inducing capacity of different BCG strains. Linoleic acid participated in 
the induction of trained immunity and could act as adjuvants to enhance BCG-induced trained immunity, revealing 
a trained immunity–inducing signaling pathway that could be used in the adjuvant development.

INTRODUCTION
Innate immune responses were considered transient until evidence 
grew that innate immune cells displayed a memory-like phenotype 
after exposure to certain stimuli, a property that has become defined 
as trained immunity (1). Innate immune cells acquire trained immu-
nity through epigenetic modifications and metabolic reprogramming 
so that they produce a more robust inflammatory immune response 
upon secondary exposure to extraneous pathogens (1, 2). More pre-
cisely, trained immunity confers to innate immune cells nonspecific 
protection against rechallenge that is characterized by increased gly-
colysis and cytokine production by the responding cells (3, 4).

The Bacille Calmette–Guérin (BCG) vaccine is the only licensed 
tuberculosis vaccine, and over 4 billion individuals worldwide have 
received the BCG vaccine over the past century (5). It has become evident 
that, in addition to protection against Mycobacterium tuberculosis, 
it can provide nonspecific protection against other diseases, such as 
viral diseases (6) and tumors (7, 8). For example, a recent clinical trial 
found that BCG vaccination provided nonspecific protection against 
viral respiratory tract infections in the elderly, and laboratory evidence 
suggested that the nonspecific protection was mediated by BCG-
induced trained immunity (9).

From 1921 to 1960, more than 14 BCG strains evolved through 
unique mutations that arose during culture by different laboratories 
and manufacturers (10). On the basis of the tandem duplication-2 
(DU2) forms present in all BCG strains examined so far, the strains 
were classified into four classes: DU2 classes I to IV. These numerous 
extensive sequence polymorphisms resulted in between-strain differ-
ences in some important antigens of BCG, such as lipids and pro-
teins (11), and these differences may be leading causes for observed 

variations in the efficacy of BCG in protection against tuberculosis 
(12–14). The differences in protective efficacy against tuberculosis may 
be largely attributed to differences in effects on specific immunity, but 
there may also be contributions by different effects on trained immu-
nity. BCG strains differed in affording nonspecific therapeutic effects 
on non–muscle-invasive bladder cancer (15–18). However, whether 
the diverse nonspecific effects induced by different BCG strains are as-
sociated with trained immunity has yet to be elucidated.

In this study, we investigated variations in the capacity for and 
mechanisms of trained immunity induction among four widely used 
BCG strains chosen for their range of use (19) and virulence (12), 
covering all four DU2 genetic classes: class I (BCG-Russia), class II 
(BCG-Sweden), class III (BCG-China), and class IV (BCG-Pasteur). 
Our data showed that the different BCG strains induced various levels 
of trained immunity and nonspecific protection both in vitro and in 
mice. As expected, the enhanced trained immunity induced by BCG 
was associated with elevated levels of Akt–mammalian target of ra-
pamycin (mTOR)–hypoxia-inducible factor (HIF) axis, glycolysis, 
and nonobese diabetic (NOD)–like receptor signaling pathways. 
The multi-omics (epigenomics, transcriptomics, and metabolomics) 
showed that the linoleic acid metabolism was correlated with the 
trained immunity–inducing capacity of the different BCG strains. 
Further, we found that linoleic acid could act as adjuvants to induce 
trained immunity and enhanced BCG-induced trained immunity. 
Together, our data showed that the different BCG strains induced dif-
ferent levels of nonspecific protection mediated by trained immunity 
and revealed a previously unidentified pathway and potential adju-
vants for the induction of trained immunity.

RESULTS
The four BCG strains induced different levels of trained 
immunity in vivo
Initially, a mouse model of trained immunity was established to eval-
uate the induction of trained immunity in  vivo by different BCG 
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strains. Modulation of hematopoietic stem cells (HSCs) in the bone 
marrow has been demonstrated to be an integral component of 
trained immunity (20, 21). Briefly, mice were trained by intravenous 
immunization with different BCG strains and subsequently eutha-
nized to collect bone marrow cells (BMCs) for flow cytometry analy-
sis (Fig. 1A and fig. S1, A and B). After BCG intravenous vaccination, 
the HSC progenitor lineage-Sca-1+c-Kit+ (LSK+) population in 
BMCs was significantly expanded (Fig. 1, B, E, and F). Further, the 
proportions of short-term HSCs (ST-HSCs; LKS+CD150+CD48+) 
and multipotent progenitors (MPPs; LKS+CD150−CD48+) were in-
creased in all BCGs-trained mice, but not long-term HSCs (LT-HSCs; 
LKS+CD150+CD48−) (Fig.  1, C, E, and G to I). BCG-China and 
BCG-Pasteur induced more MPPs than BCG-Russia and BCG-
Sweden (Fig. 1G). Further analysis revealed that BCG immunization 
skewed hematopoiesis toward MPP3 (MPP+CD34+Flt3−), especially 
in BCG-China-trained group (Fig. 1, D, J, and K), indicating that my-
eloid development was enhanced after BCG vaccination, which is 
consistent with other reports (22). In addition, increased CD11b+ 
cells, CD19+ cells, and CD49b+ cells but decreased CD3+ cells were 
detected in bone marrow (fig. S1, B to F). These data indicate that four 
BCG strains differed in inducing HSC expansion.

For the nonspecific protection experiment, BCG-immunized 
mice were challenged 1 month later with either lipopolysaccharide 
(LPS) (Fig.  2A) or Salmonella typhimurium (Fig.  2H) via intra-
peritoneal injection. Serum cytokine analyses revealed that BCG-
Sweden–, BCG-China–, and BCG-Pasteur–trained mice produced 
more inflammatory cytokines in response to LPS stimulation than 
BCG-Russia–trained and non-trained control groups (Fig. 2, B to D). 
The transcriptome profile of BMCs from BCG-trained mice differed 
from that of the control group (Fig. 2E). Consistent with flow cytom-
etry analysis, BCG training activated the developmental proliferation 
and immune function of lymphocytes and myeloid cells in bone 
marrow, according to the gene set variation analysis (GSVA) for gene 
ontology biological process (GOBP) analysis. A higher level of acti-
vation was observed in the BCG-China and BCG-Pasteur groups 
compared to the BCG-Russia group (Fig.  2F). Furthermore, the 
GSVA for Kyoto Encyclopedia of Genes and Genomes (KEGG) anal-
ysis of BMCs revealed that the BCG-Sweden and BCG-China groups 
had stronger metabolic and signaling transduction activation than 
the control and BCG-Russia groups (Fig.  2G). Of utmost signifi-
cance, BCG-trained mice exhibited reduced weight loss and pro-
longed survival after infection with S. typhimurium in contrast to the 
control group. The effects in the BCG-China and BCG-Pasteur 
groups were significantly superior to those in the BCG-Russia group 
(Fig. 2, I and J). Thus, the four strains of BCG elicited diverse degrees 
of bone marrow modification and nonspecific protection against 
S. typhimurium infection in vivo.

The four BCG strains induced various degrees of nonspecific 
protection in BMDMs
A macrophage-based in vitro model was next established to compare 
the trained immunity induced by different strains of BCG. In brief, 
macrophages [bone marrow–derived macrophages (BMDMs) and To-
hoku Hospital Pediatrics-1 (THP1) cell–differentiated macrophages] 
were trained with BCG [multiplicity of infection (MOI) = 1] for 
24 hours; then, after 5 days (BMDMs) or 3 days (THP1 cell–differenti-
ated macrophages), they were restimulated with LPS (Fig. 3, A and E). 
Four BCG strains could activate cytokine secretion of macrophages 
24 hours after infection (fig.  S2, A to C). Macrophages trained by 

BCG-China and BCG-Pasteur exhibited higher levels of inflammatory 
cytokines [tumor necrosis factor–α (TNF-α), interleukin-6 (IL-6), and 
IL-1β] upon LPS restimulation compared to those of control and 
BCG-Russia groups (Fig. 3, B to D and F to H). Expectedly, the BCG-
trained BMDMs had increased glucose consumption and lactic acid 
production (Fig. 3, I and J). Furthermore, the trained BMDMs had a 
reduced fungal load when challenged with Candida albicans in com-
parison to the control group, with the BCG-China group exhibiting a 
lower load than the BCG-Russia group (Fig.  3, K and L). BMDMs 
trained by BCG-China, BCG-Pasteur, and BCG-Sweden showed 
stronger bactericidal activity against S. typhimurium compared to 
BCG-Russia and control groups (Fig.  3M). When cocultured with 
mouse bladder cancer cell line Mouse bladder tumor line-2 (MBT2)–
green fluorescent protein (GFP), BMDMs trained by BCG-China and 
BCG-Sweden had stronger inhibition on the proliferation of tumor 
cells than the control and BCG-Russia–trained groups (Fig. 3N and 
fig. S2, D to F). Thus, the four BCG strains differed in trained immu-
nity for different degrees of enhancement of inflammatory cytokine 
secretion and protection against nonspecific infection/tumor cells pro-
liferation (lowest, BCG-Russia; highest, BCG-China).

Macrophages trained by the different BCG strains had 
different transcription profiles
RNA sequencing (RNA-seq) was used to compare the transcriptional 
characteristics of BMDMs after training. BCG-trained BMDMs dis-
played significantly different transcriptional patterns than the control 
(Fig.  4, A and B). In comparison to the control, with BCG-Russia, 
there were 1644 differentially expressed genes [DEGs; adjusted P value < 
0.05, |log2 fold change (log2FC)|  >  1] (827 up-regulated and 817 
down-regulated); with BCG-Sweden, there were 3030 (1474 up-
regulated and 1556 down-regulated); with BCG-China, there were 
2452 (1100 up-regulated and 1352 down-regulated); and with 
BCG-Pasteur, there were 2826 (1234 up-regulated and 1592 down-
regulated) (Fig.  4C). Ly6i, Acod1, Lcn2, Marco, Saa3, Fpr1, and 
Fpr2 genes were significantly up-regulated in BCG-trained BMDMs 
(fig. S3A). GOBP enrichment analysis showed that the 1338 intersec-
tion genes shared by the four groups were primarily enriched for 
those in innate immune response, defense response, and inflamma-
tory response (Fig. 4D and table S1). After BCG training, the recep-
tors for recognition (Tlr1-3, Nod2, Cd14, etc.) and phagocytosis 
(Marco, Scarf1, Nlrp3, etc.) were markedly increased, but macrophage 
mannose receptors were significantly down-regulated (Fig. 4E). Fur-
thermore, with the exception of Ccl24 and Il4, inflammatory cyto-
kines (Tnf, Il1b, Il10, etc.) and chemokines (Ccl3-5, Cxcl1-3, etc.) were 
elevated (Fig. 4F). Genes related to antigen processing and presenta-
tion were also significantly up-regulated after training (Fig. 4G). Gene 
set enrichment analysis (GSEA) and GSVA were used for genome-
wide expression analysis on the RNA-seq data and showed that BCG 
training activated the immune system-related KEGG pathways [e.g., 
Toll-like receptor (TLR) signaling pathway, NOD-like receptor sig-
naling pathway, chemokine signaling pathway, antigen processing, 
and presentation]. Higher levels were seen in the BCG-China and 
BCG-Pasteur groups than that in the BCG-Russia group (Fig. 4, H to 
L, and fig. S3, E to L). The pathways that were reported to inhibit in-
flammation (23–25) (Hedgehog signal pathway, Wnt signal pathway, 
and transforming growth factor–β signal pathway) were suppressed 
after training (Fig. 4H and fig. S3, O to Q). The Akt/mTOR/HIF1α-
dependent induction of aerobic glycolysis, which was reported to me-
diate the trained immunity induced by β-glucan (3), was up-regulated 
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Fig. 1. BCG vaccination induced HSC expansion. (A) Schema of the in vivo trained immunity experiments for bone marrow cell (BMC) analysis. i.v., intravenous. 
(B) Representative fluorescence-activated cell sorting (FACS) plots of LKS+ cells in bone marrow of phosphate-buffered saline (PBS)–vaccinated (Con) or BCG-vaccinated 
BALB/c mice after 4 weeks. (C) Representative FACS plots of multipotent progenitor (MPP) cells, short-term HSCs (ST-HSCs), and long-term HSCs (LT-HSCs) in bone marrow 
of PBS-vaccinated (Con) or BCG-vaccinated BALB/c mice after 4 weeks. (D) Representative FACS plots of MPP3 and MPP4 cells in bone marrow of PBS-vaccinated (Con) or 
BCG-vaccinated BALB/c mice after 4 weeks. (E) The t-distributed stochastic neighbor embedding (t-SNE) analysis of LSK cells in normalized Lin− cells. Files containing Lin− 
cells were down sampled without replacement using the FlowJo DownSample plugin and concatenated to ∼170,000 events suitable for t-SNE analysis. (F) The proportion 
of LSK cells in Lin− cells. (G) The proportion of MPP cells in LSK cells. (H) The proportion of ST-HSCs in LSK cells. (I) The proportion of LT-HSCs in LSK cells. (J) The proportion 
of MPP3 cells in MPP cells. (K) The proportion of MPP4 cells in MPP cells. Data represent means ± SD of three independent biological duplicates. One-way analysis of vari-
ance (ANOVA) test was used for comparisons between groups: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.0001.
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Fig. 2. Four BCG strains induced various levels of cytokines and nonspecific protection in vivo. (A) Schema of the in vivo trained immunity experiments. (B to D) Cyto-
kine levels in the serum of trained mice upon lipopolysaccharide (LPS) restimulation. MOCK, mean of the control group. Values are expressed as means ± SD. For (B) to (D), 
data are representative of three independent experiments with three biological duplicates. (E) Principal components analysis (PCA) of the global genes in BMCs. (F) gene 
set variation analysis (GSVA) of gene ontology biological process (GOBP) related to immune cell development and function. NK, natural killer. (G) GSVA of KEGG pathway 
related to immune cell metabolism and function. For (E) to (G), data represent means ± SD of three independent biological duplicates. TCA, tricarboxylic acid; MAPK, 
mitogen-activated protein kinase; PPAR, peroxisome proliferator–activated receptor; cAMP, cyclic adenosine 3′,5′-monophosphate; JAK-STAT, Janus kinase–signal trans-
ducer and activator of transcription. (H) Schema of S. typhimurium challenge infection. (I) Changes in the body weight of S. typhimurium–infected mice within 5 days. 
(J) Survival curves of infected mice, n = 9. PBS, control group. Survival curve was analyzed using log-rank (Mantel-Cox) test: ns, P > 0.05; #P < 0.0001.
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Fig. 3. Four BCG strains induced various degrees of cytokines and nonspecific protection in vitro. (A) Schematic diagram of trained immunity in THP1–differentiated 
macrophages. (B to D) Cytokine profiles in control and trained THP1 macrophages upon LPS restimulation. (E) Schematic diagram of trained immunity in BMDMs. (F to 
H) Cytokine profiles in control and trained BMDMs upon LPS restimulation. (I) Glucose consumption of BCG-trained BMDMs upon LPS stimulation. (J) Lactate production 
of BCG-trained BMDMs upon LPS stimulation. (K) Schematic diagram of nonspecific protection against infection in BMDMs. (L) Total colony-forming units (CFU) of 
C. albicans quantified after 4 hours of infection. (M) Intracellular killing of S. typhimurium 2 hours after phagocytosis by trained BMDMs. (N) The proportion of MBT2-GFP 
cells cocultured with BCG-trained BMDMs. One-way ANOVA test was used to compare groups: *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.0001. Values are expressed as 
means ± SD. Data are representative of three independent experiments with three replicates.
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Fig. 4. Transcriptome characteristics of BMDMs after BCG training. (A) PCA of the global gene changes. (B) Heatmap of pooled differentially expressed genes (DEGs) 
[adjusted P < 0.05, log2 fold change (log2FC) > 1] between BCG-trained groups and Con group. (C) Venn diagram of DEGs between Russia versus Con, Sweden versus Con, 
China versus Con, and Pasteur versus Con groups. (D) Top 20 GOBP pathway of 1393 shared DEGs in (C). (E) Heatmap of genes involved in phagocytosis and cell activation. 
(F) Heatmap of cytokines and chemokines genes. (G) Heatmap of genes involved in antigen processing and presentation. (H) Heatmap comparison of gene set enrichment 
analysis (GSEA) results (P < 0.05) among BCG-trained groups. NES, Normalized enrichment score; ECM, extracellular matrix; cGMP, cyclic guanosine 3′,5′-monophosphate. 
(I to L) Violin plots of the GSVA of factors involved in cell activation and inflammation. (M to P) Violin plots of the GSVA of pathways involved in cell metabolism. 
Data represent means ± SD of three independent biological duplicates.
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in BCG-trained groups (Fig. 4M and fig. S3, B and C). Lipid metabo-
lism (glycerophospholipid metabolism, glycerolipid metabolism, 
ether lipid metabolism, linoleic acid metabolism, etc.) was enhanced 
in the trained BMDMs and was higher in the BCG-China and BCG-
Pasteur groups than that in the BCG-Russia group (Fig. 4, M to P, and 
fig. S3, D, M, and N). In summary, metabolic profiling confirmed the 
activation of innate immune responses and lipid metabolism in 
BCG-trained BMDMs, and the effects were most evident in the 
BCG-China–and BCG-Pasteur–trained cells.

Macrophages trained by the different BCG strains had 
diverse epigenetic landscapes
In parallel, we assessed the alteration of BMDMs chromosome struc-
ture after BCG training by assay for transposase accessible chromatin 
(ATAC) sequencing (ATAC-seq). A total of 26,207, 38,139, 41,897, 
49,520, and 46,541 high confidence open chromatin regions (or 
peaks) were identified in three biological replicates samples from the 
control, BCG-Russia, BCG-Sweden, BCG-China, and BCG-Pasteur 
groups, respectively. Chromosome accessibility increased generally 
following BCG training compared to the control (Fig. 5A). We ob-
served higher ATAC signals on the transcriptional start site (TSS) of 
BCG-trained BMDMs genes, with the highest in the BCG-China 
group (Fig. 5B). Compared with the control group, the BCG-Russia, 
BCG-Sweden, BCG-China, and BCG-Pasteur groups, respectively, 
had 6044, 5451, 7105, and 7902 significantly different peaks, and these 
peaks were mainly distributed in the intron, intergenic, and TSS re-
gions of the genes (Fig.  5C and table  S2). Differential peaks in the 
BCG-Russia, BCG-Sweden, BCG-China, and BCG-Pasteur groups 
were, respectively, annotated to 4609, 4221, 5217, and 5682 genes, and 
these had an intersection of 2146 genes (Fig. 5D), which mainly en-
riched in cell activation and response to external stimulus (table S3). 
There were higher ATAC signals in the genes of inflammatory signal 
receptors (Tlr2, Tlr4, Tlr9, Nod2, etc.), chemokines (Ccl2-4, Cxcl1, 
Cxcl10, and Cxcl12), and cytokines (Tnf, Il1b, Il6, Il10, Il16, etc.) after 
BCG training (Fig. 5F and fig. S4, A to C). In similarity to the tran-
scriptome results, genes with differential ATAC peaks (GAPs) were 
mainly enriched in the immune system pathway (Fig. 5E). The genes 
involved in pathways of the Akt-mTOR-HIF axis, glycolysis, and 
NOD-like receptor signaling showed higher chromatin accessibility 
after BCG training. This was more pronounced in the BCG-China 
and BCG-Pasteur groups (Fig. 5, G and H, and fig. S4D). Integrated 
analysis with ATAC-seq and RNA-seq data found 1448 shared genes 
between pooled DEGs in RNA-seq and pooled GAPs in ATAC-seq 
(fig. S4E), which were primarily enriched for genes involved in cell 
activation and immune system responses (fig.  S4F and table  S4). 
KEGG enrichment analysis showed that inflammatory-related path-
ways such as the TNF signaling pathway, NOD-like receiver signaling 
pathway, PI3K-Akt signaling pathway, and chemokine signaling path-
way were significantly enriched (fig.  S4G and table  S4). Evidently, 
BCG training could extensively alter the chromosomal accessi-
bility of genes pertinent to trained immunity in BMDMs, with 
the most pronounced changes occurring in the BCG-China–and 
BCG-Pasteur–trained cells.

The macrophages trained by different BCG strains had 
different metabolic profiles
Nontarget liquid chromatography–tandem mass spectrometry (LC-
MS/MS)–based metabolomics detection was carried out to charac-
terize the metabolic profile of BCG-trained BMDMs. Principal 

components analysis (PCA) of qualitative metabolite and heatmap 
data of 235 pooled differential metabolites (DMs) [variable’s signifi-
cance in the projection (VIP) > 1, P < 0.05] showed that the BCG-
trained BMDMs had different metabolic profiles than the control 
(Fig. 6, A and B). The DMs mainly included lipid and lipid-like mol-
ecules (53.6%), organic acids and derivatives (18.3%), organohet-
erocyclic compounds (8.9%), and nucleosides/nucleotides/analogues 
(7.2%) (Fig.  6C). Metabolites trehalose, trehalose-6-phosphate, ita-
conic acid, maltose, galactinol, lysophosphatidylcholine (18:1) 
(LPC18:1), and LPC18:2 were elevated markedly after BCG training 
(fig. S5A). KEGG enrichment analysis revealed that most DMs in the 
calcium signal pathway, glycolysis, starch and sucrose metabolism, 
glycerophospholipid metabolism, purine metabolism, and pyrimi-
dine metabolism were up-regulated (Fig. 6D, fig. S5D, and table S5). 
Glycerophospholipid and linoleic acid metabolisms were prominent-
ly enriched in pooled DMs (fig. S5, B and C). The expression of glyc-
erophospholipids in the BCG-Sweden, BCG-China, and BCG-Pasteur 
groups was significantly higher than that in the control and Russia 
groups (Fig. 6E and table S6). When compared with the BCG-Russia 
group, the BCG-Sweden, BCG-China, and BCG-Pasteur groups had 
135, 172, and 169 DMs, respectively, and 92 DMs were shared, while 
42 DMs were exclusive to the BCG-China group (fig. S5E). The 42 
unique DMs were enriched in pyrimidine and linoleic acid metabo-
lites (fig. S5F). Furthermore, LC-MS/MS results showed that linoleic 
acid and its derivative, coriolic acid [13(S)-HODE], were elevated in 
BCG-Sweden, BCG-China, and BCG-Pasteur groups (Fig. 6, F and G, 
and table  S5). To conclude, the metabolic profiles of BMDMs had 
changed after BCG training; most notably, the glycerophospholipid 
and linoleic acid metabolism of the cells trained with BCG-Sweden, 
BCG-China, and BCG-Pasteur was different from those trained with 
BCG-Russia.

Glycerophospholipid–linoleic acid metabolism was involved 
in mediating the difference in trained immunity induced by 
BCG-China and BCG-Russia
The above data indicated that, among the four BCG strains, BCG-
China and BCG-Russia induced the strongest and weakest trained 
immunity, respectively. A combined multi-omics analysis was per-
formed to explore the mechanism contributing to heterogeneity. We 
found that the up-regulated genes and metabolites were significantly 
enriched in glycerophospholipid and linoleic acid metabolism (Fig. 7, 
A and B, and figs. S6, A, B, D, and E). GSEA analysis showed that both 
glycerophospholipid and linoleic acid metabolism were activated in 
the BCG-China group compared with that in the BCG-Russia group 
(Fig. 7C and fig. S6, C and F). The genes (Fig. 7D) and metabolites 
(Fig.  7E) involved in glycerophospholipid metabolism and linoleic 
acid metabolism in the BCG-China group were at higher levels of ex-
pression than those in the BCG-Russia group; the ATAC peaks that 
signaled genes involved in glycerophospholipid metabolism and lin-
oleic acid metabolism were more elevated in BCG-China–trained 
BMDMs (Fig. 7F), and the elevation in linoleic acid of BCG-China–and 
BCG-Pasteur–trained macrophages was significantly greater than 
that of the BCG-Russia group (fig. S5A).

Cholesterol metabolism has been reported to be involved in the 
trained immunity of macrophages (26). Phospholipase A2 (PLA2) 
cleaves lecithin, a crucial metabolite in glycerophospholipid metabo-
lism, to generate linoleic acid (27–30). Consistent with the results of 
the combined multi-omics analysis, the PLA2 enzyme activity of 
BCG-China–trained macrophages was significantly higher than that 
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Fig. 5. The epigenetic landscape of BMDM cells after BCG training. (A) Genome-wide chromatin accessibility of trained BMDMs. (B) Heatmaps of differential assay for 
transposase accessible chromatin (ATAC) peak (P < 0.05) densities at transcriptional start site (TSS) regions. bp, base pairs. (C) Differential ATAC peak distributions on gene 
loci. 3′UTR, untranslated region; 5′UTR, untranslated region; TTS, transcription termination site. (D) Venn diagram of genes with differential ATAC peaks. (E) Heatmap 
comparison between BCG-trained groups, KEGG enrichment results of genes with differential ATAC peaks [false discovery rate (FDR) < 0.05]. (F) ATAC signals of Il1b, Il6, 
and Tnf gene. (G) ATAC signals of genes involved in the HIF-1 signaling pathway. (H) ATAC signals of genes involved glycolysis. Data represent three independent biologi-
cal duplicates.



Xu et al., Sci. Adv. 10, eadk8093 (2024)     5 April 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 18

Fig. 6. Metabolic profiles of BMDMs after BCGs training. (A) PCA plot of the qualitative metabolite changes. (B) Heatmap of pooled DMs (VIP > 1, P < 0.05) between 
BCG-trained groups and control group. (C) DM classification donut chart. (D) KEGG enrichment results of DMs (VIP > 1, P < 0.05). ATP, adenosine 5′-triphosphate; NAD+, 
nicotinamide adenine dinucleotide (oxidized form); UMP, uridine 5′-monophosphate. (E) Heatmap of differentially expressed glycerophospholipids (VIP > 1, P < 0.05, 
|log2FC| ≥ 1). (F) Relative abundance of linoleic acid identified by liquid chromatography–tandem mass spectrometry (LC-MS/MS). (G) Relative abundance of coriolic acid 
identified by LC-MS/MS. Data represent means ± SD of three independent biological duplicates.
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Fig. 7. Comparative multi-omics analysis of the high (China) and low (Russia) trained immunity groups. (A) Nine quadrant charts of mRNA expression ratios and 
metabolite expression ratios between BCG-China and BCG-Russia groups. Purple dots, significant changes in both metabolite (DMs: VIP > 1, P < 0.05, |log2FC| > 0.26) and 
mRNA (DEGs: adjusted P value < 0.05, |log2FC| > 1); green dots, significant changes in metabolite only; yellow dots, significant changes in mRNA only. (B) Integrated 
analysis of metabolites and genes in part 3 of (A). (C) GSEA enrichment plot of glycerophospholipid and linoleic acid metabolic pathways of BCG-China versus BCG-Russia. 
(D) Heatmap of genes involved in glycerophospholipid and linoleic acid metabolism. (E) Glycerophospholipid and linoleic acid metabolic pathways with a heatmap of 
normalized data. Blue and red colors represent low and high concentrations, respectively, scaled by color intensity. (F) ATAC signals of genes involved in glycerophospho-
lipid metabolism and linoleic acid metabolism. ① to ⑧: Genes involved in glycerophospholipid and linoleic acid metabolism. (G) Schematic diagram of PLA2 enzyme 
activity assay in BCG-trained BMDMs. (H) PLA2 enzymatic activity was shown as relative fluorescence units with time. Data represent means ± SD of five independent bio-
logical duplicates. (I) The table shows the P values (one-way ANOVA) for each time point in (H).
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of the control and BCG-Russia groups (Fig. 7, G to I). Pearson corre-
lation analysis showed a positive correlation between PLA2 genes 
(Pla2g2d, Pla2g7, Plaat3, etc.) and inflammatory cytokines (Tnf, Il1b, 
Ccl3, etc.) expression and a negative correlation with Il4 expression 
(Fig.  8A). Further, the production of TNF-α, IL-6, and IL-1β from 
trained macrophages was positively correlated with the concentration 
of linoleic acid and 13(S)-HODE (Fig. 8, B to G). To assess whether 
the glycerophospholipid–linoleic acid metabolism is involved in 
BCG-induced trained immunity, linoleic acid was used as supplement 
when BMDMs were trained by BCG (Fig. 8, H and I). As expected, 
linoleic acid could induce trained immunity and enhanced BCG-
induced trained immunity (Fig. 8, J to L). As an activator of PLA2 
(31), melittin also enhanced BCG-induced trained immunity (Fig. 8, 
J to L). In contrast, the PLA2 inhibitors, ONO-RS-082 (ONO) and 
1-naphthylacetic acid (NAA) (32, 33), significantly attenuated BCG-
induced trained immunity (Fig. 8, M to O). Thus, BCG-China–trained 
BMDM had higher linoleic metabolism than the BCG-Russia group, 
and linoleic acid supplementation enhanced BCG-induced trained 
immunity.

Together, the observations revealed that training by different 
BCG strains led to various degrees of alterations in macrophage 
epigenomics, transcriptomics, and metabolomics and thereby in-
duced distinctly different degrees of nonspecific protective immu-
nity. By comparing macrophage responses to the different BCG 
strains, we found that enhanced linoleic acid metabolism facilitated 
the induction of trained immunity.

DISCUSSION
Since the approval of BCG for non–muscle-invasive bladder cancer 
treatment, BCG intravesical instillation has become one of the es-
sential bladder cancer treatments (34). The nonspecific effect of 
BCG on treating bladder cancer is mediated, at least partially, by 
trained immunity induction (35, 36). Although the question of 
whether strain selection influences the efficacy of intravesical BCG 
remains controversial (37–39), differences in the efficacy of BCG 
strains in the treatment of bladder cancer have been reported in sev-
eral studies (15–18). Little is known, however, about the mecha-
nisms underlying the differences in treatment efficacy (40, 41). In 
this study, we found that four genetically different strains of BCG 
induced different degrees of trained immunity to nonspecifically 
protect against challenges with pathogenic microbes. This support-
ed the contention that the genetic differences between the strains 
might contribute to the diversity in treatment efficacy. From this, it 
follows that an optimal BCG strain for induction of trained immu-
nity should be selected for bladder cancer therapy, which may be 
further enhanced by designing a reengineered BCG that targets 
trained immunity induction. However, head-to-head comparative 
clinical trials in treating non–muscle-invasive bladder cancer are 
warranted to better understand the importance of strain selection 
and trained immunity for BCG efficacy and to establish whether 
there is an optimal strain.

Centrally trained immunity was defined as the result of training 
immune progenitor cells in the bone marrow to generate long-term 
innate immune-mediated protection against heterologous infections 
(42). Stimulation with BCG could prompt transcriptomic, epig-
enomic, and functional reprogramming of HSCs and peripheral 
monocytes to induce trained immunity in humans (21); in contrast, 
M. tuberculosis reprogramed HSCs via an interferon I response that 

suppressed myelopoiesis and impaired the development of trained 
immunity (43), suggesting that bacterial virulence might be a key 
influence on trained immunity induction. Here, we found that dif-
ferential modification of bone marrow immune cells by different 
BCG strains induced various degrees of trained immunity and resis-
tance to S. typhimurium infection in vivo. The less virulent BCG ge-
netic strains (BCG-DU1 and -DU2) afforded lower levels of trained 
immunity and nonspecific protection compared with more virulent 
strains (BCG-DU3and -DU4) (12); however, the capacity for trained 
immunity induction was not well matched with the degree of viru-
lence, suggesting that virulence is not a key influence. Some studies 
categorized BCG into two clusters based on IS6110 and mpt64: early 
(obtained before 1927 included BCG-Russia and BCG-Sweden) and 
later (obtained after 1927 included BCG-China and BCG-Pasteur) 
strains (10, 44). The early BCG strains (BCG-Russia and BCG-
Sweden) induced lower levels of trained immunity compared with 
the later ones (BCG-China and BCG-Pasteur) in our study, but the 
performance of other early and later BCG strains in inducing trained 
immunity remains to be investigated.

The transcriptomic, epigenetic, and metabolomic profiles of mac-
rophages following BCG training were characterized in the current 
work. Trained immunity could confer a long-term increased response 
of innate immune cells (macrophages, natural killer cells, dendritic 
cells, etc.) through epigenetic modifications (45). The results of RNA-
seq and ATAC-seq showed that BCG training markedly activated 
the defense response of macrophages, including antigen processing/
presentation and inflammatory response signaling pathways. The 
mTOR–HIF-1α pathway–mediated increased glycolysis was reported 
to be essential for the induction of trained immunity (46), and, in the 
current study, improved accessibility and expression of the genes 
(Mtor, Hif1a, Hk2, Eno1, Pkg1, etc.) involved in glycolysis were ob-
served. The synthesis of metabolites of glycolysis, such as pyruvate, 
d-glucose 1-phosphate, 3-phospho-​d-glycerate, and thiamin diphos-
phate, was also increased in BCG-trained macrophages. Moreover, it 
was reported that BCG could induce NOD2-dependent (not TLRs 
and dectin-1) nonspecific protection from reinfection via epigenetic 
reprogramming of monocytes (47), and our RNA-seq and ATAC-seq 
results showed that all four BCGs activated the NOD-like receptor 
signaling pathway of macrophages, with more robust activation by 
BCG-China and BCG-Pasteur than by BCG-Russia. These data are 
consistent with the current understanding of BCG-induced trained 
immunity mechanisms and motivated us to further explore the mech-
anism contributing to heterogeneity in trained immunity induction 
among different BCG strains.

Ultimately, the LC-MS/MS, ATAC-seq, and RNA-seq combined 
multi-omics analysis showed that itaconic acid, a metabolite with 
both anti-inflammatory and bactericidal effects (48), and its syn-
thase gene (Acod1/Irg1) were all markedly elevated in BCG-trained 
macrophages (figs. S3A and S5A). This suggests a possible associa-
tion with the nonspecific protective efficacy afforded by BCG 
strains. It was reported that elevated itaconic acid in macrophages 
after M. tuberculosis infection was critical for limiting intracellular 
proliferation and pathological inflammation (49, 50). More recent-
ly, dimethyl itaconic acid, a derivative of itaconic acid, has been 
found to induce trained immunity in human monocytes, and basal 
plasma itaconic acid has been associated with increased human 
BCG trained immunity inducing capacity (51). Correlation analy-
sis showed that Acod1 expression and itaconic acid content were 
positively correlated with inflammatory cytokines (fig. S6, G to L); 
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Fig. 8. Linoleic acid metabolism enhanced BCG-induced trained immunity. (A) Correlation between cytokines genes and PLA2 genes. (B) Correlation between TNF-α 
fold change and linoleic acid fold change. (C) Correlation between IL-6 fold change and linoleic acid fold change. (D) Correlation between IL-1β fold change and linoleic 
acid fold change. (E) Correlation between TNF-α fold change and 13(S)-HODE fold change. (F) Correlation between IL-6 fold change and 13(S)-HODE fold change; (G) Cor-
relation between IL-1β fold change and 13(S)-HODE fold change. Correlations were performed using Spearman correlation analysis. (H) Schematic diagram of trained 
immunity supplementation with linoleic acid (LA) and melittin. (I) Schematic diagram of glycerophospholipid–linoleic acid metabolism. (J to L) Cytokines of BCG-trained 
BMDMs supplementation with linoleic acid (10 μM) and melittin (0.25 μg/ml) upon LPS restimulation. (M to O) Cytokines of BCG-trained BMDMs supplementation with 
ONO-RS-082 (ONO; 50 μM) and 1-naphthylacetic acid (NAA; 50 μM) upon LPS restimulation. Data represent means ± SD of three independent biological duplicates. Data 
are representative of two independent experiments. Two-way ANOVA was used to compare groups; *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.0001.
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thus, it is tempting to speculate that itaconic acid may contribute to 
BCG-induced trained immunity.

Lipid metabolism is crucial in the interaction between M. tuberculosis 
and macrophages (52), but few studies have been made on the involve-
ment of macrophage lipid metabolism in BCG-induced trained immu-
nity. Oxidized low-density lipoprotein, aldosterone, and low-density 
lipoprotein cholesterol have been proven to induce trained immunity 
(53–55). BCG immunization of infants perturbed the lipidome present 
in plasma, and the changes in LPCs were correlated with cytokine re-
sponses recalled in  vitro 4 weeks after vaccination (56). Here, we 
showed that BCG-induced trained immunity could be improved by 
activating linoleic acid synthesis or directly supplementing with lin-
oleic acid, suggesting that this signaling is a potential target of trained 
immunity–based immunotherapy and that linoleic acid or linoleic 
acid metabolism agonists have the potential to be used as vaccine ad-
juvants. Recently, it was shown that addition of exogenous linoleic 
acid activated lipid modulator-mediated innate immunity, enhanced 
macrophage bactericidal capacity, and reduced bacterial load in or-
gans in a mouse bacteremia model (57). Linoleic acid has also been 
found to improve CD8+ T cell metabolism, prevent exhaustion, and 
stimulate memory-like phenotypes with superior effector functions, 
resulting in greater antitumor potency in vitro and in mouse model 
(58). However, it was shown that elevated dietary linoleic acid in-
creased gastric carcinoma cell invasion and metastasis in mice (59, 
60). Considering that gut microbes can convert linoleic acid into oth-
er compounds (61, 62), different ways of supplementing linoleic acid 
(e.g., orally and intraperitoneally) might explain the variation in re-
sults across studies. Linoleic acid has been widely studied clinically as 
a nutritional supplement (63, 64), higher linoleic acid intake, as as-
sessed by dietary surveys or biomarkers, was associated with a lower 
risk of death from all causes, especially cardiovascular diseases and 
cancers (63, 65). It has been shown that the western diet, thought to be 
abundant in linoleic acid, triggered trained immunity in mice via 
NOD-like receptor thermal protein domain associated protein 3 
(NLRP3)–dependent pathway (66). Excessive intake of linoleic acid, 
however, led to the formation of oxidized linoleic acid metabolites, 
which impaired mitochondrial function through substandard cardio-
lipin composition and may contribute to many chronic diseases (67). 
Thus, the background of linoleic acid intake in the population and the 
supplemental dose should be carefully considered in the future stud-
ies. Nevertheless, recognizing the role of linoleic acid in trained im-
munity could provide previously unidentified insights for clinical 
applications.

Although only four BCG strains were compared due to practical 
constraints, we found substantial differences in the ability of different 
strains to induce trained immunity, and the possibility that variations 
in the training dose accounted for the differences was excluded 
(fig. S7, A and B). Whether varying the BCG dose and revaccination 
could enhance trained immunity remains controversial. In bladder 
cancer treatment, there was an association of reduced BCG dose with 
recurrence but not with tumor progression, cancer-specific survival, 
and overall survival (68, 69). Two clinical trials of BCG revaccination 
in children (who received neonatal BCG vaccination) aged 19 months 
and 7 to 14 years have shown that BCG revaccination provided great-
er protection against tuberculosis than a single dose (70, 71). Howev-
er, a clinical trial in adults (small sample size, 51 volunteers) reported 
that the induction of a trained immunity profile is essentially dose- 
and frequency-independent (72). It must be stressed, however, that 
the immune system of humans varies with age and sex (73, 74), and 

trained immunity can be maintained over time (75). Thus, the time of 
revaccination is critical. A better clinical trial is warranted to further 
test for associations between BCG dose, revaccination, and trained 
immunity.

Muramyl dipeptide, a cell wall component of BCG, has been 
shown to induce trained immunity via NOD2 (47). Recently, my-
colic acid, a lipid component abundant in the cell wall of the myco-
bacteria, has been shown to cause epigenetic alterations in the 
promoter regions of the Tnf and Il6 genes in macrophages and to 
strongly induce pro-inflammatory cytokines (76). BCG has numer-
ous antigens and other bioactive products (proteins, lipids, glycolip-
ids, etc.) (77, 78), which varies between different strains (11, 44). The 
exploration of their roles in trained immunity may explain the differ-
ences in trained immunity induced by various BCG strains and guide 
the subsequent development and clinical application of recombinant 
BCG vaccines targeting trained immunity. Transcriptomics showed 
differences in fatty acid catabolism, transcriptional regulation, and 
mammalian cell entry genes among BCG strains (79). Thus, after 
avoiding artificial differences in training dose (fig. S7, A and B), we 
found that BCG-Russia entered fewer macrophages than the other 
groups, but there was no difference among the BCG-Sweden, BCG-
China, and BCG-Pasteur groups (fig. S7C), which may partially ex-
plain the weakest ability of BCG-Russia to induce trained immunity, 
but not the differences between the other strains (e.g., BCG-China 
versus BCG-Sweden). Here, we provide evidence for a previously un-
identified signaling pathway in linoleic acid metabolism as a poten-
tial target of immunotherapies to manipulate trained immunity in 
macrophage; thus, the genome, metabolome, and lipid composition 
of different BCGs may provide us with clues to subsequently explore 
the mechanisms by which different BCGs induce various levels of 
trained immunity at the bacteriological level.

There are several limitations to the current study. First, although 
we showed that the PLA2 enzyme in the linoleic acid metabolism 
pathway in macrophages was activated and the linoleic acid concen-
tration increased after BCG training, whether the linoleic acid synthe-
sized by BCG (80) was involved in the host linoleic acid metabolism 
pathway remains unknown. Second, although in vitro experiment has 
shown that linoleic acid supplementation or linoleic acid metabolism 
activation can enhance BCG-induced trained immunity (enhanced 
inflammatory cytokine secretion upon nonspecific stimulation), the 
efficiency of linoleic acid supplementation in inhibiting pathogens in-
fection, and the in vivo dosage or inoculation route still need future 
investigations.

In conclusion, we showed substantial differences in the tran-
scriptomic, epigenomic, and metabolomic profiles of macrophages 
after training with different strains of BCG and that four major BCG 
strains differed in the pathways associated with induction of non-
specific protection both in vitro and in vivo. We also revealed the 
involvement of glycerophospholipid–linoleic acid metabolism in 
BCG-induced trained immunity and that linoleic acid could induce 
trained immunity.

MATERIALS AND METHODS
Bacterial strains and growth conditions
The BCG strains used in this study were presented by J. Liu from 
University of Toronto, with clear genetic and phenotypic back-
ground (12, 81). They were grown at 37°C in liquid Middlebrook 
7H9 broth (BD Difco, USA) supplemented with 10% (v/v) oleic 
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acid–albumin–dextrose–catalase enrichment (OADC; BD Difco, 
USA), 0.5% glycerol, and 0.05% Tween 80, or on solid Middlebrook 
7H11 (BD Difco, USA) supplemented with 10% OADC and 0.5% 
glycerol. C. albicans was grown in Sabouraud broth medium (1% 
peptone and 4% dextrose) or on Sabouraud agar medium (1% pep-
tone, 4% dextrose, and 2% agar) at 37°C. S. typhimurium was cul-
tured in Luria Bertani (Solarbio) medium.

Preparation of single bacterial suspensions of BCG
One milliliter of BCG culture grown to the logarithmic growth phase 
[optical density at 600 nm (OD600) = ~1] was collected, centrifuged at 
12,000g for 30 s, and washed twice with 1 ml of PBS containing 0.05% 
Tween-80 (PBST). Last, the pellet was gently resuspended by 1 ml of 
PBST and then centrifuged at 500g for 2 min, and the supernatant 
(single bacterial suspension) was used for experiments after standard-
ization of concentration based on OD600.

Cell culture
Six- to 8-week-old specific pathogen–free grade BALB/c female mice 
were euthanized to provide hind leg BMCs. BMDMs were differenti-
ated from isolated BMCs by culture for 5 days in Dulbecco’s modified 
Eagle’s medium (DMEM)/Nutrient Mixture F12 (BI) medium con-
taining 10% fetal bovine serum (Gibco) and macrophage colony-
stimulating factor (50 ng/ml; PeproTech). THP1 cells (American 
Type Culture Collection) were grown at 37°C with 5% CO2 in RPMI 
1640 (Biological Industries) with 10% fetal bovine serum (Gibco). 
The mouse bladder cancer MBT2-GFP cell line was purchased from 
Oricell (Cyagen Biosciences) and cultured in DMEM (BI) containing 
10% fetal bovine serum (Gibico, USA) with puromycin dihydrochlo-
ride (4 μg/ml; Beyotime).

In vitro trained immunity experiments
THP1 cells (2 ×  105 per well) were seeded into 48-well cell culture 
plates and differentiated with 100 nM phorbol 12-myristate 13-acetate 
(PMA; Beyotime) for 48 hours to obtain macrophages. After resting 
for 12 hours in DMEM without PMA, macrophages were trained with 
BCG (MOI = 1) for 24 hours, followed by 3 days of rest after washing 
off the BCG. Last, the supernatants were collected after stimulation 
with Escherichia coli LPS (25 ng/ml; InvivoGen, China) for 24 hours 
and frozen at −80°C for cytokine assays. For the BMDM training 
model, the BMDMs were seeded to flat-bottom 48-well cell culture 
plates at a concentration of 1  ×  105 cells per well and trained with 
DMEM/F12 or different BCG strains (MOI = 1) by 24-hour incuba-
tion at 37°C. The supernatant was discarded, cells were washed twice, 
and the medium was replaced with a fresh complete medium. The cells 
were rested for 5 days, with a change of culture medium in the interval. 
Next, the cells were stimulated with E. coli LPS (25 ng/ml; InvivoGen, 
China) for an additional 24 hours, and the supernatants were stored at 
−80°C until assayed for cytokines (IL-1β, IL-6, and TNF-α) with com-
mercial enzyme-linked immunosorbent assay kits (Invitrogen, Aus-
tria), glucose, and lactate with the Glucose and Lactate Content Assay 
Kit (Solarbio). For rechallenge experiments, the trained BMDMs were 
infected with C. albicans [500 colony-forming units (CFU) per well] 
and S. typhimurium (MOI = 1) by centrifugation at 600g for 5 min and 
cultured at 37°C. The supernatant was collected 5 hours after the cells 
were infected, the cells were lysed with sterile water, then the lysate and 
supernatant were combined and plated for CFU counting. For the in-
tracellular bactericidal assay, BMDMs were infected by S. typhimurium 
for 30 min, extracellular bacteria were washed off with 1  ml of 

phosphate-buffered saline (PBS), and then cells in some wells were 
lysed and plated for counting as background. The cells in other wells 
were cultured in complete medium with gentamicin (20 μg/ml) for a 
further 2 hours, rinsed, and then lysed, and the CFU in the lysates were 
counted. For the coculture experiment, the trained BMDMs were co-
cultured with MBT2-GFP cells (BMDM:MBT2-GFP = 20:1) for 3 days 
and subsequently analyzed the proliferation of MBT2-GFP cells by 
fluorescence microscopy (Olympus) and flow cytometry (BD Biosci-
ences). For PLA2 activity assay, 1 × 106 cells were seeded into six-well 
cell culture plates and trained as described above; the PLA2 Activity 
Assay Kit (Abcam) was used to determine PLA2 activity. Briefly, the 
trained cells were lysed with 100 μl of PLA2 Assay Buffer on ice for 10 
min and then centrifuged at 10,000g for 15 min at 4°C to collect the 
supernatant. Supernatant (10 μl) was added to 96-Well Black Opaque 
Plates, followed by 40 μl of PLA2 Assay Buffer, 10 μl of PLA2 probe, 
and 40 μl of PLA2 substrate sequentially and then mixed. Last, the 
fluorescence (excitation/emission = 388/513 nm) was detected using 
the Cell Imaging Multimode Reader (Agilent BioTek Cytation5) in ki-
netic mode. Activity was expressed as relative fluorescence units for 
the 10 μl of cell lysate. For the linoleic acid metabolism pathway inter-
vention experiments, BMDMs were trained as described above and 
supplemented with linoleic acid, activator (melittin), and inhibitors 
(ONO and NAA) as required, and trained BMDMs were stimulated 
with LPS for 24 hours. Supernatants were collected for cytokines de-
termination.

RNA-seq library preparation and sequencing
The BMDMs were seeded onto six-well cell culture plates at a concen-
tration of 1 × 106 cells per well and trained as described above. Five 
days later, the culture medium was removed, cells were washed twice 
with cold PBS and then lysed by adding 1 ml of TRIzol (TaKaRa), and 
the lysates were collected and stored frozen at −80°C. Extracted RNA 
was quantified by a Nanodrop ND-2000 system (Thermo Fisher Sci-
entific), and the RNA integrity number was determined by an Agilent 
Bioanalyzer 4150 system (Agilent Technologies). RNA-seq libraries 
were prepared using an ABclonal mRNA-seq Lib Prep Kit (ABclonal). 
Library quality was assessed on an Agilent Bioanalyzer 4150 system, 
and sequencing was performed with an Illumina Novaseq 6000 
instrument.
Data analysis
The raw data were first cleaned up by removing the adapter sequence 
and filtering out low-quality data (low quality, the number of lines 
with a string quality value less than or equal to 25 accounts for more 
than 60% of the entire reading) and N ratio (N, base information that 
cannot be determined) greater than 5% reads. Then, clean reads were 
separately aligned to the reference genome with orientation mode us-
ing HISAT2 software (http://daehwankimlab.github.io/hisat2/) to ob-
tain mapped reads. Differential expression analysis was performed 
using the DESeq2 (http://bioconductor.org/packages/release/bioc/
html/DESeq2.html), and DEGs with |log2FC| > 1 and adjusted P < 0.05 
were considered to be significantly DEGs.

Metabolomics experiments
BMDM cells were seeded onto 10-cm cell culture dishes (5 × 106 cell 
per well) and trained as described above. After 5 days, the cells were 
washed twice with cold PBS, 1 ml of cold methanol/acetonitrile/wa-
ter (2:2:1, v/v) was added, and then the cells were scraped off and 
stored frozen at −80°C until metabolite analysis. Analysis was per-
formed using a Ultra-high-performance liquid chromatography 

http://daehwankimlab.github.io/hisat2/
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
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(UHPLC) (1290 Infinity LC, Agilent Technologies) coupled to a 
quadrupole time of flight analyzer (AB SCIEX Triple TOF 6600). 
The samples were slowly thawed at 4°C, vortexed, sonicated at low 
temperature for 30 min, left at −20°C for 10 min, and then centri-
fuged at 14,000g for 20 min at 4°C. The supernatant was dried under 
vacuum. For LC-MS analysis, the dried extracts were redissolved in 
100 μl of acetonitrile/water (1:1, v/v) and centrifuged at 14,000g at 
4°C for 15 min, and then the supernatant was injected onto a 
2.1 mm–by–100 mm ACQUIY UPLC BEH Amide 1.7-μm column 
(Waters). In both electrospray ionization (ESI) positive and negative 
modes, mobile phase A contained 25 mM ammonium acetate and 
25 mM ammonium hydroxide in water, and mobile phase B was 
acetonitrile. The gradient was 95% phase B for 0.5 min, linearly re-
duced to 65% in 6.5 min, then reduced to 40% in 1 min, kept at 40% 
for 1 min, then increased to 95% in 0.1 min, and kept at 95% for 
3 min. The ESI source temperature was 600°C, and the ion spray 
floating voltage was ±5500 V (positive and negative modes). The product 
ion scan was acquired using information-dependent acquisition 
with high sensitivity mode selected.
Data processing
MSConvert was used to convert the raw MS data to MzXML files 
(82), which were then imported into the publicly accessible XCMS 
program. For isotope and adduct annotation, CAMERA (Collection 
of Algorithms for Metabolite Profile Annotation) was used (83). Me-
tabolite identification was accomplished by comparing accuracy 
mass/charge ratio values (10 parts per million) and MS/MS spectra 
to authentic standards. To confirm metabolite identification, the pro-
cessed data were evaluated for quality of integration and compared to 
recognized standards.
Statistical analysis
Following sum-normalization, the processed data were submitted to 
multivariate data analysis using the R package (ropls) (84), including 
Pareto-scaled PCA and orthogonal partial least-squares discriminant 
analysis (OPLS-DA). The model’s robustness was assessed using sev-
enfold cross-validation and response permutation testing. Each VIP 
value of the OPLS-DA model was calculated to indicate its contribu-
tion to categorization. The importance of differences between the two 
groups of independent samples was determined using the student’s t 
test. VIP > 1 and P value < 0.05 were used to search for significantly 
changed metabolites. Pearson’s correlation analysis was used to deter-
mine the relationship between two variables.

ATAC-seq library preparation and sequencing
BMDMs were seeded onto 24-well cell culture plates at a concentra-
tion of 2 × 105 cells per well and trained as described above. After 
5 days, the cells were harvested for ATAC-seq analysis by an ATAC-seq 
kit (Epibiotek). Cells were pretreated with deoxyribonuclease for 
30 min at 37°C to remove free-floating DNA and resuspended in cold 
lysis buffer. After lysis, crude nuclei were harvested and resuspended 
in 50 μl of transposition mix (10 μl of 5× Tagment DNA (TD) buffer, 
5 μl of Tn5 transposase, and 35 μl of water) with 30 min of incubation 
at 37°C. The DNA was purified and then amplified by polymerase 
chain reaction. Libraries were quantified with Bioptic Qsep100 Ana-
lyzer (Bioptic lnc.) and paired-end sequenced with read lengths of 150.
Data processing
The ENCODE ATAC-seq pipeline was used for quality control and 
statistical signal processing of the short-read sequencing data (85), 
producing alignments and measures of enrichment. One hundred 
and fifty–base pair paired-end reads were mapped to the reference 

genome build (mouse, mm10). Differentially expressed sites were de-
tected from the ATAC-seq experiments using the DiffBind R package 
(86). The differential enrichment peaks from different samples were 
visualized by IGV (87–89).

Enrichment analysis and data visualization
Analysis of RNA-seq data, KEGG, GO enrichment, and GSEA data 
was conducted by clusterProfiler R package (90). The GSVA R pack-
age was used to perform GSVA (91). Enrichment analysis of DEGs 
for RNA-seq and ATAC-seq was done with Metascape (92). Metabo-
Analyst (www.metaboanalyst.ca/) was used to conduct metabolite 
enrichment and genes and metabolites joint analysis. The data were 
visualized using the ggplot2 (https://ggplot2.tidyverse.org/) package 
and GraphPad Prism v.8.

In vivo trained immunity experiments
The animal study was reviewed and approved by Laboratory Ani-
mal Welfare and Ethics Committee of Shanghai Public Health Clin-
ical Center (no. 2021-A047-01). Female BALB/c mice, 6 to 8 weeks 
old, were vaccinated by the intravenous route with 1 × 106 CFU of 
a BCG strain. Four weeks later, mice were rechallenged using LPS 
[10 μg per mouse, intraperitoneal (i.p.)] and euthanized to collect 
the blood and BMCs after 4 hours. Blood was collected by cardiac 
puncture after anesthesia, and the serum was frozen at −80°C for 
cytokine determination. Hind leg BMCs were collected, lysed with 
TRIzol, and frozen at −80°C for RNA-seq. For the survival experi-
ment, mice under anesthesia were challenged with S. typhimurium 
(300 CFU per mouse, i.p.).

Flow cytometry
BMCs (2 × 106 cells) after RBC lysis were stained with fixable viability 
dye Zombie Aqua (BioLegend) at the concentration of 1:500 for 30 min 
(room temperature). Subsequently, the cells were washed with PBS 
supplemented with 2% bovine serum albumin (BSA; Gibco) and incu-
bated with anti-CD16/32 (clone 2.4G2, BD Pharmingen) at a concen-
tration of 1:100 in PBS/2% BSA at 4°C for 20  min. A panel of 
fluorescein isothiocyanate (FITC)–conjugated antibodies including 
anti–Ter-119–FITC (clone Ter119, BD Pharmingen), anti–CD11b-
FITC (clone M1/70, BD Pharmingen), anti–immunoglobulin M–
FITC (BioLegend), anti–CD3e-FITC (clone 53-6.7, BD Pharmingen), 
anti–CD45R-FITC (clone RA3-6B2, BD Pharmingen), and anti–
Ly6G/C-FITC (clone RB6-8C5, BD Pharmingen) were mixed as cock-
tail of lineage (Lin) markers. For HSC staining, the following antibodies 
were used: Lin cocktail, anti–c-Kit–allophycocyanin (clone 2B8, BD 
Pharmingen), anti–Stem cell antigen-1 (Sca-1)–phycoerythrin (PE)–
Cyanine7(clone D7, BD Pharmingen), anti–CD150-BV421 (clone 
Q38-480, BD Pharmingen), anti–CD48-BB700 (clone HM48-1, BD 
Pharmingen), anti–Flt3-PE (clone A2F10.1, BD Pharmingen), and 
anti–CD34-BV711 (clone RAM34, BD Pharmingen) (all 1:100) were 
added and incubated at 4°C for 30 min. For staining for innate and 
adaptive immune cells, antibodies for the panel: anti–CD11b–Pacific 
Blue (clone M1/70, eBioscience), anti–CD11c–PE-Cy7 (clone HL3, 
BD Bioscience), anti–CD3-PE (clone 145-2C11, eBioscience), and 
anti–CD19–PE-Cy7 [clone eBio1D3 (1D3), eBioscience] were added 
and incubated at 4°C for 30 min. All cells were subsequently washed 
with PBS/2% BSA and resuspended in 1% paraformaldehyde. Cells 
were acquired on the LSRFortessa (BD Biosciences) and analyzed us-
ing FlowJo software (version 10.8.1). All percentages are of single via-
ble frequency, unless otherwise indicated.

http://www.metaboanalyst.ca/
https://ggplot2.tidyverse.org/
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Statistical analysis
All experiments were performed in at least three independent bio-
logical replicates. Data are presented as means ± SD, as indicated in 
the legend of each figure, and the experimental condition was com-
pared with the control condition, unless otherwise stated. The signifi-
cance of the differences between groups was evaluated using One-way 
or two-way analysis of variance (ANOVA), as shown in the figure leg-
ends. Data were judged to be statistically significant when P < 0.05. 
Survival was analyzed by the log-rank (Mantel-Cox) test.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Legends for tables S1 to S6

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S6
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