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SUMMARY

Secondary infection in patients with sepsis triggers a new wave of inflammatory response, which aggravates
organ injury and increases mortality. Trained immunity boosts a potent and nonspecific response to the
secondary challenge and has been considered beneficial for the host. Here, using a murine model of polymi-
crobial infection, we find that the primary infection reprograms granulocytes to boost enhanced inflammatory
responses to the secondary infection, including the excessive production of inflammatory cytokines, respi-
ratory burst, and augmented phagocytosis capacity. However, these reprogramed granulocytes exhibit
‘‘non-classic’’ characteristics of innate immune memory. Two mechanisms are independently involved in
the innate immune memory of granulocytes: a metabolic shift in favor of glycolysis and fatty acid synthesis
and chromatin remodeling leading to the transcriptional inactivity of genes encoding inhibitors of TLR4-initi-
ated signaling pathways. Counteracting the deleterious effects of stressed granulocytes on anti-infection
immunity might provide a strategy to fight secondary infections during sepsis.

INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by dysre-

gulated host immune responses to infections.1 Despite recent

progress in refining clinical approaches, sepsis is still the leading

cause of morbidity and mortality in hospitalized patients and is

responsible for more than 5 million deaths worldwide each

year.1–3 Patients with sepsis typically enter a state of immune

suppression or even immune paralysis and are predisposed to

secondary infections.4 This secondary infection triggers a new

wave of inflammatory responses,4–6 which aggravates organ

injuries and leads to a higher rate of late mortality.7 Therefore,

it is important to investigate how the immune system responds

to secondary infections after sepsis.

Unlike adaptive immunity, innate immunity is thought to mount

secondary responses without immunological memory.8 Recent

studies on the innate immune memory have challenged

this notion,9–11 imprinting from the primary infection via

differentiation and functional remodeling.12–15 A short pre-expo-

sure to pathogens or pathogen-associated molecular patterns

(PAMPs) from microorganisms causes innate immune cells to

undergo different adaptive remodeling, manifesting as hypo-

responsiveness (tolerance) or hyper-responsiveness (priming

or trained immunity).16 Priming occurs in the innate immune cells

whose functional cell status does not return to basal levels and

represents an additive or synergistic effect of primary and

secondary stimuli.16 In cells of trained immunity, the functional

immune status returns to basal levels after removing the primary

stimulus.16 Trained immune cells are typically subjected tometa-

bolic and chromatin remodeling, such as increased glycolysis,

reduced fatty acid metabolites, and active epigenetic histone

marks on promoters and distal enhancers.17 As trained immunity

boosts a potent and nonspecific response to the second chal-

lenge, it has been considered beneficial for the host to defend

against secondary infections.18,19 Previous studies have investi-

gated trained immunity in monocytes, macrophages, and natural

killer cells,13,20 and recently in b-glucan trained tumor-associ-

ated neutrophils (TANs).21 In these studies, trained immunity is
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induced by transient exposure to a single component from path-

ogens, a vaccine, or a metabolite.12,22–24 However, sepsis is a

complicated process, in which the innate immune system is un-

der sustained exposure to various components of a pathogen or

multiple pathogens throughout the primary infection.25,26 In

addition, as the most abundant circulating leukocytes, granulo-

cytes have a short lifespan. To meet the increased demand for

pathogen clearance and compensate for the rapid loss of gran-

ulocytes, primary infections could rapidly trigger a process

called emergency hematopoiesis.27 The inflammatory environ-

ment related to emergency hematopoiesis can reprogram the

differentiation of granulocytes.27 Therefore, it is important to

investigate whether these granulocytes generated under the

stressed conditions (proposed as stressed granulocytes) exhibit

characteristics related to trained immunity.

In the present study, we used a murine model of polymicrobial

infection and a combination of transcriptomic, metabolomic, and

functional approaches to demonstrate that emergency-hemato-

poiesis-derived granulocytes displayed features different from

typically trained immunity and posed an amplified immune

response during secondary infections.

RESULTS

Excessive TNF-a production during secondary
infections in mice with sepsis
C57BL/6J mice were subjected to cecal ligation and puncture

(CLP). About half of the mice survived and entered a stable

phase until day seven after the CLP operation (CLP7d mice; Fig-

ure S1). Mice recovered from the sham operation (Sham7d) were

used as controls. To simulate the clinical scenarios of secondary

infections after one week of primary infection, Sham7d and

CLP7d mice were intraperitoneally (i.p.) injected with low-dose

LPS (10 mg/kg) as a secondary challenge (Figure 1A). About

60% of CLP7d mice injected with LPS died within 24 h, whereas

all the Sham7d mice survived after the LPS rechallenge (Fig-

ure 1B; p = 0.001), suggesting that CLP7d mice were hypersen-

sitive to the secondary stimulus. Wemeasured the plasma levels

of pro-inflammatory and anti-inflammatory cytokines (Figures 1C

and S2). Before LPS rechallenges, the plasma TNF-a, IL-10, IL-

12, and IFN-g in CLP7d mice returned to near basal levels. LPS

rechallenge induced significantly higher levels of TNF-a and IL-

10 but lower plasma levels of IFN-g and IL-12 in CLP7d mice

than that of Sham7d mice (Figures 1C and S2). The mortality

rate of CLP7d mice was significantly reduced by TNF-a neutral-

ization with the i.p. administration of the soluble TNF-a receptor

1 h before the LPS rechallenge (Figure 1D; p = 0.0327).

Next, we intranasally administered viable Pseudomonas aeru-

ginosa (strain PAO.1) to CLP7d mice to simulate secondary

infection in respiratory tract.28 Consistent with LPS-induced sec-

ondary infection, CLP7d mice displayed a higher mortality rate

than that of control mice within 24 h after infection with

P. aeruginosa (Figure 1E; p = 0.0392). When CLP7d mice were

treated with the soluble TNF-a receptor II against TNF-a, the dis-

ease was ameliorated, and mortality decreased (Figure 1F; p =

0.0186), suggesting that excessive TNF-a production is a crucial

mediator leading to the death of these animals during secondary

infections.

Granulocytes exhibited enhanced systemic
inflammatory responses during secondary infection
To investigate the source of TNF-a during secondary infections,

we measured amount of granulocytes and monocytes in bone

marrow, spleen, and peripheral blood. Consistent with previous

studies about emergencymyelopoiesis,29 granulocytes were the

dominant fraction of CD11b+ myeloid cells in CLP7d mice (bone

marrow, 87.82% ± 5.16%; spleen, 65.78% ± 14.61%), along

with a dramatically increased number of granulocytes in the

bone marrow, spleen, and peripheral blood (Figure 1G).

Next, we isolatedmyeloid cells from Sham7d and CLP7dmice

and stimulated them in vitro with LPS. Intracellular TNF-a stain-

ing revealed that Sham7d and CLP7d mice had similar percent-

ages of TNF-a+ cells among monocytes from the bone marrow,

lungs, spleens, and blood (Figures 1H, 1I, and S3), as well as

macrophages from the lungs, the peritoneal cavity, and the liver

(Figure S4). In contrast, granulocytes fromCLP7dmice exhibited

a higher percentage of TNF-a+ cells than that of Sham7d mice in

response to the LPS rechallenge (Figures 1H, 1I, and S3).

Figure 1. Sepsis-induced granulocytes produce excessive TNF-a in response to secondary infection

(A) Proposed mechanism for a mouse model of secondary infection in sepsis.

(B) Survival of Sham7d and CLP7d mice challenged with LPS (10 mg/kg). Sham7d+LPS3h, n = 16; CLP7d+LPS3h, n = 25.

(C) Concentrations of TNF-a in peripheral blood, as measured using a cytometric bead array. Sham7d, n = 3; Sham7d+LPS3h, n = 7; CLP7d, n = 5;

CLP7d+LPS3h, n = 7.

(D) Protective effect of blocking TNF-a. An anti-TNF-a reagent was administered 18 h before and 1 h after LPS (10 mg/kg) injection into CLP7d mice. Vehicle,

n = 14; TNF-a inhibitor, n = 15.

(E) Survival of Sham7d, CLP7d mice with intranasal P. aeruginosa infection. For each group, n = 20.

(F) Protective effect of TNF-a receptor blockade in CLP7d mice with secondary P. aeruginosa infection (n = 21).

(G) Absolute number of granulocytes and monocytes in bone marrow (left), spleen (middle), and blood (right) 7 days after the CLP procedure. Sham7d, n = 18;

CLP7d, n = 24.

(H) Intracellular staining of TNF-a protein in granulocytes and monocytes from each group. Sham7d, n = 3; Sham7d+LPS3h, n = 7; CLP7d, n = 5; CLP7d+LPS3h,

n = 7.

(I) Representative flow cytometry dot plots of the TNF-a+ ratio in granulocytes and monocytes.

(J) TNF-a mRNA expression in granulocytes isolated from the bone marrow of each group and stimulated by LPS (100 ng/mL).

(K) TNF-a secretion level in granulocytes isolated from the bone marrow of each group and stimulated by LPS (100 ng/mL).

(L) Survival rate of LPS-induced secondary infection in sepsis after granulocyte depletion with an anti-1A8 antibody. Anti-1A8 antibody, n = 20; anti-2A3 negative

control antibody, n = 17.

(M) Survival rate of LPS-induced secondary infection in sepsis after monocyte/macrophage depletion with clodronate. Vehicle, n = 10; clodronate, n = 10.

*p < 0.05, **p < 0.01, and ***p < 0.001 (two-tailed unpaired t test). For each bar graph, the bar indicates the mean ± SEM.
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Consistently, granulocytes from CLP7d mice expressed higher

levels of TNF-a mRNA (Figure 1J) and released significantly

higher amounts of TNF-a protein in the culture medium (Fig-

ure 1K). We further depleted granulocytes in CLP7d mice with

an anti-Ly6G antibody (clone 1A8) or depleted monocytes/mac-

rophages with clodronate. The mortality rate induced by the LPS

rechallenge was reduced by the anti-Ly6G antibody (Figure 1L)

but not clodronate treatment (Figures 1M and S5). Therefore,

the data suggest that granulocytes are the major cell compart-

ment which contributes to overwhelming inflammatory response

during secondary infections.

Granulocytes specifically targeted lungs during
secondary infection
We further assessed the target organ of granulocytes during sec-

ondary infections. After three hours of LPS stimulation, the

numbers of granulocytes dramatically decreased in the bone

marrow, spleen, and liver (Figure 2A) but significantly increased

in the lungs of CLP7d mice (Figure 2A). High levels of granulocyte

infiltration were observed in the intra-alveolar and interstitial

spaces of the lung, along with a thickened alveolar interstitium,

partial alveolar atelectasis, and increasedwet-to-dryweight ratios

(Figures 2B and 2C). These data suggest that the lungs are a key

target organ of sepsis-trained granulocytes during secondary

infections.

Next, we performed cross-adoptive transfer experiments and

illustrated the influxofgranulocytes into the lungswith in vivobiolu-

minescence imaging. Donor granulocytes from either Sham7d or

CLP7d mice primarily settled at the site of hematopoiesis and

lymphoid organs (the sternum, ribs, spleen, and lymph nodes) of

Sham7d recipients and predominantly in the abdominal cavity of

CLP7d recipients (Figure 2D). When the recipients were subjected

to the i.p. injection of LPS, donor granulocytes migrated to the

abdominal cavity (Figure 2D). Strikingly, donor granulocytes also

migrated to the lungs ofCLP7d recipients, regardless ofwhich do-

nors thesecellswere isolated from(Figure2D). Thesedatasuggest

thatCLP-induced intrapulmonarymechanismsare responsible for

recruiting granulocytes to the lungs during secondary infections.

We further assessed the mRNA abundance of several chemo-

kines in lung homogenates using real-time PCR. Compared with

Sham7d mice, CLP7d mice exhibited a significant elevation of

transcripts of CXCL2 after LPS stimulation (Figure 2E). Consis-

tent with previous studies,30–32 single-cell transcriptome anal-

ysis revealed CXCL2 signals in the type 2 alveolar epithelial cells

(AT2), granulocytes, and monocytes (Figure S6). Meanwhile,

granulocytes from CLP7d mice expressed higher levels of

CXCR2, the receptor for CXCL2 (Figure 2F). In support of this

finding, administration of CXCR2 inhibitor SB225002 to CLP7d

mice before the secondary challenge significantly reduced the

responsive influx of granulocytes into the lungs (Figure 2G) and

decreased the LPS-induced mortality rate (Figure 2H). There-

fore, the CXCL2-CXCR2 axis might contribute to the recruitment

of granulocytes to the lungs during secondary infections.

Innate immune memory in immature and mature
granulocytes
As mature granulocytes have short lifespans,33 we speculated

that the capacity for TNF-a production is enhanced during gran-

ulocyte differentiation. Therefore, we sorted Lin� cells that con-

tained hematopoietic progenitor and precursor cells from the

bone marrow of C57/B6 mice, then cultured these cells on

OP9 stromal cells in the presence of the TLR agonists LPS,

Pam3CSK4, and poly(I:C) for seven days to generate differenti-

ated granulocytes and monocytes/macrophages. LPS rechal-

lenge induced higher frequencies of TNF-a+ cells in the LPS or

Pam3CSK4 pre-stimulated granulocytes but not in monocytes/

macrophages (Figure 3A).

Since granulocytes are a heterogeneous population, we

compared the capacities of TNF-a production in immature and

mature granulocytes. According to our previous report,34 the

granulocytes were subdivided into three fractions: immature

G1 granulocytes (containing moremyelocytes, metamyelocytes,

and ring-shaped granulocytes) and relatively mature G2 and G3

granulocytes (containing more banded and segmented granulo-

cytes) (Figures 3B and 3C). CLP7d mice had higher absolute

numbers of all three fractions in the bone marrow, spleen, and

lungs (Figure 3D). All three granulocyte fractions from CLP7d

mice produced greater amounts of TNF-a compared with gran-

ulocytes from control mice (Figure 3E). Notably, more mature G3

granulocytes had a higher capacity to produce TNF-a than rela-

tively immature G1 and G2 fractions. In addition, we tested the

capacities of phagocytosis and respiratory burst, which are

essential for granulocytes to eliminate bacteria. Compared with

granulocytes from Sham7d mice, G3 granulocytes from CLP7d

mice displayed significant increases in respiratory burst (Fig-

ure S7A). G1 and G2 granulocytes from CLP7d mice showed a

slightly higher phagocytic ability (Figure S7B).

Polymicrobial infection affects the trajectory of
inflammation but not granulocyte differentiation
To test whether polymicrobial infection affects granulocyte differ-

entiation, we performed single-cell RNA sequencing (scRNA-seq)

Figure 2. Secondary infection-induced granulocytes are involved in acute lung injury during secondary infections

(A) Absolute number of granulocytes in the bone marrow, spleen, liver, and lung of each group of mice. Sham7d, n = 18; Sham7d+LPS3h, n = 13; CLP7d, n = 24;

CLP7d+LPS3h, n = 21.

(B) Representative images (H&E staining) of lung histopathology. Scale bars, 200 mm.

(C) Wet-to-dry ratio of lungs of CLP7d mice with and without LPS challenge. For each group, n = 5.

(D) In vivo imaging of mice transplanted with granulocytes from luciferase mice (n = 5).

(E) qPCR analysis of CXCL1/2/3/5/7 and CCL2 transcripts in the lungs of mice from each group. GAPDH was selected as the housekeeping control. Fold change

is relative to CXCL1 in Sham7d mice. For each group, n = 5.

(F) Representative histogram of CXCR2 expression on granulocytes from Sham7d or CLP7d mice.

(G) Number of granulocytes in the lungs after SB225002 (2 mg/kg) was used as a CXCR2 inhibitor in CLP7d mice challenged with LPS. For each group, n = 3.

(H) Survival of CLP7d mice rescued by the administration of SB225002 during secondary LPS challenge. Vehicle, n = 14; SB225002, n = 27.

*p < 0.05, **p < 0.01, and ****p < 0.0001 (two-tailed unpaired t test or ANOVA). For each column plot, the bar indicates the mean ± SEM.
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Figure 3. Trained immunity from progenitor cells to mature granulocytes

(A) Percentage of TNF-a+ cells in granulocytes, monocytes, and macrophages stimulated by different TLR agonists when cocultured with OP9 cells, n = 10.

(B) Flow cytometry dot plots showing the gating strategy of the three subsets (G1, G2, and G3) of granulocytes from mice with the sham CLP operation.

(C) Giemsa staining graph of subsets of granulocytes from mice with the sham CLP operation.

(D and E) Absolute number counts (D) and intracellular staining of TNF-a protein (E) in the G1, G2, and G3 subsets of the bone marrow, spleen, and lung of each

group of mice. Sham7d, n = 18; CLP7d, n = 12.

(F) Differentially expressed genes (DEGs) in 5 cell clusters of cells divided by scRNA-seq. Heatmap represents the top 5 gene transcripts for each cell cluster (C2

and C3 only have 4 DEGs that met the criteria, and overlapped genes were removed). uniform manifold approximation and projection (UMAP) highlighted the

expression level of five major genes indexed the differentiations.

(legend continued on next page)
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on granulocytes from Sham7d and CLP7d mice. After removing

low-quality sequencing data, cells with expressed gene counts

between 200 and 7,600 were included in subsequent analyses

(Table S1). Following data normalization, an unsupervised

graph-based clustering algorithm was performed to divide all

qualified cells into five groups (C1–C5) (Figure S8). In total, we

observed 921 (619, 227, 4, 4, and 67 in each cluster) differentially

expressed genes (DEGs) by pairwise comparisons. Themost sig-

nificantDEGs in each groupwere visualizedusing a heatmap (Fig-

ure 3F, left). Five marker genes (Elane, Top2a, and Cebpe are

down-regulated during differentiation, and Mmp8 and Ccl6 are

highly expressed in terminally differentiated granulocytes 3335

and were highlighted and indexed in the different stages of gran-

ulocytematuration (Figure 3F, right). Next, we performeddifferen-

tiation trajectory analysis of granulocytes from Sham7d and

CLP7d mice. Using the 921 DEGs identified in each cluster, we

found that granulocytes in CLP7d mice displayed a similar differ-

entiation trajectory toSham7dmice regardlessofLPSrechallenge

(Figure 3G).

We also measured the trajectory inference of LPS secondary

stimulation. Using 245 genes that were significantly up-regulated

in response to LPS stimulation (Table S2), the trajectory analysis

showed that the LPS challenge shifted more cells toward LPS-

response trajectory in both Sham7d andCLP7dmice (Figure 3H).

More granulocytes were observed in the terminal stage of the

trajectory in LPS rechallenged CLP7d mice (Figures 3H and 3I),

suggesting an enhanced response to LPS. Consistently, higher

TNF-a+ cell levels were detected in more mature granulocytes

in response to the LPS rechallenge in CLP7d mice (Figure 3J).

All of these observations indicated that polymicrobial infection

affects cell distributions along the trajectory of inflammation

instead of granulocyte differentiation.

Transcriptome and epigenetic reprogramming in
stressed granulocytes
To gain more insight into the mechanism of excessive TNF-a

production in granulocytes, we performed bulk RNA sequencing

analyses of three granulocyte subpopulations (G1, G2, and G3,

previously defined) along the granulocyte differentiation path.

We obtained 84.17 G RNA sequencing data, and 11,863 genes

were detected (fragments per kilobase of exon per million reads

mapped [FPKM] > 1 in at least two samples). Of them, 1,078

DEGs (737 were up-regulated, and 339 were down-regulated)

were identified in CLP7d granulocytes (Figure 4A; Table S3).

Among granulocyte subsets, the G3 subset had 76% (819 of

1,078) of total DEGs and exhibited the lowest similarity (R2 =

0.886) in expression profiles between cells from CLP7d and

Sham7d mice (Figures 4A and 4B). We performed a functional

analysis on the basis of DAVID (Database for Annotation, Visual-

ization, and Integrated Discovery)36 and found that DEGs were

enriched in the metabolic and immune system processes in all

three granulocyte subsets (Figure 4C; Tables S4 and S5), but

especially in the G3 subset. As such, the G3 subset dominated

the response module of immune memory, which is consistent

with the high capacity of TNF-a production (Figure 3E).

The further biological pathway analysis with gene set enrich-

ment analysis (GSEA)37 revealed that DEGs in G3 were primarily

enriched in themetabolic pathway (carbonmetabolism), Toll-like

receptor (TLR) signaling pathway, and NF-kB signaling pathway

in CLP7d granulocytes (Figure 4D). According to the weight of

expressed genes, we scored the DEGs of these pathways in

each group. Compared with G1 and G2 granulocytes, G3 had

higher carbon metabolism scores (Figure 4E), fatty acid meta-

bolic (Figure 4F) and pro-inflammatory effects (Figure 4G).

When mapping the DEGs responsible for pro-inflammatory

effects in the signaling network, the TLR4 signaling and its down-

streamMAPK and NF-kB pathways were enriched after the sec-

ondary challenge of LPS (Figure 4H; Table S6). Consistently,

western blot demonstrated enhanced phosphorylation of

MAPK p38 (Figure 4I), as well as more rapid phosphorylation of

NF-kB p65 subunit in the granulocytes from CLP7d mice (Fig-

ure 4I), confirming the hyperactivation of TLR4 downstream

signaling pathways.

To examine whether the enhanced inflammatory profiles in

CLP7d granulocytes accompanied with epigenetic reprogram-

ming, we conducted assay for transposase-accessible chro-

matin with high-throughput sequencing (ATAC-seq). A total of

43,250 ATAC-seq peaks were detected in the granulocytes of

Sham7d and CLP7d. Out of these peaks, 14.11% (n = 6,102)

had undergone dynamic changes during sepsis and secondary

infections. Compared with the granulocytes from Sham7d

mice, CLP7d granulocytes had 1,056 genomic regions that had

gained accessibility, with only 15 genomic regions being closed

off (Figure 5A). We further traced histone marks on these

genomic regions with Cut&Run experiments,38 and found a sig-

nificant increase in H3K27ac levels and a decrease in H3K4me2

levels in the CLP7d granulocytes, either with or without the sec-

ondary challenge (Figure 5B). The H3K9ac levels showed an

overall decrease in CLP7d mice in a LPS-susceptible manner

(Figure 5B). Taken together, the stressed granulocytes are sub-

jected to genome-wide epigenetic remodeling. Consistent with

the transcriptomic data, the accessible genomic regions in

CLP7d granulocytes were concentrated in pathways associated

with the immune processes, including TLR signaling pathways

and its downstream MAPK and NF-kB signaling (Figures 5C

and 5D; Table S7). It demonstrated that the epigenetic remodel-

ing is related to enhanced inflammatory responses to the sec-

ondary infection.

(G) Single-cell distribution along pseudotime trajectory by 921 DEGs pairwise compared in each cluster, indexed the differentiation stages in the Sham7d,

Sham7d+LPS3h, CLP7d, and CLP7d+LPS3h groups.

(H) Single-cell distribution along pseudotime trajectory by DEGs related to LPS-stimulated responses indexed the differentiation stages in the Sham7d,

Sham7d+LPS3h, CLP7d, and CLP7d+LPS3h groups.

(I) Differential cell counts along pseudotime trajectory by LPS-stimulated responses related genes in the Sham7d, Sham7d+LPS3h, CLP7d, and CLP7d+LPS3h

groups.

(J) Single-cell expression level of TNF-a in the Sham7d, Sham7d+LPS3h, CLP7d, and CLP7d+LPS3h groups.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (two-tailed unpaired t test). For each column plot, the bar indicates the mean ± SEM.
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Figure 4. Different expressions of genes are affected by CLP training

(A) Volcano plot of differential expression genes in the LPS-treated G1, G2, and G3 granulocytes from CLP7d (CLP7d+LPS) and Sham7d mice (Sham7d+LPS).

Significantly expressed genes with a fold change above or below 2-fold and p value less than 0.1 are highlighted with blue and red.

(B) Two-dimensional hierarchical clustering of genes expressed in granulocytes treated by LPS and CLP-LPS. Expression levels have been scaled according to

the expression level in each sample. The heatmap represents the lg-transformed fold change in the expression level. The correlations of expression levels in G1,

G2, and G3 were calculated on a linear model.

(C) Gene Ontology (GO) biological process terms enriched in up- and down-regulated gene groups in the three cell groups on the basis of separate DAVID

ontology analysis. N, number of genes enriched in each dataset. The length of the bar for the BP relates to the �log10 (p value).

(D) GSEA shows biological pathway enrichment of G3.

(E–G) Scores of DEG enrichment in carbon metabolism (E), fatty acid metabolitic (F) and pro-inflammatory effects (G). Functional scores were measured by the

normalized expression of corresponding genes and gene weight, where gene weights were set to either 1 or �1 to reflect positive or negative relationships.

(legend continued on next page)
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Stressed granulocytes with downregulation of negative
regulators of the TLR4 signaling pathway
To investigate the critical regulators of the TLR4 pathway, we

validated gene expressions that changed in response to second-

ary infections in RNA sequencing data. Two negative regulators

of the TLR4 pathway, Socs1, and Irak3, were on the top list of

down-regulated genes (Figure 6A). Real-time PCR and western

blot assays confirmed the decreased expression of Socs1 and

Irak3 (Figures 6B and 6C).

However, in the CLP7d mice before the secondary stimulus,

chromatin immunoprecipitation (ChIP)-PCR assays against

TNF-a, Socs1, and Irak3 promoter did not detect significant

changes in the essential epigenetic marks (Figure 6D). After the

secondary stimulus, H3K27ac and H3K9ac decreased in the

promoters of Socs1 and Irak3 genes and increased in the TNF-

apromoter (Figure 6D). H3K4me2 remained stable in all detected

genomic regions (Figure 6D). We further treated CLP7d granulo-

cyteswith suberoylanilide hydroxamic acid (SAHA), a pan-HDAC

inhibitor (HDACi) used in the clinic. SAHA pretreatment

increased SOCS1 (encoded by Socs1) and IRAK-M (encoded

by Irak3) expression levels in CLP7d granulocytes (Figure 6E).

Accordingly, the in vivo administration of SAHA to CLP7d mice

also significantly reduced serum concentrations of TNF-a in

response to the secondary LPS challenge (Figure 6F) and

improved the survival rate of CLP7d mice (Figure 6G).

Metabolic shifts involved in innate immune memory of
granulocytes
As the metabolic process was also observed during functional

analysis (Figure 4C), we analyzed metabolomes of granulocytes

from Sham7d and CLP7d mice. Granulocytes from CLP7d and

Sham7dmicehad249cellularmetabolites anddisplayeddifferent

metabolite profiles, as illustrated by partial least square discrimi-

nant analysis (PLS-DA; Figure 7A). Notably, both carbohydrate

and lipidmetaboliteswas significantly changed inCLP7dgranulo-

cytes (Figures 7B and 7C; Table S8). In contrast to carbohydrates

increasing or decreasing in stressed granulocytes, most species

of fatty acids increased after sepsis (Figure S9A; Table S8).

Wemeasured the extracellular acidification rate (ECAR) andox-

ygen consumption rate (OCR) in live cells with a Seahorse XF

Analyzer. InCLP7dgranulocytes, aerobic glycolysis and oxidative

phosphorylation were both enhanced (Figures 7D and S9B).

CLP7d granulocytes displayed a 12-fold increase in glucose-6-

phosphate (G6P), an essential metabolic intermediate of glycol-

ysis, and a significantly increased ratio of G6P to D-glucose (Fig-

ure7E). Inaddition, the intermediateof thesecondstepof thecitric

acid cycle, isocitrate, also increased by almost 2-fold in CLP7d

granulocytes (Figure 7E). We then tested the effects of metabolic

inhibitors on the inflammatory responses of CLP7d granulocytes.

Both aerobic respiration inhibitors (oligomycin A and antimycin

A/rotenone) and the pentose phosphate pathway inhibitor dehy-

droepiandrosterone (DHEA) failed to prevent excessive TNF-a

production (Figure 7F). In contrast, the glycolysis inhibitor

2-deoxyglucose (2-DG) and galloflavin (GF) significantly reduced

TNF-a production and respiratory burst without affecting the

phagocytotic capacity of these cells (Figure 7F).

As most fatty acids increased in CLP7d mice (Figure S9A), we

next tested the effects of the adipose triglyceride lipase inhibitor

atglistatin (Atg; which blocks fatty acid mobilization), the choles-

terol esterase inhibitor diethylumbelliferyl phosphate (DEUP;

which blocks steroidogenesis), or the specific inhibitor of fatty

acid synthase (C75) on stressed granulocytes. Only C75 dramat-

ically impaired TNF-a production, respiratory burst, and phago-

cytosis in stressed granulocytes (Figure 7G). To further confirm

the above in vitro results, we administrated 2-DG or C75 to the

CLP7d mice before the secondary challenge. Consistent with

in vitro data, 2-DG and C75 significantly reduced the mortality

caused by the LPS rechallenge (Figure 7H), and showed prom-

ising results in rescuing PAO.1 re-infected mice (Figures S10A

and S10B). These results indicate that impaired glycolysis and

fatty acid synthesis could hinder the innate immune responses

induced by stressed granulocytes.

As both the modification of histone acetylation and metabolic

shifts regulated stressed immunity in granulocytes, we further

assessed whether these processes influenced each other. Strik-

ingly, SAHA did not temper glycolysis in stressed granulocytes

(Figure 7I); inhibitors of glycolysis (2-DG and GF) or fatty acid

synthesis (C75) also failed to restore the expression of genes

encoding Socs1 and Irak3 genes (Figure 7J). Therefore, intracel-

lular metabolism and epigenetic remodeling seemed to regulate

the stressed immunity of granulocytes independently.

DISCUSSION

Polymicrobial infections are common primary infections, which

means that innate immune cells have been exposed to multiple

and complex microbial components from various pathogens.25

In this study, we demonstrated that during polymicrobial infec-

tion, granulocytes display non-classic traits of innate immunity

memory, as defined by increased robust responsiveness to rein-

fection, including excessive TNF-a production in response to

rechallenge with pathogens and an enhanced capacity for

phagocytosis and reactive oxygen species (ROS) production.

Considering that granulocytes are the most abundant circulating

leukocytes in healthy adults and could be greater because of

emergency granulopoiesis after primary infections,29 these

changes in the immune function of stressed granulocytes high-

light their role during secondary infection in sepsis.

Of note, we demonstrated that polymicrobial infections

induced a process of innate immune memory distinct from

‘‘priming’’ and ‘‘trained immunity’’ in granulocytes. Trained im-

munity and priming are two immunological processes that

(H) Schematic representation of gene pathways involved in the TLR4 pathway on the basis of RNA sequencing (RNA-seq) expression signatures. Five pathways

are indicated, as indicated at the bottom and in Table S6. The circle and box color of genes indicates changes of LPS and CLP-LPS expression, respectively. Red

line and red gene name indicate negative regulation.

(I) Western blot showing increased TNF-a, phosphorylated p38 (15–45 min), and p65 (0–30 min) in granulocytes from the bone marrow of CLP7d compared with

Sham7d mice.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (two-tailed unpaired t test). For each column plot, the bar indicates the mean ± SEM.
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display an enhanced functional alternation in response to the

secondary stimulus.10,16 In ‘‘trained immunity,’’ the functional

immune status returns to basal levels after the primary stimulus,

while epigenetic alterations persist in developing enhanced re-

sponses upon reinfection.12,16,39–42 In contrast, ‘‘priming’’ is

based on enhanced basal levels of immune status before the

secondary stimulus.16 In this study, we observed that TNF-a

expression levels in granulocytes returned to a level close to

the baseline with the recovery from CLP7d. The plasma levels

of some cytokines (such as IFN-g) in the secondary stimulation

were even lower than those in the primary infections. Therefore,

enhanced immune responses in ‘‘stressed granulocytes’’ could

not be explained by an additive or synergistic effect of primary

and secondary stimuli. In addition, stressed granulocytes in

CLP7d mice exhibited different characteristics from ‘‘trained im-

munity.’’ First, CLP7d mice still exhibited low but detectable

levels of TNF-a, which were not restored. Second, after

removing the primary stimulus, trained immunity exhibited

epigenetic reprogramming on numerous pro-inflammatory cyto-

kine genes and lineage-specific genes.12,18 However, increased

H3K27ac and H3K9ac of the TNF-a promoter were observed

after, rather than before, the secondary stimulus in granulocytes.

Third, metabolic and epigenetic alterations are frequently inter-

twined in trained immunity,17 while the glycolysis, fatty acid syn-

thesis, and HDAC all independently executed key functions in

granulocytes undergoing ‘‘stressed immunity’’ in mice with poly-

microbial infection. Fourth, trained macrophages could be

derived from either monocytes or myeloid progenitors,20 while

stressed granulocytes are generated mainly from myeloid

progenitors because of their short lifespan. Finally, stressed

granulocytes after sepsis exhibit distinguishing characteristics

from b-glucan-trained TANs.21 Trained TANs undergo extensive

epigenomic reprogramming, up-regulate their oxidative phos-

phorylation, and thus promote anti-tumor activities in a ROS-

dependent manner. Stressed granulocytes undergo more

extensive metabolic rewiring without observable epigenomic

marks before the second challenge, and also mediate hyper-in-

flammatory responses in a TNF-dependent manner.

Cell differentiation trajectory analysis indicated that polymi-

crobial infections amplify inflammatory responses without shift-

ing granulocytic differentiation. However, mature granulocytes

displayed more predominant features of stressed immunity

than that of immature granulocytes. This raises a fundamental

question about whether stressed immunity can last for longer.

In monocytes/macrophages, trained immunity occurs either at

the level of mature cells or progenitor cells in the bone marrow.

The trained progenitors could be transferred to mature mono-

cyte descendants.35,43 Unlike monocytes/macrophages, mature

granulocytes have short lifespans,33 meaning that innate immu-

nity memory should occur during the early stages of granulocyte

differentiation. This speculation is supported by successfully

generating stressed granulocytes from in vitro cultured hemato-

poietic progenitors in the presence of TLR agonists.

As granulocytes with innate immune memory have enhanced

capacities of bacterial clearance and cytokine production, theo-

retically, they may act as a double-edged sword for the patients

with sepsis. From the view of eradicating pathogens, a potent

innate immune response is in favor of the patients with sepsis.

Consistently,we found that either in vivodepletionof granulocytes

or prevention of granulocytes migration into the lungs failed to

rescue mice from rechallenge with P. aeruginosa (Figures S10C

and S10D). However, CLP7d granulocytes also exhibited typical

characteristics of myeloid-derived suppressor cells (Figure S11),

which are capable of impairing adaptive immunity.34,44,45 There-

fore, stressed granulocytes could even increase the risk for sec-

ondary infections. Once pathogens break through the immune

systems and trigger secondary infections, detrimental effects

are dominant in stressed granulocytes. From the view of tissue

injury, the overwhelming production of inflammatory cytokines

by stressed granulocytes are unfavorable, and even lethal, for

the hosts. Even worse, the lungs prioritize attracting stressed

granulocytes, which further aggravate acute lung injury, even in

extrapulmonary infections. It is worth pointing out that the above

features of stressed granulocytes are consistent with the compli-

cated status observed in patientswith severe infections, including

a correlation between elevated neutrophil numbers and poor out-

comes in patients with sepsis, a phase termedmixed pro-inflam-

matory and anti-inflammatory syndrome (MARS), in which a new

wave of cytokine storm and a high frequency of acute lung injury

occur during secondary infection.46

Considering that secondary infections usually occur one week

after primary infections,47 this could present an opportunity to

counteract the potentially deleterious effects of stressed granulo-

cytes. As directly purging granulocytes may indiscriminately

harms the innate immune responses and impedes bacterial clear-

ance, it is not an option for clinic therapy. It is more conceivable to

propose therapeutic approaches for four potential targets: (1)

directly neutralizing inflammatory cytokines with blocking anti-

bodies or soluble receptors, (2) minimizing tissue injury with or-

gan-specific chemokine inhibitors, (3) altering the epigenetic land-

scapewithpharmacologicmeanssuchasHDACi, and (4) reducing

excessive cytokine production by shifting metabolic programs.

Altogether, our study presents insights into the host defense

mechanisms during sepsis caused by polymicrobial infection

and explains how trained granulocytes determine host fate in

response to secondary infections.

Figure 5. Epigenetic remodeling are involved in the innate immunity memory of granulocytes

(A) Scheme of ATAC-seq assays and numbers of genomic regions with differential chromatin accessibility between granulocytes from the Sham7d,

Sham7d+LPS3h, CLP7d, and CLP7d+LPS3h groups.

(B) Pile-up heatmap of genomic regions achieving accessibility (±10 kb around the center of those peaks) in CLP7d granulocytes and the corresponding

H3K27ac, H3K9ac, and H3K4me2 epigenetic marks.

(C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enriched from genes around genomic regions achieving accessibility in CLP7d granulocytes.

Dots determined by count of genes enriched in pathways (size) and significance (color), columns showing ratios of enriched genes of total genes from KEGG

pathways.

(D) Screen shots of the accessible genomic regions and epigenetic landscape at representative gene loci corresponding to TLR signaling pathway.
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Limitations of the study
The present study is limited to a rodent model of polymicrobial

infection. To establish stressed granulocytes as a promising

drug target for developing effective therapy regimens, it is

imperative to have more comprehensive data from patients in-

fected with bacterial, viral or fungal infections. In addition, this

study mainly focused on PAMP and TLR signaling pathways.

Future studies should delineate the role of damage-associated

molecular patterns (DAMPs) andother pattern recognition recep-

tors (PRRs), including C-type lectin receptors (CLRs) and RIG-I-

like receptors (RLRs) in innate immunememory of stressed gran-

ulocytes. Finally, our studies with fractionated granulocytes

revealed heterogeneous responses to the secondary stimulus,

especially dramatic changes of immune responses and epige-

netic reprogramming in mature fraction of granulocytes.

Three-dimensional (3D) genome structure and multi-omics

studies may enable to better understand the heterogeneity of

stressed granulocytes.

Figure 6. The increased expression of TNF-a and decreased expression of negative regulators of the TLR4 signaling pathway in trained

granulocytes are associated with chromatin acetylation

(A) Expression changes of negative regulators of the TLR signaling pathway in CLP-treated granulocytes after exposure to LPS. The left heatmap represents the

log2-transformed fold change in the expression level of negative regulatory genes in CLP7d granulocytes exposed to LPS compared with those in Sham7d

granulocytes exposed to LPS.

(B and C) qRT-PCR analysis of Socs1and Irak3 transcripts (B) and western blot analysis of their corresponding proteins (C) expressed by granulocytes from the

bone marrow of CLP7d mice with a 3 h LPS (100 ng/mL) challenge in vitro. The experiments were performed with three independent replicates per group.

(D) ChIP-PCR analysis showing histone modification status in the promoter region of the genes Socs1, Irak3, and TNF-a. The acetylation of H3K27 and H3K9 and

the methylation of H3K4 were examined in isolated bone marrow granulocytes. The experiments were performed with three independent replicates per group.

(E) Western blot of IRAK-M, SOCS1, and total H3K27Ac in LPS-stimulated granulocytes with and without SAHA treatment in vitro. The experiments were per-

formed with three independent replicates per group.

(F) Plasma levels of TNF-a at 3 h after the secondary LPS challenge of CLP7d mice that were rescued by SAHA. Vehicle, n = 4; SAHA, n = 5.

(G) Survival curve showing the protective effects of SAHA in the secondary LPS challenge of CLP7d mice. Vehicle, n = 16; SAHA, n = 14.

*p < 0.05, **p < 0.01, and ****p < 0.0001 (two-tailed unpaired t test or ANOVA). For each column plot, the bar indicates the mean ± SEM.
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Software and algorithms

FlowJo software v10.1 TreeStar https://www.flowjo.com/

GraphPad Prism7 GraphPad Software https://www.graphpad.com/

Bowtie2 Johns Hopkins University https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

fastQC Babraham Institute https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

fastp HaploX Biotechnology https://github.com/OpenGene/fastp

Trimmomatic RWTH Aachen University. Usadel’s lab https://github.com/usadellab/Trimmomatic

Picard Broad Institute http://broadinstitute.github.io/picard

MACS3 Harvard University, Xiaole S. Liu’s Lab https://github.com/taoliu/MACS

SEACR Howard Hughes Medical Institute https://github.com/FredHutch/SEACR

samtools Sanger Institute and Broad Institute https://www.htslib.org/

bedtools University of Utah, Quinlan Lab http://bedtools.readthedocs.io/en/latest/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hui Zeng

(zenghui@ccmu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All sequencing data and original code have been deposited at public database and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Wild-type male C57BL/6J and BALB/c mice (6–8 weeks old) were purchased from the Institute of Laboratory Animal Science, Chi-

nese Academy of Medical Science (Beijing, China). Littermates were housed in a specific-pathogen-free facility and had access to

distilled water ad libitum. All animal procedures were carried out in compliance with the Animal Care Research Ethics Committee of

the Capital Medical University, Beijing, China (sjtkl11-1x-2022(060)).

All the experiments were repeated at least three times independently.

METHOD DETAILS

Bacteria strain
P. aeruginosa (strain PAO.1 was kindly provided by the Institute of Burn Research South-West Hospital, Chongqing, China)

were expanded in Luria-Bertani (LB) broth. Before inoculation, P. aeruginosa were cultured overnight in LB broth at 37�C
with constant shaking and harvested in PBS. The infectious dose was determined by plating on LB-agar plates with 10-fold

serial dilutions.

Sepsis models
All procedures performed on animals were approved by the Animal Care Research Ethics Committee of the Capital Medical Univer-

sity of China. An animal model of sepsis was established by the CLP procedure, as previously described.48 Briefly, C57BL/6J or lucif-

erase-expressing mice were anesthetized by the i.p. injection of ketamine (100 mg/kg body weight) and xylazine (0.1 mL/10 g body

weight). Midline laparotomy was performed after skin was disinfected with iodine tincture (2%). The cecumwas exposed and ligated

at half the distance between the distal pole and the base of the cecum with a 3-0 silk suture followed by puncture with an 18-gauge

needle. Tissue layers of the abdominal wall and skin were closed with 4-0 polypropylene sutures. Sterile saline (1 mL) was subcuta-

neously injected for fluid resuscitation during the postoperative period. Mice weremonitored over the next 7 days before subsequent

experiments. The survival rate of the CLP model was about 50%, and the status of the survival CLP7d mice was already recovered.

The surviving mice were then randomly grouped for the secondary stimulus.

Continued
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deeptools Max Planck Institute for Immunobiology

and Epigenetics

https://deeptools.readthedocs.io/en/

latest/index.html

DiffBind Bioconductor https://bioconductor.org/packages/

release/bioc/html/DiffBind.html

ChIPSeeker Bioconductor https://bioconductor.org/packages/

release/bioc/html/ChIPseeker.html

clusterProfiler Bioconductor https://bioconductor.org/packages/
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https://igv.org/
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Secondary infection models
To induce an acute inflammatory response, CLP mice 7 days postsurgery (CLP7d mice) were intraperitoneally injected with Escher-

ichia coli LPS (Sigma-Aldrich, St. Louis, MO) at a single dose of 10 mg/kg body weight. For gradual bacterial infection, CLP7d mice

were intratracheally infected with P. aeruginosa (2 3 109 CFU in 50 mL of PBS).

Two methods were used to rescue septic mice from secondary infections: 1) CLP7d mice were intraperitoneally administered

12.5 mg/kg soluble recombinant TNF receptor II (Shanghai CP Guojian Pharmaceutical Co., Shanghai, China) 18 h before and 1 h

after LPS injection or P. aeruginosa inoculation. 2) CLP7d mice were intraperitoneally administered 50 mg/kg SAHA (Selleck Chem-

icals, Houston, TX) 1 h prior to or at the same time as LPS challenge. All mice were monitored to evaluate the survival rate or were

euthanized for tissue harvesting at individual time points.

Hepatitis models
Two liver injurymodels were used for the adoptive-transfer experiment. For the autoimmune hepatitismodel, con A (Sigma-Aldrich, St.

Louis,MO,USA)wasdissolved in sterilePBSand injected through the retro-orbital plexusat adoseof 12.5mg/kgperC57BL/6Jmouse.

In vivo granulocyte depletion
To deplete granulocytes in vivo, mice were intraperitoneally injected with 500 mg/kg anti-Ly6G monoclonal antibody (mAb)

(InVivoMab clone 1A8, BioXCell, West Lebanon, NH) or 500 mg/kg isotype control Ig (InVivoMab clone 2A3, BioXCell). The efficiency

of granulocyte depletion was verified by flow cytometry.

Cell preparation
Mice were sacrificed after being anesthetized. Peripheral blood was collected into spray-coated K2EDTA tubes (BD Vacutainer,

Franklin Lakes, NJ, USA) via retrobulbar vein puncture. Bone marrow cells were flushed from the femurs and tibias with PBS (Gibco,

Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 0.5% w/v bovine serum albumin (BSA) and 2 mM EDTA (staining

buffer) after bilateral hindlimb dissection. The spleen, lung and liver were surgically removed and homogenized with a 70-mm cell

strainer (BD Falcon, Bedford, MA, USA) under aseptic conditions. To separate leukocytes from hepatocytes of the liver, leukocytes

were collected at the interface between a 40% and 80%discontinuous Percoll gradient (GE Healthcare, Pittsburgh, PA, USA) as pre-

viously described and rinsed with staining buffer. Isolated cells were resuspended in either RPMI 1640 medium supplemented with

10% FBS and 1% penicillin and streptomycin (R10 medium) for ex vivo culture, staining buffer for flow cytometry staining, or PBS for

cell morphology assays, adoptive transfer, cell metabolic assays and RNA/DNA/protein extraction.

Flow cytometry and cell sorting
Cells were labeled with the following fluorochrome-labeled mAbs: anti-CD45-FITC (BD Bioscience, San Jose, CA, USA), anti-CD48-

APC (Biolegend, San Diego, CA, USA), anti-CD11b-PerCP/Cy5.5 (BD Bioscience, San Jose, CA, USA), and anti-Gr1-PE (BD Biosci-

ence, San Jose, CA, USA). Isotype control antibodies were used in each staining procedure. For surface marker labeling, single cell

suspensions were stained with mixed fluorochrome-labeled mAbs in staining buffer for 20 min in the dark at 4�C. To quantify the

absolute cell number, flow cytometry cell counting beads (BD Bioscience, San Jose, CA, USA) were diluted and added to samples

before data acquisition. Cells were analyzed on a BD LSR Fortessa or BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA)

according to the manufacturer’s instructions. All data were analyzed with FlowJo software (version 10.1; Tree Star, Ashland, OR).

For cell sorting, bone marrow cells were stained with anti-CD11b-PerCP/Cy5.5, anti-CD48-APC, and anti-Gr1-PE and sorted with

a BD FACS Aria II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) to purify granulocytes and monocytes.

Intracellular staining of TNF-a
For TNF-a intracellular staining, cells from the bone marrow, spleen and lung were cultured in the presence of 10 mg/mL Golgi Plug

(brefeldin A, BDBioscience, San Jose, CA, USA)with or without LPS (100 ng/mL) stimulation for 3 h. Stimulated cells were first stained

with cell surface marker antibodies (anti-CD11b-PerCP/Cy5.5, anti-Gr1FITC and anti-CD48-APC) and then were fixed and permea-

bilized using a Fixation/Permeabilization Kit (BD Bioscience, San Jose, CA) for 20 min. Cells were then washed in Perm/Wash buffer

and stained with anti-TNF-a-PE (BD Bioscience) for 30 min at 4�C. The stained cells were then assayed by flow cytometry.

Multiplex microbead immunoassay for cytokine and chemokine quantification
The cytokine and chemokine levels in mice sera were measured using ProcartaPlex mouse Cytokine & Chemokine 36-plex kit

(Thermo Fisher Scientific) according to the operating instruction. Data were acquired on a Luminex FlexMap 200 instrument

(Millipore) and analyzed using Bio-plex Manager6.0 software (Bio-Rad Laboratories) based on standard curves plotted through a

five-parameter logistic curve setting.

The cytokines and chemokines assays included IFN-g, IL-12p70, IL-13, IL1b, IL-2, IL-4, IL-5, IL-6, TNFa, GM-CSF, IL-18, IL-10, IL-

17A, IL-22, IL-23, IL-27, IL-9, GRO a, IP-10, MCP-1, MCP-3, MIP-1 a, MIP-1 b, MIP-2, RANTES, Eotaxin, IFN-a, IL-15/IL-15R, IL-28,

IL-31, IL-1a, IL-3, G-CSF, LIF, ENA-78/CXCL5, and M-CSF.

The concentrations were then logarithmically transformed before further analysis to ensure normality. Two-way ANOVAs were

used to detect analytes that differ between sample groups over time.
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Adoptive cell transfer
Granulocytes from CLP7d mice were purified by fluorescence-activated cell sorting and washed with sterile PBS. Naive mice were

intravenously injected with 53106 granulocytes (100 mL per mouse) 1 h prior to Con A injection. Control mice received 100 mL sterile

PBS instead of granulocytes during the same procedure. All mice were monitored for 24 h for survival observations or plasma was

collected for ALT and AST tests 12 h after Con A injection.

In vivo bioluminescence imaging
In vivo quantitative fluorescence and bioluminescence imaging were performed with an In Vivo Imaging System (IVIS) Lumina II Im-

aging System (Caliper Life Sciences, Hopkinton, Massachusetts, United States). The signals were normalized and monitored by

Living Image 4.0 software. Donor granulocytes from Sham7d or CLP7d luc mice were collected from the bone marrow and purified

by fluorescence-activated cell sorting, as previously described. LPS (10 mg/kg) or PBS (control) was intraperitonially injected into

Sham7d or CLP7d recipient mice. One hour later, 53106 granulocytes from donor mice were slowly injected into the tail vein of recip-

ient mice. All recipient mice were anesthetized with isoflurane (Abbott Laboratories, Shanghai, China) and placed in the IVIS imaging

system for analysis (n = 4 for each group). Optimal times of exposure were determined, and images were taken by Living Image 4.0

software according to the manufacturer’s instructions.

Histopathology
Lungs and livers from CLP7d mice challenged with LPS or PBS were fixed with 10% neutral buffered formalin for at least 72 h,

embedded in paraffin, and sectioned. Tissues were stained with hematoxylin and eosin (H&E) for histopathological examination.

All representative images were taken under a microscope (Olympus Corporation, Shinjuku, Tokyo, Japan) with cellSens software

(Olympus Corporation).

ELISA
Granulocytes in the bone marrow of CLP7d mice were purified as previously described and cultured in RPMI 1640 medium in the

presence of 10% FBS and LPS (100 ng/mL) for the intended period. Supernatants from each time point were collected for TNF-a

measurements using a commercial ELISA kit (BD Bioscience) following the manufacturer’s instructions.

Cytometric bead array
Inflammatory cytokines, including TNF-a, IL-6, MCP-1, IFN-g, IL-12 and IL-10, in plasma were quantified by using a Cytometric bead

array (Mouse Inflammation Kit, BD Bioscience). Samples were processed with a BD FACSCalibur and analyzed with Cell Quest soft-

ware (BD Bioscience) according to the manufacturer’s instructions.

In vitro phagocytosis and ROS assays
Cells from the bone marrow and spleen of CLP7d mice and Sham7d mice were harvested, as described above. CD11b+ cells were

purified using anti-CD11b magnetic beads (Miltenyi Biotec, Germany). For the phagocytosis assay, 53105 cells were seeded in

96-well plates and stimulated with LPS (100 ng/mL). Yellow-green latex beads (Thermo Fisher Scientific, Waltham, MA) were then

added to the media to allow engulfment. After a 4-h incubation at 37�C, cells were further stained with anti-CD11b-PerCP, anti-

CD48-APC and anti-Gr1-PE to analyze surfacemarkers. A short incubation (1 min) with trypan blue was used to quench bead binding

at the cell surface before flow cytometry analysis (BD FACSCalibur). To measure cellular ROS, 53105 cells in culture media were

stained with 20,70-dichlorofluorescin diacetate (DCFH-DA, 0.01 mg/mL, Sigma-Aldrich) and stimulated with phorbol myristate acetate

(PMA, 0.1 mg/mL, Sigma-Aldrich) for 7min at 37�C. Cells stimulated with PMA only were used as controls. After incubation, cells were

stained with surface markers as described above and analyzed by flow cytometry.

RNA isolation and real-time PCR
For the real-time PCR assay, granulocytes fromCLP7d or Sham7dmice that were challenged with LPS or PBS for 3 h were lysed and

stored in TRIzol reagent (Invitrogen, Thermo Fisher Scientific). Total RNA was processed according to the manufacturer’s instruc-

tions. Isolated RNA was reverse-transcribed to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,

Thermo Fisher Scientific). Expression of mRNA encoding TNF-a, irak3, ptpn6 and socs1 was detected using the SYBR Green

method, while NOS2, Arginase, CXCL1, CXCL2, CXCL3, CXCL5, CXCL7 andCCL2mRNAweremeasured using the TaqManmethod

(ABI 7500 Real-Time PCRSystem, Applied Biosystems, Thermo Fisher Scientific). For all themeasured genes, GAPDHwas used as a

housekeeping gene, and the relativemRNA expression of samples fromnon-stimulated, naive granulocytes (or others, as indicated in

the figure legends) was used as a reference.

Western blotting
Purified granulocytes from the bonemarrow of naive or CLP7dmicewere culturedwith andwithout 100 ng/mL LPS in RPMI 1640with

10% FBS for time intervals up to 3 h. The cells were harvested and lysed with RIPA buffer containing PMSF and protease inhibitors.

Total protein amounts were determined by a BCA assay (Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, U.S.), and

equal amounts of proteinwere loaded on precast 10%or 4–15%gels (Invitrogen, Thermo Fisher Scientific,Waltham,Massachusetts,
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U.S.). After electrophoresis, proteins were transferred to a PVDFmembrane, which was then blocked in 5%BSA. Antibodies against

ERK, p38, p65 and their corresponding phosphorylated proteins, as well as antibodies against TNF, IRAK-M, SHP-1, SOCS-1 and

b-actin, were incubated with membranes overnight at 4�C. Protein expression was visualized using a secondary antibody and an

enhanced chemiluminescence (ECL) Western blotting substrate (Promega, Madison, WI). Images were taken using a ChemiDoc

XRS+ System (Bio-Rad, Hercules, CA) following the manufacturer’s instructions.

Library preparation of ATAC-seq
The granulocytes from Sham7d and CLP7d mice were stimulated with LPS or PBS in vitro, and were conducted to the ATAC-seq

libraries preparation by the TruePrepTM DNA Library Prep Kit V2 for Illumina kit. In brief, 50,000 viable cells were used and collected

by centrifugation at 500x g for 5min. The cells were resuspended in cold lysis buffer (10mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM

MgCl2, 0.1% NP40 and 0.1% Tween 20) and incubated on ice for 10min. The pellets were collected by centrifugation at 500x g

for 5min and resuspended with 50ul transposition mix (5x TTBL 10ul, TTE Mix V50 5ul, ddH2O 35ul). Mixtures were incubated at

37�C for 30min and purified with AMPure XP. The recovered products were amplified using the index of TruePrepTM Index Kit V2

for Illumina and screened for fragment length with AMPure XP. The library was subjected to Illumina Nova-seq 6000 sequencing sys-

tem in paired-end mode. Three independent experiments were performed in granulocytes per group.

ATAC-seq data analysis
All sequencing reads were aligned to the reference genome (mm10) with Bowtie2. Quality control were performed using fastQC

v0.11.9 and fastp v0.23.2. Adaptors were trimmed with trimmomatic v0.39. Duplicate reads were flagged with Picard v 3.0.0–2.

MACS3 v 3.0.0a7 were used to call peaks. Consensus peak regions across all sample were generated with bedtools intersect com-

mand with parameters ‘-e -f 0.5 -F 0.5’. Differentially accessible regions were determined with the DiffBind v3.11.0 R package, and

read counts were normalized by reads in peaks. ATAC peak regions that show a change of mean ± 2xmedian absolute deviation and

R2-fold changes (FDR <0.05) signal in pairwise comparisons were regarded as dynamic ATAC regions. Peaks weremapped to near-

est genes with the ChIPseeker v1.37.0 package. KEGGpathway enrichement were performedwith clusterProfiler v4.8.1 in R. To read

coverage tracks of ATAC signals, we combined bam files from biological replicate samples, and created normalized bigWig files us-

ing samtools v1.12, and bamCoverage from deepTools v1.5.12 with parameters –scaleFactor and –normalizeUsing BPM. Read

coverage tracks were displayed with IGV v2.16.0 and scaled by groups. Global changes in chromatin accessibility were plotted

with computeMatrix and plotHeatmap from deepTools v1.5.12. The accession number for the raw data files of the ATAC sequencing

analysis is NCBI SRA PRJNA994272.

Library preparation for CUT&RUN assays
In brief, the sort-purified cells (�13105 cells for each replicate) were fixed with 1% formaldehyde for 10 min at room temperature and

then suspended in RIPA buffer (10 mM Tris-HCl pH7.5, 1 mM EDTA, 150 mM NaCl, 0.2% SDS, 0.1% w/v sodium deoxycholate, and

1% Triton X-100) for nuclei extraction. The nuclei were then incubated with 0.5 mg rabbit anti-Histone H3 (dimethyl K4) antibody, rab-

bit anti-Histone H3 (acetyl K9) antibody, rabbit anti-Histone H3 (acetyl K27) antibody, or normal rabbit IgG in antibody-binding buffer

(10 mM Tris-HCl pH7.5, 1 mM EDTA, 150 mM NaCl, and 1% Triton X-100) overnight with rotation. The unbound antibody was

removed by washing the nucleus pellet with the Antibody-Binding buffer, and the nuclei were incubated with protein A/G-micro-

coccal nuclease (MNase) fusion protein for 1 h at 4�C. The unbound MNase was removed by washing with Wash buffer (10 mM

Tris-HCl pH7.5, 1 mM EDTA, 400 mM NaCl, and 1% Triton X-100). After suspended in Resuspension buffer (20 mM Tris-HCl

pH7.5, 10 mM NaCl, and 0.1% Triton X-100), the antibody-bound MNase was activated by addition of CaCl2 (final concentration

2 mM) followed by 30 min incubation at 0�C. The reaction was quenched with Stopping buffer (20 mM Tris,-HCl pH 8.0, 10 mM

EGTA, 20 mM NaCl, 0.2% SDS, and 0.2 mg/mL proteinase K), and then incubated at 65�C for 2 h to reverse the crosslinking. The

DNA fragments were purified with MinElute Reaction Cleanup kit, end-repaired, adaptor added and then amplified with PCR for

14 cycles with NEBNext Ultra II DNA Library Prep Kit for Illumina. The amplified DNA fragments were purified by AMPure XP beads.

The library was subjected to Illumina Nova-seq 6000 sequencing system in paired-end mode.

CUT&RUN data analysis
Sequencing reads were aligned to the reference genome (mm10) with Bowtie2. Quality control were performed using fastQC v0.11.9

and fastp v0.23.2. Adaptors were trimmedwith trimmomatic v0.39. Duplicate readswere flaggedwith Picard v 3.0.0–2. SEARCR v1.3

were used to call peaks. Analysis of coverage tracks for all histone modification signals were performed the same as those with

ATAC-seq tracks as described above. Two independent experiments were performed in granulocytes per group. The accession

number for the raw data files of the CUT&RUN assays is NCBI SRA PRJNA994272.

Chromatin immunoprecipitation (ChIP)
Isolated bone marrow granulocytes from Sham7d or CLP7d mice were stimulated with 100 ng/mL LPS for 3 h, fixed with 1% form-

aldehyde for 10 min and quenched in 125mM glycine for 5 min. Fixed cells were lysed with ice-cold lysis buffer containing PMSF and

a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). The chromatin was sonicated using a Bioruptor Plus (Diagenode, Den-

ville, NJ) for 15 cycles of 30s on and 30 s off and was diluted with 1 mL dilution buffer with protease inhibitors. The unsonicated
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chromatin lysate was used as the input control. The rest of the lysate was then incubated with H3K27Ac, H3K9ac, H3K4me2 or irrel-

evant (as a negative control) antibodies at 4�C overnight with constant rotation. Protein A/G Dynabeads (Thermo Fisher Scientific)

suspended in ChIP dilution buffer containing 15 mg/mL BSA and 3 mg/mL tRNA were added to the mixture of chromatin and anti-

bodies at 4�C for 90 min with rotation. Magnetic beads were washed successively with low salt, high salt and LiCl wash buffer and

twicewith Tris-EDTA buffer. Chromatin was then elutedwith 250 mL elution buffer for 30min. The reversal of cross-links was achieved

by incubation at 65�C with 10 mL 5 M NaCl, 3 mL Proteinase K (20 mg/mL) and RNase A (10 mg/mL) for at least 4 h. DNA fragments

were finally purified using a Chromatin IP DNA Purification Kit (Active Motif, Carlsbad CA). The purified DNA was analyzed using the

SYBR Green method with the following primers: Irak3, 50-CGTTCCTGCGGTGGTCATTACA-3’ (forward primer) and 50-AGGC

CAAACCTGGGCAAACAAA-3’ (reverse primer); Ptpn6, 50-AGGGCTGGCAAGCAGAATTCAA-3’ (forward primer) and 50-TCAC
CAGGGCCTCATTCCTCAG-3’ (reverse primer); and Socs1, 50-GTTCCAAGAAGGGTCGAGATTGC-3’ (forward primer) and

50-GCCCGCTCTTTTGCTCTACCT-3’ (reverse primer). Percentages of each sample compared to the input were calculated as the

amount of DNA fragments.

Metabolic flux assay
The real-time ECAR and OCR were measured using an XF96 extracellular flux analyzer (Seahorse Bioscience). Freshly isolated

granulocytes (13105 cells) were washed once in RPMI 1640 medium supplemented with 10% FBS and seeded in the corresponding

assay medium in an XF plate coated with poly-L-lysine (Sigma). Cells were incubated for 1 h at 37�C before analysis. Two indepen-

dent experiments were performed with six independent replicates per group.

RNA sequencing and bioinformatics analysis
Granulocytes from the bone marrow were lysed, and RNA was isolated using TRIzol reagent (Invitrogen). Only samples with an RNA

integrity number (RIN) of 8 or higher, as measured using an Agilent Bioanalyzer 2100 (Santa Clara, CA, USA), were considered for

further analysis. RNA samples were sequenced on an Illumina HiSeq 2500 platform (Illumina, San Diego, CA) according to the

manufacturer’s instructions. Briefly, sequencing libraries were generated using an NEBNext Ultra Directional RNA Library Prep Kit

for Illumina (NEB, Ipswich, MA), and the clustering of index-coded samples was performed on a cBot Cluster Generation System

using a TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA) following the manufacturer’s recommendations. Then, all library

preparations were sequenced, and 100-bp paired-end reads were generated. The full datasets have been submitted to the NGDC

(National Genomics Data Center) under accession number CRA001737.

RNA sequencing data were analyzed using the Tuxedo software package for transcript assembly,49 gene expression level quan-

tification and differential expression analysis. We trimmed the low-quality reads (Q < 20) and aligned the reads to the mouse genome

(GRCm38) with HISAT.50 These alignments were used to estimate transcriptomic alignment rates and expression levels. StringTie

was used to assemble the alignments into full and partial transcripts,51 and Ballgown was used to calculate the transcript expression

level as the fragments per kilobase of exon per million reads mapped (FPKM).52 Differentially expressed genes (DEGs) were defined

as expression level changes of at least 4-fold between samples. The molecular functions (MF), BF and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway annotations and enrichment analysis for each gene were determined using an online tool, the Data-

base for Annotation, Visualization and Integrated Discovery (DAVID).53 GSEA analysis (another gene set enrichment analysis) were

applied in R with cluster Profiler v3.10.1.54

ScRNAseq and bioinformatics analysis
Femurs and tibias were dissected after the sacrifice of the mice. Cells from the bone marrow were collected by rinsing the medullary

cavity with phosphate buffered saline (PBS, Gibco, Thermo Fisher scientific). Then, 13107 CD11b+ myeloid cells were positively iso-

lated with magnetic cell sorting according to manufacture instructions (Miltenyi Biotec), followed by culturing in RPMI 1640 medium

supplemented with 10% FBS (R10, Gibico, Thermo Fisher Scientific) with or without 100 ng/ml LPS (Sigma) for 3 h (BD Biosciences).

Four thousand cells were harvested and counted for single cell RNA sequencing. Single cell library was prepared according to the

user guide of Single cell 30reagent kits v2 (Chromium, 10X genomics). The libraries were sequenced one sample per lanes on a Hiseq

X. The full datasets of themyeloid cells have been submitted to the NGDC (National Genomics Data Center) under accession number

CRA001040, and the data files of the lung cells have been submitted to SRA (Sequence Read Archive, NCBI) under accession num-

ber PRJNA994272.

We analyzed the scRNAseq data with Seurat and Monocle R package.55–57 The raw reads were then processed with Cell ranger

software, where the sequencing reads were demultiplexing and barcode processing. The reads were aligned to mouse reference

genome with STAR aligner.58 The mapped reads were used for unique molecular identifier (UMI) counting and subsequent analysis

to generate the expression matrix. The matrix of each sample was processed with Seurat R package for further analysis.55,56 We

removed batch effect and integrated four datasets with MNN algorism in Seurat. Then we cluster the cells with SNN algorism and

then visualize the clusters with t Stochastic neighbor Embedding (tSNE). The marker genes in each cluster were identified with

FindAllMarkers function. The pseudotime analysis and differential expression gene (DEG) identificationwere performedwithMonocle

package.57 Pseudotime analysis were performedwith reduceDimension function with DDRTreemethod. DEG geneswere defined as

expression level changes of at least 2-fold between samples and q-value less than 0.001.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed by using GraphPad Prism software (Version 7.0, GraphPad Software, La Jolla, CA). The normality of each

variable was evaluated using the Kolmogorov-Smirnov test. For normally distributed data, a two-tailed Student’s t test was per-

formed to compare two variables, and one-way ANOVA was performed to compare more than two groups. The Mann-Whitney U

test was used when data were not normally distributed. The log rank test was used to compare the survival rate between each group.

Statistical parameters including the exact value of n, the statistical significance and dispersion measures are reported in the

Figures and Figure Legends. A p value of <0.05 was considered significant.

Statistical analysis
All data were analyzed by using GraphPad Prism software (Version 7.0, GraphPad Software, La Jolla, CA). The normality of each var-

iable was evaluated using the Kolmogorov-Smirnov test. For normally distributed data, a two-tailed Student’s t test was performed to

compare two variables, and one-way ANOVAwas performed to compare more than two groups. TheMann-Whitney U test was used

when data were not normally distributed. The log rank test was used to compare the survival rate between each group. Statistical

parameters including the exact value of n, the statistical significance and dispersion measures are reported in the Figures and

Figure Legends. A p value of <0.05 was considered significant.
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