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Abstract Sepsis progression is significantly associated with the disruption of gut eubiosis. However,

the modulatory mechanisms of gut microbiota operating during sepsis are still unclear. Herein, we

investigated how gut commensals impact sepsis development in a pre-clinical model. Cecal ligation

and puncture (CLP) surgery was used to establish polymicrobial sepsis in mice. Mice depleted of gut

microbiota by an antibiotic cocktail (ABX) exhibited a significantly higher level of mortality than

controls. As determined by metabolomics analysis, ABX treatment has depleted many metabolites,

and subsequent supplementation with L-rhamnose (rhamnose, Rha), a bacterial carbohydrate metabolite,
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Macrophage;

Phagocytosis
exerted profound immunomodulatory properties with a significant enhancement in macrophage

phagocytosis, which in turn improved organ damage and mortality. Mechanistically, rhamnose binds

directly to and activates the solute carrier family 12 (potassium-chloride symporter), member 4

(SLC12A4) in macrophages and promotes phagocytosis by activating the small G-proteins, Ras-related

C3 botulinum toxin substrate1 (Rac1) and cell division control protein 42 homolog (Cdc42). Interestingly,

rhamnose has enhanced the phagocytosis capacity of macrophages from sepsis patients. In conclusion, by

identifying SLC12A4 as the host interacting protein, we disclosed that the gut commensal metabolite

rhamnose is a functional molecular that could promote the phagocytosis capacity of macrophages and

protect the host against sepsis.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sepsis-induced multiple organ failure and death are the leading
medical problems worldwide1-3. The pathogenesis of sepsis is
quite complex. Upon infection, pathogen-associated molecular
patterns trigger the activation of the innate immune system.
Macrophages play a central role in orchestrating innate immune
responses including phagocytosis and bacterial killing during
sepsis4-7. These responses are critical not only for eliminating the
infection but also in preventing tissue injury and disruptions to the
host organs during sepsis.

The complex process of phagocytosis is mediated by a large
variety of receptors, such as Fcg receptors (FcgR) or the com-
plement receptors8. The phagocytic process can broadly be
divided into several steps, which begin with an initial cup for-
mation that depends on the rapid polymerization of F-actin. The
cup formation step is followed by pseudopod extension, which
accompanies a continuous production of F-actin polymerization.
The last step of phagocytosis is the internalization with the closure
of the phagocytic cup9. Many studies demonstrated that the Rho
family GTPases, cell division control protein 42 homolog (Cdc42)
and Ras-related C3 botulinum toxin substrate1 (Rac1) have sig-
nificant regulatory functions in the formation of phagocytic
cups10. In addition, activation of Cdc42 and Rac1 leads to actin
cytoskeletal remodeling during phagocytosis. Enhancing bacterial
clearance during the onset of sepsis remains one of the most
efficient strategies in clinics.

Solute carrier family 12 member 4 (SLC12A4), also known as
KCC1, is generally considered to maintain intracellular Cle

concentration for the normal functioning of cellular physiological
activities11-13. Although SLC12A4 has been well characterized in
sickle cell disease, its other biological functions remain to be
discovered. Recently, loss of SLC12A4 was shown to inhibit the
uptake of cellular debris by phagocytes14. However, the patho-
physiologic role of SLC12A4 in immune cells and related diseases
remains largely unclear.

The gut microbiota is recognized as one of the key upstream
regulators of sepsis development15. Traditionally, sepsis is known
to disrupt the gut barrier functions, and in turn intestinal bacteria
may enter the circulatory system to boost the systemic inflam-
matory responses16. We previously reported the presence of sig-
nificant disturbances to enteric eubiosis in sepsis patients and such
dysbiosis may serve as the driver of organ damage17. In contrast,
intestinal microbes also exert beneficial effects. The gut
microbiota plays a critical role in maintaining homeostasis of the
host immune system18. Gut-derived products, including sugars
and short-chain fatty acids (SCFA), can modulate the immune
system both within and outside the gut19,20. As the main cell type
of innate immunity, macrophage functions could be regulated by
multiple metabolites from gut commensals, which in turn could
affect the susceptibility to sepsis21. These observations increased
our understanding of the modulatory effects of gut microbiota on
sepsis. However, there are still several fundamental questions that
are not fully answered, for example, how gut commensal micro-
biota participates in sepsis development is still unknown. Thus,
identifying the specific microbial products that directly impact
sepsis could be crucial to developing novel treatments for sepsis
patients. To address these questions, in this study, we evaluated the
contribution of gut microbiota to cecal ligation and puncture
(CLP)-induced polymicrobial sepsis and explored the regulatory
mechanisms related to a gut-derived protective compound,
L-rhamnose (rhamnose, Rha). Apart from promoting bacterial
phagocytosis, rhamnose prevented sepsis-induced organ damage
and death. In addition, rhamnose enhanced the phagocytic ca-
pacity of macrophages by directly binding to and activating
SLC12A4. Thus, our current work broadened our understanding
regarding host-gut microbiota interaction in the context of sepsis
and provided a novel potential therapeutic strategy for treating
sepsis patients.

2. Materials and methods

2.1. Animal model

Male C57BL/6 wild-type mice (6e8 weeks old) were purchased
from GemPharmatech Co., Ltd. (Nanjing, China). All the mice
were housed in polystyrene cages under a 12 h light/12 h dark
cycle and given food and water ad libitum. All experiments were
approved by the Animal Care and Use Committee of Southern
Medical University (Approval number: SMUL2021094).

Experimental for antibiotic cocktail (ABX) treatment, mice
were pretreated with ABX, including ampicillin sodium salt
(400 mg/kg, Cat# A800429, Macklin, China), metronidazole
(400 mg/kg, Cat# M813526, Macklin, China), neomycin sulfate
(400 mg/kg, Cat# N814740, Macklin, China), and vancomycin
(200 mg/kg, Cat# V105495, Aladdin, China) or PBS (Phosphate
buffer solution, Cat# C10010500BT, Gibco, USA) for three days
followed by further experiments.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Experimental for the sepsis model, after anesthetization of
mice, two punctures were performed in the cecum with an 18- or
21-gauge needle to induce lethal or moderate CLP-induced
sepsis22, respectively. Specifically, for the moderate CLP-
induced sepsis model which was used for ABX pretreatment ex-
periments, a single through-and-through cecal puncture was per-
formed with a 21-gauge needle, and tissue was collected at 16 h
after CLP. For the lethal CLP-induced sepsis model, an 18-gauge
needle was used and tissue samples were collected at 12 h after
CLP. Experimental for rhamnose intervention, in moderate CLP
model, mice were pretreated with ABX for three days and then
PBS or rhamnose (74 mg/kg, Cat# R108982, Aladdin, China)
dissolved in PBS was used 2 h before moderate CLP surgery. In
the lethal CLP model, mice were also orally administrated with
PBS or rhamnose 2 h prior to lethal CLP surgery. All the survival
rate of septic mice was observed for up to 72 h.

Experimental for the cecal content injection model, the cecal
content obtained from C57BL/6 mice was dissolved at 0.25 g/mL
in sterile PBS and centrifuged at 4 �C for 1 min (1000 rpm,
Allegra X-30; Beckman, CA, USA) to collect the supernatant.
Mice were injected intraperitoneally (i.p.) with a single dose of
cecal supernatant (100 mL) and 16 h later, mice were sacrificed
and the tissue samples were collected for further analysis. The
survival rate of infected mice was observed for up to 72 h.

For the bacteria injection model, Escherichia coli NCTC12900
(Shiga toxin negative O157:H7) was grown in Luria Broth (LB,
Cat# L3022, Sigma, USA) overnight at 37 �C until it reached an
exponential phase, centrifuged, washed, and resuspended in sterile
PBS. A single injection was administered at an infectious dose of
8.4 � 107 CFU to induce peritonitis. 16 h later mice were sacri-
ficed for further study.

2.2. Bacterial load assay

For measuring the bacterial load from septic mice, blood and
peritoneal lavage fluid were collected and enumerated by plating
serial dilutions in the blood agar plates, followed by incubation at
37 �C for 24 h under aerobic or anaerobic conditions.

2.3. Patients

All subjects gave written informed consent prior to enrolment in
the study. The inclusion criteria were patients (1) aged between 18
and 80 years, and (2) diagnosed with sepsis according to the
current third international consensus protocol (sepsis 3.0)23. The
exclusion criteria were patients who were (1) pregnant or lactating
during the study period, (2) aged <18 or >80 years, (3) having an
interrupted treatment regimen or (4) lacking complete informa-
tion. The study involving human participants was approved by the
Medical Ethics Committee of Nanfang Hospital, Southern Medi-
cal University (Approval number: NFEC-2021-139). All subjects
in the studies participated voluntarily and informed consent was
obtained before participation.

2.4. RNA extraction and bulk transcriptome analysis

The PLF cells collected from mice were centrifuged at 1000 rpm
for 10 min at 4 �C (Allegra X-30; Beckman, CA, USA), resus-
pended in TRIzol™ Reagent (Cat# 15596018, Invitrogen, USA),
and total RNA was extracted. The RNA Nano 600 Assay kit for
the Bioanalyzer 2100 system (Agilent Technologies, CA, USA)
was used for checking the quantity and quality of RNA. Library
preparation, clustering, and sequencing were completed by
Novogene (Beijing, China) using the Illumina Novaseq 6000
platform. Raw reads in fastq format were processed before map-
ping to the reference genome using Hiset2 v4.8.2. Read numbers
were quantified for each gene using htseq v0.13.5, and FPKM was
used to quantify the gene expression level. The difference in the
gene expression levels between the groups was determined using
DESeq1.30.124. Genes with a log2 (Fold change) absolute value
greater than 1 were considered to be significantly different. The
pathways were analyzed by KEGG pathway annotations included
in the KEGG pathway database (http://www.genome.jp/kegg/
pathway.html).

2.5. 16S rDNA sequencing analysis

Stool samples were collected, and DNA was extracted by
phenolechloroform method. Bacterial primers targeting the V4
region (forward: 50-GTGTGYCAGCMGCCGCGGTAA-30;
reverse: 50-GCGGACTACNVGGGTWTCTAAT-30) of the 16S
rDNA were used for qPCR. The V4 region was sequenced on an
Illumina NovaSeq 6000 System (Illumina). Paired end reads and
the sequences of the tags were compared with FLASH assembly
(V1.2.7, http://ccb.jhu.edu/software/FLASH/) by using the
Greengenes database (https://greengenes.secondgenome.com/)
and UCHIME algorithm. QIIME (V1.9.1)25 was used for quality
filtering of the raw tags. OTU clustering and species annotation
were performed to obtain biodiversity and taxonomic composition
data.

2.6. Metabolomics analysis and high-performance liquid
chromatography (HPLC) analysis

Metabolomics analysis was performed by Metabo-Profile
(Shanghai, China). Lyophilized stools were homogenized with
zirconium oxide beads in sterile water for 3 min. Then, the
metabolite extraction was performed with 120 mL of methanol
containing an internal standard. Finally, metabolite analysis was
performed by using an ultra-performance liquid chromatography
coupled to a tandem mass spectrometry (UPLCeMS/MS) system
(ACQUITY UPLC-Xevo TQ-S, Waters Corp., Milford, MA,
USA). The raw UPLCeMS/MS data were processed using the
TMBQ software (v1.0, Metabo-Profile, Shanghai, China) to do
peak integration, calibration, and quantification for each metabo-
lite. Thereafter, principal component analysis (PCA) was per-
formed by using the self-developed platform iMAP (v1.0, Metabo-
Profile, Shanghai, China).

For HPLC analysis of rhamnose, 100 mL plasma was extracted
with acetonitrile and then centrifuged at 12,000 rpm (Allegra
X-30; Beckman, CA, USA) for 15 min at 4 �C to collect super-
natant. 10 mL supernatant was injected into high-performance
liquid chromatography (Agilent, USA). The mobile phase was
acetonitrile and water at a volume ratio of 4:1.

2.7. Single cell transcriptomic analysis

Mouse peripheral blood mononuclear cells (PBMCs) from three
groups of moderate CLP-induced septic mice (CLP; CLP þABX;
CLP þ ABX þ Rha, n Z 3/group) were collected. Pre-treatment
for single cell transcriptomic sequencing was based on the stan-
dard procedure used in the 10 � Genomics Chromium Single Cell
platform 5.0.1 with default parameters. Raw data obtained by Cell
Ranger analysis was aligned with the mouse reference genome
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mm39. Cell quantitative matrix was imported to R 4.0.3. The data
were filtered using SoupX 1.5.226 and DoubletFinder 2.0.327

package to remove all the cell-free RNA and doublet cells.
Low-quality cells were filtered according to the following criteria:
1) 200 < nFeature_RNA <5000; 2) 0 < nCount_RNA <30,000;
3) percent of mitochondrial genes <15%; 4) percentage of he-
moglobin genes <0.01% and 5) percentage of ribosome genes
<50%. After filtering, a total of 72,368 cells with high quality
from 9 mice were obtained. Gene expression matrices were
normalized and integrated by using Seurat package 4.0.628. Using
harmony package version 0.1.029 to remove batch effect. The
differentially expressed genes from each cluster were extracted,
and KEGG enrichment analysis was performed using the clus-
terProfiler package 3.18.130. The gene set enrichment analysis
(GSEA) pathway enrichment analysis was explained by normal-
ized enrichment score (NES) using GSEA version 1.20.031.
Extract the non-zero expressed gene matrix of each group. The
gene set variation analysis (CSVA) was performed by the GSVA
package1.42.032. Annotated gene set in the Molecular Signatures
Database (MSigDB, http://software.broadinstitute.org/gsea/
msigdb/index.jsp) was selected as the reference gene sets. To
evaluate the enrichment of each group, this study calculated the
mean enrichment score of each group to represent this group
enrichment.

2.8. Plasma biochemical analysis

The alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and creatinine (Cr) concentrations in the plasma were
determined by using alanine aminotransferase (Cat# C009-3-1),
aspartate aminotransferase (Cat# C010-3-1), and creatinine (sar-
cosine oxidase) (Cat# C011-2-1) assay kits from Nanjing Jian-
cheng Bioengineering Institute (Nanjing, China).

2.9. Cytokines analysis

TNF-a (Cat# EMC102a.96), IL-1b (Cat# EMC001b.96), and IL-6
(Cat# EMC004.96) concentrations in the plasma were measured
by using ELISA kits from NeoBioscience (Shenzhen, China).

2.10. Quantitative real-time PCR

Total RNA from tissues or cells was extracted using a total RNA
isolation kit according to the manufacturer’s instructions (Vazyme
Biotech Co., Ltd., Cat# RC112-01, China), and used for cDNA
synthesis with a reverse transcription kit (Cat# FSQ-101, Toyobo,
Japan). All the qPCRs were performed using SYBR Green Real-
time PCR Master Mix (Cat# QPK-201, Toyobo, Japan) with the
ABI 7500 Real-Time PCR System (Applied Biosystems, USA).
Threshold cycle numbers were normalized against the 18S values,
and the relative fold change was analyzed according to the
comparative CT (DDCt) method. All the primers used in the study
are listed in the Supporting Information Table S1.

2.11. Transfection with plasmids

BMDMs were transfected with control siRNA or Slc12a4 siRNA
(50 mmol/L, mouse Slc12a4-siRNA: 50-CCACTTCGCTGGTG-
TACTT-30) for 72 h. THP-1 derived macrophages were transfected
with control siRNA or human Slc12a4-siRNA: 50-GCCCAAA
GGTATCGTCTCT-30) for 48 h. Control siRNAwas purchased from
RiboBio Co., Ltd. (Guangzhou, China) by using a riboFECT CP
Transfection Kit (166T) (Cat# C10511-05, RiboBio, Guangzhou,
China) and used for subsequent experiments. SLC12A4-
overexpressing (Cat# EX-Y3536-M98, Gene ID: 6560) and control
(Cat# EX-NEG-M98) plasmids were constructed by iGene
Biotechnology Co., Ltd. (Guangzhou, China). Plasmids over-
expressing SLC12A4 or control plasmids (1.5 mg/mL) were trans-
fected into BMDMs and THP-1 derived macrophages using
Lipofectamine 3000 for 48 h (Cat# L3000015, Invitrogen, USA).

2.12. Confocal microscopy

For confocal analysis, GFP-E. coli was prepared as previously
described33. BMDMs or THP-1 derived macrophages were grown
on glass-bottom cell culture dishes (Cat# 801002, NEST Bio-
technolog, China) and cells were pretreated with rhamnose
(100 mmol/L) for 18 h and then incubated with GFP-E. coli at
37 �C in 5% CO2 for 45 min with a multiplicity of infection (MOI)
of 60. After washing with PBS for three times, the cell membrane
was labeled with Wheat germ agglutinin, (WGA, Cat# W11262,
Thermo Fisher Scientific, USA) for 30 min, and cell nucleus was
labeled with Hoechst 33342 (Cat# GC63515, GlpBio, USA) for
10 min. The cells were fixed with 4% paraformaldehyde and
phagocytosis was observed using a Nikon C1 spectral confocal
microscope (Nikon, Tokyo, Japan).

Experimental for rhamnose binding, biotinylated rhamnose
(Bio-Rha) was synthesized and served as a molecular probe in
combination with streptavidin bonded commercialized quantum
dots (QD605s, Cat# QS605, Wuhan jiayuan quantum dots Co.,
Ltd., Wuhan, China), After a 30 min pre-incubation, probes were
added to BMDMs for 30 min in situ to visualize the expression of
rhamnose interacted proteins on the cell membrane surface by
using confocal microscopy.

2.13. Phagocytosis and bacteria killing assay

For phagocytosis assay, BMDMs or THP-1 derived macrophages
were pretreated with rhamnose (100 mmol/L) or PBS for 18 h and
then incubated with E. coli at 37 �C in 5% CO2 for 20 min or
45 min with a MOI of 60. For neutrophils phagocytosis, cells were
pretreated with rhamnose or PBS for 2 h and then incubated with
E. coli at 37 �C in 5% CO2 for 45 min with a MOI of 60. After
infection, cells were washed three times with gentamycin
(25 mg/mL, Cat# E003632, Sigma, USA)-containing PBS to clear
the extracellular bacteria. Cells were lysed with 0.1% TritonX-100
(Cat# X100, Sigma, USA) and plated on LB agar overnight. The
bacterial load as CFUs were assessed by manual counting. For
phagocytosis assay by flow cytometry, after GFP-E. coli was
infected, cells were washed three times with PBS containing
25 mg/mL gentamycin. Cells were fixed with 4% para-
formaldehyde (Cat# P1110, Solarbio, China), and then tested by
flow cytometry for mean fluorescence intensity (MFI) of GFP.

For bacterial killing assay34, BMDMs or THP-1 cells were
divided into two aliquots. One aliquot was infected with E. coli for
20 min or 45 min. Then cells were washed in PBS containing
25 mg/mL gentamycin to remove extracellular bacteria, and then
cells were lysed with 0.1% TritonX-100, then cell lysis was
collected and labeled as t Z 0. The other aliquot of cells was
treated with gentamycin (25 mg/mL)-containing culture medium

http://software.broadinstitute.org/gsea/msigdb/index.jsp
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for 4 h. Subsequently, the infected cells were washed with PBS to
remove the bacteria remained in the supernatants. Next, the cell
lysates were prepared using 0.1% Triton-X-100. Serial dilutions of
the cell lysates were diluted in LB and plated on LB agar plates
overnight at 37 �C and the bacterial colonies were counted
manually. The bactericidal activity was calculated as the per-
centage of killed bacteria compared to t Z 0 according to Eq. (1):
Percent killing ð%ÞZ ð1eCFU of E: coli at 4 h=CFU of E: coli at time point 0Þ � 100 ð1Þ
2.14. Construction of biotinylated-rhamnose and human
proteome microarray assays

Biotinylated-rhamnose was produced by Shanghai Nafu Tech-
nology Co., Ltd. (Shanghai, China). The human proteome
microarray (CDI Laboratories, Baltimore, MD, USA) Rhamnose-
interacting protein analysis was done by Wayen Biotechnologies
Inc. (Shanghai, China). Briefly, human proteome microarrays
(HuProt™ 20K) were blocked with a blocking buffer [Tween 20
(PBS-T) containing 5% BSA], and 10 mmol/L biotinylated-
rhamnose was incubated with the proteome microarrays at room
temperature (RT) for 1 h. After washing, the microarrays were
incubated with streptavidin-Cy5 at a dilution of 1:1000 (Cat#
SA1011, Thermo Fisher Scientific, USA) for 20 min at RT.
GenePix 4000B (Axon Instruments, Sunnyvale, CA, USA) was
used for scanning and recording the results. GenePix Pro 6.0 was
used for data analysis.
2.15. SLC12A4 binding experiments

An anti-SLC12A4 antibody pre-coated 96-well microplates pur-
chased from ELK Biotechnology Co., Ltd. was used (Cat#
ELK9749, Wuhan, China). A recombinant human SLC12A4
(rhSLC12A4) protein was synthesized by Crystalobio Bio-
pharma (Shenzhen, China). rhSLC12A4 was added to the pre-
coated 96-well microplate at 1 mg/mL for 80 min. After washing
the plates, bio-rhamnose was added at 10, 50, 100, or 500 mmol/L
and incubated for 50 min at 37 �C. Free rhamnose was added at
10 mmol/L concentration to determine the reduction in the in-
teractions with the bio-rhamnose molecule.
2.16. Docking studies

The crystal structure of the SLC12A4 complex was obtained from
the protein data bank (PDB ID: 6kkr) and the structure of rham-
nose was obtained from PubChem (PubChem CID: 25310).
Induced-fit docking of Rha to each potential binding site on
SLC12A4 was performed using Schrodinger-Maestro software
(version 11.1). Processing of the protein structures was performed
with the ‘Protein Preparation Wizard’. Converting of ligands from
2D to 3D structures was performed using ‘LigPrep’. ‘Binding site
detection’ was used to find the protein binding sites. Receptor grid
generation was used to choose a grid box, which enclosed the
whole binding site and dock ligand. Then rhamnose was docked
into the presumptive binding sites, while other parameters were
set to default during the docking analysis. The docking images and
docking scores were exported for further evaluation.

2.17. Surface plasmon resonance (SPR) analysis

The binding affinity of rhamnose to rhSLC12A4 was determined
using the PlexArray� HT System (PlexArray, USA) with a 3D
Dextran sensor chip (Cat# PX201, Plexera Bioscience, USA).
rhSLC12A4 protein was dissolved in PBS, immobilized on the
chip and activated with 10 mmol/L NiSO4. Different concentra-
tions of rhamnose, including 5000, 2500, 1000, 750 and
500 mmol/L were prepared with the running buffer (PBS). Sensor
and sample plates were placed in the instrument and the reaction
signal was collected for analysis with PlexArray HT specialized
software (Plexera Bioscience, USA).

2.18. Intracellular chloride detection

BMDMs were incubated with rhamnose for 5 min, cells were then
labelled with 10 mmol/L MQAE (N-(ethoxycarbonylmethyl)-6-
methoxyquinolinium bromide, Cat# HY-D0090, MCE, China)
for 1 h in DMEM medium. Cells were then washed three times
with Cl� containing buffer (HBSS) and MQAE signals were
monitored by flow cytometry at excitation wavelength of 355 nm
and an emission wavelength of 460 nm. FlowJo software (v.10,
Tree Star, USA) was used to analyze the data, which was
expressed as mean fluorescence intensity (MFI).

2.19. Statistical analysis

Prism 8.3 software (GraphPad, USA) was used for data analysis.
Data are presented as the mean � standard error of mean (SEM).
The sample numbers (n) are showed in the figure legends. The
survival curves were analyzed by the log-rank test. Two-tailed
unpaired student t-test were used for two groups analysis. One-
way analysis of variance (ANOVA) was used for three or more
groups analysis. P-values less than 0.05 were considered as sta-
tistically significant, ns, denotes not significant.

3. Results

3.1. Gut microbes defend the hosts against polymicrobial sepsis

We initially studied the contribution of gut microbes to poly-
microbial sepsis by evaluating how antibiotics (ABX) cocktail-
pretreated mice responded to the CLP challenge. As presented in
Fig. 1A, ABX pretreatment significantly decreased the survival
rate of mice after CLP surgery. The lung, a most frequently
injured organ in sepsis, had significantly more severe patho-
logical changes in the ABX pretreated mice than no-ABX pre-
treated mice (Fig. 1B). In addition, plasma biochemical analysis
of alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and creatinine (Cr) levels, confirmed the severity of organ
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damage in ABX pretreated mice compared to no-ABX pre-
treated mice (Fig. 1C). These data demonstrate the role of gut
microbiota depletion in augmenting polymicrobial sepsis, which
is partially in agreement with previous studies showing the
protective property of commensal microbes against infections
with specific pathogens35.

Next, we assessed the systemic inflammation after CLP chal-
lenge to explore the impact of gut microbiota on sepsis progres-
sion. Bulk RNA-seq analysis of peritoneal lavage fluid (PLF) cells
revealed the significant differences in the overall expression pro-
files of the CLP and CLP þABX groups (Supporting Information
Fig. S1A), with an enrichment of differentially expressed genes
(DEGs) in many inflammation-related pathways, such as chemo-
kine signaling pathway, mitogen-activated protein kinase (MAPK)
signaling pathway and cytokineecytokine receptor interactions
(Fig. 1D). In addition, the expression level of the major genes
participating in these three pathways was significantly upregulated
in the CLP þ ABX group (Fig. 1E). Notably, the enzyme-linked
immunosorbent assay (ELISA) results indicated that plasma cy-
tokines were markedly enhanced in the CLP þ ABX group
compared to the CLP group (Fig. 1F). The elevated levels of key
cytokine and chemokine genes in PLF cells was detected in the
CLP þ ABX mice (Fig. S1B). These results demonstrate a sig-
nificant increase in sepsis-induced immunological abnormalities
after gut microbiota depletion in the mice.

ABX could directly kill and break down the bacteria, thereby
causing a large accumulation of bacterial fragments including
bacterial DNA, bacterial flagella et al. Theoretically, more
bacterial fragments could be rapidly accumulated in ABX pre-
treated group than no-ABX group from the “punched hole” of
the intestine to the abdominal cavity and cause higher mortality
in mice after CLP. Thus, the increased bacterial debris in ABX
group could be a confounder that contributed to the increased
mortality observed in CLP model. To best exclude the possibility
of higher mortality observed in ABX pretreated mice not due to
increased bacterial debris, we employed the cecal content in-
jection experiment to further validate our findings. In brief, the
mouse cecal content from several specific pathogen-free (SPF)
mice was collected and resuspended in sterile phosphate-
buffered saline (PBS), followed by centrifugation to remove
the larger particles. Then, the fecal supernatant was directly
injected into mice pretreated with or without ABX to mimic the
polymicrobial sepsis model (Fig. 1G). In turn, ABX pretreated
mice and no-ABX pretreated mice were intraperitoneally
injected with equal amounts of fecal supernatant to induce
polymicrobial sepsis. This model did not directly “hurt” the
intestine and would not allow the direct leakage of intestinal
contents from the gut. Interestingly, results were similar to the
CLP model, ABX pretreated mice also had a higher mortality
rate (Fig. 1H) and more severe lung pathological alterations
(Fig. 1I) than no-ABX pretreated mice. As expected, plasma
concentrations of ALT, AST, Cr, and the levels of systemic
inflammation in ABX-pretreated mice were higher than no-ABX
pretreated mice (Fig. 1J, Fig. S1C and S1D). These results
further confirmed the host protective function of gut microbes
against polymicrobial sepsis in the animal models.

3.2. Microbial metabolite rhamnose protects against sepsis

Next, we explored how commensal microbiota can protect against
sepsis by performing 16S rDNA sequencing and metabolomics
analysis of the feces from ABX-treated and untreated animals. As
expected, ABX treatment markedly decreased the microbial di-
versity and depleted the majority of the bacteria in the gut (Fig. 2A,
Supporting Information Fig. S2A). Moreover, antibiotic treatment
shifted the microbial metabolic profile, in addition to significantly
eliminating several metabolites present in the gut (Fig. 2B, Fig.
S2B). Subsequently, we have investigated the contribution of me-
tabolites lost due to ABX treatment on sepsis development. In the
preliminary screening, we found the level of prokaryote-derived
rhamnose from plasma and stools was decreased significantly in
ABXpretreatedmice (Fig. 2CeE).Meanwhile, the concentration of
rhamnose in ABX pretreated group was also far less than no-ABX
pretreated group in CLP model. The plasma rhamnose concentra-
tion was significantly increased in septic mice than healthy mice
(Fig. S2C), possibly because sepsis could increase gut permeability
and the microbial products including rhamnose could penetrate into
the circulatory system. Importantly, supplementation of ABX-
pretreated CLP mice with rhamnose could significantly improve
the survival rate (Fig. 2F). Multiple organ damage tests including
lung pathological examination, mRNA levels of pulmonary in-
flammatory factors, plasma cytokines, cytokine and chemokine
genes in PLF cells and plasma biochemical assays, supported the
protective effects of rhamnose (Fig. 2GeI, Fig. S2D and S2E).
Similarly, in the ABX untreated mice, rhamnose also improved the
survival rate (Fig. 2J), lung pathological damage (Fig. 2K) and
suppressed the plasma concentrations of ALT, AST, and Cr (Fig.
2L). Besides, rhamnose decreased plasma cytokines concentration
(Fig. 2M), the mRNA levels of inflammatory factors of PLF cells
and lung tissue (Fig. S2F and S2G). We further employed another
pre-clinical sepsis model to confirm the above finding. Specifically,
lethal CLP surgery was performed in mice and the imipenem/cil-
astatin (14 mg/kg) was administrated at 6 h after surgery36. As
shown in Fig. S2H and S2I, rhamnose still protected mice against
organ injury in this pre-clinical sepsis model, which further vali-
dated the beneficial effect of gut-derived rhamnose in sepsis pro-
gression. Collectively, our data demonstrated that rhamnose is one
of the key responsive bioactive metabolites that improves host de-
fense against sepsis.

3.3. Rhamnose activates immune cells and promotes bacterial
phagocytosis

To further investigate the modulatory effect of rhamnose on sepsis
progression, we explored the impact of rhamnose on immune cell
activation by performing a single cell RNA sequencing (scRNA-
seq) of peripheral blood mononuclear cells (PBMCs) in an unbi-
ased manner by using the droplet-based single-cell RNA
sequencing method. We isolated and sequenced a total of 83,525
cells from the inferior vena cava blood cell suspensions collected
from three groups of septic mice (n Z 3 mice/group): control
(CLP), after depleting the gut microbiota (CLP þ ABX) and
rhamnose treatment (CLP þABX þ Rha) groups. Using stringent
quality controls, we further analyzed 72,368 cells in total
(Supporting Information Fig. S3A). For identification of each cell
cluster, we normalized the expression levels to the representative
marker genes, Itgam for myeloid cells; Cd3d, Cd3e, and Cd3g for
T cells; Cd19, Cd79a and Cd79b for B cells; and Ncr1 and Klrb1c
for NK cells (Fig. S3B). Clustering analysis identified 6 distinct
cell clusters (Fig. S3C).

Next, we performed the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analysis of differentially
expressed genes between different groups, to find the critical bio-
logical process associated with rhamnose treatment. Interestingly,



Figure 1 Gut microbes protect against CLP-induced mortality and organ damage. (A) Survival curve after moderate cecal ligation and puncture

(CLP) or sham surgery. Mice received a daily oral gavage PBS or ABX cocktail (ABX) for three days followed by moderate CLP or sham surgery

(Sham, nZ 4/group; CLP, nZ 12/group). (B) Representative lung H&E images and histological scores of lung tissues. Mice were pretreated with

PBS or ABX for 3 days and then performed moderate CLP or sham surgery. Tissue samples were collected at 16 h after surgery (Sham, n Z 3/

group; CLP, n Z 6/group). Insets are low magnification images, Scale bar Z 1 mm; high magnification view (200 � ), Scale bar Z 100 mm. (C)

Plasma ALT, AST, and Cr levels at 16 h after moderate CLP or sham surgery (sham, n Z 4/group; CLP, n Z 6). Experimental design as in

Fig. 1B. (D) KEGG enrichment analysis of differentially expressed genes between CLP þ ABX and CLP groups in the peritoneal lavage fluid

(PLF) cells. Red color shows characteristic inflammatory pathways. Mice were pretreated with ABX for three days followed by moderate CLP

surgery and 16 h later PLF cells were collected for Bulk RNA sequencing (n Z 3/group). (E) Significant up-regulation of genes involved in

MAPK signaling pathway, cytokineecytokine receptor interactions and chemokine signaling pathway in ABX pretreated septic mice (n Z 3/

group). Experimental design as in Fig. 1D. (F) Plasma TNF-a, IL-1b and IL-6 protein levels in mice at 16 h after moderate CLP or sham surgery

(Sham, n Z 4/group; CLP, n Z 6/group). Experimental design as in Fig. 1B. (G) Schematic diagram depicting fecal material (cecal content)

injection protocol. Mice were injected intraperitoneally (i.p.) with a single dose of fecal material (FM, cecal content) supernatant (100 mL) and

tissue samples were collected for subsequent experiments. (H) Survival curve of control (FM) and ABX-pretreated mice (ABX þ FM) after fecal

material (cecal content) supernatant injection (nZ 18/group). Experimental design as in Fig. 1G. (I) Representative H&E images and histological

scores of lung tissues at 16 h after fecal material (cecal content) supernatant injection. Insets are low magnification images, Scale bar Z 1 mm;

high magnification view (200 � ), Scale bar Z 100 mm. n Z 7/group. Experimental design as in Fig. 1G. (J) Plasma ALT, AST, and Cr level in
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the FcgR-mediated phagocytosis pathway involved in affecting
bacterial load and clearance in sepsis, was downregulated in CLPþ
ABX group compared to CLP group (Fig. 3A and B) in contrast to
its significant upregulation in CLP þABX þ Rha group compared
to CLPþABX group (Fig. 3C and D). These results demonstrate a
possibility that an increase in bacterial load after depletion of gut
microbiota in septic mice. Conversely, rhamnose may protect the
host from sepsis by regulating phagocytosis and decreasing the
bacterial load.

To further confirm these sequencing data, we employed an E.
coli-induced peritonitis and CLP-induced sepsis model and then
collected blood and peritoneal lavage fluid (PLF) for evaluating the
bacterial load in mice. In the E. coli-induced peritonitis model, the
number of colonies plated from PLF of control group (treated with
PBS before a single intraperitoneal injection of E. coli) was far less
than the ABX-pretreated mice (Fig. 3E). The ABX cocktail used in
the current study was nonabsorbable37, namely they can kill intes-
tinal bacteria but had limited effects on circulatory bacteria. To rule
out the possibility that ABX pretreatment may markedly damage E.
coli in the peritonitismodel, we cultured the bacteria frommice PLF
after E. coli injection, the growth of E. coli from PLF of ABX
pretreatment group was comparable with no-ABX pretreatment
group (Fig. S3D). Therefore, it is clear that the depletion of gut
microbiota could impair the ability of immune cells to clear the
bacteria during an infection in mice. Next, we investigated whether
rhamnose affects the bacterial load in E. coli-infected mice. We
calculated the number of colonies present in the peritoneal lavage
fluid of E. coli-infected mice with or without rhamnose treatment.
We found that rhamnose-treated mice had fewer colonies than the
control mice (Fig. 3F). To further investigate the effect of rhamnose
on phagocytosis, we also employed the CLP model. As expected,
rhamnose significantly decreased the bacterial load in the blood and
peritoneal lavage fluid (Fig. 3G and H).

Macrophages are the key cell types involved in the clearance
of bacteria following an infection38,39, such as sepsis and peri-
tonitis. We then grouped and analyzed macrophages based on
our single-cell sequencing data to explore the functional asso-
ciation between rhamnose and macrophages. We selected three
relatively high-expression macrophage marker genes, Adgre1,
S100a4, and Ms4a6c40,41, and defined myeloid II cells as mac-
rophages (Fig. 3I). The gene set variation analysis (GSVA) was
performed by using the gene set in the Molecular Signatures
Database (MSigDB), and interestingly, the Fcg R mediated
phagocytosis pathway was obviously downregulated after ABX
treatment, whereas it was rescued by supplementation with
rhamnose (Fig. 3J). To confirm this result, we tested the effects
of rhamnose on the phagocytic ability of macrophages. Inter-
estingly, results from flow cytometry, plate colony formation
assay, and confocal microscopy indicated that rhamnose-treated
murine bone marrow-derived macrophages (BMDMs) and the
human leukemia monocytic cell line (THP-1) derived macro-
phages showed an increased level of phagocytosis and bacterial
clearance than the control group after 45 min incubation with E.
coli (Fig. 3KeP, Fig. S3E and S3F). This finding was reproduced
when the E. coli-macrophages incubation time was at 20 min
fecal materials injected mice (n Z 7/group). Experimental design as in Fi

analyzed by the log-rank test. P values were determined by a two-tailed u

(ANOVA) analysis was used for three or more groups. *P < 0.05 was co
(Fig. S3GeS3L). These data demonstrate that the beneficial
effects of rhamnose during sepsis progression were associated
with improved phagocytosis.

3.4. Rhamnose directly binds to and activates SLC12A4 in
macrophages

To explore the underlying mechanisms involved in the actions of
rhamnose, we synthesized a biotinylated rhamnose (Bio-Rha, Bio-
Rhamnose, Fig. 4A) and determined its biological effects. Indeed
bio-rhamnose retained its capacity to promote phagocytosis and
clearance of bacteria in BMDMs and THP-1 derived macrophages
(Supporting Information Fig. S4AeS4D). To investigate the sub-
cellular localization of rhamnose, we labeled BMDMs with bio-
tinylated rhamnose, which binds to streptavidin quantum dots
(QDs), and visualized the location of rhamnose by confocal mi-
croscopy. Bio-rhamnose-QDs were mainly localized on the cell
surface, suggesting the presence of rhamnose binding proteins on
the cell surface. To further corroborate our findings, we did a
competitive binding assay with rhamnose and bio-rhamnose.
Briefly, BMDMs were at first cultured with free rhamnose for 1 h,
before the addition of biotinylated-rhamnose-QDs. Consequently,
fluorescence was found to be substantially reduced on the cellular
surface with rhamnose treatment (Fig. 4B), which confirmed the
presence of rhamnose binding proteins on the cellular surface.

Next, we employed a human proteome microarray consisting of
20,000 affinity-purified GST-tagged proteins to identify the poten-
tial rhamnose-binding proteins. We incubated bio-rhamnose with
this proteomemicroarray, and the binding signals were identified by
using Cy5-conjugated streptavidin (Cy5-SA, Fig. 4C). The signal to
noise ratio (SNR) was calculated as the ratio between the fore-
ground and background values. Interestingly, our data pointed out
that rhamnose potentially interacted with SLC12A4 with a robust
SNR of 8.693 (Fig. 4D and E). Molecular docking analysis identi-
fied the four key resides present in the active pocket (Glu-378 Asn-
379 His-394 Gly-395) of SLC12A4 protein that could possibly be
interacting with the rhamnose molecule (Fig. 4F). Next, we trans-
fected BMDMs with Slc12a4 or control siRNA, and cells were
incubated with bio-rhamnose-QDs. Interestingly, SLC12A4-
knockdown cells had an obvious reduction in the red fluorescence
on the cellular surface (Fig. 4G), which further confirmed SLC12A4
in macrophages as a target for rhamnose.

To validate the binding nature between SLC12A4 and rham-
nose, a surface plasmon resonance (SPR) experiment was used.
The data suggested positive affinity interactions of rhamnose (KD

Z 137 nmol/L) with the recombinant human SLC12A4 (rh
SLC12A4) protein (Fig. 4H). Furthermore, we used a competitive
ELISA-based system to consolidate our conclusion in which free
rhamnose was found to inhibit bio-rhamnose binding with
SLC12A4 (Fig. 4I).

SLC12A4 is a well-known ion channel that governs the
exportation of intracellular chloride upon activation. We then
explored if the binding between rhamnose and SLC12A4 exerts
biological activity by monitoring the chloride ion level alteration
in macrophages. As shown in Fig. 4J, rhamnose significantly
g. 1G. Data are expressed as mean � SEM. The survival curves were

npaired Student’s t-test for two groups, one-way analysis of variance

nsidered statistically significant. n: indicates number of samples.



Figure 2 Microbial metabolite rhamnose protects against polymicrobial sepsis. (A) The heatmap of the relative abundance of gut microbiota in

the PBS (CTRL) and ABX treated mice. Stool samples were collected for metabolic analysis after PBS or ABX treatment (n Z 7/group). (B)

Hierarchical clustering of features identified in LCeMS analysis of stools from mice treated with PBS or ABX (n Z 5/group). (C) Rhamnose

(Rha) concentration present in the stools of PBS (CTRL) or ABX treated mice (n Z 5/group). (D) Rhamnose concentration in plasma from mice

subjected to pretreatment with PBS (CTRL) or ABX (n Z 3/group). (E) The molecular structure of rhamnose. (F) Survival curve of ABX

pretreated mice. Mice were pretreated with PBS or ABX for three days and then orally administrated with PBS or rhamnose 2 h prior to moderate

CLP or sham surgery (Sham, n Z 4/group; CLP, n Z 27/group). (G) Representative H&E images and histological scores of lung tissues. Insets

are low magnification images, Scale bar Z 1 mm; high magnification view (200 � ), Scale bar Z 100 mm. (Sham, n Z 3/group, CLP, n Z 7/

group). Experimental design as in Fig. 2F. (H) Plasma ALT, AST, and Cr levels at 16 h (Sham, n Z 4/group; CLP, n Z 7/group). Experimental

design as in Fig. 2F. (I) Plasma TNF-a, IL-1b and IL-6 protein levels at 16 h after CLP (Sham, n Z 4/group; CLP, n Z 6/group). Experimental

design as in Fig. 2F. (J) Survival curve of PBS or rhamnose treated mice after sham or lethal CLP surgery. Mice were pretreatment with PBS or

rhamnose for 2 h followed by lethal CLP or sham surgery (Sham, n Z 4, CLP, n Z 15e16/group). (K) Representative H&E images and his-

tological scores of lung tissues at 12 h after CLP (Sham, nZ 3; CLP, nZ 6/group). Insets are low magnification images, Scale barZ 1 mm; high
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decreased the intracellular chloride level while SLC12A4 knock-
down rescued the chloride concentration in macrophages.
Importantly, phosphorylated SLC12A4 (p-SLC12A4) is recog-
nized as the inactive status of this ion channel, so the detection of
the level of p-SLC12A4 may be important. We found that p-
SLC12A4 was decreased in CLP group than sham groups
(possibly because bacteria may active SLC12A4), while rhamnose
could further significantly decrease the level of p-SLC12A4.
Importantly, p-SLC12A4 was increased in CLP þ ABX group
than CLP groups, while rhamnose could significantly decrease the
level of p-SLC12A4 in CLP þ ABX þ Rha group compared to
CLP þ ABX group (Fig. S4E and S4F). Besides, we found that
rhamnose was able to decrease p-SLC12A4 in BMDMs (Fig. 4K),
further indicating rhamnose could activate SLC12A4. Collec-
tively, the above results demonstrated that rhamnose directly binds
to and activates SLC12A4 in macrophages.

3.5. SLC12A4 in macrophages is required for bacterial
phagocytosis

We next evaluated whether and how SLC12A4 participated in
macrophage bacterial phagocytosis by using SLC12A4 over-
expression plasmid and siRNA in macrophages (Supporting
Information Fig. S5AeS5D). E. coli was added to the macro-
phage cultures to assay its phagocytosis and bacterial clearance
properties. Interestingly, SLC12A4 overexpression in BMDMs has
significantly enhanced their phagocytotic activity and bacterial
killing (Fig. 5A and B), while transfection with Slc12a4 siRNA
showed a significantly decreased phagocytosis and bacterial
killing (Fig. 5C and D). These results were confirmed by confocal
microscopy (Fig. 5E and F). To confirm our results, we designed
the same experiments in THP-1 derived macrophages. As ex-
pected, similar results were obtained with phorbol-12-myristate-
13-acetate (PMA)-differentiated THP-1 cells as well (Fig. 5GeL).
These data indicated a requirement for SLC12A4 in the macro-
phage phagocytosis function.

To explore whether rhamnose exerts its functions through
SLC12A4, we next investigated the effect of rhamnose on
phagocytosis in the presence of Slc12a4 siRNA treatment. In
agreement with our previous data, rhamnose alone promoted
phagocytosis and clearance of bacteria but had negligible effects
in the Slc12a4-silenced BMDMs and THP-1 derived macrophages
(Fig. 5C, D, F, I, J and L). Thus, these data demonstrate a key role
played by SLC12A4 in rhamnose-mediated phagocytosis and
bacterial clearance by macrophages.

3.6. Rhamnose by regulating Rac1 and Cdc42 activities
enhances phagocytosis

To further understand rhamnose-mediated regulatory mechanisms
in phagocytosis, we next identified the proteins influenced by
rhamnose. By analyzing the genes involved in the phagocytosis
pathway, we found the Rho family GTPases, Cdc42 and Rac1
magnification view (200 � ), Scale bar Z 100 mm. Experimental design

(Sham, n Z 4; CLP, n Z 8/group). Experimental design as in Fig. 2J. (M

n Z 6/group). Experimental design as in Fig. 2J. Data are expressed as me

values were determined by two-tailed unpaired Student’s t-test for two grou

or more groups. *P < 0.05 was considered statistically significant. n: ind
were downregulated in CLP þ ABX group while Rha supple-
mentation could rescue its abundance (Supporting Information
Fig. S6A). It is well established that these Rho GTPases could
regulate the actin cytoskeleton and phagocytosis by switching
between an inactive GDP-bound state and an active GTP-bound
state42. Since the Rho GTPases interact with the effectors only
in their GTP-bound active state, we investigated their activities in
vivo and in vitro. We found ABX treatment could significantly
decrease the levels of GTP-Cdc42 and GTP-Rac1 compared to no-
ABX pretreatment mice in CLP model and rhamnose supple-
mentation could rescue these Rho GTPases levels (Fig. S6B and
S6C). Besides, GTP-Cdc42 and GTP-Rac1 were also signifi-
cantly elevated in lethal septic mice than sham mice, which may
be attributed to the direct stimulation by bacteria in the peritoneal
cavity of septic mice and rhamnose could significantly increase
the levels of GTP-Cdc42 and GTP-Rac1 (Fig. S6D and S6E).
Besides, Fig. 6AeD shows that activated Cdc42 and Rac1
expression was significantly elevated in rhamnose supplemented
group than control, both in BMDMs and THP-1 derived macro-
phages during E. coli infection.

We next evaluated the role of SLC12A4 in the regulation of
rhamnose-mediated Cdc42 and Rac1 activity. Both Cdc42 and
Rac1 activation was markedly decreased in the SLC12A4
knockdown group, indicating the key status of SLC12A4 in
regulating the activation of Rac1 and Cdc42 in macrophages.
Importantly, rhamnose had a negligible effect in the SLC12A4-
silenced groups (Fig. 6EeH). Thus, rhamnose could possibly
regulate Cdc42 and Rac1 activities through SLC12A4 in
macrophages.

3.7. Rhamnose enhanced bacterial phagocytosis by human
blood monocyte-derived macrophages

Finally, to assess whether a similar function of rhamnose in
enhancing bacterial phagocytosis exists in human blood
monocyte-derived macrophages (MDMs), we isolated and incu-
bated MDMs from healthy volunteers and sepsis patients. Notably,
rhamnose has significantly enhanced the phagocytosis and bacte-
rial clearance capacity of MDMs from healthy volunteers (Fig. 7A
and B) and sepsis patients (Fig. 7C and D). Thus, rhamnose may
be used as a novel therapeutic agent for promoting bacterial
phagocytosis in sepsis.

4. Discussion

The gut commensal microbiota is widely acknowledged to be an
important upstream regulator of sepsis progression. Previous
research has mainly focused on the association between commen-
sals and gut barrier function15. However, recent studies demon-
strated more fundamental roles played by gut commensals in sepsis
development. For example, in the context of Streptococcus pneu-
moniae infection, depletion of intestinal microbiota disturbed
alveolar macrophage functions, which augmented infection-
as in Fig. 2J. (L) Plasma ALT, AST, and Cr levels at 12 h after CLP

) Plasma TNF-a, IL-1b and IL-6 protein levels (sham, n Z 4; CLP,

an � SEM. The survival curves were analyzed by the log-rank test. P

ps, one-way analysis of variance (ANOVA) analysis was used for three

icates number of samples.



Figure 3 Rhamnose decreased the bacterial load in sepsis mice by enhancing the bacterial clearance capacity of macrophages. (A) Pathway

enrichment analysis for gene sets comparing peripheral blood mononuclear cells (PBMCs) from CLP þ ABX group and CLP group. Mice were

pretreated with PBS or ABX for three days followed by moderate CLP surgery, and then PBMCs were isolated from whole blood samples at 16 h

for further single cell RNA sequencing (scRNA-seq). NES, normalized enrichment score, (n Z 3/group). (B) Gene set enrichment analysis

(GSEA) enrichment plot of FcgR-mediated phagocytosis signaling of total cells in CLP þABX versus CLP group (n Z 3/group). Experimental

design as in Fig. 3A. (C) Pathway enrichment analysis for gene sets comparing PBMCs from CLP þABX þ Rha group and CLP þABX group.

Mice were pretreated with ABX for three days followed by rhamnose or PBS administration and then moderate CLP model was performed to

induce sepsis, PBMCs were collected at 16 h after CLP model. NES, normalized enrichment score, (n Z 3/group). (D) Gene set enrichment

analysis (GSEA) enrichment plot of FcgR-mediated phagocytosis signaling of total cells in CLP þABX þ Rha versus CLPþABX group (nZ 3/

group). Experimental design as in Fig. 3C. (E) Quantity of E. coli in the PLF at 12 h after injecting with E. coli in ABX and no-ABX pretreated

mice (n Z 5/group). (F) Quantity of E. coli in the PLF at 12 h after injecting with E. coli. Mice were orally administrated with PBS or rhamnose

for 2 h followed by injection with E. coli (n Z 5/group). (G, H) Quantification of bacterial colonies in the blood and PLF from the CLP mice in
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induced multiple organ damage43. Similarly, the absence of gut
commensals impaired the pathogen clearance capacity of Kupffer
cells causing an increase in the Staphylococcus aureus infection-
associated mortality44,45. Moreover, gut microbiota stimulated the
host immune cells to generate IgA antibodies, which inhibited
bacterial sepsis in an animal model46,47. These observations
increased our understanding of the basic role of gut commensals in
the pathogenesis of sepsis. However, specific interactions between
the gut microbiota and the host immune system are still largely
unknown. In addition, the complex nature of gut microbiota and its
products, emphasizes the need for identifying specific functional
factors for a better understanding the modulatory landscape be-
tween the gut microbiota and sepsis. In the present work, we found
depletion of gut commensals increased the bacterial load, resulting
in higher levels of inflammation with aggravated polymicrobial
sepsis in mice, and antibiotic-treated mice exhibited impaired
phagocytosis signaling pathways, thereby implicating the important
contribution of microbiota in promoting phagocytosis. The deple-
tion of gut microbiota caused the loss of some key responsive
bioactive metabolites which affect the progress of sepsis. We
originally selected more commercialized metabolites with an
average concentration higher than 100 nmol/g in feces according to
the fold change and significance (P < 0.05) (Control compared to
ABX), including rhamnose, N-acetyl-D-glucosamine, xylose,
citrulline, etc. Interestingly, we identified a specific and functional
microbial metabolite, rhamnose, which was the most effective
compound to protect against sepsis among these metabolites.
Moreover, the impaired phagocytosis signal pathways could be
restored by supplying rhamnose in the antibiotic-treated mice.
Together, this study demonstrates the importance of gut microbiota
in promoting an effective immune system by enhancing the
phagocytic capacity of innate immune cells, particularly macro-
phages. However, we cannot rule out the beneficial contribution of
other metabolites and the detailed functions of these compounds
require further investigation.

Since the precursor for rhamnose synthesis (TDP/UDP-rham-
nose) is found only in the microbiome and plants, it can only be
generated by the gut bacteria in mammals. Although rhamnose is
an integral component of the bacterial membrane48, unlike other
cell membrane components (e.g., LPS), it is not identified as a
PAMP. On the other hand, rhamnose and polysaccharides con-
taining rhamnose residues were reported to exert many beneficial
effects on the host. For instance, rhamnose suppressed tumor
growth and prolonged the survival of tumor-bearing mice49,50. In
addition, many natural polysaccharides containing rhamnose have
aerobic (G) or anaerobic (H) cultures. Mice were pretreated with PBS o

collected at 12 h for the detection of bacterial load (n Z 5/group). (I) Acco

single cells on a dimensional reduction plot. Violin plot evaluated the expr

variation analysis (GSVA) enrichment lollipop chart of FcgR-mediated p

group, and y-axes represent the average GSVA score in each group (n Z
pretreated with rhamnose (100 mmol/L) or PBS for 18 h and then incubat

infection (MOI) of 60 (nZ 4/group). (L) Representative confocal images s

as in Fig. 3K. Scar bar Z 10 mm. (M) Percentage of E. coli killing by BMD

Phagocytosis of E. coli in THP-1 derived macrophages (THP-1 cells). THP

and then incubated with E. coli at 37 �C in 5% CO2 for 45 min with a MO

phagocytosis of GFP-E. coli by THP-1 cells. Experimental design as in F

1 cells in control (CTRL) and rhamnose (Rha) groups (nZ 4/group). Data

tailed unpaired Student’s t-test. *P < 0.05 was considered statistically sig
antioxidant activity, which could alleviate metabolic disorders51.
These beneficial effects are likely associated with the immuno-
modulatory properties of rhamnose. This functional sugar could
suppress endotoxin-induced splenocyte proliferation52 and also
stimulate the immune system in clearing the cancer cells53. To our
knowledge, the role of rhamnose in bacterial clearance remains
poorly understood. Our present work explicitly demonstrated
rhamnose-induced enhancement in phagocytosis and bacterial
killing by macrophages, causing reduction in the bacterial load
both within the blood and peritoneal cavity.

Our study also evaluated the mechanisms involved in the
rhamnose-mediated regulation of macrophage phagocytosis. Earlier
it was speculated about the presence of a mammalian cell membrane
protein that can directly interact with the rhamnose54. However, so
far, such a molecule has not been identified. In this study, for the first
time,we identified SLC12A4as a potential receptor of rhamnose, and
we used SPR and ELISA to confirm the direct binding of rhamnose to
recombinant SLC12A4 protein. Functionally, when the expression of
SLC12A4 was knocked down in macrophages by using siRNA, the
beneficial effect of rhamnose on phagocytosis was found to have
disappeared. Thus, gut-derived rhamnose acts through its potential
“receptor” SLC12A4 to protect the host from polymicrobial sepsis-
induced organ injury.

SLC12A4 belongs to the SLC12 family that was initially
identified in fish and then in mammals55. Since members of this
protein family have been found in humans and mice, their path-
ophysiological effects are increasingly better appreciated. This
gene family includes two major branches, one with two
bumetanide-sensitive NaþeKþe2Cl cotransporters and the other
with thiazide-sensitive Naþ:Cle cotransporters, including
SLC12A1, SLC12A2 and SLC12A3. The second branch encodes
the electroneutral KþeCle cotransporters, including the four
genes, SLC12A4e7. SLC12A4 is a ubiquitously expressed pro-
tein, known to play a key role in regulating the trans-epithelial
transport, cell volume regulation, and intracellular chloride con-
centration56. However, the contribution of SLC12A4 to sepsis is
still largely unknown. A recent study pointed out that SLC12A4 is
associated with the process of apoptotic cell clearance14. However,
investigations on the modulatory mechanisms of SLC12A4 and in
the bacterial clearance leading to the resolution of infection,
especially in sepsis, are scarce. Herein, knocking down of
SLC12A4 expression in macrophages led to an impaired bacterial
clearance, but the paradox of how SLC12A4 can affect the
macrophage phagocytic capacity remains to be explored. Of note,
the Rho GTPases Rac1 and Cdc42 were shown to be required for
r rhamnose for 2 h followed by lethal CLP and tissue samples were

rding to macrophage marker genes (Adgre1, S100a4, Ms4a6c) to label

ession levels of macrophage marker genes in each cluster. (J) Gene set

hagocytosis signaling in macrophages. The x-axes represent different

3/group). (K) Phagocytosis of E. coli in BMDMs. BMDMs were

ed with E. coli at 37 �C in 5% CO2 for 45 min with a multiplicity of

howing phagocytosis of GFP-E. coli by BMDMs. Experimental design

Ms in control (CTRL) and rhamnose (Rha) groups (nZ 4/group). (N)

-1 cells were pretreated with rhamnose (100 mmol/L) or PBS for 18 h

I of 60 (n Z 4/group). (O) Representative confocal images showing

ig. 3N. Scar bar Z 10 mm. (P) Percentage of E. coli killing by THP-

are expressed as mean � SEM and P values were determined by a two-

nificant. n: indicates number of samples.



Figure 4 Rhamnose interacts with SLC12A4 protein. (A) Chemical structures of rhamnose and biotinylated rhamnose (Bio-Rhamnose). (B)

Representative confocal images of Bio-Rhamnose (Bio-Rha) binding to the surface of BMDMs. Confocal image of cells labeled with probes (red)

and Hoechst 33342 stain (blue). Bio-rhamnose binding was blocked by free rhamnose (rhamnose þ Bio-rhamnose). Scar bar Z 10 mm. (C) A

schematic diagram showing the experimental design for identifying rhamnose binding proteins using HuProt™20K Proteome Microarray Chip.

(D) A magnified image showing interactions between Bio-rhamnose and SLC12A4 spots on the microarrays. Signal to noise ratio (SNR) is shown.

(E) A representative image of HuProt™20K Proteome Microarray Chip showing positive (red arrow) and negative (blue arrow) spots, as well as

spots for SLC12A4 (yellow spots). (F) Predicted binding modes of rhamnose targeting SLC12A4. Key residues are shown in red sticks, and

hydrogen bonds are depicted by red arrows. (G) Representative confocal images of Bio-Rhamnose (Bio-Rha) binding to the surface of BMDMs

pretreated with negative control or Slc12a4 siRNA. Cells were labeled with probes (red) and Hoechst 33342 stain (blue). Scar bar Z 10 mm. (H)

Direct interactions between rhamnose and SLC12A4 were determined by Surface plasmon resonance (SPR) analysis. (I) Rhamnose binding to

SLC12A4 in ELISA. Recombinant hSLC12A4 was captured in wells pre-coated with anti-SLC12A4 antibodies. Bio-rhamnose at increasing

concentrations and free rhamnose were added to perform the competition ELISA (n Z 4e6/group). (J) Flow cytometry of MQAE intensity in

BMDMs. Chloride ion could quench fluorescence signal, higher fluorescence intensity represents lower chloride ion concentration. Histogram of

MQAE intensity (Mean Fluorescence Intensity) and the quantification (n Z 3e4/group). (K) Western blot of phosphorylated SLC12A4

(p-SLC12A4) in BMDMs. Cells were treated with PBS or rhamnose for 5 min and the phosphorylation level of SLC12A4 was detected

(n Z 3/group). Data are expressed as mean � SEM. One-way analysis of variance (ANOVA) analysis was used for three or more groups. Two

groups were determined by a two-tailed unpaired Student’s t-test, *P < 0.05 was considered statistically significant. ns: denotes not significant.

n: indicates number of samples.
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Figure 5 Defective E. coli phagocytosis in SLC12A4-defecient cells. (A) Phagocytosis of E. coli by BMDMs transfected with control or

SLC12A4-overexpression (SLC12A4-OE) plasmids (n Z 4/group). (B) Percentage of E. coli killing by BMDMs transfected with control or

SLC12A4-overpression (SLC12A4-OE) plasmids (n Z 4/group). (C) Phagocytosis of E. coli by BMDMs transfected with Slc12a4 siRNA or

control siRNA for 72 h in the presence or absence of rhamnose (100 mmol/L) (n Z 4/group). (D) Percentage of E. coli killing by BMDMs

transfected with Slc12a4 siRNA or control siRNA for 72 h in the presence or absence of rhamnose (100 mmol/L) (n Z 4/group). (E) Repre-

sentative confocal images showing phagocytosis of GFP-E. coli in BMDMs transfected with SLC12A4 overexpression or control plasmids for

48 h in the presence or absence of rhamnose (100 mmol/L). Scale bar Z 10 mm. (F) Representative confocal images showing phagocytosis of

GFP-E. coli in BMDMs transfected with Slc12a4 siRNA or control siRNA for 72 h in the presence or absence of rhamnose. Scale bar Z 10 mm.

(G) Phagocytosis of E. coli in THP-1 cells transfected with control or SLC12A4-overpression (SLC12A4-OE) plasmids (n Z 4/group). (H)

Percentage of E. coli killing in THP-1 cells transfected with control or SLC12A4-overpression (SLC12A4-OE) plasmids (n Z 4/group). (I)

Phagocytosis of E. coli in THP-1 cells transfected with Slc12a4 or control siRNA for 48 h in the presence or absence of rhamnose (100 mmol/L)

(n Z 4/group). (J) Percentage of E. coli killing in THP-1 cells transfected with Slc12a4 or control siRNA for 48 h in the presence or absence of

rhamnose (100 mmol/L) (n Z 4/group). (K) Representative confocal images showing phagocytosis of GFP-E. coli in THP-1 cells transfected with

SLC12A4 overexpression or control plasmids for 48 h in the presence or absence of rhamnose (100 mmol/L). Scale bar Z 10 mm. (L) Repre-

sentative confocal images showing phagocytosis of GFP-E. coli in THP-1 cells transfected with Slc12a4 or control siRNA for 48 h in the presence

or absence of rhamnose. Scale bar Z 10 mm. Data are expressed as mean � SEM. One-way analysis of variance (ANOVA) analysis was used for

three or more groups. Two groups were determined by a two-tailed unpaired Student’s t-test. *P < 0.05 was considered statistically significant. ns,

denotes not significant. n: indicates number of samples.
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Figure 6 Rhamnose promotes phagocytosis by activating Cdc42 and Rac1. (A, B) Representative Western blot image and quantification of

GTP-cell division control protein 42 homolog (GTP-Cdc42) and GTP-Ras-related C3 botulinum toxin substrate1(GTP-Rac1) levels in BMDMs.

Cells were incubated with E. coli for 5 min in the presence or absence of rhamnose (100 mmol/L) (n Z 3/group). (C, D) Representative Western

blot image and quantification of GTP-Cdc42 and GTP-Rac1 levels in THP-1 derived macrophages. Cells were incubated with E. coli for 5 min in

the presence or absence of rhamnose (100 mmol/L) (nZ 3/group). (E, F) Representative Western blot image and quantification of GTP-Cdc42 and

GTP-Rac1 levels in BMDMs. BMDMs were transfected with Slc12a4, or control siRNA for 72 h and then incubated with E. coli for 5 min in the

presence or absence of rhamnose (100 mmol/L) (n Z 3/group). (G, H) Representative Western blot image and quantification of GTP-Cdc42 and

GTP-Rac1 levels in THP-1 derived macrophages. THP-1 cells transfected with Slc12a4, or control siRNA for 48 h and then incubated with E. coli

for 5 min in the presence or absence of rhamnose (100 mmol/L) (nZ 3/group). Data are expressed as mean � SEM. One-way analysis of variance

(ANOVA) analysis was used for three or more groups. Two groups were determined by a two-tailed unpaired Student’s t-test. *P < 0.05 was

considered statistically significant. n: indicates number of samples. ns, denotes not significant.
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the uptake of apoptotic cell phagocytosis by macrophages57. Both
Rac1 and Cdc42 are important for F-actin polymerization, a
critical step in phagocytosis and the activation of Cdc42 and Rac1
is a pre-requisite for the initiation of FcgR-mediated phagocy-
tosis10,58. Therefore, as a next step, we investigated whether
rhamnose could promote Rac1/Cdc42 activity in macrophages
after exposing them to E. coli and cause an increase in the level of
phagocytosis. Interestingly, activating SLC12A4 could enhance
while inhibiting the SLC12A4 expression could decrease the ac-
tivity of Rac1/Cdc42, which suggests SLC12A4 could be a new
target to develop a novel bacterial clearance strategy.

The immune responses during sepsis development are quite
complicated; a variety of diverse immune cells participate, and
also communicate with each other to contribute together in
clearing pathogens, or leading to severe immune defects causing
adverse events59. The protective effects of rhamnose may also be
complex, although we showed that at the onset of sepsis, rham-
nose mainly targets macrophages to promote bacterial clearance.
Neutrophils also play a major role in bacterial clearance in sepsis
progression60. We found that supplementation with rhamnose
could also enhance the mouse bone marrow-derived neutrophils
(BMDNs) phagocytosis and bacteria killing (Supporting
Information Fig. S7AeS7C). The reasons for the effect of rham-
nose on phagocytosis and bacteria killing observed in neutrophils
may be complex, and the detailed mechanism should be investi-
gated in the future. The effect of rhamnose on the interaction and
cooperation between macrophages and neutrophils in the elimi-
nation of pathogens may be important for the protective effects
observed in the animal study. Besides, how rhamnose affects
adaptive immune cell functions during sepsis is still unknown.



Figure 7 Rhamnose promotes phagocytosis of human macrophages. (A, B) Phagocytosis and percentage of killing of E. coli by human blood

monocyte-derived macrophages (MDMs) from healthy volunteers in control (CTRL) and rhamnose (Rha) groups (n Z 5/group). (C, D)

Phagocytosis and percentage of killing of E. coli by human blood monocyte-derived macrophages (MDMs) from sepsis patients in control

(CTRL) and rhamnose (Rha) groups (n Z 6/group). (E) A schematic diagram depicting gut microbiota derived rhamnose promoted bacterial

phagocytosis by activating Cdc42 and Rac1 in macrophages. Data are expressed as mean � SEM. Two groups were determined by a two-tailed

unpaired Student’s t-test. *P < 0.05 was considered statistically significant. n: indicates number of samples.
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This knowledge gap is important to be filled and undoubtedly it
requires further investigations.

5. Conclusions

Our findings demonstrate that a novel interaction occurs between
gut commensals and host immune functions during sepsis. The
depletion of gut microbiota leads to increased mortality in the
CLP model. Gut-derived rhamnose is a monosaccharide with a
potential pathophysiological function that could significantly
enhance macrophage phagocytic activity and protect against
sepsis-induced organ damage and death. More importantly, our
study identified solute carrier family 12 member 4 (SLC12A4) as
the potential rhamnose interacting protein in the macrophages, and
we showed that SLC12A4 is indispensable for phagocytosis dur-
ing infection. The schematic diagram (Fig. 7E) represents rham-
nose/SLC12A4/Cdc42 and Rac1 axis present in macrophages that
could plausibly be an important contributor in host defense against
polymicrobial sepsis-induced bacterial dissemination and death.
Therefore, rhamnose or other therapeutics targeting SLC12A4
could plausibly be translated to clinics for promoting macro-
phages phagocytosis during sepsis.
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