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HEMATOPOIESIS AND STEM CELLS
Fecal microbiota transplantation from young mice
rejuvenates aged hematopoietic stem cells by
suppressing inflammation
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• FMT from young mice
restored lymphoid
differentiative potential
and improved the
number and
engraftment ability of
aged HSCs.

• Lachnospiraceae and
tryptophan-associated
metabolites could
improve both the
phenotype and the
reconstitution capacity
of HSCs in aged mice.
bld-2
Hematopoietic stem cell (HSC) aging is accompanied by hematopoietic reconstitution
dysfunction, including loss of regenerative and engraftment ability, myeloid differentia-
tion bias, and elevated risks of hematopoietic malignancies. Gut microbiota, a key regu-
lator of host health and immunity, has recently been reported to affect hematopoiesis.
However, there is currently limited empirical evidence explaining the direct impact of gut
microbiome on aging hematopoiesis. In this study, we performed fecal microbiota
transplantation (FMT) from young mice to aged mice and observed a significant increment
in lymphoid differentiation and decrease in myeloid differentiation in aged recipient mice.
Furthermore, FMT from young mice rejuvenated aged HSCs with enhanced short-term
and long-term hematopoietic repopulation capacity. Mechanistically, single-cell RNA
sequencing deciphered that FMT from young mice mitigated inflammatory signals,
upregulated the FoxO signaling pathway, and promoted lymphoid differentiation of HSCs
during aging. Finally, integrated microbiome and metabolome analyses uncovered that
FMT reshaped gut microbiota composition and metabolite landscape, and Lachnospir-
aceae and tryptophan-associated metabolites promoted the recovery of hematopoiesis
022-0175
and rejuvenated aged HSCs. Together, our study highlights the paramount importance of the gut microbiota in HSC
aging and provides insights into therapeutic strategies for aging-related hematologic disorders.
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Introduction
Hematopoietic stem cells (HSCs), characterized by long-term
self-renewal ability and multilineage differentiation potential,
are rare, multipotent precursors that reside at the apex of
hematopoietic hierarchy. The senescence of HSCs is associated
with hematopoietic reconstitution dysfunction, including loss of
regenerative and engraftment ability,1,2 myeloid differentiation
bias,3,4 as well as elevated risks of hematopoietic malig-
nancies.5 These defects of aged HSCs have been attributed to
accumulation of DNA damage,6 increasing levels of reactive
oxygen species,7 and epigenetic and transcriptional alter-
ations.8 For instance, the differentiation bias of aged HSCs is
accompanied by the systemic reduction of genes involved in
specifying lymphoid fate and upregulation of genes mediating
myeloid differentiation.5 More recently, it has been shown
through single-cell RNA sequencing (scRNA-seq) that murine
HSCs at different ages present various responses to inflamma-
tory stimulations with age-dependent inflammatory myeloid
bias.9 Furthermore, epigenetic dysregulation in HSCs accumu-
lates during aging, and in turn, leads to transcriptional alter-
ations and the subsequent impaired cellular functions.10

Although accumulating evidence delineates the molecular
mechanisms underlying HSC aging, delaying or rejuvenating
the senescence of HSCs still remains challenging. Therefore,
new strategies to improve the function of aged HSCs need to
be developed further.

Gut microbiota, the microbial communities that inhabit the
gastrointestinal tract, has attracted wide attention because of its
fundamental roles in host health. In addition to absorbing
nutrients and maintaining homeostasis in the intestine, the gut
microbiota delivers signals to distant organs and regulates
systemic immune function and metabolism.11,12 Microbial dys-
biosis in the intestine is associated with numerous diseases
including allergic disorders, cancers, and cardiovascular dis-
eases.13-15 Notably, emerging studies have implicated the gut
microbiota as a major regulator of both normal and aberrant
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hematopoiesis.16-20 Depletion of the gut microbiota by antibi-
otics severely disturbs the murine hematopoietic homeostasis,
whereas fecal microbiota transplantation (FMT) from
nonantibiotic-treated mice could partially abrogate the detri-
mental effects of antibiotics on hematopoiesis.16 Kovtonyuk et al
recently demonstrated that gut microbiome components
contributed to a higher level of interleukin 1 (IL-1) in aged mice
and served as a vital driver of the aging-dependent myeloid
differentiation bias of HSCs.18 Furthermore, the gut microbiota
modulated macrophage functions via short-chain fatty acid
(SCFA) production, which in turn acted on the distribution of iron
and regulated HSCs fate decision.19 Moreover, technological
advancement in liquid chromatography and mass spectrometry
(LC-MS) allows the analysis of gut metabolites, which provides
unprecedented insights into the causative relationship between
the microbiota, metabolites, and host. For example, SCFAs were
identified as key molecules produced by colonic microbial
fermentation, which contributed to the homeostasis of immune
cells and the functions of hematopoietic cells in the host.21

However, the roles and mechanisms of action of the gut micro-
biota in HSC aging, and whether modulation of the gut micro-
biota could rejuvenate aged HSCs remain largely unknown.

In this study, we performed FMT from young mice to aged mice
and observed restoration of hematopoiesis in aged mice. We
also performed scRNA-seq, 16S ribosomal RNA (rRNA) gene
sequencing and LC-MS untargeted metabolomic analysis to
excavate the mechanisms underlying the beneficial effects of
FMT.

Methods
Animals
Young (7-8 weeks) and aged (20-24 months) CD45.2 or CD45.1
C57BL/6 mice were employed for all experiments of this study.
Mice were housed under specific pathogen-free conditions in
the Laboratory Animal Center of Zhejiang University. All animal
experiments were approved by the Zhejiang University animal
ethics committee.

FMT
Before FMT, mice were orally gavaged with 100 μL antibiotic
cocktails for 7 days, containing neomycin (0.5 g/L), metronida-
zole (1 g/L), vancomycin (0.5 g/L), and ampicillin (1 g/L). After-
ward, mice were orally gavaged with 100 μL microbiota
suspension, daily for 4 weeks. For the microbiota suspension
preparation, young or aged mice were individually placed in
clean cages daily and fecal pellets were collected within 30
minutes. Fresh fecal pellets (50 mg) were suspended in 1.5 mL
phosphate-buffered saline.

scRNA-seq
Whole bone marrow (BM) cells, immature hematopoietic cells
(Lin−), and progenitor cells (Lin− cKit+) were collected by flow
cytometric sorting and mixed at a 1:1:4 ratio for scRNA-seq
sample preparation. Then scRNA-seq data were generated
using 10X Genomics Chromium Single Cell 3′ kits.

Fecal microbiota and metabolite evaluation
Mice were individually placed in clean cages for feces
collection. Fresh fecal samples were collected into sterile
1692 6 APRIL 2023 | VOLUME 141, NUMBER 14
cryopreservation tubes, immediately frozen in liquid nitrogen,
and stored at −80◦C. LC-MS untargeted metabolomic analysis
and 16S rRNA gene sequencing were performed as previously
reported.22

Statistical analysis
Statistical analysis was conducted by using GraphPad. Com-
parisons between 2 groups were determined by using a 2-tailed
Student t test. Comparison of multiple groups were determined
by using a one-way analysis of variance with the Dunnett mul-
tiple comparisons test. All experiments in this study were
repeated 2 or 3 times independently, and representative data
are shown. Data with P < .05 were considered statistically
significant.
Results
FMT from young mice ameliorated defective
phenotype of aged HSCs
To evaluate the influence of the gut microbiota on aging
hematopoiesis, the gut microbiota from healthy young donor
mice or aged donor mice were transplanted into aged recipient
mice (FMT-YA and FMT-AA group, respectively) (Figure 1A).
Antibiotics were used 1 week before FMT to remove the orig-
inal gut microbiota from recipient mice, which facilitated the
colonization of newly inhabited bacteria. Aged mice treated
with antibiotics (antibiotics group), normal control aged mice
(aged group), and normal control young mice (young group)
served as experimental controls.

We initially investigated the impact of FMT on peripheral blood
(PB). The number of white blood cells (WBCs) in PB was
elevated in FMT-YA mice (Figure 1B). Particularly, the propor-
tion and absolute number of B cells were significantly increased
in the FMT-YA group and was similar to that in the young
control mice (Figure 1C-D; supplemental Figure 1A, available
on the Blood website). Although no differences in CD4+ T cells
were observed within FMT groups, the number of CD8+ T cells
was upregulated in FMT-YA mice (Figure 1E-F). Furthermore,
the gut microbiota from young mice resulted in diminished
myeloid cells, especially granulocytes (Figure 1G-H). Consis-
tently, the restoration of lymphoid differentiation in FMT-YA
was also observed in BM (supplemental Figure 1B).

To further assess the effects of FMT on hematopoietic pre-
cursors, the proportion and absolute number of hematopoietic
stem and progenitor cells (HSPCs) in BM were examined. FMT-
YA mice displayed an increased proportion and absolute
numbers of LSKs (Lin− Sca-1+cKit+); long-term HSCs (LT-HSCs),
short-term HSCs, and multipotent progenitors (MPPs) were
significantly elevated (Figure 1I-K; supplemental Figure 1C-E).
Concordant with the enhancement of mature lymphocytes in
PB, the proportion and number of common lymphoid pro-
genitors were markedly increased in FMT-YA mice (Figure 1L;
supplemental Figure 1F-H). Moreover, 5-bromo-2′-deoxyur-
idine incorporation assay showed an increase of newly gener-
ated HSPCs and LT-HSCs in FMT-YA mice, whereas apoptosis
of hematopoietic precursors was not affected by FMT
(Figure 1M-P; supplemental Figure 1I-L). In summary, FMT from
young mice could restore lymphoid-to-myeloid cell ratio and
increase the proportion and absolute number of HSCs.
ZENG et al
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Figure 1. Transplantation of young gut microbiota restored lymphoid/myeloid cell ratio and increased the proportion and absolute number of HSCs in aged mice.
(A) A flowchart of animal treatments. (B) WBC concentration in PB, as determined by an automated hematologic cell counter, in mice in the antibiotics group, aged group,
FMT-AA group, FMT-YA group, and the young control group. (C) Hematopoietic lineage differentiation in PB. (D-H) Proportions and concentrations of B cells, CD4+ T cells,
CD8+ T cells, myeloid cells, and granulocytes in PB. (I) Count of WBCs in BM. (J-L) Proportions and absolute numbers of HSPCs, LT-HSCs, and common lymphoid progenitors
(CLPs) in BM. (M-N) 5-bromo-2′-deoxyuridine (BrdU) incorporation was detected by anti-BrdU antibody in HSPCs and LT-HSCs. (O-P) Apoptosis was measured by annexin V
staining in HSPCs and LT-HSCs. Each point represents data from a single mouse (n = 6 per group). Graphs show mean ± standard error of the mean (SEM), with statistical
significance determined by Student t test. *P < .05, **P < .01, ***P < .001. n.s., nonsignificant; TNC, total nucleated cell.
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FMT from young mice restored the reconstitution
capacity of aged HSCs
To demonstrate the effect of young gut microbiota on
the reconstitution ability of aged HSCs, we carried out a
limiting-dilution competitive repopulation unit (CRU) assay by
transplanting FMT-YA or FMT-AA BM cells (2.5 × 104, 7.5 × 104,
or 2 × 105), together with 2 × 105 recipient BM cells (CD45.1),
into lethally irradiated recipient mice (Figure 2A). FMT-YA BM
cells displayed a significantly elevated engraftment rate at 16
weeks after transplantation compared with FMT-AA BM cells
(Figure 2B-C), and the CRU assay showed a 4.2-fold increase in
functional HSCs in FMT-YA mice (Figure 2D). Furthermore,
recipient mice that received transplantation with FMT-YA BM
cells exhibited a marked increase in both frequency and abso-
lute number of donor-derived HSPCs and committed
1694 6 APRIL 2023 | VOLUME 141, NUMBER 14
progenitors (Figure 2E; supplemental Figure 2A-B), whereas no
difference in lineage biases was observed between recipients of
FMT-YA or FMT-AA cells (supplemental Figure 2C). Next, sec-
ondary transplantation was performed in the fourth month after
primary transplantation to evaluate the long-term repopulation
ability. FMT-YA cells displayed higher engraftment efficiency
(Figure 2F-G). Notably, CRUs increased 2.6 fold in FMT-YA cells
with raised numbers of LT-HSCs and MPPs in recipients
(Figure 2H-I; supplemental Figure 2D-F). Clonogenic assay and
further transplantation assay were applied to validate the
stemness of purified LT-HSC, which confirmed that cellular
function of HSCs was enhanced by FMT from young mice
(Figure 2J-M; supplemental Figure 2G-I). Together, FMT from
young mice rejuvenated aged HSCs with enhanced short-term
and long-term hematopoietic repopulation capacity.
ZENG et al
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Figure 2. Transplantation of young gut microbiota increased functional HSCs in mice. (A) Flowchart for limiting-dilution transplantation assay (LDA) to determine the frequency
of functional HSCs in FMT-AA mice and FMT-YA mice. (B-C) Representative flow cytometry plots and line graph of donor-derived CD45.2+ reconstitution in CD45.1+ mice receiving
the highest cell doses at 16 weeks after transplantation in primary LDA. (D) HSC frequency determined by primary LDA. (E) Frequency in TNCs and absolute cell number of donor-
derived HSPCs in BM from recipient mice in primary LDA. (F-G) Representative flow cytometry plots and line graph of donor-derived CD45.2+ reconstitution in CD45.1+ mice
receiving the highest cell doses at 16 weeks after transplantation in secondary LDA. (H) HSC frequency determined by secondary LDA. (I) Frequency in TNCs and absolute cell
number of donor-derived HSPCs in BM from recipient mice in secondary LDA. (J) Flowchart for clonogenic assay and transplantation assay of purified LT-HSCs. (K) Number of total
colonies measured for LT-HSCs in FMT-AAmice and FMT-YA mice in methylcellulose. (L) Line graph of donor-derived CD45.2+ reconstitution in CD45.1+ mice at 16 weeks after HSC
transplantation. (M) Absolute cell numbers of donor-derived HSPCs in BM from recipient mice in HSC transplantation assay. Graphs show mean ± SEM, with statistical significance
determined by Student t test (n = 6 per group). *P < .05, **P < .01, ***P < .001. Med, medium; ST-HSC, short-term HSC.
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scRNA-seq revealed that FMT from young mice
reduced inflammation, activated the FoxO
pathway, and promoted lymphoid differentiation
in aged LT-HSCs
To systematically decipher the impact of FMT on the
transcriptome levels of HSCs in aged mice, we performed
scRNA-seq of BM cells from FMT-YA and FMT-AA mice. Whole
BM cells, immature hematopoietic cells (Lin−), and progenitor
cells (Lin− cKit+) were collected by flow cytometric sorting and
admixed at a 1:1:4 ratio and then subjected to the 10X Geno-
mics Chromium capture platform (Figure 3A; supplemental
Figure 3A). We obtained a total of 21 715 high-quality cells
with an average of 3014 genes per cell (11 056 FMT-YA cells
and 10 659 FMT-AA cells after quality control) (supplemental
Figure 3B-C). Twenty-eight unbiased cell clusters were identi-
fied and visualized by uniform manifold approximation and
projection, spanning from HSPCs to mature hematopoietic
cells. Cell type labels were assigned to each cluster based on
the canonical marker genes of previous reports:23,24 LT-HSCs
(Ly6a+ cKit+ CD34− Flt3− CD150+ CD48−), short-term HSCs
(Ly6a+ cKit+ CD34+ Flt3− CD150− CD48−), MPPs (Ly6a+ cKit+

CD34+ Flt3+ CD150− CD48+), common myeloid progenitors
(cKit+ CD34+ Cebpa+ Ly6a− Fcgr3−), granulocyte/monocyte
progenitors (cKit+ CD34+ Ly6a− Fcgr3+), megakaryocyte/
erythroid progenitors (cKit+ CD34− CD71+ Ly6a−), granulocytes
(CD11b+ Ly6g+), macrophages (F4/80+ CD11b+), dendritic cells
(CD11c+ CD83+ CD74+), monocytes (CD115+ Ly86+ Ly6c2+),
pre–B cells (Igkc+ Ighm+), B cells (CD19+ Fcrla+), and T cells
(CD3d+) (Figure 3B-D; supplemental Figure 3D-E). Notably,
both uniform manifold approximation and projection and
pseudotime analyses showed LT-HSCs at the apex of the
hematopoietic hierarchy, which were differentiated into
myeloid and lymphoid lineage cells, supporting the high quality
of our scRNA-seq data (Figure 3B-C). Consistent with the flow
cytometry analyses, FMT-YA displayed a significant increase in
LT-HSCs among HSPC subtypes, whereas B cells accounted for
the higher percentage of hematopoietic lineages (Figure 3E-G).
22-017514-m
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We then examined transcriptomic alterations in HSCs and
identified a total of 829 differentially expressed genes (DEGs)
between FMT-YA and FMT-AA (Figure 4A; supplemental
Table 1). The expression of inflammation-related genes was
downregulated in FMT-YA (Tnfrsf13b, Il27ra, Il16, and Ifi27),
whereas genes involved in HSC self-renewal (Gata2, Mllt3, and
Cxcr4) and lymphoid fate determination (Zpf36l1, Zpf36, and
Id2) were upregulated in FMT-YA (Figure 4B). Compared with a
recently published meta-analysis of aged HSCs,25 some com-
mon aging signatures were significantly downregulated after
FMT from young mice (including Vwf, Ehd3, Aspa, Cysltr2,
Nt5c3, and Itga6), which demonstrated that young microbiota
could partially restore the aberrant transcriptome of aged HSCs.
Further gene ontology enrichment analysis suggested that
pathways related to cell population proliferation, regulation of
hemopoiesis, negative regulation of inflammatory response, as
well as the FoxO signaling pathway were enriched in LT-HSCs
from FMT-YA mice (Figure 4C-D; supplemental Figure 4A-C).
Of note, the FoxO signaling pathway reportedly protects
HSCs from DNA damage and ameliorates HSC aging.26-28

Immunofluorescent staining confirmed that LT-HSCs had
high-level expression of FoxO family transcription factors
in FMT-YA, and γH2AX staining showed that the indicator
1696 6 APRIL 2023 | VOLUME 141, NUMBER 14
of damaged DNA in HSCs decreased in FMT-YA mice
(supplemental Figure 4D-F). Besides, inflammatory pathways
were downregulated in other hematopoietic cells of FMT-YA
mice, especially in granulocytes, monocytes, and macro-
phages (supplemental Figure 4G), which was consistent with
previous reports that inflammatory cytokines secreted by
mature hematopoietic cells might contribute to the senescent
phenotype of HSCs.18,29,30

To define the cell-to-cell communications between HSCs and
other hematopoietic cells, we inferred the biologically signifi-
cant cell-to-cell communication using Cellchat31 and observed
an overall reduction of cell-to-cell interactions in FMT-YA mice
(Figure 4E). In particular, decreased interactions involving LT-
HSCs in FMT-YA mice were mainly in inflammatory cytokines
pathways, for example, IL-2, tumor necrosis factor (TNF), IL-17,
and IL-6 (Figure 4F-G). We then focused on the network of
several inflammatory pathways among CXCL, IL-12, IL-1, and
TNF signaling, and observed strong interactions between
myeloid cells and LT-HSCs, which suggested that young gut
microbiota might decrease the secretion of inflammatory cyto-
kines in myeloid cells (Figure 4H-K; supplemental Figure 4I-J).
To validate this hypothesis, we determined the concentrations
of cytokines in BM serum, and found that IL-1β, TNF-α, and
CXCL1 were downregulated in FMT-YA mice compared with
FMT-AA mice (Figure 4L). As for the upregulated DEGs in FMT-
YA, gene ontology analysis indicated that the gut microbiota
from young mice promoted immune cell proliferation and
restored immunocompetence (supplemental Figure 4H).
Consequently, our scRNA-seq data depicted a transcriptome-
wide landscape of the BM immune microenvironment after
FMT, indicating that the gut microbiota from young mice
reduced inflammation and reinvigorated lymphoid differentia-
tion in aged LT-HSCs.
FMT from young mice protected intestinal barrier
integrity in aged mice
Because intestinal tracts are the main location where the
microbiota colonizes and interacts with the host, we sought to
investigate the morphological and biological characteristics of
the intestinal barrier. A recent study reported an increase in
intestinal length and surface area in germ-free mice that
received transplantation with fecal microbiota from old donor
mice.32 Similarly, FMT-AA mice presented longer intestinal
length compared with FMT-YA mice (Figure 5A-B). Goblet cells
are a specialized type of epithelial cell that secrete mucins for
cell lubrication and protection.33 Quantitative analysis of goblet
cells by hematoxylin and eosin and Alcian Blue PAS staining
showed more goblet cells in simple epithelia in FMT-YA mice
(Figure 5C-D). Moreover, assessment of circulating fluorescein
isothiocyanate–labeled dextran showed that the intestinal bar-
rier integrity was improved with treatment with young gut
microbiota (Figure 5E). A previous study has shown that
dysfunction of the intestinal barrier could result in bacterial
translocation and an increase in inflammatory signals, which in
turn affect myeloproliferation and hematopoietic malig-
nancies.34 Thus, the improvement of intestinal barrier integrity
may be a vital link in rejuvenating aged HSCs with young
microbiota. Furthermore, we observed a lower expression of
intestinal inflammatory markers in FMT-YA mice, including
interferon gamma, IL-6, and IL-4 (Figure 5F-H). Taken together,
ZENG et al
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these data suggest that young gut microbiota was supportive
and protective for intestinal barrier integrity in aged mice.

Lachnospiraceae restored defective HSC
phenotype in aged mice
To address the relevance of the gut microbiome in HSC aging,
we employed 16S rRNA gene sequencing to analyze the bac-
terial taxonomic composition after FMT. α-Diversity revealed
that FMT-AA mice exhibited higher bacterial richness, corre-
sponding to the abundance trend of their donors (Figure 6A;
supplemental Figure 5A). In β-diversity analysis, principal
component analysis revealed notable differences in the micro-
bial landscape between FMT-YA and FMT-AA mice (Figure 6B).
Further quantitative analysis by UniFrac dissimilarity distance
supported that the microbiome composition of FMT-YA mice
were similar to that of young donors (Figure 6C), confirming the
successful implementation of the FMT strategy.

The heatmap at phylum level combined with clustering analysis
showed similar microbiome compositions among samples of
the recipient mice compared with their corresponding donors
(Figure 6D; supplemental Figure 5B-C). Notably, Cyanobacteria
and Firmicutes were enriched in the gut microbiota of FMT-YA
mice and young mice, whereas Actinobacteria were enriched in
FMT-AA mice and aged mice. At genus level, FMT-YA mice
1698 6 APRIL 2023 | VOLUME 141, NUMBER 14
exhibited increments in Butyricicoccus, Lachnospiraceae, and
Clostridium (Figure 6E-F; supplemental Figure 5D;
supplemental Table 2). Furthermore, the abundance of Bac-
teroides, Alistipes, and Anaeroplasma was decreased in FMT-
YA mice. Together, these findings indicated that FMT from
young mice effectively modulated the gut microbiome in
recipient aged mice.

To explore which specific bacterial taxa is responsible for the
restoration of HSC defects in aged mice, we treated specific
pathogen-free aged mice with antibiotics for 3 days, and then
administrated Lachnospiraceae or Clostridium, 2 types of bac-
teria enriched in FMT-YA group, by daily oral gavage for 4
weeks (Figure 6G). Mice gavaged with Lachnospiraceae dis-
played an increased number of WBCs in BM, and elevated
proportion and absolute number of HSPCs (Figure 6H;
supplemental Figure 5E-H). Furthermore, 5-bromo-2′-deoxyur-
idine incorporation assay showed an increase in newly gener-
ated HSCs in mice treated with Lachnospiraceae (Figure 6I), and
competitive BM transplantation assay indicated that Lachno-
spiraceae significantly improved engraftment efficiency of aged
BM cells (supplemental Figure 5G). Further assessment of
purified LT-HSCs by clonogenic assay and transplantation assay
confirmed that cellular function of LT-HSCs was enhanced by
Lachnospiraceae (Figure 6J-L; supplemental Figure 5H-J).
Lastly, supplementation with Lachnospiraceae enhanced the
ZENG et al
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intestinal barrier integrity (Figure 6M). Conversely, no significant
advantages were observed in HSPCs in mice treated with
Clostridium (supplemental Figure 5K-5L). Overall, these data
implied that Lachnospiraceae were the key factor in the resto-
ration of defective HSC phenotype in aged mice.
Supplement with tryptophan-associated
metabolites improved engraftment efficiency of
aged HSCs
Many microbiota-derived metabolites play vital roles in the
regulation of host inflammation and hematopoiesis via the
bloodstream.21 To identify the microbiota-derived metabolites
responsible for restoration of aging hematopoiesis, LC-MS
untargeted metabolomic analysis of fecal samples was per-
formed in mice upon FMT. Principal component analysis
1700 6 APRIL 2023 | VOLUME 141, NUMBER 14
indicated that fecal samples of FMT-YA displayed distinct
metabolite profiles compared with the FMT-AA group
(Figure 7A-B). Specifically, tryptophan-associated metabolites,
including tryptophan, indole-1-acetic acid (IAA), and indole and
indole-3-carbinol (I3C), were significantly upregulated in FMT-
YA mice (Figure 7C). Upregulation of tryptophan-associated
metabolites in FMT-YA mice was also observed in PB and BM
plasma (supplemental Figure 6A-B). Of note, indole and indole
derivatives could prevent oxidative stress and reduce inflam-
matory response in vitro and in vivo. 35,36 We then determined
the enriched pathways of these metabolites by Kyoto Ency-
clopedia of Genes and Genomes analysis. Pathways related to
various amino acids were enriched in FMT-YA mice, especially
in phenylalanine, tyrosine, and tryptophan-related metabolites
(Figure 7D). Spearman correlation analysis was performed to
explore the potential association between the gut microbiota
ZENG et al
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and metabolites. Lachnospiraceae are positively correlated with
tryptophan, indole, and indole derivatives (supplemental
Figure 6C-D), which was consistent with previous reports that
Lachnospiraceae were involved in the production of tryptophan
and indole.37

Next, we tested which metabolite played a role in the
restorative effect of FMT. Aged mice were given standard
diet supplemented with tryptophan, indole, IAA, I3C, or
indole-3-butyric acid for 4 weeks (Figure 7E). Among these
FMT FROM YOUNG MICE REJUVENATES AGED HSCs
metabolites, only tryptophan and I3C enhanced the number
of WBCs in BM, whereas the other interventions yielded
weaker effects (supplemental Figure 6E-F). Strikingly, mice
treated with I3C displayed an increased number of LT-HSCs
in BM (Figure 7F; supplemental Figure 6G-J). Clonogenic
assay and competitive repopulation assay of purified
LT-HSCs showed that tryptophan and I3C improved clono-
genic capacity and engraftment efficiency of LT-HSCs
(Figure 7G-I; supplemental Figure 6K-M). Moreover, some
inflammatory signals, including IL-1β, IL-5, and CXCL1, were
6 APRIL 2023 | VOLUME 141, NUMBER 14 1701



Ant
ib

io
tic

s
Aged

FM
T-A

A

FM
T-Y

A

Yo
un

g

Others
Lachnospiraceae_unclassified
Lachnospiraceae_NK4A136
_group

Desulfovibrio
Clostridiales_unclassified
Rikenellaceae_RC9_gut_group
Bilophila
Bifidobacterium
Muribaculum
Alistipes
Ureaplasma
Enterococcus
Dubosiella
Lactobacillus
Burkholderia-Caballeronia-
Paraburkholderia
Muribaculaceae_unclassified

100

50

0

Re
la

tiv
e 

ab
un

da
nc

e 
(%

)

Genus

E

500

400

300

200

100

0

Ant
ib

io
tic

s
Aged

FM
T-A

A

FM
T-Y

A

Yo
un

g

-diversity: Chao1A

-diversity: PCA

0.4

0.2

0.0

–0.2

–0.4 –0.2 0.0

PCA1 (7.95%)
0.2

PC
A2

 (7
.2

6%
)

Young

FMT-YA

Aged
Antibiotics

FMT-AA

B

7

6

5

4

3

2

Ant
ib

io
tic

s
Aged

FM
T-A

A

FM
T-Y

A

Yo
un

g

-diversity: Shannon

Dissimilarity to NC-young

0.30

0.25

0.20

0.15

Un
iFr

ac
 d

ist
an

ce
***

***

Yo
un

g vs
 A

nt
ib

io
tic

s

Yo
un

g vs
 A

ged

Yo
un

g vs
 F

M
T-A

A

Yo
un

g vs
 F

M
T-Y

A

W
ith

in 
Yo

un
g

C

Patescibacteria

1.5 0

Phylum
–1.5

Bacteroidetes
unclassified

Actinobacteria
Epsilonbacteraeota
Deferribacteres
Tenericutes
Acidobacteria
Proteobacteria
Planctomycetes
Fusobacteria
Gemmatimonadetes
Cyanobacteria
Firmicutes
Verrucomicrobia

Ant
ib

io
tic

s
Aged

FM
T-A

A

FM
T-Y

A

Yo
un

g

D

–5 0

Log2FC
5

Bacteroides

Butyricicoccus
Lachnospiraceae_UCG-006

Harryflintia
Anaerotruncus

Rhodospirillales_unclassified
Clostridiales_unclassified

Firmicutes_unclassified
Clostridium

Lachnospiraceae_FCS020_group

Lachnospiraceae_unclassified
Ruminiclostridium

Prevotellaceae_UCG-001
Alistipes
Ruminococcaceae_UCG-005
Anaeroplasma
Duncaniella

Genus
Upregulated in FMT-AA Upregulated in FMT-YA

F
Antibiotic

purified HSCs

CFU assay
HSC transplantation

Analysis HSCs
BM transplantation

SPF mice
(22 month)

Bacterial strains/PBS
(every day)

–3

0

1

2

Week

Day

3

G

Figure 6. FMT effectively modulated the gut microbiome in the recipient aged mice. (A) α-diversity (Chao1 index and Shannon index) of bacterial communities in
antibiotics-treated, aged, FMT-AA, FMT-YA, and young mice (n = 6 per group). (B-C) Principal component analysis (PCA) plot and UniFrac distance of microbial composition (n =
6 per group). (D) Average relative abundance of prevalent microbiota at the phylum level among the 5 groups. (E) Average relative abundance of prevalent microbiota at the
genus level among the 5 groups (n = 6 per group). (F) Bar graph showing the differential microbiota between FMT-AA and FMT-YA mice at the gene level (n = 6 per group). (G)
The flowchart of microbiota interventions. Specific pathogen-free (SPF) aged mice were given phosphate-buffered saline (PBS), Lachnospiraceae, or Clostridium by gavage for 4
weeks, after treatment with antibiotics for 3 days. Then, colony-forming unit (CFU) assay and transplantation assay were performed to assess the cellular function of purified LT-
HSCs. (H) Absolute numbers of HSPCs in BM in PBS group vs Lachnospiraceae group (n = 5 per group). (I) BrdU incorporation in LT-HSCs (n = 5 per group). (J) Number of total
colonies measured for LT-HSCs in methylcellulose (n = 5 per group). (K) Donor-derived CD45.2+ reconstitution in CD45.1+ mice at 16 weeks after HSC transplantation (n = 5 per
group). (L) Absolute cell number of donor-derived HSPCs in BM from recipient mice in HSC transplantation assay (n = 5 per group). (M) Intestinal permeability measured by FITC-
dextran in blood (n = 5 per group). Graphs show mean ± SEM, with statistical significance determined by Student t test. *P < .05, **P < .01.

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/14/1691/2087611/blood_bld-2022-017514-m

ain.pdf by guest on 04 M
ay 2024
significantly lower in BM serum of aged mice treated with
tryptophan and I3C (Figure 7J). Collectively, these results
indicate that FMT effectively reshaped the gut microbiota
and metabolite landscape, which might underlie the resto-
ration of aging hematopoiesis.
1702 6 APRIL 2023 | VOLUME 141, NUMBER 14
Discussion
In this study, we explored the roles of the gut microbiota in
hematopoiesis in aged mice by using multiomic approaches,
including scRNA-seq, 16S rRNA gene sequencing, and LC-MS
untargeted metabolomic analysis. Our results showed that
ZENG et al
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FMT from young mice could attenuate proinflammatory
signaling, reverse myeloid-biased output, and rejuvenate aged
HSCs. Lachnospiraceae were more abundant in FMT-YA mice,
which improved both the number and the implantation ability
of aged HSCs. Tryptophan metabolites were upregulated in
FMT-YA mice and were associated with recovery of hemato-
poiesis. Together, these data indicated that gut microbiota
from young mice and their metabolites could alleviate the
detrimental effects on aged hematopoiesis.

The impact of gut microbiota on hematopoiesis have recently
been reported.16-20 Depletion of gut microbiota suppressed the
generation of peripheral lymphocytes and hematopoietic pro-
genitors in BM.16,17,20 Moreover, microbiota played a vital role in
HSC fate decisions by modulating distribution of iron.19 Our
studies added to emerging evidence that gut microbiota from
young mice could promote the recovery of aging hematopoiesis
by reducing inflammatory signals. This restorative effect might be
mediated through differential metabolites via gut microbiota–
host interactions. Of note, the benefits of young gut microbiota
are not limited to hematopoietic system but extend to facilitating
germinal center formation in the gut,38 improving cognitive per-
formance,39 and promoting poststroke recovery40,41 in aged
mice.

scRNA-seq was applied to delineate the widespread transcrip-
tional changes of HSCs as well as the microenvironment in which
HSCs reside. Previous studies on HSC aging demonstrated that
aged HSCs underwent fewer cell divisions because of an atten-
uation in cell cycle activity.42 Consistently, functional enrichment
analysis of DEGs in HSCs showed that cell cycle–related genes
were upregulated in FMT-YA mice, suggesting that young gut
FMT FROM YOUNG MICE REJUVENATES AGED HSCs
microbiota enhanced proliferation activity and improved self-
renewal ability. Further analysis of cell-to-cell communications
indicated that canonical inflammatory signals from myeloid cells
toward HSCs were weakened in FMT-YA mice, including IL-1, IL-
2, IL-17, and TNF. Interestingly, a recent study reported that gut
microbiota affected the hematopoietic system via modulating the
production of IL-1 and that knockout IL-1 receptor 1 led to miti-
gated inflammation-associated phenotypes in aging hematopoi-
esis.18 Furthermore, it is well known that aging is accompanied by
chronic inflammation, and inflammageing provided the possibility
of studying aging-related diseases from a promising viewpoint.43

However, eliminating harmful inflammaeging factors to prevent
ineffectiveness of hematopoiesis remains challenging. Our study
provided a novel insight for alleviating inflammaeging by FMT
from young mice, which may lead to important progress in clinical
application of FMT for antiaging. Furthermore, aging of the
hematopoietic system is not only restricted to HSCs but also
occurs in mature hematopoietic cells. For example, granulocytes
displayed weaker migration ability in response to stimuli and
macrophages exhibited impaired phagocytic activity during
aging.43 Our scRNA-seq data implied that FMT from young mice
could reverse senescent phenotype, enhance function of mature
hematopoietic cells, and reinvigorate immunity.

Data from 16S rRNA gene sequencing indicated that Lachno-
spiraceae were more abundant in FMT-YA mice, and that mice
supplied with Lachnospiraceae displayed an improvement in
both the number and the function of aged HSCs. However, the
roles of Lachnospiraceae on host health remains controversial.37

Lachnospiraceae could produce SCFAs that interact with the
host immune system, reduce proinflammatory responses, restore
hematopoiesis, and promote gastrointestinal repair after
6 APRIL 2023 | VOLUME 141, NUMBER 14 1703
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radiation.44-46 In clinical settings, abundance of Lachnospiraceae
was associated with better survival outcome in patients with
graft-versus-host disease after BM transplantation.47 On the
contrary, Lachnospiraceae promoted the onset of diabetes by
impairing glucose metabolism46 and was associated with
declining renal function.48 Furthermore, the abundance of
several taxa of Lachnospiraceae was positively correlated with
major depressive disorder and stress-induced behavioral
changes in patients.48-50 This controversy may be attributed to
the limited understanding of subpopulations of Lachnospiraceae
because of potential limitations of identification and purification
of these bacteria. Although our study demonstrated the benefi-
cial effects of Lachnospiraceae in the recovery of hematopoiesis,
further studies are warranted to discern the contributing genus
and the specific mechanisms involved in the interactions
between Lachnospiraceae and the host.

Looking into the underlying mechanisms of the effects of
young gut microbiota on hematopoiesis, we found that FMT
altered tryptophan-related metabolites in the intestinal
microenvironment, which led to the accumulation of indole
and indole derivatives in FMT-YA mice. Tryptophan and its
FMT FROM YOUNG MICE REJUVENATES AGED HSCs
metabolites are important regulators of gut homeostasis, and
dietary deficiency in tryptophan leads to gut microbiota dys-
biosis and systemic inflammation.51,52 Consistently, a trypto-
phan metabolite, IAA, contributed to the scavenging of free
radicals36 and attenuated oxidative stress and inflammatory
stress induced by a high-fat diet.35 Our results demonstrated
that tryptophan-related metabolites played a role in the
restorative effect of young gut microbiota. Furthermore,
several prominent metabolites with anti-inflammatory activities
were identified by LC-MS untargeted metabolomic analysis
and may explain the improvement in the hematopoietic sys-
tem in aged mice. Enterolactone, an antioxidative organic
compound derived from flaxseed, has been reported to pro-
tect intestinal barrier integrity from inflammation by reducing
oxidative stress damage.53,54 Moreover, fatty acid esters of
hydroxy fatty acids have been shown to have anti-
inflammatory effects both in vivo and in vitro. 55 Although
our data show changes in metabolites after FMT and provide
rational for further antisenescence metabolite screening,
further studies are required to investigate specific functions of
these metabolites and their underlying molecular mechanisms
in regulating hematopoiesis.
6 APRIL 2023 | VOLUME 141, NUMBER 14 1705
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With the accumulation of evidence explaining potential effects
of gut microbiota on hematopoiesis, a “gut-BM axis” has been
proposed as a novel player in HSC aging.18,56 In summary, our
study provides a broader view of the mechanisms of the
microbiota-gut-BM axis and indicates that manipulating the gut
ecosystem may be a promising strategy to rejuvenate aged
HSCs. Nevertheless, we believe that this warrants future inves-
tigation to elucidate the relationship between gut microbiota
and development of clonal hematopoiesis in humans.
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