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Abstract

Background Bloodstream infection (BSI) is a serious hematopoietic stem cell transplantation (HSCT) complication.
The intestinal microbiome regulates host metabolism and maintains intestinal homeostasis. Thus, the impact of
microbiome on HSCT patients with BSI is essential.

Methods Stool and serum specimens of HSCT patients were prospectively collected from the pretransplant con-
ditioning period till 4 months after transplantation. Specimens of 16 patients without BSI and 21 patients before BSI
onset were screened for omics study using 165 rRNA gene sequencing and untargeted metabolomics. The predictive
infection model was constructed using LASSO and the logistic regression algorithm. The correlation and influence of
microbiome and metabolism were examined in mouse and Caco-2 cell monolayer models.

Results The microbial diversity and abundance of Lactobacillaceae were remarkably reduced, but the abundance of
Enterobacteriaceae (especially Klebsiella quasipneumoniae) was significantly increased in the BSI group before onset,
compared with the non-BSI group. The family score of microbiome features (Enterobacteriaceae and Butyricicoc-
caceae) could highly predict BSI (AUC=0.879). The serum metabolomic analysis showed that 16 differential metabo-
lites were mainly enriched in the primary bile acid biosynthesis pathway, and the level of chenodeoxycholic acid
(CDCA) was positively correlated with the abundance of K. quasipneumoniae (R=0.406, P=0.006). The results of
mouse experiments confirmed that three serum primary bile acids levels (cholic acid, isoCDCA and ursocholic acid),
the mRNA expression levels of bile acid farnesol X receptor gene and apical sodium-dependent bile acid transporter
gene in K. quasipneumoniae colonized mice were significantly higher than those in non-colonized mice. The intestinal
villus height, crypt depth, and the mRNA expression level of tight junction protein claudin-1 gene in K. quasipneumo-
niae intestinal colonized mice were significantly lower than those in non-colonized mice. In vitro, K. quasipneumoniae
increased the clearance of FITC-dextran by Caco-2 cell monolayer.

Conclusions This study demonstrated that the intestinal opportunistic pathogen, K. quasipneumoniae, was increased
in HSCT patients before BSI onset, causing increased serum primary bile acids. The colonization of K. quasipneumoniae
in mice intestines could lead to mucosal integrity damage. The intestinal microbiome features of HSCT patients were
highly predictive of BSI and could be further used as potential biomarkers.
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Background

Hematopoietic stem cell transplantation (HSCT) is
used to treat various benign and malignant hematologic
diseases. Complications, including graft-versus-host
disease (GVHD) and infection, are common and life-
threatening. Bloodstream infection (BSI) is closely
associated with high morbidity and mortality in HSCT
patients [1, 2]. Bacterial or fungal infections after HSCT
are found in many patients [3]. Therefore, early BSI
detection is of great significance for clinical treatment.
Recently, the connection between the microbiome
and microbiome-related metabolites and HSCT
complications has been increasing [4]. The characteristics
and relationship between the intestinal microbiome and
host metabolome before BSI remain to be investigated.

The intestinal microbiome is crucial for maintaining
and  promoting  human  health,  maintaining
intestinal immune homeostasis, resisting exogenous
microorganism invasion, and protecting intestine from
damage [5]. However, intestinal microbiome destruction
is also associated with various diseases [6—11]. Recently,
microbiome characterisation has made it possible to
better understand the complex interactions between
the microbiome and HSCT [4]. Studies have shown that
obligate anaerobic symbiotic bacteria in the intestine
play a key role in maintaining the normal intestinal
environment balance [3]. HSCT patients usually manifest
with the loss of obligate anaerobic symbionts, pathogen
expansion, and overall microbial diversity reduction
[4]. Studies have reported that intestinal microbiome
is related to infection; for example, Enterococcus or
Proteobacteria increase bacteraemia risk [12, 13]. Gram-
negative dominance in the intestine is also associated
with BSI [14]. Furthermore, a single-centre observational
study found that Gammaproteobacteria is a predictor of
pulmonary complications after HSCT [15, 16].

Changes in host metabolites caused by alterations in
the intestinal microbiome’s structure and density were
associated with GVHD occurrence [17, 18]. Butyrate is
related to intestinal microbiome diversity in patients with
GVHD [19, 20]. A high abundance of butyrate-producing
bacteria reduces the risk of lower respiratory tract virus
infection in patients after allo-HSCT [10]. Bile acids and
plasmalogens vary at acute GVHD onset [18]. However,
there has been little evidence of metabolic features in
HSCT patients with BSIL. This study aimed to investigate
the biological characteristics preceding BSI onset by
analysing intestinal microbiome and serum metabolome,

and further determine their potential associations with
BSI onset.

Methods

Study design, patient and specimen collection

A total of 130 HSCT patients at Peking University People’s
Hospital from June 2020 to February 2021 were enrolled.
Specimens (stool and serum) from each patient were pro-
spectively collected from the pretransplant condition-
ing period to 4 months after transplantation. According
to the BSI diagnostic criteria [21], 33 BSI and 17 non-BSI
patients were screened. The remaining 80 patients were
excluded because their blood culture results were negative,
but infections were not ruled out clinically (Fig. 1). Finally,
21 BSI patients with paired specimens (stool and serum)
within 30 days after transplantation and within 14 days
before BSI onset were included, and 16 non-BSI patients
with paired specimens within 30 days after transplantation
were screened (Fig. 1 and Additional file 2: Table S1). The
specimens of BSI and non-BSI group were 29 and 16 pairs,
respectively.

BSI diagnostic criteria were based on laboratory-con-
firmed bloodstream infection criteria from the Centers for
Disease Control and Prevention’s National Healthcare Safety
Network, and BSI onset was defined as the time of collecting
the first positive blood culture [21]. The study was approved
by the ethics committees of Peking University People’s Hos-
pital (No. 2021PHB414-002) and all remaining clinical sam-
ples were obtained consent from patients.

16S rRNA gene sequencing in human stool and data
analysis

All clinical residual stool specimens were collected and
refrigerated at —80 ‘C until tested. Genomic DNA of
the stool specimens was extracted using the DNeasy
PowerSoil Pro Kit (QIAGEN, Germany). The extracted
DNA from each specimen was used as a template to
amplify the V3-V4 regions of 16S rRNA genes using
PCR. The PCR products were detected using agarose gel
electrophoresis, and the target products were purified
using a Gel Extraction Kit (QIAGEN, Germany). The
library was constructed using a TruSeq® DNA PCR-
Free Sample Preparation Kit (Illumina, USA). The
purified products were sequenced using the Illumina
NovaSeq6000 platform (Illumina, USA), and 250 bp
paired-end reads were generated.
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Fig. 1 Experimental design process. The experimental design process included the sample collection process, patient screening and sample
detection. Brown bar represented that the samples were within 14 days before BSI onset

The barcodes and primer sequences were removed
from the raw data. Paired-end reads were assembled
using FLASH (version 1.2.7) [22]. QIIME (version 1.9.1)
[23] was used to filter high-quality clean tags, and chi-
meric sequences were removed. Operational taxonomic
units (OTU) clustering was performed using UPARSE
software (version 7.0.1001) [24]. Species annotation was
performed using the Silva database based on the Mothur
algorithm [25]. OTUs abundance information were
normalized using a standard of sequence number cor-
responding to the sample with the least sequences. The
subsequent alpha and beta diversity analyses were based
on the normalized data (see Additional file 1: Supple-
mentary Methods for further details).

Construction of infection prediction model

The following steps were completed for the family score
calculation using the R statistical software (version 4.2.0).
The “createDataPartition” package was used to divide
the BSI and non-BSI groups into the training and valida-
tion sets randomly (training set: validation set=7:3) to
perform Least absolute shrinkage and selection opera-
tor (LASSO) algorithm (Additional file 7: Fig. S2). The
“glmnet” package was used to perform the LASSO algo-
rithm as previously described [26]. Coefficients reduced

to zero were excluded. The remaining coefficients were
analysed using logistic regression. The "glm" and "pre-
dict" functions were used to perform logistic regression
and calculate the prediction value called "family score"
in this study, respectively. The "boot" package was used
to complete the bootstrap method to validate the regres-
sion model (Sampling with replacement). The number of
bootstrap replicates was set at 1000. The coefficients after
bootstrapping were listed in Additional file 3: Table S2.

Untargeted metabolomic analysis in human serum

The remaining clinical serum specimens were
refrigerated at —80 °C until tested. Ice-cold methanol
was added to the serum. The mixture was then incubated
and centrifuged. The supernatant was collected for LC—
MS/MS analysis. LC-MS/MS analysis was performed
using a QTOF/MS-6545 (Agilent, USA) and 1290 Infinity
LC (Agilent, USA). The HPLC conditions were as follows:
UPLC: column, ACQUITY UPLC HSS T3 C18, 1.8 pm,
2.1 mm x 100 mm (Waters, USA); column temperature,
40 °C; flow rate, 0.4 mL/min; injection volume, 2 uL;
solvent system, water (0.1% formic acid) and acetonitrile
(0.1% formic acid). Information on the specimens was
acquired using the LC-MS system, followed by machine
orders. The original data were transformed into the



Yin et al. Journal of Translational Medicine (2023) 21:230

mzML format using ProteoWizard software (version
3.0). Peak extraction, alignment, and retention time
correction were performed using the XCMS program
[27]. Metabolic identification information was obtained
by searching the Pubchem database, KEGG database,
the Human Metabolome database [27]. The differential
metabolites were filtered according to P value<0.05,
|log,FC| >1, and VIP>1 (see Additional file I:
Supplementary Methods for details).

Mice

Female C57BL/6N mice (4—8 weeks old) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd (Beijing, China). All experimental mice were no
more than five in a cage. Twelve-hour light—dark cycles
were carried out at 20—-22 “C. The feed and bedding were
sterile. The Peking University People’s Hospital Animal
Care Committee approved all procedures.

Intestinal microbiome depletion, chemotherapy

and bacterial colonization in mice

The mice were administered broad-spectrum antibiotics
(metronidazole 1 g/L, neomycin sulfate 1 g/L, ampicillin
1 g/L and vancomycin 0.5 g/L (MNVA)) in drinking water
for 14 days to deplete the microbiome, as described pre-
viously [28]. Chemotherapy was improved according to
the previous method by continuous intraperitoneal injec-
tion of cytarabine 120 mg kg™' d~! and cyclophosphamide
100 mg kg~! d™* for 4 days [29]. The mice were administered
suspension of K. quasipneumoniae or supernatant of stool
suspension by gavage for 3 days. The amount of K. quasip-
neumoniae was 8 x 108 CFU per mouse per day. Five (5/21)
BSI and 3 (3/16) non-BSI patients’ stool specimens were ran-
domly selected to prepare the stool supernatant, respectively.
Each patient’s stool (0.5 g) was placed in 1 x PBS and resus-
pended. The stool suspension was filtered with cell strainers
and then centrifuged (600xg, 5 min). The supernatant was
separated and added to 50% glycerol to freeze-store until
transplantation.

16S rRNA gene copy numbers detection of mice stools

The mice stool samples before and after administer-
ing broad-spectrum antibiotics were collected and kept
at —80 C. DNA from 20to25 mg of mouse stools was
extracted using a DNeasy PowerSoil Pro Kit (QIAGEN,
Germany). DNA concentrations were measured using a
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific,
USA). The 16S rRNA gene was quantified using real-
time PCR, and the copy numbers were calculated [30].
The 16S rRNA gene primer sequences were used as pre-
viously described [30]. Forward primer: (5 to 3/) TCC
TACGGGAGGCAGCAGT; reverse primer: (5’ to 3/)
GGACTACCAGGGTATCTAATCCTGTT.  Real-time
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PCR was performed using the ABI Prism 7500 system
(Applied Biosystems, USA) with TB Green® Premix Ex
Taq " II (Takara, China).

Quantitative real-time reverse transcription-PCR of mice
small intestine

Total RNA in mice small intestine was extracted using
Quick-RNA Miniprep Plus Kit (ZYMO Research, USA)
and synthesized ¢cDNA using PrimeScript RT Master
Mix (Takara, China). The primers used were shown
in Additional file 6: Table S5 and f5-actin was used as
internal reference gene. Real-time PCR was performed
using the ABI Prism 7500 system (Applied Biosystems,
USA) with TB Green® Premix Ex Taq" II (Takara,
China).

Bile acid detection in mice serum

Mouse serum (50 pL) was added with 200 pL methanol/
acetonitrile. Ten microlitres of an internal standard
mixed solution (1 pug/mL) were added to the extract as
an internal standard for quantification. Samples were
taken at — 20 °C for 10 min. After centrifuging for 10 min
(12,000 r/min, 4 °C), the supernatant was evaporated to
dryness and reconstituted in 100 uL of 50% methanol for
further LC-MS/MS analysis. The analysis was performed
using an LC-ESI-MS/MS system (UHPLC, ExionLC"
AD; MS, Applied Biosystems 6500 Triple Quadrupole).

Histology of small intestine in mice

The ileum (approximately 0.5 cm) was collected, washed
with 1xPBS, and placed in 4% paraformaldehyde.
Intestinal samples in 4% paraformaldehyde were
dehydrated and embedded in paraffin wax. Paraffin-
embedded tissues were sectioned (approximate thickness
5 um) and stained with haematoxylin and eosin (H&E).
Three parts of each sample were randomly selected
to measure villus height and crypt depth. Each part
included at least three villi and crypts. For the goblet
cells, five random vision fields at 40 x magnification were
determined to calculate the cell number, and each field
contained three villi.

Cell culture and fluorescein isothiocyanate (FITC)-dextran
transport

Caco-2 cells were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 medium (DMEM/F-12)
supplemented with 20% (v/v) fetal bovine serum
and non-essential amino acids at 37 ‘C and 5% CO,.
Caco-2 cells were transferred on transwell inserts (pore
size=0.4 um; Thermo Scientific™* Nunc"", Denmark) in
6-well plates (5x 10° cells/transwell) and cultured for
21 days to construct monolayers. The transepithelial elec-
trical resistance (TEER) of monolayers were measured
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by Epithelial Volt-Ohm Meter (Millicell ERS-2, USA).
The monolayers were incubated with 1 x 10° CFU/mL K.
quasipneumoniae or Enterococcus faecium for 1 h and
with 100 mM chenodeoxycholic acid (CDCA; Sigma,
Germany) for 24 h [31, 32]. After incubations, the par-
acellular transport was measured by the clearance of
FITC-dextran (4 kDa, 100 pg/mL) (Sigma, Germany)
[31]. The fluorescence was measured every hour for 4 h
(Aexc: 493 nm; Aem: 520 nm).

Statistics

Statistical analysis of all data was performed using R
statistical software (version 4.2.0) and GraphPad Prism
(version 8.0). The Shapiro—Wilk test was used to test nor-
mal distribution, and Fisher’s exact test was used to test
homogeneous variance. For data with normal distribution

Table 1 Patient characteristics

Page 5 of 15

and homogeneous variance, one-way ANOVA was used
to compare multiple data groups; an unpaired two-tailed
Student’s t-test was used to compare two data groups. For
data with abnormal distribution or uneven variance, the
Kruskal-Wallis test was used to compare multiple data
groups; the Mann—Whitney U test was used to compare
the two data groups. P value <0.05 was considered statis-
tically significant.

Results

Patient characteristics

According to the BSI diagnosis criteria and sample
availability, 21 BSI (BSI group) and 16 non-BSI (non-
BSI group) HSCT patients were observed (Fig. 1), and
the characteristics were shown in Table 1. No signifi-
cant differences in age or gender were found between

BSI (n=21) non-BSI (n=16) Pvalue®
Age at diagnosis (year)? 3984158 416+189 0.746
Gender (M/F) M 15 M 10 0.726
Fé Fé
Primary disease -
AML 10 2
ALL 2 3
CMML - 1
MDS 2 2
Lymphoma 4 -
MM 1 6
AA 1 1
POEMS syndrome 1 -
PNH - 1
Types of HSCT allo-HSCT 19 allo-HSCT 10 0.055
auto-HSCT 2 auto-HSCT 6
Liver function
ALT (U/L)? 704,784 193,115 0.001
AST (U/L)? 40.9,38.7 19.0,9.8 0.057
GGT (U/L)? 144.4,151.9 42.1,40.8 <0.001
Total bilirubin (umol/L)? 222,286 122,52 0.058
Direct bilirubin (umol/L)® 13.24,22.8 48,23 0.003
BS! related pathogens® -
Coagulase-Negative Staphylococcus® 4 -
Enterococcus faecium 1 -
Streptococcus spp. 2 -
Enterobacter cloacae 2 -
Escherichia coli 5 -
Klebsiella pneumoniae 1 -
Pseudomonas aeruginosa [§ -
Corynebacterium jeikeium 1 -

2 Mean = SD; ® One patient had a mixed Staphylococcus epidermidis and Streptococcus oral infection; © Eliminate possible contamination according to BSI diagnostic
criteria; @ Students' t-test was used for data with a homogeneous variance; otherwise, Mann-Whitney U test was used; Fisher’s exact test was used for counts

AML: acute myeloid leukaemia; ALL: acute lymphoblastic leukaemia; CMML: chronic myelomonocytic leukemia; MDS: myelodysplastic syndromes; MM: multiple

myeloma; AA: aplastic anemia; PNH: paroxysmal nocturnal hemoglobinuria
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the two groups. The primary disease of patients in BSI
group was mainly acute leukemia, followed by lym-
phoma. In the non-BSI group, the primary diseases
of patients were mainly acute leukemia and multiple
myeloma. The number of allo-HSCT and auto-HSCT
patients was matched in the two groups, and there was
no statistical difference. Furthermore, the BSI patients’
liver function was weaker than that of the non-BSI
patients in some extent, which suggested that BSI
patients may have severe liver dysfunction. In addition,
the pathogens in the BSI group were mainly Gram-neg-
ative bacteria, most of which were Enterobacteriaceae
(38.1%, 8/21), followed by Pseudomonas aeruginosa
(28.6%, 6/21). Gram-positive bacteria were mainly
coagulase negative staphylococcus epidermidis (19.0%,
4/21), which is a common pathogen in HSCT patients.

Alterations of intestinal microbiome preceding BSI in HSCT
patients

To investigate intestinal microbiome alterations in HSCT
patients before BSI onset, 16S rRNA gene sequenc-
ing was performed on stool specimens. The difference
between the specimens in the BSI and non-BSI groups
was shown using non-metric multidimensional scaling
(NMDS) based on the family level (Fig. 2a). The Shan-
non diversity in BSI group was significantly decreased
at different taxonomic levels, compared with the non-
BSI group, except species level (Fig. 2b). There was no
significant difference in richness between the BSI and
non-BSI groups (Additional file 7: Fig. S1). The rela-
tive abundance of Firmicutes and Proteobacteria in the
BSI group was 21.2% lower and 25.3% higher than that
in the non-BSI group on average, respectively (Fig. 2c
and Additional file 2: Table S1). The relative abun-
dances of Lactobacillaceae (P=0.031) and Tannerel-
laceae (P=0.007) were decreased in the BSI group,
while Enterobacteriaceae abundance (P<0.001) was
increased significantly (Fig. 2c). The relative abundances
of Enterobacter (P<0.001) and Klebsiella (P=0.002) were
increased and the Blautia abundance was decreased sig-
nificantly (P=0.027), among the top 10 genera in the BSI
group (Fig. 2c). The abundance of Enterococcus faecium
was no changed, while the abundance of Escherichia coli
(P=0.041) was increased significantly in BSI group, com-
pared with non-BSI group (Fig. 2d). Interestingly, K. qua-
sipneumoniae was significantly increased (P<0.001) in
the BSI group, compared with non-BSI group (Fig. 2d).
These results suggested that intestinal microbiome may
be altered before BSI onset, mainly manifesting reduced
probiotics and increased potential pathogens.
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Microbiome features at the family level predicting BSI
onset

To observe the possible predictability of microbiome fea-
tures in the early post-HSCT period, patients in the BSI and
non-BSI groups were randomly divided into the training and
validation sets to perform the LASSO algorithm (Additional
file 7: Fig. S2). A total of 7 features were selected from 414
families using the LASSO logistic regression model (Addi-
tional file 3: Table S2). Because Enterobacteriaceae and
Butyricicoccaceae could be detected in more than 90% of
samples, these two features were selected for subsequent
logical regression and the total score (family score) was
then obtained (Fig. 3a and Additional file 3: Table S2). After
validating the model using the bootstrap method, the mean
AUC value was 0.869 (95% CI 0.823-0.884), and the percent-
age of AUC greater than 0.85 was 91.9% (919/1000) (Fig. 3b).
The agreement between the prediction and observation was
demonstrated by the calibration curve (Fig. 3c). The family
score was significantly different between the BSI and non-
BSI groups (Fig. 3d). The family score (sensitivity, 0.828;
specificity, 0.875; AUC, 0.879) was showed higher predictive
performance than the Shannon diversity at family level (sen-
sitivity, 1.000; specificity, 0.563; AUC, 0.815) through confu-
sion matrix and receiver operating characteristics (ROC)
curves (Fig. 3e, f).

Elevated serum bile acid related to alterations of intestinal
microbiome

Since intestinal microbiome is closely related to host
metabolism, an untargeted metabolomic assay of serum
samples was performed. A remarkable difference in
samples between the BSI and non-BSI groups was dis-
played by OPLS-DA (Fig. 4a). There were 16 differential
metabolites, including 4 downregulated and 12 upregu-
lated metabolites (Fig. 4b and Additional file 4: Table S3).
KEGG enrichment analysis revealed that the differential
metabolites were mainly enriched in the primary bile
acid biosynthesis pathway (Fig. 4c).

Next, we attempted to investigate the effect of micro-
biome on host metabolism. The correlations between
the intensity of differential metabolites and the relative
abundance of top 10 species were analysed using spear-
man correlation coefficient. The results showed that
there was a certain correlation between 5 species and 6
different metabolites (R >0.4) (Fig. 4d). Only chenodeox-
ycholic acid (CDCA) (M0115) was screened among the
differential primary bile acid metabolites, and its inten-
sity was positively correlated with the relative abundance
of K. quasipneumoniae (R=0.406, P=0.006) and nega-
tively correlated with the relative abundance of Blautia
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Fig. 3 The prediction model for BSI. a Developed nomogram. The first and third lines represented the score and the total score scales, respectively;
the last line represented the probability of BSI corresponding to the total score; and the peaks represented density. b Histogram of AUC frequency
under 1000 sampling. ¢ Calibration curves. AUC, area under the curve; Cl, confidence interval. d The family scores’ boxplot in the BSI and non-BSI
groups. e Prediction results’ confusion matrix. f Receiver operating characteristic (ROC) curves of family score and Shannon diversity at the family
level. The student’s t-test was used for data with a homogeneous variance; otherwise, the Mann-Whitney test was used. Multiple groups were

compared using one-way ANOVA
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obeum (R=-0.413, P=0.005) (Fig. 4d, e). These findings
suggested that the increased relative abundance of K.
quasipneumoniae may lead to the elevated level of serum
primary bile acid.

Increased primary bile acid levels and its transport in mice

colonized with K. quasipneumoniae

To verify whether the relative abundance of K. quasip-
neumoniae and the level of bile acid was related, mice fed
with broad-spectrum antibiotics (ABX) were treated with
chemotherapy to simulate HSCT patients’ intestinal con-
ditions and then subjected to bacterial transplantation
by gavage (Additional file 7: Fig. S3). The serum samples
from mice were collected on the first day after transplan-
tation, and main bile acids were detected (Fig. 5a and
Additional file 5: Table S4). Primary bile acids, includ-
ing CA (P=0.001), isoCDCA (P=0.031), and UCA
(P=0.005), in mice colonized with K. quasipneumoniae
(MT-K.q group) were significantly increased compared
with the control group (MT-PBS group) (Fig. 5b). How-
ever, except isoCDCA, for the other two primary bile
acids, no significant differences were observed between
the mice transplanted with BSI and non-BSI patients’
microbiome (MT-BSI and MT-nonBSI groups) (Fig. 5b).
It’s all known that unconjugated bile acids, like CA and
CDCA, can activated bile acid signalling farnesoid X
receptor (FXR), and the majority of them are then reab-
sorbed by apical sodium-dependent BA transporter
(ASBT) into the enterocytes and transported back to
the liver [33]. Our results found that the Fxr and Asbt
mRNA expression in MT-K.q group were significantly
higher than that in MT-PBS groups (P=0.042 and
P=0.001, respectively), suggesting that the increased
primary bile acids caused by the colonization of K. qua-
sipneumoniae promoted the activation of FXR and the
transport of primary bile acids (Fig. 5¢, d). Furthermore,
the bile acid levels (including primary and secondary) on
the first (1d) and third day (3d) were also compared after
bacterial transplantation (Additional file 7: Fig. S4). The

(See figure on next page.)
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primary bile acids at 3d in the MT-K.q group decreased
compared with that at 1d, may suggesting that the time of
colonization was insufficient (Additional file 7: Fig. S4c).

Severe intestinal mucosa injury in mice colonized with K.
quasipneumoniae

Next, the mice intestinal mucosa was observed because
of its direct relatedness to the microbiome. The villi in
MT-K.q, MT-BSI, and MT-nonBSI groups were patho-
logically damaged to a certain degree compared with
the PBS control group at 1d, including atrophy, height
decrease, and rupture (Fig. 5e). Simultaneously, the
hypertrophic crypts were also observed (Fig. 5e). Com-
pared with the MT-nonBSI group, more serious villi loss
and damage were shown in the MT-BSI group (Fig. 5e).
In contrast to the MT-PBS group, the small intestinal vil-
lus height and crypt depth in the MT-K.q and MT-BSI
groups decreased significantly (Fig. 5f,g and Additional
file 5: Table S4). These results demonstrated that the col-
onization of K. quasipneumoniae and the microbiome of
BSI patients caused serious mice intestinal mucosa dam-
age. However, there was no difference in villus height and
crypt depth between MT-K.q and MT-BSI groups, indi-
cating that K. quasipneumoniae may play a major role
in intestinal mucosal injury (Fig. 5f, g). Then, the mRNA
expression of intestinal epithelial tight junction protein
relative genes were measured between MT-K.q and MT-
PBS groups to analyse the integrity of intestinal mucosa,
including claudins, occludin and zonula occludens
(ZOs) genes. The claudin-1 gene (Cldnl) relative mRNA
expression was significantly decreased in MT-K.q group,
compared with MT-PBS group (P=0.014) (Fig. 5h),
showing that the colonization of K. quasipneumoniae
destroyed the integrity of intestinal mucosa in mice by
reducing the Cldnl expression. Moreover, compared with
1d, the 3d results showed that the small intestinal mucosa
was recovered in the three transplant groups (Additional
file 7: Figs. S5 and S6).

Fig.5 Mouse experiment with bacteria colonization. a Flow chart for verifying the correlation between K. quasipneumoniae/microbiome and

bile acids in mice. ABX, MNVA in drinking water; Chemo, chemotherapy; MT, K. quasipneumoniae or microbiome transplantation for colonization;
sampling on the first day after transplantation. b Concentration of serum primary bile acids in mice after transplantation. CA, cholic acid; isoCDCA,
isochenodeoxycholic acid; UCA, ursocholic acid. MT-PBS, gavage with PBS; MT-K.q, gavage by K. quasipneumoniae; MT-BSI, gavage by microbiome
from BSI patients; MT-nonBSI, gavage by microbiome from non-BSI patients. ¢ and d Relative mRNA expression of Fxr and Asbt in MT-PBS and MT-K.q
groups. e The pathological results of the ileum obtained by H&E staining after transplantation. f and g The villus height and crypt depth of the mice
small intestine after transplantation. h Relative mRNA expression of Cldn1, Ocln and ZO1 in MT-PBS and MT-K.q groups. i Relationship between TEER
of Caco-2 monolayers and culture time. j FITC-dextran paracellular transport in Caco-2 monolayers. ** represented significant difference between
K.g group and CDCA group (P=0.005), & represented significant difference between group K.q group and Ef group (P=0.014), and ## represented
significant difference between K.q group and PBS group (P=0.003). Bars represent the mean & SD. The student’s t-test was used for data with a
homogeneous variance; otherwise, the Mann-Whitney test was used. Multiple groups were compared using one-way ANOVA
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Caco-2 cell monolayers permeabilization induced by K.
quasipneumoniae

In order to observe the factors causing intestinal mucosal
damage, Caco-2 cell monolayers was constructed and

Time (h)
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incubated with different substances to observe per-
meabilization. CDCA (CDCA group) and K. quasip-
neumoniae (K.q group) were selected to incubate with
Caco-2 cell monolayers, respectively. Simultaneously, a
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co-incubation group of Caco-2 cell monolayers and E.
faecium was set up (E.f group). In the above analysis, the
relative abundance of E. faecium was found to have no
significant difference between BSI and non-BSI patients.
On the 12th to 21st days of culture, the TEER tended to
be stable, proving compact monolayers successfully con-
structed (Fig. 5i). The FITC-dextran clearance experi-
ment results showed that FITC clearance in K.q group
at 1 h was significantly increased compared with PBS
group (P=0.003), CDCA group (P=0.005) and E.f group
(P=0.014) (Fig. 5j). Subsequently, the fluorescence clear-
ance of K.q group tended to be stable and consistent with
that of the PBS group (Fig. 5j). The possible reason was
that the concentration difference of fluorescein in the
upper and lower compartments decreased rapidly after
1 h. The results proved that K. quasipneumoniae, instead
of CDCA, significantly induced the permeability of intes-
tinal cell monolayers.

Discussion

HSCT is a common method for treating benign and
malignant hematological diseases. However, infections,
especially BSI, are associated with high mortality in adult
HSCT patients [1]. Recently, microbiome analyses have
provided a basis for better interpreting the complicated
relationship between microbiome and HSCT [4]. One
study found that the intestinal microbiome character-
istics could predict the risk of infection in patients with
acute myeloid leukaemia and HSCT [11, 12]. Alterations
in microbiome-related metabolites are associated with
HSCT complications [18]. Investigations on intestinal
microbiome and host metabolome in patients with BSI
are yet to be undertaken to discover the biological char-
acteristics preceding BSI.

Through stool 16S rRNA gene sequencing analy-
sis, we found that the intestinal microbiome «a diversity
increased gradually from the phylum to the genus level.
However, the diversity decreased at the species level. This
may have resulted from the 16S rRNA gene sequencing
technology limitations, causing low species detection
[34]. Previous studies have shown that the higher Gam-
maproteobacteria (including Enterobacteriaceae) abun-
dance, the higher mortality associated with pulmonary
complications after HSCT [16]. A previous study found
that moderate or severe aGVHD patients prior to trans-
plantation have high abundance of Lactobacillaceae,
exhibiting high mortality [35]. However, the abundance
of Lactobacillaceae was lower and Enterobacteriaceae
was higher in neonates with necrotizing enterocolitis
(NECQ), relative to non-NEC patients [36]. The high abun-
dance of Lactobacillaceae was also observed in patients
with end-stage renal disease treated with dietary fiber,
proving its benefits [37]. Another study found that Bacilli,
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Erysipelotrichaceae, and Enterobacteriaceae (Klebsiella)
relative abundance were increased, and Prevotella, Rumi-
nococcaceae, and Akkermansia relative abundance were
decreased in children before HSCT compared with the
healthy controls [38]. Consistent with previous stud-
ies, our results also found that Enterobacteriaceae rela-
tive abundance was increased, but Lactobacillaceae
was decreased before BSI onset. Therefore, the negative
effects of Enterobacteriaceae and positive effects of Lac-
tobacillaceae may be indicated [38].

In previous studies, Enterococcus, Streptococcus, and
various Proteobacteria were dominant during HSCT.
Among them, enterococcal dominance increased van-
comycin-resistant Enterococcus bacteremia risk by nine
folds, whereas proteobacterial domination increased
Gram-negative rod bacteremia risk by five folds [13,
39]. Although Enterococcus was not significantly differ-
ent between the BSI and non-BSI groups in our study,
the increased potentially harmful bacteria (especially
Enterobacteriaceae reported) and decreased beneficial
bacteria under serious disease conditions were proven,
and its predictability for BSI was confirmed. A marked
difference in K. quasipneumoniae between the BSI and
non-BSI groups was also observed. This opportunis-
tic pathogen species could cause gastrointestinal tract
infections [40]. We also found that the colonization of K.
quasipneumoniae can induce intestinal mucosal barrier
damage in mice. Therefore, further studies are needed to
explore whether the intestinal barrier damage caused by
high abundance of K. quasipneumoniae in HSCT patients
is a related to BSI occurrence. Due to the close correla-
tion between the microbiome and host metabolism [8],
serum metabolome detection and its association with the
microbiome were determined in our study. Differential
metabolites were mainly enriched in the primary bile acid
biosynthetic pathway. Abnormal bile acid metabolism
was consistent with liver injury in HSCT patients with
BSI in this study. These findings suggested that HSCT
patients with elevated bile acid levels may be related to
subsequent BSI onset. Bile acid metabolites could mod-
ulate immune cells to regulate host immunity [39, 41].
Altered host immunity caused by bile acids might be a
possible reason for BSI occurrence in HSCT patients. In
our results, although primary bile acid did not injury the
intestinal mucosal barrier, its impact on host immunity
remains to be confirmed in the future.

Moreover, bile acid biotransformation results from the
host and intestinal microbiome interaction. Primary bile
acid deconjugation occurs via bile salt hydrolases (BSH),
widespread in the microbiome. Firmicutes, Bacteroi-
detes, and Actinobacteria with BSH have been identified
in metagenomic studies [42]. This seems to be a possible
reason to explain why the primary bile acids in HSCT
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patients with BSI were elevated in our study, because
the abundance of Firmicutes and Actinobacteria was
decreased. Furthermore, the physiological function of the
host can be altered by microbiome-related secondary bile
acids [42]. LCA and DCA may harm the intestine and
contribute to intestinal diseases, including membrane
damage and colon cancer. However, ursodeoxycholic acid
(UDCA) protects colon cells from apoptosis and oxida-
tive damage [42—44]. Although other major secondary
bile acids in our results did not show differences between
the infection and non-infection groups except for
7-KDCA (Additional file 7: Fig. S4b), the secondary bile
acids’ role in HSCT patient needs to be explored because
of intestinal susceptibility.

The increased serum primary bile acids might be asso-
ciated with increased K. quasipneumoniae according
to the correlation analysis in this study. Therefore, K.
quasipneumoniae and primary bile acids were believed
to be related and subsequently verified in mice. Since
intensive chemotherapy could destroy the microbiome
composition and further affect bile acid production, a
chemotherapy mouse model was constructed to simu-
late the intestinal conditions of HSCT patients [45]. We
confirmed that the intestinal colonization of K. quasip-
neumoniae in mice increased serum primary bile acids.
However, an important point that needs to be explored is
whether bile acid is catabolized or anabolized by K. qua-
sipneumoniae. Wei Jia et al. reviewed that alternative bile
acid (BA) synthetic pathway may be manipulated by gut
microbiota [46]. Therefore, it is necessary to explore the
genes related to bile acid metabolism in Klebsiella qua-
sipneumoniae and set up the K. quasipneumoniae coloni-
zation group with inhibitors to deeply analyse the specific
relationship between them. Furthermore, the mice trans-
planted with BSI patients’ microbiome showed increased
primary bile acids compared with those transplanted
with non-BSI patients’ microbiome to a certain extent.
This was consistent with our findings in HSCT patients.
Interestingly, CDCA was elevated in BSI patients,
whereas isoCDCA was increased in mice transplanted
with BSI patients’ microbiome. IsoCDCA is a CDCA
stereoisomer [47, 48]. Therefore, the effect of interaction
between K. quasipneumoniae and other bacteria within
the microbiome on metabolism still need to be studied
and discussed further.

A limitation of this study is the small number of final
cases. As it was impossible to predict which patient with
HSCT would have BSI, collecting samples prospectively
on a large scale was necessary. Only 25% of HSCT
patients have BSI. Among these patients, those with
available samples were further filtered. Although 75% of
patients did not meet the BSI diagnostic criteria, most of
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them did not rule out the possibility of infection clinically
or had no samples available. Therefore, only 21 BSI and
16 non-BSI patients were finally included in this study.
In a previous prospective single-centre study, 19 eligible
HSCT children were included [49]. Twenty-two out of
113 patients developed bacteraemia in an allogeneic
HSCT were studied [13]. Therefore, the difficulty
in collecting samples before BSI may be indirectly
explained. However, the sample size must be expanded to
improve relevant studies in the future.

Conclusions

This study demonstrated that the microbial diversity
and probiotics were decreasing, and potential patho-
gens (especially K. quasipneumonae) were increasing the
HSCT patient before BSI onset. This study also revealed
the host metabolic profile before BSI, confirmed the
relationship between K. quasipneumonae and serum
primary bile acid, and emphasized the effect of K. qua-
sipneumonae on the damage of mucosal barrier. Further-
more, the microbiome features at family level were highly
predictive of BSI and could be further used as potential
biomarkers.

Abbreviations

HSCT Hematopoietic stem cell transplantation
GVHD Graft-versus-host disease

BSI Bloodstream infection

[oJ)V] Operational taxonomic units

LASSO Least absolute shrinkage and selection operator
TEER Transepithelial electrical resistance

CDCA Chenodeoxycholic acid

NMDS Non-metric multidimensional scaling
ROC Receiver operating characteristics

ABX Broad-spectrum antibiotics

FXR Farnesoid X receptor

ASBT Apical sodium-dependent BA transporter

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04068-9.

Additional file 1. Supplementary Materials and Methods. Method
details of human stool 16S rRNA gene sequencing and serum untargeted
metabolomics analysis.

Additional file 2: Table S1. The relative abundance and microbial diver-
sity in different taxonomy.

Additional file 3: Table S2. The results of LASSO and logisitic regression.
Additional file 4. Table S3. The differential metabolites of human serum.

Additional file 5. Table S4. The detection of serum bile acids and small
intestinal in mice.

Additional file 6. Table S5. The list of all primers for PCR.

Additional file 7: Supplementary figures. Fig. S1 to Fig. S6.



https://doi.org/10.1186/s12967-023-04068-9
https://doi.org/10.1186/s12967-023-04068-9

Yin et al. Journal of Translational Medicine (2023) 21:230

Acknowledgements

The author thanks HW for design and supervision of this study, YG for the early
collection of samples, QW for providing the strains needed, and HC provided
support for data analysis in the study. The author also thanks QD, SM and FC
for their help in the animal experiment.

Author contributions

HW conceived, designed, and supervised the study. GY and YG collected

the clinical samples. GY scanned the clinical details, performed 16S rRNA
sequencing analysis of the microbiome and untargeted metabolomics
analysis, carried out the mice experiment and analysed all data. QD, SM and
FC assisted in sampling in mice experiment. QW provided clinical bacteria
and HC provided support for data analysis. GY wrote the manuscript. HW
made suggestions on this manuscript. All authors read and approved the final
manuscript.

Funding
This study was supported by the National Natural Science Foundation of
China (81625014).

Availability of data and materials

All data generated or analysed during this study were included in this
published article and its supplementary information files. The data has been
submitted to the NCBI BioProject database (PRINA874351).

Declarations

Ethics approval and consent to participate

The study was approved by the ethics committees of Peking University
People’s Hospital (No. 2021PHB414-002) and all remaining clinical samples
were obtained consent from patients.

Consent for publication
All the authors agreed the consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Clinical Laboratory, Peking University People’s Hospital,
Beijing 100044, China. “Institute of Medical Technology, Peking University
Health Science Center, Beijing 100191, China.

Received: 10 January 2023 Accepted: 17 March 2023
Published online: 29 March 2023

References

1. Almyroudis NG, Fuller A, Jakubowski A, Sepkowitz K, Jaffe D, Small
TN, et al. Pre- and post-engraftment bloodstream infection rates and
associated mortality in allogeneic hematopoietic stem cell transplant
recipients. Transpl Infect Dis. 2005;7(1):11-7.

2. Auletta JJ. Current uses and outcomes of hematopoietic cell transplan-
tation (HCT): CIBMTR Summary Slides. In: Current uses and outcomes
of hematopoietic cell transplantation (HCT): CIBMTR Summary Slides.
Center for International Blood & Marrow Transplant esearch (CIBMTR).
2021. https://cibmtr.org/CIBMTR/Resources/Summary-Slides-Reports.
Accessed 2022.

3. Daikeler T, Tichelli A, Passweg J. Complications of autologous hemat-
opoietic stem cell transplantation for patients with autoimmune
diseases. Pediatr Res. 2012;71(4 Pt 2):439-44. https://doi.org/10.1038/
pr.2011.57.

4. Chang CC, Hayase E, Jeng RR. The role of microbiota in allogeneic hemat-
opoietic stem cell transplantation. Expert Opin Biol Ther. 2021;21(8):1121-
31. https://doi.org/10.1080/14712598.2021.1872541.

5. Belkaid Y, Harrison OJ. Homeostatic immunity and the microbiota. Immu-
nity. 2017;46(4):562-76. https://doi.org/10.1016/j.immuni.2017.04.008.

6. LiuR,HongJ, Xu X, Feng Q, Zhang D, Gu Y, et al. Gut microbiome
and serum metabolome alterations in obesity and after weight-loss

20.

21

22.

23.

24.

Page 14 of 15

intervention. Nat Med. 2017;23(7):859-68. https://doi.org/10.1038/nm.
4358.

Gurung M, Li Z, You H, Rodrigues R, Jump DB, Morgun A, et al. Role

of gut microbiota in type 2 diabetes pathophysiology. EBioMedicine.
2020;51:102590. https://doi.org/10.1016/j.ebiom.2019.11.051.

Lacroix V, Cassard A, Mas E, Barreau F. Multi-omics analysis of gut
microbiota in inflammatory bowel diseases: what benefits for diagnostic,
prognostic and therapeutic tools? Int J Mol Sci. 2021. https://doi.org/10.
3390/ijms222011255.

Peled JU, Devlin SM, Staffas A, Lumish M, Khanin R, Littmann ER, et al.
Intestinal microbiota and relapse after hematopoietic-cell transplanta-
tion. J Clin Oncol. 2017;35(15):1650-9. https://doi.org/10.1200/JCO.2016.
70.3348.

Haak BW, Littmann ER, Chaubard J-L, Pickard AJ, Fontana E, Adhi F, et al.
Impact of gut colonization with butyrate-producing microbiota on res-
piratory viral infection following allo-HCT. Blood. 2018;131(26):2978-86.
https://doi.org/10.1182/blood-2018-01-828996.

. Galloway-Pefa JR, ShiY, Peterson CB, Sahasrabhojane P, Gopalakrishnan'V,

Brumlow CE, et al. Gut microbiome signatures are predictive of infectious
risk following induction therapy for acute myeloid leukemia. Clin Infect
Dis. 2020;71(1):63-71. https://doi.org/10.1093/cid/ciz777.

Montassier E, Al-Ghalith GA, Ward T, Corvec S, Gastinne T, Potel G, et al.
Pretreatment gut microbiome predicts chemotherapy-related blood-
stream infection. Genome Med. 2016;8(1):49. https://doi.org/10.1186/
$13073-016-0301-4.

Taur Y, Xavier JB, Lipuma L, Ubeda C, Goldberg J, Gobourne A, et al.
Intestinal domination and the risk of bacteremia in patients undergo-
ing allogeneic hematopoietic stem cell transplantation. Clin Infect Dis.
2012;55(7):905-14. https://doi.org/10.1093/cid/cis580.

Stoma |, Littmann ER, Peled JU, Giralt S, van den Brink MRM, Pamer EG,
et al. Compositional flux within the intestinal microbiota and risk for
bloodstream infection with gram-negative bacteria. Clin Infect Dis. 2020.
https://doi.org/10.1093/cid/ciaa068.

Shono'Y, van den Brink MRM. Gut microbiota injury in allogeneic haema-
topoietic stem cell transplantation. Nat Rev Cancer. 2018;18(5):283-95.
https://doi.org/10.1038/nrc.2018.10.

Harris B, Morjaria SM, Littmann ER, Geyer Al, Stover DE, Barker JN, et al.
Gut microbiota predict pulmonary infiltrates after allogeneic hematopoi-
etic cell transplantation. Am J Respir Crit Care Med. 2016;194(4):450-63.
https://doi.org/10.1164/rccm.201507-14910C.

Bou Zerdan M, Niforatos S, Nasr S, Nasr D, Ombada M, John S, et al. Fecal
microbiota transplant for hematologic and oncologic diseases: principle
and practice. Cancers. 2022;14(3):691. https://doi.org/10.3390/cancers140
30691.

Michonneau D, Latis E, Curis E, Dubouchet L, Ramamoorthy S, Ingram B,
et al. Metabolomics analysis of human acute graft-versus-host disease
reveals changes in host and microbiota-derived metabolites. Nat Com-
mun. 2019;10(1):5695. https://doi.org/10.1038/541467-019-13498-3.

Lin D, Hu B, Li P, Zhao Y, Xu Y, Wu D. Roles of the intestinal microbiota and
microbial metabolites in acute GVHD. Exp Hematol Oncol. 2021;10(1):49.
https://doi.org/10.1186/540164-021-00240-3.

Galloway-Pena JR, Peterson CB, Malik F, Sahasrabhojane PV, Shah

DP, Brumlow CE, et al. Fecal microbiome, metabolites, and stem cell
transplant outcomes: a single-center pilot study. Open Forum Infect Dis.
2019;6(5):e173. https://doi.org/10.1093/0fid/ofz173.

Centers for Disease Control and Prevention. Bloodstream infection event
(central line-associated bloodstream infection and non-central line
associated bloodstream infection). In: National Healthcare Safety Network
(NHSN). 2019, https://www.cdc.gov/nhsn/pdfs/pscmanual/4psc_clabs
urrent.pdf. Accessed 4 Feb 2019.

Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads

to improve genome assemblies. Bioinformatics. 2011,27(21):2957-63.
https://doi.org/10.1093/biocinformatics/btr507.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequenc-
ing data. Nat Methods. 2010;7(5):335-6. https://doi.org/10.1038/nmeth.f.
303.

Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, et al.
Chimeric 16S rRNA sequence formation and detection in Sanger and
454-pyrosequenced PCR amplicons. Genome Res. 2011,21(3):494-504.
https://doi.org/10.1101/gr.112730.110.


https://cibmtr.org/CIBMTR/Resources/Summary-Slides-Reports
https://doi.org/10.1038/pr.2011.57
https://doi.org/10.1038/pr.2011.57
https://doi.org/10.1080/14712598.2021.1872541
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1038/nm.4358
https://doi.org/10.1038/nm.4358
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.3390/ijms222011255
https://doi.org/10.3390/ijms222011255
https://doi.org/10.1200/JCO.2016.70.3348
https://doi.org/10.1200/JCO.2016.70.3348
https://doi.org/10.1182/blood-2018-01-828996
https://doi.org/10.1093/cid/ciz777
https://doi.org/10.1186/s13073-016-0301-4
https://doi.org/10.1186/s13073-016-0301-4
https://doi.org/10.1093/cid/cis580
https://doi.org/10.1093/cid/ciaa068
https://doi.org/10.1038/nrc.2018.10
https://doi.org/10.1164/rccm.201507-1491OC
https://doi.org/10.3390/cancers14030691
https://doi.org/10.3390/cancers14030691
https://doi.org/10.1038/s41467-019-13498-3
https://doi.org/10.1186/s40164-021-00240-3
https://doi.org/10.1093/ofid/ofz173
https://www.cdc.gov/nhsn/pdfs/pscmanual/4psc_clabsurrent.pdf
https://www.cdc.gov/nhsn/pdfs/pscmanual/4psc_clabsurrent.pdf
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1101/gr.112730.110

Yin et al. Journal of Translational Medicine

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2023) 21:230

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41(Database issue):D590-6.
https://doi.org/10.1093/nar/gks1219.

Han L, Zhao K, LiY, Han H, Zhou L, Ma P, et al. A gut microbiota score
predicting acute graft-versus-host disease following myeloablative
allogeneic hematopoietic stem cell transplantation. Am J Transplant.
2020;20(4):1014-27. https://doi.org/10.1111/ajt.15654.

Zou W, She J, Tolstikov VV. A comprehensive workflow of mass spectrom-
etry-based untargeted metabolomics in cancer metabolic biomarker dis-
covery using human plasma and urine. Metabolites. 2013;3(3):787-819.
https://doi.org/10.3390/metabo3030787.

Sequeira RP, McDonald JAK, Marchesi JR, Clarke TB. Commensal bacteroi-
detes protect against Klebsiella pneumoniae colonization and transmis-
sion through IL-36 signalling. Nat Microbiol. 2020;5(2):304-13. https://doi.
0rg/10.1038/s41564-019-0640-1.

Panoskaltsis-Mortari A, Tram KV, Price AP, Wendt CH, Blazar BR. A new
murine model for bronchiolitis obliterans post-bone marrow transplant.
Am J Respir Crit Care Med. 2007;176(7):713-23. https://doi.org/10.1164/
rccm.200702-3350C.

Liu HB, Lv QQ, Dai L. Quantitative analysis of 16S rRNA gene copies in
mouse fecal sample. Bio-Protoc. 2020. https://doi.org/10.21769/BioPr
0t0c.2003368.

Wang Z, Litterio MC, Mller M, Vauzour D, Oteiza PI. (-)-Epicatechin

and NADPH oxidase inhibitors prevent bile acid-induced Caco-2
monolayer permeabilization through ERK1/2 modulation. Redox Biol.
2020;28:101360. https://doi.org/10.1016/j.redox.2019.101360.

Gadaleta RM, van Erpecum KJ, Oldenburg B, Willemsen EC, Renooij W,
Murzilli S, et al. Farnesoid X receptor activation inhibits inflammation

and preserves the intestinal barrier in inflammatory bowel disease. Gut.
2011,60(4):463-72. https://doi.org/10.1136/gut.2010.212159.

Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in gastrointestinal
inflammation and carcinogenesis. Nat Rev Gastroenterol Hepatol.
2018;15(2):111-28. https://doi.org/10.1038/nrgastro.2017.119.
Zhernakova A, Kurilshikov A, Bonder MJ, Tigchelaar EF, Schirmer M,
VatanenT, et al. Population-based metagenomics analysis reveals
markers for gut microbiome composition and diversity. Science.
2016;352(6285):565-9. https://doi.org/10.1126/science.aad3369.

Ingham AC, Kielsen K, Cilieborg MS, Lund O, Holmes S, Aarestrup FM,

et al. Specific gut microbiome members are associated with distinct
immune markers in pediatric allogeneic hematopoietic stem cell
transplantation. Microbiome. 2019;7(1):131. https://doi.org/10.1186/
540168-019-0745-z.

Yan XL, Liu XC, Zhang YN, Du TT, Ai Q, Gao X, et al. Succinate aggravates
intestinal injury in mice with necrotizing enterocolitis. Front Cell Infect
Microbiol. 2022;12:1064462. https://doi.org/10.3389/fcimb.2022.1064462.
LiY,Han M, Song J, Liu S, Wang Y, Su X, et al. The prebiotic effects of solu-
ble dietary fiber mixture on renal anemia and the gut microbiota in end-
stage renal disease patients on maintenance hemodialysis: a prospective,
randomized, placebo-controlled study. J Transl Med. 2022;20(1):599.
https://doi.org/10.1186/512967-022-03812-x.

Ingham AC, Kielsen K, Mordhorst H, Ifversen M, Aarestrup FM, Mdller KG,
et al. Microbiota long-term dynamics and prediction of acute graft-
versus-host disease in pediatric allogeneic stem cell transplantation.
Microbiome. 2021;9(1):148. https://doi.org/10.1186/540168-021-01100-2.
Fujiwara H. Crosstalk between intestinal microbiota derived metabolites
and tissues in allogeneic hematopoietic cell transplantation. Front Immu-
nol. 2021;12:703298. https://doi.org/10.3389/fimmu.2021.703298.
Karaliute I, Ramonaite R, Bernatoniene J, Petrikaite V, Misiunas A, Denkovs-
kiene E, et al. Reduction of gastrointestinal tract colonization by Klebsiella
quasipneumoniae using antimicrobial protein Kvarla. Gut Pathog.
2022;14(1):17. https://doi.org/10.1186/513099-022-00492-2.

Song X, Sun X, Oh SF, Wu M, Zhang Y, Zheng W, et al. Microbial bile acid
metabolites modulate gut RORy(+) regulatory T cell homeostasis. Nature.
2020;577(7790):410-5. https://doi.org/10.1038/541586-019-1865-0.
Winston JA, Theriot CM. Diversification of host bile acids by members of
the gut microbiota. Gut Microbes. 2020;11(2):158-71. https://doi.org/10.
1080/19490976.2019.1674124.

Barrasa JI, Olmo N, Lizarbe MA, Turnay J. Bile acids in the colon, from
healthy to cytotoxic molecules. Toxicol In Vitro. 2013;27(2):964-77.
https://doi.org/10.1016/j.tiv.2012.12.020.

44,

45.

46.

47.

48.

49.

Page 15 of 15

Kayama H, Okumura R, Takeda K. Interaction between the micro-
biota, epithelia, and immune cells in the intestine. Annu Rev

Immunol. 2020;38:23-48. https://doi.org/10.1146/annurev-immun
0l-070119-115104.

Rashidi A, Kaiser T, Shields-Cutler R, Graiziger C, Holtan SG, RehmanTU,
et al. Dysbiosis patterns during re-induction/salvage versus induction
chemotherapy for acute leukemia. Sci Rep. 2019;9(1):6083. https://doi.
0rg/10.1038/541598-019-42652-6.

Jia W, Wei M, Rajani C, Zheng X. Targeting the alternative bile acid
synthetic pathway for metabolic diseases. Protein Cell. 2021;12(5):411-25.
https://doi.org/10.1007/513238-020-00804-9.

Fiorucci S, Distrutti E. Bile acid-activated receptors, intestinal micro-
biota, and the treatment of metabolic disorders. Trends Mol Med.
2015;21(11):702-14. https://doi.org/10.1016/j.molmed.2015.09.001.
Doden HL, Wolf PG, Gaskins HR, Anantharaman K, Alves JMP, Ridlon JM.
Completion of the gut microbial epi-bile acid pathway. Gut Microbes.
2021;13(1):1-20. https://doi.org/10.1080/19490976.2021.1907271.
Bekker V, Zwittink RD, Knetsch CW, Sanders IMJG, Berghuis D, Heidt PJ,
et al. Dynamics of the gut microbiota in children receiving selective

or total gut decontamination treatment during hematopoietic stem
cell transplantation. Biol Blood Marrow Transplant. 2019;25(6):1164-71.
https://doi.org/10.1016/j.bbmt.2019.01.037.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1111/ajt.15654
https://doi.org/10.3390/metabo3030787
https://doi.org/10.1038/s41564-019-0640-1
https://doi.org/10.1038/s41564-019-0640-1
https://doi.org/10.1164/rccm.200702-335OC
https://doi.org/10.1164/rccm.200702-335OC
https://doi.org/10.21769/BioProtoc.2003368
https://doi.org/10.21769/BioProtoc.2003368
https://doi.org/10.1016/j.redox.2019.101360
https://doi.org/10.1136/gut.2010.212159
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1186/s40168-019-0745-z
https://doi.org/10.1186/s40168-019-0745-z
https://doi.org/10.3389/fcimb.2022.1064462
https://doi.org/10.1186/s12967-022-03812-x
https://doi.org/10.1186/s40168-021-01100-2
https://doi.org/10.3389/fimmu.2021.703298
https://doi.org/10.1186/s13099-022-00492-2
https://doi.org/10.1038/s41586-019-1865-0
https://doi.org/10.1080/19490976.2019.1674124
https://doi.org/10.1080/19490976.2019.1674124
https://doi.org/10.1016/j.tiv.2012.12.020
https://doi.org/10.1146/annurev-immunol-070119-115104
https://doi.org/10.1146/annurev-immunol-070119-115104
https://doi.org/10.1038/s41598-019-42652-6
https://doi.org/10.1038/s41598-019-42652-6
https://doi.org/10.1007/s13238-020-00804-9
https://doi.org/10.1016/j.molmed.2015.09.001
https://doi.org/10.1080/19490976.2021.1907271
https://doi.org/10.1016/j.bbmt.2019.01.037

	Klebsiella quasipneumoniae in intestine damages bile acid metabolism in hematopoietic stem cell transplantation patients with bloodstream infection
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design, patient and specimen collection
	16S rRNA gene sequencing in human stool and data analysis
	Construction of infection prediction model
	Untargeted metabolomic analysis in human serum
	Mice
	Intestinal microbiome depletion, chemotherapy and bacterial colonization in mice
	16S rRNA gene copy numbers detection of mice stools
	Quantitative real-time reverse transcription-PCR of mice small intestine
	Bile acid detection in mice serum
	Histology of small intestine in mice
	Cell culture and fluorescein isothiocyanate (FITC)-dextran transport
	Statistics

	Results
	Patient characteristics
	Alterations of intestinal microbiome preceding BSI in HSCT patients
	Microbiome features at the family level predicting BSI onset
	Elevated serum bile acid related to alterations of intestinal microbiome
	Increased primary bile acid levels and its transport in mice colonized with K. quasipneumoniae
	Severe intestinal mucosa injury in mice colonized with K. quasipneumoniae
	Caco-2 cell monolayers permeabilization induced by K. quasipneumoniae

	Discussion
	Conclusions
	Anchor 31
	Acknowledgements
	References


