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A B S T R A C T

Background: Microbial communities and their metabolic components in the gut are of vital importance for
immune homeostasis and have an influence on the susceptibility of the host to a number of immune-medi-
ated diseases like acute graft-versus-host disease (aGVHD) after allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT). However, little is known about the functional connections between microbiome and
metabolome in aGVHD due to the complexity of the gastrointestinal environment.
Method: Initially, gut microbiota and fecal metabolic phenotype in aGVHDmurine models were unleashed by
performing 16S ribosomal DNA gene sequencing and ultra-high-performance liquid chromatography-mass
spectrometry (UHPLC-MS)-based metabolomics.
Findings: The group with aGVHD experienced a significant drop in Lachnospiraceae_unclassified but an
increase in the relative abundance of Clostridium XI, Clostridium XIVa and Enterococcus. Meanwhile, a lower
content of tyrosine was observed in the gut of aGVHD mice. The correlation analysis revealed that tyrosine-
related metabolites were inversely correlated with Clostridium XIVa, besides, Blautia and Enterococcus also
displayed the negative tendency in aGVHD condition. Apart from exploring the importance and function of
tyrosine, different tyrosine diets were offered to mice during transplantation. Additional tyrosine supple-
ments can improve overall survival, ameliorate symptoms at the early stage of aGVHD and change the struc-
ture and composition of gut microbiota and fecal metabolic phenotype. In addition, aGVHD mice deprived
from tyrosine displayed worse manifestations than the vehicle diet group.
Interpretation: The results demonstrated the roles and mechanisms of gut microbiota, indispensable metabo-
lites and tyrosine in the progression of aGVHD, which can be an underlying biomarker for aGVHD diagnosis
and treatment.
Funding: This research was funded by the International Cooperation and Exchange Program (81520108002),
the National Key R&D Program of China, Stem Cell and Translation Research (2018YFA0109300), National
Natural Science Foundation of China (81670169, 81670148, 81870080 and 91949115) and Natural Science
Foundation of Zhejiang Province (LQ19H080006).
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Acute graft-versus-host disease (aGVHD) is one of the fatal and
refractory complications after allogeneic hematopoietic stem cell
transplantation (allo-HSCT). As the initially damaged organ, the gas-
trointestinal tract is particularly influenced by both activated donor T
cells and pretransplant conditioning with chemotherapy and irradia-
tion prior to allo-HSCT [1, 2]. While current treatments concentrate
on how to inhibit the immunological attack of immune cells, gut
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Research in context

Evidence before this study

In recent years, gut microbiota has been observed to play a piv-
otal role in the pathobiology of various diseases like acute
graft-versus-host disease (aGVHD) after allogeneic hematopoi-
etic stem cell transplantation (allo-HSCT). Nevertheless, the
functional connections between microbiome and metabolites
in aGVHD remain largely elusive due to the complexity of the
gastrointestinal environment.

Added value of this study

16S ribosomal DNA gene sequencing and ultra-high-perfor-
mance liquid chromatography-mass spectrometry-based
metabolomics were performed to systematically profile the
mapping of both gut microbiota and fecal metabolites in
murine aGVHD, demonstrating the functional connections
between intestinal microbial flora and metabolites in the pro-
gression of aGVHD. Interestingly, it was found that tyrosine
was dramatically declined in mice with aGVHD, which was
closely associated with gut microbiota changes. Further, we
supplied aGVHD mice with 2% tyrosine-supplemented diet,
which markedly improved overall survival, ameliorated aGVHD
symptoms and changed the structure and composition of gut
microbiota and fecal metabolic phenotype at the early stage of
aGVHD after allo-HSCT. Since tyrosine is of predominant impor-
tance as a constituent of protein nutrition status, findings pave
the way for the use of tyrosine to improve the treatment of
aGVHD and thus will have a broad impact on the field of gen-
eral biomedicine.

Implications of all the available evidence

This research elucidated the roles and mechanisms of the inter-
connectivity between gut microbiota and metabolomes in the
progression of aGVHD where tyrosine acted as the key regula-
tors for reorganization of microbiome and the mitigation of this
disease. Besides, these findings can provide a new reference for
clinical application.
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microbiota and their metabolites are primarily and systemically
exposed to epithelial cells, which are essential for the mediation of
gastrointestinal immune responses and regarded as the potential
future manipulation of controlling morbidity and mortality after allo-
HSCT [3].

Decades ago, gut bacteria was recognized as an essential modula-
tor of fine-tuning homeostasis in human health [4]. The dysbiosis of
gut microbiota was demonstrated to be associated with several dis-
eases, such as obesity, insulin resistance, chronic inflammation and
even cancer [5, 6]. In addition, people intend to reveal the relation-
ship between gut microbiota and aGVHD. The importance of micro-
biome diversity was first recognized in patients and murine aGVHD
models after allo-HSCT [7�10]. Some bacteria were defined as nega-
tive factors by a variety of experiments, such as Lactobacillus, Entero-
coccus, Streptococcus and Escherichia [11, 12]. Thereupon, researchers
focused on studying the administration of beneficial microbes to
modulate gut homeostasis via the direct supply of probiotics and
fecal microbial transplantation (FMT) [13, 14].

In living organisms, circulating metabolites are generated by
not only tissues but also gut microbiota [15], which has an impact
on the bioavailability of metabolites in the gastrointestinal tract.
Sufficient research was conducted on such a metabolite as short-
chain fatty acids (SCFAs), like butyrate produced by certain bacte-
ria and activating regulatory T cells [16]. Nowadays, an increasing
number of people focus on amino acid metabolites involved in
immune regulation and inflammation. For instance, Swimm et al.
reported that GVHD is limited by tryptophan metabolite indole
generated by the intestinal microbiome [17]. In addition, patients
with aGVHD suffer from nutritional and metabolic disorders
because of diarrhea, hypermetabolism and insufficient food intake,
thereby turning nutritional support into a new therapeutic direc-
tion [18]. Researchers have initiated clinical trials where diets are
modulated to maintain the sufficient provision of indispensable
amino acids [19]. In the field of allo-HSCT, studies on mouse mod-
els and clinical implementation showed that supplementing gluta-
mine promotes the healing of the intestinal tract and lowers the
severity of GVHD and mucositis [20].

In our study, we firstly found that tyrosine markedly decreased in
aGVHD mice by using 16S ribosomal DNA (rDNA) gene sequencing
and ultra-high-performance liquid chromatography-mass spectrom-
etry (UHPLC-MS)-based metabolomics, which was closely correlated
with gut microbiota changes. Tyrosine, a large neutral amino acid
normally present in protein food, takes part in building essential pro-
teins and providing energy [21] and constitutes the precursor of cate-
cholamine helping people to effectively respond to acute stress and
maintain homeostasis [22]. Therefore, a diet with a relatively high
level of tyrosine was served, which can contribute to improving over-
all survival and ameliorating early aGVHD symptoms. Additionally,
the addition of tyrosine shifted the structure of gut microbiota and
led to the change of fecal metabolome, exhibiting a strong correlation
between them. Therefore, it was speculated that gut microbiota
interacting with metabolites is not only a potential therapeutic target
but also a future biomarker for aGVHD diagnosis and therapeutic
response.
2. Methods

2.1. Mice

Male BALB/c mice (H-2Kd) and C57BL/6 mice (H-2Kb) (SLAC Labo-
ratory Supplies, Shanghai, China) at the age of 8�10 weeks were ran-
domly grouped into TCD-BM or TCD-BM+T cell groups and the
subsequently into different tyrosine supplement diets in accordance
with the random numbers generated by Microsoft Excel by an inves-
tigator who was not involved in this study. All mice experiments
were conducted under specific pathogen-free conditions in the Labo-
ratory Animal Center of Zhejiang University (ZJU).
2.2. Bone marrow transplantation model

Bone marrow transplantation (BMT) recipients receiving a tail
vein injection of 5£ 106 T-cell-depleted bone marrow (TCD-BM) cells
(Mouse CD3 Positive Selection Kit, Biolegend) with or without
5 £ 105 splenic T cells (Pan T Cell Isolation Kit, Miltenyi Biotech) on
day 0 after 8-Gy lethal irradiation (split doses of 2 £ 4.0 Gy apart to 4
h) formed C57BL/6!BALB/c at ZJU, China. A group of investigators
who were blinded to the treatments estimated the clinical score
according to the criteria described by Geoffrey et al. [23]. Slides of dif-
ferent organs specimens were collected on 14 days after BMT and
stained with hematoxylin and eosin by professional staff who were
blinded to the groups. Histopathology scoring for aGVHD was deter-
mined in terms of previously published systems by another group of
investigators who were blinded to the treatment [23, 24]. All animal
experiments were carried out in accordance with approved animal
protocols, the guideline and ethical approval of the Institutional Ani-
mal Care and Use Committee of ZJU.
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2.3. Dietary tyrosine dosing of mouse models

A pilot study showed that an additional 2% tyrosine within the
standard safety margin was established as the highest and safe con-
centration compared with the normal standard (0.7% tyrosine) [25].
Tyrosine intervention groups commenced on 0% or 2% tyrosine diet
(Hangzhou LiLeng Biotechnology Co., Ltd) a week before BMT and
were given fresh foods every two to three days until the end of sur-
vival time observation or sacrifice.

2.4. PCR amplification and 16S rDNA gene sequence analysis

DNA was extracted from around 50-100mg of fecal samples utiliz-
ing E.Z.N.A.� Soil DNA Kit (Omega), frozen by liquid nitrogen and
then stored at -80°C. The V3-V4 region of the prokaryotic (bacterial
and archaeal) small-subunit (16S) rRNA gene was amplified by
slightly modified versions of primers 338F (50-ACTCCTACGGGAGG-
CAGCAG-30) and 806R (50- GGACTACHVGGGTWTCTAAT-30) whose 50

ends were tagged with specific barcodes per sample and universal
sequencing primer. Polymerase chain reaction (PCR) products were
confirmed with 2% agarose gel electrophoresis, purified by AMPure
XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and quan-
tified by Qubit (Invitrogen, USA). PhiX Control library (v3) (Illumina)
and amplicon library (expected to be 30%) were combined. Either of
them was sequenced on 300PE MiSeq runs, while the other was
sequenced with two protocols through the use of standard Illumina
sequencing primers, which eliminated the need for the reading of a
third (or fourth) index.

As suggested by the manufacturer, an Illumina MiSeq platform
was used for sequencing samples obtained from LC-Bio. Paired-end
reads were assigned to samples on the basis of their unique barcodes,
truncated through the cutoff of barcodes and primer sequences and
merged by use of FLASH. Clean tags were obtained through the qual-
ity filtering of raw tags under specific conditions of filtering in accor-
dance with the fqtrim (V 0.94). In addition, the software Vsearch
(v2.3.4) was applied to filter chimeric sequences and assign sequen-
ces with � 97% similarity to the same operational taxonomic units
(OTUs) [26]. Every OTU was given representative sequences, each of
which was then assigned with taxonomic data using the Ribosomal
Database Project (RDP) classifier. The software MAFFT (V 7.310) was
used to conduct a multiple sequence alignment of the differences of
dominant species in all groups to explore the phylogenetic relation-
ship of various OTUs. The abundance information of OTUs was nor-
malized with a standard of sequence number which corresponded to
the sample with the fewest sequences. The complex species diversity
of each sample was revealed by alpha-diversity through Chao1,
Observed_species, Goods_coverage, Shannon and Simpson, which
was analyzed by QIIME (Version 1.8.0). Beta-diversity was analyzed
to evaluate the differences of samples in the complexity of species by
the software QIIME (Version 1.8.0). Distance-based statistical tests
(weighted and unweighted UniFrac distances clustered) had been
applied to test the association of the cluster composition with envi-
ronmental and biological covariates [27].

2.5. LC-MS analysis

All samples were acquired by the LC-MS system and all chro-
matographic separations were performed using a UPLC system
(SCIEX, UK). Maintaining at 35°C, an ACQUITY UPLC T3 column
(100mm*2.1mm, 1.8mm, Waters, UK) was used for a reversed-phase
separation. Gradient elution parameters and conditions were set as
recommended [28]. Metabolites were detected by a high-resolution
tandem mass spectrometer TripleTOF5600plus (SCIEX, UK) operating
in 5 kV positive and -4.5 kV negative modes respectively. The mass
spectrometry data were acquired in Interactive Disassembler Profes-
sional (IDA) mode and the time-of-flight (TOF) mass ranged from
60~1200 Da. Survey scans were acquired in 150 ms and as many as
12 product ion scans were collected if exceeding a threshold of 100
counts per second with a 1+ charge state. The total cycle time was
fixed to 0.56 s. Four time bins were summed for each scan at a pulser
frequency value of 11 kHz through the monitoring of the 40 GHz
multichannel TDC detector with four-anode/channel detection.
Dynamic exclusion was set as 4 s [29]. The mass accuracy of every 20
samples was calibrated and the quality control (QC) sample was
acquired from every 10 samples.

After being transformed into mzXML format, LC�MS raw data
files were processed by XCMS, CAMERA as well as metaX toolbox
realized by the R software. Retention time (RT) was combined with
m/z data to identify each ion. The intensity of every peak was
recorded to generate a three-dimensional matrix which contained
randomly assigned peak indices (RT-m/z pairs), sample names
(observations) as well as the intensity information of ions (variables).
Human Metabolome Database (HMDB) and online Kyoto Encyclope-
dia of Genes and Genomes (KEGG) were adopted to annotate metabo-
lites through the matching between the precise molecular mass data
(m/z) of samples and those from database. A difference of mass
between observed and database values below 10 ppmwould contrib-
ute to annotating metabolites, further identifying and validating their
molecular formula through the measurement of isotopic distribution.
Besides, an in-house fragment spectrum library of metabolites was
used for validating metabolite identification. MetaX was applied to
further preprocess the intensity of peak data. Those features detected
in below 50% of QC samples or 80% of biological ones were excluded.
In order to further improve the quality of data, the k-nearest neigh-
bor algorithm was used to impute the rest of peaks with missing val-
ues. Principal component analysis (PCA) was performed to detect
outliers and evaluate batch effects by means of the pre-processed
dataset. Robust LOESS signal correction based on QC was fitted to QC
data on the order of injection so as to minimize the drift of signal
intensity over time. Additionally, the relative standard deviations
(SDs) of metabolic features among all QC samples were calculated,
among which those > 30% were excluded.

2.6. Correlation network analysis and pathway analysis

Spearman’s correlation analysis was conducted to identify the
relationship between fecal microbiome abundance and expression of
metabolites. Consideration was only given to the correlation value
(rho)>0.6 and p<0.05. Cytoscape was used to construct the correla-
tion network [30]. The KEGG analysis of metabolites was performed
by uploading selected metabolites to the database MetaboAnalyst.

2.7. Statistical analysis

For 16S rDNA gene sequencing, top 20 microbiomes at the genus
level were chosen to compare their differences in relative abundance.
Statistical analysis was performed by conducting an unpaired (two-
sided) Student’s t-test and Mann-Whitney U (MWU) test was con-
ducted if the data failed to meet normality criteria by Graphpad soft-
ware. Metabolites were analyzed by conducting t-test to detect the
differences between two phenotypes in metabolite concentration. A
false discovery rate (FDR) (Benjamini�Hochberg) was used to adjust
the p value for all multiple tests. Supervised partial least squares dis-
criminant analysis (PLS-DA) was performed through metaX to dis-
criminate different inter-group variables. The calculation was
conducted for the value of variable important for the projection (VIP).
Important features were selected using a VIP cut-off value of 1.0.
Only the ratio of metabolites �2 or �1/2, VIP (obtained by performing
multivariate statistical analysis with PLS-DA)�1 and q value �0.05
and annotated at MS2 level were taken into account. Graphs and sig-
nificance test were prepared with GraphPad Software. To explore the
correlation between metabolites and the microbiota, we performed
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Spearman’s correlation analysis to test the abundance of microbiota
against the altered expression of metabolites in R software.

The size of samples in murine GVHD experiments was not prede-
termined with statistical methods, which however resembled those
generally used in this field [31, 32]. Log-rank test was conducted to
analyze the differences in animal survival (Kaplan-Meier survival
curves, GraphPad Software). To acquire unbiased data, the investiga-
tor who administered the BMT was the only person aware of the
treatment group allocation. Another two groups of investigators eval-
uated the clinical and histopathological scores of aGVHD severity
respectively, who were blind to the types of treatments. If necessary,
data were expressed as mean § standard error of the mean (SEM) or
standard deviation (SD). It was considered that differences were sig-
nificant when P<0.05. No other randomization methods were
adopted. 16S rDNA amplicon sequencing data were deposited in the
Sequence Read Archive (SRA) database: PRJNA637751.

3. Result

3.1. Gut microbiome structure shifted in aGVHD murine models

To determine whether aGVHD affects the parameters of the gut
environment, a well-established C57BL/6 (H-2Kb) was initially put
into a BALB/c (H-2Kd) major histocompability complex (MHC) mis-
match model (Fig. 1a) [31]. The TCD-BM+T cells group showed severe
aGVHD symptoms including shortened survival time, rapid weight
loss, severe diarrhea and injury in multiple organs such as liver, intes-
tine and skin (Fig. 1b-e and Supplementary Fig.S1). The fecal
microbiome was detected on days 14 and 28 after allo-HSCT to see
whether the changes of bacterial flora diversity were associated with
the occurrence and development of aGVHD.

Firstly, we evaluated the bacterial alpha-diversity for the richness
and evenness. No significant differences were found in either Chao1
(MWU test, day14: p>0.05, day 28: p>0.05) or Shannon (MWU test,
day14: p>0.05, day28: p>0.05) (Table 1, Supplementary Fig.S2a), but
TCD-BM group presented higher alpha-diversity than TCD-BM+T cells
group especially on day 28. This comparison revealed that the TCD-
BM+T cells group had lower abundance and uniformity (Table 1). To
guide our sampling depth, we further plotted rarefaction curve of
each sample that reaching a plateau and saturation stage, which veri-
fied that most of the species were observed in all the groups (Supple-
mentary Fig.S2b). In beta-diversity analysis, the unweighted UniFrac
indexes strengthened the difference between two groups were wid-
ening (Supplementary Fig.S2c).

Despite the difficulty in obtaining conspicuous differences at the
phylum level, some changes between TCD-BM and TCD-BM+T cells
groups were observed from the data of fecal microbial 16S rDNA
gene sequencing. Firmicutes, Bacteroidetes, Verrucomicrobia and Pro-
teobacteria are top four dominant components of fecal microbes
(Fig. 1f and g). Firmicutes, accounting for the largest proportion in the
microbiota compositions, was decreased in the TCD-BM+T cells
group, while the other three phylum levels increased. These variation
trends remained constant throughout the progression of aGVHD. It
was notable that some significant changes were observed at the
genus level. Altered floras predominantly belonged to the phylum
Firmicutes. One of the most abundant genus, Lachnospiraceae_unclas-
sified, maintained a high proportion in the TCD-BM group, but
decreased in the TCD-BM+T cells group (the mean of TCD-BM and
TCD-BM+T cells groups, day 14: 54. 96% and 9.45%, MWU test,
p<0.05; day 28: 38. 28% and 11.90%, MWU test, p<0.05). In addition,
the tendency was even more convincing due to consistent and signif-
icant differences in fold change on days 14 (two-tailed Student’s t-
test, p<0.05) and 28 (two-tailed Student’s t-test, p<0.05) (Fig. 1 h
and i, Supplementary Table S1). Other microbiota belonging to Firmi-
cuteswere up-regulated in the TCD-BM+T cells group, such as Blautia,
Clostridium XI, Clostridium XIVa on day 14 and Enterococcus on day 28.
Besides, the TCD-BM+T cells group saw an increase in other altered
genera like Proteus belonging to Proteobacteria and high-occupied
Bacteroides belonging to Bacteroidetes. Alistipes, another component
of Bacteroidetes was down-regulated in the TCD-BM+T cells group
(MWU test, p<0.05 on day 28). All the tendencies were consistent
suggesting that the composition of gut microbiome exhibited
remarkable changes with the occurrence and development of
aGVHD.

3.2. Gut metabolome revealed a dramatic reduction of tyrosine and
related metabolites in aGVHD mice

As microbiota alteration in aGVHD has been extensively explored,
some studies stated that the structure of microbiome has a strong
influence on the metabolite profiles of multiple diseases [33, 34].
Then, the differences in fecal metabolome after BMT were observed.
To confirm the implication of these metabolites at the onset of
aGVHD, PCA was used to verify whether aGVHD could be discrimi-
nated in multivariate analysis (Supplementary Fig. S2c and d). In PLS-
DA, PLS-DA score plots indicated the reliable discrepancies between
TCD-BM and TCD-BM+T cells groups and suggested rejection reac-
tions leading to significant biochemical changes (Supplementary Fig.
S2d and e). Based on the pairwise comparisons of different metabo-
lites between two groups and different development stages of
aGVHD, the fecal metabolic profiles of the two groups displayed
depression in the early stage on day 14. However, the infertile situa-
tion improved on day 28, which corresponded to BM reconstruction
after irradiation (Supplementary Fig.S2f).

Metabolites with putative biological relevance were identified by
comparing the amount of each metabolite between TCD-BM and
TCD-BM+T cells groups on days 14 (Fig. 2a) and 28 (Fig. 2b). Com-
pared with the TCD-BM group only featuring transfusion, the TCD-
BM+T cells group was mainly characterized by a significant decrease
in the number of lipids and lipid-like molecules, especially physalin
P, acylcarnitine and 8-isoprostaglandin E2. Additionally, organic acids
and derivatives, especially dihydrocaffeic acid 3-sulfate and tyrosine,
showed a downward trend in the TCD-BM+T cells group (Fig. 2c, Sup-
plementary Table S2). Later, KEGG analysis was performed to analyze
the pathways with all significantly different metabolites, whose
results showed that pathways related to several amino acids
attracted attention. Pathways of phenylalanine, tyrosine and trypto-
phan biosynthesis ranked on the top (Fig. 2d). Strikingly, the follow-
ing several pathways including ubiquinone and other terpenoid-
quinone biosynthesis and aminoacyl-tRNA biosynthesis, shared the
same metabolite, namely tyrosine. Thus, it was found that the TCD-
BM+T cells group presented an overall downtrend in not only tyro-
sine but also metabolites interacting with tyrosine. While tyrosine
remarkably diminished on days 14 (two-tailed Student’s t-test,
p<0.01) and 28 (two-tailed Student’s t-test, p<0.01) (Fig. 2e; Supple-
mentary Table S3), L-Aspartic acid, L-Glutamic acid and S-Adenosyl-
homocysteine significantly increased on day 28, as shown in the
heatmap (Fig. 2f; Supplementary Table S3).

Spearman’s correlation analysis of tyrosine-related metabolites
and altered microbiota was performed to explore the internal con-
nections of microbiota and metabolome in the host system. In gen-
eral, tyrosine located in the center of the correlation network in both
comparisons, and bacteria belonging to Firmicutes were the closest to
selected metabolites (Fig. 2g and h). The components of the network
in TCD-BM+T cells and TCD-BM groups were smaller and more scat-
tered on day 14 than day 28. Still, tyrosine-related metabolites were
correlated inversely with Clostridium XIVa (Spearman’s correlation
analysis, day14: rho -0.8, p<0.01), besides, Blautia (Spearman’s corre-
lation analysis, day28: rho -0.29, p>0.05) and Enterococcus (Spear-
man’s correlation analysis, day28: rho -0.41, p>0.05) displayed the
negative tendency. Interestingly, it was found that all the genera in
the network belonged to Firmicutes on day 28, implying that this



Fig. 1. Relative abundance of gut microbiota at phylum and genus levels.
(a) BALB/c host mice receiving C57BL/6 TCD-BM (n=12) or TCD-BM+T cells (n=12) to establish aGVHD murine models. (b-e) Significant changes of (b) survival time (log-rank test,

p<0.05), (c) weight changes (two-tailed Student’s t-test, p<0.01), (d) clinical scores (two-tailed Student’s t-test, p<0.01) and (e) pathology scores of each group on day 14. (f-g) 16S
rDNA gene sequencing of fecal microbiota from TCD-BM (n=6) and TCD-BM+T cells groups (n=6) and the relative abundance of gut microbiota with the histogram of fold change (TCD-
BM+T/TCD-BM) at the phylum level on days 14 (f) and 28 (g). (h-i) Relative abundance of top 20 genera with the histogram of fold change (TCD-BM+T/TCD-BM) on days 14 (h) and 28
(i). The number of mice in each group was indicated (n) within the bracket. The scores displayed mean § SEM from three to four independent experiments. *p < 0.05, **p < 0.01.
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phylum might play a prominent role in the development of aGVHD.
Collectively, these results indicated that the low level of tyrosine in
the gut was likely to be correlated with the occurrence and develop-
ment of aGVHD.

3.3. Tyrosine supplement partially ameliorated aGVHD phenotype

The results demonstrated that tyrosine declined in the gut with
the alteration of microbiota in aGVHD. Subsequently, an evaluation
was made on whether tyrosine replenishment can have a positive
effect on the alleviation of aGVHD and further affect microbiome
structure and metabolite profiles. To test this, TCD-BM and TCD-BM
+T cells groups were supplied with 2% tyrosine diet higher than nor-
mal but within safety content and 0% tyrosine diet as the deprivation
group respectively (Fig. 3a). The administration of tyrosine supple-
ment contributed to lots of improvements, such as the extension of
total survival time, a significant reduction in weight loss and a
decrease in aGVHD clinical scores in the early period of aGVHD
(Fig. 3b-e), especially slighter diarrhea and better physical status
(Supplementary Fig.S3g). It is worth noting that the TCD-BM+T
cells + 2% tyrosine diet group displayed lower scores of intestinal and
skin pathology with improved intestinal epithelial structure and kept
intact microvilli and tight junctions and more complete skin structure
on day 14 after BMT (Fig. 3f, Supplementary Fig.S3h). However, these
advantages became weaker at the later stage of aGVHD as it was
shown that the weight variances and clinical scores of the TCD-BM+T
cells + 2% tyrosine diet group approached to those of the TCD-BM+T
cells + vehicle diet group near the end of day 40. When deprived
from tyrosine by being given 0% tyrosine diet, mice with aGVHD dis-
played even worse survival rate and clinical scores (day 30, two-
tailed Student’s t-test, p<0.01) than the TCD-BM+T cells + vehicle
diet group.

Mice receiving TCD-BM only presented no signs of aGVHD, whose
survival rate thus was not affected by deprived or extra tyrosine diets
until the end (Fig. 3b). In comparison, the TCD-BM + 0% tyrosine diet
group exhibited delayed weight regain and slight aGVHD symptoms
at the initial stage of aGVHD after BMT. Moreover, the histopathologic
analysis displayed mild lesions on intestine and skin on day 14
(Fig. 3e and f, Supplementary Fig.S3h). Above all, these results
implied that additional tyrosine diets only played a role in aGVHD
status and had an influence at the early stage of aGVHD after allo-
HSCT.

3.4. Tyrosine supplement amended gut microbiome and metabolome

Tyrosine supplement was observed to play a role in ameliorating
aGVHD, whose effects on the gut environment thus were further ver-
ified. The analysis of the fecal microbiome showed that changes after
the intervention of tyrosine significantly increased according to
alpha-diversity on day 28, as demonstrated by indexes Chao1 (MWU
test, day28 p<0.05) and Shannon (MWU test, day28 p<0.05) (Table 2,
Supplementary Fig. S3a, b). In addition, both weighted and
unweighted UniFrac exhibited greater differences (MWU test,
p<0.01) on day 28 (Supplementary Fig.S3c). The above results indi-
cated that the group intervened by tyrosine exhibited dysbiosis and
remained potential uncertainty.

When phylum showed no difference between groups on day 14,
Firmicutes persisted at a low level in the TCD-BM+T cells + 2% tyrosine
diet group (MWU test, p<0.05) on day 28, while Bacteroidetes (MWU
test, p<0.05) and Verrucomicrobia showed higher levels (Fig. 4a and
b). Through the analysis of genus level, however, it was supposed
that tyrosine treatment could not only ameliorate aGVHD symptoms,
but also restore gut microflora to aGVHD-free condition. 2% tyrosine
supplement led to an increase in the abundance of Lachnospira-
ceae_unclassified (MWU test, p<0.05, on day 28) but a decrease in the
fold changes of Bacteroides (two-tailed Student’s t-test, p<0.05, on



Fig. 2. Changes in the metabolomics of TCD-BM and TCD-BM+T cells groups.
(a, b) A comparison was made between detected metabolites with paired Student’s t-test and then Bonferroni correction. The volcano plot shows the variation in the number of

metabolites between TCD-BM (n=6) and TCD-BM+T cells (n=6) groups according to the �log (q value) and log2 (fold change) on days 14 (a) and 28 (b). (c) The most important 50
metabolites after Student’s t-test and the hierarchical clustering of samples shown in the heatmap. (d) KEGG-annotated metabolic pathways between TCD-BM and TCD-BM+T cells
groups. (e) On day 14, the heatmap summarizes the altered fecal metabolites related to tyrosine between TCD-BM and TCD-BM+T cells groups and only displays the decrease of
tyrosine in the TCD-BM+T cells group (two-tailed Student’s t-test, p<0.01). (f) On day 28, the TCD-BM+T cells group showed a significant decrease in tyrosine, L-dopa, L-aspartic
acid, L-glutamic acid and S-adenosylhomocysteine (two-tailed Student’s t-test, p<0.01). (g, h) Correlation network between altered metabolites (circular) and differentially abun-
dant microbiota (square). A connection means that a microbe is correlated with a metabolite; red and blue lines indicate positive and negative correlations respectively; volume
size refers to the strength of the correlation. Networks between TCD-BM and TCD-BM+T cells groups were shown on days 14 (g) and 28 (h). The number of mice in each group was
indicated.
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Fig. 3. Amelioration of aGVHD by tyrosine supplement.
(a) 0% or 2% tyrosine diets were served to TCD-BM (n=18) and TCD-BM+T cells (n=18) groups from day -7 of irradiation until the end of experiments. Compared with TCD-BM+T

cells + vehicle, 2% tyrosine diet can result in (b) the prolonging of survival time, (c) the loss of less weight (day 6 to 24, two-tailed Student’s t-test, p<0.01; day 27 to 33, two-tailed
Student’s t-test, p<0.05) and (d) the decrease of clinical scores (day 12 to 30, two-tailed Student’s t-test, p<0.01; day 9 to 33, two-tailed Student’s t-test, p<0.05) in early aGVHD.
The administration of 2% tyrosine can decrease the (e) pathological scores of the large intestine and skin on day 14. (f) 2% tyrosine diet protected intestines and skins from the attack
of allogenic T-cells, as shown in HE images. The pathology scores reflected mean § SEM from three to four independent experiments, with n = 6 in each group.
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day 14), Clostridium XI (two-tailed Student’s t-test, p<0.01, on day
28), Clostridium XIVa (two-tailed Student’s t-test, p<0.05, on day 14)
and Enterococcus (Fig. 4c and d; Supplementary Table S4). Notably,
some microbiota that was insignificant in the comparison between
TCD-BM and TCD-BM+T cells groups became striking after tyrosine
intervention. For instance, the TCD-BM+T cells + 2% tyrosine diet
group experienced a significant increase in both the proportion
(MWU test, p<0.05) and fold change (two-tailed Student’s t-test,
p<0.01) of Barnesiella on day 14. In spite of only occupying a small
proportion in all aGVHD groups, Escherichia decreased after 2% tyro-
sine intervention on day 14 (two-tailed Student’s t-test, p<0.01),
whereas the opposite trend was observed on day 28 (two-tailed Stu-
dent’s t-test, p<0.05). Besides, Lactobacillus saw a sudden increase on
day 28 (TCD-BM+T cells + vehicle diet group and TCD-BM+T cells + 2%
tyrosine diet group: 37.48% and 15.34%, MWU test, p<0.01), which
was significantly down-regulated in the 2% tyrosine diet group.

Both PCA and PLS-DA revealed grander different metabolites
between TCD-BM+T cells groups with vehicle and 2% tyrosine diets
(Supplementary Fig.S3d and e; Supplementary Table S5). The com-
parison statistics found that the number of different metabolites on
day 14 was larger than that on day 28 (Supplementary Fig.S3f). How-
ever, most of the different metabolites belong to the superclass of lip-
ids and lipid-like molecules followed by organheterocyclic
compounds, organic acids and derivatives (Supplementary Fig.S4a-c;
Supplementary Table S5). Fecal metabolomic profiles showed that
the TCD-BM+T cells + 2% tyrosine diet group maintained a high level
of tyrosine on day 14 (two-tailed Student’s t-test, p<0.01). Moreover,
its related metabolites including L-Glutamic, oxalacetic acid, S-
Adenosylhomocysteine and homogentisic acid presented an upward
trend (Fig. 4e; Supplementary Table S6). Nevertheless, these differen-
ces disappeared on day 28 in accordance with unsatisfied clinical and
microbiota changes (Fig. 4f; Supplementary Table S6). Taken
together, these data exemplified that the replenishment of tyrosine
can ameliorate aGVHD in the early stage and change the structure of
gut microbiota and fecal metabolic phenotype.

Larger network components were displayed in the comparison
between TCD-BM+T cells groups with vehicle and 2% tyrosine diets.
On day 14, L-Aspartic acid was positively correlated with Escherichia
and Akkermansia. Tyramine, another attractive network node, a
monoamine compound and trace amine derived from tyrosine, had a
positive relationship with Bacteroides, Escherichia and Clostridium_-
sensu_stricto (Fig. 4g). Meanwhile, Bacteroides was negatively associ-
ated with tyrosine (Spearman’s correlation analysis, rho -0.79,
p<0.01) and S-Adenosylhomocysteine (Spearman’s correlation anal-
ysis, rho -0.86, p<0.01). Moreover, oxalacetic acid displayed a posi-
tive correlation with Mucispirillum (Spearman’s correlation analysis,
rho 0.75, p<0.01), which however only occupied a small proportion.
The correlation network showed that tyrosine faded out of the center
at the later stage of aGVHD just as the treatment of tyrosine failed to
meet the expectation on day 28. As only a negative correlation was
found between tyrosine and Firmicutes microbiota like Peptostrepto-
coccaceae_unclassified (Spearman’s correlation analysis, rho -0.70,
p<0.05) and Blautia (Spearman’s correlation analysis, rho -0.72,
p<0.01). S-Adenosylhomocysteine became the central node of five
types of microbiota, exhibiting a positive relationship with Lactobacil-
lus (Spearman’s correlation analysis, rho 0.66, p<0.05) and Clostri-
dium_XI (Spearman’s correlation analysis, rho 0.66, p<0.05) and a
negative relationship with Blautia (Spearman’s correlation analysis,
rho -0.77, p<0.05) (Fig. 4h). Overall, it was still believed that gut
microbiota was closely correlated with tyrosine in aGVHD models.

4. Discussion

In this study, an approach integrating 16S rDNA gene sequencing
and LC-MS-based metabolomics was taken to explore the impact of
tyrosine supplement in murine aGVHD after BMT. The results



Fig. 4. Tyrosine supplement altered microbiome and metabolome.
(a-d) The relative abundance of gut microbiota between TCD-BM+T cells + vehicle (n=6) and 2% tyrosine diet (n=6) groups and the histogram of fold change (TCD-BM+T

cells + 2% tyrosine diet group/TCD-BM+T cells + vehicle group) at the phylum level on days 14 (a) and day 28 (b). Relative abundance of top 20 genera shown in the histogram of
fold change (TCD-BM+T cells + 2% tyrosine diet group/TCD-BM+T cells + vehicle group) on days 14 (c) and 28 (d). (e-f) The heatmap summarizes the different fecal metabolites
related to tyrosine between TCD-BM+T cells + vehicle (n=6) and 2% tyrosine diet (n=6) groups. The 2% tyrosine-diet group showed an increase in tyrosine saw (two-tailed Student’s
t-test, p<0.01) on day 14 (e), but no significant difference in tyrosine and other metabolites on day 28 (f). (g-h) The same correlation analysis was performed to build a network
according to Fig. 2 g-h where nodes represent microbiota or metabolites between TCD-BM+T cells + vehicle and TCD-BM+T cells + 2% tyrosine diet groups on days 14 (g) and 28 (h).
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indicated for the first time that tyrosine-replenished diets affected
the composition of gut microbiota in stool samples and the dynamic
changes of gut metabolomics in aGVHD.

16S rDNA gene sequencing was used to reveal the robust linkage
between dietary intake and gut microbial community structure in
murine aGVHD models. Researchers emphasized that Firmicutes was
of importance in patients after allo-HSCT, which thus was believed to
hold the balance on gut microbiota because of its largest proportion
in each group. Both TCD-BM and TCD-BM+T cells groups contained a
larger percentage of Firmicutes, but displayed opposite prognoses,
which indicated the difficulty in judging it properly or obtaining the
overall trend at the phylum level because they harbored dense and
diverse microbial communities with advantageous and disadvanta-
geous components. What’s more, the individual difference and limi-
tation of case number were potential contributing factors that might
explain differences in response. Hence, lower levels like family and
genus are worth discussing. Many results of this study were consis-
tent with previous publications. Many researchers described a rela-
tive shift towards Enterococcus in gastrointestinal aGVHD after allo-
HSCT, and the degree of dysbiosis dominated by this Enterococcus
was correlated with the severity of aGVHD [35, 36]. Our research
results showed that groups with severe aGVHD accumulated a large
proportion of Enterococcus. On the contrary, Jenq RR et al. considered
that a high proportion of Blautia was associated with the reduced
death rate of aGVHD patients, while the death rate of aGVHD groups
was found to increase [37]. Reaching a broad consensus on standards
may be difficult due to temporal and geographical variations, differ-
ences in diet and antibiotic administration. Moreover, the different
dietary structures of human and animal models play a decisive role
[38]. Recently, it has been hypothesized that the increased abundance
of Clostridiales was associated with reduced lethal GVHD and
improved overall survival following allo-HSCT [39]. Likewise, some
original findings were obtained in this research. Groups with a higher
proportion of Lachnospiraceae_unclassified, one of major microbiota
in data, showed less aGVHD. Besides, Porphyromonadaceae_unclassi-
fied occupied a large proportion in groups after tyrosine intervention
on day 14. It was remarkable that both dominant microbiota men-
tioned above were not classified at the genus level, which made diffi-
culties for follow-up work.

After allo-HSCT, extra nutrients were required to not only
repair tissues damaged from chemotherapy or radiation in the ini-
tial period of transplantation, but also reconstruct BM and face the
challenges from the body such as infection, wound healing and
hypermetabolism after transplantation [40]. Nutritional supple-
mentation appeared to be a more suitable treatment as the loss of
beneficial microbiota was avoided mainly through antibiotic selec-
tion or probiotics administration. Restoring butyrate in the intesti-
nal tract or enhancing the sensor of SCFAs can improve the
junctional integrity of intestinal epithelial cells and up-regulate
regulatory T cells to mitigate murine aGVHD [16, 41]. Similar ideal
results can be obtained by the replenishment of Clostridia, a buty-
rate-producing bacterium, highlighting the mutual influence of gut
microbiota and metabolism [16, 42]. As recent discoveries have
underscored those changes in the microbiota, modulating the host
immune system by modulating tryptophan metabolism [43],
whether another metabolite bore resemblance to it in the same
pathway was suspected in this research. Some researchers illus-
trated that the presence of gut microbiota increased the levels of
tyrosine, glutamate, alanine and aspartate in the small intestine
and creatine, glutamine and aspartate in the colon [44]. This study
was the first to find the reduction of tyrosine in the gut with
aGVHD. It was possible that the lack of tyrosine resulted from the
decrease of absorption capacity attributed to the damage of the
intestinal epithelial cellular membrane or dysbacteriosis caused by
myeloablative management. Further, it was found that a compara-
tively high content of tyrosine could attenuate the clinical
manifestations of aGVHD and improve the metabolites belonging
to tyrosine biosynthesis pathway. Despite the difficulty in differen-
tiating whether tyrosine was from self-synthesis or external
uptake so far, it was certain that a comparatively high level of
tyrosine played an active role in preventing damages during
aGVHD. It was possible that the less weight loss during the early
stage of aGVHD might be due to other mechanisms such as
decreased caloric intake besides tyrosine intervention. However,
since we changed the food every three days, the consumption of
food was very low and the weight variations of feed were hard to
measure. In addition, the non-aGVHD control groups, TCD-BM+
0%/ 2% tyrosine diet, showed unobvious weight changes overall,
which indicating that the content changes of tyrosine could not
affect the total calories of the feed. Even though the content of
tyrosine was the unique intervention, the alterations of certain
metabolites can influence the whole metabolic network through
their interactions with other elements leading to the change of the
metabolic homeostasis of the host organism [45].

Correlation network analysis is an emerging field capturing the
relations between different parts of a complex biological system,
such as molecules, processes, organs and even microbes and
metabolites [46]. The relations between changes in microbiota
members and metabolites were charted, and the specific groups of
correlations relevant to the development of aGVHD were identi-
fied. Specifically, many changes were observed to take place in
microbiota belonging to Firmicutes and Bacteroidetes correlated to
tyrosine and its biosynthesis in the host. Zhang et al. suggested
that the levels of tyrosine and SCFAs were negatively associated
with Enterococcus, [47] which was in line with the results of this
study. Moreover, it was found tyrosine-related metabolites like L-
Glutamic and L-Aspartic acids were inversely correlated with Clos-
tridium XIVa and Enterococcus. Furthermore, Bacteroides displayed
opposite correlations with different selected metabolites during
aGVHD, which can explain the possible importance of tyrosine
metabolism in gut microbiota and underlying metabolic interac-
tions in host immune homeostasis.

However, we do acknowledge that there were some limitations
in this study. Firstly, the tyrosine-supplemented diets displayed a
striking protective role in the early stage of aGVHD but the sus-
tained effectiveness were not observed, which possibly because
the dose of tyrosine was incapable of remedying aGVHD at a later
stage or the compensatory mechanism of the organism under the
stimulation of pathological stress. Therefore, further studies are
warranted to verify whether tyrosine and curative property have a
dose-dependent relationship, or the combination therapy of com-
plex amino acids is needed to control the progression of aGVHD.
Secondly, it was supposed to find a certain gut microbiota that
were sensitive to tyrosine and consider it to be a regulator for the
treatment of aGVHD, and meanwhile provide molecular evidence
on the relationship between tyrosine gene expression and the
microbiota function. Nevertheless, decisive and dominant micro-
biota in this study was mostly unclassified at the genus level, such
as Porphyromonadaceae_unclassified, Lachnospiraceae_unclassified
and Peptostreptococcaceae_unclassified, which formed the obstacles
of the further genetic and molecular experiments. Deep sequenc-
ing technology has made it possible to characterize the composi-
tion of mixed bacterial samples and distinguish thousands of
bacteria, but complexity leads to many limitations in the identifi-
cation and functional verification of all species [48, 49]. Conse-
quently, further studies remain to be conducted to explore
unknown but exceptional species mainly through the separation,
purification and research of their genomes.

In all, these results provide a broader view of the effect of tyro-
sine on gut microbiome and metabolome. Further studies are
essential to uncover underlying mechanisms and potential biologi-
cal significances.
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