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Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is one of the most effective methods in the treatment
of leukemia and other malignant hematological diseases.
However, the occurrence of acute graft-versus-host disease
(aGVHD) seriously impairs the survival and prognosis of
patients, and the mortality rate of aGVHD is about 10%.1

During the development of aGVHD, the initial step consists of
injury to the host tissues caused by conditioning regimen.
Increasing reports have indicated that gastrointestinal toxicity, in
turn, could aggravate aGVHD through modulating the severity
of intestinal inflammation. The gut mucosal damage mediated by
aGVHD causes the bacterial translocation which further
stimulates antigen presenting cells thereby upregulates the
production of pro-inflammatory cytokines such as interleukin-
1 (IL-1) and interleukin-6 (IL-6).2 This proinflammatory process
provides appropriate environment for T-cell allo-activation and
has been proposed to play a particularly critical role in the initial
stage of aGVHD. In addition, the alterations in the compositions
of intestinal microbiota after allo-HSCT has also been shown to
be closely associated with the onset of aGVHD. The loss of
microbial diversity can result in the relative abundance of
pathogenic bacteria and the loss of Clostridia species, which is
considered to be benefit for the proliferation and activation of
regulatory T cells (Treg cells).3 This imbalance of the gut
microbiota finally breaks the immune homeostasis and promotes
the development of aGVHD.
Besides the loss of bacterial diversity and alteration of bacterial

composition, the variety of microbial metabolites after allo-
HSCT has also been shown to play an important role in aGVHD.
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Clostridial plays an important role in anti-inflammatory
homeostasis, including promoting intestinal epithelial cells (IECs)
to secret TGF-b through the production of butyrate, thus to
expand and activate Treg cells in intestinal tract and inhibit the
inflammatory effect of aGVHD.3 In addition, butyrate can
mitigate aGVHD through modulating histone acetylation in
IECs, reducing apoptosis and improving the junctional integrity
of IECs. Moreover, the infusion of clostridiales isolates mixture
with high concentration of butyrate can prolong the survival of
aGVHDmice.4 Althoughmost studies to date have elucidated the
effect of butyrate on aGVHD development, the microbiota
metabolite diversity is much more complex than the diversity of
microbiota,5 and numerous complexities of aGVHD-metabolite
remain to be explicated.
In a recent study published in Blood, Kunpeng Wu et al have

demonstrated that either choline-metabolized trimethylamine
N-oxide (TMAO) or high choline diet ameliorate the develop-
ment of aGVHD by promoting the differentiation and prolifera-
tion of pathogenic donor T cells (Th1 and Th17), which is
resulted from the effects of TMAO on the shifting macrophages-
immunity toward F4/80+CD11b+CD16/32+M1 macrophages
through NLRP3 inflammasome activation.6

Extensive research has shown that diet is an important
modulator of the metabolites production of the gut microbiota.
Studies reported that Choline, phosphatidylcholine and carni-
tine-containing dietary can generate TMAO by the altered action
of gut microbiota.5 Increased levels of plasma TMAO was
identified as an independent risk factor for promoting athero-
sclerosis, which induced vascular inflammation through NLRP3
inflammasome activation.7 Although previous studies have
indicated that TMAOmay play an important role in pathological
or inflammatory conditions, Kunpeng Wu et al are the first to
clarify its immunoregulatory role in the pathogenesis of aGVHD.
They found that oral TMAO treatment significantly accelerated
aGVHD, whereas 3,3-dimethyl-1-butanol (DMB), the analog of
choline, mediated protective effect in aGVHD. It is well-known
that microbial metabolite mainly influenced the development and
polarization of T lymphocytes.8 Correspondingly, Kunpeng Wu
et al showed that the differentiation of Th1 and Th17 was
remarkably upregulated in TMAO-treated GVHD recipients
through M1 macrophage polarization. Based on the rationale
that NLRP3 inflammasome activation is critical for M1
macrophage polarization and TMAO could promote cellular
NLRP3 inflammasome activation in endothelial cells, Kunpeng
Wu et al extended their study to demonstrate the effects of
NLRP3 inflammasome activation onM1 polarization in aGVHD
with TMAO treatment. Notably, an NLRP3 inhibitor (CY-09),
as well as Nlrp3�/� BMDMs attenuated TMAO-induced
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polarization of M1. They investigated that TMAO obviously
stimulated reactive oxygen species (ROS) generation, in particu-
lar, mitochondrial ROS (mtROS), which was the key player
during the activation of the NLRP3 inflammasome.9 They
additionally found that TMAO promoted NLRP3 expression by
inducing NF-kB nuclear localization. Finally, they showed that
TMAOwas not able to exacerbate aGVHD, nor did it induceM1
polarization when NLRP3 was lacking, indicating TMAO might
contribute to aGVHD by activating the NLRP3 inflammasome,
similar to its function in atherosclerosis.
Since dentritic cells (DCs) are important antigen presenting

cells (APCs) for initiation of pathogenic donor T-cell differentia-
tion during aGVHD,10 additional studies are needed to determine
the effects of TMAOon the expansion, function and activation of
DCs. Moreover, whether macrophages play a critical role during
TMAO-induced acceleration of aGVHD is also needed to be
further confirmed through in vivo experiments, such as
evaluating the impact of macrophages clearance on TMAO-
mediated aGVHD exacerbation. Given that elevated blood levels
of TMAO are shown to be closely associated with atherosclerosis
in human,7 additional studies are needed to determine whether
plasma TMAO levels in allo-HSCT patients are also linked to the
severity of aGVHD, and whether high plasma TMAO levels
could predict aGVHD risk. Furthermore, utilizing humanized
aGVHD mouse model or in vitro cell experiments to detect the
effects of TMAO on human T cell differentiation may add to
preclinical evidence that blockage of TMAO pathway offers
promise as a therapy to prevent aGVHD in humans. It will also be
critical to determine the effects of TMAO blockade on graft-
versus-leukemia (GVL) effect. It is important to note that M1
macrophages exert anti-tumor effects through secretion of ROS,
promotion of Th1 and CD8+T cells response.11,12 Even though
high plasma TMAO levels have been reported to be associated
with colorectal cancer (CRC), the causative link between high
TMAO concentration and cancer remains unknown.13 There-
fore, one might have concern that TMAO blockade could
compromise the GVL effect.
Recent clinical studies demonstrated that fecal microbiota

transplantation (FMT), one of the major strategies to intervene
intestinal dysbacteriosis, can restore intestinal microbiota
diversity and have the potential to reduce aGVHD occurrence.14

However, part of the patients did not benefit from FMT
treatment, and even have a risk for bacterial infection.15

Therefore, defining pivotal gut microbial metabolites in aGVHD
and exploring the interaction between gut microbial metabolites,
diet and aGVHD process are essential to provide new ideas for
effective and safe therapy during aGVHD. Kunpeng Wu et al
have clearly demonstrated that high choline diet generated
TMAO can obviously exacerbate aGVHD through promoting
the differentiation of Th1 and Th17 cells by activating NLRP3
inflammasome, thus TMAO blockade pathway may represent a
novel approach to preventing aGVHD. Nevertheless, it is still
www.blood-science.org
important to determine the association between high plasma
TMAO levels and aGVHD development in allo-HSCT patients.
Meanwhile, further studies are needed to elucidate the impact of
TMAO on human T cell differentiation, and the effect of TMAO
blockade on GVL responses. The results from these studies will
determine whether TMAO blockade could move closer to use in
clinic and whether TMAO blockade has the potential to separate
aGVHD and GVL effects.
ACKNOWLEDGEMENTS

This work has been supported by National Key Research and
Development Program (2019YFC0840604), and National
Natural Science Foundation of China (81730003).
REFERENCES

[1] Choi SW, Reddy P. Current and emerging strategies for the prevention of
graft-versus-host disease. Nat Rev Clin Oncol 2014;11 (9):536–547.

[2] Ferrara JL, Smith CM, Sheets J, Reddy P, Serody JS. Altered homeostatic
regulation of innate and adaptive immunity in lower gastrointestinal
tract GVHD pathogenesis. J Clin Invest 2017;127 (7):2441–2451.

[3] Atarashi K, Tanoue T, Oshima K, et al. Treg induction by a rationally
selected mixture of Clostridia strains from the humanmicrobiota.Nature
2013;500 (7461):232–236.

[4] Mathewson ND, Jenq R, Mathew AV, et al. Gut microbiome-derived
metabolites modulate intestinal epithelial cell damage and mitigate graft-
versus-host disease. Nat Immunol 2016;17 (5):505–513.

[5] Sonnenburg JL, Backhed F. Diet-microbiota interactions as moderators
of human metabolism. Nature 2016;535 (7610):56–64.

[6] Wu K, Yuan Y, Yu H, et al. Gut microbial metabolite trimethylamine N-
oxide aggravates GVHD by inducing M1 macrophage polarization in
mice. Blood 2020;136 (4):501–515. doi:10.1182/blood.2019003990.

[7] Chen ML, Zhu XH, Ran L, Lang HD, Yi L, Mi MT. Trimethylamine-N-
oxide induces vascular inflammation by activating the NLRP3
inflammasome through the SIRT3-SOD2-mtROS signaling pathway. J
Am Heart Assoc 2017;6 (9). doi:10.1161/JAHA.117.006347.

[8] Belkaid Y, Hand TW. Role of the microbiota in immunity and
inflammation. Cell 2014;157 (1):121–141.

[9] Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in
NLRP3 inflammasome activation. Nature 2011;469 (7329):221–225.

[10] Koyama M, Hill GR. The primacy of gastrointestinal tract antigen-
presenting cells in lethal graft-versus-host disease. Blood 2019;134
(24):2139–2148.

[11] Deng W, Lira V, Hudson TE, et al. Recombinant Listeria promotes
tumor rejection by CD8(+) T cell-dependent remodeling of the tumor
microenvironment. Proc Natl Acad Sci USA 2018;115 (32):8179–8184.

[12] Tamura R, Tanaka T, Yamamoto Y, Akasaki Y, Sasaki H. Dual role of
macrophage in tumor immunity. Immunotherapy 2018;10 (10):899–
909.

[13] Chan CWH, Law BMH,WayeMMY, Chan JYW, SoWKW,ChowKM.
Trimethylamine-N-oxide as one hypothetical link for the relationship
between intestinal microbiota and cancer—Where we are and where
shall we go? J Cancer 2019;10 (23):5874–5882.

[14] DeFilipp Z, Peled JU, Li S, et al. Third-party fecal microbiota
transplantation following allo-HCT reconstitutes microbiome diversity.
Blood Adv 2018;2 (7):745–753.

[15] DeFilipp Z, Bloom PP, Torres Soto M, et al. Drug-resistant E. coli
bacteremia transmitted by fecal microbiota transplant. N Engl J Med
2019;381 (21):2043–2050.
147

http://www.blood-science.org

	High-choline diets ameliorate acute graft-versus-host disease
	ACKNOWLEDGEMENTS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for Quad Graphics' Midland MI Facility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


