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Allogeneic hematopoietic stem cell transplantation (HSCT) is the solitary therapeutic
therapy for many types of hematological cancers. The benefits of this procedure are
challenged by graft vs. host disease (GVHD), causing significant morbidity and mortality.
Recent advances in the metabolomics field have revolutionized our understanding of
complex human diseases, clinical diagnostics and allow to trace the de novo biosynthesis
of metabolites. There is growing evidence for metabolomics playing a role in different
aspects of GVHD, and therefore metabolomic reprogramming presents a novel tool for this
disease. Pre-transplant cytokine profiles and metabolic status of allogeneic transplant
recipients is shown to be linked with a threat of acute GVHD. Immune reactions underlying
the pathophysiology of GVHD involve higher proliferation and migration of immune cells to
the target site, requiring shifts in energy supply and demand. Metabolic changes and
reduced availability of oxygen result in tissue and cellular hypoxia which is extensive
enough to trigger transcriptional and translational changes. T cells, major players in acute
GVHD pathophysiology, show increased glucose uptake and glycolytic activity. Effector T
(Teff) cells activated during nutrient limiting conditions in vitro or multiplying during GVHD in
vivo, depend more on oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO).
Dyslipidemia, such as the increase of medium and long chain fatty and polyunsaturated
acids in plasma of GVHD patients, has been observed. Sphingolipids associate with
inflammatory conditions and cancer. Chronic GVHD (cGVHD) patients show reduced
branched-chain amino acids (BCAAs) and increased sulfur-containing metabolites post
HSCT. Microbiota-derived metabolites such as aryl hydrocarbon receptor (AhR) ligands,
bile acids, plasmalogens and short chain fatty acids vary significantly and affect allogeneic
immune responses during acute GVHD. Considering the multitude of possibilities, how
altered metabolomics are involved in GVHD biology, multi-timepoints related and
multivariable biomarker panels for prognosticating and understanding GVHD are
needed. In this review, we will discuss the recent work addressing metabolomics
reprogramming to control GVHD in detail.
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INTRODUCTION

Metabolomics is an extensively used set of techniques designed to
analyze metabolomic profiles in bio-fluids and tissue extracts.
Metabolomics helps to understand biomarkers and phenotypic

biochemical changes caused by a disease or its therapeutic
intervention (Johnson et al., 2016). To reliably determine
activities of metabolic pathways, use of Stable Isotope Resolved
Metabolomics (SIRM) tracer approach is extensively increasing
(Fan et al., 2012) (Sellers et al., 2015) (Bruntz et al., 2017)

FIGURE 1 |Multi-omics workflow. Metabolomics analysis involves tissue collection which needs to be snap frozen in liquid Nitrogen. Frozen tissues areminced and
subjected to polar and non-polar metabolites, DNA, Protein extraction according to the requirement for target and processed further for respective approach. Collected
data is subjected to metabolites detection, data reduction and analysis, which may help to generate or prove a hypothesis.
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(Michonneau et al., 2019). Metabolomic analysis have shown
differences between localized and systemic metabolic profiles
resulted from inflammation and provide novel biomarker for
therapeutic intervention in various human diseases (Kapoor et al.,
2013). Therapeutic modulation of cell signaling by prioritizing
alternative metabolic pathways may serve as therapeutic
intervention. Figure 1 depicts the multi-omics workflow to
analyze the immunoregulatory metabolites. Various different
metabolic shifts have been identified in inflammatory
disorders (Kominsky et al., 2010; Kang et al., 2015).

Allogeneic hematopoietic cell transplantation (allo-HSCT) is a
potential therapeutic course of action for patients with a diversity
of acquired and inherited malignant and nonmalignant disorders
to establish marrow and immune function. Currently there are
more than 25,000 procedures performed annually and increasing
regularly. Allo-HSCT involves the infusion of donor
hematopoietic stem and progenitor cells into the patient.
Interactions between the donor immune system and the

recipient tissue result in a devastating complicated disease,
called graft vs. host disease (GVHD), which is significantly
linked with mortality and morbidity (Ferrara et al., 2009). The
pathophysiology of acute GVHD (aGVHD) involves donor
T cells and inflammatory cytokine-mediated injury to patient’s
organ tissues as a result of transplant and conditioning regimen.
The primary organs affected during GVHD are intestine, lung,
liver, skin and the immune system. GVHD target organs show
differential kinetic and often discordant progression and vary in
cytokine profiles among themselves, despite an allogeneic T cell
response being considered the driving cause (Kumar et al., 2017).
Figure 2 shows the phases of GVHD pathophysiology with
immunoregulatory aspects -modified from Ferrara et al., 2009.

Metabolic regulation is important for immunoregulation and
GVHD, and pretransplant cytokine profiles and metabolic status
of allotransplant recipients are shown to be associated with a risk
of later a GVHD development (Reikvam et al., 2016). Previous
studies suggest differences in immune cells metabolism and may

FIGURE 2 | Schematic overview of graft vs. host disease (GVHD) pathophysiology with immunoregulatory aspects: Conditioning regimen at the time of transplant
causes damage to the host tissues. This leads secretion of pro-inflammatory cytokines like tumor necrosis factor interleukin-6 and interleukin-1. These pro-inflammatory
cytokines induce antigen presenting cell activation. Conditioning regimen also disturbs the homeostasis at intestinal mucosal Frontier due to damage caused to epithelial
barrier injury and the microbiome niche. This causes increased movement of bacteria, MAMPs (microbe-associated molecular patterns), and polysaccharides to
the mucosa. This consist phase-I of GVHD development. During phase 2, activated antigen presenting cells induce T cell maturation and proliferation. The effector T cells
and an inflammatory cytokine storm together affect the host tissue causing further damage and perpetuating the cycle that aggravates GVHD, considering phase III.
Figure modified from (Ferrara et al., 2009) Lancet 2009; 373: 1,550–61.
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have significant association with GVHD pathology (Kalaeva et al.,
2019).

Scientific reports suggest a valid possibility of inhibiting
glycolysis to treat GVHD while not affecting the graft-versus-
tumor (GVT) effect after allo-HSCT. Inhibition of Hexokinase-2,
a glucose-metabolizing enzyme reduced activation and function
of allogeneic T cells. Lower levels of glycolysis would support the
generation of long-lived CD8 T cells which are important in
maintaining the GVT effect (Nguyen et al., 2018).

Michoneau D. et al compared the metabolomic profiles of
allogeneic-HSCT recipients without GVHD with healthy subjects
(plasma of sibling donors obtained before stem cell collection)
and observed a significant increase in the amounts fatty acid,
mono and diacylglycerol and primary bile acids, which are
complex lipid metabolites. Tryptophan-metabolites and taurine
production were robustly decreased after transplantation,
although polyamine metabolites (5-methylthioadenosine
(MTA) and N-acetylputrescine) were increased in recipients
without GVHD (Michonneau et al., 2019). These reports
suggest identification and characterization of specific metabolic
pathways are crucial steps in the identification of novel targets for
prevention and therapy of GVHD after allo-HSCT.

ORGAN AND SERUM METABOLOMICS

Previous work has shown that T effector cells (Teff) cells may
show reprogramming of metabolic phenotypes induced by
varying levels of oxygen tension among tissues. These changes
in metabolic phenotypes are regulated by hypoxia-inducible
factors (HIFs) (McNamee et al., 2013). Studies showed that
hypoxia occurs concomitantly with inflammatory responses.
Hypoxia can induce inflammation, and inflamed lesions often
subsequently become severely hypoxic (Eltzschig and Carmeliet,
2011; Bartels et al., 2013). Under hypoxic conditions, T cells
utilize glutamine in lieu of glucose for lipogenesis and may shift
from oxidative to reductive metabolism (Pearce and Pearce, 2013;
Nguyen et al., 2018). No studies have been conducted on whole
tissue to study their metabolomics reprograming during GVHD
pathophysiology. Allotransplant recipients with chronic GVHD
(cGVHD) showed an altered serum metabolic profile after one
year of transplant which was due to the underlying disease and
related immunosuppressive treatment (Reikvam et al., 2017).

T CELLS METABOLISM AND ALLO-HSCT

Immune cells metabolism have been shown to differ during
GVHD pathophysiology and associate significantly (Kalaeva
et al., 2019). Various metabolic phenotypes have been
identified in inflammatory disorders (Kominsky et al., 2010;
Kang et al., 2015). Metabolic switching in T cells is dynamic
and is linked to functional changes on activation (van der Windt
and Pearce, 2012).

Naïve T cells solely depend on oxidative phosphorylation
(OXPHOS) to meet their energy requirements (Gerriets and
Rathmell, 2012). Upon antigen recognition, naïve T cells

differentiate into Teff cells and most of these Teff cells die,
however a subset of long-lived memory T cells (Tm) sustain
after antigen clearance.

Metabolism of Teff shows shift to anaerobic glycolysis as a
main energy source (Gerriets and Rathmell, 2012; Yang et al.,
2013). Anaerobic glycolysis produces only up to 2 mol adenosine
triphosphate (ATP) per mol glucose oxidized into pyruvate and
thence lactate via the mitochondrion-independent metabolism.
However, OXPHOS may produce up to 30 ATP per glucose
molecule. Anaerobic glycolysis supplies metabolites for cell
growth and proliferation, and subsequently stimulate the
pentose phosphate pathway (PPP), which builds nucleotides
and amino acids that eventually produce NADPH to maintain
cellular redox balance (NADP+/NADPH) (Vander Heiden et al.,
2009). Teff also use glutamine as a carbon source to fuel the
tricarboxylic acid (TCA) cycle via α-ketoglutarate (α-KG) through
the process of glutaminolysis (Metallo et al., 2011; Wang et al.,
2011). Glutamine has been considered a crucial source of energy
and macromolecule production in activated T cells and their
development after allo-HSCT and during GVHD (Tijaro-Ovalle
et al., 2019).

Quiescent T cells (i.e., naive or memory T cells) follow a
catabolic metabolism where nutrients are broken down to
support cell survival. On the contrary, activated T cells acquire
an anabolic metabolism, where nutrients are used to form the
molecular building blocks that are integrated into cellular
biomass to continue proliferation. The balance of catabolic
and anabolic reactions in a cell decides the amount of ATP
generated vs. consumed (van derWindt and Pearce, 2012). T cells
increase their oxygen consumption compared to resting T cells
and show a hyperpolarized mitochondrial membrane potential,
with a simultaneous increase in reactive oxygen species (ROS)
production. It has been shown that inhibition of the
mitochondrial F1F0-ATPase avert GVHD without altering
homeostatic reconstitution, thus OXPHOS is required for allo-
reactive T cell survival (Chiaranunt et al., 2015; Tijaro-Ovalle
et al., 2019). These metabolic changes in T cells on activation
suggests their adjustment to new requirements and conditions
and regulation of these metabolic changes may serve as
innovative therapeutic approach.

T cells in aGVHD patients have been shown to be polarized
toward pro-inflammatory T cells and have higher glycolytic
activity in contrast to T cells of non-aGVHD patients.
Importantly, in vitro treatment of T cells derived from
aGVHD patients with the glycolysis inhibitor 3PO improved
their activity through reducing the glycolytic activity (Wen,
2019). Inhibition of mTOR with rapamycin reduces glycolysis
and intensify fatty acid oxidation (FAO) in donor T cells which
may reduce alloreactive T cells and enhance regulatory T cell
(Treg) function (Herrero-Sánchez et al., 2016).

Activated B cells share a few metabolic phenotype with T cells
and show increased glucose uptake and induction of glycolysis
(Doughty et al., 2006; Dufort et al., 2007).

Assmann et al. showed that higher glycolytic activity
diagnosed by hyperpolarized 13C-pyruvate MRI of the liver
showing high conversion of pyruvate to lactate, could
differentiate allogeneic from syngeneic HSCT recipients, before
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chronic GVHD developed clearly. Authors observed similar
metabolic changes on single cell sequencing of T cells obtained
from patients undergoing allogeneic HSCT. Their finding
indicated the value for using this imaging technique in the
clinical post-HSCT setting which may allow early, non-
invasive diagnosis of GVHD (Assmann et al., 2020).

The naïve T cells expanding into Teff cells can alternatively
obtain a Treg phenotype. In vitro differentiated Tregs show
reduced glycolytic activity and depend more on FAO and
OXPHOS compared to Teff cells. Hence general metabolic
phenotype of Tregs resembles to that of naïve T cells. The
type 1 regulatory T cell subset (Tr1) show metabolic
phenotype similar to Teff cells, showing a high rate of aerobic
glycolysis. Tr1 cells reduce the T cell responses by the generating
interleukin (IL)-10 and do not show Foxp3 expression (Almeida
et al., 2016).

Effector function of T cells like proinflammatory cytokine
production requires aerobic glycolysis, however it is
downregulated along with glutamine metabolism during their
transition to memory phase. In contrary FAO is induced to help
memory T cell function (Zou and Chen, 2020).

It has been revealed that in naive T cells and memory T cells,
Adenosine monophosphate-activated protein kinase (AMPK)-
mediated oxidative metabolic state plays important role in cell

survival and adapting to the energetic needs (Zou and Chen,
2020). Rational for AMPK mediated oxidative metabolism has
been shown by administration of metformin. Metformin activates
AMPK therefore promotes FAO and might reduce GVHD by
supporting the differentiation of Treg and affecting the balance
between T helper (Th)-17 and Treg cells (Park et al., 2016).

Scientists suggest the necessity of novel approaches that
selectively target alloreactive T cells as the approaches known
to inhibit the T cell response are not specific and inhibits
alloreactive and protective T cells as well. Exploring the
unique metabolic profiles of activated T cells could allow one
to target and inhibit them in specific manner (Zou and Chen,
2020). T cells metabolic reprogramming during their activation
and differentiation is shown in Figure 3.

OTHER IMMUNE CELLS METABOLISM

In contrast to lymphocytes that proliferate within tissues,
Polymorphonuclear leukocytes (PMNs) (neutrophils),
macrophages, and dendritic cells, circulate in the bloodstream
and are recruited to sites of inflammation during immune
response to foreign invaders. During their movement, these
cells undergo various changes as they require huge amounts of

FIGURE 3 | T cells metabolic reprogramming. Naïve T cells are highly dependent on Oxidative Phosphorylation (OXPHOS) and utilize catabolic metabolism which
involves breaking down metabolites into smaller units that are either metabolized to produce energy or utilized in anabolic reactions. Upon antigen recognition, naïve
T cells differentiate into Teff cells andmost of these Teff cells die upon antigen clearance, but a subset of long-livedmemory T cells (Tm) sustain. Teff cells showmetabolic
shift to glycolysis and show increased pentose phosphate pathway activity. Teff cells tend to utilize glutamine instead of glucose as amajor lipogenic precursor. Teff
cells show hyperpolarized mitochondrial membrane potential, with a simultaneous rise in the production of reactive oxygen species (ROS) that further mediate damage
and inflammation. Tm cells show increased fatty acid oxidation. Rapamycin, which inhibits glycolysis, and Metformin which induces AMPK activity, that is involved in
glycolysis inhibition, have shown to attenuate GVHD. This is mediated by enhanced fatty acid oxidation (FAO) in donor T cells which may reduce alloreactivity of T cells
and enhance regulatory T cell (Treg) function.
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energy in the form of ATP for actin turnover and migration.
Further metabolic changes are needed to perform phagocytosis
and microbial killing. PMNs are able to perform at deep
inflammatory lesions that usually have low oxygen
concentrations (even anoxia) and this is ensured by their
primarily glycolytic nature and few mitochondria, and little
energy production from respiration. It has been shown that
PMNs have unique mitochondrial properties to maintain a
transmembrane potential. This is maintained by the glycerol-
3-phosphate shuttle that helps to regulate aerobic glycolysis as
opposed to producing energy. PMNs develop these unique
mitochondrial phenotype during their differentiation from
myeloid precursor cells (Kominsky et al., 2010). Figure 4 A
shows the metabolic pathway of activated neutrophils.
Cytokines and cytotoxic molecules such as reactive oxygen
species and reactive nitrogen species generated from
macrophages and neutrophils are required to kill invading
organisms and are involved in clearing infection and repairing
tissue damage. These processes consume enormous amount of
oxygen, ATP and NADPH and thus leads to significant metabolic
changes (Kapoor et al., 2013). Critical metabolic changes and
distinct phenotypes have been identified that are required for

neutrophil differentiation and functions (Kumar and Dikshit,
2019; (Viola et al., 2019).

Macrophages may show differential metabolism depending on
their extreme: a pro-inflammatory (M1) and an anti-
inflammatory/pro-resolving (M2). M1 macrophages depend
solely on glycolysis and present two stops on the TCA cycle
that result in collection of itaconate and succinate. Itaconate is a
microbicide compound and succinate has been considered to be
involved various immune responses. In contrast, M2 cells are
mainly dependent on OXPHOS, and do not show any break in
TCA cycle that provides the substrates for the complexes of the
electron transport chain (ETC) (Viola et al., 2019). Figure 4B
represents the metabolic pathways of M1 and M2 macrophages.

Dendritic cells (DCs), on stimulation, show decreased
OXPHOS, with simultaneous increase in glycolysis and pentose
phosphate pathway activity, similar to M1 macrophages. Upon
stimulation with lipopolysaccharides (LPS) and other pathogen-
associated molecular patterns (PAMPs), both DCs and
macrophages show mitochondrial collapse (meaning a decrease
in ATP production) resulted from nitric oxide (NO) production
from arginine (Mills et al., 2017). Figure 4C represents the
metabolic pathways of activated dendritic cells.

FIGURE 4 | Metabolic pathways of other immune cells. (A) Non-activated vs. activated neutrophils: Polymorphonuclear cells are mainly glycolytic in nature, and
have few mitochondria, and produce low energy from respiration to ensures their function at low oxygen concentrations (even anoxia) and maintain a transmembrane
potential via the glycerol-3-phosphate shuttle. NETs: Neutrophil extracellular traps. (B) Metabolic pathways of Macrophages: Macrophages may show differential
metabolism depending on their extreme: a pro-inflammatory (M1) and an anti-inflammatory/pro-resolving (M2). M1 macrophages are dependent solely on
glycolysis and present two breaks on the TCA cycle, causing collection of itaconate and succinate. In contrast, M2 cells aremainly depend onOXPHOS, and do not show
any break in TCA cycle and provides the substrates for the electron transport chain (ETC). On stimulation with lipopolysaccharides (LPS) and other pathogen-associated
molecular patterns, macrophages showmitochondrial collapse (meaning a decrease in ATP production) that resulted from nitric oxide (NO) production from arginine. (C)
Metabolic pathway of dendritic cells. Dendritic cells (DCs), on stimulation, show decreased OXPHOS, with simultaneous increase in glycolysis and pentose phosphate
pathway activity, similar to M1 macrophages. On activation with lipopolysaccharides (LPS) and other pathogen-associated molecular patterns, both DCs also show
mitochondrial collapse (meaning a decrease in ATP production) that resulted from nitric oxide (NO) production from arginine.
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POSSIBLE METABOLIC BIOMARKERS/
PATHWAYS AS THERAPEUTIC TARGETS

Allo-HSCT recipients developing aGVHD manifest alteration of
preconditioning/pretransplant levels of various
immunoregulatory metabolites. This observation suggests that
these altered metabolite may serve as biomarkers for GVHD
prediction (Reikvam et al., 2016).

Glycolytic Pathway Metabolites
Energy or ATP generation in cells involves fundamental cellular
processes such as Glycolysis and OXPHOS (Buck et al., 2015;
Cameron et al., 2016). Glycolysis interconnects with Kreb’s cycle
and the PPP, and any changes in glycolytic activity consequently
affect PPP pathway, which is critical for nucleotide biogenesis,
glutathione reduction, and NADPH regeneration (Filosa et al.,
2003). Studies have shown that glycolysis is required for
appropriate action of alloreactive T cells and GVHD
development. This is evidenced by inhibition of glycolysis by
targeting mTORC1 or 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3) that reduced GVHD mortality and
morbidity in mouse models (Nguyen et al., 2016; Nguyen et al.,
2018). This observation suggested that glycolysis may be a
possible therapeutic target to reduce GVHD development.

Krebs Cycle Intermediates
Krebs cycle intermediates such as succinate, fumarate and
citrate succinate are involved in physiological reaction
related to immunity and inflammation, considering both
innate and adaptive immune cells (Mills et al., 2017). These
metabolites are accumulated in M1 macrophages due to
presence of several break points in the Krebs cycle. The
break point at the enzyme succinate dehydrogenase (SDH),
that converts succinate to fumarate and also serves as complex
II of the ETC, leads to collection of succinate. Oxidation of
succinate by SDH results in ROS production from complex I
during reverse electron transport (RET) and causes activation
of HIF-1α and HIF-1α-dependent gene expression; like gene
encoding IL-1β. Succinate is also known to limit the
production of anti-inflammatory cytokines, particularly of
IL-10. Inhibition of SDH with dimethylmalonate (DMM)
inhibits production of LPS-induced mitochondrial ROS and
IL-1β and various proinflammatory genes in macrophages, and
enhance the expression of IL-10 and anti-inflammatory genes
(Mills et al., 2017).

Macrophages use the metabolite itaconate to control
excessive ROS production and hyperinflammation by which
they can limit SDH function and proinflammatory response.
The amount of itaconate is increased in LPS-activated M1
macrophages because of reduced expression of isocitrate
dehydrogenase, as this enzyme distracts citrate away from
itaconate. M1 macrophages and LPS-induced macrophages
show increased expression of the enzyme Irg1, that carry
out the decarboxylation of aconitate (produced from citrate)
to Itaconate (Tannahill et al., 2013; Lampropoulou et al.,
2016). Itaconate treatment has been shown to have anti-
inflammatory effects and antibacterial effects by reducing

the level of IL-1β, IL-12p70 and IL-6, as well as inducible
Nitric Oxide synthase (iNOS) expression and ROS production,
on LPS-induction, by limiting RET as a result of decreased
succinate oxidation by SDH in macrophages (Chouchani et al.,
2014).

The decreased amount of isocitrate dehydrogenase results
in accumulation of itaconate and citrate as well, which initiates
an inflammatory response in M1 macrophages (Tannahill
et al., 2013). Citrate is required for fatty acid biosynthesis,
which are shown to be involved in inflammation and GVHD
pathophysiology to some extent (Mills et al., 2017; Nguyen
et al., 2018).

Histone acetylation regulates transcriptional activation,
histone acetyltransferase enzymes acetylate amino- terminus of
histone H3 and H4. Histone deacetylase (HDAC) inhibitors can
result in altered pattern of gene expression and may show anti-
inflammatory and immunoregulatory effects (Choi and Reddy,
2011; Choi and Reddy, 2014).

Activity of some of the enzymes regulating histone and DNA
demethylation, for example the α-KG-dependent Jumonji
C-domain-containing histone demethylases (JMJDs) and the
Ten-eleven translocation (TET) family of 5mC hydroxylases,
can be based on the ratio of α-ketoglutarate (α-KG) to
succinate and this ratio can play important role to remodel
the epigenome (Benit et al., 2014).

Pentose Phosphate Pathway (PPP)
Intermediates
In murine models of GVHD, alloantigen-activated T cells
indicate increased PPP activity (Nguyen et al., 2016).
Intracellular glucose metabolized by various reaction to
Ribose-5P and is controlled by glucose-6-phosphate
dehydrogenase in the oxidative branch of the PPP, which is
potentially higher in allogeneic T cells (Nguyen et al., 2016).
Reductive biosynthesis of antioxidant molecules such as GSH
requires formation of NADPH, which is produced in the
oxidative arm of the PPP. GSH is known to promote T-cell
expansion by driving glycolysis and glutaminolysis, and
assisting mTORC1 and c-Myc signaling during inflammation
(Nguyen et al., 2018). Nguyen HD et al. observed that
inhibition of FAO by Etomoxir (Eto; a CPT1A inhibitor) or
inhibition of PPP by dehydroepiandrosterone (DHEA; a
glucose-6 phosphate dehydrogenase inhibitor) were not enough
to significantly affect donor T cell proliferation (Wang et al., 2011;
Nguyen et al., 2016). However Byesdorfer et al. reported that
in vivo inhibition of FAO by etomoxir exclusively reduced
alloreactive T cells and decreased GVHD severity without
affecting homeostatic T cells or immune reconstitution
(Byersdorfer et al., 2013).

Amino Acids Metabolites
Amino acid metabolism is shown to be linked with
inflammation (Durham et al., 2009; Suh et al., 2014). It is
shown that the branched-chain amino acids (BCAAs) leucine
and isoleucine were decreased. In contrast the sulfur-
containing metabolite (cystine) was raised at day +10 and
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day +100 in cGVHD patients when compared to cGVHD-free
patients at respective time points. Group segregation analysis
by hierarchical clustering to generate a heatmap on the basis of
these variables clustered cGVHD patients from cGVHD-free
patients (Alborghetti et al., 2019). This suggested significant
involvement of BCAAs and the sulfur-containing metabolite
in cGVHD pathophysiology. Another study reported altered
pretransplant amino acid metabolites in plasma of patients
which later developed aGVHD. This alteration involved
immunoregulatory branched chain amino acids (leucine,
isoleucine and valine); and proinflammatory tyrosine
metabolites (p-cresol sulfate, 3-phenylpropionate) produced
by the gastrointestinal microbial flora (Reikvam et al., 2017).

p-Cresol is soaked up from the intestine and detoxified in the
liver by conjugation (sulfatation and glucuronidation), producing
p-cresylsulfate and p-cresylglucuronide (de Loor et al., 2005) in
serum. These bioproducts have proinflammatory and
proapoptotic effects as they activate production of free radical
from leukocyte (Poveda et al., 2014), and affect the response of
endothelium to inflammatory cytokines and the cytokine release
by monocytes (Schepers et al., 2007).

Tryptophan metabolism plays a significant role in
immunoregulation. For example, indoleamine 2,3-dioxygenase,
the rate-limiting enzyme of tryptophan degradation in the
kynurenine pathway, acts in a potent immune regulatory loop
and participate in the GVHD pathophysiology (Paczesny, 2013).

Patients with cGVHD showed a significantly higher levels of
phenylacetate, 3-(4-hydroxyphenyl) lactate, phenylalanine, and
tyramine o-sulfate in comparison to patients without cGVHD
which could result from altered intestinal microbiota or
functions. cGVHD patients in the same study also showed
higher levels of biomarkers for proteolysis and accelerated
protein catabolism, involving N-acetylserine, N-acetylaspartate,
N-acetylasparagine, N-acetylglutamate, and 1-methylhistidine
(Reikvam et al., 2017).

Significant interaction of host and microbial metabolism is
seen, and the microbiome has been shown to be capable of
metabolizing drugs and thus modulating host response.
Production of bioactive indole-containing metabolites such as
indoxyl sulfate and the antioxidant indole-3-propionic acid
(derived from tryptophan metabolism) and multiple organic
acids containing phenyl groups are impacted by presence of
gut microbes and composition (Wikoff et al., 2009).

Oxidative Stress and Redox Metabolism
The preceding disease conditions and the necessity for
conditioning therapy for allo-HSCT may result in oxidative
stress. The increased level of intracellular levels of ROS can
destruct lipids, proteins and DNA and has been linked to
various disease pathologies (Schieber and Chandel, 2014). The
cellular ROS could contribute to GVHD pathogenicity
significantly. Thioredoxin (Trx) an enzyme that is ubiquitously
expressed enzyme, scavenges ROS and regulates other enzymes
that metabolize H2O2 to prevent oxidative stress. Tregs express
and secrete increased levels of Trx compared to conventional
CD4 T cells. Trx-1 is potentially required for the resilience of
Tregs to oxidative stress and encourage the expression of surface

thiols in higher amount. The role of Trx is well known in
controlling the expansion and/or migration of T cells (Sofi
et al., 2017).

A study conducted by Reikvam and his team suggested altered
protein metabolism associated with disturbed redox homeostasis in
cGVHD patients, and hierarchical clustering analyses for “oxidative
stress”metabolites resulted in twomain clusters with high frequency
of cGVHD patients in subset showing high levels of these
metabolites. These metabolites increased in cGVHD patients were
gamma-glutamyl amino acids (e.g., gamma-glutamylglutamate,
gamma-glutamyltryptophan, gamma-glutamylphenylalanine, and
gamma-glutamylthreonine) and their activity that is critical for
recycling and regeneration of the antioxidant glutathione and
other oxidative stress markers, considering alpha-tocopherol,
cysteine sulfonic acid, and methionine sulfoxide, were also seen
in cGVHD patients (Reikvam et al., 2017).

NO production has various detrimental effects which
associates with increased levels of NO synthesis via the
inducible form of iNOS. Detrimental effects are mainly carried
out by tissue injury due to NOmediated by direct interplay of NO
with target tissues. The indirectl detrimental effects of No
production take place via proinflammatory functions of NO
like apoptosis in intestinal epithelial cells, killing of alveolar
type II epithelial cells, mediating expression of the chemokine
macrophage Inflammatory Protein-2 and hereby encouraging the
movement of immune cells into tissues with increased NO
production.

NO production also has beneficial effects like inhibition of
P-selectin expression by platelets and neutrophils, inhibition of
the activation of cyclooxygenase and the production of
superoxide anion by leukocytes, inhibition of Ag presentation
and T cell proliferation and immunosuppression of alveolar
macrophages in the lung. The balance between the detrimental
and beneficial effects in inflammatory disease settings is most
likely determining the effect of NO and reactive nitrogen
intermediates and may be influenced by the phase and
intensity of inflammatory diseases, like GVHD and idiopathic
pneumonia syndrome (Hongo et al., 2004). These observations
suggested that regulation of iNOS may serve as an innovative
therapeutic approach and may require extensive analysis.

The early oxidation of plasma glutathione and its oxidized
form (GSH/GSSG) redox couple along with significant increase in
hepatic protein oxidative damage and ROS production has been
observed irrespective of radiation conditioning treatment.
Authors also suggested the requirement of future studies to
understand the mechanisms for these alterations and examine
the importance of antioxidant intervention approaches to prevent
GVHD (Suh et al., 2014).

Lipids and Their Derivatives
Recent research advancement and attention have increased the
understanding of lipid metabolism considered in the
improvement of inflammation and responses at mucosal
Frontier. Dyslipidemia (abnormal amount of lipids) commonly
occurs post-HSCT and use of effective lipid lowering therapy in
this setting suggests role of lipids metabolism in modulating
graft-versus-host disease (GVHD) (Marini et al., 2015). COX-
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derived lipid mediators named the resolvins and the maresins
have been shown to reduce human PMN trans endothelial
migration, DC migration, and IL-12 production (Serhan et al.,
2008; Kominsky et al., 2010).

The regulators of fatty acid uptake and FAO are known to
reduce crucially after autologous or allogeneic HSCT, in
comparison to resting T cells. It has been shown in both
human and mouse models that inhibition of ACC1, a
potential mediator for de novo fatty acid synthesis, reduce
Th17 development supporting the formation of anti-
inflammatory Foxp3+ Tregs (Berod et al., 2014; Tijaro-Ovalle
et al., 2019).

In addition to upregulation of FAS associated enzymes,
alloreactive T cells show a propensity for the stacking up of
long-chain fatty acids. Interference of acetyl-CoA carboxylase 1
(TACC1) inhibiting the FAS halted clonal expansion of
alloreactive T cells in vitro further suggesting the critical role
of FAS to promote GVHD development (Byersdorfer et al., 2013;
Raha et al., 2016; Cluxton et al., 2019).

Enhanced lipid synthesis promotes the proinflammatory Teff
phenotype while lipid oxidation favors iTreg differentiation,
validating the role of FAS in GVHD development (Zou and
Chen, 2020).

Saturated fatty acids are known to induce inflammation in
part by mimicking the actions of lipopolysaccharide (Fritsche,
2015). Tripathy D et al showed that increased levels of plasma
free fatty acid (FFA) promote oxidative stress and has a
proinflammatory effect; besides it disturbs the post-ischemic
flow-mediated vasodilation of the brachial artery (Tripathy
et al., 2003).

Polyunsaturated fatty acids (PUFAs) are essential to tissue
homeostasis and cannot be synthesized by the body and need to
be obtained through dietary sources. w-6 PUFAs leads to
proinflammatory lipids, whereas v-3 PUFAs are metabolized
to anti-inflammatory lipid mediators (Kominsky et al., 2010).

Analysis of lipidome and metabolome in blood samples taken
prior to transplant suggested a crucial pro-inflammatory
metabolic profile in patients who later developed GVHD
(Contaifer et al., 2018a). Lipids containing polyunsaturated
fatty acid (known as modulators of inflammation) - such as
arachidonic (20:4) eicosapentaenoic (20:5) and docosahexaenoic
acid (22:6) containing lipids are predictors of GVHD (Contaifer
et al., 2018b). Medium and long chain fatty and polyunsaturated
acid were shown to rise in plasma of GVHD patients
(Michonneau et al., 2018; Michonneau et al., 2019).

Polyunsaturated fatty acids are the precursor metabolites of
the eicosanoid family, such as leukotriene or prostaglandin (PG)
(Calder and Grimble, 2002). Leukotriene or prostaglandin are
known to be associated with generation of pro-inflammatory
cytokines like interferon-γ, TNF-α, and IL-17, and gut integrity
respectively. Inhibition of 5-lipoxygenase (5-LO) which reduces
leukotriene B4 generation from arachidonic acid has been shown
to protect mice from aGVHD (Rezende et al., 2017).

Isobutyrylcarnitine and propyonylcarnitine levels which are
crucial for the transport of fatty acids and the release of
immunoregulatory cytokines, were altered pretransplant
samples of patients who later developed GVHD (Reikvam

et al., 2016). These carnitines may also affect the trafficking of
immunocompetent cells and therefore play important role
in GVHD.

It is suggested that systemic steroid treatment of patients with
cGVHD, alters the fatty acid/triglyceride metabolism including
phospholipid, lysolipid, plasmalogen, metabolites. However
several of them are also increased during inflammation
(Reikvam et al., 2017) thus treatment of patients need to be
considered while conducting metabolomic studies.

Sterol lipids (ST) serves as a component of membrane lipids
and as hormones and signaling molecules regulate T cell function
(Bach and Wachtel, 2003; Wu et al., 2016; Robinson et al., 2017).
Glycerophospholipids (also called Phosphoglycerides), are vital
structural ingredient of cell membranes and are crucial in many
biological processes and affect membrane fluidity (Lewis and
McElhaney, 2009; Han, 2016). Platelet activating factor, a
member of this category has been shown to have capacity to
increase platelet aggregation, reduce blood pressure, and activate
inflammatory processes (Engelking, 2015). Yue Liu et al
demonstrated that during aGVHD, glycerophospholipolytic
(GPL) metabolites and enzymes were significantly altered and
observed five highly connected GPL metabolites that also
demonstrated an potential to predict the development of
aGVHD (Liu et al., 2019).

Sphingolipids (SP) are an crucial class of lipids that play
fundamental roles in cell life and play various roles in
foundational phases of the acute inflammatory response and
are able to induce lipotoxicity and inflammation and regulate
cell death (Summers, 2006; D’Angelo et al., 2013; Taniguchi and
Okazaki, 2014; Grösch et al., 2018).

Sphingolipid altered metabolism is seen in the alveolar
compartment, i.e., the important lung functional unit involved
in gas exchange, and is associated with inflammatory reaction and
ceramide increase, especially, responsible for the shift to
pathological hyperinflammation (Ghidoni et al., 2015).

Previous studies demonstrated that alloreactive Teff cells use
fatty acids (FAs) as a power origin to assist their in vivo
activation specifically during GVHD and not following acute
activation (Byersdorfer et al., 2013). A recent study reported
that the stearic acid/palmitic acid (SA/PA) ratio is important in
the diagnosis of grade II–IV aGVHD and demonstrated that
patients with high SA/PA ratios on day 7 after HSCT were
unlikely to develop II–IV aGVHD compared to patients with
low SA/PA ratios (Wu et al., 2018). Lipids play a diverse role in
various physiological processes, therefore extensive exploration
of lipidomics is required to define their mechanism in GVHD
pathophysiology.

FTY720 (fingolimod) is a high-affinity agonist for four of five
known Sphingosine 1-phosphate (S1P) receptors and decreases
aGVHD mortality without loss of GVT effects. This effect is
exerted by its immunomodulatory effects specifically by
sequestering lymphocytes within secondary lymphoid organs,
inhibiting circulation to peripheral sites of inflammation (Kim
et al., 2003; Hashimoto et al., 2007).

Reikvam et al. reported that the presence of cGVHD was
associated with significantly higher levels of (1) the three
lysolipid metabolites 1-linoleoyl- GPC (18:2), 1-oleoyl-GPC
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(18:1), 1-palmitoleoyl-GPC (16:1), 2) the eicosanoid 12-HETE;
and 3) the sphingolipid sphingosine consistent with ongoing
inflammation, which could be a metabolic signature (Reikvam
et al., 2017).

Microbial Metabolites
In addition to shift in host metabolism, variation in microbiota-
derived metabolites may contribute significantly to GVHD
pathophysiology. The microbiota metabolome, considering the
products produced by host metabolism, microbial metabolism,
and mammalian–microbial co-metabolism in the intestines,
affects the GVHD pathophysiology and development.
Microbial metabolites like SCFA generated by microbial
fermentation of dietary fibers, are able to induce H3
acetylation in the locus of Foxp3; therefore increasing the
counts of Tregs directly and TGF-B production in the
intestine, the recruitment of Treg, epithelial barrier protection
while protecting against danger associated molecular patterns
and PAMPs release and decreased apoptosis in gut, all have been
shown able to mitigate GVHD. These effects of SCFA are
mediated by signaling through various G protein receptors
(Wong et al., 2006; Gaboriau-Routhiau et al., 2009;
Mathewson et al., 2016; Pandiyan et al., 2019)).

At the onset of aGVHD, especially aryl hydrocarbon receptor
(AhR) ligands, bile acids and plasmalogens has been shown to
vary, which may affect the allogeneic immune response during
aGVHD. The reduced production of AhR ligands by microbiota
could impair indoleamine 2,3-dioxygenase (IDO) stimulation
and is known to affect allogeneic T cell reactivity
(Michonneau et al., 2019).

IDO regulates immune metabolism by catalyzing Tryptophan
(TRP) catabolism and that generates kynurenine pathway
metabolites. These metabolites are biologically active, both as
natural immunologically-active ligands for the AhR and by
depleting TRP to trigger amino-acid sensing signal-transduction
pathways, and serving as direct intracellular signaling molecule in
DCs (Munn and Mellor, 2013). Jasperson et al., 2008 suggested that
IDO is capable of decreasing T-cell proliferation and survival at the
site of expression, thus diminished colonic inflammation and reduced
GVHD severity. This suggested that modulation of the IDO pathway
can prove an efficacious approach for treatment of GVHD (Jasperson
et al., 2008). Another study reported that the secondary bile acid
hyocholate and the primary bile acids (glycochenodeoxycholate
sulfate, taurocholate, and glycocholate) were increased in patients
with cGVHD (Reikvam et al., 2017). (Overview in Figure 5.)

SUMMARY

Literature cited on metabolic reprograming after allo-HSCT and
during GVHD pathophysiology indicates the substantial
involvement of metabolic changes during development and
progression of GVHD and provides a growing plethora of
mechanistic insights into its complex pathophysiology. The
reports outlined in this review warrant the extensive analysis of
GVHD target organs and immune cells metabolism involved. The
relevant pathway for mitigating GVHD seems reduction of
glycolysis, PPP, NO production, fatty acids biosynthesis and
GSH/GSSH regulation and activation of fatty acid oxidation and
tryptophan metabolites. Table 1 shows possible potential targets for

FIGURE 5 |Metabolic pathways and their possible therapeutic approach in graft vs. host disease (GVHD). Energy or ATP generation in cells involve fundamental
cellular processes glycolysis and OXPHOS. Glycolysis interconnects with Kreb’s cycle and the PPP, which is necessary for fundamental metabolic process, and NADPH
regeneration. Metabolic changes in a pathway may consequently affects others as they are all interconnected.
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TABLE 1 | Possible potential therapeutic targets used in past or worth to try in future.

Serial. No Possible targets Action Significance/background References

1 Hexokinase-2 Reduced glycolysis Glucose-metabolizing enzymes reduced
activation and function of allogeneic T cells.
Lower levels of glycolysis would support the
generation of long-lived CD8 T cells which are
important in maintaining the
GVT effect.

(Nguyen et al., 2018)

2 Glutamine uptake by T cells and thus glutaminolysis Inhibit lipogenesis T cells utilize glutamine in lieu of glucose for
lipogenesis and may shift from oxidative to
reductive metabolism.

(Pearce and Pearce, 2013; Nguyen et al., 2018)

3 Anaerobic glycolysis Inhibition Metabolism of Teff shows shift to anaerobic
glycolysis
as a main energy source.

(Gerriets and Rathmell, 2012; Yang et al., 2013)

4 Pentose phosphate pathway (PPP) Inhibition In murine models of GVHD, alloantigen-activated
T cells indicate increased PPP activity.

(Nguyen et al., 2016)

5 Mitochondrial F1F0-ATPase Inhibition Inhibition of the mitochondrial F1F0-ATPase avert
GVHD without altering homeostatic
reconstitution, thus OXPHOS is required for
allo-reactive T cell survival.

(Chiaranunt et al., 2015; Tijaro-Ovalle et al., 2019)

6 Adenosine monophosphate activated protein kinase (AMPK) Activation Metformin activates AMPK therefore promotes
FAO and might reduce GVHD by supporting the
differentiation of Treg and affecting the balance
between T helper (Th)-17 and Treg cells.

(Park et al., 2016)

7 Glycerol-3-phosphate shuttle Inhibition PMNs have unique mitochondrial properties to
maintain a transmembrane potential. This is
maintained by the glycerol-3-phosphate shuttle
that
helps to regulate aerobic glycolysis as opposed
to producing energy.

(Kominsky et al., 2010)

8 Isocitrate dehydrogenase (IDH1) Induction IDH1 allows the withdrawal of citrate from the
cycle. Cytosolic citrate is broken down by
ATP-citrate lyase (ACLY) to oxaloacetate and
acetyl-CoA. Acetyl-CoA can be used as a
substrate for fatty acid synthesis.

(Williams and O’Neill, 2018)

9 Succinate dehydrogenase A (SDHA) Induction Allogeneic recipients (villin-Cre+SDHAfl/fl), with
intestinal epithelial cell (IEC) specific SDHA KO
mice, demonstrated significantly greater mortality
and gastro-intestinal GVHD.

(Fujiwara et al., 2019)

10 Glutathione (GSH) Inhibition GSH is known to promote T-cell expansion by
driving glycolysis and glutaminolysis, and
assisting mTORC1 and c-Myc signaling during
inflammation.

(Nguyen et al., 2018)

11 Fatty acid oxidation (FAO) Inhibition In vivo inhibition of FAO by etomoxir exclusively
reduced alloreactive T cells and decreased GVHD
severity without affecting homeostatic T cells or
immune reconstitution.

(Byersdorfer et al., 2013)
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TABLE 1 | (Continued) Possible potential therapeutic targets used in past or worth to try in future.

Serial. No Possible targets Action Significance/background References

12 Tyrosine metabolites (p-cresol sulfate, p-cresylsulfate and
p-cresylglucuronide)

Inhibition Several metabolites from the cytokine-responsive
kynurenine pathway for tryptophan degradation,
phenylalanine and tyrosine metabolites derived
from the gut microbial flora were increased in
patients with cGVHD compared to controls and
shown association with inflammation.

(de Loor et al., 2005; Schepers et al., 2007; Liabeuf et al., 2013;
Sun et al., 2013; Poveda et al., 2014; Reikvam et al., 2017)

13 Branched chain amino acids (BCAA) Inhibition/activation BCAA have been shown to increase in patients
with cGVHD compared to controls, however,
they have both pro and anti-inflammatory role.

(Lee et al., 2017; Reikvam et al., 2017; Zhenyukh et al., 2017)

14 Indoleamine 2,3-dioxygenase Induction Indoleamine 2,3-dioxygenase, the rate-limiting
enzyme of tryptophan degradation in the
kynurenine pathway, acts in a potent immune
regulatory loop. It is suggested that IDO is
capable of decreasing T-cell proliferation and
survival at the site of expression, thus diminished
colonic inflammation and reduced GVHD
severity.

(Jasperson et al., 2008; Paczesny, 2013)

15 G-protein coupled receptor trace amine 1 (TAAR1) Inhibition Patients with cGVHD showed a significantly
higher level of tyramine o-sulfate in comparison to
patients without cGVHD. Lactobacillus species, a
commensal microbe, showed association with
GVHD, produce tyramine, a trace amine and a
ligand for TAAR1.

(Reikvam et al., 2017; Gwilt et al., 2019)

16 Nitric oxide synthase (NOS) Inhibition NO production has proinflammatory functions
like apoptosis in intestinal epithelial cells, killing of
alveolar type II epithelial cells, mediating
expression of the chemokine macrophage
inflammatory Protein-2 (MIP-2) and encourage
the immune cells migration with increased NO
production.

(Vallance and Leiper, 2002)

17 GSH/GSSG dysregulation Regulation The early oxidation of plasma glutathione and its
oxidized form (GSH/GSSG) redox couple along
with significant increase in hepatic protein
oxidative damage and ROS production has been
observed irrespective of radiation conditioning
treatment.

(Suh et al., 2014)

18 Resolvins and maresins Supplementation COX-derived lipid mediators named the resolvins
and the maresins have been shown to reduce
human PMN trans endothelial migration, DC
migration, and IL-12 production.

(Serhan et al., 2008; Kominsky et al., 2010)

19 Acetyl-CoA carboxylase 1 (ACC1) Inhibition It has been shown in both human and mouse
models that inhibition of ACC1, a potential
mediator for de novo fatty acid synthesis, reduce
Th17 development supporting the formation of
anti-inflammatory Foxp3+ Tregs, suggesting the
critical role of FAS to promote GVHD
development.

(Berod et al., 2014; Tijaro-Ovalle et al., 2019)12,26,27
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TABLE 1 | (Continued) Possible potential therapeutic targets used in past or worth to try in future.

Serial. No Possible targets Action Significance/background References

20 Lipid oxidation Activation Enhanced lipid synthesis promotes the
proinflammatory Teff phenotype while lipid
oxidation favors iTreg differentiation, validating
the role of FAS in GVHD development.

(Zou and Chen, 2020)

21 v-3 PUFAs Supplementation Polyunsaturated fatty acids (PUFAs) are essential
to tissue homeostasis and cannot be synthesized
by the body and need to be obtained through
dietary sources. w-6 PUFAs leads to
proinflammatory lipids, whereas v-3 PUFAs are
metabolized to anti-inflammatory lipid mediators.

(Kominsky et al., 2010)

22 5-Lipoxygenase (5-LO) Inhibition Leukotriene or prostaglandin are known to be
associated with generation of pro-inflammatory
cytokines like interferon-γ, TNF-α, and IL-17, and
gut integrity respectively. Inhibition of
5-lipoxygenase (5-LO) which reduces leukotriene
B4 generation from arachidonic acid has been
shown to protect mice from aGVHD (Rezende
et al., 2017).

(Rezende et al., 2017)

23 L-carnitine acyltransferases Inhibition L-Carnitine acyltransferases catalyze the
reversible transfer of acyl groups between
coenzyme A and L-carnitine, converting
acyl-CoA esters into acyl-carnitine esters.
Isobutyrylcarnitine and propyonylcarnitine levels
which are crucial for the transport of fatty acids
and the release of immunoregulatory cytokines,
were higher in pretransplant samples of patients
who later developed GVHD.

(Reikvam et al., 2016; Adeva-Andany et al., 2017)

24 Palmitic acid Reduced intake It is demonstrated that patients with high stearic
acid/palmitic acid (SA/PA) ratios on day 7 after
HSCT were unlikely to develop II–IV aGVHD
compared to patients with low SA/PA
ratios. Palmitic acid serves as TLR agonist and in
the cell, this is converted into phospholipids,
diacylglycerol and ceramides which trigger
various signaling pathways, common for
LPS-mediated TLR4 activation.

(Wu et al., 2018; Korbecki and Bajdak-Rusinek, 2019)

25 Sphingosine 1-phosphate receptor Induction FTY720 (fingolimod) is a high-affinity agonist for
four of five known sphingosine 1-phosphate
(S1P) receptors and decreases aGVHD mortality
without loss of GVT effects.

(Kim et al., 2003; Hashimoto et al., 2007; Reikvam et al., 2017)
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GVHD treatment. Further studies in this field high likely will reveal
unrecognized tissue and cell specific metabolic changes during the
disease pathology proof helpful in the clinical understanding of
GVHD and in the generation of novel ideas to design innovative
therapeutic approaches.
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