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Abstract 

Allogeneic stem cell transplantation is a curative therapy for multiple hematologic disorders. However, this life-saving procedure 
is often complicated by acute graft-versus-host disease (GVHD), where donor T cells attack tissues in the recipient’s skin, 
liver, and gastrointestinal tract. Previous research has demonstrated that GVHD-causing T cells undergo significant metabolic 
reprogramming during disease pathogenesis, with an increased reliance on oxidative metabolism. This dependence makes 
metabolic modulation a potential approach to treat and/or prevent GVHD. Here, we provide an overview on the metabolic changes 
adopted by allogeneic T cells during disease initiation, highlighting the role played by AMP-activated protein kinase (AMPK) and 
identifying ways in which these insights might be leveraged to therapeutic advantage clinically.
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1. Introduction
Allogeneic hematopoietic stem cell transplantation (alloHSCT) 
is a cellular therapy that provides long-term cures to patients 
with a myriad of hematologic disorders including relapsed 
and refractory leukemia [1]. However, the therapeutic use of 
alloHSCT remains limited by acute graft-versus-host disease 
(GVHD), where activated donor T cells attack and destroy host 
tissues in the skin, gastrointestinal tract, and liver [2]. GVHD 
occurs in 30% to 50% of allogeneic transplants and represents 
a leading cause of non-relapse morbidity and mortality [3]. The 
first-line therapy for acute GVHD remains corticosteroids, how-
ever sustainable remissions occur in fewer than 50% of patients 
[4], and steroid treatment can result in multiple side effects 
including hyperglycemia, hypertension, and increased risk of 
infection [5]. In addition, many current GVHD treatments target 
T cells in an indiscriminate fashion, undermining the effective-
ness of graft-versus-leukemia (GVL) responses and increasing 
rates of relapse [6,7]. Thus, new therapies to mitigate GVHD, 
while still preserving homeostatic immune reconstitution and 
robust anti-leukemic activity, are urgently needed.

Metabolic manipulation of donor T cells offers an innovative 
approach to modulate GVHD severity. Early studies demon-
strated that alloreactive T cells undergo metabolic reprogram-
ming early post-transplant including adoption of oxidative 
metabolism [8,9] and increased rates of fatty acid oxidation 
(FAO) [10]. AMP-activated protein kinase (AMPK) is a cellular 
energy sensor that promotes oxidative metabolism downstream 
of T cell receptor engagement and blocks energy-consuming in 
cells when nutrients are limited [11]. In murine transplant studies, 
AMPK has been implicated as a driver of GVHD, and deletion 

of AMPK in donor T cells protects against the development of 
severe disease [9,12]. This brief review will describe what is under-
stood about oxidative metabolism in T cells, highlight AMPK as 
a prospective target in mitigating post-transplant GVHD sever-
ity, and identify potential strategies to modulate AMPK clini-
cally in patients.

2. Oxidative metabolism in T cells
Oxidative phosphorylation (OXPHOS) generates ATP in the 
mitochondria via creation of a proton gradient and subse-
quent transport of hydrogen ions through the F1F0-ATPase, the 
terminal step of the electron transport chain (ETC). Multiple 
substrates feed into the tricarboxylic acid (TCA) cycle, where 
serial metabolic processing of acetyl-CoA molecules generates 
reducing substances NADH and FADH2 

[13], which in turn 
donate electrons to the ETC to create the initial proton gradi-
ent. Classically, use of oxidative metabolism has been thought to 
depend on the differentiation and functional state of the T cell. 
In this construct, naive T cells rely predominantly on OXPHOS 
prior to antigenic stimulation [14], acutely activated T cell upreg-
ulate glycolysis, while both memory (Tmem) and regulatory T 
cells (Treg) exhibit higher levels of OXPHOS to execute their 
respective functions [15].

Depending on the environmental context, oxidative metabolism 
in T cells may have either therapeutic or pathological effects. 
Adoption of autophagy and FAO by Tmem promotes their rapid 
response to antigenic re-challenge [16,17]. In Treg cells, expres-
sion of Foxp3 is linked to mitochondrial respiration and FAO, 
changes which facilitate their suppressive function [18,19]. In chi-
meric antigen receptor (CAR) T cells, a cellular immunotherapy 
utilized in the treatment of hematologic malignancies, the degree 
of OXPHOS correlates with the therapeutic efficacy of the T 
cell [20]. CARs designed with a 4-1BB signaling domain exhibit 
increased mitochondrial biogenesis [21] and simultaneously per-
sist longer in vivo [22,23]. Furthermore, specific changes to the 
manufacturing conditions can skew CAR T cells toward higher 
oxidative metabolism in vitro [24]; however, whether these phe-
notypes persist in vivo following CAR T cell infusion remains 
an open question [24]. T cell malignancies also favor an increase 
in oxidative metabolism. In T cell acute lymphoblastic leukemia 
(T-ALL), an aggressive malignancy with a poor prognosis and 
frequent rates of relapse, mutations in Notch signaling activate 
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the AMPK pathway, which then increases OXPHOS and fuels 
subsequent leukemia growth [25,26]. Transfer of primary T-ALL 
cells lacking AMPK into irradiated recipients decreased T-ALL 
in secondary lymphoid organs and improved recipient survival 
compared to transfer of WT T-ALL [25]. Oxidative metabolism 
also drives disease pathology in some T cell–mediated autoim-
mune disorders. For example, in systemic lupus erythematosus 
(SLE), an autoimmune condition where autoreactive CD4+ T 
cells promote autoantibody formation by B cells, pathogenic 
T cells increase glucose oxidation and subsequent glucose pro-
cessing through the TCA cycle [27]. Inhibition of both glucose 
metabolism and the ETC in a murine lupus model reduces dis-
ease severity and decreased immune complex deposition in the 
glomerulus [28].

3. Oxidative metabolism in GVHD
In GVHD, alloreactive donor T cells mount pathologic immune 
responses against healthy recipient tissue. In contrast to the 
conventional metabolic paradigm, where activated T cells pre-
dominantly rely on aerobic glycolysis for rapid cell growth and 
effector function [29], activated T cells recovered during GVHD 
promote both OXPHOS and aerobic glycolysis [9], a scenario 
mimicked by a subset of CD8 T cells responding to anti-
gen-bearing Listeria monocytogenes in vivo [30]. It is likely that 
upregulation of OXPHOS in alloreactive T cells is a result of 
higher energy demands brought about by chronic antigen stim-
ulation in the context of an inflammatory milieu [31]. Gatza et al 
[9] showed in murine models that syngeneic bone marrow (BM) 
cells primarily utilized aerobic glycolysis during cell division, 
with 2- and 3-fold increases in GLUT1 expression and lactate 
production respectively, while oxygen consumption remained 
at basal levels. In contrast, alloreactive T cells demonstrated 
increases in both GLUT1 and lactate production, but also had 
a 2-fold increase in oxygen consumption, hyperpolarization of 
their mitochondrial membrane, and a decrease in antioxidant 
stores. Oxidative metabolism was necessary in alloreactive T 
cells as demonstrated by the ability of Bz-423, an inhibitor of 
the mitochondrial F1F0-ATPase, to decrease GVHD severity and 
improve survival in allogeneic recipients compared to vehicle 
controls.

4. Function of AMPK in T cells
The cellular energy sensor AMPK is a heterotrimeric protein 
kinase complex consisting of a serine/threonine kinase α-sub-
unit, a stabilizing β-subunit, and a regulatory γ-subunit [32,33]. 
In settings of low cellular energy, binding of ADP and AMP 
to the regulatory y-subunit promotes phosphorylation of 
AMPK by upstream kinases [11,34,35]. This activation of AMPK 
in turn increases oxidative metabolism and upregulates FAO 
in multiple tissues. In skeletal muscle, AMPK phosphorylation 
of acetyl-CoA carboxylase (ACC) decreases ACC enzymatic 
activity and limits malonyl-CoA accumulation. This lack of 
malonyl-CoA releases the allosteric inhibition of carnitine pal-
mitoyltransferase 1a (CPT1a), the rate-limiting step of FAO, 
allowing oxidation of fat to proceed [33,36]. Other actions of 
AMPK include inhibition of the mammalian target of rapamy-
cin (mTOR) signaling pathway and blockade of mRNA trans-
lation through phosphorylation of tuberous sclerosis complex 
2 (TSC2) and the mTOR subunit, Raptor [37–39]. AMPK also 
promotes mitophagy and autophagy through phosphorylation 
of Unc51-like kinase (ULK-1) [33].

Although T cell development and differentiation depend on spe-
cific metabolic pathways, the exact role of AMPK in many facets 
of T cell biology is still emerging. Early studies demonstrated 
that AMPK activation is transiently induced upon anti-CD3/
CD28 stimulation [40,41], was not critical for mature T cell 

homeostasis, and regulates T cell function in contexts of nutri-
ent depletion and metabolic stress [42,43]. Mayer et al [42] demon-
strated that AMPKα1-deficient T cells were more sensitive to 
inhibition of mitochondrial respiration but exhibited preserved 
proliferative ability and effector function. Blagih et al [43] further 
showed that AMPKα1-deficient T cells maintained proliferative 
capacity in glucose-rich conditions (25 mM), but decreased their 
division potential in glucose limited media (3–6 mM). AMPK 
also shapes T cell differentiation. In CD8+ T cells, a lack of 
AMPK presages poor Tmem formation [44,45]. In a L. monocy-
togenes infection model, AMPKα1-deficient CD8+ T cells were 
comparable to wildtype (WT) T cells during primary infection, 
but exhibited a decreased response to secondary challenge [44]. T 
cells lacking TRAF6, an adaptor protein in TNF receptor and 
TLR signaling pathways, decreased FAO and impaired Tmem 
formation, a phenotype that recovered following administration 
of metformin, an AMPK activator [45].

AMPK has also been implicated in Treg development and func-
tion, although there is conflicting evidence regarding its bona 
fide role in these processes. In murine models, global deletion 
of AMPK precipitates liver injury, while adoptive transfer of 
induced, WT Treg prohibited further liver damage [46]. As acti-
vated AMPK is known to regulate Foxp3 expression, the con-
troller of Treg stability, specific deletion of AMPKα1 in Treg cells 
impaired suppressive function [46]. In separate studies, treatment 
with metformin increased activation of AMPK in Treg cells and 
elevated percentages of Treg cells in lung-draining lymph nodes 
during a murine asthma model [47]. However, the degree to which 
the metformin results were due to AMPK-dependent vs indepen-
dent functions, for example, metformin’s inhibition of Complex 
I of the ETC [48], is unclear. In addition, He et al [49] reported that 
LKB1, a direct regulator of AMPK, and not AMPK itself, was 
responsible for Treg metabolism and survival. In this system, 
deletion of LKB1 decreased Treg viability, while downstream 
inhibitors MARKS and SIKS mediated LKB1 function in Treg 
independent of AMPK [49]. However, these differences may relate 
to a lack of stressors and the environmental signals normally 
experienced in vivo, triggers that could skew Treg toward being 
more reliant on AMPK.

5. Deletion of AMPK ameliorates GVHD following 
murine allogeneic transplantation
Given the role that oxidative metabolism plays in a variety of 
T cell pathologies, recent studies have begun to examine AMPK 
and its effects in GVHD-causing T cells. Lepez et al [12] found 
that AMPK is not required for early T cell activation and pro-
liferation, but was necessary for sustained T cell expansion. 
AMPK-deficient T cells proliferated similarly to WT T cells 
when stimulated with CD3/CD28 antibodies or allogeneic den-
dritic cells for upwards of 5 days; however, AMPK-deficient T 
cells begin to exhibit decreased proliferation past 10 days in 
culture as well as following adoptive transfer in vivo. AMPK-
deficient T cells also decreased expression of the inflammatory 
cytokine interferon-gamma (IFNγ), while maintaining compara-
ble expression of IL-2, and had limited expression of chemokine 
receptor CXCR3. Transfer of AMPK-deficient cells to irradiated 
CD3ε−/− C57BL/6 mice decreased T cell immune reconstitution 
and in GVHD models, increased survival, and decreased GVHD 
severity as measured by clinical score.

Monlish et al [11] further demonstrated that AMPK activation 
is highly upregulated in alloreactive T cells during murine 
GVHD, and that donor T cell deletion of AMPK significantly 
limited GVHD severity. In concordance with its contempo-
rary study [12], deletion of AMPKα1/α2 did not impair T cell 
development and proliferation in vitro, with total thymocyte 
numbers, splenocyte counts, and CD4+/CD8+ T cell ratios 
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unaffected by AMPK deficiency. Furthermore, stimulation 
by both anti-CD3/CD28 antibodies, as well as allogeneic 
splenocytes in a mixed lymphocyte reaction (MLR), resulted 
in no differences in proliferation between AMPK-dKO and 
WT T cells. In both major and minor histocompatibility 
complex (MHC) models of GVHD, transfer of AMPK-dKO 
T cells increased survival, decreased weight loss, and low-
ered GVHD clinical scores out to 60 days post-transplant 
(Figure  1). Notably, compared to WT cells, fewer AMPK-
dKO T cells were recovered in allogeneic recipients on day 7 
post-transplant, attributable to both decreased proliferation 
of CD4 T cells and an increased, early disappearance of CD8 
T cells. Importantly, AMPK-dKO and WT T cells were recov-
ered in equal amounts following syngeneic transplantation, 
a result in line with previous studies [43]. This result under-
scores the specific necessity for AMPK following allogeneic 
stimulation, but not necessarily in post-transplant biology 
as a whole. Interestingly, deletion of AMPK in allogeneic T 
cells did not hinder FAO, decrease autophagy, or alter mTOR 
signaling. The effects of AMPK deletion on Treg formation 
and survival were also investigated, as GVHD severity can 
be mitigated by increased number and/or adoptive transfer 
of donor Treg [50,51]. Notably, transplantation of AMPK-dKO 
T cells increased the number and frequency of post-trans-
plant Treg by 2-fold compared to WT T cells, despite sim-
ilar Treg frequency and equivalent suppressive function 
pre-transplant. In addition, co-transplant of WT Treg with 
AMPK-dKO conventional (non-Treg) cells significantly 
increased post-transplant WT Treg numbers, suggesting that 
absence of AMPK in conventional, disease-causing T cells 
was responsible for the salubrious effects on Treg differenti-
ation and stability.

An ideal therapeutic strategy in alloHSCT would minimize 
GVHD pathogenesis while preserving GVL effects. In this 
regard, Monlish et al [11] demonstrated that AMPK is not nec-
essary for T-cell–dependent anti-leukemic activity, as trans-
plantation of AMPK-dKO T cells in an allogeneic leukemia 
model reduced tumor burden to a similar degree and promoted 
equivalent survival of B62DF1 recipients at 4 and 10 weeks 
post-transplant. In addition, recipient tissues including the liver, 
spleen, and peripheral blood had equal tumor infiltration in 
recipients of WT and AMPK-dKO T cells over multiple time 
points post-transplant and over a 10-fold range of donor T cell 
doses. Together, these results highlight the potential for AMPK-
deficient T cells to ameliorate GVHD while still preserving 
GVL effects.

6. AMPK as a therapeutic target for GVHD
Due to its prominent role in alloreactive T cells, targeting 
AMPK could represent a promising therapeutic strategy for mit-
igating GVHD. Thus far, however, AMPK and its contributions 
to alloreactive T cell biology has largely been studied in murine 
models. Characterizing the role of AMPK in human T cells 
during GVHD, as well as the impact of its deficiency on T cell 
responses and disease pathogenesis, will be necessary to validate 
the feasibility of targeting AMPK to mitigate GVHD clinically. 
Monlish et al [11] conducted preliminary studies demonstrat-
ing that AMPK is upregulated in human T cells during both 
an allogeneic human MLR and also following transplanta-
tion of human T cells into a xenogeneic model of GVHD in 
vivo. It will be important to characterize mitochondrial mass, 
mitochondrial membrane potential, and metabolic function via 
extracellular flux analysis in AMPK-deficient human T cells, as 
these cells would be expected to exhibit a unique mitochondrial 
phenotype and the potential for altered oxidative metabolism. 
Furthermore, it is well established that serum levels of IFN-γ 
increase in patients with acute GVHD [52,53]. As decreased pro-
duction of pro-inflammatory cytokines in AMPK-deficient cells 
was shown in previous studies [12], evaluation of effector func-
tion and cytokine profiles in human T cells with and without 
AMPK is imperative.

Moving forward, ex vivo application of novel gene editing strat-
egies like CRISPR-Cas9 could be employed for the rapid genera-
tion of AMPK-deficient T cells for use in both analytical purposes 
and clinical administration, for example, as an add-back therapy 
in conjunction with transplantation of CD34+ selected grafts 
[54,55]. Additionally, use of pharmacologic AMPK inhibitors 
during the cell manufacturing process [56] may confer similar 
GVHD-mitigating effects without the potential risks associated 
with genome engineering [57]. In sum, due to the increased reli-
ance of alloreactive T cells on oxidative metabolism, modulation 
of AMPK is a promising strategy for minimizing GVHD during 
alloHSCT, establishing a paradigm that could apply to a host of 
related auto- and alloimmune disease processes.
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