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Introduction
Graft-versus-host disease (GVHD), caused by alloreactive donor
T cells, is a major factor limiting successful allogeneic hematopoi-
etic cell transplantation (allo-HCT) (1). Cell metabolism determines
T cell fate and function. The metabolic profile of T cells varies in
different immunological disorders such as arthritis, rheumatoid
arthritis (RA), and systemic lupus erythematosus (SLE), and colitis
(2-5). Furthermore, targeting T cell metabolism has been validated
as a promising approach for treating these immunological diseases
in preclinical models (5-7). However, the metabolic profile of T cells
activated by alloantigens in vivo is still unclear, and understanding
how T cells reprogram their metabolic pathways in response to allo-
antigens in vivo would provide rationale to target alloreactive T cell
metabolism for the prevention of GVHD or graft rejection.
Generally, cells metabolize glucose to pyruvate via glycolysis
and oxidize this pyruvate in the tricarboxylic (TCA) cycle for energy
(8). Conversely, a large body of work indicates that lymphocytes
activated in vitro do not follow this trend, but rather convert this
pyruvate to lactate (9, 10). In vitro-activated T cells increase glycol-
ysis and glutamine consumption in conjunction with a downregula-
tion of fatty acid (FA) and TCA oxidative function (9). Studies from
Ferrara’s group have indicated that alloreactive T cells increase FA
oxidation (FAO) and that targeting FAO could arrest GVHD (11,12).
However, this observation is contrary to the paradigm that glucose
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Alloreactive donor T cells are the driving force in the induction of graft-versus-host disease (GVHD), yet little is known about
T cell metabolism in response to alloantigens after hematopoietic cell transplantation (HCT). Here, we have demonstrated
that donor T cells undergo metabolic reprograming after allogeneic HCT. Specifically, we employed a murine allogeneic

BM transplant model and determined that T cells switch from fatty acid p-oxidation (FAO) and pyruvate oxidation via the
tricarboxylic (TCA) cycle to aerobic glycolysis, thereby increasing dependence upon glutaminolysis and the pentose phosphate
pathway. Glycolysis was required for optimal function of alloantigen-activated T cells and induction of GVHD, as inhibition

of glycolysis by targeting mTORC1 or 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) ameliorated GVHD
mortality and morbidity. Together, our results indicate that donor T cells use glycolysis as the predominant metabolic process
after allogeneic HCT and suggest that glycolysis has potential as a therapeutic target for the control of GVHD.

uptake and glycolysis are required for activated T cells to meet their
increased demand for energy (8) and subsequently induce GVHD
(10). Together, the metabolic profile of alloantigen-activated T
cells in vivo may be different from that of activated T cells in vitro.

mTOR acts as a metabolic sensor of nutrients (13) and func-
tions as a central regulator of cell metabolism, growth, prolifera-
tion, and survival (14). mTOR is composed of mTOR complex 1
(mTORC1) and mTORC2. Traditionally, mTORCI is crucial
for differentiation of T cells into Thl and Th17 subsets, whereas
mTORC?2 is required for differentiation into the Th2 subset (14,
15). However, new evidence indicates that mTORCI plays a pre-
dominant role in regulating T cell priming and in vivo immune
responses, while RICTOR-mTORC2 and RHEB exert modest
effects (16). mTORC1 also regulates the generation and function
of induced Tregs (iTregs) (17). In vitro inhibition of mTORC1 by
rapamycin reduces glycolytic activity and mitochondrial mass of
T cells (18). While rapamycin has previously been employed as a
treatment for GVHD, its efficacy, specificity (19-21), and toxicity
(21, 22) obscure whether mTOR is a valid target for the control of
GVHD. Moreover, the effect of mTOR on T cell metabolism after
HCT and the differential contributions of mTORC1 and mTORC2
in GVHD development remains unclear.

In the current study, we demonstrate that T cells undergo
distinct metabolic reprogramming in response to alloantigens in
vivo and propose that alloreactive T cells preferentially depend
on glycolysis to meet bioenergetic demands. Furthermore, we
propose that targeting glycolysis may represent a promising strat-
egy to control GVHD.
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T cells undergo metabolic reprogramming in response to alloantigens
in vivo after BM transplantation. To understand how allogeneic T
cells reprogram their metabolic pathways to fulfill bioenergetic
and biosynthetic demands adapted upon activation in vivo, we uti-
lized two murine models of allogeneic BM transplantation (BMT),
B6 (H-2Y) — BALB/c (H-2%) and B6 (H-2") — B6D2F1 (H-2"), to
recapitulate the process of T cell response to alloantigen in vivo.
Switching from oxidative phosphorylation (OXPHOS) to glycolysis
is the hallmark of in vitro-activated T cell metabolism (9, 23, 24).
Hence, we first determined the rates of glycolysis and OXPHOS
in donor T cells after BMT by measuring extracellular acidifica-
tion rate (ECAR; reflecting the rate of glycolysis indicated by
lactate secretion) and oxygen consumption rate (OCR; reflecting
OXPHOS). Allogeneic recipients developed more severe GVHD,
illustrated by higher clinical score (Figure 1A), body weight loss
(Figure 1B), and pathological damage in GVHD target organs
(Figure 1C) compared with syngeneic recipients. Consistently,
the levels of proinflammatory cytokines (TNF-a, IFN-y, and IL-6)
were significantly elevated in sera of allogeneic recipients when
compared with those of the syngeneic recipients (Figure 1D).
On day 14 after BMT, glycolysis and OXPHOS were significantly
increased in the T cells isolated from spleens and livers of alloge-
neic or syngeneic recipients compared with those freshly isolated
naive donor T cells (Figure 1, E and F). While the OCR values of
donor T cells isolated from syngeneic and allogeneic recipients
were comparable (Figure 1F), the glycolytic activity of donor T
cells was significantly greater in allogeneic than syngeneic recipi-
ents in the spleens and livers (Figure 1E), indicating an escalation
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thermore, T cells isolated from the livers of allogeneic recipients
exhibited even higher ECAR values compared with those from the
spleens on day 14 after BMT, implying higher glycolytic activity of
alloreactive T cells in GVHD target organs (Figure 1E).

To further understand the metabolic profile of donor T cells in
response to alloantigens, using a mass spectrum-based metabolo-
mic approach to quantify relative concentrations of metabolites,
we compared the metabolic changes in donor T cells transplanted
into syngeneic B6 versus allogeneic BALB/c recipients at day 4
(early preclinical stage), day 7 (preclinical stage), and day 14 (clin-
ical stage) after BMT. Compared with the freshly isolated resting
T cells, donor T cells retrieved from allogeneic or syngeneic recip-
ients accumulated substantial amounts of metabolites involved in
anabolic pathways of lipids, amino acids, nucleotides, and carbo-
hydrates as displayed in the heat map (Figure 2A). Consistent with
the escalating glycolytic activity observed in the bioenergetic anal-
ysis (Figure 1E), the mRNA level of lactate dehydrogenase (Ldh),
which catalyzes the conversion of pyruvate to lactic acid, and Mtc4,
mediating lactic acid efflux, were both significantly higher in allo-
geneic T cells versus their syngeneic counterparts (Figure 2C). Glu-
cose, NAD", and phosphate, which are required for glycolysis, were
significantly decreased in allogeneic T cells compared with resting
T cells, reflecting an increased demand for these components to
support the glycolytic pathway (Figure 2B). Consistently, donor
T cells in allogeneic recipients exhibited significantly higher levels
of the glycolytic intermediate glucose 6-phosphate (G-6P) than in
syngeneic recipients at all three time points measured after BMT
(Figure 2B). Expression of the mRNAs encoding for hexokinase
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Figure 2. T cells undergo metabolic reprogramming
in response to alloantigens after BMT. T cells were
isolated from allogeneic BALB/c and syngeneic B6
recipient spleens at indicated times after BMT and
measured for intracellular metabolites by mass
spectrometry. (A) The heat map represents the log,
value of the relative amount of each metabolite,
which is grouped in the indicated metabolic pathway.
(B) The glycolytic pathway is elucidated and the key
metabolites measured are highlighted in red. (C) The
mRNA expression of the metabolic genes of glycolytic
pathway was determined by qPCR on the donor T cells
from allogeneic or syngeneic recipients at 14 days
after BMT. The relative level of mRNA is based on the
resting T cells as 1. (D) The glucose uptake activity and
GLUT1 expression in donor T cells from allogeneic or
syngeneic recipients were determined by flow cytom-
etry. Data are shown as mean + SD (A and B, n=6;C,
n=3;D,n=7-10). *P < 0.05, ***P < 0.001, 2-tailed
Student t test (D). The metabolite expression profile
and the input gene list are provided in Supplemental
Tables 1-3 and Supplemental Table 4, respectively.
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isoform 1 (HK1) and HK2, which catalyze the conversion of glu-
cose to G-6P, were also higher in T cells from allogeneic recipients
than those from syngeneic recipients or resting T cells (Figure 2C).
Because HK1 and HK2 can quickly fluctuate (25), both can con-
tribute to rapid induction of glycolysis in alloantigen-activated
T cells. Contrary to in vitro-activated T cells that primarily increase
HK2 gene expression (9), T cells activated by alloantigen in vivo
increased HKI (Figure 2C). The relative levels of glycine, serine,
and threonine are significantly increased in T cells from allogeneic
recipients 14 days after BMT, reflecting an elevated level of 3-phos-
phoglycerate (Figure 2B). Consistently, the enzymes Aldo and
Tpi, which catalyze the conversion of fructose 1,6-bisphosphate
(F1,6-BiP) to 3-phosphoglycerate, were significantly upregulated
in the T cells from allogeneic compared with those from synge-
neic recipients (Figure 2C). Donor T cells in allogeneic recipients
also exhibited a significantly higher level of sorbitol, indicating an
increase in glucose transport, which can be subsequently used for
both glycolysis and pentose phosphate pathway (PPP) (Figure 2B).
Additionally, allogeneic T cells significantly increased their glu-
cose uptake capacity, reflected by elevated 2-NBDG expression,
level of mRNAs encoding Glutl and Glut3, and surface expression
of GLUT1 (Figure 2D). GLUT1 and GLUT3 are critical enzymes
regulating glucose transport in activated T cells (10). Moreover,
the levels of the mRNAs encoding metabolic enzymes involved in
the most important steps of the glycolytic pathway were substan-
tially elevated in allogeneic T cells compared with those in syn-
geneic or resting T cells (Figure 2C). Taken together, these results
indicate that donor T cells upregulate the glycolytic pathway after
BMT. Importantly, T cells further increase glycolysis in response to
alloantigen, suggesting that an escalating rate of glycolysis is cor-
related with GVHD development.

Upon activation in vitro, T cells utilize various pathways to
meet their increased metabolic demand for activation and pro-
liferation (9, 12). Among them, TCA cycle-generated FAO was
reported as a major fuel source to support T cell activation dur-
ing GVHD induction (11). However, we observed that during an
allogeneic response, carnitine, deoxycarnitine, and acylcarnitines
required for FAO were diminished in the T cells from either allo-
geneic or syngeneic recipients after BMT, as compared with those
resting donor T cells (Figure 3, A and B). Similarly, donor T cells
from allogeneic and syngeneic recipients significantly downreg-
ulated mitochondria-dependent FAO and pyruvate oxidation
through the TCA cycle after BMT, reflected by decreased levels of
TCA cycle intermediates including citrate, fumarate, malate, and
free coenzyme A (CoA) (Figure 3, A and B). Noticeably, the levels
of these metabolites were dramatically lower in allogeneic T cells
compared with both syngeneic and resting T cells, suggesting an
independence of allogeneic T cells from FAO after BMT and con-
firming that the decrease in components required for FAO (carni-
tine, deoxycarnitine, and acylcarnitines) was not due to cellular
demand. Correlating with the metabolomic data, the FA uptake
reflected by BoDipy labeling was significantly lower in the T cells
from allogeneic than those from syngeneic recipients 14 days
after BMT (Figure 3C and Supplemental Figure 3, A and B; sup-
plemental material available online with this article; doi:10.1172/
JC182587DS1). Protein level of CPT1A and mRNA levels of Pgcla
were comparable in the T cells from allogeneic or syngeneic recipi-
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ents (Figure 3, D-F, and Supplemental Figure 3, D-F), even though
mRNA level of Cptla in allogeneic T cells was dependent on allo-
BMT models (Figure 3F and Supplemental Figure 3C). The lower
levels of TCA cycle metabolites could also be due to the fact that
glucose-generated pyruvate in alloactivated T cells was converted
to lactate instead of metabolized in the TCA cycle. Together, the
decrease in FAO through TCA observed from in vivo-activated
T cells was similar to that observed from in vitro-activated T cells.
However, T cells activated by alloantigens in vivo significantly
diminished TCA cycle metabolite levels, whereas in vitro-acti-
vated T cells remained unchanged (9).

In contrast to a decrease in FA uptake, we observed that donor
T cells accumulated long-chain FAs on days 7 and 14 in allogeneic
recipients (Figure 3A). This is likely an indication of a decline in
oxidation or an increase in complex lipid hydrolysis and lipid syn-
thesis. Hydrolysis of the lipid membrane was reflected by elevated
levels of lysolipid species that contain ethanolamine, inositol, or
phosphocholine as head groups, which are derived from phospho-
lipids enriched in the inner leaflet of the cell membrane (Figure
3A). An increase in FA synthesis was supported by elevated levels
of the mRNAs encoding enzymes involved in FA synthesis path-
way (data not shown). Therefore, these data suggest that, in order
to obtain lipid materials needed for proliferation, alloantigen-acti-
vated T cells not only reduce FAO in TCA but also increase intrin-
sic lipolysis and FA synthesis.

Upon activation, energy production in T cells activated in vitro
is known to couple glycolysis with glutamine catabolism (9). This
coupling is not only tightly linked to different biosynthetic path-
ways but also generates the anaplerotic substrate o-ketoglutarate
(0-KG), which can be metabolized through the TCA cycle to gen-
erate either citrate or pyruvate, a process known as glutaminolysis
(Supplemental Figure 1A). In the current study, we observed an
increased expression of mRNAs encoding enzymes that regulate
glutamine metabolism in allogeneic T cells compared with synge-
neic or resting T cells (Supplemental Figure 1C). These enzymes
included SCL2a5, SCL3a2, and SCL7a, which control glutamine
transport; glutamine-fructose-6-phosphate transaminase (Gfpt1),
phosphoribosyl pyrophosphate amidotransferase (PPAT), and glu-
taminase 2 (GLS2), which control the conversion of glutamine to
glutamate; and glutamate dehydrogenase 1 (GLUD1), glutamate
oxaloacetate transaminase (GOT), and ornithine aminotransfer-
ase (OAT), which control the conversion of glutamate to a-KG.
Consistent with the increase in mRNA expression of Scl2a5, Scl3a2,
Scl7a, the relative level of glutamine was significantly higher in T
cells from transplanted recipients compared with resting T cells
(Supplemental Figure 1, B and C, Supplemental Table 7). Simulta-
neously, the level of glutamate was lower and the levels of aspar-
tate (Asp) and ornithine (Orn) — the products of converting gluta-
mate to a-KG by OAT and GOT, respectively - were higher in the T
cells from allogeneic than those from syngeneic recipients on day
14 after BMT, suggesting that allogeneic T cells further increase
glutaminolysis by producing the anaplerotic substrate o-KG,
which is likely used for replenishing the intermediate metabolites
of the TCA cycle. Intriguingly, the metabolic enzyme OAT also
links glutamine to Orn synthesis and subsequently converts Orn
to polyamines, such as putrescine in urea cycle (Supplemental Fig-
ure 1A). Along these lines, the levels of putrescine and Orn decar-
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boxylase (ODC) that catalyze the decarboxylation of Orn to form  decreased in the T cells from allogeneic compared with those from
putrescine were significantly higher in allogeneic T cellsatalltime ~ syngeneic recipients (Supplemental Figure 2, C and D, and Sup-
points tested (Supplemental Figure 1, B and C). However, we can-  plemental Table 8), suggesting that PPP was preferentially utilized
not exclude that allogeneic T cells may also couple glutaminolysis  for biomass synthesis during proliferation and expansion.

with biosynthetic pathways to produce other metabolites such as mTORCI, not mTORC2, is crucial for maintaining glycolytic
v butyric acid (GABA), which significantly accumulated at day 14 activity of alloantigen-activated T cells, which is required for induc-
after BMT (Supplemental Figure 1, A and C). ing GVHD after allogeneic BMT. mTOR is a well-known metabolic

Glycolysis interconnects with the PPP (Supplemental Figure  sensor (13) that functions as a master regulator of glucose metabo-
2A), and increases in glucose metabolism consequently impact  lismin activated lymphocytes (14). Thus, we sought to determine if
PPP metabolism, which is necessary for nucleotide biogenesis,  there was any difference in mTOR signaling between T cells from
glutathione reduction, and NADPH regeneration (26). Indeed, allogeneic versus syngeneic recipients. Indeed, the mRNA levels of
the mRNA expression of metabolic regulating enzymes in the PPP Raptor and Rictor, the adaptor proteins of mTORC (Figure 4A), and
was significantly higher in donor T cells from allogeneic than from  the level of phosphorylated S6 (pS6), a marker mTOR activity (Fig-
syngeneic recipients at day 14 (Supplemental Figure 2B). Consis-  ure 4B), were significantly increased in T cells transplanted into
tent with the upregulation of Pgd, the key metabolite product of  allogeneic recipients as compared with those in syngeneic recipi-
this enzyme, pentulose 5-phosphate, was significantly higher in  ents 14 days after BMT. This data indicates a relationship between
donor T cells from allogeneic compared with syngeneic recipients ~ mTOR activation and GVHD induction. We next investigated the
or resting T cells, indicating an accumulation of biomass for ana-  causality between these two processes by blocking glycolysis using
bolic growth of T cells under allogeneic response (Supplemental ~ rapamycin, an mTOR inhibitor (16, 27), which has been shown to
Figure 2D). Furthermore, pyrimidine catabolism was significantly =~ ameliorate GVHD (28). To dissect the contribution of glycolysis in
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Figure 5. T cells deficient for mTOR or mTORC1 reduce glycolytic activity and fail to induce GVHD. Lethally irradiated BALB/c mice (n = 10-15 mice per
group) were transplanted with TCD-BM alone or plus 1 x 108/mouse CD25-depleted T cells isolated from WT or KO donor mice on B6 background. (A, C, and
E) Recipient survival and body weight loss are shown. In separate experiment, recipients (n = 5 mice per group) were euthanized at the day 14 after BMT.
(G) Pathologic scores are indicated in recipient skin, liver, small intestine (S.1.), large intestine (L.1.), and lung 14 days after BMT. (B, D, and F) Summary of
ECAR or OCR rate of T cells from recipient spleen and liver are shown. The glucose uptake activity and GLUT1 expression of T cells from recipient spleen
were displayed (right panels). (H) Cytokine levels in recipient sera are shown. Data are representative of two independent experiments and at least 10
mice per group. Data are shown as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001, log-rank test (left panels of A, C, and E), Mann-Whitney U test (right

panels of A, C, and E), two-tailed Student ¢ test (B, D, and F-H).

T cell activation, rapamycin treatment was started from day 7 after
BMT until termination of the experiment (Figure 4C). We observed
that GVHD clinical and pathological scores (Figure 4C) were sig-
nificantly decreased in recipients treated with rapamycin as com-
pared with those treated with vehicle. Furthermore, the levels of
serum proinflammatory cytokines — e.g., IFN-y and IL-6 (Figure
4D) — and the numbers of donor T cells in recipient livers (Fig-
ure 4E) were dramatically reduced in the recipients treated with
rapamycin. As expected, rapamycin profoundly decreased glyco-
lytic activity of T cells isolated from allogeneic recipient spleens
and livers, whereas OXPHOS activity was not affected (Figure 4F).
Additionally, the levels of the mRNA coding enzymes involved
in glycolysis were decreased (Figure 4H) and GLUT1 expression
(Figure 4G and Supplemental Figure 4A) on donor T cells was sig-
nificantly lower in T cells from rapamycin-treated recipients. Alto-
gether, the inhibition of mTOR decreased T cell glycolytic activity
after allo-BMT, which likely contributed to GVHD amelioration.

To further define the role of mTOR in glycolysis maintenance
in GVHD-causing alloreactive T cells, we compared the pathoge-
nicity of Mtor WT and KO T cells during GVHD induction using
a conditional gene-targeting approach. Due to higher percentages
of naive Tregs (nTregs) in the periphery of Mtor KO than WT mice
(14), CD25* cells were depleted from T cell grafts prior to BMT
to exclude the effect of nTregs on GVHD outcome. After being
transplanted into allogeneic BALB/c recipients, CD25-depleted T
cells from Mtor KO donors induced significantly less GVHD than
WT counterparts, highlighted by improved recipient survival and
weight loss (Figure 5A). Since mTOR signaling is composed of
mTORC1 and mTORC2, each playing distinct roles in T cell differ-
entiation and function (15, 16, 29), we sought to determine whether
either mTORC1 or mTORC2, or both, are responsible for T cell
pathogenicity in GVHD. To address this question, we used donor
mice that were selectively deficient for Raptor or Rictor in which
mTORC1 or mTORC2 was impaired, respectively. After BMT, the
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Figure 6. Ablation of mTOR or RAPTOR, not RICTOR, leads to a significant reduction in Th1 but enhancement in iTreg differentiation. Lethally irradiated
BALB/c mice were transplanted with TCD-BM from B6 Ly5.1 donors alone or with CD25-depleted T cells at 1 x 10¢/mouse from WT or KO donors on B6 back-
ground. After 14 days, recipient mice were euthanized and blood, spleen, and livers were harvested. (A and B) Absolute numbers of donor H-2K®*Ly5.1-CD4*
or H-2K®*Ly5.1-CD8* T cells in recipient liver (A) and spleen (B) are displayed. Summary of CXCR3 expression gated on H-2K"*Ly5.1-CD4* or CD8"* T cells in the
spleens are shown. (C) The percentages of IFN-y- and IL-4/5-secreting cells from spleen or liver are shown in gated H-2K"*Ly5.1-CD4* or H-2K®*Ly5.1-CD8* T
cells. (D and E) Total numbers of IFN-y- or IL-4/5-secreting cells are shown on CD4* or CD8* donor T cells in recipient liver (D) or spleen (E). (F) The expres-
sion of CD25 and FOXP3 gated on donor CD4* spleen cells. (G)Absolute number of iTregs among donor T cells. Data are pooled from three independent
experiments with 15 mice per group (mean + SEM), *P < 0.05; **P < 0.01; ***P < 0.001, two-tailed Student t test (A, B, D, E, and G).

recipients of Rictor WT or KO T cells suffered from severe GVHD
with a comparable weight loss and lethality (Figure 5E). In contrast,
Raptor WT T cells caused severe weight loss and rapid lethality
in all the recipients, whereas Raptor KO T cells only caused mild
weight loss and lethality in a fraction of the recipients (Figure 5C).
In support of these findings, pathologic evidence also showed the
recipients of mTOR or Raptor KO, but not Rictor KO, T cells had
significantly lower pathological scores than those of the respec-
tive WT T cells in each of the five target organs examined (Figure
5G). Consistently, the levels of TNF-0, IFN-y, and IL-6 were also
remarkably decreased in the sera of the recipients transplanted
with Mtor or Raptor KO, but not Rictor KO T cells, when compared
with those with WT T cells (Figure 5H). The levels of IL-2, IL-4,
IL-10, and IL-17 were low or undetectable and not different among
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the seven groups of recipients (Figure 5H). Collectively, mTOR
activation is required for T cells to induce GVHD, and mTORC1 —
not mTORC2 —is responsible for T cell pathogenicity.

To understand how mTOR affects T cell metabolism in
response to alloantigen in vivo, we examined the bioenergetic
activity of donor T cells in recipients 14 days after BMT. Raptor or
Mtor KO T cells, contrary to Rictor KO T cells, had significantly
reduced glycolytic activity as compared with their counterparts in
recipient spleens and livers (Figure 5, B, D, and F). Furthermore,
glucose uptake and surface GLUT1 expression (Figure 5, D and F,
and Supplemental Figure 4, B and C) were significantly decreased
in Raptor, but not Rictor, KO T cells. In contrast, OXPHOS values
for the KO T cells were not different from that of their respective
WT counterparts (Figure 5, B, D, and F). These data indicate that
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Figure 7. Glycolysis is required for T cell activa-
tion and proliferation in response to alloanti-
gens after BMT. Lethally irradiated BALB/c mice
were transplanted with 1.5 x 10° CFSE-labeled

T cells from B6 donors and administrated i.p.
with 2-DG (1g/kg, twice a day), DHEA (100 mg/
kg, twice a day), or Eto (35 mg/kg, twice a day).
Four days later, splenocytes were subjected to
surface CD4*, CD8*, and H-2K® staining, as well
as intracellular flow cytometric staining for
IFN-vy. (A) T cell proliferation and activation was
determined as CFSE dilution and IFN-y secretion.
(B and C) Absolute numbers of H-2K** donor T
cells (B) and IFN-y secreting donor T cells (C) in
recipient spleens. (D) Profile of donor T cell prolif-
eration reflected by CFSE dilution. (E) Summary
of donor T cell proliferation reflected by %CFSE
diluted cells. The data are representative of two
independent experiments with at least 4 mice
per group in each experiment. Data show mean
+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001, two-
tailed Student t test (B, D, and E).
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mTORCI1 regulates T cell pathogenicity, likely through controlling
glycolytic activity of allogeneic T cells after BMT, and that glycol-
ysis rather than OXPHOS is the major metabolic pathway adopted
by allogeneic T cells during the induction of GVHD.
mTOR/mTORCI deficiency decreases donor T cell migration
to GVHD target organs after BMT. To define the mechanisms by
which mTOR/mTORCI regulates GVHD, we first attempted to
determine the migration pattern of donor T cells toward target
organs, which is considered a crucial process required for GVHD
induction. We observed remarkably fewer Mtor or Raptor KO
CD4* or CD8" T cells than their WT counterparts in recipient liv-
ers (Figure 6A). However, there was a greater number of Mtor,
Raptor, or Rictor KO CD4* or CD8* T cells than their respective
WT counterparts in recipient spleens (Figure 6B). In contrast, no
significant difference was seen in the numbers of CD4* or CD8* T
cells in the livers of the recipients transplanted with Rictor WT or
KO cells. We surmised that mTOR or RAPTOR might contribute
to the migration of donor T cells into the livers and thus examined
the molecules that control T cell migration. Chemokine recep-
tors CXCR3 and CCR6 are known to support Thl cell migration
to the liver, gut, and skin and Th17 cell migration to the lung and

CcDs

skin, respectively (30, 31). Correlating with less pathologic injury
(Figure 5G), the expression of CXCR3 (Figure 6B and Supple-
mental Figure 6A) and CCR6 (Supplemental Figure 6B) on donor
CD4" and CD8" T cells in Raptor KO recipients were significantly
decreased compared with the respective WT control. Similar
trends were observed on donor CD4" T cells in Mtor or Rictor KO
spleens. Likewise, Mtor or Raptor KO T cells also expressed mark-
edly lower gut-homing receptor a4p7 versus WT control (data not
shown). These results suggest that mMTORC1, or mTOR, likely pro-
motes T cell upregulation of chemokines and adhesion receptors,
leading to T cell migration into GVHD target organs.
mTOR/mTORCI deficiency decreases donor T cell proliferation
and differentiation into Thl phenotype but enhances generation of
iTregs after BMT. To elucidate the effect of glycolysis impairment
caused by ablation of mMTOR/ mTORC1 on T cell alloresponses,
we measured T cell activation and effector function during the
development of GVHD in the absence of mTOR/mTORCI. Four-
teen days after allogeneic BMT, CD4* Mtor or Raptor KO T cells
produced remarkably lower levels of IFN-y than their WT coun-
terparts in recipient spleens or livers (Figure 6C). The absolute
numbers of IFN-y-producing CD4* or CD8* T cells were signifi-
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Figure 8. Inhibition of glycolysis by 3-PO significantly ameliorates GVHD after myeloablative allo-BMT. Lethally irradiated BALB/c mice (n =10 per
group) were transplanted with 5 x 10° TCD-BM alone or plus 1 x 10°/mouse T cells from WT B6 donors. Recipients were daily injected i.p. with vehicle or
3-P0 (35 mg/kg/day) beginning on the day of BMT for 4 weeks. (A) Recipient survival and clinical score from two independent experiments are shown.
(B-G) In separate experiments, BALB/c recipients (n = 5-6 per group) were transplanted with 1x 10° T cells from B6 donors and treated with vehicle or 3-PO
(35 mg/kg/day) beginning on the day 0 and ending on day 7 when the experiment was terminated. (B) The ECAR and OCR values are shown on donor T
cells from recipient spleens and livers were displayed. (C) The heat map represents the log, value of the relative individual mRNA expression of glycolytic
enzymes in splenic T cells. The list of genes input and expression profile are provided in Supplemental Table 6. (D and E) IFN-y, IL-4/5, and IL-17 for H-2K"*
Ly5.1-CD4* or H-2KP*Ly5.1-CD8" spleen or IFN-y for liver T cells was shown. The absolute number of donor T cells in spleen (F) and liver (G) were displayed.
Data show mean + SEM and from a representative of two independent experiments; *P < 0.05; **P < 0.01; ***P < 0.001, log-rank test (A, left panel),

Mann-Whitney U test (A, right panel), two-tailed Student t test (B and D-G).

cantly lower in the absence of mTOR or RAPTOR in recipient liver
but not spleen (Figure 6, D and E). In the absence of RICTOR, a
comparable or higher number of IFN-y-producing CD4* or CD8*
T cells in recipient livers or spleens was observed (Figure 6, C-E).
The percentage and absolute numbers of IL-4/5-producing CD4*
T cells in recipient livers and spleens were drastically increased
in the absence of RICTOR, whereas a decrease was observed
with Raptor KO T cells. Percentages of IL-17-secreting cells were
low and similar among the seven types of donor T cells (data not
shown). Because inhibition of glycolysis has been reported to pro-
mote iTreg generation (17, 32), we also analyzed donor-derived
iTregs (CD4*CD25'Foxp3"). As expected, low levels of iTregs were
induced from WT donor CD4" T cells during GVHD development;
however, donor-derived iTregs were significantly enhanced in the
absence of mTOR or RAPTOR but not RICTOR (Figure 6, F and
G). These data indicate that mTORC1 positively regulated Th1 dif-
ferentiation and negatively regulated iTreg differentiation. Given
that Thl is pathogenic and iTreg is protective, with Th2 playing a
negligible role in GVHD (33), enhanced iTreg generation might
contribute to the little or no GVHD observed in the recipients of
Raptor KO T cells.

jci.org  Volume126  Number4  April 2016

The observed reduction of Thl differentiation could be the
result of reduced T cell activation and/or expansion. To test this
possibility, we measured T cell activation and expansion early
after cell transfer in allogeneic recipients. We observed that the
absence of mTOR or RAPTOR significantly decreased donor T
cell proliferation in allogeneic recipients, reflected by a dramatic
reduction in CSFE-diluted cells (Supplemental Figure 5A). Fur-
thermore, among proliferating cells, the percentages of IFN-y-
secreting CD8" T cells were significantly reduced in Raptor KO T
cells. The percentages of IL-4/5- or IL-17-secreting T cells were
not significantly altered in the various types of T cells (Supplemen-
tal Figure 5, B and C). However, the absolute number of IFN-y-,
IL-4/5-, and IL-17-secreting CD4* and CD8" T cells were dramat-
ically decreased in Raptor KO T cells (Supplemental Figure 5, D
and E). These data demonstrate that mTOR — or, more specifi-
cally, mTORC1 — is required for T cell expansion as well as opti-
mal differentiation into Th1 phenotype.

Glycolysis is required for alloantigen-induced T cell activation
and proliferation after BMT. Our genetic data has provided evi-
dence that glycolysis is required for allogeneic T effector function
in GVHD. However, mTORCI not only promotes glycolysis, but
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also lipid metabolism (17), which is attenuated in alloantigen-
activated T cells as indicated by metabolomic analysis in the cur-
rent study. Moreover, the upregulation of the PPP suggests this
pathway may also contribute to activation, proliferation, and func-
tion of alloantigen-activated T cells after BMT. Therefore, it is
essential to evaluate the potential impact of individual pathways
on the metabolic reprogramming of T cells in response to alloan-
tigens after BMT. We therefore applied a panel of potent chemical
inhibitors (Supplemental Table 10) to target different metabolic
pathways. We observed that inhibition of FAO by Etomoxir (Eto;
a CPT1A inhibitor) or inhibition of PPP by dehydroepiandroster-
one (DHEA; a glucose-6 phosphate dehydrogenase inhibitor) did
not have a significant effect on donor T cell proliferation (Figure
7, A-E). In contrast, inhibition of glycolysis by 2-deoxy-D-glucose
(2-DG) remarkably suppressed donor T cell proliferation reflected
by reduced donor absolute cell counts and T cell division in recip-
ient spleens (Figure 7, B-E). Furthermore, the percentage and
absolute number of IFN-y-secreting CD4* and CD8" T cells also
significantly decreased in 2-DG-treated recipients (Figure 7, A and
C). Thus, glycolysis is required for optimal proliferation and acti-
vation of T cells after allogeneic BMT.

Inhibition of glycolysis by targeting Pfkfb3 attenuates GVHD
in vivo. The crucial role of glycolysis for alloantigen-activated T
cell function suggests that glycolysis can be a therapeutic target
for the control of GVHD. We initially tested 2-DG but found that
short-term treatment was not effective enough to control GVHD
and prolonged treatment had severe toxicity to recipients after
allo-BMT. Seeking other pharmacological compounds with less
toxicity and more selective glycolytic inhibition, we found that
3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3-PO) — a specific
inhibitor of PFKFB3 (34, 35), which is a regulatory and a rate-limit-
ing factor in the glycolytic pathway (34, 36) —was well tolerated by
the recipients of allo-BMT. We observed that the treatment with
3-PO significantly improved survival (P < 0.01) and reduced the
GVHD clinical score (P < 0.001) as compared with vehicle controls
(Figure 8A). These data demonstrate pharmacological inhibition
of glycolysis effectively controls GVHD after allogeneic BMT.

To delineate the mechanisms via which 3-PO affects GVHD
development, we first evaluated the effect of 3-PO on bioener-
getic activity of T cells at an early stage after cell transfer in allo-
geneic recipients. We observed that 3-PO treatment profoundly
decreased ECAR of T cells isolated from the spleens and livers of
allogeneic recipients, whereas no significant effect on OCR was
observed (Figure 8B). Consistently, the relative individual mRNA
expression of glycolytic enzymes in splenic T cells was signifi-
cantly diminished in recipients treated with 3-PO versus those
treated with vehicle (Figure 8C). Noticeably, the mRNA level of
Pfkfb3, the most significantly upregulated enzyme in the splenic
T cells from vehicle mice, was drastically decreased by 3-PO
treatment (Figure 8C). This suggests that inhibition of PFKFB3
resulted in diminished glycolytic activity of T cells, which may
be a key mechanism ascribed for the protective action of 3-PO
against GVHD. The percentages and absolute numbers of [FN-y-
secreting CD4* or CD8" T cells and IL-4/5- and IL-17-secreting
CD4" T cells were significantly reduced in the spleen (Figure
8D and Supplemental Figure 7) or liver (Figure 8E) of the recip-
ients treated with 3-PO. The absolute number of CD4* and CD8"*
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T cells in the spleens and CD4* T cells in the liver of recipients
treated with 3-PO were also remarkably decreased (Figure 8, F
and G). Taken together, these data demonstrate that inhibition of
glycolysis by 3-PO results in the reduction of donor T cell glyco-
lytic activity, leading to alleviation of GVHD.

Discussion

In the current study, we observed a time-dependent metabolic
change in T cells activated by alloantigens after BMT, and we pro-
vide solid evidence that metabolic reprogramming is associated
with a global change in transcriptomes and the relative amount of
metabolites in the context of GVHD. Similar to in vitro-activated
T cells, in vivo-activated T cells increase glycolytic activity to meet
their high-energetic demand for robust proliferation (9). In com-
parison with T cells in syngeneic recipients, alloantigen-activated
T cells further increase glycolysis in allogeneic recipients, indi-
cating that escalation of glucose metabolism may be attributed
to GVHD development. The escalated glycolysis of donor T cells
likely results from a strong and sustained stimulation by alloanti-
gen-driving T cells to become pathogenic (2). Consistently, phar-
macological inhibition of glycolysis, rather than other pathways,
alters in vivo T cell activation and function, validating that glycol-
ysis is critical for T cell proliferation and function in an allogeneic
response after allo-BMT.

Metabolomic and genomic analyses in our current study pro-
vide evidence that alloantigen-activated T cells decrease FA and
pyruvate oxidation in the TCA cycle, which may further impact the
synthesis of macromolecules such as nucleotides and polyamines.
Memory T cells and Tregs, in contrast to effector T cells, do not
acquire appreciable amounts of extracellular-free FA, nor do they
readily store exogenous long-chain FA in lipid droplets (37, 38).
Hence, the accumulation of FAs in T cells after allogeneic BMT
may indicate the effector phenotype of alloantigen-activated T
cells in GVHD recipients. Like in vitro-activated T cells, allo-
antigens in in vivo-activated T cells couple glycolysis with PPP
and glutaminolysis (9). Glutamine catabolism is not only used to
replenish the intermediate metabolites of the TCA cycle, but also
to coordinate with glucose catabolism by producing the anaple-
rotic substrate o-KG to support amino acid, nucleotide, and lipid
biosynthesis. In this respect, Glick et al. recently showed that glu-
tamine-dependent TCA cycle anaplerosis is increased in allore-
active T cells and that glutamine carbon contributes to ribose
biosynthesis (39). While we failed to detect a-KG, likely due to
technological sensitivity, the increased expression of mRNA cod-
ing for glutaminolysis-regulating enzymes GLUT1, OAT, and GOT
and the metabolite Asp and Orn suggest an increased glutamine
metabolism in allogeneic T cells after BMT (40). Consistently, the
polyamine metabolites and ODC expression were increased in
allogeneic T cells. Furthermore, pyrimidine catabolism was sig-
nificantly decreased, implying an increase in the biosynthesis of
macromolecules in allogeneic T cells. Despite the increased PPP
activity in alloantigen-activated T cells, blockade of PPP pathway
did not show a significant effect on proliferation and activation of
CD4" T cells in vivo that was observed in in vitro-activated T cells
(9), indicating that in vivo alloantigen-activated T cells may use
pathways other than PPP to support macromolecule biosynthesis
during proliferation and activation.

jci.org  Volume126  Number4  April 2016

1347


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/4
https://www.jci.org/articles/view/82587#sd
https://www.jci.org/articles/view/82587#sd

1348

RESEARCH ARTICLE

Gatza et al. showed that donor T cells, in response to alloan-
tigens in the context of GVHD, greatly increase both glycolysis
and OXPHOS and that the increase in OXPHOS was concluded to
be due to an increase of FAQO in the TCA cycle (12). However, the
unirradiated B6 — B6D2F1 GVHD model in their study does not
accurately represent clinical circumstances in which patients are
typically preconditioned. To define the metabolic profile of pro-
liferating BM cells, they analyzed the BM cells harvested from the
recipients of syngeneic BM graft using BM cells from naive donors
as the control, which does not represent the metabolic profile of
the BM from the recipients of an allogeneic BM graft. Further-
more, they used the bioenergetics of the BM cells as a baseline to
compare with activated T cells after allo-BMT, which may not be
appropriate. Moreover, they compared the donor T cells retrieved
from the allogeneic recipients to resting T cells instead of the
donor T cells from syngeneic recipients. It is plausible that the
metabolic profile of resting T cells is very different from the donor
T cells retrieved even from syngeneic recipients after BMT, given
homeostatic proliferation under an inflammatory environment
as shown in the current study. In addition, they utilized GLUT1
expression as an important index to make a conclusion that FAs,
rather than glucose, may be the principal substrates for ATP gen-
eration in alloreactive T cells (12). However, contrary to a previous
report that GLUT1 is the major glucose transporter in hematopoi-
etic cells (10), we observed that the mRNA level of Glut3 is also
higher in T cells from allogeneic recipients than from syngeneic
recipients. Interestingly, the difference in the copy number of
Glut3 in allogeneic recipient T cells is more prominent than that
of Glutl, suggesting a distinct glucose transporter expression in
alloantigen-activated T cells. The extremely low amounts of the
glycolytic substrate pyruvate observed in their study could be
due to the fact that glucose-generated pyruvate in alloactivated T
cells was converted to lactate instead of metabolized in the TCA
cycle because they also observed the increased lactate generation
in alloreactive T cells. Along the same lines, a recent publication
from Byersdorfer et al. reported that FAO through TCA cycle
is the major energetic resource for alloreactive T cells in which
naive T cells were again utilized as the control (11). In contrast, we
observed that inhibition of FAO did not impair proliferation and
function of alloreactive T cells, demonstrating that FAO may not
play an important role in T cell proliferation and function during
an allogeneic response in vivo. Alloreactive T cells likely use FA as
a material resource available for cell division rather than as a fuel
resource. In agreement with this assumption, pathogenic T cells
were recently reported to depend on de novo FA synthesis and an
underlying glycolytic-lipogenic metabolic pathway for their devel-
opment (37). Increases in FAO did not occur after allogeneic T cell
activation (11), proving that alloantigen-activated T cells still use
glycolysis as a major pathway for gaining energy, at least in early
stages of GVHD. Consistently, in the current study, we observed
that T cells retrieved from allogeneic recipients decreased FA
uptake after BMT, providing solid evidence that FA is not a major
energy resource for allogeneic T cells. In support of this, the intra-
cellular protein expression of CPT1A was unchanged in alloan-
tigen-activated T cells. Moreover, mRNA levels of coactivator
Pgcla, another key transcriptional regulator of FAO that enhances
OXPHOS and represses glycolysis through the action of multiple
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other coactivators and transcription factors, was comparable in
T cells from allogeneic and syngeneic recipients. Collectively,
these data suggest that the difference in FAO and OXPHOS likely
does not contribute to the pathogenicity of donor T cells. Because
FAO is involved in fueling the energy for memory T cells (41), and
given that there was no surface marker phenotype for alloreactive
T cells shown, it is likely that the study from Ferrera’s group was
mainly targeting the memory phenotype (11). On the contrary, gly-
colytic activity was always significantly increased in T cells under
alloantigen activation compared with those under homeostatic
proliferation, implying that inhibition of glycolysis may prefer-
entially affect pathogenic T cells for the control of GVHD. Along
these lines, an elegant study by Rathmell’s group shows that CD4*
T cells deficient for GLUT1, which is required for glucose uptake
and glycolysis, had a drastically reduced capacity to mount alloge-
neic responses in vivo (10).

The mTOR signaling pathway plays a crucial role in promoting
glucose metabolism (42-44). In line with previous reports, the cur-
rent study shows that genetic depletion of Mtor or mTORCI not
only impairs the glycolytic activity but also diminishes the ability
of allogeneic T cells to induce GVHD. We also show that mTORC2
was not responsible for GVHD induction, indicating distinct roles
of mMTORC1 and mTORC2 in T cell pathogenicity. As glycolysis is
required for normalizing function of alloantigen-activated T cells
(5,10), impeding glycolysis due to the absence of mMTORC1 likely
contributes to downregulation of donor T cell activation, prolifer-
ation, differentiation, and function, thereby disabling alloreactive
T cells to induce GVHD. In support of the genetic analysis, the
mTORCI inhibitor rapamycin also selectively decreased the gly-
colytic activity of donor T cells in allogeneic recipients.

Aerobic glycolysis is closely linked with cell growth as it
assists in increasing mass for cell proliferation (45). Therefore,
ablation of mTORC1 suppresses T cell activation and prolif-
eration, possibly as a consequence of inadequate nutrients to
support biosynthesis induced by mTORCI. Maintenance of
glycolysis is imperative for T cells to secrete IFN-y (46, 47), and
glycolytic flux has been implicated in IFN-y translation (24). We
observed mTORCI1-deficient T cells had a reduction in IFN-y
production. IFN-y-secreting T cells were drastically decreased in
peripheral lymphoid and GVHD target organs in the recipients
of mTORCI-deficient donor T cells. Consistently, the serum lev-
els of IFN-y were also significantly reduced in those recipients.
Glycolysis is required for CD4 T cell differentiation into Th1 and
Th17 (5). Inhibition of glycolysis promotes iTreg generation (32).
Moreover, lactic acid, the end product of glycolysis, also skews
CD4* T cells toward Th17 (48). Indeed, we found both reduced
cell numbers and decreased inflammatory cytokine production
by mTORCI1-deficient Thl and Th17 cells. In addition, a sig-
nificant increase in the absolute number of RAPTOR-deficient
iTregs was observed in peripheral lymph nodes of recipients
after allo-BMT. While Th1 and Th17 pathogenicity is crucial for
the development of GVHD (33), with Tregs being protective (49),
alteration of T cell differentiation due to lack of RAPTOR likely
contributes to the impaired ability of T cells to induce GVHD.
Since mTORCI1 is required for iTreg-suppressive function (17),
the role of iTregs in GVHD prevention is expected to be minor.
Donor T cell infiltration into target organs is a prerequisite for
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GVHD development, and chemokine receptor expression is vital
to T cell migration. Glycolytic activity was shown to be required
to maintain cell migratory properties of effector T lymphocytes
(50). Indeed, we found fewer Raptor KO T cells in recipient liv-
ers, possibly due to reduced liver-homing receptor CXCR3 and
CCR6 expression, which were correlated with less tissue injury
compared with WT T cells. Additionally, less GVHD-related
colon pathology was observed in the recipients of Raptor KO T
cells, which likely resulted from lower expression of a4f7, an
integrin required for intestine-specific trafficking (51). These
observations are consistent with the report that mTORCI is
required to sustain glycolysis, which controls the expression of
essential chemokine (e.g., CXCR3), and adhesion receptors that
regulate T cell trafficking (52). Recently, lactate was reported to
be responsible for pathogenic T cell entrapment in inflammatory
sites, where they perpetuate inflammation (48). Our data provide
evidence that glycolysis also regulates chemokine receptors or
adhesion molecules, although it is unclear whether this is a direct
or secondary effect due to impaired T cell activation overall.

While mTOR inhibitors are considered strong immunosup-
pressive drugs, the clinical outcomes from GVHD treatment are
quite controversial (28, 53, 54). Therefore, it is unclear whether
mTOR is a valid target for the prevention of acute GVHD. The cur-
rent study provides strong evidence that mMTORC1, not mTORC2,
is a valid therapeutic target to control GVHD through regulating
glycolysis of T cells. We reason that the major obstacle for effec-
tive treatment regarding blocking mTOR signaling may relate to
the high toxicity and low selectivity of clinical mTOR inhibitors.
Therefore, novel inhibitors that are more effective and specific for
mTORCI are highly warranted to overcome the challenge.

A study showing that metabolic inhibition of glycolysis and/
or glutamine metabolism to regulate alloreactive T cell responses
results in the prevention of allograft rejection has been recently
reported (7). Along the same lines, we show here that 3-PO, a gly-
colysis inhibitor at PFKFB3 (55), effectively attenuated GVHD
in a preclinical BMT model. A similar effect on GVHD was also
obtained by using PFK15, another PFKFB3 inhibitor (data not
shown). T cell activation is associated with a rapid increase in
intracellular fructose-2, 6-bisphosphate (F2,6BP), an allosteric
activator of the glycolytic enzyme 6-phosphofructo-1-kinase
(PFK-1) (36), which was drastically upregulated in allogeneic T
cellsin current study. The steady state concentration of F2,6BP in
T cellsis dependent on the expression of the bifunctional 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB1-4) and
the fructose-2,6-bisphosphatase, TIGAR (56). Of the PFKFB
family, PFKFB3 has the highest kinase/bisphosphatase ratio
(57) and is the most markedly upregulated in activated T cells,
enabling the metabolic switch from OXPHOS to aerobic glycol-
ysis. PFKFB3 has been demonstrated to be required for T cell
proliferation and function (3, 58). We observed that treatment
with 3-PO in vivo was associated with significantly diminished
Pfkfb3 gene expression and glycolytic activity of donor T cells
in recipients after BMT, suggesting a critical role of PFKFB3 in
maintaining glycolysis for allogeneic T cell survival, activation,
and function. In addition to its effect on T cells, 3-PO may also
reduce GVHD by affecting antigen-presenting cells and endo-
thelial cells (35). Among others, we speculate that PFKFB3 inhib-
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itors may have unidentified pleiotropic effects on the immune
system that may contribute to its ability to prevent GVHD.

In conclusion, the current study shows a distinct metabolic
profile of alloantigen-activated T cells in vivo, which are distin-
guished from that of in vitro-activated T cells and of pathogenic
T cells in other autoimmune diseases. Furthermore, glycolysis is
required for alloantigen-activated T cells to induce GVHD. Inhi-
bition of glycolysis through specifically targeting mTORC1 or
PFKFB3 ameliorates GVHD mortality and morbidity. Thus, the
current work clearly identifies glycolysis as the predominant met-
abolic pathway in donor T cells after allogeneic HCT and further
validates glycolysis as a potential therapeutic target for the control
of GVHD. Future studies should address the effect of glycolysis
inhibition on graft versus leukemia (GVL) activity.

Methods

Mice. C57BL/6 (H-2*, CD45.2), B6.Ly5.1 (H-2°, CD45.1), B6D2F1
(H-2"4) CD45.2), and BALB/c (H-29) mice were purchased from NIH.
Mtor, Raptor/Rictor KO, and their WT controls were provided by
H. Chi’s lab (14, 27).

Cell preparation. T cells were purified from pooled spleen and
lymph node by negative selection to remove non-T cells including
B cells, natural killer (NK) cells, DCs, macrophages, granulocytes, and
erythroid cells as described before (59). Briefly, non-T cells were indi-
rectly magnetically labeled by using a cocktail of biotin-conjugated
Abs against CD45R (B220) (eBioscience, clone RA3-B2), CD49b
(DX5) (eBioscience, clone DX5); CD11b (Mac-1) (eBioscience, clone
M1/70), and Ter-119 (eBioscience, clone Ter-119), as well as anti-
biotin MicroBeads (Miltenyi Biotec). Isolation of T cells was achieved
by depletion of the magnetically labeled cells. T cell-depleted BM
(TCD-BM) was prepared from donor tibia and femurs with anti-Thy1.2
Abs (Bio X cell) and complement incubation (59).

GVHD models. Recipient mice were lethally irradiated at 700 cGy
for BALB/c and 1,200 cGy (2 split doses, 3-hour interval) for B6 or
B6D2F1 mice using an X-RAD 320 irradiator (Precision X-Ray). Syn-
geneic (B6) or allogeneic (BALB/c or B6D2F1) irradiated mice were
transplanted with 5.0 x 10%/mouse TCD-BM from B6 or B6.Ly5.1
donors with or without T cells (0.5-1.0 x 10°/mouse). Recipient sur-
vival was followed throughout the experiment. The development of
GVHD was monitored twice per week for weight loss and once per
week for clinical signs of posture, skin damage, hair loss, ruffled fur,
diarrhea, and decreased activity. In some experiments, donor T cells
were labeled with 2.5 pM CFSE (Invitrogen) and transplanted into
irradiated recipients.

Histologic analysis. Representative samples of liver, small intestine,
large intestine, lung, and skin were obtained from transplanted recipi-
ents 7 or 14 days after transplant; fixed in 10% neutral-buffered formalin;
and washed with 70% ethanol. Samples were then embedded in paraf-
fin, cut into 5-um thick sections, and stained with H&E. A semiquanti-
tative scoring system was used to account for histologic changes con-
sistent with GVHD in the colon, liver, and lung as previously described
(60). Data were presented as individual GVHD target organ. All slides for
GVHD analysis were coded and read in a blinded fashion (59).

Lymphocyte isolation from recipient liver. Livers were homogenized
and passed through a 70-um cell strainer. Pellets were resuspended in
PBS, overlaid on Ficoll (Sigma-Aldrich), and centrifuged at 500 g for
20 minutes. Lymphocytes were recovered from the interface (60).
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Metabolic assays. The metabolic profile of single-cell suspensions
was determined using a Seahorse XF96 Analyzer (Seahorse Bio-
science). Briefly, T cells (0.5-1.0 x 10%/well) were attached to tissue
culture plates for 30 minutes using Cell-Tak (BD Biosciences, catalog
354240) (61). OCR were analyzed in response to 1.0 uM oligomycin,
1.0 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP), and 2 uM
rotenone (Seahorse Bioscience) plus 100 nM antimycin A (Sigma-
Aldrich). ECAR were measured under basal conditions and follow-
ing injection of three pharmacologic compounds: glucose (5.5 mM),
oligomycin (1.0 uM), and 2-DG (100 mM) (62).

Metabolic profiling. Unbiased metabolomic profiling was per-
formed by Metabolon Inc. Lethally irradiated B6 (syngeneic) or BALB/c
(allogeneic) recipients were transplanted with T cells and BM cells
freshly isolated from B6 donors. Four, 7, and 14 days after BMT, T cells
were isolated from recipient spleens for metabolite profiling. All the
samples were extracted and analyzed through UPHPLC/MS/MS and
GC/MS. Data were then grouped by unsupervised clustering using
MetaboAnalyst software. Samples were loaded in an equivalent man-
ner across the platform and normalized to total protein, as determined
by Bradford analysis prior to statistical analysis.

RNA isolation, reverse transcription, and quantitative PCR. Total
RNA was isolated from T cells using Trizol (Invitrogen). cDNA was
generated from 1 pg total RNA using iScript cDNA Synthesis Kit (Bio-
Rad). SYBR Green incorporation of quantitative PCR (qQPCR) was
performed using a SYBR Green mix in the CFX96 Detection System
(Bio-Rad). Samples for each experimental condition were run in trip-
licate and were normalized to -2 microglobulin. Primer sequences
were obtained from PrimerBank (63). Primer sequences are listed in
Supplemental Table 9.

Abs, flow cytometry, and cytometric bead assay. The following Abs
were used for cell-surface staining: anti-CD4-V450,-APC, and -PEcy7
(BD Biosciences, clone RM4-5); anti-CD8-PEcy5, -APCcy7, and
-AF700 (BD Biosciences, clone 53-6.7); anti-CD45.1-FITC, -BV711,
and -APC (BD Biosciences, clone A20); anti-B220-FITC and -PE
(eBioscience, clone RA3-6B2); anti-H-2K"-FITC, -APC, and -PerCP-
eFluor 710 (eBioscience, clone AF6-88.5.5.3), anti-CXCR3-biotin
(eBioscience, clone CXCR3-173); and anti-CCR6-AF647 (BioLegend,
clone 29-2L17). Detection of biotinylated Abs was performed using
APCcy7 (BD Biosciences, catalog 554063) or PEcy7 (BD Biosciences,
catalog 557598) conjugated to streptavidin. GLUT1 expression was
stained using rabbit anti-mouse-GLUT1 (Abcam, clone SPM498)
fixed with 2% paraformaldehyde at room temperature for 20 min-
utes followed by incubation with AF488-conjugated goat anti-Mouse
(H+L) IgG (Invitrogen, catalog a-11001) (64). To measure intracellu-
lar cytokines, cells were left unstimulated or stimulated for 4-5 hours
at 37°C with phorbol myristate acetate (100 ng/ml, Sigma-Aldrich)
and ionomycin (500 ng/ml; Calbiochem, EMD) in the presence of
GolgiPlug (BD Biosciences, catalog 555029) or GolgiStop (BD Bio-
sciences, catalog 554724), permeabilized using Cytofix/Cytoperm
Plus (BD Biosciences, catalog 554722), and then stained with the
appropriate Abs including (65) anti-IFNy-APC or -PerCP 5.5 (eBio-
science, clone XMG1.2); anti-IL-17-PE/Cy7 (BioLegend, clone TC11-
18H10.1); anti-IL-4-PE (BD Biosciences, clone 11B11); anti-IL-5-PE
(BD Biosciences, clone TRFK5); anti-FOXP3-PE or -APC (eBiosci-
ence, clone FJK-16s), and appropriate isotype controls. Live/dead
yellow dead cell staining kit (catalog L-34968) and CFSE (catalog
C1157) were purchased from Invitrogen. For glucose uptake assay,
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T cells were incubated with 100 uM 2-NBDG (Cayman Chemical,
item no. 11046) for 10 minutes before measuring fluorescence by
flow cytometry. To measure FA uptake, cells were washed twice with
37°C PBS and resuspended in 6 uM BoDipy, ,, (Invitrogen, catalog
D-3823) in 20 pM FA containing BSA-free PBS for 5 minutes. BoDipy
uptake was quenched by adding 4x volumes of ice-cold PBS contain-
ing 2% FBS. Cells were washes twice prior to analysis. To measure
the intracellular level of pS6 and CPT1A, cells were permeabilized
using Cytofix/Cytoperm Plus, then stained with anti-pS6-AF467
(Cell Signaling Technology, clone D57.2.2E) and anti-CPT1A-AF488
(Abcam, catalog ab171449, clone 8F6AE9) or appropriate isotypes.
Analysis was performed on a LRS Fortessa or FACS Verse (BD Bio-
sciences). Data were analyzed using FlowJo (Tree Star Inc.). Blood
was collected from recipients 14 days after BMT, and serum cytokine
quantification was conducted using a cytometric bead assay kit (BD
Biosciences, catalog 560485) (66, 67).

Statistics. Data were analyzed using Prism GraphPad (version 5
or 6). Briefly, comparisons between two groups were calculated using
two-tailed Student ¢ test. Clinical scores and body weight loss were
compared using a nonparametric Mann-Whitney U test. The log-rank
(Mantel-Cox) test was utilized to analyze survival data. Statistical
analysis of metabolism data was performed by Welch’s ¢ tests, Wil-
coxon’s rank sum tests, and /or one-way ANOVA followed by the Dun-
nett’s test. A P value less 0.05 was considered significant.

Study approval. All mice were housed in a pathogen-free facility
at the American Association for Laboratory Animal Care-accredited
Animal Resource Center at Medical University of South Carolina.
All animal studies were carried out under protocols approved by the
Institutional Animal Care and Use Committee at Medical University
of South Carolina.
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