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Expression of the cell-surface glycoprotein MHC class I poly-
peptide-related sequence A (MICA) is induced in dangerous,
abnormal, or “stressed” cells, including cancer cells, virus-in-
fected cells, and rapidly proliferating cells. MICA is recognized
by the activating immune cell receptor natural killer group 2D
(NKG2D), providing a mechanism by which immune cells can
identify and potentially eliminate pathological cells. Immune
recognition through NKG2D is implicated in cancer, athero-
sclerosis, transplant rejection, and inflammatory diseases, such
as rheumatoid arthritis. Despite the wide range of potential
therapeutic applications of MICA manipulation, the factors that
control MICA expression are unclear. Here we use metabolic
interventions and metabolomic analyses to show that the tran-
sition from quiescent cellular metabolism to a “Warburg” or
biosynthetic metabolic state induces MICA expression. Specifi-
cally, we show that glucose transport into the cell and active
glycolytic metabolism are necessary to up-regulate MICA ex-
pression. Active purine synthesis is necessary to support this
effect of glucose, and increases in purine nucleotide levels are
sufficient to induce MICA expression. Metabolic induction of
MICA expression directly influences NKG2D-dependent cyto-
toxicity by immune cells. These findings support a model of
MICA regulation whereby the purine metabolic activity of
individual cells is reflected by cell-surface MICA expression
and is the subject of surveillance by NKG2D receptor-ex-
pressing immune cells.

The capacity to recognize and eliminate harmful elements
while safeguarding healthy “self” cells is a key characteristic of
the mature human immune system. This capacity arises, in
large part, through the successful passage of lymphocytes
through a series of immune self-tolerance mechanisms. Immune
self-tolerance poses a challenge to the immune recognition of
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damaged or stressed self cells. The circumvention of such tol-
erance mechanisms using PD1-PDL1 inhibition has led to
major recent clinical success with cancer immune therapies (1).
The natural killer group 2D (NKG2D)? receptor-ligand system
functions to overcome tolerance and eliminate stressed self
cells even in the presence of functioning self-tolerance (2).

In humans, the NKG2D ligands are a group of eight cell-
surface proteins, of which the highly polymorphic major histo-
compatibility class I chain-related protein A (MICA) is the
most extensively studied. Generally, healthy quiescent cells do
not express ligands for NKG2D (3, 4), but cell-surface expres-
sion of MICA is switched on by events such as malignant trans-
formation (5), viral infection (6, 7), proliferative cell activation
(8,9), and some pro-inflammatory stimuli (10, 11). MICA-ex-
pressing cells are then targeted by immune cells (including nat-
ural killer (NK) cells, NKT cells, and cytotoxic CD8* T cells)
that express the activating NKG2D receptor; this interaction
can result in direct cytotoxicity (12), co-stimulation (6, 13, 14),
or cytokine secretion (15), depending on the context.

Evidence from observational human studies and mouse
models implicates immune recognition through NKG2D in a
range of autoimmune and inflammatory conditions, including
rheumatoid arthritis (16), inflammatory bowel disease (17), and
atherosclerosis (11). The expression of MICA on human allo-
geneic organ transplants has been linked to transplant rejection
(18), and advanced-stage cancers are associated with loss of
MICA expression (5). Hence, the ability to manipulate MICA
expression in vivo has many potential clinical applications:
up-regulation of MICA could promote cancer immunity, and
down-regulation could be beneficial in autoimmune disease or
transplantation.

2 The abbreviations used are: NKG2D, natural killer group 2D; NK, natural kill-
er; DON, 6-diazo-oxonorleucine; MHC, major histocompatibility complex;
MICA, MHC class | polypeptide-related sequence A; TLR, T cell receptor;
TCA, trichloroacetic acid; HEK, human embryonic kidney; eGFP, enhanced
green fluorescent protein; GIME, glucose-induced MICA expression; HAT,
hypoxanthine, aminopterin, and thymidine; AICA-Rt, 5-aminoimidazole-4-
carboxamide ribonucleotide; AICA-Rs, AICA ribonucleoside; CE-TOFMS,
capillary electrophoresis time-of-flight mass spectrometry; LC-TOFMS, lig-
uid chromatography time-of-flight mass spectrometry; CMV, cytomegalo-
virus; TCR, T cell receptor; RPMI, Roswell Park Memorial Institute 1640 cul-
ture medium; PI, propidium iodide; CFDA-SE, carboxyfluorescein diacetate
succinimidyl ester; 2DG, 2-deoxyglucose; CFSE, carboxyfluorescein diace-
tate succinimidyl ester.
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Figure 1. Glucose induces MICA expression. 293T (human embryonic kidney),

Hela (cervical cancer), HT1080 (fibrosarcoma), and MCF7 (breast cancer) cells

were cultured for 48 h in medium containing 5 mm glucose that was then replaced with fresh medium containing either 0, 2.5, 5, 12.5, or 25 mm glucose. The
cells were cultured for a further 48 h in these conditions before cell-surface MICA expression was measured by flow cytometry. MICA expression rose with the
glucose concentration. The dotted histogram represents the isotype control sample, and the glucose concentration is indicated by the gray scale.

Multiple factors have been associated with changes in MICA
expression, including activation of the DNA damage response
pathway (19), Toll-like receptor (TLR) stimulation (10), histone
deacetylation (20), heat shock transformation (21), ionizing
radiation (22), growth factor pathway activation (23), cell-sur-
face shedding (24), and microRNA expression (25). In addition,
anumber of gene-regulatory elements and transcription factors
are known to play a role in MICA induction (11, 26). However,
an integrated understanding of the mechanisms determining
MICA expression remains elusive.

MICA expression in human primary cells or tissue samples is
found in settings independently associated with high metabolic
activity (increased glucose uptake, glycolysis, high lactate out-
put, and proportionate reduction in TCA cycle metabolism,
or “Warburg metabolism” (27-31)). This state of “activated
metabolism” can be considered as a biosynthetic state, where
enhanced glycolytic flux generates intermediate substrates for
biomolecule synthesis (32). High-energy purine nucleotides,
such as ATP, are among the downstream products.

Here, we show that glucose metabolism leading to the gen-
eration of high-energy purine nucleotides, a process at the core
of the Warburg effect, induces cell-surface expression of
MICA. We demonstrate that MICA induction by high-
energy purine nucleotides is associated with increased
NKG2D-dependent cellular immunogenicity and susceptibility
to NK cell cytotoxicity, supporting our hypothesis that NKG2D
provides a mechanism for immune oversight of metabolically
activated cells.

Results
Glucose induces MICA expression

We hypothesized that the transition from quiescent to “acti-
vated” or Warburg metabolism plays an important role in
NKG2D ligand induction. To test this hypothesis, we used glu-
cose restriction to model quiescent versus activated metabo-
lism and observed a direct correlation between the glucose con-
centration of culture medium and cell-surface expression of
MICA in human embryonic kidney (HEK)-293T cells, cervical
cancer cells (HeLa), fibrosarcoma cells (HT1080), and breast
cancer cells (MCF?7) (Fig. 1).

We undertook further characterization in HEK-293T cells
(Fig. 2, A—M). In keeping with a Warburg phenotype, cells cul-
tured in high (25 mm) glucose concentrations consumed more

3914 J Biol. Chem. (2018) 293(11) 3913-3924

glucose and produced more lactate than cells cultured in low (5
mwm) glucose (Fig. 2, A and B). Compared with cells cultured in
5 mM glucose, intracellular glucose concentrations increased
2.13-fold (p < 0.05) (Fig. 2C), and total RNA concentrations
were higher (p < 0.005) in cells cultured in 25 mm glucose (Fig.
2D). The difference in cellular proliferation rate was ~2.2-fold
across a range of glucose concentrations, but unlike MICA
expression, the relationship was not directly proportional with
maximum proliferation rates observed at intermediate glucose
concentrations (Fig. 2E). The distribution of cell-cycle phases
was not significantly altered by glucose concentration (Fig. 2, F
and G). We used an inducible lentiviral eGFP construct to con-
firm that the capacity for gene expression remained intact in
low glucose conditions (Fig. 2, H and I). Detected endogenous
MICA levels varied directly with glucose concentration in per-
meabilized cells, suggesting that the observed effect of glucose
is not due to a change in the distribution of MICA between
different cellular compartments (Fig. 2, / and K). Changes in
osmolality did not influence MICA cell-surface levels (Fig. 2, L
and M). Glucose-induced MICA expression was observed at
the cell surface in the presence of the matrix metalloprotease
inhibitor MMPI III, demonstrating that the effects we observe
are not due to changes in MICA shedding (Fig. S1, A and B). In
addition, MICA mRNA transcript levels were increased over
4-fold in cells cultured in 25 mMm glucose (Fig. S1C).

Glucose transport and metabolism are necessary for MICA
induction

Next we investigated how glucose might alter MICA expres-
sion. Glucose is primarily transported into cells through the
GLUT family of transporters (33). Two inhibitors of these
transporters, cytochalasin B and phloretin, prevented glucose-
induced MICA expression (GIME) in a dose-dependent man-
ner (Fig. 3, A and B). Mannose, an alternative substrate for
glycolysis transported via the same GLUT transporters, also
caused MICA expression (Fig. 3C). A third glycolytic substrate,
fructose, had a limited effect on MICA expression in untrans-
fected HEK-293T cells (Fig. 3C), but fructose-induced MICA
expression was observed in HEK-293T cells transfected with
GLUTS5, the fructose transporter (Fig. 3, D and E). 2-Deoxyglu-
cose is a glucose analogue readily transported into the cell
and phosphorylated by hexokinase to generate 2-deoxyglucose
6-phosphate. Whereas 2-deoxyglucose 6-phosphate inhibits
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Figure 2. Glucose restriction replicates quiescent to activated metabolism transition. A, 293T cells cultured in low (5 mm) glucose consumed less glucose
than cells cultured in high (25 mm) glucose (p < 0.0001). B, lactate production was ~4 times higher in cell cultured in high glucose compared with low glucose
(p < 0.0001). C, intracellular glucose concentrations measured by nanoflow LC-MS were 2.13-fold higher in cells cultured in high glucose (p < 0.05). D,
the RNA concentration per cell, reduced by culture with the RNA synthesis inhibitor actinomycin D (ActD), is 13% higher in cells cultured in 25 mm
glucose compared with cells cultured in 5 mm glucose (p < 0.005). E, cellular proliferation measured by cell counting or CFSE dilution was maximal at
intermediate glucose concentrations, unlike MICA expression. F, cell-cycle profiles were similar for cells cultured in 5 or 25 mm glucose. G, no significant
difference was observed between cell-cycle phases in these conditions. H, MICA expression is induced by high (25 mm) glucose in cells transfected with
inducible eGFP (p < 0.0001), but eGFP itself is not induced by high glucose. /, the induction of eGFP expression by doxycycline is equally efficient at low
(5 mm) and high (25 mm) glucose. J, total cell MICA levels measured by flow cytometry of permeabilized cells is proportional to glucose concentration
and cell-surface MICA. K, proliferating cell nuclear antigen (PCNA), used as a control for adequate permeabilization, is expressed independently of
glucose concentration. L, glucose, mannitol, and sodium chloride each raise culture serum osmolality. M, change in culture medium osmolality does not

affect MICA expression. Error bars, 95% confidence interval.

downstream enzymes in proximal glycolysis, it can induce the
expression of genes directly regulated by glucose 6-phosphate
(34). However, we found that unlike glucose, 2-deoxyglucose
did not induce the expression of MICA (Fig. 3F) and inhibited
its expression in high-glucose conditions (Fig. 3G), an effect
that was not overcome by the addition of mannose (Fig. 3H).
Together, these experiments suggest that the effect of glucose
on MICA expression is dependent on the transport of glucose
into the cell and its metabolism through glycolysis.

Purine nucleotides are necessary for glucose-induced MICA
expression and sufficient to induce MICA expression

Glycolysis produces many intracellular metabolites. The
proximal metabolites of glycolysis are essential for de novo
nucleotide synthesis (Fig. 4). We hypothesized that nucleotide
synthesis might mediate GIME. Because the de novo synthesis
of the purine nucleobase is directly dependent on the supply of
proximal glycolytic metabolites, we first tested this hypothesis
by treating cells cultured in high glucose (25 mm) with two

SASBMB

inhibitors of de novo purine synthesis, 6-diazo-oxo-norleucine
(DON) and azaserine. Both compounds prevented GIME (Fig.
5, A and B). The specificity of this effect on de novo purine
synthesis was tested using hypoxanthine, aminopterin, and thy-
midine (HAT)-selected cells. Whereas cells grown in standard
culture medium depend on de novo purine synthesis, HAT-
selected cells use the salvage pathway exclusively for new
purine nucleotide synthesis. Azaserine inhibited GIME only in
cells grown in standard culture medium and had no effect on
HAT-selected cells (Fig. 5, C and D), consistent with a specific
action on de novo purine synthesis. DON probably has addi-
tional off-target inhibitory effects. The addition of a purine
salvage pathway substrate to azaserine-treated cells in high
glucose caused dose-dependent MICA expression (Fig. 5E),
confirming that purine synthesis is necessary for and can con-
trol GIME. This finding was reproducible with a range of sal-
vage pathway substrates, including the purine nucleobases ade-
nine and guanine, purine nucleosides including inosine, and
deoxynucleosides (Fig. S2, A-C).

J. Biol. Chem. (2018) 293(11) 3913-3924 3915
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Figure 3. The transport of glycolytic substrates into the cell is necessary for their effect on MICA expression. A, cytochalasin B, an inhibitor of GLUT-
mediated glucose transport, inhibits cell-surface MICA expression in HEK-293T cells cultured in 25 mm glucose. B, phloretin, a second GLUT transporter
inhibitor, also reduces MICA expression in 25 mm glucose. C, mannose, an alternative substrate for glycolysis, induces MICA expression. The ability of fructose
to induce MICA expression is limited in normal cells. D, mRNA for the fructose transporter GLUTS5 is not detected in HEK-293T cells but is present in GLUT5-
transfected cells. E, fructose-induced MICA expression is observed in GLUT5-transfected cells. F, the glucose analogue 2-deoxyglucose (2DG), which is not a
substrate for glycolysis, does not induce MICA expression. G, 2DG inhibits MICA expression in 25 mm glucose. H, mannose does not overcome the inhibition of
glucose-induced MICA expression by 2DG. RT ", with reverse transcriptase; RT , without reverse transcriptase; dH.0, deionized H,0. Error bars, 95% confidence

interval.

5-Aminoimidazole-4-carboxamide ribonucleotide (AICA-
Rt) is a de novo pathway purine intermediate nucleotide com-
posed of a phosphorylated ribose sugar and an incomplete
purine nucleobase. The inhibitor azaserine blocks de novo
purine synthesis before the point of AICA-Rt generation. AICA
ribonucleoside (AICA-Rs) is the equivalent intermediate nucle-
oside, composed of an unphosphorylated ribose moiety and the
same incomplete purine nucleobase. AICA-Rs can be trans-
ported into the cell and phosphorylated by adenosine kinase to
generate AICA-Rt. We tested the ability of AICA-Rs to actas a
salvage pathway substrate in vitro by culturing cells in the pres-
ence of high glucose, azaserine, and increasing amounts of
AICA-Rs and observed AICA-Rs-dependent induction of
MICA expression (Fig. 5F). To determine whether AICA-Rs
was sufficient to induce MICA expression, cells were cultured in
5 mm glucose with increasing doses of AICA-Rs, and AICA-Rs—
dependent MICA induction was observed (Fig. 5G). Similarly,
the purine nucleosides adenosine and guanosine, but not
pyrimidine nucleosides cytidine and thymidine, were sufficient
to induce MICA expression in 5 mMm glucose (Fig. S2D). The
purine nucleosides adenosine and inosine, but not purine
nucleobases hypoxanthine and adenine, were sufficient to
induce MICA expression in low-glucose conditions (Fig. S2E).
Whereas azaserine prevented GIME, it had no effect on AICA-
Rs, adenosine, or inosine-induced MICA expression, consistent
with the hypothesis that purine nucleosides induce MICA
expression downstream and independently of de novo purine
synthesis (Fig. S2F). To generate new purine nucleotides,
AICA-Rs must be phosphorylated to the de novo pathway inter-
mediate nucleotide AICA-Rt by adenosine kinase inside the
cell. Inhibition of adenosine kinase prevented AICA-Rs—
induced MICA expression, demonstrating that AICA-Rt, but

3916 J. Biol. Chem. (2018) 293(11) 3913-3924

not AICA-Rs, causes MICA induction (Fig. S2, G-I). There was
no correlation between cell proliferation and MICA expression
under these different metabolic conditions (Fig. S3).

Intracellular purine nucleotide and tricarboxylic acid cycle
intermediates are associated with increased MICA expression

These observations suggested that cellular conditions asso-
ciated with the production of energy-rich phosphorylated
purine nucleotides were pivotal in MICA expression at the cell
surface. We tested this association by measuring intracellular
metabolites and cell-surface MICA expression in a range of
conditions, using capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS), liquid chromatography time-of-
flight mass spectrometry (LC-TOFMS), and flow cytometry
(Fig. 6A). Increased intracellular concentrations of purine
nucleotides were observed when the cell-surface MICA expres-
sion increased. Furthermore, concentrations of TCA interme-
diates, necessary for maintaining purine nucleotides in their
phosphorylated state, were also associated with high MICA
expression (Fig. 6, B and C). ATP demonstrated the strongest
linear correlation with MICA expression (Table 1). Interroga-
tion of the complete data sets also indicated a metabolic signa-
ture that is associated with MICA expression. Principal compo-
nent analysis clearly separated a low-MICA expression cluster,
and two high-MICA expression clusters: an active de novo
or salvage purine synthesis cluster and a purine nucleoside cluster
(Fig. S4A). Metabolite enrichment analysis for predicted metabo-
lite sets showed significant enrichment in pathways supporting
nucleotide and TCA cycle product synthesis, including citrate syn-
thase, ATP synthase, nucleoside-diphosphatase, and glutamate
transport (Fig. S4B). A heat map of the full metabolome data set
demonstrated Ward clustering according to MICA expression
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across a diverse set of metabolic conditions (Fig. S5). MICA ULBP2, and ULBP3 were similarly responsive to metabolic
expression was associated with increased high-energy purine changes (Fig. 7, A and B). Chromium-release assays demon-

compounds (ATP, GTP) and TCA cycle metabolites. strated a significant increase in NK cell cytotoxicity toward cells

L L cultured in glucose, AICA-Rs, adenosine, or inosine (Fig. 7,
Glucose- and purine-induced MICA expression increase C-E). This increased killing was significantly reduced by prein-
NKG2D-dependent cellular immunogenicity cubation with an NKG2D receptor— blocking antibody (Fig. 7,

We performed chromium-release cytotoxicity assays to test F—H).
the functional significance of the altered MICA expression seen
with metabolic changes. However, first we measured the effect
of glucose and purine nucleotides on the other six NKG2D The impact of changes in metabolism on NKG2D ligand
ligands and confirmed that expression of MICB, ULBP1, expression was evaluated in primary human fibroblast cells

Glucose-induced MICA expression is observed in primary cells
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Figure 5. An intact purine synthesis pathway is necessary for MICA induction. A, DON, an inhibitor of proximal de novo purine synthesis, prevents GIME. B,
azaserine, a second de novo pathway inhibitor, also blocks GIME. C, azaserine, DON, and the GLUT transporter inhibitor phloretin each prevent GIME in
HEK-293T cells. D, HAT-selected HEK-293T cells produce purine nucleotides exclusively through the salvage pathway. Azaserine is unable to prevent GIME in
HAT-selected cells, showing that inhibition of GIME by azaserine depends on its action in inhibiting de novo purine synthesis. DON, like phloretin, appears to
have additional off-target actions. E, the salvage pathway substrate hypoxanthine rescues MICA expression in azaserine-treated cells in 25 mm glucose. F,
similarly, AICA-Rs also rescues MICA expression in azaserine-treated cells. G, AICA-Rs, which can be converted to AICA-Rt by adenosine kinase, is sufficient to
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S6, A and B). A raised glucose concentration was associated
with an increase in the CMV-induced cell-surface expression of

during infection with human cytomegalovirus (CMV). CMV
infection elicits increased glucose consumption and lactate

production; these effects are prevented by azaserine and
restored by the salvage pathway substrate hypoxanthine (Fig.
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MICA, MICB, ULBP1, and ULBP2 (Fig. S6C). The induction of
these NKG2D ligands was significantly higher in 25 mm glu-
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Table 1

Linear correlation between intracellular metabolite concentrations
and cell surface MICA expression

25mM

glucose +

azaserine SmM

25mM + glucose +
SmM 25mM glucose + hypoxant 1mM
glucose glucose azaserine hine AICA-Rs

MICA (MFI) 482.33 1877.00 642.33 3665.33 6096.00 R R2
ATP 3.14 19.47 1.61 19.30 39.20 0.96 |0.92
Succinate 0.06 0.16 0.08 0.14 0.36 0.93 |0.86
SuccinylCoA 0.00 0.06 0.01 0.05 0.10 0.92 |0.84
ADP 0.16 0.75 0.21 0.43 1.74 0.89 |0.79
Glutamine 0.16 0.21 2.04 0.47 16.40 0.82 |0.67
XMP 0.00 0.00 0.00 0.00 0.00 0.82 | 0.66
Citrate 0.32 1.92 0.23 235 2.19 0.81 | 0.66
Isocitrate 0.01 0.10 0.01 0.10 0.10 0.80 | 0.64
Lysine 4.01 3.30 3.10 1.13 1.82 -0.79 | 0.63
Cis-aconitate 0.04 0.12 0.02 0.13 0.13 0.79 | 0.62
Aspartic acid 3.57 2.36 2.34 0.91 16.74 0.76 | 0.58
o-Keto-glutarate 0.16 0.68 0.44 1.13 0.82 0.73 | 0.53
dTMP 0.00 0.00 0.00 0.01 0.01 0.72 | 0.51
AMP 0.08 0.18 0.05 0.11 0.19 0.70 | 0.49
GTP 1.44 12.07 1.90 16.92 10.66 0.66 | 0.43
GMP 0.03 0.08 0.01 0.12 0.07 0.64 | 0.41
Tyrosine 0.68 1.15 0.96 0.45 1.95 0.63 | 0.39
Pyruvate 0.16 1.10 0.90 0.61 1.34 0.61 |0.38
Phenylalanine 0.81 1.16 0.97 0.42 2.10 0.61 |0.37
Leucine 0.84 1.05 1.20 0.27 2.75 0.61 |0.37
Alanine 4.46 21.62 11.89 2.57 3229 0.60 |0.37
Histidine 0.44 0.47 0.50 0.15 1.15 0.60 | 0.36
Ribose 5-phosphate 0.01 0.00 0.05 0.00 0.00 -0.58 | 0.33
tryptophan 0.10 0.15 0.18 0.07 0.30 0.56 |0.32
Glutamine 33.05 20.04 4735 18.20 80.86 0.55 031
dTTP 0.01 0.09 0.01 0.10 0.06 0.55 |0.30
Malate 0.05 1.28 0.22 0.63 0.91 0.54 |0.29
GDbP 0.16 0.16 0.15 0.08 0.27 0.52 |0.27
Asparagine 3.74 3.89 1.44 0.58 6.79 0.51 |0.26
Isoleucine 0.87 1.27 0.99 0.26 2.10 0.51 |0.26
Cysteine 0.05 0.05 0.00 0.01 0.00 -0.50 | 0.25
Phosphoenol pyruvate | 0.02 0.12 0.06 0.09 0.09 048 |0.23
Fumarate 0.02 0.39 0.06 0.17 0.24 044 10.20
Methionine 0.41 0.19 0.38 0.06 0.78 044 |0.19
UMP 0.01 0.03 0.00 0.02 0.02 040 |0.16
dTDP 0.00 0.00 0.00 0.00 0.00 0.34 |0.12
AcetylCoA 0.02 0.01 0.00 0.02 0.00 -0.34 |0.11
(e1)) 4 0.01 0.04 0.02 0.01 0.01 -0.32 | 0.10
Glycine 2431 38.68 14.11 17.34 16.03 -0.29 | 0.08
Arginine 0.28 0.01 0.62 0.01 0.30 -0.28 | 0.08
Ribulose 5-phosphate | 0.04 0.18 0.07 0.12 0.01 -0.27 | 0.07
Serine 0.68 0.73 1.70 0.52 0.96 -0.26 | 0.07
Dihydroxyacetone
phosphate 0.00 0.31 0.05 0.73 0.04 0.23 |0.05
Fructose 6-phosphate | 0.00 0.20 0.05 0.23 0.06 0.23 |0.05
UTP 0.57 4.69 0.73 0.75 0.28 -0.23 | 0.05
CTP 0.26 1.65 0.43 0.34 0.23 -0.22 | 0.05
UDP 0.04 0.25 0.05 0.05 0.03 -0.22 | 0.05
Glucose 6-phosphate | 0.00 0.78 0.18 1.12 0.16 021 |0.04
Valine 2.51 2.09 1.79 0.44 3.26 0.20 | 0.04
Glyceraldehyde 3-
phosphate 0.00 0.04 0.00 0.10 0.00 0.20 | 0.04
Fructose 1,6-
bisphosphate 0.01 0.89 0.58 0.74 0.05 -0.19 | 0.04
Threonine 20.31 27.74 8.57 7.34 15.46 -0.18 | 0.03
2-phosphglycerate 0.01 0.04 0.03 0.03 0.02 0.17 | 0.03
3-phosphoglycerate 0.04 0.25 0.17 0.19 0.13 0.15 |0.02
IMP 0.01 0.08 0.00 0.02 0.02 0.15 |0.02
6-Phospho-gluconate | 0.00 0.03 0.01 0.08 0.00 0.13 | 0.02
Proline 21.65 67.95 8.79 56.71 7.63 -0.07 | 0.00
CMP 0.00 0.01 0.00 0.00 0.00 -0.01 | 0.00

cose, was limited by azaserine, and was rescued in the presence
of azaserine by hypoxanthine (p < 0.001) (Fig. S6D).

Discussion

The focus of immunometabolism studies has been largely on
the considerable influence of metabolism on the function of
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immune cells (35). Here we show that metabolism also affects
cells that are potential targets for immune cells; glucose uptake
and metabolism to purine nucleotides drives cell-surface MICA
expression and NKG2D-dependent cytotoxic killing of these
cells by immune cells.

These results are consistent with observational studies of
NKG2D ligand expression in disparate settings from malig-
nancy (5) to viral infection (6, 7) and physiological cell prolifer-
ation (8, 9). Each of these cellular processes is supported by
enhanced biosynthesis, whether dysregulated, pathological, or
physiological. Enhanced biosynthesis, the primary physiologi-
cal outcome of “activated” or Warburg metabolism, can confer
a survival advantage to individual cells by producing biological
substrates (lipids, nucleotides, and amino acids) to generate the
complex molecules (membranes, nucleic acids, and proteins)
that support cell maintenance, function, and division. Dysregu-
lation of biosynthesis is a challenge to the integrity and immu-
nity of multicellular organisms, as it may support inappropriate
cell survival or pathophysiological cellular processes. Thus,
dysregulated enhanced biosynthesis may advantage a cancer
cell, so detection and destruction of such cells by the immune
system would be desirable.

Warburg metabolism describes a metabolic phenotype of
increased glucose consumption, lactate production, biosynthe-
sis, and an increased ratio of glycolysis to TCA cycle metabo-
lism. This metabolic state supports viral replication (31) and
proliferation of both healthy (36) and malignant (37) cells. The
molecular events that control transition between quiescent and
activated metabolic phenotypes remain unclear (38, 39). Our
data demonstrate that glucose restriction replicates the biomo-
lecular and metabolomic characteristics of quiescent and acti-
vated metabolic states, with increased glucose consumption,
lactate production, intracellular ribonucleic acid levels, and
TCA cycle intermediate and high-energy purine nucleotide
concentrations. The inhibition of de novo purine synthesis rep-
licates the glucose-restricted condition in both metabolic pro-
file and MICA expression, whereas rescue of the purine salvage
pathway restores both metabolic profile and MICA expression
to the levels seen with high glucose. Supplying cells directly
with the purine nucleotide substrate AICA-Rs induces MICA
expression and increases cellular purine nucleotide concentra-
tions without an increase in early glycolytic pathway interme-
diates, suggesting that the purine output from glycolysis is key
to MICA induction. Whereas cell proliferation is observed in
several settings in which MICA is expressed (malignant trans-
formation, lymphocyte activation), our data suggest that MICA
expression in response to metabolic change can occur in the
absence of cellular proliferation.

In healthy individuals, interstitial glucose concentrations
typically range from 4.2 to 9.3 mM over a 24-h period (40). In
diabetic patients, plasma glucose concentrations can be higher,
but glucose levels are generally controlled by diet, insulin, or
other drugs because persistent changes substantially beyond
the normal range can lead to diabetic ketoacidosis, which car-
ries a high mortality. Raised glucose levels in diabetes have a
limited effect on intracellular glucose concentration because of
the lack of insulin, which is required to promote glucose uptake
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Figure 7. Cellular metabolism affects cellularimmunogenicity. A, in addition to affecting MICA expression, glucose, azaserine, and azaserine/hypoxanthine
have a similar effect on MICB, ULBP1, ULBP2, and ULBP3. B, AICA-Rs, adenosine, and inosine each induce the expression of ULBP2 and ULBP3 even in 5 mm
glucose. As multiple NKG2D ligands are similarly affected, we used anti-NKG2D receptor for blocking assays. C, cells cultured in 25 mm glucose or in 25 mm
glucose with azaserine and hypoxanthine were killed more effectively than cells cultured in 5 mm glucose or in 25 mm glucose with azaserine. D, cells cultured
in 5 mm glucose with AICA-Rs or adenosine were more susceptible to killing than cells cultured in 5 mm glucose alone. £, similarly, cells cultured in 5 mm glucose
with inosine were more susceptible to NK cell cytotoxicity than cells cultured in 5 mm glucose only. F-H, in conditions described in C-E, the addition of a
blocking NKG2D antibody prevented a significant amount of induced killing, consistent with an NKG2D-dependent killing mechanism. Error bars, 95%

confidence interval.
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into cells. In contrast, glucose concentrations in the solid tumor
microenvironment may be 10-fold lower than in healthy tissues
(41). Overall, our findings indicate that extracellular glucose
will only influence MICA levels in cells that can take up and
metabolize the glucose through the purine synthesis pathway.
Notably, CMV infection, which is associated with NKG2D
ligand induction, is known to both up-regulate the GLUT4 glu-
cose transporter (42) and induce Warburg metabolism (27).

The complexity of gene-regulatory networks means that a
broad array of cellular interventions may alter the expression of
agiven gene. Previous studies of MICA regulation show that the
DNA damage response pathway (19), TLR stimulation (10), his-
tone deacetylation (20), heat shock transformation (21), ioniz-
ing radiation (22), growth factor pathway activation (23), and
microRNA expression (25) can each induce MICA expression.
Whereas TLR stimulation has been shown to induce a Warburg
phenotype (28), the relationship between cellular metabolism
and these other stimuli is not well-defined. Further character-
ization of the cellular metabolic state in these settings is neces-
sary to assess the role of cellular nucleotide concentrations in
NKG2D ligand induction under these conditions.

Patterns of NKG2D ligand expression differ between cell
types. Whether individual NKG2D ligands are independently
regulated for distinct immunological functions or there is
redundancy in the ligand repertoire remains unclear. We show
that where we observe MICA expression, it is dependent on
intracellular purine nucleotide concentrations. Our data also
show that the effect of cellular metabolism on MICA expression
applies to other NKG2D ligands that are expressed in this cel-
lular context.

T cell immunity, a relatively recent evolutionary develop-
ment, provides adaptive immune oversight of the cellular pro-
teome, marking somatic cells producing viral or abnormal self
proteins as T cell targets (Fig. S7). In the cytosol, continuously
sampled cellular proteins are degraded to peptides and dis-
played at the cell surface in the peptide-binding cleft of the
major histocompatibility complex (MHC) class I molecule.
Cells displaying abnormal peptide-MHC class I complexes, rec-
ognized by interaction with the T cell receptor (TCR), are sus-
ceptible to elimination by T cells through direct cytotoxicity or
cytokine production. This potent adaptive T cell response is
checked by an elaborate set of mechanisms collectively referred
to as immune self-tolerance, preventing the activation of T cells
by self protein-MHC class I complexes. In contrast to TCR
surveillance of peptides, our data demonstrate that NKG2D-
mediated immune recognition of MICA at the cell surface
allows innate immune oversight of nucleotide biosynthesis.
Thus, both TCR- and NKG2D- mediated immunity are trig-
gered principally by distinct biosynthetic consequences of viral
infection and malignant transformation. This functional homo-
logy is reflected in the structural homology of MHC class I
molecules and MICA; MHC class I proteins bind peptides in a
peptide-binding groove, but MICA does not, and structural
studies have shown that the groove is narrowed and closed (43,
44). Immune oversight of nucleotide synthesis permits the early
detection and elimination of transformed or excessively prolif-
erating cells, which may demonstrate a “normal” or self pro-
teome, toward which adaptive immunity is self-tolerant.
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This insight into the molecular control of MICA underlines
the importance of metabolic surveillance in cellular immunity
and outlines a potential route to therapeutic advancement in
cancer, autoimmune disease, and transplantation.

Experimental procedures
Cell lines and standard culture medium

293T, HeLa, MCF7, and HT1080 cell lines were cultured in
glucose-free Dulbecco’s modified Eagle’'s medium, supple-
mented with 10% fetal calf serum, 2 mm pyruvate, penicillin/
streptomycin solution, and glucose at the concentration indi-
cated. NK92 cells were cultured in Roswell Park Memorial
Institute 1640 culture medium (RPMI) supplemented with 10%
fetal calf serum, 2 mMm pyruvate, penicillin/streptomycin solu-
tion, and interleukin-2 (200 units/ml). Primary human adult
dermal fibroblasts were purchased from Life Technologies, Inc.
and cultured in RPMI with 10% fetal calf serum, 2 mm gluta-
mine, and penicillin/streptomycin solution.

Chemicals and reagents

Glucose (catalog no. 49152), fructose (catalog no. F3510),
mannose (catalog no. M6020), mannitol (catalog no. 17311),
azaserine (catalog no. 11430), 6 diazo-oxo-norleucine (catalog
no. D2141), 2-deoxyglucose (catalog no. D8375), phloretin (cat-
alog no. P7912), cytochalasin B (catalog no. C6762-1mg), car-
boxyfluorescein diacetate succinimidyl ester (CFDA-SE) (cata-
log no. 21888), all nucleosides and nucleobases, and 50X
hypoxanthine-thymidine solution (catalog no. A9666) were
purchased from Sigma-Aldrich. AICA-Rs (catalog no. 9944S)
was purchased from New England Biolabs (Ipswich, MA).
Adenosine kinase inhibitor (catalog no. 116890, CAS 214697-
26-4) was purchased from Merck-Millipore (Darmstadt, Ger-
many), and iodotubercidin was from Abcam (Cambridge, UK).

Glucose and lactate measurement

Measurements of glucose, lactate, and osmolality in cell cul-
ture media were performed by the Department of Clinical
Biochemistry, John Radcliffe Hospital, Oxford. Glucose and lac-
tate concentrations were determined using the glucose hexokinase
II reagent kit (catalog no. 04903429, Bayer Healthcare,
Leverkusen, Germany) and the lactate reagent kit (catalog no.
07109944, Bayer Healthcare), respectively. Osmolality was cal-
culated on a VITECH 3320 micro-osmometer. Intracellular
glucose and lactate concentrations were determined by a liquid
chromatography/mass spectrometry quadrupole time-of-flight
nanoflow method, as described previously (45).

Antibodies

Antibodies against MICA (2C10, IgG1), ULBP4 (6E6, IgG2B),
and ULBP5 (6D10, IgM) were purchased from Santa Cruz Bio-
technology (Heidelberg, Germany); MICB (MAB1599, IgG2b),
ULBP1 (MAB1380, IgG2a), ULBP2 (MAB1298, IgG2a), and
ULBP3 (MAB1517, IgG2a) were purchased from R&D Systems
(Minneapolis, MN); podoplanin (NZ-1, IgG1) was purchased
from AngioBio. HLA-ABC (W6/32, IgG2a), anti-PCNA (14-
9910-80, IgG2a), and all isotype control antibodies were pur-
chased from eBioscience (Hatfield, UK). The Alexa Fluor sec-
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ondary antibodies 647-conjugated goat anti-mouse IgM
(A-21238) and 647-conjugated goat anti-mouse IgM (A-21236)
were purchased from Invitrogen.

Flow cytometry

Flow cytometry analysis was carried out on a BD Biosciences
FacsCanto flow cytometer, using BD FacsDiva acquisition soft-
ware, and results were analyzed using FlowJo (Ashland, OR).

For cell-surface staining, cells were washed with phosphate-
buffered saline with 0.03% azide (PBSA). Primary and second-
ary antibody staining were carried out by standard protocols.
Propidium iodide (PI; 4 ng/ml) was added to the final resuspen-
sion buffer to determine cell viability.

Total cell MICA was measured by flow cytometry of permea-
bilized cells. Cells were fixed by resuspension in 2% paraformal-
dehyde for 30 min and permeabilized with 0.05% saponin in
PBSA for 30 min. The standard staining protocol was then fol-
lowed, but with 0.05% saponin added to each of the buffers.
Unless otherwise stated, experiments were conducted at least
in triplicate. The histograms show average mean fluorescence
intensity of three biological replicate samples, and error bars
represent the 95% confidence interval.

Cell-cycle analysis

Cells were fixed in 1% paraformaldehyde for 60 min on ice,
permeabilized in 70% ethanol, and resuspended in staining
solution (40 ng/ml PI, 100 wg/ml RNase A in PBS) for 30 min at
37 °C. The cell-cycle analysis was conducted by flow cytometry
with PI fluorescence measured in linear mode. Doublets were
excluded by initial PI width-area gating. PI voltage was adjusted
to center the G; population on the 50,000-V area level, and
cell-cycle parameter modeling was performed using Flow]Jo
software.

Carboxyfluorescein diacetate succinimidyl ester (CFSE)
proliferation assay

For adherent cells, the culture medium was replaced with
CFDA-SE (5 uMm). Cells were incubated at 37 °C for 10 min, and
the CFDA-SE solution was replaced with fresh culture medium,
as indicated. Cells were cultured for a further 48 h, before mea-
suring CFSE fluorescence by flow cytometry through a FITC
filter.

Cloning and transfection

The Consensus Coding Sequence Database (CCDS) was used
to identify the reference sequence for GLUTS5 expression
cloning. Primers were designed to include a Kozak sequence
(forward, TTAATAAGCTTGCCATGGAGCAACAGGATC-
AGAG; reverse, TTAATCTCGAGTCACTGTTCCGAAGT-
GACAGGTQG). The gene was cloned from MCF7 cell cDNA
and ligated into the pCDNA3.1 expression vector. Cells were
transfected using a standard polyethyleneimine protocol. The
doxycycline-inducible eGFP lentiviral expression vector was
generated by cloning eGFP from the expression vector
pEGFP-N1 between the Xhol and Mlul sites of a modified
pTripZ vector. The modified pTripZ vector was made by excis-
ing Turboprop using the Agel and Mlul restriction sites and
inserting the following modified multiple cloning site: forward
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primer, CCGGTATCGATGAATTCTTCGAACTCGAGAT-
TAATAAGCTTA,; reverse primer, CGCGTAAGCTTATTAA-
TCTCGAGTTCGAAGAATTCATCGATA. This plasmid was
used to generate a lentiviral vector using standard protocols.
Infected cells were selected with puromycin and induced with
doxycycline at a concentration of 2 ug/ml.

Reverse transcription-PCR

RNA extraction was carried out using TRIzol and the
Purelink RNA minikit, including DNase I digestion using the
Purelink DNase I kit (Life Technologies), according to the man-
ufacturer’s protocol. RNA concentration was measured by
Nanodrop (Wilmington, DE). The following PCR primers were
used: GLUT1, GTGCAGCAGCCTGTGTATGC and GGCCA-
CGATGCTCAGATAGG; GLUT2, CTGTGCTGGGTTCCT-
TCCAG and AAGGGGTTGGTTTTGGGTTC; GLUTS3, TA-
CAGCGATGGGGACACAGAAG and CCAGAGAGACGTG-
AGCAGCAC; GLUT4, CCCTGGTCCTTGCTGTGTTC and
AAAAGATGGCCACGGAGAGG; GLUT5, GAATTCATGG-
AAGACTT and GCCATCTACGTTTGCAA (46).

Chromium release cytotoxicity assay

1 X 10° target cells for each test condition were washed in
fresh culture medium and pelleted. These target cell pellets
were resuspended in 50 pl of chromium-51 (0.05 mCi)/sample
and incubated for 1 h at 37 °C. Labeled cells were washed twice
with fresh RPMI and transferred to a 96-well plate, with 5000
cells in 50 ul of fresh culture medium per well. NK92 cells were
resuspended in fresh NK cell medium and serially diluted to
generate the effector/target ratios described, at a volume of 100
wl/well. Background lysis was measured by adding 100 ul of
NK92 medium only, and maximal lysis was measured by adding
100 pl of 5% Triton-X. Effector and target cells were mixed by
gentle pipetting and co-incubated at 37 °C for 1 h. The reaction
plate was then centrifuged, and 25 ul of supernatant from each
well was added to 150 ul of scintillation fluid in a fresh 96-well
plate. Scintillation counts were measured on a Microbeta Tri-
Lux liquid scintillation counter. To measure NKG2D-specific
killing, effector NK92 cells were initially resuspended in 2 ml of
NK92 culture medium, and an anti-NKG2D antibody (BD Bio-
sciences, catalog no. 552866) was added at a concentration of 5
pg/ml. The NK92 cells were incubated at 37 °C for 30 min
before being resuspended in RPMI and added to target cells as
described previously.

Metabolite analysis

The concentrations of intracellular anionic and cationic
metabolites were measured by CE-TOFMS and LC-TOFMS
(47, 48). Samples were prepared as described previously (49).

Statistical analysis

Histogram bars represent mean values, and error bars repre-
sent the 95% confidence interval of the mean. Statistical sig-
nificance and p values were calculated using ¢ tests unless
otherwise specified. Correlation between cell-surface MICA
expression and intracellular metabolite concentration was cal-
culated using the correlation coefficient and coefficient of
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determination between mean values measured in parallel. *, p <
0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001, unless
otherwise specified. Metabolomic analysis was undertaken
using R and algorithms implemented in Metaboanalyst version
3.0 (50).
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