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Autoimmunity is a complex trait disease where the environ-
ment influences susceptibility to disease by unclear mecha-
nisms. T cell receptor clustering and signaling at the immune
synapse, T cell proliferation, CTLA-4 endocytosis, T;1 differ-
entiation, and autoimmunity are negatively regulated by
B1,6GlcNAc-branched N-glycans attached to cell surface glyco-
proteins. 31,6GlcNAc-branched N-glycan expression in T cells
is dependent on metabolite supply to UDP-GIcNAc biosynthesis
(hexosamine pathway) and in turn to Golgi N-acetylglucosami-
nyltransferases Mgatl, -2, -4, and -5. In Jurkat T cells, $1,6Glc-
NAc-branching in N-glycans is stimulated by metabolites sup-
plying the hexosamine pathway including glucose, GlcNAc,
acetoacetate, glutamine, ammonia, or uridine but not by control
metabolites mannosamine, galactose, mannose, succinate, or
pyruvate. Hexosamine supplementation in vitro and in vivo also
increases 1,6GlcNAc-branched N-glycans in naive mouse T
cells and suppresses T cell receptor signaling, T cell prolifera-
tion, CTLA-4 endocytosis, Ty1 differentiation, experimental
autoimmune encephalomyelitis, and autoimmune diabetes in
non-obese diabetic mice. Our results indicate that metabolite
flux through the hexosamine and N-glycan pathways condition-
ally regulates autoimmunity by modulating multiple T cell func-
tionalities downstream of B1,6GlcNAc-branched N-glycans.
This suggests metabolic therapy as a potential treatment for
autoimmune disease.

Complex trait diseases such as autoimmunity are determined
by poorly understood genetic and environmental interactions.
The T cell-mediated autoimmune diseases multiple sclerosis
(MS)? and type 1 diabetes exemplify this problem, where iden-
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tical twins of Northern European descent are discordant ~60 —
70% of the time despite displaying an ~150-300 times higher
risk than the general population prevalence of ~0.1 and ~0.4%,
respectively (1, 2). Genetic-environmental interactions have
been established between disease-associated major histocom-
patibility complex haplotypes and specific pathogen peptides
that mimic disease self antigens (3, 4). The prevalence of MS
and type 1 diabetes changes along north-south gradients, impli-
cating ultraviolet light exposure and production of vitamin D3
in the skin (5-7), a hormone known to negatively regulate T cell
function, the MS animal model experimental autoimmune
encephalomyelitis (EAE), and spontaneous autoimmune diabe-
tes in the non-obese diabetic (NOD) mouse (5, 8—11). How-
ever, molecular mechanisms for genetic-environmental inter-
actions are poorly understood.

Salvage of glucosamine by the hexosamine pathway to UDP-
GlcNAcis reported to suppress T cell function and EAE in mice
by an unknown mechanism (12, 13). De novo biosynthesis of
UDP-GIcNAc by the hexosamine pathway utilizes glucose,
acetyl-CoA, glutamine, and UTP (see Fig. 1), key allosteric regu-
lators of basic metabolism, suggesting regulation of UDP-GIcNAc
supply is integrated with down-stream pathways requiring this
sugar-nucleotide. In this regard, the Golgi pathway to 81,6Glc-
NAc-branched N-glycans is sensitive to cellular UDP-GIcNAc
levels (14) and plays arole in T cell function (15). Mice deficient
in Golgi UDP-GIcNAc:B1,6N-acetylglucosaminyltransferase V
(Mgat5) display enhanced delayed-type hypersensitivity, spon-
taneous kidney autoimmunity after 1 year of age, and increased
susceptibility to EAE (15).

Most transmembrane receptors on mammalian cells are
modified by N-glycosylation en route to the cell surface. The
N-acetylglucosaminyltransferases I, II, IV, and V, encoded by
the genes Mgatl, -2, -4a/b, and -5, act sequentially to transfer
N-acetyl-p-glucosamine (GlcNAc) from UDP-GIcNAc to
N-glycan intermediates in the medial Golgi, producing mono,
bi-, tri-, and tetra-antennary N-glycans, respectively (16, 17)
(see Fig. 1). Branching and particularly the B1,6GlcNAc-
branched tetra-antennary N-glycans are sub-saturating, as
Mgatl, -2, -4, and -5 display decreasing affinities for UDP-Glc-

mental autoimmune encephalomyelitis; L-PHA, P. vulgaris leukoagglutinin;
SW, swainsonine; TCR, T cell receptor; FACS, fluorescence-activated cell
sorter; CFSE, carboxyfluorescein diacetate succinimidyl ester; Bis-Tris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; ELISA,
enzyme-linked immunosorbent assay; MBP, myelin basic protein; IFN,
interferon; IL, interleukin; FITC, fluorescein isothiocyanate.

JOURNAL OF BIOLOGICAL CHEMISTRY 20027



Metabolic Control of T Cell-mediated Autoimmunity

I31,6 GIcNAc-branched N-glycan Biosynth

esis| mechanism for metabolic regula-

Hexosamine Pathway

4— Glucose-6-

tion of cellular transitions between
growth (i.e. epidermal growth fac-

Glucose X5 1 cphate i tor, insulin-like growth factor,
7 N-Acetylgh i i
” ) Gucosamine g vy plaFelet—derlved growth factor, and
glutamine Acetyl- } basic fibroblast growth factor recep-
ine. COA B
Glycolysis <— ::;‘:;::{j z (63-'::2:;;“;:1: — N-Acetylglucosamine-6-phosphate tOrS) and arrest Slgnahng (l.e. trans-
forming growth factor-B receptor,
N-Acetylglucosamine- 1-phosphate CTBLl/z'é’laII\lIdAGLbUT'Zg (323\[ I
} UTP <~ Uridine ,OLalCNAC-branche -glycans
g . attached to the T cell receptor
enhance binding to galectin-3, limit-
e L . Femmmm—————————— UDP-GleNAc _ _ _ _ X%°L  ing TCR clustering at the immune
== I s SokN synapse and increasing agonist
M-Slycan Pathway : T, i thresholds for TCR signaling (15, 22,
~ - 23). After TCR activation, endocyto-
sis rates are increased and Src-family
MGAT ; Avlinosi
oT Gl Gl M Milx MGAT1 ¥ MGAT2 ¥ 4aiap T MGATS l<1nz?ses and Phosphatldylmom’tol
— 5 — — — —- * — =p — 3-kinase/Erk stimulate hexosamine
-I- T Km=~0.04mM Km~0.9mM Km=~5mM Km (;:r:; ﬂuX and Golgi processing tO
DMN sw Gama} Gams} cams} o _ B1,6GlcNAc-branched N-glycans,
Jgi:,':;';" thereby enhancing surface reten-
© Mannose @ Galactose tion of the growth suppressor
4 Glucose W "'Acfg'ﬁic?sﬂmine Leua CTLA-4 (22). Therefore, B1,6Glc-
CNAC e
: N-acetyllactosamine Mono (B1,2) Bi(B1,2) Tri ((B1.4) Tetra (81,6) binding NAC—branChed N'glycans re.gu.late
different receptors and at two distinct

FIGURE 1. Regulation of GIcNAc-branched N-glycan biosynthesis by the hexosamine and N-glycan path-
ways. UDP-GIcNAc is required by the N-acetylglucosaminyltransferases Mgat1, -
size of the arrows for Mgat1, -2, -4, and -5 depicts the relative affinity for UDP-GIcNAc, with K, below the arrows.
Cytosolic UDP-GIcNAc enters the Golgi via antiporter exchange with Golgi UMP, a reaction product of the

N-acetylglucosaminyltransferases. Galectins bind N-acetyllactosamine, with avid
the number of N-acetyllactosamine units (i.e. GIcNAc branching). B1,6GIcNAc-b
poly-N-acetyllactosamine production, further enhancing avidity for galectins

DMN, deoxymannojirimycin; Gl, glucosidase I; Gll, glucosidase Il; Ml, mannosidase I; Mllx, mannosidase lIx;

GalT3, galactosyltransferase3. A bypass pathway involving Mgat1 activity before

NAc, and enzyme concentrations also decline across the path-
way (see Fig. 1) (17). Galectins, a family of N-acetyllactosamine
binding animal lectins, bind cell surface glycoproteins and form
a molecular lattice that negatively regulates lateral movement
and endocytic loss of surface receptors and transporters (15,
18-21). Galectins bind to N-glycans on surface glycoproteins with
affinities proportional to GleNAc-branching (Fig. 1) (15, 18, 19).
B1,6GlcNAc-branched N-glycans are preferentially extended by
poly-N-acetyllactosamine (i.e. (GalB1,4GlcNAcB1,3-),), further
increasing avidity for galectins. However, increasing the pro-
portion of tri-antennary structures in Mgat5-deficient cells is
sufficient to rescue defects in galectin binding and surface
retention of receptors (22). In addition, the number of N-gly-
cans, an encoded feature of protein sequence (NX(S/T)), con-
tributes to galectin avidity and regulates surface residency of
receptors in a selective manner (22). With increasing hexosa-
mine flux of UDP-GlcNAc through the Golgi to N-glycan Glc-
NAc branching, surface galectin binding and retention of gly-
coproteins with high N-glycan multiplicity (epidermal growth
factor, insulin-like growth factor, platelet-derived growth fac-
tor, and basic fibroblast growth factor receptors) are enhanced
before those with lower multiplicity (transforming growth fac-
tor-B receptor, CTLA-4, and GLUT-4) (22). This provides a
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Galectin avidity

phases of the T cell response, both
serving to suppress T cell activation
and autoimmune mechanisms. Here
we demonstrate that surface 81,6Glc-
NAc-branched N-glycans on T cells
are regulated by the nutrient envi-
ronment and metabolite supply to
the hexosamine pathway. Hexosa-
mine pathway supplements sup-
press TCR sensitivity, T;1 differentiation, and autoimmunity
by increasing N-glycan GIcNAc-branching in T cells. Our
results indicate that genetic and environmental contributions
to metabolic homeostasis and Golgi processing regulate N-gly-
can branching, T cell function, and autoimmunity and suggest
new avenues for prevention and treatment of autoimmune dis-
ease (Fig. 7).

2,-3,-4,and -5 and iGnT. The

ity increasing in proportion to
ranching by Mgat5 promotes
. ER, endoplasmic reticulum;

mannosidase Il is not shown.

EXPERIMENTAL PROCEDURES

FACS Analysis and in Vitro Proliferation Assays—PL/] mice
were congenic at backcross six from our original 129/Sv
Mgat5 '~ mice (24). NOD mice were obtained from Jackson
laboratories at 5 weeks of age. Procedures and protocols with
mice were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine. Mouse cells
were stained with anti-CD4 (RM4 -5), anti-CD8 (53-6.7), anti-
CTLA-4 (UC10-4B9), anti-CD28 (37.51), and anti-CD69
(H1.2F3) from eBioscience, Phaseolus vulgaris leukoagglutinat-
ing lectin (L-PHA, 4 pg/ml), Lycopersicon esculentum aggluti-
nating lectin (20 ug/ml), and 7-aminoactinomycin D (1 pg/ml)
from Sigma. Purified CD3™ T cells (R&D Systems) were labeled
with 5 um 5,6-carboxyfluorescein diacetate succinimidyl ester
(CFSE; Molecular Probes) in phosphate-buffered saline for 8

VOLUME 282+-NUMBER 27-JULY 6, 2007



Metabolic Control of T Cell-mediated Autoimmunity

A7 ve' Mgat5™/ No L-PHA B membranes, and immunoblotted
5% i = :g:;g; Mgat5”  Mgats”~  Mgats* with rabbit anti-phospho-Zap70
fll — mgats** Time(min) 0 3 10 30 0 3 10 30 0 3 10 30 antibody (Ab; Cell Signaling Tech-
¥ | WB: pZap70 | = = s e nology), rabbit anti-phospho-LAT
£ WB: pLAT [/ %% su'em e is == em#e e  Ab (Upstate), and/or anti-actin Ab

ey WE: Actin s s e e e s s« smame (Santa Cruz).
MS/MS Mass Spectroscopy—For
L0, MS/MS mass spectroscopy to deter-
) mine sugar nucleotide levels, Jurkat
C D 400 - AntcD3 ggq";mi T cell pellets (20 X 10° cells) were
g 30045~ . '&m:ggg ;ﬁgg resuspended in 300 ml of cold meth-
undivided g o P Ek.. =[F Anti-CD3 500ng/mi anol:water (1:1) solution containing

o

wo )N g e,

maltose as an internal standard, vor-
texed for 10's, and then pipetted into
tubes containing 600 ml of chloro-

Mgats- "o 50 100 150 200 form:methanol (3:2). Maltose (100
”ﬁ ﬁ JM SW (nM) pmol) was added to each sample as
32- an internal standard. Samples were
& vortexed for 1 min and then centri-

Mgat5* o = 244 .
2 5 fuged at 14,000 rpm for 5 min at
(ﬁjr?:} 62.5 125 250 500 1000 = E 164 o 4 °C. Supernatants were collected,
e « 3 4 oowan, and an equal volume of chloroform:
& & -0-SW100nM methanol (1:1) was added followed
- TN by a second extraction. The pooled
0 100 200 300 400 500 aqueous fraction containing the

Anti-CD3 (ng/ml)

FIGURE 2. B1,6GlcNAc-branched N-glycan expression and dose-dependent regulation of T cell function.
A, LI-PHA FACS analysis of CD4" T cells from the indicated genotypes. Background fluorescence in L-PHA-
stained Mgat5~/~ CD4* T cells is the same as non-L-PHA-stained Mgat5™/* CD4* T cells, confirming previous
observations that L-PHA specifically binds 1,6GlcNAc-branched N-glycans (15). B, purified CD3 ™" T cells of the
indicated genotypes were incubated at 37 °C with anti-CD3 antibody-coated microbeads for various times,
lysed, and Western-blotted (WB). C, purified CD3* T cells were labeled with CFSE, stimulated for 3 days, and
analyzed by FACS. The results shown are gated on CD4 " T cells. D, purified CD3* T cells were labeled with CFSE
(lower panel) or left unstained (upper panel), stimulated for 5 days in the presence or absence of SW, and
analyzed by FACS. Shown is L-PHA mean fluorescence intensity (MFI) (upper panel) and percentage increase in
the number of proliferating CD4™" T cells relative to cells stimulated with 62.5 ng/ml anti-CD3 (lower panel). All
data are gated on CD4 ™" T cells. The results are representative of at least three independent experiments.

min at room temperature and stimulated with plate-bound
anti-CD3e (2C11, eBioscience) in the presence or absence of
GlcNAc and/or swainsonine (SW) (Sigma). Jurkat T cells were
cultured in either glutamine-free RPMI 1640, 10% fetal bovine
serum, 10/20 mm glucose, or glucose/glutamine-free Dulbec-
co’s modified Eagle’s base medium supplemented with 10%
fetal bovine serum, 1.5 mm glucose. The indicated monosac-
charides and/or metabolites were added daily except glucose,
which was added only at time 0 and were titrated until a plateau
was reached in L-PHA staining or toxicity was observed. The
plateau or highest non-toxic dose is shown.

TCR Signaling—1 X 10° purified splenic CD3" T cells from
Mgat5"/*, Mgat5"/~, and Mgat5~ /"~ mice or from purified T cell
cultures incubated in the presence or absence of GIcNAc (80 mm)
and/or swainsonine (0.25 um) for 72 h were mixed with 5 X 10°
polystyrene beads (6 wm, Polysciences) coated at 4 °C overnight
with 0.5 pg/ml anti-CD3e antibody (2C11, eBioscience) and pel-
leted at 5000 rpm for 15 s, incubated at 37 °C for the indicated
times, and then solubilized with ice-cold 50 mm Tris, pH 7.2, 300
mm NaCl, 1.0% Triton X-100, protease inhibitor mixture (Roche
Applied Science), and 2 mm orthovanadate for 20 min. Cell lysates
were separated on Nupage 10% Bis-Tris gels (Invitrogen) under
reducing conditions, transferred to polyvinylidene difluoride

JULY 6, 2007 - VOLUME 282-NUMBER 27

hydrophilic metabolite was dried
with a SpeedVac, passed over C18
SepPak in water, dried, and stored at
—80 °C. Before injection, the sam-
ples were dissolved in 100 ml of
methanol:water (1:1). The samples
were injected at 150 ml/h and ana-
lyzed on a 4000QTRAP (Mass Spec-
trometer (SCIEX). The metabolites
were identified by their transitions
in MS/MS and quantified using the Analyst Software (Applied
Biosystems- SCIEX), which measured the area under the curve
for major fragment ion (M2) corresponding to each parent ion
(M1). Collision energy, declustering potential, and ion spray
voltage were optimized for each metabolite. UDP-GIcNAc
(M1 = 605.9 and M2 = 385.0 with setting declustering poten-
tial —40, collision energy —38, and ion spray voltage —3500)
and UDP-Gal (M1 = 564.9 and M2 = 323.0 with setting declus-
tering potential +80, collision energy +23, ion spray voltage
+5500) were measured in negative and positive, respectively.
Maltose was measured in negative mode (M1 = 341 and M2 =
161 with setting declustering potential —40, collision energy
—13, and ion spray voltage —4000). Standards for maltose,
UDP-GIcNAc, and UDP-Gal showed sensitivity to 15 pmol and
linearity to 10 nmol. Data are reported as UDP-HexNAc and
UDP-Hex due to potential interconversion of UDP-GIcNAc to
UDP-GalNAcand UDP-Gal to UDP-Glc by 4'-epimerase activ-
ity, sugar nucleotides not distinguished in M1.

In Vivo GIcNAc Treatment—GlcNAc was administered
orally in age- and sex-matched PL/J littermate mice by adding
GlcNAc to their drinking water at various concentrations.
Fresh GIcNAc was given daily for 5 days, with the amount con-
sumed approximated by determining the volume remaining

JOURNAL OF BIOLOGICAL CHEMISTRY 20029
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FIGURE 3. Metabolite supply to the hexosamine pathway regulates 31,6GlcNAc-branched N-glycan
expression in Jurkat T cells. A-D, the indicated monosaccharides and metabolites were cultured with Jurkat
T cells for 3 days, stained with L-PHA-FITC in triplicate, and analyzed by FACS (A, B, and D) or lysed and analyzed
by MS/MS mass spectroscopy for sugar-nucleotide expression (C). Green, blue, and red lines in B refer to altered
glucose concentrations in the culture media as indicated; all others were cultured in 10 mm glucose. UDP-
HexNAc and UDP-Hex levels in non-supplemented cells were below the detection level of our assay. Detection
via high performance liquid chromatography indicates GIcNAc supplementation increases the UDP-HexNAc:
UDP-Hex ratio up to ~6-fold in TCR-activated mouse T cells (22). Error bars are present in (A, B, and D) and
represent the means = S.E. of triplicate staining. p values in D are by analysis of variance and the Newman-Keuls
multiple comparison test with non-supplemented cells or as indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

after 24-h. After 5 days of treatment, harvested splenocytes were
stained and analyzed by FACS.

Cytokine ELISA—Supernatant from splenocyte and/or T cell
cultures stimulated with myelin basic protein (MBP) and/or
anti-CD3e (2C11, eBioscience) in the presence or absence of
GlcNAc and/or SW were tested for IFN-v, IL-6, and/or IL-4
levels by ELISA. Microtiter plates were coated with 50 ul of
anti-IFN-v (1 ug/ml, clone AN-18; eBioscience), anti-IL-6 (1.5
pg/ml, clone MP5-20F3; eBioscience), or anti-IL-4 (2 ug/ml,
clone 11B11; eBioscience) overnight at 4 °C. Supernatants were
applied at 50 ul/well and incubated for 2 h at room tempera-
ture. Captured cytokines were detected using biotinylated anti-
IFN-y (1 pg/ml, clone R4—-6A2; eBioscience), anti-IL-6 (1
pg/ml, clone MP5-32C11; eBioscience), or anti-IL-4 (1 ug/ml,
clone BVD6-24G2; eBioscience) and detected using avidin
horseradish peroxidase (eBioscience) at 1:500X dilution and
o-phenylenediamine dihydrochloride tablets (Sigma) accord-
ing to the manufacturer’s protocols. Recombinant IFN-v, IL-6,
or IL-4 (eBioscience) was used as a standard.
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Adoptive Transfer EAE and NOD
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ditions. Mice were examined daily
for clinical signs of EAE and scored
in a blinded fashion as follows: 0, no
disease; 1, loss of tail tone; 2, hind-
limb weakness; 3, hindlimb paraly-
sis; 4, forelimb weakness or paralysis
and hindlimb paralysis; 5, moribund
or dead. GIcNAc was administered
orally to female NOD mice by add-
ing fresh GIcNAc at a concentration
of 250 wg/ml to the drinking water
every 3 days. Spontaneous diabetes
in wild-type NOD mice was diag-
nosed after two consecutive positive
tests for glycosuria of =2000 mg/dl by Chemstrip (Accu-chek,
Roche Applied Science) 1 week apart.

1009 Pyruvate (mglL)

RESULTS

T Cell Thresholds and Fractional Changes in B1,6GlcNAc
Branching—Conditional or metabolic regulation of T cell acti-
vation thresholds could be expected to be sensitive to small
incremental changes in N-glycan branching. To test this
hypothesis we compared the agonist sensitivity of primary T
cells from Mgat5"'", Mgat5"/~, and Mgat5 '~ mice.
Mgat5"/~ T cells show an ~20-25% reduction in 81,6Glc-
NAc-branched N-glycans relative to Mgat5"/" cells as indi-
cated by L-PHA binding, a plant lectin specific for these struc-
tures (Fig. 24) (15, 23). Stimulation of purified CD3* T cells
with anti-CD3- coated microbeads demonstrates that
Mgat5"/~ cells are intermediate compared with Mgat5*/* and
Mgat5 /" cells for TCR signaling as shown by enhanced phos-
phorylation of Zap-70 and LAT (Fig. 2B). Mgat5™'~ T cells are
similarly intermediate for TCR-mediated proliferation, as
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FIGURE 4. Metabolite supply to the hexosamine pathway regulates 31,6GlcNAc-branched N-glycan
expression in resting primary mouse T cells. A and B, the indicated monosaccharides and metabolites were
cultured with unstimulated mouse splenocytes for 3 days, stained with L-PHA-FITC in triplicate, and analyzed
by FACS. The results are representative of at least three independent experiments. Error bars are present in all
panels and represent the means * S.E. of triplicate samples. C, splenocytes from Mgat5 "/~ mice orally supple-
mented with GlcNAc for 5 days via their drinking water at the indicated concentrations were stained with
L-PHA-FITC in triplicate and analyzed by FACS. On average, mice drank ~4.6 = 0.25 ml/day, estimated by
determining the amount of GIcNAc solution remaining daily. For a 28.5-g mouse, the approximate mg/kg
doses received is 10, 20, 40, 80, and 160. Data shown are an average from two independent experiments, each
with triplicate staining. n = number of mice. Error bars are the means = S.E. p values in Band C are by analysis
of variance and the Newman-Keuls multiple comparison test with non-supplemented cells/mice or as indi-

cated. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

shown by tracking cell division with CFSE (Fig. 2C). To confirm
that small reductions in [1,6GlcNAc-branched N-glycans
enhance TCR sensitivity, we treated wild type cells with mini-
mal concentrations of SW. SW is a specific inhibitor of manno-
sidase II that blocks GIcNAc branching in N-glycans and is
known to enhance T cell proliferation and T;1 differentiation
(23, 25). At low levels of anti-CD3 stimulation, partial reduc-
tions in B1,6GlcNAc-branched N-glycans by low doses of
swainsonine significantly enhance wild type T cell proliferation
(Fig. 2D) (25, 26). Thus, changes in T cell activation thresholds
can be readily detected with as little as ~20—-25% variations in
B1,6GlcNAc-branched N-glycans.

Metabolic Flux through the Hexosamine Pathway Regulates
B1,6GlcNAc-branched N-Glycans in T Cells—The expression
of tri (i.e. B1,4)- and tetra (ie. B1,6)-antennary GlcNAc-
branched N-glycans in cultured cells is sensitive to changes in
the intracellular concentration of UDP-GIcNAc (14, 22), which
enters the Golgi via UDP-GIcNAc transporters (27). The addi-
tion of GlcNAc to cultured cells supplements UDP-GIcNAc
pools after uptake by bulk endocytosis, 6-phosphorylation, and
conversion to UDP-GIcNAc (Fig. 1) (14, 22). Glucose, gluta-
mine, acetyl-CoA, and UTP are metabolites required by the
hexosamine pathway for de novo UDP-GIcNAc biosynthesis
(Fig. 1). TCR activation of mouse T cells increases Mgat5 gene
expression (15), glucose uptake (28), UDP-HexNAc levels (22),
and B1,6GlcNAc-branched N-glycans (23). GlcNAc supple-
mentation of activated T cells further enhances UDP-HexNAc
levels, increasing the UDP-HexNAc:UDP-Hex ratio up to
~6-fold (22). To determine whether hexosamine metabolite
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supplementation enhances expres-
sion of cell surface galectin ligands
(i.e. N-glycan GlcNAc branching
and poly-N-acetyllactosamine) in
resting T cells, cells were titrated
with various metabolites until a pla-
teau was reached in L.-PHA staining
or toxicity was observed. Surface
levels of B1,6GlcNAc-branched
N-glycans (i.e. L-PHA staining)
and poly-N-acetyllactosamine (indi-
cated by staining with the plant lec-
tin L. esculentum agglutinin) on
non-TCR activated human Jurkat T
cells were increased by supplement-
ing the hexosamine pathway with
high glucose, GIcNAc, acetoacetate,
glutamine, ammonia, or uridine but
not with control metabolites man-
nosamine, galactose, mannose, suc-
cinate, or pyruvate (Fig. 3, A and B;
supplemental Fig. 1, A and B). Sup-
plementing resting mouse ex vivo
splenocytes with GlcNAc, glucose,
or uridine in vitro significantly
raised [31,6GlcNAc-branched N-
glycans in CD4™ T cells (Fig. 4A). In
non-T cells, GIcNAc supplementa-
tion also increases tri-antennary
structures (22), and these are likely also enhanced in supple-
mented T cells. MS/MS mass spectroscopy confirmed that Glc-
NAc, glucose, and uridine supplements raised intracellular
UDP-HexNAc levels in non-TCR-activated Jurkat T cells (Fig.
3C). On a per cell basis, UDP-HexNAc levels in Jurkat T cells
appear lower than that reported for Chinese hamster ovary cells
(29); however, T cells are smaller and have a markedly higher
nuclear to cytoplasmic ratio, making direct comparisons diffi-
cult. Co-supplementation of GIcNAc and uridine in resting Jur-
kat and wild type mouse T cells were additive and more effec-
tive than doubling the GIcNAc concentration (Figs. 3D and 4B).
Supplementing the drinking water of Mgat5*'~ or Mgat5™*/"
mice with GlcNAc increased 81,6GlcNAc-branched N-glycans
up to ~40% on CD4™ T cells in vivo (Fig. 4C; supplemental Fig.
2A). Taken together, these data indicate that production of high
affinity galectin ligands (e.g. 81,6GlcNAc-branched N-glycans
and poly-N-acetyllactosamine) are limited in T cells by the
availability of key intermediates of glucose, lipid, nitrogen, and
nucleotide metabolism.

Suppression of T Cell Function and Autoimmunity by the
Hexosamine Pathway Is Dependent on N-Glycan GIlcNAc
Branching—Genetically induced reductions in T cell 1,6Glc-
NAc branching weaken the galectin lattice, enhancing agonist-
induced TCR clustering and signaling, T;;1 differentiation (i.e.
increased IFNvy and reduced IL-4 production), CTLA-4 endo-
cytosis, T cell proliferation, and susceptibility to autoimmunity
(Fig. 2, A—C and Refs. 15, 22, and 23). Consequently, metabolic
enhancement of N-glycan GIcNAc branching, particularly
B1,6GlcNAc-branching, should strengthen the galectin lattice
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FIGURE 5. Regulation of T cell function by the hexosamine pathway. A, resting purified CD3™ T cells from
wild-type mice preincubated for 2 days in the absence or presence of 80 mm GIcNAc and/or 250 nm SW as
indicated were stained with L-PHA-FITC in triplicate or incubated at 37 °C with anti-CD3 antibody-coated
microbeads for various times, lysed, and Western-blotted (WB). Bands quantified using Gel Pro Analyzer soft-
ware were first normalized to the resting vehicle-treated lane and then to actin. Numbers are shown below each
band. Note that phosphorylation of Lck Tyr***is reduced at 3 and 10 min relative to rest in GlcNAc-treated but
not vehicle and GIctNAc+SW- treated cells. B-D, wild-type CD3 " T cells were stimulated with anti-CD3 antibody
in the presence or absence of GIcNAc, SW, and/or deoxymannojirimycin (DMN) as indicated for 2 days (C), 3
days (B), or 4 days (D). B, cells were analyzed by FACS for CD69 staining. The results are representative of three
independent experiments. Error bars are present in all panels and represent the means + S.E. of triplicate
samples. Anti-CD3 = 62.5 ng/ml, SW = 250 nm, deoxymannojirimycin = 2 mm. C, harvested supernatant from
triplicate wells were analyzed by ELISA for IFN-y and IL-4 and shown as a ratio of IFN+y to IL-4, eliminating the
effects of GIcNAc and/or swainsonine on T cell number. Similar data for IFNy was obtained at 3 days using
splenocytes (see supplemental Fig. 3C). Anti-CD3 = 62.5 ng/ml, SW = 250 nm. Error bars indicate the means +
S.E. of triplicate samples. D, cells were analyzed by FACS for CTLA-4 and CD28 staining, and data are shown as
a ratio of CTLA-4/CD28 mean fluorescence intensity (MF/). The results are representative of three independent
experiments. Error bars indicate the means = S.E. of triplicate samples. E, cells were analyzed by FACS for CFSE
staining as indicated after 3 days in culture. Numbers above the peaks indicate the percentage of the total. Data
shown are gated on CD4™" T cells. The results are representative of five independent experiments.

inducing cellular toxicity as meas-
ured by 7-aminoactinomycin D
(Fig. 5E; supplemental Fig. 3,
D-F). Very importantly, all of the
observed effects of hexosamine
supplementation on T cell func-
tion are dependent on N-glycans,
as they could be reversed by block-
ing N-glycan GlcNAc branching
beyond mono-antennary with SW
and/or the mannosidase I inhibi-
tor deoxymannojirimycin (DMN,
Fig. 1) (Figs. 5, A—E; supplemental
Figs. 2B and 3, B, C, E, and F).
These data demonstrate that hex-
osamine supplementation con-
trols three temporally distinct
autoimmune regulatory pheno-
types, namely T cell activation
thresholds, T,1 differentiation,
and CTLA-4 endocytosis, by
enhancing GlcNAc branching in
N-glycans.

Next, we determined whether
hexosamine-induced changes in
GlcNAc-branched N-glycans sup-
presses T cell-mediated autoimmu-
nity. The MS model EAE may be
induced by adoptive transfer of
myelin antigen-specific T cells into
naive mice, leading to inflammatory
demyelination of axons and pro-
gressive motor weakness. Spleno-
cytes from MBP-immunized wild-
type PL/] mice were re-stimulated
in vitro with MBP in the presence or
absence of GIcNAc, then trans-
ferred to naive mice for induction of
EAE. Re-stimulation in the presence
of GlcNAc increased B1,6GIcNAc-
branched N-glycans and poly-N-

and negatively regulate these phenotypes. Hexosamine supple-
mentation of wild-type resting T cells with GIcNAc inhibited
anti-CD3-induced phosphorylation of Lck at activating Tyr>*
and Zap-70 (Fig. 5A). TCR signal strength regulates expression
of the T cell activation marker CD69 as well as production of
[FNyrelative to IL-4 (30), and as expected, both are inhibited by
hexosamine supplementation (Fig. 5, B and C; supplemental
Fig. 3, A—C). CTLA-4 retention at the surface of blasting T cells
is promoted by TCR signaling-mediated increases in hexosa-
mine flux and Golgi processing to B1,6GlcNAc-branched
N-glycans (22). GIcNAc supplementation significantly
increases surface levels of CTLA-4 relative to CD28 in T cell
blasts (Fig. 5D), receptors that compete for binding to CD80/86
on antigen-presenting cells to positively and negatively regulate
growth arrest, respectively (31). Tracking cell division of puri-
fied T cells using CFSE labeling demonstrates that hexosa-
mine supplementation inhibits T cell proliferation without
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acetyllactosamine expression and inhibited production of the
Tyl cytokine IFN-y while promoting secretion of the T2
inducing/T,;1 inhibitory cytokine IL-6 (Fig. 6, A and B) (32).
After adoptive transfer of the T cells into naive PL/] mice, mice
receiving the GlcNAc-supplemented cells showed dramatically
reduced incidence and severity of EAE compared with mice
given untreated cells (Fig. 6C).

To determine whether oral GIcNAc supplementation inhib-
its spontaneous autoimmunity, we supplemented the drinking
water of female NOD mice at 250 ug/ml, a concentration that
maximally raises 81,6GlcNAc-branched N-glycans in CD4* T
cells in vivo (Fig. 4C). GlcNAc supplementation starting
between the 5th and 6th week of age significantly reduced
development of autoimmune diabetes (Fig. 6D). Insulitis begins
at 3—4 weeks of age in NOD mice (11), suggesting that initiation
of GIcNAc supplementation before insulitis may further reduce
development of diabetes.
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FIGURE 6. Regulation of autoimmunity by the hexosamine pathway. A-C, splenocytes were isolated from
wild-type mice 11 days afterimmunization with MBP+ complete Freund’s adjuvant (CFA) and re-stimulated in
vitro with MBP for 4 days in the presence (green) or absence (red) of GIcNAc (40 mwm). A, cells were stained with
L-PHA-FITC and L. esculentum agglutinin (LEA)-FITC (a lectin specific for poly-N-acetyllactosamine) and ana-
lyzed by FACS. The black line represents autofluorescence. B, harvested supernatants were analyzed by ELISA
for IFNy and IL-6 production. Error bars indicate the means * S.E. of duplicate samples, and p values were
determined by Student’s t test. IL-4 was below ~30 pg/ml, the detection limit of our ELISA. C, 3.6 million CD3™
T cells were injected into naive Mgat5™*/~ mice (n = 7 for each condition) and scored for signs of EAE daily for
30 days. D, the drinking water of female NOD mice was supplemented with (n = 15) or without (n = 15) 250
g/ml GlcNAc starting between 5 and 6 weeks of age. Mice were assessed for glycosuria weekly, with diagnosis
of diabetes made after two consecutive positive tests of =2000 mg/dl glucose by Chemstrip 1 week apart. p
values for EAE and diabetes incidence was determined by Fisher's exact test. p values for EAE mean score,
disease duration, and highest clinical score were determined by the Mann-Whitney test.

Others have demonstrated that in
vitro and/or in vivo supplementa-
tion of mice with glucosamine
inhibits T cell activation and T;1
responses as well as graft rejection
and EAE, but the mechanism is
unknown (12, 13). GlcN enters the
hexosamine pathway after 6-phos-
phorylation (Fig. 1). Our data dem-
onstrate that GIcN increases
B1,6GlcNAc branching in T cells,
with maximal changes occurring at
~100-150 um (supplemental Fig.
1C), the same concentration that
others have found inhibit prolifera-
tion and Tyl differentiation (13).
Taken together, these data indicate
key metabolites shared by hexosa-
mine, glycolysis, lipid (free fatty
acids to acetyl-CoA), amino acid
(i.e. ammonia/glutamine) and
nucleotide metabolism condition-
ally regulate thresholds for T cell
function and autoimmunity by
altering GIcNAc branching in
N-glycans.

DISCUSSION

GIcNAc branching in N-glycans
titrates binding to galectins, forming a
molecular lattice at the cell surface
that negatively regulates TCR sensi-
tivity, Ty;1 differentiation, CTLA-4
endocytosis, and the threshold to
autoimmunity (15, 22, 23). Here we
demonstrate that T cell function and
autoimmunity are regulated by the
nutrient environment and metabolite
supply to the hexosamine pathway in
an N-glycan GlcNAc-branching-
dependent manner. This implies that
genetic contributions to intracellu-
lar metabolic homeostasis coupled
with the nutrient environment
regulate GIlcNAc-branching in
N-glycans and, thereby, autoim-
mune susceptibility. Autoimmu-
nity is a complex trait disease
where genetic susceptibility is
modulated by the environment via
unclear mechanisms. In this
regard metabolic regulation of
GlcNAc branching provides an
environmental mechanism to
influence genetic predisposition
to autoimmunity (Fig. 7).

GlcNAc and GIcN supplement
the hexosamine pathway (Fig. 1),
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FIGURE 7. A model for environmental and genetic regulation of autoim-
munity via GIcNAc-branched N-glycans.

increase 1,6GIcNAc-branched N-glycans, and inhibit T cell
function and autoimmunity (Figs. 3B, 44, 5, A-E, and 6, A-C;
supplemental Fig. 1C) (12, 13). GlcN enters cells via glucose
transporters, allowing an ~200 — 400-fold reduction in effective
concentration relative to GIcNAc, which is taken up by bulk
endocytosis. However, maximal increases in [1,6GlcNAc-
branched N-glycans are ~2-4-fold greater with GIcNAc than
GIcN. Moreover, increasing concentrations of GlcN (>200
mm), unlike GIcNAc, reduces 1,6GlcNAc-branched N-gly-
cans. GIcN-6-phosphate but not GlcNAc-6-phosphate is a
potent inhibitor of glutamine-fructose-6-phosphoaminotrans-
ferase, the rate-limiting enzyme shunting fructose 6-phosphate
into the hexosamine pathway (33). GlcN-6-phosphate may also
exit the hexosamine pathway to enter glycolysis via deamina-
tion by glucosamine-6-phosphate deaminase (Fig. 1). These
data suggest GIcNAc functions as a better inducer of 81,6Glc-
NAc branching because glutamine-fructose-6-phosphoamino-
transferase product inhibition and/or enhanced GNPD activity
may limit the effectiveness of GlcN. In this regard, GIcNAc is
predicted to be a superior therapeutic agent for prevention
and/or treatment of human autoimmunity. Indeed, 8 of 12 chil-
dren with severe treatment-resistant inflammatory bowel dis-
ease had significant clinical improvement after ~2 years of
treatment with 3—6 g/day of oral GIcNAc (34). Assuming a
weight of 40 —50 kg for these children, which was not reported
in the study, the dose used was ~60-150 mg/kg/day, similar to
the 20-160 mg/kg/day dose that maximally raises T cell
B1,6GlcNAc branching and inhibits autoimmune diabetes in
mice. No significant adverse effects were noted over ~2 years of
treatment, suggesting GIcNAc therapy is likely to be a safe ther-
apeutic approach in humans.

In addition to the N-glycan GlcNAc transferases, UDP-GIcNAc
is a sugar-nucleotide donor for the Golgi O-glycan pathway (35)
and cytoplasmic O-GlcNAc transferase (36). UDP-GIcNAc may
also be converted to UDP-GalNAc, the sugar-nucleotide uti-
lized by GalNAc transferases to initiate O-glycosylation at Ser/
Thr residues. Our data do not exclude metabolic-induced
changes in these or other pathways requiring UDP-GIcNAc or
UDP-GalNAc. However, the N-glycan pathway-specific inhib-
itor SW reverses all observed effects of GIcNAc supplementa-
tion on T cell function (Figs. 2D and 5, A—E; supplemental Fig.
3, B, C, E, and F). Similarly, GlcNAc-dependent inhibition of
receptor endocytosis is reversed by mutation of N-glycosylation
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sites (i.e. NX(S/T)) and by knock-out of Mgat1 (22). Thus, met-
abolic regulation of GlcNAc-branched N-glycans is necessary
and sufficient to produce the observed autoimmune inhibitory
T cell phenotypes (i.e. T cell activation thresholds, Ty;1 differ-
entiation, and CTLA-4 surface expression), identifying N-gly-
cans as a major target of hexosamine mediated inhibition of
autoimmunity.

B1,6GlcNAc-branched N-glycans are present on 1 inte-
grins and negatively regulate cell adhesion and promote tumor
cell motility (19, 24, 37). Substratum and cell-cell adhesion reg-
ulates several aspects of T cell activation and migration. Anti-
bodies that disrupt binding of T cell-associated «,3; integrin to
vascular cell adhesion molecule-1 on activated endothelium
negatively regulates EAE and MS by blocking T cell recruitment
to the central nervous system (38, 39). 81,6GlcNAc branching
in B1 integrins negatively regulates cell adhesion (24, 37, 40)
including inhibition of T cell binding to vascular cell adhesion
molecule-1 in vitro,* which may limit T cell recruitment to the
central nervous system in vivo. Mgat5-deficient macrophages
have decreased motility and phagocytosis (19), a phenotype
that may promote autoimmunity by inhibiting clearance of
apoptotic cells (41).

Mutations in genes of apparently distinct pathways for TCR
signal strength (42—44), T,;1 differentiation (45), and CTLA-4
expression (46) promote T cell-mediated autoimmunity. How-
ever, targets of N-glycan GIcNAc branching include TCR,
CTLA-4, and other surface glycoproteins (15, 22, 23), and taken
with our results, N-glycan processing appears to serve as an
intermediate in the conditional regulation of the cellular
immune system. The hexosamine/Golgi processing pathways
regulate at least three temporally distinct T cell phenotypes
(activation, Ty differentiation, arrest) (15, 22, 23). This suggests
that the hexosamine and Golgi pathways have co-evolved with
the larger regulatory network that controls the cellular immune
system. With a better understanding of the hexosamine path-
way and its regulation of the immune system in vivo, metabolic
therapy of human autoimmune disease may prove to be a useful
intervention (47).
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