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The balance of effector versus regulatory T cells (Tregs) controls
inflammation in numerous settings, including multiple sclerosis
(MS). Here we show that memory phenotype CD4+ T cells infiltrat-
ing the central nervous system during experimental autoimmune
encephalomyelitis (EAE), a widely studied animal model of MS,
expressed high levels of mRNA for Dgat1 encoding diacylglycerol-
O-acyltransferase-1 (DGAT1), an enzyme that catalyzes triglyceride
synthesis and retinyl ester formation. DGAT1 inhibition or defi-
ciency attenuated EAE, with associated enhanced Treg frequency;
and encephalitogenic, DGAT1−/− in vitro-polarized Th17 cells were
poor inducers of EAE in adoptive recipients. DGAT1 acyltransferase
activity sequesters retinol in ester form, preventing synthesis of
retinoic acid, a cofactor for Treg generation. In cultures with T cell-
depleted lymphoid tissues, retinol enhanced Treg induction from
DGAT1−/− but not from WT T cells. The WT Treg induction defect
was reversed by DGAT1 inhibition. These results demonstrate that
DGAT1 suppresses retinol-dependent Treg formation and suggest
its potential as a therapeutic target for autoimmune inflammation.

multiple sclerosis | experimental autoimmune encephalomyelitis |
neuroinflammation | T regulatory cell | immunometabolism

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) that afflicts over 2 mil-

lion people worldwide. The development of MS is driven by
CD4+ T cells that migrate across the blood–brain barrier and
into the CNS parenchyma. There is, however, considerable
phenotypic and functional heterogeneity among pathogenic
CD4+ T cell populations in MS patients (1). The molecular un-
derpinnings of this heterogeneity are complex and incompletely
understood, but it is well established that microenvironmental lo-
calization and effector functions are tightly linked with CD4+ T cell
differentiation status. For example, memory phenotype CD4+

T cells (memCD4Ts), unlike naive T cells, can efficiently enter
nonlymphoid tissues and sites of inflammation (2). Myelin
antigen-specific memCD4Ts can also achieve full activation in
the absence of costimulatory signals, making this lymphocyte
subset a potential key contributor to MS pathogenesis and,
therefore, a promising target for therapeutic manipulation (3, 4).
To identify mediators of autoimmune CNS inflammation, we

performed whole-genome expression analysis of memCD4Ts
isolated from tissues of mice with experimental autoimmune
encephalomyelitis (EAE) induced by active immunization with
myelin oligodendrocyte glycoprotein (MOG) peptide amino acids
35–55 (MOG35–55). We found that CNS-infiltrating memCD4Ts
from mice with acute clinical EAE expressed high levels of mRNA
for diacylglycerol O-acyltransferase-1 (DGAT1), an enzyme that
esterifies diacylglycerol in the final step of triglyceride (TG) syn-
thesis (5), and that has been shown to have an important role in
esterification of retinol and the regulation of local retinoic acid
levels in the skin (6). DGAT1 is expressed at the protein level
by adipocytes and macrophages (7), but little is known about

DGAT1 function in T cells specifically or in the immune system
in general.

Results
Memory CD4+ T Cell Transcriptional Profiling Identifies Key Effector
Molecules in EAE. Tissue injury in EAE and MS is driven by
pathogenic T cell activation within the CNS, but the microen-
vironmental cues that influence T cell function and differentia-
tion within the CNS are poorly understood. We reasoned that
comparing the expression profiles of CNS vs. lymph node (LN)
memCD4Ts would provide insights into novel local microenvi-
ronmental regulatory factors and mechanisms that govern ef-
fector T cell behavior. We therefore performed transcriptional
profiling of FACS-sorted memCD4Ts (CD44hiCD45RBloCD25−)
from CNS and draining LN (dLN) tissues (i.e., inguinal LN) of
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mice with acute clinical EAE [13–17 d postimmunization with
MOG35–55 emulsified in complete Freund’s adjuvant (CFA)].
Naive (CD44loCD45RBhiCD25−) and memCD4Ts from pe-
ripheral LNs (PLNs) of naive, healthy mice were analyzed for
comparison. Sorted populations were >98% pure, as determined
by flow cytometry (SI Appendix, Fig. S1).
Compared with memCD4Ts from EAE dLN (or memCD4Ts

from PLN of naive mice), CNS memCD4Ts had much higher
expression of several EAE- and MS-associated genes, such as
IFN-γ (Ifng) and Fas ligand (Fasl). CNS memCD4Ts had rela-
tively lower expression of other key molecules. Examples in-
cluded: Cd27, a costimulatory molecule that represses expression
of IL-17A and CCR6 (8); and the trafficking receptors Ccr7 and
L-selectin (Sell), consistent with reports that T cells down-
regulate these receptors upon entry into extralymphoid tissues
(9). CNS memCD4Ts also had up-regulated genes for several
transcription factors associated with pathogenic T cell activity,
including nuclear receptor subfamily 4, group A, member 2
(Nr4a2), which promotes proinflammatory cytokine production
by T cells during EAE and MS (10, 11); and cAMP responsive
element modulator (Crem), which has been linked with autor-
eactive T helper 17 (Th17) cell differentiation (12). Collectively,
the gene signatures were consistent with published real-time
reverse-transcriptase quantitative PCR (RT-qPCR) mRNA ex-
pression and transcriptome studies of effector T cells in EAE (8,
11, 13), suggesting that a memCD4T-focused profiling approach
might identify previously unknown regulators of EAE and MS
pathology (Figs. 1 and 2A and SI Appendix, Table S1).

CNS-Infiltrating Memory Phenotype CD4+ T Cells Express Dgat1. The
gene for Dgat1 was highly and selectively expressed by CNS
memCD4Ts (Fig. 2 and SI Appendix, Table S1). The selectivity
of Dgat1 expression by EAE CNS memCD4Ts, as indicated by

the fold-difference in expression compared with that of dLN
memCD4Ts, exceeded that of several well-characterized T cell-
expressed modulators of EAE and MS pathology, such as Tnf
and Stat3 (SI Appendix, Table S1). The mean raw expression
value of the Dgat1 gene in CNS memCD4T cells was 8,746,
consistent with robust expression. DGAT1 and DGAT2 both
catalyze the final step in TG synthesis (14), but Dgat2 was not
significantly up-regulated by CNS memCD4Ts, an observation
that we confirmed by RT-qPCR analysis (Fig. 2 B and C). A
query of public microarray datasets (e.g., the Immunological
Genome Project and BioGPS) also reveals that, consistent with
our microarray and RT-qPCR results, naive and memCD4Ts
from peripheral lymphoid tissues do not contain a significant
Dgat1 message; and that Dgat1 is not expressed in normal brain
tissues or cells (e.g., FACS-sorted microglia). Thus, high-level
expression of Dgat1 transcripts by sorted CNS memCD4Ts is
likely not caused by contamination from other cell types. Tran-
scripts for lecithin:retinol acyltransferase (Lrat), another enzyme
with activity that overlaps with DGAT1, also were not detectable
in naive or memory phenotype T cells (Fig. 2B).

Pharmacologic DGAT1 Inhibition Ameliorates EAE. The up-regulation of
Dgat1 by CNS-infiltrating CD4+ T cells in mice with EAE suggested
that DGAT1 might play a role in regulating T cell functions during
neuroimmune responses. To address this possibility, we first de-
termined whether pharmacological inhibition of DGAT1 could
modulate clinical EAE. Mice induced to develop EAE were ad-
ministered A922500, a selective DGAT1 inhibitor [molecular
mass = 428 Da; IC50: 24 nM for mouse DGAT1 (15)], beginning
just before the onset of clinical signs (day 12 postimmunization).
Daily administration of 10 mg/kg A922500—which significantly re-
duces serum TG levels in rodent models of obesity (15)—signifi-
cantly attenuated clinical EAE. Suppression of clinical disease was

Fig. 1. Transcriptomic analysis of CNS-infiltrating memory CD4+ T cells during EAE. Transcripts in FACS-sorted memCD4Ts derived from female mice with EAE
were analyzed using Affymetrix gene chips. GeneSpring software was used for data analysis and visualization (15,288 probes met the selection criteria
described in Methods). Highly differentially expressed transcripts within CNS memCD4Ts (compared with EAE dLN memCD4Ts) are displayed in volcano plot
form. Each symbol represents an individual gene; red symbols indicate transcripts that exhibited at least a fourfold difference in expression value between
CNS and EAE dLN memCD4Ts. The complete list of differentially expressed genes can be found in SI Appendix, Table S1.
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Fig. 2. CNS-infiltrating memory phenotype CD4+ T cells up-regulate Dgat1. Differentially expressed genes identified in Fig. 1 were selected for further
analysis. (A) Heat map display of genes with at least a fourfold difference in expression in CNS memCD4T versus EAE dLN memCD4T. Each row represents an
individual gene, and each column represents an individual experiment/tissue. Red indicates up-regulated genes, while down-regulated genes are in blue. The
red asterisk highlights the position of Dgat1. (B) Scatter plots illustrate low to undetectable raw expression values (as determined by microarray) for Dgat1,
Dgat2, and Lrat in EAE dLN, compared with Dgat1 in CNS memCD4T. Each symbol represents an individual experiment, and the bars depict mean raw ex-
pression value ± SEM. *P < 0.05 by two-tailed, unpaired Student’s t test. (C) Scatterplots depict RT-qPCR analysis of Dgat1 (Left) and Dgat2 (Right) mRNA
expression (normalized to β-actin levels) by naive and memory phenotype CD4+ T cells. Each point represents a biological replicate, and the bars represent
mean ± SEM. *P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test. AU, arbitrary units.
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evident as early as 2 d after dosing began and persisted until
termination of the experiment at day 30 postimmunization (Fig.
3A). Overall, the compound delayed onset of clinical signs by an
average of 6 d and reduced disease incidence at day 30 post-
immunization by 30%. Mice treated with DGAT1 inhibitor also
had fewer CNS inflammatory cell infiltrates than their vehicle-
treated counterparts, although these differences did not achieve
statistical significance (Table 1). Thus, administration of a selec-
tive DGAT1 inhibitor attenuates EAE.

DGAT1 Deficiency Attenuates EAE. We next evaluated DGAT1
knockout (KO) mice for susceptibility to EAE. DGAT1 KO
mice display resistance to diet-induced obesity and increased energy
expenditure (16), but little is known about immune system function
in these mice. The frequency of lymphocyte subsets (NK cells,
CD4+ T cells, CD8+ T cells, B cells) was similar in WT and DGAT1
KOmouse blood, spleen, and PLN (SI Appendix, Fig. S2A), suggesting
that DGAT1 deficiency does not lead to overt defects in immune

cell development. DGAT1 KO mice did, however, have larger LNs
and greater numbers of cells overall (SI Appendix, Fig. S2B).
We found that, when actively immunized with MOG35–55/CFA,

DGAT1 KO mice developed less severe clinical EAE than their
WT counterparts (Fig. 3B). To define potential roles for DGAT1 in
leukocyte accumulation within or migration to the CNS, we evalu-
ated neural tissues from mice with symptomatic EAE for inflam-
matory cell infiltrates. Consistent with the clinical findings, CNS
tissues isolated from DGAT1 KO mice at day 30 postimmunization
contained significantly fewer inflammatory foci and exhibited less
demyelination than WT controls (Fig. 3 C and D).

Role of DGAT1 in EAE Induced by Adoptive Transfer. To determine
whether DGAT1 could regulate the induction of EAE by enceph-
alitogenic lymphocytes, we utilized a passive transfer model of dis-
ease. We injected naive WT mice with MOG-reactive DGAT1 KO
or WT lymphocytes, which were differentiated in vitro under Th17-
polarization conditions (17). DGAT1 deficiency in transferred
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Fig. 3. DGAT1 pharmacologic inhibition and genetic deficiency modulate EAE. (A) Female C57BL/6 mice were induced to develop EAE by active immunization with
MOG35–55/CFA, and then followed daily for clinical signs. Beginning at day 12 postimmunization (arrow), mice were administered vehicle or 10 mg/kg
DGAT1 inhibitor via subcutaneous injection once daily (n = 10 mice per group). Clinical data are presented as mean score ± SEM. *P < 0.05 (days
14–30 postimmunization) by Mann–Whitney U test. (B) Male C57BL/6 WT and DGAT1 KO mice were induced to develop EAE by active immunization with
MOG35–55/CFA (n = 25 per group for days 0–17 postimmunization; n = 20 per group for days 18–30 postimmunization). *P < 0.05 for day 12–30 post-
immunization, by Mann–Whitney U test. (C) Histological changes in meninges and parenchyma at day 30 postimmunization were evaluated as described in
Methods (total = meninges + parenchyma). Bars represent mean ± SEM. *P < 0.05 by two-tailed, unpaired Student’s t test. (D) Representative spinal cord
sections are shown from WT or DGAT1 KO (mice) actively immunized with MOG35–55/CFA and killed at day 30 postimmunization. Meningeal and parenchymal
mononuclear cell infiltrates in the spinal cord of a WT mouse (Left). Less parenchymal infiltration and reduced demyelination in the spinal cord of a DGAT1
KO mouse (Right). Magnification, 40×. (Scale bars, 50 μm.)

Table 1. Clinical and pathological EAE in mice treated with a DGAT1 inhibitor

No. of CNS
inflammatory foci

Treatment Disease incidence Mean maximal score (SEM) Mean day of onset (SEM)† Meninges Parenchyma

Vehicle 10/10 (100%) 2.5 (0.2) 14.2 (0.4) 41.2 (7.0) 57.0 (9.6)
A922500 7/10 (70%) 1.4 (0.4)ns 20.1 (1.9)* 19.8 (8.8) 29.9 (12.4)

Brain and spinal cord tissue was harvested from mice treated with DGAT1 inhibitor A922500 or 10% Captisol vehicle
30 d after induction of EAE by active immunization. Histological changes were evaluated as described in Methods; data
are presented as mean (SEM). ns, not significant by Mann–Whitney U test (P = 0.05). *P < 0.01 by two-tailed, unpaired
Student’s t test.
†Determined only for animals that developed EAE.
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Th17 effector cells had a pronounced effect on the induction of
disease. In mice that received polarized DGAT1 KO lymphocytes,
EAE onset was delayed by 2.5 d, and the severity of clinical disease
was significantly reduced (from day 8 posttransfer onwards) com-
pared with mice that were injected with WT effectors (Fig. 4A).
Mice that received DGAT1 KO effector cells also had significantly
fewer inflammatory foci—and generally exhibited less de-
myelination—within the CNS parenchyma than mice that re-
ceived WT effectors at 30 d posttransfer, suggesting that
DGAT1 regulates effector cell trafficking to and activation within
the CNS (Fig. 4 B and C). Conversely, WT encephalitogenic
Th17 cells induced EAE with similar efficiency upon transfer into
WT versus DGAT1 KO hosts (Fig. 4D). These results indicate
that DGAT1 acts at least in part intrinsically in lymphocytes—
presumably via Th17-polarized encephalitogenic lymphocytes—to
regulate the development of autoimmune encephalomyelitis.

Effect of DGAT1 Deficiency on IFN-γ+ or IL-17+ CD4+ T Cell Induction.
To define potential mechanisms for the reduced EAE in DGAT1
KO mice, we evaluated lymphocyte distribution and localization,
as well as lymphocyte effector responses. WT and DGAT1 KO
CNS tissues from mice with EAE contained statistically in-
distinguishable percentages and numbers of NK cells, B cells, and
CD4+ T cells at day 17 postimmunization (SI Appendix, Fig. S3).
We also evaluated MOG35–55-recall cytokine-producing T cell

frequency in tissues from WT and DGAT1 KO mice with acute
EAE (day 17 postimmunization). CNS and dLN cells were
restimulated ex vivo with MOG35–55, and IL-17+ and IFN-γ+ cell
frequency was assessed by intracellular cytokine staining. There
was no significant difference between WT and DGAT1 KO CNS
tissues with respect to absolute numbers or relative frequency of
IL-17+ or IFN-γ+ CD4+ T cells; and there was a slight but sta-
tistically insignificant trend toward increased numbers and per-
centages of IFN-γ–producing and IL-17–producing CD4+ T cells
in DGAT1 KO vs. WT LNs as well. These trends were similar
irrespective of whether we analyzed T cell cytokine responses
after restimulation with MOG35–55 for 72 h; or upon immediate
ex vivo stimulation with phorbol 12-myristate 13-acetate (PMA)/
ionomycin (Fig. 5 and SI Appendix, Fig. S4 A and B). We also
evaluated effector cytokine secretion by leukocytes derived from
WT and DGAT1 KO mice with clinical EAE. Upon ex vivo

restimulation with MOG35–55 peptide for 72 h, CNS mono-
nuclear cells (MNCs) from WT mice with EAE produced
proinflammatory cytokines (e.g., IFNγ, IL-17, IL-6, TNF) at
levels that trended higher than their DGAT1 KO counterparts.
Similarly, DGAT1 KO dLN CD4+ T cells restimulated with
MOG35–55 in the presence of WT antigen presenting cells ca-
pably produced IFN-γ and IL-17; however IFN-γ and IL-
17 levels trended higher in cultures with WT dLN CD4+

T cells (SI Appendix, Fig. S5). Collectively, our data indicate that
DGAT1 KO lymphocytes do not have intrinsic defects in their
capacity for Th1 or Th17 cell induction in vivo during EAE.

Regulatory T Cell Distribution in DGAT1 KO Tissues. Regulatory
T cells (Tregs) are key modulators of immunopathology in EAE
(18). We therefore evaluated WT and DGAT1 KO CD4+ T cells
in tissues from mice with EAE for expression of the Treg lineage
marker Foxp3 and for CD25. We found that dLNs and CNS
tissues from DGAT1 KO mice with EAE contained a signifi-
cantly higher percentage of CD25+Foxp3+ Tregs than their
WT counterparts (Fig. 6 A and B). In addition, spleens and
PLNs from naive DGAT1 KO mice contained a higher pro-
portion of Tregs than WT controls (SI Appendix, Fig. S6),
suggesting that DGAT1 may limit Treg development and ex-
pansion during both homeostasis and immunity. Collectively,
the higher relative proportion of Tregs in DGAT1 KO tissues
is consistent with the attenuated clinical EAE exhibited by
DGAT1 KO mice.

Evaluating Effects of T Cell-DGAT1 on Treg Formation in Vivo.
DGAT1−/− lymphocytes are weak inducers of adoptive EAE
(Fig. 4A), but both donor and host T cell activation drive clinical
EAE in adoptive transfer studies (19). To determine whether T cell-
expressed DGAT1 could influence Treg formation in vivo, we
performed passive EAE experiments, using B6.CD45.1 congenic
mice as recipients of encephalitogenic WT (CD45.2) or DGAT1−/−

(CD45.2) lymphocytes. Thirteen days after cell transfer (when mice
displayed strong symptomatic EAE), we harvested CNS tissues
from recipient mice, and then evaluated CD25+Foxp3+ Treg fre-
quency within the host (CD45.1) CD4+ T cell compartment by flow
cytometry. We found that host-derived CD4+ T cells isolated from
mice that received DGAT1−/− lymphocytes contained a higher
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Fig. 4. DGAT1 in encephalitogenic lymphocytes promotes induction of EAE after adoptive transfer. (A) Naive male C57BL/6 WT mice were injected with in
vitro-generated MOG35–55-reactive WT (WT→WT) or DGAT1 KO (KO→WT) lymphocytes. Mice were followed for clinical signs. Data are pooled from two in-
dependent experiments (n = 3–5 recipient mice per group for each experiment), and are presented as mean clinical score ± SEM. *P < 0.05 by Mann–Whitney U
test. (B) Histological changes in CNS tissues isolated at 30 d posttransfer from mice that received encephalitogenic lymphocytes were evaluated as described in
Methods. *P < 0.05 by two-tailed, unpaired Student’s t test. (C) Representative spinal cord sections are shown from WT mice that were injected with in vitro-
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infiltrates typical of acute EAE in the spinal cord of a WT→WT mouse (Left). Less parenchymal infiltration in the spinal cord of a KO→WT mouse (Right).
Magnification, 40×. (D) MOG35–55-reactive WT lymphocytes were injected into naive male C57BL/6 WT (WT→WT) or DGAT1 KO recipients (WT→KO). Data are
pooled from two independent experiments (n = 2–3 recipient mice per group for each experiment), and are presented as mean clinical score ± SEM.
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proportion of Tregs than mice that received WT lymphocytes
(Fig. 6C). Thus, we conclude that T cell-expressed DGAT1 can
potentially limit Treg formation in trans.

T Cell-Expressed DGAT1 Limits Retinol-Dependent Treg Induction in
Vitro. DGAT1 possesses acyltransferase activity toward a num-
ber of substrates, including retinol (20). This acyl-CoA:retinol
acyltransferase (ARAT) function enables DGAT1 to convert
retinol (vitamin A) to its storage retinyl ester form. Retinoic
acid (RA), the active metabolite of vitamin A, supports Treg
induction (21); however, T lymphocytes cannot synthesize RA au-
tonomously. We hypothesized that T cell expression of DGAT1, by
sequestering retinol through esterification, would lead to a re-

duction in levels of RA locally and thus to reduced Treg
formation. Conversely, DGAT1 deficiency would prevent
this sequestration of retinol, leading to elevated RA and greater
Treg induction. To test this possibility, we stimulated WT or
DGAT1 KO CD4+CD25− T cells (i.e., “non-Tregs”) with anti-
CD3/TGF-β in the presence of mesenteric lymph node (MLN)
and Peyer’s patch (PP) antigen-presenting and stromal cells
(dissociated MLN plus PP cells depleted of T cells). Dendritic
cells and stromal fibroblastic reticular cells in MLN and PP
express high levels of the retinol dehydrogenase and retinal
dehydrogenase enzymes necessary for converting retinol to
RA (22, 23). We used DGAT1 KO (−/−) MLN/PP stromal
cells for antigen presentation, to ensure that any potential

Fig. 5. Effect of DGAT1 deficiency on numbers of IFN-γ– or IL-17–producing CD4+ T cells in dLN and CNS. Male WT and DGAT1 KOmice (n = 5 per group) were
induced to develop EAE. At day 17 postimmunization, mice were killed. dLN cells (Upper) or CNS mononuclear cells (Lower) were restimulated for 3 d with
MOG35–55, and PMA/ionomycin and protein transport inhibitor were added for the last 5 h of the culture period. Cells were then stained with mAbs to surface
markers and intracellular cytokines and analyzed by flow cytometry. Viable lymphocytes were gated as NK1.1−CD4+ and evaluated for IFN-γ and
IL-17 expression. (A) Representative FACS plots indicate the percentage of CD4+ T cells that stained positive for IFN-γ or IL-17 in WT and DGAT1 KO dLNs and
CNS. (B) Scatter plots indicate the percentage of IFN-γ+ (Left) and IL-17+ (Right) CD4+ T cells in WT and DGAT1 KO tissues. Each symbol represents an individual
mouse; the bar depicts the mean ± SEM. None of the differences achieved statistical significance.

Fig. 6. DGAT1 influences Treg frequency in lymphoid and CNS tissues. Male C57BL/6 and DGAT1 KO mice (n = 8 per group) were induced to develop EAE by
immunization with MOG35–55/CFA. At day 17 postimmunization, mice were killed and cells in dLN or CNS tissues were analyzed by flow cytometry.
NK1.1−CD4+ lymphocytes were then analyzed for expression of CD25 and Foxp3. (A) Representative FACS plots indicate the frequency of CD25+Foxp3+ Tregs
in dLN and CNS tissues of WT and DGAT1 KO mice. Numbers represent the percentage of Tregs within the gate. (B) Scatter plots indicate the percentage (Left)
or number (Right) of CD4+ Tregs in WT and DGAT1 KO tissues. Each symbol represents an individual mouse; the bar depicts the mean ± SEM. *P < 0.0001 or
P < 0.05 by two-tailed, unpaired Mann–Whitney U test (Left); or *P < 0.05 by two-tailed, unpaired Student’s t test (Right). ns, not significant. (C) Naive male
B6/CD45.1 WT mice were injected with in vitro-generated MOG35–55-reactive WT (CD45.2) or DGAT1 KO (CD45.2) CD4+ T cells. Thirteen days later, CNS MNCs
were harvested and pooled from recipient mice (n = 4 per group). Viable CD4+ lymphocytes were gated on the CD45.1 (host) allotype, and then evaluated for
expression of CD25 and Foxp3 by flow cytometry. Two independent experiments with similar results were performed.
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DGAT1-dependent effects on retinol responses were mediated by
the T cell compartment.
We found that in vitro anti-CD3/TGF-β stimulation induced

Tregs with similar efficiency from WT and DGAT1 KO naive
(CD25−) T cell precursors. Addition of low levels of retinol
(10 nM) to the culture significantly enhanced Foxp3+ Treg in-
duction from DGAT1−/−, but not from WT (DGAT1+/+) CD4+

CD25− T cells, consistent with an inhibitory role for DGAT1 in
RA generation and signaling. Addition of the DGAT1 inhibitor
A922500—as well as higher levels of retinol (100 nM)—abro-
gated the difference between DGAT1−/− and WT CD4+ T cell
responses. Moreover, DGAT1 deficiency had no significant ef-
fect on enhanced Treg induction by the synthetic RA receptor
agonist AM580 (Fig. 7 and SI Appendix, Fig. S7). Notably,
DGAT1 did not significantly impact in vitro differentiation of
naive CD4+ T cell precursors into Th1 or Th17 effectors, as
determined by frequency of IFN-γ+ or IL-17+ cells, respectively.
Additionally, retinol supplementation inhibited WT and DGAT1
KO IL-17–producing CD4+ T cell generation with similar effi-
ciency (SI Appendix, Fig. S8). Collectively, our results show that
T cell-expressed DGAT1 limits retinol-dependent Treg forma-
tion, but that DGAT1 does not significantly impact Th1 or
Th17 differentiation in vitro or in vivo. Quantitative analysis of
tissue retinoids reveals that levels of retinyl ester—but not RA or
retinol—in DGAT1 KO lymph nodes are significantly lower than
their WT counterparts. Compared with their respective naive
counterparts, retinyl ester levels were higher in LNs derived from
WT and DGAT1 KO mice with EAE; however, the differences
achieved statistical significance only when comparing retinyl es-
ter levels in WT EAE vs. WT naive mice. The results indicate a
unique and key role within the LN for DGAT1 in converting

retinol, a precursor of RA, into its retinyl ester storage form (SI
Appendix, Fig. S9).

Discussion
Comparative proteomics and transcriptomic studies have the
potential to uncover novel regulatory pathways and pathogenic
mechanisms in EAE and MS (24–26). The clinical and histo-
logical heterogeneity of MS, however, presents challenges for
applying “omics” approaches to identify tractable therapeutic
targets. Here, we focused our analyses on discrete T lymphocyte
subsets within the CNS and lymphoid tissues of mice with EAE.
We report that memory phenotype CD4+ T cells isolated from
spinal cords of mice with acute clinical EAE express high levels
of mRNA for Dgat1. Parenteral administration of a pharmaco-
logic DGAT1 inhibitor, as well as genetic DGAT1 deficiency,
attenuated EAE; and healthy mice that received encephalito-
genic, in vitro-polarized DGAT1 KO Th17 cells exhibited
delayed EAE onset, reduced disease, and increased Treg fre-
quency (compared with mice that received WT Th17 cells),
suggesting a cell-intrinsic role for T cell-expressed DGAT1 in
EAE pathology. In addition, CNS and lymphoid tissues from
DGAT1 KO mice contained a higher proportion of Treg cells,
consistent with our observations of more efficient in vitro Treg
induction from naive DGAT1 KO CD4+ T cells in the presence
of retinol. DGAT1 is closely related to a second diacylglycerol
acyltransferase, DGAT2. Both enzymes catalyze the final and
essential step in TG synthesis, but only DGAT2 is essential in
vivo (27). We did not, however, detect significant Dgat2 message
in T cells. Moreover, DGAT2 lacks ARAT or other acyl-
transferase activity (20).
Attenuation of EAE by a selective DGAT1 inhibitor provides

a proof-of-concept demonstration that this enzyme may be a
viable target for therapy of autoimmune demyelinating disease.
Although we began dosing with the inhibitor before the ap-
pearance of overt clinical signs (mean day of disease onset in
vehicle-treated mice = 14.2, while dosing began at day 12), CNS
cellular activation and T lymphocyte infiltration of the CNS
precede development of clinical EAE (28–30). While the extent
to which the inhibitor crosses the blood–brain barrier has not
been experimentally determined, it may not be necessary for the
drug to cross the blood–brain barrier for efficacy, as autoreactive
T cell polarization and activation likely occurs in PLNs. Never-
theless, the ability of the A922500 inhibitor to ameliorate EAE
when administered therapeutically suggests that it has contem-
poraneous effects on cells within the CNS (both resident and
recruited) and influences on inflammatory cell activation within
the periphery.
Retinol, the circulating form of vitamin A, is converted to

retinal and then to RA by retinol dehydrogenase (RDH) and
retinal dehydrogenase (RALDH) enzymes, respectively. The
binding of RA to specific retinoic acid receptors in activated
T cells has myriad effects on gene transcription and cellular
differentiation, including but not limited to induction of Tregs
(21). Levels of retinol and RA are therefore tightly regulated in
vivo. RA synthesis from circulating retinol via retinaldehyde is
controlled not only by cell-specific expression of RALDH en-
zymes, but also by mechanisms that sequester retinol in retinyl
ester form for storage or to suppress local RA synthesis. Recent
studies show that DGAT1 is a retinol acyltransferase and that it
critically regulates RA synthesis from retinol: in an in vivo model
of vitamin A effects on the epidermis, DGAT1 deficiency led to
excessive RA and to RA-dependent development of alopecia
(6). Our studies support a similar role for T cell DGAT1 in
control of physiologic retinol-mediated responses (summarized
schematically in SI Appendix, Fig. S10): We found that DGAT1
KO but not DGAT1-sufficient (WT) CD4+CD25− T cells
showed enhanced Treg differentiation in the presence of retinol
and stromal cells capable of converting available retinol to RA.

Fig. 7. DGAT1 limits retinol-dependent Treg induction. Female WT or
DGAT1 KO CD4+CD25− cells were incubated with T cell-depleted DGAT1 KO
MLN stromal cells in delipidated serum in the absence or presence of: soluble
anti-CD3, TGF-β, retinol (ROL; 10 nM), A922500 (100 nM), or AM580 (10 nM)
where indicated. After 3 d, TCRβ+ lymphocytes in the live gate were ana-
lyzed for expression of CD4 and Foxp3 by flow cytometry. (A) Representative
FACS plots show the frequency of WT (Upper) or DGAT1 KO (Lower)
CD4+Foxp3+ Tregs within the gate. (B) FACS data are summarized in bar
graph form. Bars depict the mean + SEM of triplicate wells. Two in-
dependent experiments with similar results were performed. *P = 0.02 (WT vs.
DGAT1 KO) by two-tailed, unpaired Student’s t test. ns, not significant.
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RA has other regulatory effects on T cell activation and
function, including inhibition of T effector cell differentiation
(31). We observed a trend toward reduced Th1 and Th17 cell
numbers in the LNs of immunized DGAT1 KO (vs. WT) mice
during EAE, but the differences from WT were not significant.
Consistent with this, because T effector cell commitment occurs
in LNs before migration to the CNS, Th1 and Th17 frequencies
in the CNS were also unaffected. The robust DGAT1-
dependence of CNS inflammation in the active EAE model
may thus principally reflect DGAT1 suppression of Treg gen-
eration or survival. However, roles in other aspects of T effector
cell responses are not excluded (see discussion below).
In addition to its role in inhibiting Treg induction during active

EAE induction, our results indicate that DGAT1 is required for
maximal induction of EAE by adoptively transferred encephali-
togenic Th17 cells in immunocompetent hosts. RA is known to
inhibit effector cell functions, including IL-17 secretion by
committed Th17 cells (31). DGAT1 in CNS T effector cells—by
sequestering retinol—may thus support pathogenic cytokine
production when retinol, through an RDH/RALDH-expressing
cell, would otherwise be a source of RA. Lack of DGAT1 in KO
mice, or in adoptively transferred DGAT1−/− Th17 cells, may
allow RA synthesis and lead to cytokine suppression. Indeed, the
synthetic RA receptor agonist AM580 limits IL-17 secretion
during EAE (32). Notably, adoptive transfer of DGAT1−/−

Th17 cells is associated with elevated Treg frequency in host
CNS tissues, which may be partly due to higher local levels of RA
in EAE lesions that are populated by DGAT1−/− vs. WT T cells
(Fig. 6C). Our results suggest that T cell-expressed DGAT1 can
limit Treg formation in trans, although we do not exclude the
possibility that DGAT1 might also influence T effector cell ac-
tivity via regulation of RA availability in cis. Further in-
vestigation of potential roles for DGAT1 in regulating Th17 cell
functions is warranted.
The ability of T cell-expressed DGAT1 to regulate retinol and

RA-dependent outcomes locally may have broad effects on
T cell responses in the CNS. Interestingly, low serum levels of
retinol are associated with increased MS risk, and serum retinol
levels are inversely correlated with magnetic resonance imaging
outcomes in MS (33, 34). However, in addition to regulating
retinol and RA, DGAT1 may also impact T cell function through
its activity on other substrates. DGAT1 was initially identified as
a diacylglycerol acyltransferase capable of mediating the termi-
nal step of TG synthesis. During an immune response, TGs may
serve as an energy storage molecule during T cell activation (35).
Lipid metabolism pathways can also function as regulators of
activated lymphocyte function and differentiation (36, 37).
Classically, LRAT is considered the enzyme most responsible

for synthesis of retinyl ester and retinoid storage, and systemi-
cally this is clearly the case: ∼80% of the body’s retinoids are
stored in LRAT-dependent lipid droplets within hepatic stellate
cells (38). It is surprising therefore, that DGAT1 deficiency is
sufficient to nearly eliminate retinyl ester storage in LNs (SI
Appendix, Fig. S9). The major source of free retinol in the steady
state is via uptake from the blood, and consistent with this, ret-
inol levels are similar in WT and DGAT1 KO LNs (SI Appendix,
Fig. S9). However, current models suggest that physiologically
significant RA production is controlled locally at the sites of cell–
cell interaction to imprint activated T cells. In these sites, we
hypothesize that there may be a competition for retinol, with
DGAT1 shunting the precursor to the inactive storage pool,
competing with dendritic cells or stromal cell RALDH enzymes
that generate RA for juxtacrine signaling. Collectively, our data
demonstrate a unique role for DGAT1 in converting retinol to
retinyl ester in lymph nodes compared with skin and liver (6, 39).
However, our results do not exclude the possibility that other
enzymatic activities of DGAT1 underlie the observed modera-
tion of Treg induction in the WT setting.

In this study, we focused on roles for DGAT1 in Th17 cell-
mediated pathology and effector functions, but we do not ex-
clude effects on other immune cells. For example, neutrophils,
which express significant levels of Dgat1 message (Immunologi-
cal Genome Project data), can also contribute to pathology
during EAE (40). Additional genetic studies (e.g., evaluation of
immune functions in conditional DGAT1 KO mice) will further
illuminate roles for DGAT1 in regulating the activity of CD4+

T cells and other leukocyte subsets.
In summary, we demonstrate that memory CD4+ T lympho-

cytes up-regulate Dgat1 messages during autoimmune CNS in-
flammation, and that DGAT1 pharmacologic inhibition and
genetic deficiency significantly ameliorate EAE and enhance
Tregs within lymphoid and CNS tissues. In addition, T cell-
expressed DGAT1 limits retinol-mediated Treg formation in
vitro. These results add to the growing appreciation of the in-
terplay between immune and metabolic pathways. They also
suggest that DGAT1 inhibitors, which have been evaluated in
trials for metabolic diseases, should be assessed for roles in
therapy of MS and potentially other disorders associated with
Th17 or Treg cell imbalance.

Methods
Mice and Reagents. DGAT1 KO.CD45.2 (B6.129S4-Dgat1tm1Far/J), C57BL/6.
CD45.2 WT, and C57BL/6.CD45.1 WT (B6.CD45.1) mice were purchased from
The Jackson Laboratory and bred in the animal facility at Emory University.
DGAT1 WT littermate controls were also generated and bred at Emory
University. MOG35–55 (MEVGWYRSPFSRVVHLYRNGK) was synthesized by the
Stanford Protein and Nucleic Acid Facility. The DGAT1 inhibitor A922500 was
purchased from Selleck Chemical Company. Captisol (Cydex Pharmaceuti-
cals), a modified cyclodextrin that has a favorable drug formulation profile
(41), was used as the vehicle for A922500 for in vivo dosing studies. Normal
FBS was from HyClone, and delipidated FBS was from Gemini Bio-Products.
Cell culture media (“complete RPMI”) consisted of RPMI 1640 supplemented
with 10% FBS (normal or delipidated), penicillin/streptomycin, L-glutamine,
minimum nonessential amino acids, sodium pyruvate, 20 mM Hepes buffer,
and 50 μM 2-mercaptoethanol. Antibodies directed against T cell receptor-β
(TCR-β) (H57-597), NK1.1 (PK136), CD25 (PC61), CD44 (IM7), CD45RB
(C363.16A), CD45.2 (104), CD45.1 (A20), Foxp3 (FJK-16s), CD4 (RM4-5), CD8
(53.6–7), CD3e (145-2C11), IFN-γ (XMG1.2), IL-17A (TC11-18H10), anti–IL-4
(11B11), and anti–IFN-γ (R4-6A2) were from eBioscience or BD Biosciences;
and fixable cell viability dye was from eBioscience. FlowJo software (TreeStar)
was used for analysis of flow cytometry data. PMA and ionomycin (Sigma)
were used at 50 ng/mL and 500 ng/mL, respectively. Protein transport in-
hibitor (containing monensin and brefeldin A) was from eBioscience.
Recombinant mouse IL-6, IL-12, IL-23, and TGF-β were from R&D Systems. All-
trans-retinol was from Sigma, and AM580 was from Tocris Biosciences.
Where indicated, T cell-depleted MLN cells (5 × 106 cells/mL) were incubated
with 50 μg/mL mitomycin C (Sigma) for 20 min at 37 °C. Cells were then
extensively washed in PBS, followed by coincubation with WT or DGAT1 KO
CD25- T cells in U96 plates (37 °C, 5% CO2).

EAE Models. For EAE induction by active immunization, mice (8- to 10-wk-old)
were immunized via subcutaneous injection with 100 μgMOG35–55 emulsified
in CFA, as described previously (42). Mice also received 250 ng pertussis toxin
(List Biological Labs) via tail vein injection at the time of MOG35–55/CFA im-
munization and again 2 d later. Clinical disease was scored as follows: 0 =
normal or healthy; 1 = flaccid tail; 2 = hindlimb weakness; 3 = hindlimb
paralysis; 4 = hindlimb and forelimb paralysis; 5 = moribund or dead. Male
mice were used in all experiments except where indicated. For pharmaco-
logic inhibition studies, the DGAT1 inhibitor A922500 was formulated in
10% Captisol vehicle for in vivo dosing via subcutaneous injection (100 μL
volume). Individuals who conducted the clinical scoring (K.L.G. or K.M.M.)
were blinded to the treatment that the mice received.

For EAE induction by adoptive transfer, WT or DGAT1 KO mice were
immunized subcutaneously with MOG35–55/CFA. Mice received 250 ng per-
tussis toxin via intraperitoneal injection at the time of MOG35–55/CFA im-
munization and again 2 d later. Ten days after immunization, spleens and
dLN cells (i.e., inguinal LN) were harvested, pooled and resuspended in
complete RPMI (with normal FBS) at 5 × 106 cells/mL. Cells were incubated
with MOG35–55 (10 μg/mL) plus IL-23 (10 ng/mL) to generate Th17-polarized
cells. After 72 h in culture (37 °C, 5% CO2), cells were washed extensively
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with PBS, and then resuspended in PBS before intraperitoneal injection into
healthy, naive recipients (8- to 10-wk-old 0.5–1 × 107 cells per mouse).

Cell Sorting and Microarray Analysis. For transcriptional profiling of T cells
from female mice with MOG-induced active EAE, dLN, and spinal cord tissues
were harvested and pooled (n = 20–25 mice per experiment, three in-
dependent experiments) at the time of peak acute disease (∼13–17 d post-
immunization). MNCs from spinal cords were isolated over 30%:70%
discontinuous Percoll gradients (42). CD4+ T cells from dLN tissues of mice
with EAE, as well as from pooled PLNs (axillary, brachial, and inguinal) of
naive C57BL/6 mice (8- to 10-wk-old), were isolated by negative selection
with magnetic beads (Miltenyi). Memory CD4+ T cells (memCD4T; CD44hi

CD45RBloCD25−) and naive phenotype (CD44loCD45RBhiCD25−) CD4+ T cells
from LNs, as well as memCD4T derived from CNS MNCs, were then sorted on
an Aria II instrument. RNA from FACS-sorted cells was isolated with a Qiagen
RNeasy Kit, and 100–200 ng total RNA from each sample was used for am-
plification, labeling, and hybridization on Affymetrix mouse 430 2.0 arrays
by the Stanford Protein and Nucleic Acid Facility. Microarray data were
analyzed using GeneSpring GX 13.0 software. Gene-expression values were
normalized with the RMA16 algorithm of GeneSpring for the visualization
and analysis of microarrays. Probes were then filtered by expression value (at
least three of the four conditions within the dataset—CNS memCD4T; EAE
dLN memCD4T, PLN memCD4T; PLN naive—had to show an average raw
value above 120). To enrich for highly differentially expressed genes within
CNS-infiltrating T cells, genes in the CNS memCD4T cell subset with expres-
sion values that differed by at least fourfold (P < 0.05, Benjamini–Hochberg
correction) from the EAE dLN memCD4T cell subset were selected for addi-
tional analysis. Microarray data were deposited in the Gene Expression
Omnibus (GEO) database (GSE80978) (43).

RT-qPCR. Total RNA from memory and naive phenotype CD4+ T cells was
isolated by TRIzol extraction, and gene expression was measured by RT-qPCR
using a QuantiFast One-Step RT-PCR Kit (Qiagen) according to the manu-
facturer’s instructions. Samples were analyzed using an Applied Biosystems
7900HT real-time PCR instrument. Mouse primer sequences were as follows: β-actin
forward, 5′– GTATCCATGAAATAAGTGGTTACAGG–3′; β-actin reverse, 5′–
GCAGTACATAATTTACACAGAAGCAAT–3′. DGAT1 forward, 5′–CCCAT-
ACCCGGGACAAAGAC–3′; DGAT1 reverse, 5′–ATCAGCATCACCACACACCA–3′.
Primers for DGAT2 were used as described previously (7).

T Cell Differentiation and MOG35–55 Recall Assays. PLN tissues from C57BL/6 WT
or DGAT1 KO mice (8–10 wk) were depleted of CD4+CD25+ T cells by using a
T regulatory cell isolation kit (Miltenyi). MLN tissues and PP from sex-
matched DGAT1 KO mice were depleted of T cells via CD90.2 magnetic
beads (Miltenyi). To generate Tregs, CD4+CD25− cells (105) were incubated
with T cell-depleted, mitomycin C-treated DGAT1 KO MLN/PP feeder cells
(4 × 104) in the presence of TGF-β (5 ng/mL), and soluble anti-CD3 (0.25 μg/mL).
For Th1 differentiation, CD4+CD25− cells were incubated with DGAT1 KO

MLN/PP feeders in the presence of anti-CD3 plus IL-12 (10 ng/mL) and anti–IL-
4 (10 μg/mL). For Th17 differentiation, CD4+CD25− cells were stimulated with
DGAT1 KO feeder cells, anti-CD3, TGF-β (3 ng/mL), IL-6 (20 ng/mL), anti–IL-4
(10 μg/mL), and anti–IFN-γ (10 μg/mL). MLN/PP cells were >99% free of T cells
following CD90.2 bead depletion, and PLN cells were >99% CD4+CD25−

following CD25+ cell depletion, as determined by flow cytometry.
In some experiments, CNS mononuclear cells from mice with symptomatic

EAE were stimulated (105 cells per well) with a dose-range of MOG35–55

peptide. In other experiments, dLN CD4+ T cells were isolated by negative
selection with magnetic beads and incubated (5 × 104 per well) with mi-
tomycin C-treated splenocytes (2.5 × 105 per well) in the presence of a
dose-range of MOG35–55. Cytokine levels in culture supernatants were
measured after 72 h using ELISA kits according to the manufacturer’s
instructions (eBioscience).

Retinoid Quantitation. Retinyl ester, retinol, and RA were extracted from
mouse LNs as described previously (44). Quantification of retinoids was done
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) with an
alternate LC separation.

Histology. Brain and spinal cord tissues were fixed in 10% buffered formalin.
Formalin-fixed tissue was embedded in paraffin and sections were stained
with Luxol fast blue-H&E stain. CNS inflammatory foci (>10 mononuclear
cells per focus) in leptomeninges and parenchyma were counted in each
mouse sample in a blinded fashion by one of the authors (R.A.S.).

Statistics. The Mann–Whitney U test was applied to analyze nonparametric
clinical EAE data, and the Student’s t test was used to analyze all parametric
data. The Fisher’s exact test was used to compare disease incidence.

Study Approval. All animal experiments and procedures were approved by
and conducted in accordancewith Emory, US Department of Veterans Affairs,
and NIH Institutional Animal Care and Use Committee guidelines.
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