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Introduction
Regulatory T cells (Tregs) play an important role in maintain-
ing immune homeostasis, and are critical for preventing autoim-
mune and inflammatory disorders (1–3). Treg adoptive transfer is 
effective in preventing murine graft-versus-host disease (GVHD), 
a major cause of  patient morbidity and mortality after alloge-
neic hematopoietic stem cell transplantation (4, 5), by limiting 
alloimmune responses (6, 7). However, clinical translation of  
Treg adoptive transfer has been challenging, primarily because 
of  difficulties with generating large numbers of  Tregs with full 

suppressive capacity (8–11). Despite these limitations, both phase 
I and II clinical trials using prophylactic Treg adoptive transfer 
have demonstrated reduced acute and chronic GVHD incidence 
compared with historical controls (12–17), and a recently com-
pleted randomized, phase III trial similarly showed significantly 
reduced rates of  GVHD in patients given Tregs after transplant 
(18). Another early-phase study demonstrated potential efficacy 
when using Tregs to treat patients with active GVHD (19). Thus, 
Tregs are a potentially promising therapy for inflammatory dis-
orders. To obviate the need to produce large numbers of  Tregs, 
strategies to augment Treg suppressive capacity may enhance the 
translational potential of  Treg therapies.

Treg metabolism is tightly linked with suppressor function, 
and Treg suppressive potency strongly correlates with mitochon-
drial oxidative phosphorylation (OXPHOS) (20, 21). Upon acti-
vation, Tregs can utilize fatty acids (FAs) to drive fatty acid oxi-
dation (FAO) and OXPHOS, which support their survival and 
function, including expression of  suppressive molecules such 
as cytotoxic T lymphocyte antigen-4 (CTLA-4) and inducible T 
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similar distributions of  naive and memory-like populations of  
splenic CD4+ and CD8+ Tcons (Supplemental Figure 1, B and C). 
Next, we evaluated the functional capacity of  ACC1KO Tregs 
compared with WT Tregs in standard in vitro suppression assays. 
Compared with controls, ACC1KO Tregs demonstrated signifi-
cantly higher suppression of  both CD4+ and CD8+ Tcon prolif-
eration (Figure 1A and Supplemental Figure 2A). To evaluate a 
translationally relevant approach for ACC1 inhibition, we assessed 
the effect of  pharmacologic ACC1 inhibition on WT Treg func-
tion using the clinically relevant ACC1 inhibitor ND630 (33). As 
compared with control Tregs, a 2-hour pretreatment with ND630, 
followed by multiple washes to remove excess inhibitor, enhanced 
in vitro Treg suppression, as seen with ACC1KO Tregs (Figure 1B 
and Supplemental Figure 2B). Notably, pretreatment of  WT Tregs 
with either of  two other ACC inhibitors, TOFA (RMI14514) and 
Soraphen A, each of  which has higher specificity for ACC1 than 
ND630 but are less translationally relevant, similarly increased 
Treg suppressive function (Supplemental Figure 2C). Pretreatment 
of  ACC1KO Tregs with TOFA or Soraphen A had no additive 
effect on suppression (Supplemental Figure 2D), suggesting there 
were no beneficial off-target effects of  these drugs.

Although ACC1 and ACC2 are generally thought to work in 
a complementary fashion to promote DNL (ACC1) and inhibit 
FAO (ACC2) (27, 34), neither a Treg-specific knockout of  ACC2 
(ACC2fl/fl × FoxP3-YFP-Cre) nor pretreatment of  WT Tregs 
with an ACC2-specific pharmacologic inhibitor (CD-017-0191) 
enhanced Treg function in vitro (Supplemental Figure 2, E and F). 
This is consistent with previous data in Tcons, which have roughly 
10-fold higher relative expression levels of  ACC2 compared with 
Tregs (Supplemental Figure 2F), showing no functional effect of  
ACC2 modulation (29).

To begin to elucidate the mechanism by which ACC1 inhibi-
tion augments Treg function, we characterized Treg suppressive 
molecule expression after in vitro activation. Compared with con-
trols, both ACC1KO and ND630-treated Tregs showed increased 
expression of  the immunosuppressive molecules T cell immuno-
receptor with immunoglobulin and ITIM domain (TIGIT) and 
lymphocyte activation gene-3 (LAG3) and the immunosuppres-
sive cytokine IL-10, and an overall higher proportion of  TIGIT+ 
Tregs (Figure 1, C–F). The higher proportion of  TIGIT+ Tregs 
also corresponded to an increased proportion of  Tregs express-
ing the transcription factor T-box in T cells (T-bet) (Figure 1G, 
left), as well as an increased frequency of  TIGIT+T-bet+ double- 
positive Tregs (Figure 1G, right). In addition to suppressive mole-
cules, ACC1KO and ND630-treated Tregs each expressed higher 
levels of  CD25 after activation (Figure 1H), but there were no 
differences in expression of  Foxp3, CTLA-4, or programmed cell 
death protein-1 (PD-1) (Supplemental Figure 3, A and B). When 
added separately to Treg suppression assays, blocking antibodies 
against TIGIT, LAG3, or IL-10/IL-10 receptor did not abrogate 
the beneficial effect of  ND630 (Supplemental Figure 3, C–E). 
However, a combination of  blocking antibodies against TIGIT, 
LAG3, and IL-10/IL-10 receptor significantly diminished the 
suppressor function of  ND630-treated Tregs to a greater extent 
than seen in controls (Figure 1I and Supplemental Figure 3F), 
suggesting a combinatorial effect of  the upregulated molecules in 
augmenting Treg suppression in vitro.

cell costimulator (ICOS) (20, 22–24). The FA pool that drives 
FAO can be derived from exogenous FAs, or FAs synthesized 
by de novo lipogenesis (DNL) (25–27). The balance between FA 
utilization (FAO) and creation (DNL) is regulated by two iso-
enzymes, acetyl-CoA carboxylase-1 and -2 (ACC1 and ACC2), 
both of  which convert acetyl-CoA to malonyl-CoA, although 
in separate subcellular locations (25–27). ACC1 localizes to the 
cytoplasm, and is thought to initiate DNL through cytosolic 
malonyl-CoA production (26, 27). In contrast, ACC2 localizes 
to the outer mitochondrial membrane, where it produces mal-
onyl-CoA at the mitochondrial surface. In turn, malonyl-CoA 
competitively inhibits the activity of  carnitine palmitoyltransfer-
ase 1a (CPT1a), the rate-limiting enzyme in FAO (26–28). Thus, 
ACC1 and ACC2 work cooperatively, but independently to initi-
ate DNL and inhibit FAO.

In naive CD4+ conventional T cells (Tcons), inhibition or genet-
ic deletion of  ACC1 increases FA uptake and reduces Tcon glycol-
ysis (29, 30). This metabolic shifting enhances naive CD4+ Tcon 
differentiation in vitro to induced Tregs (iTregs), in part because of  
enhanced acetyl-CoA levels, which drive epigenetic changes that 
increase Foxp3 expression (29, 31). Tcons from ACC1-knockout 
(ACC1KO) mice fail to induce murine GVHD, partly because of  
increased peripheral Treg numbers in recipient tissues (30). In the 
tumor microenvironment, ACC1 is found at high levels in CD8+ 
Tcons, and inhibiting ACC1 augments FA utilization and FAO and 
functionally reinvigorates CD8+ Tcons against tumors (32). Thus, 
modulating ACC1 in Tcons has a marked impact on their differen-
tiation and functionality. However, despite the seemingly important 
relationship between FAs and FAO in Tregs, a Treg-intrinsic role 
for ACC1 has not yet been evaluated.

Here we show that pharmacologic inhibition or genetic 
deletion of  ACC1 significantly increases murine Treg suppres-
sive function in vitro, and, as compared with wild-type (WT), 
ACC1KO Tregs had an enhanced ability to treat and prevent 
murine GVHD. Mechanistically, enhanced Treg function with 
ACC1 inhibition or gene deletion was dependent on FAO-me-
diated augmentations in OXPHOS, mitochondrial function, and 
mitochondrial fusion. Conversely, inhibition of  mitochondrial 
fusion abrogated beneficial functional and metabolic effects of  
ACC1 inhibition. Directly promoting mitochondrial fusion, even 
in the absence of  ACC1 modulation, resulted in a functional and 
metabolic phenotype similar to  ACC1 inhibition, both in vitro 
and in vivo. Finally, ex vivo–expanded human Tregs incubat-
ed with a clinically relevant ACC1 inhibitor resulted in similar 
in vitro and in vivo functional augmentation to murine Tregs, 
suggesting that ACC1 manipulations may be a viable strategy to 
enhance Treg function in patients.

Results
ACC1 inhibition increases Treg suppressive function and alters Treg sup-
pressive phenotype. To assess the Treg-intrinsic role of  ACC1 in 
Treg suppressive function, we first generated Treg-specific ACC1- 
deficient mice (ACC1fl/fl × FoxP3-YFP-Cre; ACC1KO). ACC1KO 
mice did not develop any signs of  autoimmunity and, compared 
with WT mice, demonstrated similar percentages of  splenic Tregs 
(Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/JCI182480DS1), with 
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Figure 1. ACC1 inhibition enhances Treg suppressive function and suppressive 
molecule expression. (A and B) Suppression of CD4+ Tcon proliferation in in 
vitro Treg suppression assays by WT versus ACC1KO Tregs (A) and DMSO- ver-
sus ND630-pretreated Tregs (B); 1:1–1:12 Treg/Tcon ratios are denoted. (C–H) 
Flow cytometry of suppressive molecule expression on overnight-activated WT 
versus ACC1KO or DMSO- versus ND630-pretreated Tregs. (C–E) Expression of 
TIGIT (C), Lag3 (D), and IL-10 (E) on Tregs, as evaluated by median fluorescence 
intensity (MFI). (F and G) Frequency of TIGIT+ (F), T-bet+, and TIGIT+T-bet+ dou-
ble-positive (G) Tregs within the CD4+CD25+Foxp3+ population. (H) Expression of 
CD25 on CD4+Foxp3+ cells. (I) Suppression of CD4+ Tcon proliferation in in vitro 
suppression assays by DMSO- versus ND630-pretreated Tregs, with cultures 
including either isotype antibodies or a combination of blocking antibodies 
against Lag3, TIGIT, IL-10, and IL-10 receptor. Data show 1 experiment repre-
sentative of 3 independent experiments with n = 4 replicates per group. *P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired t test or 1-way 
ANOVA. Error bars represent the mean ± SEM.
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ACC1 deletion augments Treg-mediated treatment of  established 
murine chronic GVHD. We next tested whether Treg-specific ACC1 
deletion would increase the ability of  Tregs to treat mice with 
established chronic GVHD (cGVHD). B10.BR (H-2k) recipient 
mice were conditioned with cyclophosphamide and TBI, and then 
infused with T cell–depleted B6 (H-2b) BM without or with B6 T 
cells (43, 44). Mice given BM and T cells (cGVHD) develop multi-
organ systemic fibrosis including pulmonary manifestations (bron-
chiolitis obliterans), whereas those receiving BM alone serve as 
no-cGVHD controls. On day 28, cGVHD mice were given either 
WT or ACC1KO Tregs as therapy for established disease (45). 
Recipients that received ACC1KO Tregs demonstrated significant-
ly improved lung function parameters compared with mice with 
cGVHD, whereas mice given WT Tregs showed minimal improve-
ment (Figure 4, A–C). Similarly, lung function of  mice given 
ACC1KO Tregs was similar to that of  BM-only (no-cGVHD) con-
trols (Supplemental Figure 5A). Consistent with these data, eval-
uation of  pulmonary fibrosis by trichrome staining demonstrated 
a reduction in pulmonary fibrosis in mice given ACC1KO Tregs 
compared with mice with cGVHD and those given WT Tregs, 
with no difference between BM only and mice given ACC1KO 
Tregs (Figure 4, D and E).

The germinal center (GC) response, collaborative interactions 
between GC B cells and CD4+ follicular helper T (Tfh) cells, can 
lead to B cell class switching, and ultimately deposition of  high-af-
finity IgG antibodies in cGVHD target organs, critical drivers of  
cGVHD pathogenesis in this model (44). We reported previously 
that infusing Tregs into mice with established cGVHD can abrogate 
the GC reaction, leading to improved lung function and reduced 
fibrosis (45). Compared with recipients given WT Tregs, mice given 
ACC1KO Tregs had a reduced proportion of  both GC B cells and 
Tfh cells (Figure 4, F and G). We also found a significant increase 
in the ratio of  follicular regulatory T (Tfr) cells to Tfh cells in mice 
receiving ACC1KO Tregs compared with controls, consistent with 
a more suppressive GC environment (Figure 4, H and I) (46). Taken 
together, these data highlight that Treg-specific targeting of  ACC1 
augments the ability of  Tregs to treat established cGVHD.

ACC1 deletion enhances the Treg suppressive phenotype in vivo. Giv-
en our positive in vivo data in 2 different models of  GVHD, we 
next evaluated whether the Treg phenotypic signature observed in 
vitro after ACC1 deletion could be identified in vivo. We evaluated 
the phenotype of  WT and ACC1KO Tregs infused on D28 after 
transplant in our cGVHD model, profiling them weekly on D35, 
D42, and D49 after transplant. The pre-infusion, freshly purified 
WT and ACC1KO Tregs demonstrated no differences in expres-
sion of  Foxp3, TIGIT, Lag3, or T-bet (Supplemental Figure 5B), 
indicating no baseline differences in the infused populations in a 
naive, non-activated state. There were no differences in expres-
sion of  Foxp3 over time in vivo (Supplemental Figure 5C), sim-
ilar to our in vitro results. However, consistent with our in vitro 
data, ACC1KO Tregs demonstrated increases in Lag3 and TIG-
IT expression, with higher proportions of  TIGIT+, T-bet+, and 
TIGIT+T-bet+ double-positive cells starting at D35 and persisting 
through D49 (Figure 4, J–N, and Supplemental Figure 5, D and 
E). These in vivo results indicate that the Treg “effector” signature 
we identified in vitro after ACC1 inhibition can be identified in 
vivo, and is persistent over time in the setting of  cGVHD.

Unbiased bulk RNA sequencing of  overnight-activated Tregs 
pretreated with DMSO or ND630 revealed a distinct gene expres-
sion profile after ACC1 inhibition. Principal component analysis 
indicated independent clustering of  DMSO and ND630 samples, 
with approximately 80% of  variance in gene expression between 
groups attributed to ND630 treatment (Supplemental Figure 4A). 
In total, 399 genes were differentially expressed between con-
trol and ND630-treated Tregs, 178 of  which were upregulated 
after ND630 treatment. Consistent with CD25 and T-bet protein 
expression by flow cytometry, expression of  the genes encoding 
CD25 (Il2ra) and T-bet (Tbx21) was increased after ND630 treat-
ment (Figure 2, A, B, and D), and Tbx21 was among the 100 most 
differentially expressed genes (Supplemental Figure 4B). We also 
noted a significant increase in expression of  the genes encoding 
basic leucine zipper transcription factor (BATF), which has been 
associated with a highly suppressive “effector” Treg phenotype 
(35), and ICOS and granzyme B (Figure 2, A and D), similarly 
implicated in Treg suppressive function (36, 37). Reactome gene 
set enrichment analysis (38) further highlighted upregulation of  
BATF, ICOS, and granzyme B (Figure 2B), and an overall skewing 
toward Treg activation (Figure 2, B and C). Gene regulatory net-
work analysis (GRNA) (39) of  the differentially expressed genes 
between DMSO and ND630 groups further identified BATF as a 
major coregulatory node in conjunction with nuclear factor inter-
leukin 3 (Nfil3), a known BATF transcriptional regulation partner 
in Tregs (40) with increased expression after ND630 treatment 
(Figure 2D), with GRNA predicting CD25 to be under regulatory 
control of  BATF/Nfil3 (Figure 2E). Overall, these data show that 
ACC1 deletion or pharmacologic inhibition enhances Treg sup-
pressive capacity, augments expression of  known suppressive mol-
ecules, and skews Tregs toward an “effector” phenotype.

ACC1 deletion augments Treg-mediated prevention of  murine acute 
GVHD. Given the clinical interest in developing and enhancing 
Treg therapies for GVHD, we evaluated whether Treg-specific 
ACC1 deletion would increase the ability of  Tregs to prevent acute 
GVHD (aGVHD). BALB/c (H-2d) recipient mice were conditioned 
with total-body irradiation (TBI), then infused with C57BL/6 (B6; 
H-2b) bone marrow (BM) without or with B6 Tcons (CD4+CD25– 
and CD8+CD25–) (41, 42). To evaluate Treg-mediated prevention 
of  aGVHD, some mice were also given WT or ACC1KO Tregs at 
the time of  transplant (41). Mice given BM and Tcons developed 
severe systemic inflammation, with rapid death, severe clinical 
GVHD scores (0, no disease; 10, severe disease), and weight loss 
(Figure 3, A–C). All mice receiving Tregs demonstrated improved 
recipient survival, reduced GVHD clinical scores, and improved 
weights compared with mice receiving BM and Tcons only (Fig-
ure 3, A–C), indicating a reduction in GVHD severity. However, 
compared with recipient mice given WT Tregs, mice infused with 
ACC1KO Tregs had improved survival, GVHD clinical scores, and 
weights (Figure 3, A–C), indicating further enhancement in GVHD 
suppression with ACC1KO Tregs. This improvement in GVHD 
severity with ACC1KO Tregs was correlated with reduced donor 
Tcon proliferation early (day 3) after transplant (Figure 3D), and 
reduced inflammatory cytokine production by donor CD4+ and 
CD8+ Tcons on day 14 (D14) after transplantation (Figure 3, E–H). 
These data demonstrate that Treg-specific ACC1 deletion enhances 
Treg-mediated prevention of  aGVHD.
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Figure 2. ACC1 inhibition alters Treg expression patterns. (A–E) Bulk RNA sequencing 
results of overnight-activated Tregs pretreated with either DMSO or ND630. (A) Pair-
wise comparisons of selected differentially regulated genes between DMSO-pretreated 
(blue) and ND630-pretreated (red) Tregs, including gene expression of IL2ra (CD25), 
Tbx21 (T-bet), Batf (BATF), Icos (ICOS), and Gzmb (GZMB). (B) Heatmap of differen-
tially enriched genes as clustered by Reactome gene set enrichment analysis (GSEA) 
nodes. DMSO samples are indicated at the top in blue, whereas ND630 samples are 
in red. (C) Individual enrichment barcode plots for the Reactome GSEA nodes shown 
in B. Genes enriched in ND630-treated Tregs are below the axis (red); genes enriched 
in DMSO-treated Tregs are above (blue). (D) Heatmap showing the relative gene fold 
change between ND630- and DMSO-treated Tregs. (E) Gene-regulatory network anal-
ysis (GRNA) highlighting a regulatory module with BATF as the primary node. Three 
(DMSO) or four (ND630) individual samples were collected and analyzed. Differentially 
expressed genes were defined as having an adjusted P value of less than 0.05 and a 
log2 fold change greater than 0.15.
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Treg mitochondrial metabolism is augmented by ACC1 dele-
tion or pharmacologic inhibition. With the augmentation in Treg 
function after ACC1 inhibition, and the link between ACC 
isoenzymes and FAO, we next evaluated whether ACC1 inhi-
bition would increase Treg metabolic function. In Seahorse 
mitochondrial stress test assays (Agilent) evaluating OXPHOS, 
ACC1KO and ND630-treated Tregs each demonstrated sig-
nificantly higher oxygen consumption rates (OCRs) compared 
with controls, both at baseline and with maximal respiration  
(Figure 5, A–D). Seahorse glycolysis stress test assays, which eval-
uate glucose utilization by measuring extracellular acidification 
rates, did not reveal a significant difference in glycolysis between 
control, ACC1KO, and ND630-treated Tregs (Supplemental  
Figure 6, A–D). ACC1KO Tregs had a slight but significant increase 
in glycolytic capacity compared with control Tregs (Supplemental 
Figure 6, A and B), indicating a slightly higher capacity to convert 

glucose to pyruvate or lactate under mitochondrial stress conditions 
(47). However, compared with control Tregs, neither ACC1KO nor 
ND630-treated Tregs demonstrated increased expression of  the key 
murine T cell glucose transporter GLUT-1 or increased uptake of  
the fluorescent glucose analog 2-NBDG after activation (Supple-
mental Figure 6, E and F). Taken together, these data indicate that 
ACC1 inhibition substantially increases OXPHOS, with minimal 
effect on glycolytic pathways.

Assessment of  mitochondrial mass and membrane potential, 
both increased when mitochondria are maximally functional, 
revealed that compared with controls, both ND630-treated and 
ACC1KO Tregs had enhanced mitochondrial mass, as assessed 
by MitoTracker Green and MitoTracker Deep Red (Thermo 
Fisher Scientific), as well as increased mitochondrial membrane 
potential, as assessed by tetramethylrhodamine methyl ester 
(TMRM) (Figure 5E). Congruent with increased OXPHOS and 

Figure 3. ACC1 inhibition enhances Treg-mediated prevention of acute GVHD. (A–C) Acute GVHD transplant with BALB/c recipient mice given BM, BM 
plus T cells (BM+T), or BM+T with either WT Tregs or ACC1KO Tregs. Survival (A), clinical scores (0, no disease; 10, severe disease) (B), and weights (C) of 
recipient mice after transplant. Data are representative of 2 independent experiments, with n = 10 BM only, n = 10 acute GVHD, n = 10 WT Tregs, and n 
= 12 ACC1KO Tregs. (D–H) Lethally irradiated BALB/c recipients given CSFE-labeled Tcons alone (Tcon) or CFSE-labeled Tcons with either WT or ACC1KO 
Tregs. After 72 hours, splenocytes were harvested for analysis. (D) CFSE analysis of splenic donor CD8+ Tcon proliferation. (E and F) IFN-γ expression in 
splenic donor CD4+ and CD8+ Tcons after ex vivo restimulation. (G and H) TNF-α expression in splenic donor CD4+ and CD8+ Tcons after ex vivo restimula-
tion. Data represent 2 independent experiments; n = 4 for Tcons only, n = 6 for WT Tregs, and n = 6 for ACC1KO Tregs. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001 by log-rank test (survival) or 1-way ANOVA. Error bars represent the mean ± SEM.
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mitochondrial activity, we observed an expected increase in the 
production of  reactive oxygen species (ROS) (48), specifically,  
mitochondrial superoxide (MitoSox) and total cellular ROS 
(CellRox, Thermo Fisher Scientific), in both ND630-treated and 
ACC1KO Tregs, compared with controls (Figure 5, F and G).

To evaluate the specific contribution of  FAs and FAO in driv-
ing the observed enhancements in OXPHOS, we next assessed 
expression of  the rate-limiting FAO enzyme CPT1a. Compared 
with controls, both ND630-treated and ACC1KO Tregs expressed 
significantly more CPT1a (Figure 5H, left). Upstream of  CPT1a, 

Figure 4. ACC1 inhibition enhances Treg-mediated treatment of chronic GVHD. Chronic GVHD (cGVHD) transplants using B10.BR recipients receiving 
BM cells (BM) ± B6 T cells (D0). Two groups of mice given BM+T cells were subsequently given WT or ACC1KO (KO) Tregs on D28 after transplant. (A–C) 
Pulmonary function tests obtained on D49 after transplant showing airway resistance (A), lung elastance (B), and total lung compliance (C) of mice given 
either BM alone (BM only), BM+T cells (cGVHD), or BM+T cells with WT Tregs or ACC1KO Tregs. Data are pooled from 3 transplants, with n = 22 BM only, 
n = 21 cGVHD, n = 20 WT Tregs, and n = 15 ACC1KO Tregs. (D and E) Cryopreserved lung sections obtained on D50 after transplant, stained with Masson’s 
trichrome, and analyzed for collagen deposition. Scale bars: 200 μm. (D and E) Representative images of trichrome staining (D) and quantification of the 
trichrome area (E), with n = 4 images per group. (F–I) Flow cytometry of splenocytes obtained on D50 after transplant showing the frequency of germinal 
center B cells (GC B cells; GL7+FAShi of CD19+ cells) (F), follicular helper T cells (Tfh cells; CXCR5+PD-1+Foxp3– of CD4+ cells) (G), and follicular regulatory T cells 
(Tfr cells; CXCR5+PD-1+Foxp3+ of CD4+ cells) (H) and the ratio of Tfr to Tfh cells (I). Data show 1 experiment representative of 3 independent experiments 
with n = 4 for BM only, n = 7 for cGVHD, n = 6 for WT Tregs, and n = 8 for KO Tregs. (J–N) Flow cytometry of WT and ACC1KO Tregs on D42 after transplant 
showing expression of LAG3 (J) and TIGIT (K), and frequency of TIGIT+ (L), T-bet+ (M), and TIGIT+T-bet+ double-positive (N) Tregs within the donor CD4+C-
D25+Foxp3+ population. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired t test or 1-way ANOVA. Error bars represent the mean ± SEM.
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and I, and Supplemental Figure 7C). Together, these results indi-
cate that the Treg functional augmentation after ACC1 inhibition 
depends on FAO and OXPHOS.

ACC1 pharmacologic inhibition induces mitochondrial fusion. Mito-
chondria continuously undergo a dynamic process of  fusion and 
fission, depending on cellular energy demands (51). Increased mito-
chondrial fusion elongates mitochondria, bringing cristae into clos-
er contact and enhancing electron transport chain supercomplex 
formation, thereby facilitating more efficient OXPHOS (52–54). As 
mitochondria are central to the metabolic and functional changes 
observed with ACC1 inhibition (Figure 5, A–E, and Figure 6, A 
and B), we sought to understand whether the increase in OXPHOS 
driven by ACC1 inhibition might be due to increased mitochondri-
al fusion. Three complementary high-resolution imaging modali-
ties were used to evaluate alterations in mitochondrial fusion: 3D 
structured illumination microscopy (SIM), expansion microscopy, 
and transmission electron microscopy. For experiments using 3D 
SIM and expansion microscopy, Tregs were purified from mice 
expressing mitochondrial Dendra2, a photoconvertible green to red 
fluorescent protein engineered to localize to mitochondria (51).

Visualized mitochondria from ND630-treated Tregs demon-
strated a higher degree of  mitochondrial fusion and elongation 
compared with control Tregs, which were more spherical/cir-
cular (Figure 7, A and C, and Supplemental Figure 7D). Quan-
tification of  elongation and sphericity/circularity from each 
imaging modality further showed a significant reduction in sphe-
ricity/circularity (increased elongation) after ND630 treatment, 
which was consistent across modalities (Figure 7, B and D, and 
Supplemental Figure 7, E–H). Quantification of  mitochondria 
visualized by electron microscopy showed that ND630 treatment 
resulted in an increase in mitochondrial area and integrated den-
sity (Figure 7E and Supplemental Figure 7I), which corresponds 
to increased mitochondrial fusion/elongation and cristae den-
sity (55). Activation-induced phosphorylation of  dynamin-re-
lated protein-1 (phospho-DRP1) increases mitochondrial fis-
sion, thereby reducing mitochondrial fusion and diminishing 
OXPHOS (56, 57). Consistent with the increased mitochondrial 
fusion identified by microscopy, ND630 treatment resulted in a 
corresponding significant decrease in phospho-DRP1 expression 
by flow cytometry (Figure 7F), further indicating increased mito-
chondrial fusion potential. Overall, these data demonstrate that 
ACC1 inhibition increases mitochondrial fusion and elongation.

Inhibition of  mitochondrial fusion diminishes the beneficial effects of  
ACC1 inhibition. We next evaluated whether increased mitochon-
drial fusion was critical for the metabolic and suppressive func-
tional benefits observed with ACC1 deletion or pharmacologic 
inhibition. Mitofusin protein isoforms 1 and 2 (MFN1 and MFN2) 
mediate outer mitochondrial membrane fusion, and mitochondrial 
dynamin-like GTPase (OPA1) mediates inner mitochondrial fusion 
(57, 58). As MFN2 inhibition or knockdown can increase T cell 
proliferation and reduce endoplasmic reticulum contact (59, 60) 
and OPA1 knockdown can affect T cell receptor signaling (61), we 
chose to assess the functional importance of  mitochondrial fusion 
by targeting MFN1, the knockdown of  which has not been associ-
ated with the same non-mitochondrial effects as MFN2 or OPA1. 
Targeting MFN1 with siRNA resulted in an approximately 50% 
reduction in MFN1 protein, with no off-target reduction in MFN2 

fatty acid–binding proteins (FABPs) shuttle FAs to the mitochon-
dria. FABP5, an isoform highly expressed in T cells and import-
ant for Tregs (49), was upregulated in both ND630-treated and 
ACC1KO Tregs compared with controls (Figure 5H, right). Con-
current with these increases in FAO machinery, ND630-treated 
and ACC1KO Tregs both demonstrated increased uptake of  the 
fluorescent long-chain fatty acid BODIPY C16 (Figure 5I), with-
out a difference in staining for endogenous neutral lipids (BODIPY 
493/503) (Supplemental Figure 6G). To determine whether exoge-
nous FAs were drivers of  augmented OXPHOS after ACC1 inhibi-
tion, we evaluated whether a short (1-hour) pretreatment of  control 
and ND630-treated Tregs with the 16-carbon FA palmitate would 
affect OCR in Seahorse mitochondrial stress test assays. Consistent 
with the CPT1a, FABP5, and BODIPY C16 data, ACC1-inhibit-
ed Tregs demonstrated an augmented ability to increase OXPHOS 
in response to palmitate, increasing both basal and maximal OCR 
(Figure 5, J and K). Overall, these data demonstrate that ACC1 
inhibition augments Treg OXPHOS, and drives increases in mito-
chondrial mass/membrane potential, exogenous FA uptake, and 
key components of  FAO pathways.

FAO and OXPHOS are required for augmentations in Treg suppres-
sion after ACC1 inhibition. We next assessed whether the increased 
OXPHOS and FAO-related molecules observed with ACC1 inhibi-
tion were obligatory for Treg functional enhancements. To evaluate 
the importance of  OXPHOS after ACC1 inhibition, we titrated the 
mitochondrial electron transport chain complex I inhibitor IACS-
010759 (IACS) to the lowest possible dose that resulted in mod-
est but significant and reproducible reductions in Treg OXPHOS 
(Figure 6, A and B). When Tregs were cotreated with ND630 and 
IACS, the benefits of  ND630 for both basal and maximal OCR 
were nullified, with OCR levels of  cotreated Tregs largely similar 
to those of  control Tregs, and significantly lower than those with 
ND630 treatment alone (Figure 6, A and B). Combined pretreat-
ment with ND630 and IACS also significantly diminished the 
functional benefit of  ND630, as evidenced by reduced in vitro Treg 
suppressor function to levels nearly identical to those of  controls 
(Figure 6G and Supplemental Figure 7A).

To interrogate the roles of  CPT1a and FAO in augmented 
Treg suppressor function after ACC1 inhibition, CPT1aKO mice 
(CPT1afl/fl × CD4-Cre) were used as a Treg source. CPT1aKO and 
WT Tregs had similar basal and maximal OCR levels in mitochon-
drial stress test assays (Figure 6, C and D), and similar in vitro 
suppressive function (Figure 6H and Supplemental Figure 7B) as 
previously published (50). However, whereas WT Tregs robustly 
increased their OCR and suppressive function when treated with 
ND630, ND630 treatment of  CPT1aKO Tregs had virtually no 
beneficial effect on either OXPHOS or suppressive function (Figure 
6, C, D, and H, and Supplemental Figure 7B), pointing to CPT1a 
and FAO as essential for enhanced Treg function with ACC1 inhi-
bition. To ensure that our results with CPT1aKO Tregs were not 
solely due to compensatory pathway changes due to genetic knock-
out, we also used treatment with low-dose etomoxir, a small-mol-
ecule CPT1a inhibitor, taking care not to exceed 5 μM treatment, 
as etomoxir has off-target effects most readily demonstrated at 
concentrations greater than 5 μM (50). Combined pretreatment of  
WT Tregs with ND630 and 5 μM etomoxir abrogated the beneficial 
effects of  ND630 on OXPHOS and suppression (Figure 6, E, F, 
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9E and Supplemental Figure 8G). These imaging results confirm 
induction of  mitochondrial fusion by M1/MDIVI1 treatment.

As with ACC1 inhibition, M1/MDIVI1 treatment augment-
ed Treg OXPHOS in comparison with control Tregs, with sig-
nificant increases in basal and maximal OCR, each comparable 
to those seen with ND630 treatment (Figure 9, F and G). More-
over, M1/MDIVI1–treated Tregs were superior to control Tregs 
in their in vitro suppressive function, with suppression nearly 
comparable to that seen with ND630 treatment (Figure 9H and 
Supplemental Figure 8E). Cotreatment with M1/MDIVI1 and 
ND630 was not additive beyond ND630 treatment alone (Figure 
9H and Supplemental Figure 8E). M1/MDIVI1 treatment also 
augmented Treg expression of  Lag3 and TIGIT, with a higher 
frequency of  TIGIT+T-bet+ double-positive Tregs (Figure 9I), 
and increased uptake of  exogenous FAs (BODIPY C16), with no 
significant change in neutral lipid staining (BODIPY 493/503) 
in comparison with controls (Figure 9J). Overall, these results 
suggest that mitochondrial fusion, even in the absence of  ACC1 
inhibition, can induce metabolic and functional changes that 
resemble those seen in ACC1-inhibited Tregs.

Augmenting mitochondrial fusion enhances Treg therapy for estab-
lished murine cGVHD. We next asked whether directly enhancing 
mitochondrial fusion with M1/MDIVI1 could augment the ability 
of  Tregs to treat established murine cGVHD. On day 28 after trans-
plant, mice with active cGVHD were given Tregs pretreated with 
DMSO (control) or M1/MDIVI1. Mice that received M1/MDI-
VI1–treated Tregs had significantly better lung function compared 
with mice with cGVHD (Figure 10, A–C), with overall similar pul-
monary function to the BM-only control group (Supplemental Fig-
ure 8H), as well as reduced lung fibrosis (Figure 10, D and E), fewer 
GC B cells and Tfh cells (Figure 10, F and G), and an increase in 
the overall Tfr cell frequency as well as the Tfr/Tfh cell ratio (Fig-
ure 10, H and I). In mice receiving M1/MDIVI1 Tregs, GC B cell 
and Tfh cell frequencies did not significantly differ from those in 
BM-only mice (Figure 10, F and G), and Tfr cell frequencies actual-
ly exceeded those in BM-only mice, increasing the Tfr/Tfh cell ratio 
above BM-only (Figure 10, H and I).

Flow cytometry evaluation of  lung plasma cell populations, 
including total plasma cells (frequency of  CD138+ cells), immature 
plasma cells (CD19+B220+ of  CD138+), and mature plasma cells 
(CD19–B220– of  CD138+), correlates with cGVHD severity, with a 
higher frequency of  mature, antibody-producing plasma cells indi-
cating more severe disease (46). Flow cytometry of  lung lympho-
cytes isolated from the same recipient mice noted above showed 

(Supplemental Figure 8A). MFN1 knockdown diminished the abil-
ity of  Tregs to form fused mitochondria and assume an elongated 
shape in response to ACC1 inhibition (Figure 8, A and B, and Sup-
plemental Figure 8B). This corresponded to decreased OXPHOS, 
as indicated by lower basal and maximal OCR in mitochondrial 
stress test assays with MFN1-knockdown Tregs (Figure 8, C and 
D), and reduced in vitro suppressive function (Figure 8E and Sup-
plemental Figure 8C). MFN1 knockdown similarly diminished 
ND630 effects on Tregs, as ND630 treatment after MNF1 knock-
down failed to increase basal or maximal OCR (Figure 8, C and D), 
and had no beneficial effect on in vitro suppressive function (Figure 
8E and Supplemental Figure 8C).

To further evaluate the role of  mitochondrial fusion after ACC1 
inhibition, and confirm the MFN1 siRNA data, we tested the effect 
of  MFI8, a recently developed small-molecule inhibitor of  MFN1 
(58). MFI8 was titrated to the lowest possible dose that resulted in 
significant and reproducible reductions in Treg OXPHOS and in 
vitro suppression, without fully abrogating Treg suppressor func-
tion. As compared with control Tregs, Tregs pretreated for 2 hours 
with MFI8 demonstrated a slight but significant reduction in basal 
and maximal OCR, and diminished in vitro suppressive potency 
(Figure 8, F–H, and Supplemental Figure 8D). Compared with 
ND630 treatment alone, cotreatment with MFI8 and ND630 sig-
nificantly diminished the effect of  ACC1 inhibition on basal and 
maximal OCR (Figure 8, F and G), and nearly completely abro-
gated the beneficial effect of  ND630 treatment on Treg suppressive 
function (Figure 8H and Supplemental Figure 8D). In aggregate, 
these data demonstrate that mitochondrial fusion is critical for the 
downstream suppressive and OXPHOS modulations observed after 
ACC1 inhibition.

Directly enhancing mitochondrial fusion augments Treg metabolic 
and suppressive function. We next evaluated whether directly aug-
menting mitochondrial fusion, without ACC1 inhibition, could 
also enhance Treg functionality. A 2-hour incubation with the 
combination of  the mitochondrial fusion promotor M1 and the 
mitochondrial fission inhibitor Mdivi-1 (M1/MDIVI1) (54) result-
ed in a significant increase in mitochondrial fusion by 3D SIM 
microscopy (Figure 9A), and reduced mitochondrial sphericity 
(Figure 9B and Supplemental Figure 8F). Flow cytometry revealed 
a significant reduction in phospho-Drp1, which was diminished 
to levels below those seen in ND630-treated Tregs (Figure 9C). 
As with ACC1 inhibition, increased mitochondrial fusion was also 
observed by electron microscopy (Figure 9D), with a correspond-
ing increase in mitochondrial area and integrated density (Figure 

Figure 5. ACC1 inhibition enhances Treg OXPHOS and exogenous FA utilization. (A–D) Oxygen consumption rate (OCR) analysis in Seahorse Mito Stress 
test, comparing overnight-activated WT and ACC1KO Tregs (A and B) or DMSO- and ND630-pretreated Tregs (C and D). (A) OCR curves of WT versus ACC1KO 
Tregs in response to oligomycin, FCCP, and rotenone/antimycin A, with quantification (B); n = 6 per group WT, n = 5 per group ACC1KO. (C) OCR curves of 
DMSO- versus ND630-pretreated Tregs, with quantification (D); n = 8 per group DMSO, n = 7 per group ACC1KO. (E) Flow cytometry of mitochondrial mass 
(MitoTracker Green, Deep Red) and mitochondrial polarization (TMRM) comparing DMSO- and ND630-pretreated Tregs (n = 3 per group) or WT and ACC1KO 
Tregs (n = 4 per group). (F and G) Flow cytometry evaluation of ROS in WT versus ACC1KO Tregs or DMSO- versus ND630-pretreated Tregs. (F) Mitochondrial 
superoxide evaluation using either MitoSox Green (DMSO vs. ND630, n = 3 per group) or MitoSox Red (WT vs. ACC1KO, n = 4 per group). (G) Total cellular 
ROS evaluation using CellRox Green (DMSO vs. ND630) or CellRox Deep Red (WT vs. ACC1KO). (H) Flow cytometry of CPT1a and FABP5 expression comparing 
DMSO and ND630 Tregs (n = 4 per group) or WT and ACC1KO Tregs (n = 4 per group). (I) Flow cytometry of BODIPY C16 uptake comparing DMSO and ND630 
Tregs (n = 4 per group) or WT and ACC1KO Tregs (n = 4 per group). (J and K) OCR analysis in Seahorse Mito Stress tests comparing DMSO and ND630 Tregs. 
One hour before the assay, Tregs were resuspended in media with either 300 nM BSA or 300 nM BSA-palmitate conjugate. OCR curves of DMSO- versus 
ND630-pretreated Tregs (J) and quantification of OCR (K); n = 4 per group. All data show representative experiments of 3 or 4 independent experiments. *P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired t test. Error bars represent the mean ± SEM. MFI, median fluorescence intensity.
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cal increase in the frequency of  immature (non-pathogenic) plasma 
cells (Figure 10L). Together, these results demonstrate that directly 
inducing mitochondrial fusion in Tregs before adoptive transfer can 
increase their ability to treat established cGVHD.

similar overall tissue plasma cell frequencies across groups (Figure 
10J). However, when compared with mice given control Tregs, 
mice given M1/MDIVI1–treated Tregs had a reduced frequency 
of  mature (pathogenic) plasma cells (Figure 10K), with a recipro-

Figure 6. Inhibition of OXPHOS or FAO diminishes the beneficial effect of ACC1 inhibi-
tion on Treg function. (A–F) OCR analysis in Seahorse Mito Stress test. (A) OCR curves of 
Tregs pretreated with DMSO, ND630, IACS, or ND630 plus IACS (Combo), with quantifica-
tion (B); n = 4 per group. (C) OCR curves of WT and CPT1aKO Tregs pretreated with DMSO 
or ND630, with quantification (D); n = 4 per group. (E) OCR curves of Tregs pretreated 
with DMSO, ND630, etomoxir, or ND630 plus etomoxir, with quantification (F); n = 7 per 
group for DMSO and ND630, n = 8 per group for etomoxir and ND630 plus etomoxir. (G–I) 
Suppression of CD4+ Tcon proliferation in in vitro suppression assays by Tregs pretreat-
ed with DMSO, ND630, IACS, or ND630 plus IACS (Combo) (G), WT or CPT1aKO Tregs 
pretreated with DMSO or ND630 (H), and Tregs pretreated with DMSO, ND630, etomoxir, 
or ND630 plus etomoxir (I); 1:1–1:12 Treg/Tcon ratios; n = 4 per group, except for H, in which 
some groups have n = 3. All data are from representative experiments of 3 independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired t test or 
1-way ANOVA. Error bars represent the mean ± SEM.
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murine Tregs (Figure 2, A–E, and Figure 11A). Furthermore, we 
found at least 22 gene sets with overlapping enrichment between 
ND630-treated mouse Tregs and human Tregs from patients who 
responded to IL-2 (Supplemental Figure 9). These data suggest both 
that ACC1 modulation may be important in human Tregs, and that 
the “effector” gene expression pattern we identified in mouse Tregs 
after ACC1 inhibition can be identified in human Tregs, particular-
ly those from cGVHD patients who respond to IL-2 therapy.

We next evaluated whether ACC1 inhibition could augment 
the function of  ex vivo–expanded human Tregs produced identical-
ly to those in clinical trials of  Treg infusion to prevent acute GVHD 
(12, 13). Similarly to our murine results, ND630 pretreatment of  
human Tregs significantly increased in vitro suppression in com-
parison with controls (Figure 11B). To determine whether ND630- 
treated human Tregs have increased in vivo potency, a xenogeneic  
GVHD model was used, in which sublethally irradiated NOD/
Scid/IL-2γc–/–/IL-3/GM/SF mice were given peripheral blood 

Reduced ACC1 enhances human Treg suppressive function and preven-
tion of  xenogeneic GVHD. To better assess the translational potential 
of  our murine data, we first evaluated whether there were inher-
ent modulations in ACC1 gene expression in human Tregs from 
patients with cGVHD, and whether we could identify the “effector” 
Treg gene expression signatures found in murine Tregs in patients 
who responded to cGVHD therapy. To this end, we performed 
bulk RNA sequencing on human Tregs isolated from patients with 
cGVHD treated with low-dose IL-2. In cGVHD, treatment with 
IL-2 expands and enhances the function of  endogenous Tregs, 
and can improve cGVHD symptoms in patients and nonhuman 
primates (62–65). Comparisons were made between patients who 
responded clinically to IL-2 and those who did not. In patients 
who responded to IL-2 therapy, we noted decreased expression 
of  the gene encoding ACC1 (Acaca) in Tregs (Figure 11A), and 
an overall Treg gene signature that was similar to the “effector” 
Treg gene expression changes observed after ND630 treatment of  

Figure 7. ACC1 inhibition enhances mitochondrial fusion and elongation. (A and B) 3D SIM imaging of activated Tregs isolated from Dendra2-trans-
genic mice pretreated with DMSO or ND630. (A) Representative images of DMSO- and ND630-pretreated Tregs with DAPI (blue), vimentin (green), 
and mitochondria (orange). Scale bars: 2 μm. (B) Quantification of mitochondrial sphericity per cell from 3D SIM images; n = 15 cells in DMSO, n = 12 
cells in ND630. (C and E) Electron microscopy imaging of overnight-activated DMSO- and ND630-pretreated Tregs. (C) Representative images from 
DMSO- and ND630-pretreated Tregs depicting intracellular structures, including mitochondrial (roughly centered in each image). Scale bars: 1,000 
nm. (D and E) Quantification of mitochondrial circularity (D), mitochondrial area, and mitochondrial integrated density per cell (E) from electron 
microscopy images; n = 7 cells in DMSO, n = 15 cells in ND630. (F) Phosphoprotein flow cytometry of DRP1 comparing DMSO- versus ND630-pretreat-
ed Tregs; n = 4 DMSO, n = 5 ND630. All data are from representative experiments of 2 (electron microscopy) or 3 independent experiments. *P < 0.05, 
**P < 0.01, ****P < 0.0001 by unpaired t test. Error bars represent the mean ± SEM.
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Figure 8. Inhibition of mitochondrial fusion abrogates the beneficial effects of FA synthesis inhibition on Treg function. (A and B) 3D SIM 
imaging of control siRNA– or MFN1 siRNA–transduced Dendra2 Tregs pretreated with ND630. (A) Representative images of control siRNA– and 
MFN1 siRNA–transduced Tregs treated with ND630 with staining of DAPI (blue), vimentin (green), and mitochondria (orange). Scale bars: 2 μm. (B) 
Quantification of mitochondrial sphericity per cell from 3D SIM images; n = 13 cells in control siRNA+DMSO (DMSO) group, n = 7 cells in control siR-
NA+ND630 (ND630) group, and n = 6 cells in MFN1 siRNA+ND630 group. (C and D) OCR curves of control siRNA and MFN1 siRNA Tregs pretreated 
with either DMSO or ND630 (C), with quantification (D); n = 4 per group. (E) Suppression of CD4+ Tcon proliferation in in vitro suppression assays by 
control siRNA– and MFN1 siRNA–transduced Tregs pretreated with DMSO or ND630; 1:1–1:12 Treg/Tcon ratios; n = 4 per group. (F and G) OCR curves 
of Tregs pretreated with DMSO, ND630, MFI8, or ND630 plus MFI8 (Combo) (F), with quantification (G); n = 5 per group. (H) Suppression of CD4+ 
Tcon proliferation in in vitro suppression assays by Tregs pretreated with DMSO, ND630, MFI8, or ND630 plus MFI8 (Combo); n = 4 per group. All 
data are from representative experiments of 2 (3D SIM) or 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by 
unpaired t test or 1-way ANOVA. Error bars represent the mean ± SEM.
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Previous studies in hepatocytes, cardiomyocytes, and immor-
tal cell lines indicate that ACC1 supplies malonyl-CoA for de novo 
lipogenesis (DNL), while ACC2-mediated malonyl-CoA production 
inhibits CPT1a and FAO (27, 68). However, our data are in line with 
previous work in T cells (29, 31), and suggest that ACC2 does not 
play a role in regulating Treg suppressive or metabolic activity (Sup-
plemental Figure 2, E–G), and that ACC1 may be responsible for 
suppressing CPT1a and FAO (Figure 6, C–F, H, and I). This is fur-
ther supported by preliminary data with C75, a pharmacologic inhib-
itor of  fatty acid synthetase, the DNL rate-limiting enzyme. Unlike 
ACC1 inhibition, C75 pretreatment did not enhance Treg in vitro 
suppressive function or OXPHOS capacity (Supplemental Figure 
9, B–D), indicating that the effect of  ACC1 inhibition is not driven 
by reduced DNL. Rather, we posit that the major role for ACC1 in 
Tregs is malonyl-CoA–mediated suppression of  CPT1a and FAO, 
and that ACC1 inhibition releases this inhibitory effect, thereby 
enhancing mitochondrial metabolism. While this may be a new con-
cept in T cells, these findings are consistent with one of  the original 
characterizations of  malonyl-CoA activity in suppressing FAO (28).

Given the association between ACC1, FAO, and Treg suppres-
sive function (24, 34, 69–71), we posit that ACC1 inhibition drives 
a network of  downstream mitochondrial and gene expression 
changes that instruct Tregs to acquire a highly suppressive phe-
notype. This concept is similar to recent work showing that FAO 
is important for generating a pool of  highly functional “effector” 
Tregs (72), supporting the idea that tipping Treg metabolism toward 
FAO maximizes the utilization of  metabolic pathways favorable 
for supporting Treg suppressor function. The downstream results 
of  this shift toward FAO are multifaceted. Flow cytometry analysis 
and unbiased RNA sequencing results show that ACC1 inhibition 
directs upregulation of  the transcription factors T-bet and BATF, 
which are crucial for optimal effector function, and increased cell 
surface expression of  TIGIT, LAG3, IL-10, CD25, and ICOS, 
which may work in concert to drive the functional augmentations 
we observed. Indeed, combinatorial, but not individual, blockage 
of  TIGIT, LAG3, and IL-10 diminished the effect of  ACC1 inhibi-
tion on Treg in vitro suppression, suggesting a cooperative mech-
anism of  enhanced suppression between contact-dependent and 
contact-independent Treg suppressive molecules.

Treg coexpression of  T-bet and TIGIT, observed after ACC1 
inhibition, may also be particularly pertinent, as coexpression is 
associated with a highly suppressive Treg phenotype, and recent 
work demonstrated the importance of  OXPHOS driving Treg 

mononuclear cells (PBMCs) to induce acute xenogeneic GVHD 
(66, 67). Cohorts also received either no Tregs, control (DMSO) 
Tregs, or ND630-treated Tregs. Compared with mice receiving 
PBMCs alone, both groups of  mice receiving Tregs had significant-
ly reduced GVHD-induced lethality (Figure 11C) and overall dis-
ease severity, as indicated by reduced weight loss and clinical scores 
(Figure 11, D and E). Consistent with our in vitro results, mice 
receiving ND630-treated Tregs had significantly increased survival 
compared with mice receiving control Tregs (Figure 11C), and a 
further improvement in recipient weights and clinical scores (Fig-
ure 11, D and E). Together, these results show that ACC1 inhibition 
augments human Treg suppressive function in vitro and in vivo in a 
manner similar to that seen with murine Tregs.

Discussion
Although Treg therapies for autoimmune and inflammatory disorders 
have shown promise in the clinic (11–16, 18, 19), effective manipula-
tion of Treg biology to augment Treg therapeutic efficacy remains an 
unmet need. Here we demonstrate a translationally relevant proof of  
concept that inhibiting ACC1 enhances Treg functional potency and 
therapeutic efficacy in two different murine models of GVHD, and in 
mice with xenogeneic GVHD. Treg-intrinsic ACC1 disruption enhanc-
es uptake of exogenous FAs, increases FAO to augment OXPHOS, and 
enhances mitochondrial fitness and fusion. These metabolic changes 
are associated with a highly suppressive Treg phenotype, characterized 
by increased expression of TIGIT, Lag3, IL-10, CD25, ICOS, T-bet, 
and BATF, among others. Diminishing or blocking FAO, OXPHOS, 
or mitochondrial fusion abrogates the suppressive benefit of ACC1 
inhibition. Thus, the metabolic and mitochondrial changes induced by 
ACC1 inhibition are critical mediators of the observed downstream 
suppressive changes. This conclusion is further supported by our finding 
that bolstering mitochondrial fusion with M1/MDIVI1 augments Treg 
metabolic and suppressive function, independent of ACC1 inhibition.  
Finally, these findings also appear applicable to human Tregs. We 
identified that Tregs from cGVHD patients who responded to low-
dose IL-2 demonstrated reduced expression of the gene encoding 
ACC1 (Acaca), which corresponded with increased expression of the 
genes encoding CD25, ICOS, and BATF, similar to the signature we 
identified in murine Tregs. As in murine experiments, ACC1 inhibi-
tion boosted the suppressive potency of human Tregs in vitro and in 
a xenogeneic GVHD model. To our knowledge, this is the first study 
that demonstrates a central role for mitochondrial fusion in modulat-
ing and enhancing the Treg suppressive phenotype.

Figure 9. Direct induction of mitochondrial fusion enhances Treg metabolic and suppressive function. (A and B) 3D SIM imaging of activated Tregs 
isolated from Dendra2-transgenic mice pretreated with DMSO or M1/MDIVI1. (A) Representative images of DMSO- and M1/MDIVI1–pretreated Tregs with 
staining of nuclei (blue), vimentin (green), and mitochondria (red/orange). Scale bars: 2 μm. (B) Quantification of mitochondrial sphericity from 3D SIM 
images; n = 183 DMSO, n = 103 M1/MDIVI1. (C) Phosphoprotein flow cytometry of phospho-DRP1 comparing DMSO-, ND630-, and M1/MDIVI1–pretreated 
Tregs; n = 4 for DMSO and n = 5 for ND630 and M1/MDIVI1 groups. (D and E) Electron microscopy imaging analysis of overnight-activated DMSO- and M1/
MDIVI1–pretreated Tregs. (D) Representative images from DMSO- and M1/MDIVI1–pretreated Tregs depicting intracellular structures, including mitochon-
drial. Scale bars: 1,000 nm. (E) Quantification of mitochondrial area and mitochondrial integrated density per cell; n = 7 cells in DMSO, n = 9 cells in ND630. 
(F and G) OCR curves of DMSO-, ND630-, and M1/MDIVI1–pretreated Tregs (F), with quantification (G); n = 4 DMSO, n = 5 ND630, n = 6 M1/MDIVI1. (H) Sup-
pression of CD4+ Tcon proliferation in in vitro suppression assays by Tregs pretreated with DMSO, M1/MDIVI1, ND630, or M1/MDIVI1 plus ND630 (Combo); 
1:1–1:12 Treg/Tcon ratios; n = 4 per group. (I and J) Flow cytometry comparing overnight-activated DMSO- and M1/MDIVI1–pretreated Tregs. (I) Expression 
of Lag3 and TIGIT on activated Tregs, and frequency of TIGIT+T-bet+ double-positive Tregs, compared with isotype controls; n = 4 per group DMSO, n = 5 per 
group M1/MDIVI1. (J) BODIPY C16 uptake (left) and staining of endogenous lipid droplets using BODIPY 493/503 (right); n = 4 per group. All data are from 
representative experiments of 2 (electron microscopy) or 3 independent experiments, with technical replicates shown. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 by unpaired t test or 1-way ANOVA. Error bars represent the mean ± SEM.
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Figure 10. Direct induction of mitochondrial fusion enhances Treg-mediated treatment of cGVHD. Chronic GVHD with B10.BR recipients receiving 
BM ± B6 T cells (D0). Two groups of mice given BM+T cells were subsequently given DMSO- or M1/MDIVI1–pretreated Tregs on D28 after transplant. 
(A–C) Pulmonary function tests obtained on D49 after transplant showing airway resistance (A), lung elastance (B), and total lung compliance (C) 
of mice given either BM alone, BM+T cells (cGVHD), or BM+T cells and either DMSO- or M1/MDIVI1–pretreated Tregs on D28. Data are pooled from 3 
transplants; n = 21 BM only, n = 18 cGVHD, n = 19 DMSO Tregs, n = 17 M1/MDIVI1 Tregs. (D and E) Cryopreserved lung sections obtained on D50 after 
transplant, stained with Masson’s trichrome, and analyzed for collagen deposition. (D) Representative images of trichrome staining (scale bars: 100 
μm) and quantification of trichrome area (E); n = 10 (cGVHD) or n = 11 images per group (BM, DMSO, M1/MDIVI1). (F–I) Flow cytometry of splenocytes 
obtained on D50 after transplant, with analysis of the frequency of GC B cells (F), Tfh cells (G), and Tfr cells (H) and the ratio of Tfr to Tfh cells (I) 
in recipient mice. Data show 1 experiment representative of 3 independent experiments; n = 9 BM, n = 9 cGVHD, n = 6 DMSO Tregs, n = 6 M1/MDIVI1 
Tregs. (J–L) Flow cytometry of lung lymphocytes obtained on D50 after transplant, with analysis of the frequency of total plasma cells (percentage of 
CD138+ cells of live) (J), immature plasma cells (% CD19–B220– of CD138+ cells) (K), and mature plasma cells (% CD19+B220+ of CD138+ cells) (L) in recip-
ient mice. Data show 1 experiment representative of 3 independent experiments; n = 9 BM, n = 8 cGVHD, n = 6 DMSO Tregs, n = 5 M1/MDIVI1 Tregs. *P 
< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired t test or 1-way ANOVA. Error bars represent the mean ± SEM.
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interaction after ACC1 inhibition in Tregs. Furthermore, recent 
work has shown that enhanced OXPHOS can increase BATF 
expression in naive T cells (80), and in iTregs, ACC1 inhibition 
can induce epigenetic and gene expression changes (31), further 
suggesting that augmenting mitochondrial function may directly 
modulate Treg expression patterns. Collectively, these findings 

TIGIT expression (72–77). Similarly, BATF has recently been 
identified as a key transcription factor in regulating Treg func-
tion within tissues and tumors (35, 40), along with a subset of  
“effector” Tregs with high TIGIT expression (78); notably, a 
direct interplay between BATF and T-bet is well described in the 
CD8+ T cell literature (79), and may be an additional cooperative  

Figure 11. ACC1 inhibition enhances human Treg function in vitro and in vivo. (A–E) Bulk RNA sequencing results of human Tregs (right column) 
purified from cGVHD patients who either did (IL-2R) or did not respond to IL-2 therapy (NR) as compared with the bulk RNA sequencing from murine 
Tregs (left column) treated with ND630 or DMSO, as in Figure 2. (A) Heatmap of differentially enriched genes, including those previously evaluated 
in murine Tregs, showing the relative fold change in gene expression between responders and non-responders; n = 6 per group IL-2R, n = 5 per group 
NR. (B–E) Naive human Tregs were sort-purified, cultured, and expanded, then treated with DMSO or ND630, and then used for functional assays. (B) 
Suppression of CD4+ Tcon proliferation in in vitro suppression assays by DMSO- or ND630-pretreated Tregs; 1:9–1:81 Tcon/Treg ratios; n = 3 biological 
replicates per group. (C–E) Xenogeneic GVHD transplant in which NSG-SGM3 mice were irradiated, then injected with human PBMCs ± DMSO- or 
ND630-pretreated human Tregs on D0. Assessment of recipient overall survival (C), weight loss (D), and clinical GVHD score (0, no disease; 10, severe 
disease) (E). Data show 1 experiment representative of 3 independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired t test, and 
log-rank test for survival analysis (B). Error bars represent the mean ± SEM.
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and FoxP3-YFP-Cre strains, both from The Jackson Laborato-
ry. All mice were housed in a specific pathogen–free facility and 
used between 6 and 12 weeks of  age. All mice were used with the 
approval of  the University of  Minnesota IACUC.

Mouse T cell isolation and inhibitor treatments. Tcons were purified 
from spleens by negative selection using biotin anti-CD19 (1D3), 
anti-CD11b (M1/70), anti-CD11c (N418), anti-NK1.1 (PK136), 
anti-CD49b (DX5), anti-CD25 (PC61.5), and anti–TER-119 anti-
bodies (Stemcell Technologies), followed by streptavidin Rapid-
Spheres depletion with EasySep magnet (Stemcell Technologies). 
Tregs were purified from lymph nodes and spleens as previously 
described (41), with greater than 97% Foxp3+ purity after CD25 
enrichment (Supplemental Figure 1D).

For inhibitor treatments, Tregs were resuspended to 1 × 106 to 
2 × 106 cells/mL in RPMI 1640 (Thermo Fisher Scientific) supple-
mented with 10% FBS (Thermo Fisher Scientific), 10 mM HEPES 
(MilliporeSigma), 2 mM glutamine (Thermo Fisher Scientific), 1× 
penicillin/streptomycin (MilliporeSigma), 1× non-essential amino 
acids (Fisher Scientific), 50 μg/mL gentamicin sulfate (Corning), and 
55 mM 2-mercaptoethanol (MilliporeSigma). After resuspension, 
Tregs were treated for 2 hours at 37°C/5% CO2 with 10 μM ND630 
(MedChem Express), 30 μM TOFA (Millipore), 200 nM Soraphen 
A (Sun-Shine Chemical), 10 μM CD-017-0191 (Millipore), 10 μM 
C75 (Millipore), 10 μM IACS-010759 (Cayman Chemical), 20 μM 
M1 with 10 μM MDIVI1 (both from Millipore), 20 μM MFI8 (Med-
Chem Express), 5 μM etomoxir (Selleck Chemicals), a combination 
of  10 μM ND630 with 10 μM IACS-010759, a combination of  10 
μM ND630 with 20 μM MFI8, a combination of  10 μM ND630 with 
5 μM etomoxir, or an equivalent amount of  DMSO. All inhibitors 
were reconstituted or diluted in DMSO, aliquoted at 10× final con-
centration, and stored at –80°C before thawing and use.

Murine GVHD models. A B6→BALB/c acute GVHD (aGVHD) 
model was used as previously described (41, 42). Briefly, BALB/c 
mice were irradiated with 6.0 Gy total-body irradiation (TBI) on 
day –1 and then injected i.v. on day 0 with 107 B6 BM cells ± 1.5 
× 106 B6 Tcons alone or Tcons plus 0.75 × 106 B6 Tregs. Mice 
were monitored daily for survival. Clinical scores and weights 
were obtained twice weekly through 4 weeks after transplant, and 
then weekly thereafter. Clinical scores were obtained as previously 
described (84). A B6→B10.BR chronic GVHD model was used 
as previously described (43, 44). Briefly, B10.BR recipients were 
conditioned with 120 mg/kg cyclophosphamide (days –3, –2) and 
7.6 Gy TBI (day –1). Recipients received 10 × 106 purified BM 
cells ± 73.5 × 103 B6 purified Tcons on day 0. Additional groups 
of  mice were given 0.5 × 106 Tregs on D28 after transplant, as 
previously described (45). Mice were monitored daily for surviv-
al, and weights were obtained weekly. Pulmonary function tests 
were obtained between days 50 and 56 after transplant (46). Briefly, 
mice were anesthetized and ventilated using the Flexivent system 
(Scireq). Pulmonary resistance, elastance, and compliance were 
measured using Flexivent Software v5.1.

Xenogeneic GVHD model. Xenogeneic GVHD was used as 
previously described (66, 67). Briefly, NSG-SGM3 mice were 
treated with 0.5 Gy TBI, then injected with PBMCs (2.5 × 106) 
± expanded Tregs (5 × 106) pretreated with DMSO or ND630. 
Mice were assessed daily for survival, and clinical GVHD scores 
and weights were obtained 3 times weekly.

may reflect a cooperative role between Treg metabolism and 
gene transcriptional networks that induce a highly functional 
Treg phenotype.

Our data indicate that mitochondrial fusion may be a key 
convergence point for upstream metabolic modulations resulting 
in Treg functional reprogramming. Mitochondrial morphology, 
particularly the degree of  fused and elongated mitochondria, 
depends on the overall cellular metabolic state, such that nutri-
ent-rich (anabolic) states favor fission, whereas nutrient-sparse 
(catabolic) states favor fusion and elongation (81). As such, we 
hypothesize that after ACC1 inhibition, enhanced FAO and 
OXPHOS drive a catabolic state that favors mitochondrial fusion. 
In Tcons, M1/MDIVI1–induced mitochondrial fusion drives 
memory cell formation and, as in Tregs, reinforces an FAO-driven 
OXPHOS metabolic phenotype that works in concert to enhance 
in vivo function (54). These findings in memory T cells, which 
share a similar metabolic profile to Tregs, parallel our results 
seen with ACC1 inhibition and M1/MDIVI1, and suggest that 
shifting of  Treg metabolism to favor FAO and OXPHOS may 
be the driver for mitochondrial fusion. Furthermore, our find-
ing that M1/MDIVI1 treatment and ACC1 inhibition resulted 
in near-identical increases in metabolic and suppressive function 
further supports mitochondrial fusion as a key downstream path-
way that mediates Treg functional reprogramming.

Finally, our data from human Tregs provide foundational 
evidence that ACC1 inhibition may have direct translational 
potential by enhancing human Treg therapeutic efficacy. Our 
gene expression profiling of  Tregs derived from patients with 
cGVHD indicates that alterations in ACC1 expression may 
already play a role in cGVHD treatment responses. Results in 
our xenogeneic GVHD model further suggest that direct ACC1 
inhibition in Tregs may be an efficacious approach to enhance 
Treg-mediated prevention of  GVHD. These studies with ND630 
are particularly relevant for human translation, since ND630 is 
already being used in clinical trials (33). Beyond GVHD, there 
is new interest in, and opportunities to utilize, chimeric antigen 
receptor (CAR) Tregs for treatment of  inflammatory disorders, 
including GVHD, and malignancies (82, 83). By exploiting met-
abolic manipulations to augment CAR Treg capacity, there may 
be opportunities to enhance CAR Treg therapeutic potential in 
the future as well.

Methods
Additional methods are described in Supplemental Methods.
Sex as a biological variable. Our study examined male and female 

mice and human patients, and no discernible differences between 
sexes were identified.

Mice. C57BL/6 (B6), B6 CD45.1, and BALB/c mice were 
purchased from Charles River Laboratories. B10.BR mice, Mito- 
Dendra2 mice [B6;129S-Gt(ROSA)26Sortm1.1(CAG-COX8A/Dendra2)Dcc/J], 
and NOD/Scid/IL-2γc–/–/IL-3/GM/SF mice were purchased 
from The Jackson Laboratory. ACC1-deficient mice (ACC1fl/fl × 
FoxP3-YFP-Cre) were provided by Tim Sparwasser (Johannes 
Gutenberg University, Mainz, Germany). CPT1a-deficient mice 
(CPT1afl/fl × CD4-Cre) were generated from CPT1afl/fl and CD4-
Cre strains, both from The Jackson Laboratory. ACC2-deficient 
mice (ACC2fl/fl × FoxP3-YFP-Cre) were generated from ACC2fl/fl  



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 9J Clin Invest. 2025;135(23):e182480  https://doi.org/10.1172/JCI182480

FAM, MCZ, JHL, MLL, CL, and GT designed and performed 
experiments, discussed results, and edited the paper. MLS, KDS, 
and JSW performed experiments and edited the paper. JR, TDS, 
RSO, JCR, PAC, RZ, LSK, KLH, MLD, and BRB contributed to 
experimental design, discussed results, and edited the paper.

Funding support
This work is the result of  NIH funding, in whole or in part, and 
is subject to the NIH Public Access Policy. Through acceptance 
of  this federal funding, the NIH has been given a right to make 
the work publicly available in PubMed Central.
•	 National Heart, Lung, and Blood Institute and National Insti-

tute of  Allergy and Infectious Diseases awards R37AI34495, 
P01HL158505, and R01HL11879 (to BRB); 2T32HL007062 
(to CMH); and 1P01HL158505 (to JR).

•	 European Research Council awards ERC-2015-AdG_670930 
and ERC-2021-SyG_951329 (to EBC and MLD), and ERC-
2022-ADG_101094168 (to RZ).

•	 German Research Foundation awards SFB-1479_441891347 
and 872/4-1 (to RZ), and SFB1292_31834696 and 
SFB355_490846870 (to TDS).

•	 The University of  Minnesota Characterization Facility receives 
support from the National Science Foundation through the 
Materials Research Science and Engineering Center (DMR-
2011401) and the National Nanotechnology Coordinated 
Infrastructure (ECCS-2025124).

Address correspondence to: Bruce R. Blazar, MMC 109, Universi-
ty of  Minnesota, 420 Delaware Street SE, Minneapolis, Minnesota 
55455, USA. Phone: 612.626.2734; Email: blaza001@umn.edu.

Statistics. Data are reported as mean values ± SEM. Pairs 
were compared using unpaired 2-tailed Student’s t tests with 
Bonferroni’s multiple-comparison correction, as needed. Data 
sets with 3 or more samples were compared using 1-way ANO-
VA with multiple-comparison analysis, including a Tukey’s post 
hoc test with multiple-comparison correction. Differences in 
survival were analyzed by log-rank test. Significance was defined 
as P less than 0.05. Statistical analyses were performed using 
Prism v9 (GraphPad).

Study approval. Animal studies were conducted in accor-
dance with a protocol reviewed and approved by the IACUC of  
the University of  Minnesota (2103-38905A). Patient samples for 
RNA sequencing were collected as part of  IRB-approved clinical 
trials at the Dana-Farber Cancer Institute (NCT02318082 and 
NCT01366092). Prior written informed consent was obtained per 
the Declaration of  Helsinki. Human cells utilized for in vitro stud-
ies were derived from leukapheresis products purchased from the 
Memorial Blood Center (St. Paul, Minnesota, USA). No approval 
was required for these purchased human samples.

Data availability. The murine RNA sequencing generated in this 
study is publicly available in the NCBI’s Gene Expression Omnibus 
(GEO) database under accession number GSE294218. The human 
RNA sequencing used in this study is publicly available in GEO 
under accession number GSE296708. All supporting data values 
are compiled in the Supporting Data Values file.

Author contributions
CMH designed and performed experiments, discussed results, and 
wrote the paper. EGA designed and performed experiments, dis-
cussed results, and contributed to writing the paper. EBC, SYR, 

	 1.	Ohkura N, et al. Development and main-
tenance of  regulatory T cells. Immunity. 
2013;38(3):414–423.

	 2.	Sakaguchi S, et al. Regulatory T cells and 
immune tolerance. Cell. 2008;133(5):775–787.

	 3.	Savage PA, et al. Regulatory T cell development. 
Annu Rev Immunol. 2020;38:421–453.

	 4.	Blazar BR, et al. Advances in graft-versus-host 
disease biology and therapy. Nat Rev Immunol. 
2012;12(6):443–458.

	 5.	Spellman SR, et al. Current activity trends and 
outcomes in hematopoietic cell transplantation 
and cellular therapy - a report from the CIBMTR. 
Transplant Cell Ther. 2025;31(8):505–532.

	 6.	Taylor PA, et al. The infusion of  ex vivo activat-
ed and expanded CD4(+)CD25(+) immune reg-
ulatory cells inhibits graft-versus-host disease 
lethality. Blood. 2002;99(10):3493–3499.

	 7.	Taylor PA, et al. CD4(+)CD25(+) immune reg-
ulatory cells are required for induction of  toler-
ance to alloantigen via costimulatory blockade. 
J Exp Med. 2001;193(11):1311–1318.

	 8.	Hippen KL, et al. Massive ex vivo expansion of  
human natural regulatory T cells (T(regs)) with 
minimal loss of  in vivo functional activity. Sci 
Transl Med. 2011;3(83):83ra41.

	 9.	Hippen KL, et al. Generation and large-scale 
expansion of  human inducible regulatory T 
cells that suppress graft-versus-host disease. Am 
J Transplant. 2011;11(6):1148–1157.

	10.	McDonald-Hyman C, et al. Advances and chal-
lenges in immunotherapy for solid organ and 
hematopoietic stem cell transplantation. Sci 
Transl Med. 2015;7(280):280rv2.

	11.	Miyara M, et al. TREG-cell therapies for auto-
immune rheumatic diseases. Nat Rev Rheumatol. 
2014;10(9):543–551.

	12.	Brunstein CG, et al. Infusion of  ex vivo expand-
ed T regulatory cells in adults transplanted with 
umbilical cord blood: safety profile and detec-
tion kinetics. Blood. 2011;117(3):1061–1070.

	13.	Brunstein CG, et al. Umbilical cord blood-de-
rived T regulatory cells to prevent GVHD: 
kinetics, toxicity profile, and clinical effect. 
Blood. 2015;127(8):1044–1051.

	14.	Meyer E, et al. Donor regulatory T-cell therapy 
to prevent graft-versus-host disease. Blood. 
2025;145(18):2012–2024.

	15.	Bader CS, et al. Single-center randomized trial 
of  T-reg graft alone vs T-reg graft plus tacroli-
mus for the prevention of  acute GVHD. Blood 
Adv. 2024;8(5):1105–1115.

	16.	Meyer EH, et al. Orca-T, a precision Treg-en-
gineered donor product, prevents acute Gvhd 
with less immunosuppression in an early mul-
ticenter experience with myeloablative HLA-
matched transplants. Blood. 2020;136(suppl 
1):47–48.

	17.	Meyer EH, et al. Donor regulatory T-cell ther-
apy to prevent graft-versus-host disease. Blood. 

2025;145(18):2012–2024.
	18.	Meyer EH, et al. OS15-01 Orca-T demonstrates 

improved survival free of  chronic GVHD com-
pared to conventional allogeneic hematopoietic 
stem cell transplant: a Randomized Phase 3 
Trial in advanced hematologic malignancies. 
Paper present at: the 51st Annual Meeting 
of  the EBMT; March 30–April 2, 2025; Flor-
ence, Italy. https://ebmt2025.abstractserver.
com/program/#/details/presentations/989. 
Accessed November 10, 2025.

	19.	Trzonkowski P, et al. First-in-man clinical 
results of  the treatment of  patients with graft 
versus host disease with human ex vivo expand-
ed CD4+CD25+CD127– T regulatory cells. Clin 
Immunol. 2009;133(1):22–26.

	20.	Michalek RD, et al. Cutting edge: distinct glyco-
lytic and lipid oxidative metabolic programs are 
essential for effector and regulatory CD4+ T cell 
subsets. J Immunol. 2011;186(6):3299–3303.

	21.	Hippen KL, et al. Distinct regulatory and 
effector T cell metabolic demands during 
graft-versus-host disease. Trends Immunol. 
2020;41(1):77–91.

	22.	Gerriets VA, et al. Metabolic programming 
and PDHK1 control CD4+ T cell subsets and 
inflammation. J Clin Invest. 2015;125(1):194–
207.

	23.	Zeng H, et al. mTORC1 couples immune signals 
and metabolic programming to establish T(reg)-



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(23):e182480  https://doi.org/10.1172/JCI1824802 0

cell function. Nature. 2013;499(7459):485–490.
	24.	Kempkes RWM, et al. Metabolic pathways 

involved in regulatory T cell functionality. Front 
Immunol. 2019;10:2839.

	25.	Wakil SJ, Abu-Elheiga LA. Fatty acid metabo-
lism: target for metabolic syndrome. J Lipid Res. 
2009;50(suppl):S138–S143.

	26.	Yu Y, et al. Targeting acetyl-CoA carboxy-
lase 1 for cancer therapy. Front Pharmacol. 
2023;14:1129010.

	27.	Wang Y, et al. Acetyl-CoA carboxylases and 
diseases. Front Oncol. 2022;12:836058.

	28.	McGarry JD, et al. A possible role for mal-
onyl-CoA in the regulation of  hepatic fatty 
acid oxidation and ketogenesis. J Clin Invest. 
1977;60(1):265–270.

	29.	Berod L, et al. De novo fatty acid synthesis con-
trols the fate between regulatory T and T helper 
17 cells. Nat Med. 2014;20(11):1327–1333.

	30.	Raha S, et al. Disruption of  de novo fatty acid 
synthesis via acetyl-CoA carboxylase 1 inhibi-
tion prevents acute graft-versus-host disease. 
Eur J Immunol. 2016;46(9):2233–2238.

	31.	Stüve P, et al. ACC1 is a dual metabolic-epi-
genetic regulator of  Treg stability and immune 
tolerance. Mol Metab. 2025;94:102111.

	32.	Hunt EG, et al. Acetyl-CoA carboxylase 
obstructs CD8+ T cell lipid utilization in 
the tumor microenvironment. Cell Metab. 
2024;36(5):969–983.

	33.	Harriman G, et al. Acetyl-CoA carboxylase 
inhibition by ND-630 reduces hepatic steatosis, 
improves insulin sensitivity, and modulates 
dyslipidemia in rats. Proc Natl Acad Sci U S A. 
2016;113(13):1796–1805.

	34.	Yu W, et al. Contradictory roles of  lipid 
metabolism in immune response within the 
tumor microenvironment. J Hematol Oncol. 
2021;14(1):187.

	35.	Shan F, et al. Integrated BATF transcrip-
tional network regulates suppressive intra-
tumoral regulatory T cells. Sci Immunol. 
2023;8(87):eadf6717.

	36.	Li DY, Xiong XZ. ICOS+ Tregs: a functional 
subset of  Tregs in immune diseases. Front 
Immunol. 2020;11:2104.

	37.	Sakaguchi S, et al. Regulatory T cells 
and human disease. Annu Rev Immunol. 
2020;38:541–566.

	38.	Väremo L, et al. Enriching the gene set analysis 
of  genome-wide data by incorporating direc-
tionality of  gene expression and combining sta-
tistical hypotheses and methods. Nucleic Acids 
Res. 2013;41(8):4378–4391.

	39.	Cassan O, et al. Inferring and analyzing gene 
regulatory networks from multi-factorial 
expression data: a complete and interactive 
suite. BMC Genomics. 2021;22(1):387.

	40.	Delacher M, et al. Precursors for nonlym-
phoid-tissue Treg cells reside in secondary 
lymphoid organs and are programmed by 
the transcription factor BATF. Immunity. 
2020;52(2):295–312.

	41.	McDonald-Hyman C, et al. The vimentin inter-
mediate filament network restrains regulatory 
T cell suppression of  graft-versus-host disease. J 
Clin Invest. 2018;128(10):4604–4621.

	42.	Koehn BH, et al. Targeting cell-surface VISTA 

expression on allospecific naive T cells pro-
motes tolerance. Blood. 2025;145(15):1687–
1700.

	43.	Srinivasan M, et al. Donor B-cell alloantibody 
deposition and germinal center formation are 
required for the development of  murine chronic 
GVHD and bronchiolitis obliterans. Blood. 
2012;119(6):1570–80.

	44.	Flynn R, et al. Increased T follicular helper 
cells and germinal center B cells are required 
for cGVHD and bronchiolitis obliterans. Blood. 
2014;123(25):3988–3998.

	45.	McDonald-Hyman C, et al. Therapeutic regula-
tory T-cell adoptive transfer ameliorates estab-
lished murine chronic GVHD in a CXCR5-de-
pendent manner. Blood. 2016;128(7):1013–1017.

	46.	Zaiken MC, et al. BET-bromodomain and 
EZH2 inhibitor-treated chronic GVHD mice 
have blunted germinal centers with distinct 
transcriptomes. Blood. 2022;139(19):2983–2997.

	47.	Mookerjee SA, et al. Determining maximum 
glycolytic capacity using extracellular flux mea-
surements. PLoS One. 2016;11(3):e0152016.

	48.	Tirichen H, et al. Mitochondrial reactive oxygen 
species and their contribution in chronic kidney 
disease progression through oxidative stress. 
Front Physiol. 2021;12:627837.

	49.	Jin R, et al. Role of  FABP5 in T cell lipid metab-
olism and function in the tumor microenviron-
ment. Cancers (Basel). 2023;15(3):657.

	50.	Raud B, et al. Etomoxir actions on regulato-
ry and memory T cells are independent of  
Cpt1a-mediated fatty acid oxidation. Cell Metab. 
2018;28(3):504–515.

	51.	Adebayo M, et al. Mitochondrial fusion and fis-
sion: the fine-tune balance for cellular homeo-
stasis. FASEB J. 2021;35(6):e21620.

	52.	Wittig I, et al. Supercomplexes and subcomplex-
es of  mitochondrial oxidative phosphorylation. 
Biochim Biophys Acta. 2006;1757(9-10):1066–
1072.

	53.	Genova ML, Lenaz G. A critical appraisal of  
the role of  respiratory supercomplexes in mito-
chondria. Biol Chem. 2013;394(5):631–639.

	54.	Buck MD, et al. Mitochondrial dynamics con-
trols T cell fate through metabolic program-
ming. Cell. 2016;166(1):63–76.

	55.	Botella J, et al. Increased mitochondrial 
surface area and cristae density in the skel-
etal muscle of  strength athletes. J Physiol. 
2023;601(14):2899–2915.

	56.	Cho HM, Sun W. Molecular cross talk among 
the components of  the regulatory machinery 
of  mitochondrial structure and quality control. 
Exp Mol Med. 2020;52(5):730–737.

	57.	Xian H, Liou YC. Functions of  outer mitochon-
drial membrane proteins: mediating the cross-
talk between mitochondrial dynamics and mito-
phagy. Cell Death Differ. 2021;28(3):827–842.

	58.	Zacharioudakis E, et al. Modulating mitofusins 
to control mitochondrial function and signal-
ing. Nat Commun. 2022;13(1):3775.

	59.	Dasgupta A, et al. Mechanism of  activation-in-
duced downregulation of  mitofusin 2 in 
human peripheral blood T Cells. J Immunol. 
2015;195(12):5780–5786.

	60.	de Brito OM, Scorrano L. Mitofusin 2 tethers 
endoplasmic reticulum to mitochondria. Nature. 

2008;456(7222):605–610.
	61.	Corrado M, et al. Deletion of  the mitochon-

dria-shaping protein Opa1 during early thymo-
cyte maturation impacts mature memory T cell 
metabolism. Cell Death Differ. 2021;28(7):2194–
2206.

	62.	Furlan SN, et al. IL-2 enhances ex vivo-expand-
ed regulatory T-cell persistence after adoptive 
transfer. Blood Adv. 2020;4(8):1594–1605.

	63.	Wobma H, et al. Real-world experience with 
low-dose IL-2 for children and young adults 
with refractory chronic graft-versus-host dis-
ease. Blood Adv. 2023;7(16):4647–4657.

	64.	Kennedy-Nasser AA, et al. Ultra low-dose IL-2 
for GVHD prophylaxis after allogeneic hema-
topoietic stem cell transplantation mediates 
expansion of  regulatory T cells without dimin-
ishing antiviral and antileukemic activity. Clin 
Cancer Res. 2014;20(8):2215–2225.

	65.	Koreth J, et al. Interleukin-2 and regulatory T 
cells in graft-versus-host disease. N Engl J Med. 
2011;365(22):2055–2066.

	66.	Ali N, et al. Xenogeneic graft-versus-host-
disease in NOD-scid IL-2Rγnull mice display 
a T-effector memory phenotype. PLoS One. 
2012;7(8):e44219.

	67.	Lu Y, et al. miR-146b antagomir-treated human 
Tregs acquire increased GVHD inhibitory 
potency. Blood. 2016;128(10):1424–1435.

	68.	Abu-Elheiga L, et al. The subcellular localiza-
tion of  acetyl-CoA carboxylase 2. Proc Natl 
Acad Sci U S A. 2000;97(4):1444–1449.

	69.	Gerriets VA, et al. Foxp3 and Toll-like 
receptor signaling balance Treg cell anabolic 
metabolism for suppression. Nat Immunol. 
2016;17(12):1459–1466.

	70.	Howie D, et al. Foxp3 drives oxidative phos-
phorylation and protection from lipotoxicity. 
JCI Insight. 2017;2(3):e89160.

	71.	Beier UH, et al. Essential role of  mitochondrial 
energy metabolism in Foxp3+ T-regulatory 
cell function and allograft survival. FASEB J. 
2015;29(6):2315–2326.

	72.	Wang X, et al. Zfp335 establishes eTreg lineage 
and neonatal immune tolerance by targeting 
Hadha-mediated fatty acid oxidation. J Clin 
Invest. 2023;133(20):e166628.

	73.	Joller N, et al. Treg cells expressing the coin-
hibitory molecule TIGIT selectively inhibit 
proinflammatory Th1 and Th17 cell responses. 
Immunity. 2014;40(4):569–581.

	74.	Zemmour D, et al. Single-cell gene expression 
reveals a landscape of  regulatory T cell phe-
notypes shaped by the TCR. Nat Immunol. 
2018;19(3):291–301.

	75.	Koizumi SI, Ishikawa H. Transcriptional regula-
tion of  differentiation and functions of  effector 
T regulatory cells. Cells. 2019;8(8):939.

	76.	Levine AG, et al. Stability and function of  regu-
latory T cells expressing the transcription factor 
T-bet. Nature. 2017;546(7658):421–425.

	77.	Shevyrev D, Tereshchenko V. Treg heterogene-
ity, function, and homeostasis. Front Immunol. 
2020;10:3100.

	78.	Alvisi G, et al. IRF4 instructs effector Treg dif-
ferentiation and immune suppression in human 
cancer. J Clin Invest. 2020;130(6):3137–3150.

	79.	Tsao HW, et al. Batf-mediated epigenetic con-



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

2 1J Clin Invest. 2025;135(23):e182480  https://doi.org/10.1172/JCI182480

trol of  effector CD8+ T cell differentiation. Sci 
Immunol. 2022;7(68):eabi4919.

	80.	Shin B, et al. Mitochondrial oxidative phos-
phorylation regulates the fate decision between 
pathogenic Th17 and regulatory T cells. Cell 
Rep. 2020;30(6):1898–1909.

	81.	Rambold AS, Pearce EL. Mitochondrial dynam-

ics at the interface of  immune cell metabolism 
and function. Trends Immunol. 2018;39(1):6–18.

	82.	Arjomandnejad M, et al. CAR-T regulatory 
(CAR-Treg) cells: engineering and applications. 
Biomedicines. 2022;10(2):287.

	83.	Bolivar-Wagers S, et al. Murine CAR19 Tregs 
suppress acute graft-versus-host disease and 

maintain graft-versus-tumor responses. JCI 
Insight. 2022;7(17):e160674.

	84.	Cooke KR, et al. An experimental model 
of  idiopathic pneumonia syndrome after 
bone marrow transplantation. I. The roles 
of  minor H antigens and endotoxin. Blood. 
1996;88(8):3230–3239.


