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ABSTRACT
Objective  Mucosal T cells play a major role in 
inflammatory bowel disease (IBD). However, their 
immunometabolism during intestinal inflammation is poorly 
understood. Due to its impact on cellular metabolism and 
proinflammatory immune cell function, we here focus 
on the enzyme ATP citrate lyase (ACLY) in mucosal T cell 
immunometabolism and its relevance for IBD.
Design  ACLY expression and its immunometabolic impact 
on colitogenic T cell function were analysed in mucosal T 
cells from patients with IBD and in two experimental colitis 
models.
Results  ACLY was markedly expressed in colon tissue 
under steady-state conditions but was significantly 
downregulated in lamina propria mononuclear cells in 
experimental dextran sodium sulfate-induced colitis and 
in CD4+ and to a lesser extent in CD8+ T cells infiltrating 
the inflamed gut in patients with IBD. ACLY-deficient CD4+ 
T cells showed an impaired capacity to induce intestinal 
inflammation in a transfer colitis model as compared with 
wild-type T cells. Assessment of T cell immunometabolism 
revealed that ACLY deficiency dampened the production 
of IBD-relevant cytokines and impaired glycolytic ATP 
production but enriched metabolites involved in the 
biosynthesis of phospholipids and phosphatidylcholine. 
Interestingly, the short-chain fatty acid butyrate was 
identified as a potent suppressor of ACLY expression in T 
cells, while IL-36α and resolvin E1 induced ACLY levels. 
In a translational approach, in vivo administration of 
the butyrate prodrug tributyrin downregulated mucosal 
infiltration of ACLYhigh CD4+ T cells and ameliorated chronic 
colitis.
Conclusion  ACLY controls mucosal T cell 
immunometabolism and experimental colitis. Therapeutic 
modulation of ACLY expression in T cells emerges as a 
novel strategy to promote the resolution of intestinal 
inflammation.

INTRODUCTION
Inflammatory bowel disease (IBD) therapy has been 
revolutionised in the last three decades by the very 

successful introduction of new biological agents 
(e.g., anti-TNF therapy, the anti-α4β7 integrin anti-
body vedolizumab and the IL-12/IL-23-neutralising 
antibody ustekinumab) specifically interfering with 
the underlying immunopathogenesis. However, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ A relevant number of patients with 
inflammatory bowel disease (IBD) do not 
achieve a complete and/or sustained response 
to currently available therapeutic strategies.

	⇒ The currently established concept in IBD 
therapy is to interfere with cytokine-driven 
immune cell activation and differentiation or 
integrin-dependent and chemokine-dependent 
immune cell gut homing, while the aspect of 
immunometabolism at the interface between 
mucosal immune cells, gut microbiota and 
absorbed nutrients received less attention, 
although potentially offering a broad spectrum 
of new therapeutic targets.

	⇒ The enzyme ACLY crucially links cell metabolism 
with immune cell function by catalysing the 
cytoplasmatic formation of acetyl coenzyme A 
and thereby impacting on the differentiation 
and cytokine profile of T cells.

WHAT THIS STUDY ADDS
	⇒ This is the first study describing the regulation 
of ACLY protein expression in intestinal CD4+ 
T cells of patients with IBD and defining the 
functional in vivo role of this metabolic enzyme 
in T cell-driven chronic colitis.

	⇒ Our data strongly suggest that the 
inflammation-associated downregulation of 
ACLY in lamina propria T cells supports the 
resolution of intestinal inflammation.

	⇒ Regarding the therapeutic targetability of 
ACLY, the short-chain fatty acid (SCFA) butyrate 
was identified as a potent suppressor of ACLY 
expression in T cells.
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approximately 40% of patients with IBD do not achieve a satis-
factory and long-lasting response to these currently available 
therapeutic regimens.1 2 Thus, aiming to minimise the frequency 
of non-responding patients, it seems attractive to set out for 
new shores and consider a widened spectrum of immune cell-
modulating factors of relevance in intestinal inflammation that 
can serve as therapeutic target. While recent efforts mainly 
focused on blocking cytokine-driven T lymphocyte activation 
or integrin-dependent and chemokine-dependent T cell gut 
homing,3 the aspect of T cell immunometabolism has received 
less attention. This is particularly surprising when considering 
the proven relevance of immunometabolism at the interface 
between mucosal immune cells, gut microbiota and absorbed 
nutrients for the intestinal immunohomoeostasis and for the 
function of CD4+ T lymphocytes as important key players of 
IBD pathogenesis.4–6 Indeed, several studies indicated that the 
metabolic status of immune cells influences their effector func-
tion and colitis-promoting capacity, while components of the 
inflammatory microenvironment and microbial metabolites 
can shape the metabolic behaviour of mucosal immune cells.7 
In particular, the concept of metabolic reprogramming is well 
established, meaning that activated immune cells upregulate 
aerobic glycolysis at the expense of oxidative phosphoryla-
tion and thereby adapt their metabolic cellular reactions to the 
biosynthetic and energy requirements defined by the inflamma-
tory context.8 In IBD, tissue damage and loss of epithelial integ-
rity in the chronically inflamed gut cause an increased mucosal 
incorporation of luminal bacteria and their metabolites,9 which 
can, subsequently, influence the capacity of lamina propria 
(LP) immune cells to further trigger or, in contrast, resolve the 
inflammatory process.10 The molecular pathways involved in 
this milieu-dependent metabolic rearrangement in T cells can 
offer new therapeutic targets, which would have a great poten-
tial to valuably complement already existing therapies for the 
control of the overwhelming intestinal immune response in 
patients with IBD.7 8

By catalysing the formation of cytosolic acetyl coenzyme A 
(AcCoA) from mitochondria-released citrate, the metabolic 
enzyme ATP citrate lyase (ACLY) not only forms a molecular link 
between cellular glucose metabolism and de novo lipogenesis 
but also provides acetyl groups for the epigenetic mechanism of 
histone acetylation and, thus, represents a key player of cellular 
metabolism.11 Several studies already suggested an influence of 
ACLY-catalysed AcCoA generation on the expansion and effector 
function of CD4+ T helper cells and CD8+ T cells, which seems 
to be mediated via the modulation of epigenetic gene regulation 
and/or alterations in the de novo fatty acid synthesis required for 
biomass increase of proliferating cells.11–14 For instance, ACLY 
expression was found to be upregulated in CD4+ T cells cultured 
under Th17 conditions, while exposure of a leukaemia T cell 
line to IL-2 triggered phosphorylation and thus presumably 
activation of ACLY.11 15 16 In contrast, declined ACLY activity 
was described in TGF-β-induced regulatory T cells (Treg cells).17 
Accordingly, on a functional level, ACLY has been identified as 
modulator of Th17 effector molecules and of IFNγ expression 

in Th1 cells and CD8+ T cells11–13 and as regulator of Treg induc-
tion,17 thus impacting on key aspects of IBD pathogenesis.18 19 
Although there is growing evidence for a relevant involvement 
of ACLY in the modulation of T cell-driven inflammatory and 
malignant diseases,11 13 20 the functional role of this metabolic 
enzyme in chronic colitis and IBD remains incompletely defined.

Addressing this gap in knowledge, we here defined the expres-
sion profile of ACLY and its inflammation-dependent regulation 
in intestinal T cells in colitis and IBD. Our study described for 
the first time a relevant functional impact of ACLY on the meta-
bolic profile and colitogenic capacity of gut-infiltrating effector 
CD4+ T cells in vivo. Finally, the short-chain fatty acid (SCFA)-
based ester tributyrin was identified and in vivo validated as an 
ACLY-modulating drug for potential therapeutic intervention.

METHODS
Methods are available as online supplemental file.

RESULTS
Inflammation-associated downregulation of ACLY in intestinal 
T cells in IBD
To determine the relevance of ACLY in intestinal immune cells 
under homoeostatic and inflammatory conditions, we first anal-
ysed the protein expression levels of this metabolic enzyme in 
colon tissue lysates or purified LP mononuclear cells (LPMCs) 
and intestinal epithelial cells (IECs) derived from healthy control 
mice or mice previously exposed to the epithelium-damaging 
and colitis-inducing substance dextran sodium sulfate (DSS). 
While ACLY expression was clearly detectable in LPMCs and 
IECs under steady-state conditions, we observed significantly 
reduced levels of intestinal ACLY protein expression in DSS 
colitis. The inflammation-associated downregulation of ACLY 
could be observed in lysates of complete colon tissue and, even 
more pronounced, in the T cell-enriched fraction of LPMCs 
(figure 1A). Interestingly, the level of ACLY downregulation in 
colon tissue and purified LPMCs appeared to be dependent on 
the severity of colitis, reaching the highest extent in those mice 
showing high endoscopic colitis scores (online supplemental 
figure 1). In contrast to the colitis-associated decrease of ACLY 
protein levels in the local colonic immune cell compartment, this 
observation was less evident and did not reach statistical signifi-
cance in IECs and was not detectable in peripheral immune cells 
in the spleen (figure 1A), implicating that the metabolic involve-
ment of ACLY in LPMCs is regulated by the local inflammatory 
microenvironment. In accordance with the observed downreg-
ulation of ACLY expression in intestinal immune cells during 
experimental murine colitis, confocal immunofluorescence 
microscopy of human tissue samples derived from inflamed and 
non-inflamed gut areas of patients with IBD (figure  1B) and 
Western blot analyses of purified human IBD LPMCs and IECs 
(figure 1C) confirmed the inflammation-associated decrease of 
ACLY expression in intestinal LPMCs and in particular in colon-
infiltrating CD4+ T cells for the human disease. This phenom-
enon could be observed in a comparable extent in patients 
diagnosed for Crohn’s disease or ulcerative colitis and appeared 
to be independent from the localisation of the inflammation in 
small or large intestine (online supplemental figure 2A), but was 
more pronounced in LP CD4+ T cells than in the fraction of 
LP CD8+ T cells (figure 1D–E). While the protein expression 
of ACLY was comparable between CD4+ T cells and CD8+ T 
cells in the peripheral blood and in non-inflamed gut tissue of 
individual patients with IBD, CD4+ T cells in the inflamed gut 
tissue showed a significantly lower ACLY protein expression 

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ By demonstrating the capacity of the SCFA-based ester 
tributyrin to ameliorate chronic colitis, we provide a concrete 
strategy for targeting the immunometabolic effects of ACLY in 
IBD therapy.
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Figure 1  Downregulation of ACLY expression in intestinal T cells in the context of colitis. (A) ACLY protein expression in colon tissue, LPMCs, IECs 
and spleen cells of DSS-exposed mice was analysed via Western blot. Graphs summarising data from at least n=3 mice plus representative images 
are shown. (B) Intensity of the ACLY expression in CD4+ T cells was quantified and compared between non-inflamed and inflamed gut mucosa of 
n=12 patients with IBD (n=7 patients with Crohn’s disease; n=5 patients with ulcerative colitis) based on immunofluorescence staining of ACLY (RED) 
and CD4 (GREEN) in cryo-conserved intestinal tissue slides, followed by confocal microscopy and software (Fiji)-supported quantification of the ACLY-
signal intensity detected in CD4+ T cells and IECs. Representative images (including also isotype control staining) plus summarising graphs depicting 
the average ACLY intensity per CD4+ cell or IEC (linked single data points for each individual patient) are shown. (C) ACLY protein expression (Western 
blot) in corresponding human LPMCs and IECs purified from macroscopically non-inflamed and inflamed gut tissue of a patient with IBD. (D) ACLY 
protein expression was analysed via flow cytometry in LPMCs purified from n=12 biopsies of endoscopically non-inflamed IBD gut tissue and from 
n=11 biopsies of endoscopically inflamed IBD gut tissue. The normalised ACLY fluorescence intensity was compared between LP CD4+ T cells and LP 
CD8+ T cells for each individual patient. (E) Based on intracellular immunofluorescence staining of ACLY and subsequent flow cytometric analyses, 
intensity of ACLY expression in CD4+ T cells (n=6) and CD8+ T cells (n=8) was quantified (mean fluorescence (FL) intensity) and compared between 
LPMCs purified from non-inflamed and inflamed gut mucosa of individual patients with IBD. Only analyses with an ACLY mean FL intensity >1 under 
non-inflamed conditions were included. Pie charts summarising the percentage of patients with IBD with an inflammation-associated downregulation 
of ACLY protein expression in CD4+ T cells and CD8+ T cells are shown. (F) ACLY (RED) signal intensity and ACSS2 (RED) signal intensity in CD4+ T cells 
(GREEN) and IECs was quantified via immunofluorescence microscopy and compared for both cell types in non-inflamed tissue of n=10–11 patients 
with IBD (n=6–7 patients with Crohn’s disease; n=4 patients with ulcerative colitis). Representative images and summarising graphs (single data 
points and mean±SEM) are depicted. (G) The immunofluorescence microscopically detected and quantified ACSS2 signal intensity (RED) in LP CD4+ T 
cells (GREEN) and IECs was compared between non-inflamed and inflamed gut areas of n=11 patients with IBD (n=7 patients with Crohn’s disease; 
n=4 patients with ulcerative colitis). Representative images (including also isotype control staining) and summarising graphs (linked single data 
points for each individual patient) are depicted. (H) Acetyl-Histone H3 expression in colon tissue of naïve versus DSS-exposed mice was analysed via 
Western blot. Signal density was quantified (Fiji software), whereby the expression of total histone H3 served as reference control. The summarising 
graph (single data points and mean±SEM) is based on data acquired in 6 experiments including in total 14 animals per group. Data from each 
experiment have been normalised to the mean value of naïve mice. Single outliers were identified using the Grubbs test and excluded from further 
analysis in (B, F). Ratio-paired t-test (B, G), paired t-test (F) or unpaired t-test (H) was applied. For relative data (A, D) the one-sample t-test was 
used. *p < 0.05, **p < 0.01, ****p < 0.0001. ACSS2, acyl-coenzyme A synthetase short-chain family member 2; DSS, dextran sodium sulfate; IBD, 
inflammatory bowel disease; IECs, intestinal epithelial cells; LPMCs, lamina propria mononuclear cells.

copyright.
 on M

arch 18, 2024 at U
niversitatsbibliothek E

rlangen N
urnberg. P

rotected by
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2023-330543 on 4 January 2024. D

ow
nloaded from

 

http://gut.bmj.com/


604 Schulz-Kuhnt A, et al. Gut 2024;73:601–612. doi:10.1136/gutjnl-2023-330543

Inflammatory bowel disease

than the CD8+ T cells that were located here (figure 1D, online 
supplemental figure 2B). Also, in good accordance with the 
findings collected in the experimental murine colitis model, 
the inflammation-associated downregulation of ACLY protein 
expression was restricted to locally accumulating intestinal T 
cells and could not be observed in peripheral blood-derived 
T cells of patients with IBD (online supplemental figure 2C). 
Interestingly, the observed regulation of ACLY protein levels 
during colitis apparently occurred on a post-translational level, 
as Acly/ACLY mRNA expression remained stable in LPMCs puri-
fied from mice with DSS-induced colitis compared with control 
animals (online supplemental figure 2D), was not regulated in 
the inflamed colon tissue of patients with IBD (online supple-
mental figure 2E) and neither correlated with the severity of 
intestinal inflammation (based on histology score; Modified 
Riley Score21) in patients with ulcerative colitis (online supple-
mental figure 2F).

As ACLY is responsible for generating extramitochondrial 
AcCoA, its inflammation-associated downregulation can be 
expected to relevantly reduce the availability of acetyl groups in 
LP CD4+ T cells and, thereby, impact on epigenetic gene regu-
lation via histone acetylation. However, it is well established 
that under specific conditions the lack of ACLY can be compen-
sated, at least partly, by another metabolic enzyme, namely acyl-
coenzyme A synthetase short-chain family member 2 (ACSS2). 
ACSS2 uses exogenous acetate to generate cytosolic AcCoA 
independently of ACLY.22 To estimate the relevance of ACSS2 
in intestinal immune cells and its potential compensatory upreg-
ulation in ACLYlow LP T cells during inflammation, we analysed 
the ACSS2 protein expression in LP CD4+ T cells and IECs 
of patients with IBD. In contrast to the expression pattern of 
ACLY, ACSS2 protein was predominantly detected in the intes-
tinal epithelium under steady-state conditions (figure 1F), which 
was in good accordance with the single-cell transcriptome in 
human colon biopsies as evaluated in a publicly available dataset 
(GSE116222)23 based on the analyses of human colon biopsies 
(online supplemental figure 2G). Moreover, ACSS2 protein was 
not induced in CD4+ T cells infiltrating the inflamed intestine of 
patients with IBD compared with corresponding non-inflamed 
control tissue (figure  1G). Thus, a relevant ACSS2-mediated 
functional compensation of the inflammation-associated ACLY 
decrease in IBD LP CD4+ T cells cannot be expected. Two 
recent studies interestingly introduced mitochondria-derived 
or peroxisome-derived acetyl-carnitine as another alternative 
source for the ACLY-independent and ACSS2-independent 
generation of cytoplasmatic AcCoA.24 25 However, as Western 
blot experiments showed significantly diminished levels of 
histone acetylation in the inflamed colon tissue of DSS-exposed 
mice (figure  1H), our data imply that alternative metabolic 
routes cannot fully compensate for the inflammation-associated 
downregulation of ACLY in the intestinal mucosa.

Our data on ACLY expression in IBD and experimental colitis 
thus strongly implicate an inflammation-triggered and function-
ally relevant reduction of ACLY activity in locally accumulating 
intestinal CD4+ T cells.

ACLY impacts on the immunometabolism and the colitis-
inducing capacity of CD4+ T cells
The observed regulation of ACLY expression in intestinal T 
cells during inflammation further increased our interest in 
elucidating the functional influence of ACLY on the proinflam-
matory capacity of T lymphocytes as key drivers of IBD patho-
genesis.26 In order to focus on this aspect, we took advantage 

of conditional knockout mice carrying a T cell-restricted ACLY 
deficiency (ACLYΔCD4 mice) (online supplemental figure 3A) 
and the experimental model of adoptive transfer colitis. In this 
chronic colitis model, adoptively transferred naïve CD4+CD-
25negCD44low T cells accumulate in the intestinal mucosa of 
immunodeficient Rag1 KO recipient mice and drive the devel-
opment of colitis.27 In accordance with the initial hypothesis 
that ACLY activity might be of key relevance for the behaviour 
of mucosal T cells, the transfer of ACLY-deficient naïve CD4+ 
T cells into Rag1 KO mice resulted in a significantly decreased 
level of intestinal inflammation compared with control mice 
transferred with ACLY-proficient CD4+ T cells (figure 2A–D). 
In line with the clinical phenotype, the mRNA expression levels 
of the inflammation-indicating cytokine Il-1b was markedly 
reduced in the colon tissue of recipient mice transferred with 
ACLY-deficient CD4+ T cells as compared with wild-type T cells 
(figure 2E). In contrast to the observed dependency of T cell-
driven chronic experimental colitis on the presence of ACLY in 
CD4+ T cells, the lack of the enzyme did not impact on the 
development of acute chemically induced colitis that is not 
critically dependent on T cells.27 Analysing ACLYΔCD4 mice in 
the acute model of DSS-induced colitis, we could not observe 
signs of decreased inflammatory gut pathology compared with 
control mice carrying ACLY-proficient T cells (online supple-
mental figure 3B), implicating that the level of ACLY activity in 
colitis-driving T cells is of particular functional relevance for the 
immunopathogenesis of chronic T cell-dependent colitis.

Although the milder intestinal inflammation in the recipient 
mice transferred with ACLY-deficient CD4+ T cells in the adop-
tive transfer colitis model went along with a significantly reduced 
number of gut-infiltrating T cells (figure 2F), neither the viability 
and activation status of locally accumulating intestinal T cells 
nor the frequency of FoxP3+ Treg cells in the intestinal immune 
cell compartment or the gut homing receptor expression of T 
cells in peripheral blood were influenced by the absence of ACLY 
(figure 2G–H). Also the immunological steady-state phenotype 
of ACLYΔCD4 mice made it unlikely that the targeted deletion 
of ACLY is incompatible with T cell survival or gut homing of 
systemic T cells. The recently described observation that frequen-
cies of peripheral T cells were unaltered in ACLYΔCD4 mice13 was 
here confirmed for LPMCs (online supplemental figure 3C). 
Moreover, also under steady-state conditions ACLY-deficient 
CD4+ T cells showed an unaltered surface expression of the 
gut homing markers integrin α4 and β7 (online supplemental 
figure 3D), demonstrated an unaltered adhesion to MadCAM-1 
in dynamic adhesion assays (online supplemental figure 3E) and 
did not show an increased induction of apoptosis or decreased 
survival on in vitro stimulation (online supplemental figures 
3F–G). Altogether, our data point to a more specific function 
of ACLY in the immunometabolic regulation of intestinal T cell 
homoeostasis.

A subsequently performed immunometabolic characterisa-
tion based on mRNA analyses and Seahorse technology of the 
purified T cell-enriched LPMC fraction of mice previously 
transferred with ACLY-deficient T cells indicated a significant 
downregulation of the IBD-relevant pro-inflammatory cytokines 
Tnfa, Il-17a, Ifng and Il-13 on in vitro stimulation, while other 
T cell-derived cytokines, like Il-2 and Il-3, remained unaffected 
(figure  3A). This implicated a specific relevance of ACLY for 
the induction of proinflammatory T effector cell function in the 
intestinal mucosa. In accordance with the established concept 
that the induction of proinflammatory effector cell function 
goes along with metabolic reprogramming,8 the purified ACLY-
deficient LPMCs did not only show an impaired capacity to 
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Figure 2  Decreased colitis-inducing capacity of ACLY-deficient CD4+ T cells. Experimental colitis was induced by adoptive transfer of ACLY-proficient 
or ACLY-deficient CD4+CD25-CD44low T cells into Rag1 KO mice. (A) Colitis severity was monitored endoscopically at the end of the experiment 
(n=15 per group) and (B) based on body weight changes at weeks 5–6 after cell transfer (n=11 per group). Representative endoscopic images 
plus summarising graphs (single data points and mean±SEM). In addition, (C) in vivo IVIS luminescence images of reactive oxygen species after 
intraperitoneal injection of L-012 at the end of the experiment (n=8 analysed mice per group; representative images) and (D) histological ex vivo 
analyses of the colon tissue (n=14–15 per group) are shown. (E) At the end of the experiment, colonic tissue was harvested and analysed for Il-1b 
mRNA expression via qPCR. Hprt served as reference gene. Summarising graph is shown (single data points and mean±SEM of n=9–10 animals/
group; data were normalised based on the mean ΔCT value of the control group). (F) Colonic infiltration of CD4+ T cells was quantified ex vivo via 
immunofluorescence microscopy. Representative images and a summarising graph depicting single data points and mean±SEM of n=7–8 animals/
group are shown. (G) LPMCs were purified from colon tissue of recipient mice and the following cell frequencies were quantified via flow cytometry 
(single data points and mean±SEM of n=7–10 per group): dead cells on CD4+ lymphoid LPMCs; activated CD69+ cells on CD4+ lymphoid LPMCs; and 
FoxP3+ CD4+ cells on viable LPMCs. (H) Moreover, peripheral blood cells of a recipient mouse per group were flow cytometrically analysed for the 
expression of the gut homing receptors integrin α4 and integrin β7 on CD3+CD4+ T cells; dot plots are shown. Single outliers were identified using the 
Grubbs test and excluded from further analysis. Mann-Whitney U test (A) or unpaired t-test (B, D, E–G) was applied. *p < 0.05, **p < 0.01. LPMCs, 
lamina propria mononuclear cells.
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Figure 3  Decreased immunometabolic activity of gut infiltrating ACLY-deficient CD4+ T cells. Experimental colitis was induced by adoptive transfer 
of ACLY-proficient or ACLY-deficient CD4+CD25−CD44low T cells into Rag1 KO mice. At the end of the experiment, colonic LPMCs and spleen cells were 
purified to allow further ex vivo analyses. (A) After 48 hours of in vitro stimulation via anti-CD3/CD28 antibodies, mRNA expression levels of the 
cytokines Tnfa, Il-17a, Ifng, Il-13, Il-2 and Il-3 in LPMCs were analysed via qPCR. Hprt served as reference gene. Summarising graphs are depicted 
(single data points and mean±SEM of n=6–8 samples/group; data were normalised based on the mean ΔCT value of the respective control animals). 
(B) Seahorse technology allowed to monitor the extracellular acidification rate (ECAR) and to determine the GlycoATP and MitoATP production 
rates of purified LPMCs (Rot/AA for Rotenone/Antimycin A mixture) (C) and the GlycoATP production rate of purified spleen cells. Summarised data 
(mean±SEM of n=8 samples/group) and a representative ECAR curve are depicted. (D) Blood-derived human CD4+ T cells were stimulated in vitro via 
anti-CD3/CD28 antibodies in the presence or absence of the ACLY inhibitor 2-HC. Based on Seahorse technology, the GlycoATP production rate was 
analysed. Summarised data (single data points and mean±SEM of n=8 samples/group) are depicted. Single outliers were identified using the Grubbs 
test and excluded from further analysis. Unpaired t-test (A–C) or one-sample t-test (D) was applied. *p < 0.05, ***p < 0.001, ****p < 0.0001. 
LPMCs, lamina propria mononuclear cells.
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upregulate cytokine production on stimulation but showed a 
decreased basal extracellular acidification rate (ECAR) and a 
significantly reduced glycolysis-dependent ATP (GlycoATP) 
production already in the absence of additional in vitro stimu-
lation (figure 3B). Interestingly, a similar downregulation of the 
GlycoATP production rate could not be detected in CD4+ T cell-
enriched spleen cells of mice previously transferred with ACLY-
deficient T cells (figure  3C). Moreover, ACLY-deficient CD4+ 
T cells directly purified from the spleens of ACLYΔCD4 mice 
showed a normal expression of proinflammatory cytokines on 
in vitro stimulation (Online supplemental figure 4). It can thus 
be assumed that the intestinal stimulatory milieu in the model of 
adoptive transfer colitis can enhance the dependency of immu-
nometabolic T cell activation on ACLY activity.

Interestingly, the requirement of ACLY activity for the suffi-
cient generation of GlycoATP in T cells under stimulatory condi-
tions could also be confirmed for the human immune system. 
CD4+ T cells purified from the blood of healthy subjects and in 
vitro stimulated in the presence of the ACLY inhibitor hydroxy 
citrate (2-HC) showed a significantly reduced GlycoATP produc-
tion rate (figure 3D). In addition to these alterations in cellular 
energy production, we also observed a reduced glucose uptake in 
in vitro stimulated ACLY-deficient murine CD4+ T cells (Online 
supplemental figure 5A) and in 2-HC-exposed human CD4+ T 
cells derived from healthy controls or patients with IBD (online 
supplemental figure 5B). The identified alterations in the glucose 
metabolism of ACLY-deficient T cells might not only represent 
a cause of cellular energy shortage but potentially also impli-
cated their reduced capacity to undergo the activation-induced 
metabolic switch to glycolysis and, thus, to efficiently respond to 
external stimuli.

Going deeper into the metabolic profiling of ACLY-deficient 
versus ACLY-proficient LP T cells, untargeted metabolomics of 
LPMCs purified from the colon of recipient mice transferred 
with ACLY-deficient T cells showed a marked enrichment of 
metabolites centrally involved in the biosynthesis of phospho-
lipids and phosphatidylcholine (in particular O-phosphoetha-
nolamine and phosphatidycholine) (figure 4A), and thus also of 
relevance for the closely related Kennedy pathway, which facili-
tates de novo synthesis of phosphatidylethanolamine and phos-
phatidylcholine.28 The latter metabolic pathway recently turned 
out to be associated with reduced cellular AcCoA levels in T cells 
and is functionally connected to the initiation of autophagy.12 
However, our data were not able to detect significantly altered 
mRNA expression levels of various autophagy-relevant genes 
in stimulated LPMCs in the absence of ACLY (online supple-
mental figure 6). Thus, they argued against the assumption that 
the reduced colitis-inducing capacity of ACLY-deficient CD4+ T 
cells is driven by an impaired autophagy machinery. Besides the 
link between the Kennedy pathway and autophagy, there exists 
good evidence for an anti-inflammatory and colitis-ameliorating 
effect of its end product phosphatidylcholine. In vivo models 
implicated its capacity to impact on the colitis-induced remod-
elling of the intestinal extracellular matrix,29 and in a phase 
IIA clinical study, retarded release of phosphatidylcholine was 
able to increase the histological mucosal healing rate of patients 
with active ulcerative colitis.30 In accordance with these data, 
the observed upregulation of phosphatidylcholine biosynthesis 
in LPMCs purified from the colon of recipient mice transferred 
with ACLY-deficient T cells was associated with a significant 
upregulation of the tryptophan-catabolising enzyme indolamin-
2,3-dioxygenase (IDO1) (figure  4B), indicating resolution of 
inflammation.31 Moreover, as depicted by label-free multiphoton 
microscopy, the presence of ACLY-deficient CD4+ T cells seemed 

to alter the local intestinal collagen structure (figure 4C) and, 
as indicated by immunofluorescence microscopy, significantly 
induced local collagen-I expression (figure 4D). This was consis-
tent with regeneration of the extracellular matrix and mucosal 
healing.32

Taken together, the acquired in vivo and ex vivo data are 
in good accordance with the concept that the inflammation-
associated downregulation of ACLY in intestinal T cells 
represents a counterregulatory immunometabolic process to 
suppress the colitis-inducing capacity of LP T cells via altering 
their metabolic profile and flexibility, thereby contributing to the 
resolution of mucosal inflammation. This implies the targeted 
inhibition of ACLY in intestinal T cells as a promising strategy 
for inducing remission in IBD.

Butyrate as a molecular candidate for the therapeutic 
regulation of ACLY in intestinal T cells
Intending to therapeutically target ACLY in the inflamed gut, we 
screened defined components of the intestinal microenvironment 
for their capacity to regulate ACLY expression in in vitro stimu-
lated human T cells. In the applied cell culture setting, the SCFA 
butyrate interestingly presented a potent negative regulator of 
ACLY protein expression in human blood-derived CD4+ T cells 
(figure 5A) and in murine LPMCs (figure 5B), while the presence 
of the lipid mediator Resolvin E1 or the cytokines IL-3, IL-9 
and IL-36α resulted in a marked upregulation of ACLY protein 
expression (online supplemental figure 7). None of the other 
tested SCFAs (isobutyrate, acetate and propionate), nor formic 
acid or other selected IBD-relevant cytkines were able to signifi-
cantly influence the protein expression level of ACLY in CD4+ 
T cells (figure 5A, online supplemental figure 7). In accordance 
with its capacity to downregulate ACLY protein expression in 
T cells, butyrate induced very similar alterations in the meta-
bolic profile of activated human control- or IBD patient-derived 
blood CD4+ T cells as before described for ACLY-deficient LP 
T cells and as observed after inhibition of ACLY in human T 
cells. Butyric acid-exposed human CD4+ T cells showed signifi-
cantly decreased basal ECAR levels, reduced ATP production 
(figure 5C) and an impaired uptake of glucose (figure 5D), while 
isobutyric acid and formic acid did not induce significant meta-
bolic alterations. In contrast, the presence of butyric acid was 
unable to further deminish the capacity of ACLY-deficient CD4+ 
T cells to uptake glucose (figure 5E), thus strongly implicating a 
dependency of the butyrate-induced metabolic effects in T cells 
on the capacity of this SCFA to interfere with ACLY activity. In 
this context, it is also worth mentioning that despite the obvious 
impact of defined components of the intestinal microenviron-
ment on the expression of ACLY in CD4+ T cells, the colitis-
modulating function of the enzyme in intestinal CD4+ T cells 
was largely maintained also after marked changes of the local 
micromilieu, as induced by antibiotic therapy and the subse-
quent reduction of the endogenous gut microbiome (online 
supplemental figure 8).

Considering the newly identified capacity of butyrate to 
dampen ACLY expression in purified T cells, we wondered 
whether this interplay can be transferred and therapeutically 
applied to the in vivo scenario of chronic colitis. Therefore, 
taking advantage of the butyrate prodrug tributyrin, whose oral 
bioavailability and capability to increase intestinal SCFA levels 
has been documented,33 we investigated whether the amelio-
rated intestinal phenotype of Rag1 KO recipient mice transferred 
with ACLY-deficient CD4+ T cells in the model of adoptive 
transfer colitis could be mimicked in fully ACLY-proficient mice 

copyright.
 on M

arch 18, 2024 at U
niversitatsbibliothek E

rlangen N
urnberg. P

rotected by
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2023-330543 on 4 January 2024. D

ow
nloaded from

 

https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
https://dx.doi.org/10.1136/gutjnl-2023-330543
http://gut.bmj.com/


608 Schulz-Kuhnt A, et al. Gut 2024;73:601–612. doi:10.1136/gutjnl-2023-330543

Inflammatory bowel disease

Figure 4  ACLY-deficient intestinal T cells support resolution of inflammation. Experimental colitis was induced by adoptive transfer of ACLY-
proficient or ACLY-deficient CD4+CD25-CD44low T cells into Rag1 KO mice. At the end of the experiment, colonic tissue or purified LPMCs were 
used for further analyses. (A) Based on untargeted metabolomics of n=3 samples per group and supported by the software MetaboAnalyst, the 
TOP 25 most enriched metabolite sets have been identified in LPMCs purified from the colon of recipient Rag1 KO mice previously transferred with 
ACLY-deficient versus ACLY-proficient control cells. The summarising TOP 25 list plus exemplary box-and-whisker plots for 3 selected and relevantly 
regulated metabolites are shown. (B) After 48 hours of in vitro stimulation via anti-CD3/CD28 antibodies, mRNA expression levels of Ido1 in LPMCs 
were analysed via qPCR. Hprt served as reference gene. Summarising graph is depicted (single data points and mean±SEM of n=7–8 samples/group; 
data were normalised based on the mean ΔCT value of the respective control animals). (C) Freshly prepared colon tissue was analysed via label-free 
multiphoton microscopy. Representative images plus a summarised grading of morphological changes of collagen fibres are shown (n=2 animals 
per group with seven analysed images per animal; single data points and mean±SEM). (D) The colonic expression pattern of collagen-I (RED) was 
analysed via immunofluorescence microscopy. Hoechst staining was used to identify cell nuclei (BLUE). Signal intensities for collagen-I and Hoechst 
were quantified with Fiji software. Representative images and summarising graphs depicting collagen-I signal intensity or the calculated collagen-I/
Hoechst intensity ratio are depicted (single data points and mean±SEM; four animals per group; three analysed images per animal; three analysed 
mucosal areas per image). Single outliers were identified using the Grubbs test and excluded from further analysis. Unpaired t-test was applied. *p < 
0.05, **p < 0.01. LMPCs, lamina propria mononuclear cells.
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Figure 5  Butyrate as a potent suppressor of ACLY expression in T cells. (A) Human blood CD4+ T cells were stimulated in vitro via anti-CD3/CD28 
antibodies in the presence/absence of indicated SCFAs (500 µM) for 72 hours. ACLY expression was analysed via Western Blot. Tubulin served as 
reference protein and loading control. Graphs summarising data from n=2–13 experiments (single data points and mean±SEM) plus representative 
images are shown. (B) LPMCs purified from the colon of naïve control mice were stimulated in vitro with anti-CD3/CD28 antibodies in the presence/
absence of butyrate for 48 hours. ACLY expression was analysed via Western Blot. β-ACTIN served as reference protein and loading control. A graph 
summarising data from n=3 mice (single data points and mean±SEM) plus representative images are shown. (C) Human blood-derived CD4+ T 
cells (healthy donors) were stimulated in vitro via anti-CD3/CD28 antibodies in the presence/absence of indicated SCFA or formic acid for 72 hours. 
Afterwards, Seahorse technology allowed to monitor the extracellular acidification rate (ECAR) and to determine the GlycoATP and MitoATP 
production rates. ECAR over time is depicted for one representative donor out of six analysed donors; mean±SEM from three technical replicates for 
each time point. Graphs summarising data from n=6–8 donors/group (single data points and mean±SEM) are depicted for the relative basal ECAR 
and the ATP production rate. ***p<0.001, #p<0.05 indicate statistically significant differences for GlycoATP production and MitoATP production, 
respectively. (D) Human CD4+ T cells derived from the blood of healthy donors or patients with IBD were stimulated in vitro via anti-CD3/CD28 
antibodies in the presence/absence of butyrate for 72 hours. The capacity to take up glucose was analysed via flow cytometry. Representative FACS 
histogram (including 2-HC exposed CD4+ T cells as an additional reference probe) plus a summarising graph (single data points and mean±SEM of 
n=5 healthy control donors and n=5 patients with IBD) are shown. The two depicted control groups have also been included in the analysis shown 
in online supplemental figure 5B. (E) Murine CD4+ T cells purified from the spleens of ACLYΔCD4 mice or respective control animals were stimulated 
in vitro via anti-CD3/CD28 antibodies in the presence/absence of butyric acid for 72 hours. The capacity to take up glucose was analysed via flow 
cytometry. Summarised data (single data points and mean±SEM of n=10 mice per group) are shown. (F) Naïve control mice were treated orally 
with tributyrin (3 mg/kg body weight; twice a day) or PBS (placebo) on three consecutive days. A last tributyrin dose was given on day 4, before 
mice were euthanised and colonic LPMCs were purified. ACLY expression in LP CD4+ T cells was analysed via flow cytometry. Representative dot 
plots are depicted. (G) Experimental colitis was induced by adoptive transfer of CD4+CD25−CD44low T cells into Rag1 KO mice. When mice showed 
endoscopic signs of colitis (between weeks 3 and 6; inclusion of mice with endoscopic score ≥3), a 10-day period of tributyrin treatment was initiated 
(3 mg/kg body weight; once a day; oral administration). The control group was treated with PBS. After 10 days, severity of colitis was again scored 
endoscopically. The fold change of endoscopic colitis score was calculated as quotient of the colitis score before and after treatment. Representative 
endoscopic pictures and a summarising graph (single data points and mean±SEM of n=4–5 animals per group; analysed in three independent 
experiments) are shown. Single outliers were identified using the Grubbs test and excluded from further analysis. One-sample t-test (A, B, G) or 
ANOVA (C–E) was applied. ANOVA, analysis of variance; *p < 0.05, **p < 0.01, ****p < 0.0001; LPMCs, lamina propria mononuclear cells; PBS, 
phosphate buffered saline; SCFA, short-chain fatty acid.
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by therapeutically enhanced intestinal butyrate levels. Indeed, 
oral tributyrin treatment was able to markedly reduce the 
frequency of gut-infiltrating ACLYhigh CD4+ T cells also under 
in vivo conditions (figure 5F). Moreover, the established colitis 
in Rag1 KO mice transferred with ACLY-proficient CD4+ T cells 
attenuated during a 10-day therapeutic treatment period with 
tributyrin, as indicated by a significant decrease of the endo-
scopic colitis score (figure 5G) and also supported by histolog-
ical scoring (Online supplemental figure 9A). The fact that both 
the in vivo inhibition of ACLY and the treatment of mice with 
tributyrin were described to be associated with decreased body 
weight34 35 might explain that we did not observe body weight 
gain in the tributyrin-treated group despite improved colitis 
(online supplemental figure 9A). In good accordance with the 
before developed concept that resolution of established chronic 
colitis is supported by a dampened ACLY activity in colitis-
driving T cells, while ACLY function is less relevant for the gut 
homing of adoptively transferred T cells, prophylactic tributyrin 
treatment starting before the onset of colitis was not able to 
prevent intestinal inflammation in the adoptive transfer colitis 
model (online supplemental figure 9B,C).

Overall, our here described findings were able to newly iden-
tify the inflammation-associated downregulation of the meta-
bolic enzyme ACLY in T cells as a colitis-attenuating strategy 
through which the mucosal immune system can counterregulate 
chronic colitis and which can be further enhanced therapeuti-
cally via the butyrate prodrug tributyrin. Especially patients with 
IBD with active disease might best benefit from a tributyrin-
triggered more pronounced and/or more stable suppression of 
ACLY protein expression in intestinal CD4+ T cells.

DISCUSSION
Dysregulation of intestinal T cell homoeostasis is a key driver 
of IBD pathogenesis and a successfully validated therapeutic 
target.26 36 However, in order to provide optimised perspectives 
also to the still too large subgroup of patients with IBD who 
do not satisfactorily respond to the currently available treatment 
strategies,2 the translational development of innovative T cell-
targeting therapeutic concepts beyond the blockades of effector 
cytokines or T cell gut homing remains a critical challenge. In 
this context, the increasingly considered but not yet fully eluci-
dated impact of immunometabolic signalling cascades on the fate 
of activated T cells might offer new avenues for controlling the 
overwhelming T cell response in IBD.7 37 Following this concept, 
in this study, we were able to identify a significant involvement 
of the metabolic enzyme ACLY in the pathogenesis of T cell-
driven chronic colitis and described, for the first time, its signif-
icant downregulation in CD4+ T cells infiltrating the inflamed 
gut of patients with IBD.

In general, ACLY is known to be upregulated during T cell 
activation13 and subsequently catalyses the generation of extra-
mitochondrial AcCoA from citrate.11 Besides serving as substrate 
for de novo lipogenesis and thereby enabling biomass expansion 
during cell proliferation and influencing the T cell function-
modulating process of protein prenylation,38–40 cytoplasmatic 
and nuclear AcCoA acts as acetyl group-donor allowing epigenetic 
gene regulation via histone acetylation but also influencing the 
function of non-histone proteins of relevance for T cell immune 
responses.12 14 15 41 42 Although the specific impact of ACLY on LP 
T cells in the presence of the complex intestinal microenviron-
ment has not been explicitly analysed before, the in vivo observed 
reduced colitogenic capacity of gut-infiltrating ACLY-deficient 
T cells and their impaired production of proinflammatory 

cytokines was in accordance with published studies describing 
the dependency of IL2-induced T cell proliferation, optimal 
Th17 cell differentiation and CD8+ effector cell function on a 
sufficient availability of cytoplasmatic AcCoA.11–13 15 42 Somehow 
unexpected, the reported presence of exogenous acetate in the 
intestinal micromilieu43 and its described potency to compensate 
an inappropriate ACLY-catalysed AcCoA production22 could not 
hinder the fact that a significantly reduced severity of experi-
mental colitis was observed after the transfer of ACLY-deficient 
T cells in the here analysed model of adoptive transfer colitis. 
This might partly be due to a potential downregulation of local 
acetate levels on chronic colitis44 but most likely also reflects 
that the intestinal expression of the enzyme ACSS2, which catal-
yses the generation of cytosolic AcCoA from acetate,45 seems to 
be mostly restricted to IECs as indicated by the here performed 
analyses of IBD patient-derived intestinal tissue and by reevalu-
ating the single-cell RNA sequencing data of a publicly available 
dataset (GSE116222).23

Considering the described relevance of ACLY for activated 
effector T cells12 13 and our observation that mucosal T cells 
require ACLY activity for reaching their full proinflammatory 
capacity, it was surprising, at least at first glance, to realise 
the inflammation-associated downregulation of ACLY protein 
expression in T cells infiltrating the inflamed gut tissue of 
patients with IBD and in experimental colitis, which both repre-
sent pathological conditions characterised by increased proin-
flammatory immune cell activation.46 However, the in parallel 
acquired data on the functional behaviour of ACLY-deficient 
intestinal T cells suggest that the downregulation of the ACLY-
mediated metabolic function in T cells on inflammatory condi-
tions represents a counterregulatory mechanism of the mucosal 
immune system to control and resolve inflammation. Besides 
the already described decline of ACLY activity during TGF-β-in-
duced Treg differentiation17 and the here observed decreased coli-
togenic capacity of ACLY-deficient LP T cells, this conclusion 
is in particular supported by the finding, that ACLY-deficient 
LP T cells showed a reduced level of glycolysis-mediated 
energy production, which is in general associated with anti-
inflammatory conditions.47 Moreover, we were able to describe 
the induction of Ido1 mRNA expression in gut-infiltrating T cells 
in the absence of ACLY as well as a significant modulation of the 
intestinal collagen structure, representing two phenomena clas-
sically contributing to resolution of inflammation.32 48 Finally, 
in accordance with the concept that downregulation of ACLY 
activity in a pathologically altered microenvironment can restrict 
acute T effector cell responses, increased extracellular potas-
sium levels were found to induce AcCoA shortage in tumour-
infiltrating T cells and thereby promote long-term persistency 
at the expense of exacerbated effector function.12 Of course, the 
here developed idea that the inflammation-associated downreg-
ulation of ACLY in LP T cells represents an early counterregula-
tory process to ameliorate intestinal inflammation also raises the 
question, which compounds of the inflammatory micromilieu 
can trigger the decrease of ACLY protein levels. While the high 
complexity of the inflammatory microenvironment in the gut 
of patients with IBD makes it very challenging to fully answer 
this question and define the complete panel of involved media-
tors, our data already implicate that the local tissue levels of the 
lipid mediator Resolvin E1 might be of relevance in this context. 
The intracellular synthesis of Resolvin E1 depends on the 
availability of its precursor, the n-3 polyunsaturated fatty acid 
eicosapentaenoic acid (EPA).49 Considering the here observed 
ACLY-inducing capacity of Resolvin E1 in human CD4+ T cells 
together with the interesting finding that EPA levels were found 
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to be significantly downregulated in inflamed gut areas of ulcer-
ative colitis patients,49 it can be suggested that EPA/Resolvin 
E1 shortage in inflamed gut tissue relevantly contributes to the 
inflammation-associated downregulation of ACLY in intestinal T 
cells of patients with IBD.

With regard to translational perspectives, the identification of 
the SCFA butyrate as potent suppressor of ACLY expression in 
activated T cells implies that butyrate-triggered signalling cascades 
in T cells might represent targets to accelerate and/or maintain 
downregulation of ACLY in mucosal T cells of patients with IBD 
and thereby shift overwhelming T cell activation towards resolu-
tion of inflammation. Indeed, SCFAs, which are generated during 
bacterial fermentation of dietary fibres, are already well known as 
potent modulators of intestinal T cell homoeostasis, influencing 
the accumulation and function of regulatory T cells and effector 
T cells.50 51 In the context of IBD, particular attention has indeed 
been paid to butyrate. There is a well-documented reduced abun-
dance of butyrate-producing bacterial strains in the microbiome of 
patients with IBD52 and several studies demonstrated its favourable 
effect on T cell homoeostasis and epithelial integrity in colitis.53 54 
Especially in the light of former studies demonstrating an efficient 
absorption of luminal butyrate through the intact intestinal epithe-
lium55 and an even increased gut-to-blood penetration of SCFAs in 
experimental animal models of colitis and in patients with IBD,56 
the orally administrable butyrate-prodrug tributyrin33 appeared as 
a promising tool to therapeutically increase local butyrate levels 
in the LP of inflamed intestinal tissue. By confirming that orally 
applied tributyrin indeed was not only able to ameliorate chronic 
colitis in a therapeutic setting, but also markedly reduced the 
intestinal frequency of ACLYhigh T cells in in vivo conditions, we 
could identify an important new aspect underlying the therapeutic 
potential of butyrate supplementation in IBD, which is the targeted 
downregulation of ACLY-dependent immunometabolism in intes-
tinal T cells.

In summary, we newly discovered the inflammation-associated 
downregulation of the metabolic enzyme ACLY in intestinal 
CD4+ T cells of patients with IBD and, on a functional level, 
demonstrated that the absence of ACLY in adoptively trans-
ferred T cells reduced their colitis-inducing capacity and instead 
favoured resolution of chronic inflammation. Thus, ACLY 
appears as a valuable therapeutic target in IBD, whose downreg-
ulation in T cells can be achieved by enhancing butyrate signal-
ling and can subsequently control the overwhelming activation 
of gut-infiltrating T cells by impacting on their immunometa-
bolic behaviour.
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