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Abstract 
Psoriasis is a chronic inflammatory skin disease driven by the IL-23/IL-17 axis. It results from excessive activation of effector 
T cells, including T helper (Th) and cytotoxic T (Tc) cells, and is associated with dysfunctional regulatory T cells (Tregs). 
Acetyl-CoA carboxylase 1 (ACC1), a rate-limiting enzyme of fatty acid synthesis (FAS), directs cell fate decisions between 
Th17 and Tregs and thus could be a promising therapeutic target for psoriasis treatment. Here, we demonstrate that targeting 
ACC1 in T cells by genetic ablation ameliorates skin inflammation in an experimental model of psoriasis by limiting Th17, 
Tc17, Th1, and Tc1 cells in skin lesions and increasing the frequency of effector Tregs in skin-draining lymph nodes (LNs).

Key messages 
•	 ACC1 deficiency in T cells ameliorates psoriatic skin inflammation in mice.
•	 ACC1 deficiency in T cells reduces IL-17A-producing Th17/Tc17/dysfunctional Treg populations in psoriatic lesions.
•	 ACC1 deficiency in T cells restrains IFN-γ-producing Th1/Tc1 populations in psoriatic skin lesions and skin-draining LNs.
•	 ACC1 deficiency promotes activated CD44+CD25+ Tregs and effector CD62L-CD44+ Tregs under homeostasis and 

psoriatic conditions.
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Introduction

Psoriasis is a common chronic inflammatory skin disease 
mediated by a complex interplay between the immune 
system and keratinocytes, which eventually results in 

uncontrolled proliferation and aberrant differentiation of 
keratinocytes [1]. Considerable studies on the signaling 
pathways and biological therapies targeting IL-23 and IL-
17A have highlighted the IL-23/IL-17 axis as the pivotal 
pathogenic loop [2]. IL-17A, mainly produced by activated 

 *	 Tim Sparwasser 
	 sparwasser@uni-mainz.de

1	 Institute of Medical Microbiology and Hygiene, University 
Medical Center of the Johannes Gutenberg-University 
Mainz, Mainz, Germany

2	 Institute of Molecular Medicine, University Medical Center 
of the Johannes Gutenberg-University Mainz, Mainz, 
Germany

3	 Research Center for Immunotherapy (FZI), University 
Medical Center, Johannes Gutenberg-University Mainz, 
Mainz, Germany

4	 Department of Dermatology, University Hospital, 
Westfälische Wilhelms-University Münster, Münster, 
Germany

5	 Department of Dermatology, University Medical Center 
of the Johannes Gutenberg University Mainz, Mainz, 
Germany

6	 Present Address: Leibniz Institute for Immunotherapy, 
University Regensburg, 93053 Regensburg, Germany

7	 Present Address: Chair for Immunology, University 
Regensburg, 93053 Regensburg, Germany

8	 Present Address: Department of Medicine, University 
Medical Center Hamburg-Eppendorf, Hamburg, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00109-023-02349-w&domain=pdf
http://orcid.org/0000-0001-5645-902X


1154	 Journal of Molecular Medicine (2023) 101:1153–1166

1 3

T cells in response to IL-23 secreted from dendritic cells, 
triggers keratinocyte hyperproliferation and massive immune 
cell recruitment [1–3]. Even though biologics including anti-
IL17A, anti-IL-12p40 or IL-23p40, and anti-IL-23p19 anti-
bodies are highly effective in reducing the Psoriasis Area 
Severity Index (PASI) score, skin lesions can reoccur during 
the treatment and after discontinued therapy, highlighting 
a gap in the understanding of the immune dysregulation 
occurring during psoriasis [4].

T helper 17 (Th17) cells are known to be the main IL-17 
producers and involved in the pathogenesis of psoriasis in 
response to self-antigens such as LL37, an antimicrobial 
peptide (AMP) overproduced in psoriatic skin [5]. In addi-
tion, cytotoxic CD8+ T (Tc) cells can also express IL-17A 
(Tc17) upon recognition of the self-antigen ADAMTSL5 via 
HLA-C*06:02 which is the strongest psoriasis susceptibil-
ity allele in psoriasis patients revealing their pivotal patho-
genic role in psoriasis [6, 7]. Before the identification of 
IL-17, disease severity was correlated with elevated levels of 
IFN-γ in serum and skin samples. Thus, the IFN-γ signaling 
pathway was considered the primary driving disease mecha-
nism in psoriasis [8]. Successful therapies dampening IL-23/
IL-17 axis re-defined the central role of IFN-γ to the early 
initiators of the psoriatic pathogenic cascade. IFN-γ block-
ade with fontolizumab downregulated DC-derived products, 
including IL-23p19, IL12/23p40, and iNOS confirming 
the role of IFN-γ in the early pathogenic steps [9]. IFN-γ 
is produced by auto-reactive Th and Tc cells in response 
to LL37 [5]. Furthermore, neutralizing IFN-γ in Tc cells 
blocked keratinocyte hyperproliferation in the psoriasis-
like inflammation suggesting the unique pathogenic role 
of IFN-γ-producing Tc cells (Tc1) [8, 10]. The data from 
the publications mentioned above indicate the complexity 
of psoriasis development and the distinct pathogenic roles 
of multiple types of effector T cells, including IL-17A- and 
IFN-γ-producing Th and Tc cells.

Forkhead box protein 3 (Foxp3)+ regulatory T cells 
(Tregs) play a fundamental role in maintaining immune 
homeostasis and self-tolerance, and their instability and 
dysfunction result in excessive and uncontrolled immune 
responses leading to autoimmune diseases [11, 12]. Dys-
functional Tregs have reduced suppressive activity and can 
upregulate IL-17 expression, as identified in patients with 
psoriasis [13]. Consequently, reduced suppression of effec-
tor T cells might lead to an imbalance of Th17 and Tregs, 
associated with disease severity. As a result, the immune 
balance mediated by Tregs has been evaluated in potential 
psoriasis therapies. For instance, guselkumab (IL-23p19 
blocker) treatment increased Tregs/CD8+ memory T cells 
(TRM) ratio, reaching superior long-term efficacy for treating 
moderate-to-severe psoriasis [14, 15]. Meanwhile, improve-
ment of the immunomodulation mediated by Tregs has been 
intensively studied [16–21]. In line with observations from 

these studies, the beneficial effects of blocking pathogenic 
Th and Tc cells and restoring Tregs provide promising thera-
peutic strategies for psoriasis [16–21].

Individual T cell subsets utilize specific metabolic pro-
grams during differentiation and activation to generate rapid 
responses and fulfill their increasing demand for energy and 
biomass [22, 23]. These metabolic pathways are crucial for 
determining the immune cell state and fate decision provid-
ing the potential targets to modulate the balance between 
effector T cells and Tregs [22–24]. We have previously dem-
onstrated that de novo fatty acid synthesis (FAS) is required 
for the differentiation of Th17 but not for the development 
of Tregs [24]. The Treg/Th17 balance can be shifted toward 
immune suppression by inhibiting the rate-limiting enzyme 
of FAS, acetyl-CoA carboxylase 1 (ACC1) [24, 25]. We 
tested here the therapeutic potential of targeting ACC1-
mediated FAS in T cells in psoriasis. Emerging studies have 
revealed the use of context- and disease-specific metabolic 
profiles in subpopulations of Tregs for tissue adaptation 
[26–28] and indicate apparent differences in the metabolic 
requirements depending on the microenvironment and the 
activated signaling pathways, for instance, FAS is required 
for the maturation of intratumoral Tregs [26]. However, the 
role of FAS in Treg-mediated regulation of skin homeostasis 
and its potential effect on the functionality of Tregs during 
psoriasis have yet to be investigated.

In our current study, we utilized the imiquimod (IMQ)-
induced mouse model of psoriasis (IMQ model) to analyze 
the role of FAS in T cells during psoriasis through the T cell-
specific genetic ablation of ACC1. Our findings demonstrate 
that targeting FAS in T cells, ameliorates skin inflammation 
in the IMQ model by limiting IFN-γ-producing Th1/Tc1 
and IL-17A-producing Th17/Tc17/dysfunctional Treg pop-
ulations in the skin and frequencies of effector Tregs in the 
skin-draining LNs. Thus, inhibition of ACC1 in T cells could 
be a promising therapeutic approach for psoriasis treatment.

Materials and methods

Mice

Animal experiments were performed with C57BL/6J WT 
mice or the TACC1 mouse line which was previously gen-
erated by CD4Cre/+ mice crossed to ACC1lox/lox mice and 
maintained on a C57BL/6J genetic background [24]. Their 
littermate CD4Cre/wtACClfl/fl mice were used as WT controls. 
The mice were bred and housed in the animal facility of 
the University Medical Center of the Johannes Gutenberg-
University of Mainz under specified pathogen-free condi-
tions. All animal experiments were performed in compliance 
with the relevant guidelines and regulations for animal wel-
fare by the federal state of Rhineland-Palatinate, Germany. 
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Experiments were done with approval from the Landesunter-
suchungsamt Rheinland-Pfalz (individual animal experimen-
tation application no. G19-1-060), and efforts were made to 
minimize potential suffering of the mice.

IMQ‑induced psoriasis mouse model

Mice were shaved and depilated with hair removal cream 
(Veet®, Reckitt Benckiser Group, Slough, England) on the 
back skin 2 days before the treatment and then daily treated 
with 50 mg Aldara (containing 5% IMQ, purchased from 
Meda [Solna, Sweden]) or sham cream (without IMQ) on the 
back skin and 5 mg Aldara or sham cream per ear for both 
ears for six consecutive days as previously published [29]. 
For the back skin, skin thickness and disease severity were 
assessed daily with a scoring system for scaling and ery-
thema in line with the human PASI. Erythema and scaling 
were scored from 0 to 4, with 0 indicating no severity and 
4 indicating high disease severity. A cumulative score was 
generated from combined evaluation of parameters including 
erythema, scaling and thickness of the skin. Thickness was 
scored based on the increase in the back skin thickness of 
day 0 (1 for 20%-39%, 2 for 40-59%, 3 for 60%-79% and 4 
for more than or equal to 80%) as previously published [29].

Skin digestion protocol

Ears were separated into ventral and dorsal halves and 
cut into small pieces, followed by enzymatic digestion 
for 90 min at 37 °C with 4 mg/ml (1.2 U/ml) collagenase 
D (Sigma-Aldrich, St. Louis, MO), and 50 U/ml DNase I 
(Applichem, Darmstadt, Germany) in a gentleMACS™ Dis-
sociator (Miltenyi Biotech).

Flow cytometry

Single cell suspension was incubated with in-house Fc-
receptor blocking reagent before staining of surface anti-
gens. Dead cells were excluded by LIVE/DEAD Fixable 
Aqua Dead Cell Stain Kit (Invitrogen, Carlsbad, CA). For 
analysis of surface markers, cells were stained in PBS 
containing 0.25% BSA (Roche, Mannheim, Germany) and 
0.02% NaN3 (Carl Roth GmbH+Co.KG, Karlsruhe, Ger-
many). For the labelling of murine surface antigens, the 
following fluorescence-conjugated monoclonal antibodies 
were used: CD3e (145-2C11; eBiosciences, San Diego, 
CA), γδTCR (GL-3; eBiosciences, San Diego, CA), CD8a 
(Ly2; eBiosciences, San Diego, CA), CD45 (30-F11; Bio-
Legend, San Diego, CA), CD25 (PC61.5; Thermo Fisher 
Scientific, Waltham, MA), CD4 (GK1.5; eBiosciences, San 
Diego, CA), CD62L (MEL-14; eBiosciences, San Diego, 
CA), CD44 (IM7; Thermo Fisher Scientific, Waltham, 
MA), CTLA-4 (UC10-4B9; eBiosciences, San Diego, CA), 

and TCR beta (H57-597; eBiosciences, San Diego, CA). 
For intracellular staining of cytokines and transcription fac-
tors, cells were stained with Foxp3 (FJK-16s; eBiosciences, 
San Diego, CA), IL-17A (eBio17B7; eBiosciences, San 
Diego, CA), IFN-γ (XMG1.2; eBiosciences, San Diego, 
CA), IL-10 (JES5-16E3; BD Biosciences, San José, CA, 
USA), KLRG1 (2F1/KLRG1; BioLegend, San Diego, CA) 
and GATA3 (TWAJ; eBiosciences, San Diego, CA) using 
the Foxp3/Transcription Factor Fixation/Permeabiliza-
tion Kit (eBiosciences, San Diego, CA) according to the 
manufacturer’s instructions. As indicated in the respective 
experiments, cells were stimulated in vitro in the presence 
of phorbol-12-myristate-13-acetate (PMA) (0.1 μg/mL; 
Sigma-Aldrich, St. Louis, MO) and Ionomycin (1 μg/mL; 
Sigma-Aldrich, St. Louis, MO) for 2 h followed by incu-
bation for 2 h with Brefeldin A (5 μg/mL; eBiosciences, 
San Diego, CA) before staining. Cells were acquired on 
Cytoflex S (Beckman Coulter) or Cytek Northern Lights 
(Cytek Biosciences, Fremont, CA), and data were analyzed 
with FlowJo software (Tree Star).

Histology

For hematoxylin and eosin staining, tissue samples were 
fixed in 4% formaldehyde (Carl Roth GmbH+Co.KG, 
Karlsruhe, Germany) and embedded in paraffin. Images 
were taken using the microscope IX81 (Olympus, Shin-
juku, Japan). The immune cell infiltration and histopatho-
logical scores were evaluated by a dermatopathologist. For 
immunohistochemistry staining of K17, paraffin fixed sec-
tions were stained with the following antibodies: primary 
antibodies: anti-Cytokeratin 17 (clone: EP1623; Abcam, 
Cambridge, UK) and secondary antibody goat-anti Rab-
bit (polyclonal, Sigma-Aldrich, St. Louis, MO). Nuclei 
were counterstained with Antifade Mounting Medium with 
DAPI (Novus Biologicals, Littleton, CO). The intensity of 
K17 was analyze by the software ZEN lite (Zeiss).

Statistical analysis

Data analysis was performed with GraphPad Prism Soft-
ware 9. P values were calculated using Student's t-test, 
one-way ANOVA, or two-way ANOVA as indicated. P 
values were considered significant as p < 0.05. Data are 
represented as means with standard deviations (SD).

Results

Genetic ablation of ACC1 in αβ T cells attenuates 
skin inflammation in the IMQ model

To investigate whether de novo FAS in T cells is required to 
develop psoriatic skin inflammation, we used our previously 
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generated T cell-specific ACC1–deficient mice (TACC1 
mice) [24, 25] in parallel to WT mice in the well-established 
IMQ model (Fig. 1a) [29–31]. Genetic ablation of ACC1 
driven by CD4-Cre expression in mice carrying a loxP-
flanked biotin carboxyl carrier protein domain in the Acaca 
gene (ACC1fl/fl) resulted in defective ACC1 mediated-FAS 
in αβ T cells (including both CD4+ and CD8+ T cells) [24]. 
Daily topical IMQ treatment induced skin inflammation 
accompanied by increased immune cell infiltration and 
hyperproliferation of keratinocytes (Figs. 1b-f and 2a-d). 
After two days of IMQ treatment, both WT and TACC1 
mice developed erythema and scaling (Fig. 1d, e). However, 
by day 3, IMQ-treated TACC1 mice showed significantly 
less erythema than IMQ-treated WT mice (Fig. 1d). In WT 
mice, IMQ-associated skin inflammation reached the peak 
by day 4, demonstrated by cumulative scores of erythema, 
scaling, and skin thickness (Fig. 1c). TACC1 mice showed 
significantly lower scores at the peak of inflammation due to 
considerably reduced erythema and skin thickness, although 
no significant changes in scaling were observed compared 
to the IMQ-treated WT mice (Fig. 1d-f).

We further determined the degree of keratinocyte pro-
liferation as depicted by epidermal thickness, infiltration 
of lymphocytes and neutrophils, histopathologic scores of 
psoriasis (acanthosis, parakeratosis, hypogranulosis, and 
Munro's microabscess), and the expression of Keratin 17 
(K17), a marker of keratinocyte hyperproliferation in pso-
riasis (Fig 2a-f) [3]. Given the time course for the induction 
of IL-17-mediated keratinocyte hyperproliferation, we ana-
lyzed skin sections collected from mice on day 6 of the IMQ 
model [3, 29]. At this time point, IMQ significantly induced 
epidermal thickening and increased histopathologic scores 
of psoriasis in WT mice compared to control cream-treated 
mice (Fig. 2b, c). In line with the reduced clinical scores 
(Fig. 1), IMQ-treated TACC1 mice showed slightly reduced 
epidermal thickening and histopathologic scores compared 
to IMQ-treated WT mice (Fig. 2a-c). At day 6, however, 
only modest lymphocyte and neutrophil infiltration levels 
were observed in the IMQ-treated groups (Fig. 2d). The K17 
level was remarkably increased in IMQ-treated WT skin ver-
sus control cream-treated skin, while TACC1 mice showed 
significantly reduced K17 expression (Fig. 2e, f). Taken 
together, genetic ablation of ACC1 in αβ T cells attenuates 
psoriatic disease and keratinocyte hyperproliferation in the 
IMQ model.

ACC1 deficiency restrains IL‑17A and IFN‑γ 
producing cells induced in the IMQ model

ACC1 deficiency in αβ T cells mainly affected the path-
ological outcome at the peak of the disease. Therefore, 
we focused on an in-depth analysis of αβ T cells at the 
peak of inflammation on day 4 of the IMQ model. To gain 

an overview of the infiltrating αβ T cells in IMQ-treated 
back skin, we analyzed different functional subsets of αβ 
T cells, including IL-17-producing Th17 (Fig. 3a-c) and 
Tc17 (Fig. 3d, e), IFN-γ-producing Th1 (Fig. 3f, g) and 
Tc1 (Fig. 3h, i), and Tregs (Fig. 3j-l). IMQ-treated WT 
mice displayed mild tendencies of increased infiltrating 
Th17 and Tc17 cells and similar Th1 and Tc1 cells com-
pared to control cream-treated mice (Fig. 3b-i). However, 
compared to IMQ-treated WT mice, Th17 (Fig. 3c), Tc17 
(Fig. 3e), Th1 (Fig. 3g), and Tc1 (Fig. 3i) cells were signif-
icantly reduced in the skin of IMQ-treated TACC1 mice.

Unlike the IMQ-treated back skin, IMQ treatment only 
induced small proportions of Th and Tc cells to produce 
IL-17A in the skin-draining LNs (Supplementary Fig. S1). 
The frequencies of IL-17A-producing Th17 and Tc17 cells 
were comparable between IMQ-treated WT and TACC1 
mice (Supplementary Fig. S1b, c). Nevertheless, TACC1 
mice showed tendencies of lower Th17 and Tc17 cell num-
bers in the skin-draining LNs (Supplementary Fig. S1d, 
e). Similarly, only a small proportion of Th cells produced 
IFN-γ in the skin-draining LNs (Supplementary Fig. S1f, g). 
IMQ-treated WT mice displayed slightly increased frequen-
cies of IFN-γ-producing Th1 cells compared to all the other 
groups (Supplementary Fig. S1f). In WT mice, most Tc cells 
produced IFN-γ and less IL-17A in skin-draining LNs (Sup-
plementary Fig. S1g). TACC1 mice showed significantly 
reduced frequencies of IFN-γ-producing Tc1 cells compared 
to IMQ-treated WT mice (Supplementary Fig. S1g). Fur-
thermore, the absolute cell numbers of Th1 (Supplemen-
tary Fig. S1h) and Tc1 cells were significantly reduced in 
the skin-draining LNs of TACC1 mice compared to IMQ-
treated WT mice (Supplementary Fig. S2i). Surprisingly, 
the frequencies of Tregs in the IMQ-treated skin of TACC1 
compared to WT mice were comparable (Fig. 3j). Of note, 
IMQ-treated WT mice had more Tregs in the skin compared 
to TACC1 mice (Fig. 3k). However, there were significantly 
increased Tregs co-expressing IL-17A in IMQ-treated WT 
mice but not in IMQ-treated TACC1 mice (Fig. 3l). There-
fore, these findings suggest that genetic ablation of ACC1 in 
T cells dampens IMQ-mediated skin inflammation mainly 
by limiting IL-17A production from Th17, Tc17, and IL-
17A+Treg and IFN-γ production from Th1 and Tc1 popula-
tions rather than promoting suppressive Tregs in the skin on 
day 4 of the IMQ model.

ACC1 deletion in T cells increases effector tregs 
under steady‑state and psoriatic conditions

We have previously shown that TACC1 mice display 
slightly reduced peripheral T cells with normal frequencies 
of Th17 and Tregs in lymphoid organs during homeostasis 
[24]. To understand whether genetic ablation of ACC1 in T 
cells provides an initial advantage in modulating unwanted 
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Fig. 1   Genetic ablation of ACC1 in αβ T cells attenuates IMQ-
induced skin inflammation (a) Schematic model of the experimen-
tal design for psoriasis induction. (b) Representative photos of the 
treated back skin area. (c) Cumulative scores of erythema (d), scal-
ing (e), and thickness (f) were measured during the treatment. Pooled 
data from four independent experiments including groups of Control 

= WT mice treated with control cream (n=6), IMQ (WT) = WT 
mice treated with IMQ (n=15), and IMQ (TACC1) = T cell-specific 
ACC1–deficient mice (TACC1 mice) mice treated with IMQ (n=16). 
Error bars represent SD. P-values were determined by two-way 
ANOVA comparing IMQ (WT) and IMQ (TACC1) (* p<0.05, ** 
p<0.01, *** p<0.001)
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psoriatic inflammation, we further evaluated the phenotypes 
of Tregs. We confirmed a tendency of decreased CD4+ T 
cells in the skin-draining LNs (Fig. 4a) as published [24]. 
However, we did not observe any changes in the compo-
sition of naïve T cells (CD62L+CD44-), central memory 
T cells (CD62L+CD44+; TCM), and effector memory T 
cells (CD62L-CD44+; TEM) in the skin-draining LNs dur-
ing homeostasis (Fig. 4a). Next, we evaluated Tregs dur-
ing homeostasis. In the absence of inflammation, the per-
centages of Tregs in the LN were comparable between 
WT and TACC1 mice (Fig. 4b). Notably, when we inves-
tigated effector subsets of Tregs within the skin-draining 
LNs, TACC1 mice had a significantly higher proportion of 
activated CD44+CD25+ Tregs and effector CD62L-CD44+ 

Tregs (Fig. 4c, d) which can support tissue protection in the 
absence of inflammation [32, 33]. Tregs residing in the LNs 
downregulate CD62L to reduce adhesion to high endothelial 
venules in LNs and upregulate CD44, a receptor to extracel-
lular matrix ligands, to facilitate their trafficking to non-
lymphoid tissues [32, 33]. Those effector phenotypes could 
grant them the capacity to respond rapidly to tissue damage 
and immune-mediated inflammation such as psoriasis induc-
tion as we observed in the IMQ-treated TACC1 mice.

We further assessed whether TACC1 mice maintained 
high frequencies of activated CD44+CD25+ Tregs and effec-
tor CD62L-CD44+ Tregs compared to the WT mice dur-
ing the IMQ application. Of note, after 4 days of psoriasis 
induction, IMQ-treated WT mice increased the frequency 

Fig. 2   Genetic ablation of 
ACC1 in αβ T cells mildly 
attenuates keratinocyte hyper-
proliferation in the IMQ model. 
(a) Representative histological 
sections were collected from 
the treated back skin area on 
day 6, as indicated in Fig. 1a. 
Epidermal thickness (b), his-
topathological scores (c), and 
immune cell infiltration (d) were 
determined in histological back 
skin sections, as shown in (a). 
(e) Immuno-staining with anti-
keratin 17 (K17) antibody of the 
back skin from TACC1 or WT 
littermate control mice. (f) Mean 
fluorescence intensity (MFI) of 
K17 as shown in (e). Control = 
WT mice treated with control 
cream (n=3), IMQ (WT) = WT 
mice treated with IMQ (n=7), 
and TACC1 mice treated with 
IMQ (n=11). Error bars repre-
sent SD. P-values were obtained 
by one-way ANOVA
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Fig. 3   Genetic ablation of ACC1 in αβ T cells limits Tc cell infiltra-
tion in local skin area during IMQ-mediated psoriatic induction. T 
cells were isolated from back skin on day 4 of the IMQ model, as indi-
cated in Fig. 1a. (a) Representative gating strategy of flow cytometry 
analysis for percentages of IL-17A and IFN-γ in Th (CD3+αβTCR​
+CD4+Foxp3-) and Tc (CD3+αβTCR​+CD8+) cells. Percentages of 
IL-17A+ in Th cells (b) and normalized quantification of Th17 cells 
(c) isolated from treated skin. Percentages of IL-17A+ in Tc cells (d) 
and normalized quantification of Tc17 cells (e) isolated from treated 
skin. Percentages of IFN-γ+ in Th cells (f) and normalized quantifica-

tion of Th1 cells (g) isolated from treated skin. Percentages of IFN-γ+ 
in Tc cells (h) and normalized quantification of Tc1 cells (i) isolated 
from treated skin. (j-l) Representative gating strategy of flow cytom-
etry analysis for Foxp3 percentages and cell counts of Tregs and IL-
17A+Tregs (CD3+αβTCR​+CD4+Foxp3+IL-17A+). Cell counts were 
normalized to tissue weight (50 mg of each sample). Pooled data from 
three independent experiments including groups of Control = WT 
mice treated with control cream, IMQ (WT) = WT mice treated with 
IMQ, and TACC1 mice treated with IMQ. Error bars represent SD. 
P-values were obtained by one-way ANOVA with Kruskal-Wallis-Test
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of Tregs in the skin-draining LNs compared to steady-state 
conditions (Figs. 4b and 5a). In contrast, the frequency 
of Tregs in IMQ-treated TACC1 mice was similar to the 
homeostatic condition (Figs. 4b and 5a), probably due to 
the attenuated inflammation induced by IMQ during the 
early phase in TACC1 mice (Figs. 4b and 5a). Nevertheless, 
among these Tregs, TACC1 mice maintained significantly 
higher proportions of activated CD44+CD25+ Tregs and 
effector CD62L-CD44+ Tregs (Fig. 5b, c).

We further checked the suppressive functions of these 
Tregs and thus assessed frequencies and expression levels 
of CTLA-4 and IL-10 in the skin-draining LNs of IMQ-
treated mice (Fig. 5d, e). However, ACC1-deficient Tregs 
showed comparable IL-10 and CTLA-4 expression levels 
to WT Tregs (Fig. 5d, e). Furthermore, tissue Tregs expand 
after tissue injury to promote tissue regeneration and repair. 
These tissue Treg generation required priming in the second-
ary lymphoid organs to express killer cell lectin-like receptor 
G1 (KLRG1) before reaching the final acquisition of tissue-
specific signatures [34–36]. KLRG1 binds E-cadherin, a key 
component of epithelial intercellular junctions, specifically 
associated with Tregs expressing GATA3, a preferential 
transcription factor expressed by skin Tregs [37]. TACC1 
mice showed comparable frequencies of GATA3+KLRG1+ 
and KLRG1+CD44+ tissue Treg precursors compared to 
IMQ-treated WT mice in the skin-draining LNs (Fig. 5f). 
Thus, genetic ablation of ACC1 in Tregs mainly promoted 
effector Tregs under steady state and psoriatic conditions in 
the skin-draining LNs.

Notably, by day 6, IMQ-treated TACC1 mice displayed 
a significantly higher percentage of Tregs upon stimula-
tion than WT mice (Fig. 6a, b). A Treg/Th17 imbalance 
is associated with higher psoriasis severity [13]. However, 
IMQ-treated WT mice did not show Treg/Th17 and Treg/
Tc17 imbalances on day 6, probably due to a resolution of 
αβ T cell-mediated inflammation by day 6 (Fig. 6c, d). Nev-
ertheless, IMQ-treated TACC1 mice showed tendencies of 
increased Treg/Th17 and Treg/Tc17 ratios compared to WT 
mice (Fig. 6c, d), suggesting ACC1 deficiency promotes 
Treg-mediated immune balance.

Interestingly, IMQ treatment resulted in a signifi-
cant expansion of IL-17A-producing γδ T cells in the 

skin-draining LNs of both WT and TACC1 mice compared 
to the control cream-treated WT mice (Supplementary 
Fig. S2a, b). Thus, this IL-17A-producing T cell population 
might contribute to the low inflammation observed on day 
6 in TACC1 mice (Fig. 1c-f).

In summary, we demonstrated that genetic ablation of 
ACC1-mediated FAS in T cells promotes effector Tregs 
under steady-state conditions. Upon psoriasis development, 
TACC1 mice maintained higher frequencies of effector 
Tregs and limited IFN-γ-producing Th1/Tc1 in skin-draining 
LNs. In IMQ-treated skin, ACC1 deficiency in αβ T cells 
restrains not only IL-17A-producing Th17/Tc17/dysfunc-
tional Treg but also IFN-γ-producing Th1/Tc1 populations 
in the psoriatic skin lesions resulting in attenuated inflam-
mation, thus offering a potential therapeutic target for clini-
cal use.

Discussion

In the current study, we demonstrate that T-cell-specific dele-
tion of ACC1 limits IL-17A-producing Th17/Tc17/dysfunc-
tional Treg and IFN-γ-producing Th1/Tc1 populations and, 
as a result, ameliorated psoriatic skin inflammation. Several 
studies have determined the pathogenic roles of Th17/Th1/
Tc17/Tc1 in psoriasis. However, little is known about how 
to improve their regulation by Tregs [16–21]. We observed 
that effector Treg frequencies were remarkably increased 
in TACC1 mice under homeostasis and maintained during 
psoriasis development. Tregs have been shown to suppress 
the infiltration of Tc and Th cells in preclinical psoriatic 
mouse models, which might partially explain the reduced Tc 
and Th populations in skin lesions observed in IMQ-treated 
TACC1 mice [16, 17]. In particular, ACC1 deficiency in αβ 
T cells limited IL-17A and IFN-γ production by decreasing 
the absolute cell numbers of Th17/Th1/Tc17/Tc1 infiltrating  
in the skin. ACC1 also controlled dysfunctional IL-17A- 
producing Tregs in psoriatic lesions. Furthermore, ACC1 
deletion reduced the frequencies of IFN-γ-producing Tc1 
cells in skin-draining LNs. Taken together, targeting ACC1 
in αβ T cells abolished the IL-17A and IFN-γ-producing αβ 
T cells and promoted effector Tregs to restrain psoriatic skin 
inflammation in the IMQ model.

IMQ rapidly triggers psoriasis development by activat-
ing TLR7 on dendritic cells to produce pro-inflammatory 
cytokines, including IL-23 and IL-1β, without directly pro-
viding specific antigens to be presented through MHCI and 
MHCII. In response, acute IL-17 production is produced 
from innate-like γδ T cells. However, IL-17A can induce 
keratinocytes to express K17, which is abnormally over-
expressed in psoriasis. K17 contains peptides that trigger  
autoreactive T cells. This could lead to the development of  

Fig. 4   Genetic ablation of ACC1 in αβ T cells increases effector Tregs 
in skin-draining LNs during homeostasis. T cells were isolated from 
inguinal LNs under steady-state conditions. (a) Representative flow 
cytometry analysis and frequencies of CD62L+CD44- Naïve T cells, 
CD62L+CD44+ TCM, and CD62L-CD44+ TEM in the skin-draining 
LNs. (b) Representative flow cytometry analysis and percentages of 
Tregs in LNs. (c) Representative flow cytometry analysis and CD44 
and CD25 expression frequencies in Tregs isolated from LNs. (d) 
Representative flow cytometry analysis and CD62L and CD44 expres-
sion percentages in Tregs from LNs. Data was collected from WT 
(n=9) and TACC1 mice (n=6). Error bars represent SD. P-values were 
obtained by t-test
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Fig. 5   Genetic ablation of ACC1 
in αβ T cells increases effector 
Tregs in the skin-draining LNs 
during IMQ-mediated psoriasis. 
T cells were isolated from the 
skin-draining LNs on day 4 of 
the IMQ model, as indicated 
in Fig. 1a. (a) Representa-
tive flow cytometry analysis 
and percentages of Tregs. (b) 
Representative flow cytometry 
analysis and CD44 and CD25 
expression percentages in Tregs. 
(c) Representative flow cytom-
etry analysis and CD62L and 
CD44 expression percentages in 
Tregs. (d) Representative flow 
cytometry analysis of percent-
ages and MFI of CTLA-4 in 
Tregs. (e) Representative flow 
cytometry analysis of percent-
ages and MFI of IL-10 in Tregs. 
(f) Representative flow cytom-
etry analysis and percentages 
of KLRG1, GATA3, and CD44 
expression in Tregs. Data was 
collected from WT (n=6) and 
TACC1 mice (n=13). Error bars 
represent SD. P-values were 
obtained by t-test
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Th1/Th17/Tc1/Tc17 cells [3]. The pro-inflammatory cyto- 
kines produced by these T cells act back on keratinocytes to  
promote their hyperproliferation [3]. Accordingly, keratino-
cytes and T cell cytokine production drive an autoimmune 
loop, resulting in the psoriasis phenotype [3]. Our results 
demonstrated that interfering with FAS in αβ T cells mainly 
affects the early phase of psoriasis induction, suggesting 
the early effect on blocking cytokine production from self-
reactive αβ T cells (Fig. 1). Later on, expanded innate-like 
γδ T cells provide dominant IL-17A production contributing 
to the remaining inflammation observed in the IMQ-treated  
TACC1 mice (Figs. 1 and S2).

Under steady-state conditions, TACC1 mice have higher 
proportions of activated CD44+CD25+ Tregs and effector 
CD62L-CD44+ Tregs in skin-draining LNs that could respond 
rapidly to control inflammation in tissue (Fig. 4) [32, 33]. 
During psoriasis induction, TACC1 mice maintained sig-
nificantly higher proportions of activated CD44+CD25+ 
Tregs and effector CD62L-CD44+ Tregs in skin-draining 
LNs (Fig. 5). They could contribute to suppressing auto-
reactive effector T cells in the initial stage of psoriasis 

induction. In addition to activation status, these Tregs highly 
express CD25 to compete with conventional T cells for the 
uptake of IL-2, limiting the proliferation of the latter [38].  
Furthermore, we demonstrated that these effector Tregs main-
tained in TACC1 mice displayed suppression functions nor-
mally by IL-10 and CTLA-4 (Fig. 5d, e). Thus, TACC1 mice  
may have an initial advantage in controlling inflammation 
due to this predisposed increase in functional effector Tregs 
in skin-draining LNs. After IMQ treatment, TACC1 mice 
also demonstrated a higher percentage of Foxp3+ Tregs in 
the skin-draining LNs than WT mice on day 6 (Fig. 6b). We 
speculated, based on our previous work [24], that an increased 
frequency of Tregs in TACC1 mice could be caused indi-
rectly by the blockade of Th17 differentiation. Nevertheless, 
we did not observe an increased frequency of Tregs in the 
skin nor skin-draining LNs of IMQ-treated TACC1 mice by  
day 4. Therefore, our findings might suggest an alternative 
earlier role of cell-intrinsic FAS in effector Tregs. In addi-
tion, it is well documented that IMQ treatment induces 
acute inflammation in contrast to the chronic inflammation  
observed in psoriasis patients. Th cell levels are reduced on 

Fig. 6   Percentages and cell counts of Tregs in the skin-draining LNs dur-
ing IMQ-mediated inflammation. T cells were isolated from skin-draining 
LNs on day 6, as indicated in Fig. 1a, and stimulated with PMA/Iono-
mycin to determine cytokine expression. (a and b) Representative flow 
cytometry analysis of Treg (CD45+CD3+CD4+Foxp3+) within CD4+ 

T cells frequencies and Treg cell count from skin-draining LNs. Ratios 
of Tregs to Th17 (c) and Tc17 (d). Pooled data from three independent 
experiments. Error bars represent SD. P-values were obtained by one-way 
ANOVA with Kruskal-Wallis-Test
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day 6 in IMQ-mediated skin inflammation from C57BL/6J 
mice, which may limit the effect of increased Treg frequency 
obtained in this study [39]. Therefore, to explore the clinical 
potential of ACC1 inhibition in inflammatory skin disease, in 
the future, we plan to investigate the use of topical inhibitors 
of ACC1 such as Soraphen A (SorA) [24] and its effects on 
human T cells isolated from psoriasis patients.

A possible mechanism to promote Tregs directly by 
ACC1 deletion is interfering with the intracellular level of 
acetyl-CoA. ACC1 catalyzes the carboxylation of acetyl-
CoA to malonyl-CoA. Therefore, ACC1-deletion leads to 
the cytoplasmic accumulation of its substrate, acetyl-CoA 
[40], which, in turn, can be used by the cell for epigenetic 
regulation, such as histone acetylation. Histone acetylation 
catalyzed by CBP/p300 is indispensable for Treg develop-
ment, and acetylation of the Foxp3 protein itself is required 
to prevent ubiquitin-mediated proteasomal degradation 
[41–43]. Quantifying intracellular levels of acetyl-CoA and 
acetylation of Foxp3 and other specific transcription regula-
tors involved in Treg development and function could pro-
vide more insights into the underlying mechanism of ACC1 
inhibition and its clinical application in autoimmune disease.

We have previously demonstrated that de novo FAS 
is required to differentiate Th1 and Th17 [24]. Others  
have demonstrated that ACC1-mediated FAS is essential 
for peripheral Tc cell homeostatic proliferation and antigen- 
specific response upon listeria infection [44]. We further 
uncovered the role of ACC1 in controlling the infiltration of 
Th1/Th17 and Tc1/Th17 in skin autoimmune disease, psoria-
sis. It is well appreciated that cell-intrinsic FAS is indispensa-
ble for the survival of TRM cells, one of the populations of Tc 
cells in the skin under homeostatic conditions [45]. Yet, the 
complete role of cell-intrinsic FAS that is required for TRM 
cell expansion during psoriatic inflammation remains to be 
confirmed by secondary challenge with IMQ. Interestingly, 
genetic ablation of ACC1 inhibited IL-17A-producing Tregs 
in the IMQ-treated skin lesions compared to IMQ-treated WT 
mice (Fig. 3l). Similarly, the ACC1 deficiency also restrained 
IL-17A-producing Th17/Tc17, potentially implying common 
mechanisms by which ACC1-mediated FAS favors the IL-17A 
production in Th17/Tc17 and dysfunctional Treg populations 
(Fig. 3c, e, and l) [46]. Due to the Cre line used here targeting 
αβ T cells, changes in γδ T cells will be considered as indi-
rect regulations by αβ T cells, including Tregs [47]. TACC1 
mice did not show changes to IL-17A-producing γδ T cells, 
which could be mainly responsible for the remaining scaling 
and inflammation. Further studies regarding the regulation of 
IL-17 production from γδ cells and the metabolic processes 
involved would be essential to understand how IL-17A pro-
duction is controlled in γδ T cells. Furthermore, ACC1 is  
required to upregulate IL-22 expression levels in RORγt+ 

innate lymphoid cells (ILC3), which may also promote inflam-
mation in psoriasis [48]. Accordingly, it could be beneficial 
to develop a broad pharmacological ACC1 inhibitor to tar-
get both conventional T cells and ILCs for psoriasis therapy. 
The topical use of SorA as a potential therapeutic agent [24] 
is subject to ongoing experiments. Taken together, our study 
demonstrated that ACC1 deletion in T cells has strong anti-
inflammatory effects in IMQ-induced psoriasis, suggesting 
that pharmacological inhibition of FAS could provide novel 
therapeutic avenues for psoriasis therapy.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00109-​023-​02349-w.

Acknowledgments  We thank the Core facility of Dermatology of the 
University Medical Center of the Johannes Gutenberg-University of 
Mainz for their excellent technical assistance. This work was supported 
by the German Research Foundation (Project Number 246807620, 
SFB156 TPB8 and C5; 490846870, SFB355 TPA4 and B8) to T.S., 
V.K.R.. and L.B.

Author contributions  Conceptualization, T.S.; Investigation, YS.K., 
P.M., A.DL., P.S., G.J.G., L.N.V., B.WB, and F.B.; Resources and 
critical discussion: V.K.R. and L.B.; Writing and Visualization, YS.K., 
F.R., P.M., L.B., and T.S.; Supervision and Project Administration, 
T.S.; Funding Acquisition, T.S.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by the German Research Foundation 
(Deutsche Forschungsgemeinschaft, DFG) SFB156 to T.S. and V.K.R. 
and SFB355 to T.S. and L.B.

Data availability  The datasets generated during and/or analyzed during 
the current study are available from the corresponding author upon 
reasonable request.

Declarations 

Ethics approval  All animal experiments were performed in compli-
ance with the relevant guidelines and regulations for animal welfare by 
the federal state of Rhineland-Palatinate, Germany. Experiments were 
done with approval from the Landesuntersuchungsamt Rheinland-Pfalz 
(individual animal experimentation application no. G19-1-060), and 
efforts were made to minimize the suffering of the mice.

Conflict of interest  The authors state no conflict of interest.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

https://doi.org/10.1007/s00109-023-02349-w
http://creativecommons.org/licenses/by/4.0/


1165Journal of Molecular Medicine (2023) 101:1153–1166	

1 3

References

	 1.	 Albanesi C, Madonna S, Gisondi P, Girolomoni G (2018) The 
interplay between keratinocytes and immune cells in the patho-
genesis of psoriasis. Front Immunol 9:1549. https://​doi.​org/​10.​
3389/​fimmu.​2018.​01549

	 2.	 Griffiths CEM, Armstrong AW, Gudjonsson JE, Barker JNWN 
(2021) Psoriasis. Lancet 397:1301–1315. https://​doi.​org/​10.​1016/​
S0140-​6736(20)​32549-6

	 3.	 Jin L, Wang G (2014) Keratin 17: a critical player in the patho-
genesis of psoriasis. Med Res Rev 34:438–454. https://​doi.​org/​10.​
1002/​med.​21291

	 4.	 Tian D, Lai Y (2022) The Relapse of Psoriasis: Mechanisms and 
Mysteries. JID Innov 2:100116. https://​doi.​org/​10.​1016/j.​xjidi.​
2022.​100116

	 5.	 Lande R, Botti E, Jandus C et al (2014) The antimicrobial peptide 
LL37 is a T-cell autoantigen in psoriasis [published correction 
appears in Nat Commun. 2015;6:6595]. Nat Commun. 5:5621. 
https://​doi.​org/​10.​1038/​ncomm​s6621

	 6.	 Arakawa A, Siewert K, Stöhr J et al (2015) Melanocyte antigen 
triggers autoimmunity in human psoriasis. J Exp Med. 212:2203–
2212. https://​doi.​org/​10.​1084/​jem.​20151​093

	 7.	 Teunissen MBM, Yeremenko NG, Baeten DLP, Chielie S, Spuls PI, 
de Rie MA, Lantz O, Res PCM (2014) The IL-17A-producing CD8 
+ T-cell population in psoriatic lesional skin comprises mucosa-
associated invariant t cells and conventional t cells. J Invest Derma-
tol 134:2898–2907. https://​doi.​org/​10.​1038/​jid.​2014.​261

	 8.	 Gunderson AJ, Mohammed J, Horvath FJ, Podolsky MA, Anderson CR, 
Glick AB (2013) CD8(+) T cells mediate RAS-induced psoriasis-like 
skin inflammation through IFN-γ. J Invest Dermatol. 133(4):955–
963. https://​doi.​org/​10.​1038/​jid.​2012.​390

	 9.	 Harden JL, Johnson-Huang LM, Chamian MF et  al (2015) 
Humanized anti-IFN-γ (HuZAF) in the treatment of psoriasis. J 
Allergy Clin Immunol. 135:553–556. https://​doi.​org/​10.​1016/j.​
jaci.​2014.​05.​046

	10.	 Di Meglio P, Villanova F, Navarini AA et al (2016) Targeting CD8(+) 
T cells prevents psoriasis development. J Allergy Clin Immunol. 
138:274-276.e6. https://​doi.​org/​10.​1016/j.​jaci.​2015.​10.​046

	11.	 Kuniyasu Y, Takahashi T, Itoh M, Shimizu J, Toda G, Sakaguchi S 
(2000) Naturally anergic and suppressive CD25(+)CD4(+) T cells 
as a functionally and phenotypically distinct immunoregulatory 
T cell subpopulation. Int Immunol 12:1145–1155. https://​doi.​org/​
10.​1093/​intimm/​12.8.​1145

	12.	 Sakaguchi S, Yamaguchi T, Nomura T, Ono M (2008) Regulatory 
T Cells and Immune Tolerance. Cell 133:775–787. https://​doi.​org/​
10.​1016/j.​cell.​2008.​05.​009

	13.	 Bovenschen HJ, van de Kerkhof PC, van Erp PE, Woestenenk 
R, Joosten I, Koenen HJ (2011) Foxp3+ regulatory T cells of 
psoriasis patients easily differentiate into IL-17A-producing cells 
and are found in lesional skin. J Invest Dermatol 131:1853–1860. 
https://​doi.​org/​10.​1038/​jid.​2011.​139

	14.	 Mehta H, Mashiko S, Angsana J et al (2021) Differential Changes 
in Inflammatory Mononuclear Phagocyte and T-Cell Profiles 
within Psoriatic Skin during Treatment with Guselkumab vs. 
Secukinumab. J Invest Dermatol. 141:1707-1718.e9. https://​doi.​
org/​10.​1016/j.​jid.​2021.​01.​005

	15.	 Reich K, Armstrong AW, Langley RG et al (2019) Guselkumab 
versus secukinumab for the treatment of moderate-to-severe 
psoriasis (ECLIPSE): results from a phase 3, randomised con-
trolled trial. Lancet 394:831–839. https://​doi.​org/​10.​1016/​S0140-​
6736(19)​31773-8

	16.	 Hartwig T, Zwicky P, Schreiner B et al (2018) Regulatory T Cells 
Restrain Pathogenic T Helper Cells during Skin Inflammation. Cell 
Rep 25:3564-3572.e4. https://​doi.​org/​10.​1016/j.​celrep.​2018.​12.​012​

	17.	 Stockenhuber K, Hegazy AN, West NR et al (2018) Foxp3+ T reg 
cells control psoriasiform inflammation by restraining an IFN-I–
driven CD8+ T cell response. J Exp Med 215:1987–1998. https://​
doi.​org/​10.​1084/​jem.​20172​094

	18.	 Nadeem A, Ahmad SF, Al-Harbi NO, Ibrahim KE, Alqahtani F, 
As Sobeai HM, Alotaibi MR (2020) Inhibition of interleukin-
2-inducible T-cell kinase causes reduction in imiquimod-induced 
psoriasiform inflammation through reduction of Th17 cells and 
enhancement of Treg cells in mice. Biochimie 179:146–156. 
https://​doi.​org/​10.​1016/j.​biochi.​2020.​09.​023

	19.	 Schwarz A, Philippsen R, Schwarz T (2021) Induction of Regu-
latory T Cells and Correction of Cytokine Disbalance by Short-
Chain Fatty Acids: Implications for Psoriasis Therapy. J Invest 
Dermatol 141:95-104.e2. https://​doi.​org/​10.​1016/j.​jid.​2020.​04.​031

	20.	 Shimizu T, Kamata M, Fukaya S, Hayashi K, Fukuyasu A, Tanaka 
T, Ishikawa T, Ohnishi T, Tada Y (2019) Anti-IL-17A and IL-23p19 
antibodies but not anti-TNFα antibody induce expansion of regula-
tory T cells and restoration of their suppressive function in imiqui-
mod-induced psoriasiform dermatitis. J Dermatol Sci 95:90–98. 
https://​doi.​org/​10.​1016/j.​jderm​sci.​2019.​07.​006

	21.	 Sugiyama H, Gyulai R, Toichi E, Garaczi E, Shimada S, Stevens 
SR, McCormick TS, Cooper KD (2005) Dysfunctional Blood and 
Target Tissue CD4 + CD25 high Regulatory T Cells in Psoriasis: 
Mechanism Underlying Unrestrained Pathogenic Effector T Cell 
Proliferation. J Immunol 174:164–173. https://​doi.​org/​10.​4049/​
jimmu​nol.​174.1.​164

	22.	 Almeida L, Dhillon-LaBrooy A, Carriche G, Berod L, Sparwasser T 
(2021) CD4+ T-cell differentiation and function: Unifying glycolysis, 
fatty acid oxidation, polyamines NAD mitochondria. J Allergy Clin 
Immunol. 148:16–32. https://​doi.​org/​10.​1016/j.​jaci.​2021.​03.​033

	23.	 Almeida L, Lochner M, Berod L, Sparwasser T (2016) Metabolic 
pathways in T cell activation and lineage differentiation. Semin 
Immunol 28:514–524. https://​doi.​org/​10.​1016/j.​smim.​2016.​10.​009

	24.	 Berod L, Friedrich C, Nandan A et al (2014) De novo fatty acid 
synthesis controls the fate between regulatory T and T helper 17 
cells. Nat Med 20:1327–1333. https://​doi.​org/​10.​1038/​nm.​3704

	25.	 Mao J, DeMayo FJ, Li H, Abu-Elheiga L, Gu Z, Shaikenov TE, 
Kordari P, Chirala SS, Heird WC, Wakil SJ (2006) Liver-specific 
deletion of acetyl-CoA carboxylase 1 reduces hepatic triglyceride 
accumulation without affecting glucose homeostasis. Proc Natl 
Acad Sci U S A 103:8552–8557. https://​doi.​org/​10.​1073/​pnas.​
06031​15103

	26.	 Lim SA, Wei J, Nguyen TLM et  al (2021) Lipid signalling 
enforces functional specialization of Treg cells in tumours. Nature 
591:306–311. https://​doi.​org/​10.​1038/​s41586-​021-​03235-6

	27.	 Gerriets VA, Kishton RJ, Johnson MO et al (2016) Foxp3 and 
Toll-like receptor signaling balance T reg cell anabolic metabo-
lism for suppression. Nat Immunol 17:1459–1466. https://​doi.​org/​
10.​1038/​ni.​3577

	28.	 Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H (2013) 
MTORC1 couples immune signals and metabolic programming 
to establish T reg-cell function. Nature 499:485–490. https://​doi.​
org/​10.​1038/​natur​e12297

	29.	 Moos S, Mohebiany AN, Waisman A, Kurschus FC (2019) 
Imiquimod-Induced Psoriasis in Mice Depends on the IL-17 
Signaling of Keratinocytes. J Invest Dermatol 139:1110–1117. 
https://​doi.​org/​10.​1016/j.​jid.​2019.​01.​006

	30.	 Flutter B, Nestle FO (2013) TLRs to cytokines: Mechanistic 
insights from the imiquimod mouse model of psoriasis. Eur J 
Immunol 43:3138–3146. https://​doi.​org/​10.​1002/​eji.​20134​3801

	31.	 van der Fits L, Mourits S, Voerman JSA et al (2009) Imiquimod-
Induced Psoriasis-Like Skin Inflammation in Mice Is Mediated 
via the IL-23/IL-17 Axis. J Immunol 182:5836–5845. https://​doi.​
org/​10.​4049/​jimmu​nol.​08029​99

https://doi.org/10.3389/fimmu.2018.01549
https://doi.org/10.3389/fimmu.2018.01549
https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.1002/med.21291
https://doi.org/10.1002/med.21291
https://doi.org/10.1016/j.xjidi.2022.100116
https://doi.org/10.1016/j.xjidi.2022.100116
https://doi.org/10.1038/ncomms6621
https://doi.org/10.1084/jem.20151093
https://doi.org/10.1038/jid.2014.261
https://doi.org/10.1038/jid.2012.390
https://doi.org/10.1016/j.jaci.2014.05.046
https://doi.org/10.1016/j.jaci.2014.05.046
https://doi.org/10.1016/j.jaci.2015.10.046
https://doi.org/10.1093/intimm/12.8.1145
https://doi.org/10.1093/intimm/12.8.1145
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1038/jid.2011.139
https://doi.org/10.1016/j.jid.2021.01.005
https://doi.org/10.1016/j.jid.2021.01.005
https://doi.org/10.1016/S0140-6736(19)31773-8
https://doi.org/10.1016/S0140-6736(19)31773-8
https://doi.org/10.1016/j.celrep.2018.12.012​
https://doi.org/10.1084/jem.20172094
https://doi.org/10.1084/jem.20172094
https://doi.org/10.1016/j.biochi.2020.09.023
https://doi.org/10.1016/j.jid.2020.04.031
https://doi.org/10.1016/j.jdermsci.2019.07.006
https://doi.org/10.4049/jimmunol.174.1.164
https://doi.org/10.4049/jimmunol.174.1.164
https://doi.org/10.1016/j.jaci.2021.03.033
https://doi.org/10.1016/j.smim.2016.10.009
https://doi.org/10.1038/nm.3704
https://doi.org/10.1073/pnas.0603115103
https://doi.org/10.1073/pnas.0603115103
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/ni.3577
https://doi.org/10.1038/ni.3577
https://doi.org/10.1038/nature12297
https://doi.org/10.1038/nature12297
https://doi.org/10.1016/j.jid.2019.01.006
https://doi.org/10.1002/eji.201343801
https://doi.org/10.4049/jimmunol.0802999
https://doi.org/10.4049/jimmunol.0802999


1166	 Journal of Molecular Medicine (2023) 101:1153–1166

1 3

	32.	 Arpaia N, Green JA, Moltedo B, Arvey A, Hemmers S, Yuan S, 
Treuting PM, Rudensky AY (2015) A Distinct Function of Regu-
latory T Cells in Tissue Protection. Cell 162:1078–1089. https://​
doi.​org/​10.​1016/j.​cell.​2015.​08.​021

	33.	 Bollyky PL, Falk BA, Long SA, Preisinger A, Braun KR, Wu RP, 
Evanko SP, Buckner JH, Wight TN, Nepom GT (2009) CD44 
costimulation promotes FoxP3+ regulatory T cell persistence and 
function via production of IL-2, IL-10, and TGF-beta. J Immunol 
183:2232–2241. https://​doi.​org/​10.​4049/​jimmu​nol.​09001​91

	34.	 Miragaia RJ, Gomes T, Chomka A et al (2019) Single-Cell Tran-
scriptomics of Regulatory T Cells Reveals Trajectories of Tissue 
Adaptation. Immunity 50:493-504.e7. https://​doi.​org/​10.​1016/j.​
immuni.​2019.​01.​001

	35.	 Spath S, Roan F, Presnell SR, Höllbacher B, Ziegler SF (2022) 
Profiling of Tregs across tissues reveals plasticity in ST2 expres-
sion and hierarchies in tissue-specific phenotypes.  iScience 
25:104998. https://​doi.​org/​10.​1016/j.​isci.​2022.​104998

	36.	 Meinicke H, Bremser A, Brack M, Schrenk K, Pircher H, Izcue A 
(2017) KLRG1 impairs regulatory T-cell competitive fitness in the 
gut. Immunology 152:65–73. https://​doi.​org/​10.​1111/​imm.​12749

	37.	 Schiering C, Krausgruber T, Chomka A et al (2014) The alarmin 
IL-33 promotes regulatory T-cell function in the intestine. Nature 
513:564–568. https://​doi.​org/​10.​1038/​natur​e13577

	38.	 Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, 
Gasteiger G, Feng Y, Fontenot JD, Rudensky AY (2016) An 
essential role for the IL-2 receptor in Treg cell function. Nat Immu-
nol 17:1322–1333. https://​doi.​org/​10.​1038/​ni.​3540

	39.	 Swindell WR, Michaels KA, Sutter AJ et al (2017) Imiquimod 
has strain-dependent effects in mice and does not uniquely model 
human psoriasis. Genome Med 9:24. https://​doi.​org/​10.​1186/​
s13073-​017-​0415-3

	40.	 Rios Garcia M, Steinbauer B, Srivastava K, Singhal M, Mattijssen 
F, Maida A, Christian S, Hess-Stumpp H, Augustin HG, Müller-
Decker K et al (2017) Acetyl-CoA Carboxylase 1-Dependent Pro-
tein Acetylation Controls Breast Cancer Metastasis and Recur-
rence. Cell Metab 26:842-855.e5. https://​doi.​org/​10.​1016/j.​cmet.​
2017.​09.​018

	41.	 Kwon HS, Lim HW, Wu J, Schnölzer M, Verdin E, Ott M (2012) 
Three novel acetylation sites in the Foxp3 transcription factor 
regulate the suppressive activity of regulatory T cells. J Immunol 
188:2712–2721. https://​doi.​org/​10.​4049/​jimmu​nol.​11009​03

	42.	 Li J, Xu B, He M, Zong X, Cunningham T, Sha C, Fan Y, Cross R, 
Hanna JH, Feng Y (2021) Control of Foxp3 induction and mainte-
nance by sequential histone acetylation and DNA demethylation. 
Cell Rep 37:110124. https://​doi.​org/​10.​1016/j.​celrep.​2021.​110124

	43.	 van Loosdregt J, Fleskens V, Fu J, Brenkman AB, Bekker CP, 
Pals CE, Meerding J, Berkers CR, Barbi J, Gröne A et al (2013) 
Stabilization of the transcription factor Foxp3 by the deubiquit-
inase USP7 increases Treg-cell-suppressive capacity. Immunity 
39:259–271. https://​doi.​org/​10.​1016/j.​immuni.​2013.​05.​018

	44.	 Lee J, Walsh MC, Hoehn KL, James DE, Wherry EJ, Choi Y 
(2014) Regulator of fatty acid metabolism, acetyl coenzyme a 
carboxylase 1, controls T cell immunity. J Immunol 192(7):3190–
3199. https://​doi.​org/​10.​4049/​jimmu​nol.​13029​85

	45.	 O'Sullivan D, van der Windt GJ, Huang SC, Curtis JD, Chang CH, 
Buck MD, Qiu J, Smith AM, Lam WY, DiPlato LM et al (2014) 
Memory CD8(+) T cells use cell-intrinsic lipolysis to support the 
metabolic programming necessary for development [published 
correction appears in Immunity. 49(2):375-376]. Immunity 41:75-
88. 2018 Aug 21. https://​doi.​org/​10.​1016/j.​immuni.​2014.​06.​005

	46.	 Endo Y, Asou HK, Matsugae N, Hirahara K, Shinoda K, Tumes 
DJ, Tokuyama H, Yokote K, Nakayama T (2015) Obesity Drives 
Th17 Cell Differentiation by Inducing the Lipid Metabolic Kinase, 
ACC1. Cell Rep 12:1042–1055. https://​doi.​org/​10.​1016/j.​celrep.​
2015.​07.​014

	47.	 Sharma S, Zhu J (2014) Immunologic applications of conditional 
gene modification technology in the mouse. Curr Protoc Immunol 
105:10.34.1–10.34.13. https://​doi.​org/​10.​1002/​04711​42735.​im103​4s105

	48.	 Mamareli P, Kruse F, Lu CW, Guderian M, Floess S, Rox K, Allan 
DSJ, Carlyle JR, Brönstrup M, Müller R, Berod L, Sparwasser T, 
Lochner M (2021) Targeting cellular fatty acid synthesis limits T 
helper and innate lymphoid cell function during intestinal inflam-
mation and infection. Mucosal Immunol 14:164–176. https://​doi.​
org/​10.​1038/​s41385-​020-​0285-7

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.4049/jimmunol.0900191
https://doi.org/10.1016/j.immuni.2019.01.001
https://doi.org/10.1016/j.immuni.2019.01.001
https://doi.org/10.1016/j.isci.2022.104998
https://doi.org/10.1111/imm.12749
https://doi.org/10.1038/nature13577
https://doi.org/10.1038/ni.3540
https://doi.org/10.1186/s13073-017-0415-3
https://doi.org/10.1186/s13073-017-0415-3
https://doi.org/10.1016/j.cmet.2017.09.018
https://doi.org/10.1016/j.cmet.2017.09.018
https://doi.org/10.4049/jimmunol.1100903
https://doi.org/10.1016/j.celrep.2021.110124
https://doi.org/10.1016/j.immuni.2013.05.018
https://doi.org/10.4049/jimmunol.1302985
https://doi.org/10.1016/j.immuni.2014.06.005
https://doi.org/10.1016/j.celrep.2015.07.014
https://doi.org/10.1016/j.celrep.2015.07.014
https://doi.org/10.1002/0471142735.im1034s105
https://doi.org/10.1038/s41385-020-0285-7
https://doi.org/10.1038/s41385-020-0285-7

	Targeting ACC1 in T cells ameliorates psoriatic skin inflammation
	Abstract 
	Key messages 
	Introduction
	Materials and methods
	Mice
	IMQ-induced psoriasis mouse model
	Skin digestion protocol
	Flow cytometry
	Histology
	Statistical analysis

	Results
	Genetic ablation of ACC1 in αβ T cells attenuates skin inflammation in the IMQ model
	ACC1 deficiency restrains IL-17A and IFN-γ producing cells induced in the IMQ model
	ACC1 deletion in T cells increases effector tregs under steady-state and psoriatic conditions

	Discussion
	Anchor 17
	Acknowledgments 
	References


