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ABSTRACT

Although autoimmunity driven by dendritic cells (DCs) and CD8+ T cells plays a central role in the destruction
of melanocytes during vitiligo, effective treatments are scarce due to the lack of approaches that simultaneously
address both cell populations. We investigated the link between the immunoregulatory metabolite itaconate and
vitiligo progression by measuring serum itaconate concentrations in patients with vitiligo and tracking
depigmentation in Acodl knockout (KO) mice, which lack endogenous itaconate production. We then tested the
therapeutic potential of the itaconate derivative dimethyl itaconate (DI) in mouse models of the disease and
examined its impact on the recruitment and functional activity of cutaneous DCs and CD8+ T cells both in vivo
and ex vivo. Gene expression profiles and involved signaling pathways were also analyzed in DI-exposed CD8+
T cells. Patients with vitiligo displayed increased levels of circulating itaconate. In contrast, itaconate deficiency
in Acodl KO mice led to faster depigmentation following disease induction. Treatment with DI effectively
prevented vitiligo progression and supported repigmentation, accompanied by higher systemic itaconate, greater
melanocyte numbers, and lower densities of skin-infiltrating CD8+ T cells. At the cellular level, DI suppressed
CD8+ T cell activation (CD69), effector cytokine production (IFN-y), cytotoxic capacity (Gzmb), proliferation,
and expression of proinflammatory genes (Csf1, Ifitm1, CD49a, NKG2D, and NKG2A), at least in part through
inhibition of the JAK-STAT signaling pathway. Additionally, DI reduced the infiltration of DCs into the skin and
decreased the proportion of DCs exhibiting mature and migratory characteristics. These results highlight DI as a
small-molecule derivative of an endogenous metabolite that safeguards against autoimmune damage by
simultaneously modulating DC and CD8+ T cell responses. This dual-targeting mechanism offers a compelling
therapeutic avenue for vitiligo and potentially other organ-specific autoimmune conditions.
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Introduction

Vitiligo represents a classic autoimmune skin disorder marked by progressive, treatment-resistant depigmentation
that affects 0.5%-2% of people globally [1-4]. It is widely accepted that autoreactive CD8+ T cells serve as the
primary mediators of disease development [1-3]. This concept originated from initial findings showing heavy
CDS8" T cell accumulation in the dermis and epidermis of perilesional areas, along with the ability of melanocyte-
targeted cytotoxic CD8" T cells to destroy melanocytes in laboratory settings [1, 5, 6]. In vitiligo lesions, IFN-y
released by CD8" T cells stimulates nearby keratinocytes and fibroblasts to produce chemokines through the IFN-
vy receptor-Janus kinase (JAK) signaling cascade. This process creates a self-perpetuating inflammatory cycle that
draws in additional CD8+ T cells [1]. Multiple recent clinical studies have shown that JAK inhibitors (JAKi),
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which interrupt this IFN-y—chemokine pathway and thereby limit CD8+ T cell recruitment, produce positive
therapeutic outcomes [7, 8]. These results underscore the value of addressing the CD8+ T cell-driven autoimmune
process in vitiligo management.

Dendritic cells (DCs) act as key upstream controllers that direct melanocyte-specific CD8" T cell immunity in
vitiligo through antigen cross-presentation and priming of CD8" T cells within the dermis [9]. Furthermore,
vitiligo patients exhibit higher DC counts and elevated proinflammatory cytokines from DCs in both blood and
perilesional skin [10-12]. Supporting data from animal studies demonstrate vitiligo onset following transfer of
premelanosome protein (PMEL)-loaded dendritic cells together with PMEL-specific CD8+ T cells [13, 14].
Blocking DC activity [12] has proven highly effective in murine vitiligo models. Nevertheless, DC suppression
by itself is insufficient to control already activated CD8+ T cells, while direct CD8+ T cell inhibition does not
stop ongoing DC-mediated priming that maintains T cell activity. Therefore, combined approaches that
simultaneously modulate DC and CD8+ T cell adaptive immune responses are essential for stronger suppression
of autoimmunity, yet such strategies remain undeveloped for vitiligo.

Growing awareness of metabolites that possess immune-modulating capabilities is transforming approaches to
autoimmune disease therapy [15]. Itaconate is generated in activated macrophages during metabolic shifts via
decarboxylation of cis-aconitate by the enzyme cis-aconitate decarboxylase 1 (Acodl, also called immune-
responsive gene 1 or Irgl) [16, 17]. In clinical settings, raised endogenous itaconate concentrations occur during
early sepsis [18], indicating its potential function as a metabolic modulator of autoimmune and inflammatory
conditions and as a possible indicator of disease activity. Itaconate exhibits strong anti-inflammatory actions. To
explore its pathways, investigators frequently employ membrane-permeable ester forms such as dimethyl
itaconate (DI) or 4-octyl itaconate (Ol) [17, 19]. Research with these compounds reveals that itaconate curbs
inflammation by engaging the nuclear factor erythroid-2 related factor 2 (Nrf2) pathway [20], blocking
inflammasome assembly [21], and inhibiting the NF-kB pathway [22] in macrophages. Administration of
itaconate or its analogs has reduced immune activity in models of macrophage-associated autoimmune and
inflammatory disorders [17, 23]. Importantly, although these derivatives mimic itaconate structurally, emerging
evidence suggests they do not always replicate its full biological impact, emphasizing the importance of clear
differentiation [19]. Considering its robust anti-inflammatory capabilities, we examined whether itaconate or its
derivatives might limit autoimmune progression in vitiligo by concurrently affecting DC and CD8+ T cell
activities.

To explore the contributions of itaconate and its derivative DI to vitiligo onset and therapy, we utilized
complementary approaches involving Acodl gene deficiency and DI administration in mice, followed by analysis
of DI’s influence on skin infiltration and activity of dendritic cells and CD8+ T cells in living animals and isolated
cell cultures.

Materials and Methods

Participant enrollment

Individuals with a clinical diagnosis of active or stable vitiligo were recruited from the Department of
Dermatology at Xijing Hospital, Fourth Military Medical University. Patients were assigned to the active vitiligo
category if they met any of these conditions: 1) appearance of new lesions or clear expansion of existing ones in
the previous 6 months [24], 2) Koebner’s phenomenon, 3) confetti-like depigmentation, or 4) trichrome sign [25,
26]. Patients whose lesions showed no change for over 6 months were included in the stable group to confirm
disease stability [24]. Exclusion criteria encompassed any history of other inflammatory, autoimmune, or
infectious illnesses, as well as use of topical or systemic treatments or narrow band-UVB therapy in the 3 months
before sample collection. Age- and sex-matched healthy controls were enrolled from the Health Management
Center of Xijing Hospital.

Animals and animal care

C57BL/6 mice were obtained from Hunan Slaccas Laboratory Animal Company. Acodl homozygous knockout
(Acodl1 KO) mice were produced by breeding C57BL/6 N-Acodlemlcyagen (Acodl+, stock no. KOCMP-16365-
Acod1-B6N-VA) mice acquired from Cyagen Biosciences. Genotyping of Acodl KO mice and their wild-type
littermates  was performed using primers F1-TGTTACAGTCAGAGATGGAGAGG, R1-
CACACACAGCAGCTCACAGTAG, and R2-TGTGTCAGGTACGGTAATGAGTG with PCR conditions: 94
°C for 3 min; followed by 33 cycles of 94 °C for 30 s, 62 °C for 35s, 72 °C for 35 s; and a final extension at 72
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°C for 5 min. Products were separated on 2% agarose gels (Sigma-Aldrich), producing a 670 bp band for
homozygous knockouts, a 464 bp band for wild-type, and both bands for heterozygotes. KRT14-Kitl4XTG2Bjl
mice (Krt14-Kitl, also known as stem cell factor (SCF) transgenic mice) and PMEL T cell receptor (TCR)
transgenic mice were sourced from The Jackson Laboratory. All animals were maintained in the laboratory animal
facility of Fourth Military Medical University under specific pathogen-free conditions with free access to food
and water, on a 12-h light-dark cycle at 22-25 °C and 50-55% humidity. Littermates of matching sex or same-
batch purchased mice were randomly allocated to study groups.

Induction of vitiligo in mice

Two established vitiligo models were employed to assess the impact of itaconate derivatives on disease
progression and repigmentation. The melanoma-associated vitiligo model was generated following previously
published protocols [4, 27, 28]. This approach mirrors human vitiligo by combining B16F10 melanoma cell
injection, surgical tumor removal, and CD4+ Treg depletion to activate host autoreactive cytotoxic CD8+ T cells
against melanocytes. Briefly, 6-8-week-old mice received intradermal injection of 2 x 10° B16F10 melanoma
cells into the left flank on day 0. CD4-depleting antibodies (200 pug per 20 g body weight) were administered
intraperitoneally on days 4 and 10. Primary tumors were excised surgically on day 12. No spontaneous metastases
were detected, and animals with tumor regrowth after surgery (< 2%) were removed from the study. Five weeks
after induction, vitiligo development was evaluated by whole-mount immunofluorescence staining of tail
epidermis to count melanocytes and CD8+ T cells. Mice that developed vitiligo (roughly 75% as reported
previously [28]) and showed CD8+ T cell infiltration in tail epidermis [4, 28, 29] were selected for further
experiments. Non-induced mice served as controls, and animals with confirmed vitiligo were randomly divided
into treatment or vehicle groups. Tail skin was chosen for assessment because melanocytes reside in both the
epidermis and hair follicles there, closely resembling human skin, unlike dorsal skin where they are confined to
hair follicles [4]. Tail depigmentation thus served as the primary indicator of vitiligo.

The adoptive transfer vitiligo model was established as described earlier [30]. Naive CD8+ T cells from PMEL
TCR transgenic mouse spleens were isolated by magnetic negative selection (Miltenyi Biotec). These purified
cells (10”6 per recipient) were injected retro-orbitally into 10-12-week-old SCF transgenic hosts. One day prior
to transfer, recipient mice received sublethal y-irradiation (5.192 Gy) and were given an intraperitoneal injection
of 1 x 108 pfu recombinant vaccinia virus expressing PMEL antigen (Genechem) on the day of T cell transfer.

In vivo treatment experiments

Mice in the established vitiligo model received intraperitoneal injections starting five weeks after melanoma cell
implantation. Each animal was given 20 mg of dimethyl itaconate (DI; Sigma Aldrich) suspended in 400 ul of
sterile phosphate-buffered saline (PBS), or 50 mg/kg of 4-octyl itaconate (Ol; MedChemExpress) formulated in
40% hydroxypropyl-beta-cyclodextrin dissolved in PBS, or PBS alone as the control. These treatments were
administered five days per week over five successive weeks. Following completion of the treatment course,
animals were euthanized, and tissues including spleen, draining lymph nodes, peripheral blood, and tail skin were
collected for flow cytometry assessments. Serum samples were isolated to quantify circulating itaconate levels.
To eliminate bias, both sample harvesting and subsequent data interpretation were conducted in a blinded manner,
with investigators and analysts unaware of the treatment assignments.

For long-term repigmentation evaluation, mice with SCF-driven vitiligo (induced 24 weeks prior) underwent
intraperitoneal DI administration at 20 mg per mouse, five times weekly, continuing for a full 24 weeks. Tail skin
pigmentation status was documented with photographs at designated time points, and the surface area of
depigmented regions was measured quantitatively using ImageJ software.

Preparation of human peripheral blood mononuclear cells (PBMCs) and serum samples

PBMCs were separated from 30 mL venous blood samples obtained from individuals with active vitiligo or
matched healthy donors employing Lymphoprep density gradient medium (Dakewe) as outlined by the supplier.
Serum fractions were generated by spinning fresh whole blood from human subjects or experimental mice at 2500
rpm for 5 minutes at 4 °C, followed by rapid freezing in liquid nitrogen. All serum specimens were kept at —80
°C for long-term storage. Immediately prior to experimental use, samples were shifted to —20 °C for 20 minutes
and subsequently thawed gradually on ice to preserve integrity and limit breakdown.

Preparation of murine single cell suspensions
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Excised tail skin specimens underwent initial enzymatic digestion using Dispase Il solution (2.5 mg/ml, Sigma
Aldrich) for 1 hour at 37 °C. The epidermal layer was carefully detached and gently disrupted by passage through
a 40 pm cell strainer (BD Falcon). The underlying dermal tissue was further processed with collagenase IV (1
mg/ml, Sigma Aldrich) combined with deoxyribonuclease | (2 mg/ml, Sigma Aldrich) for 1 hour at 37 °C, then
mechanically dissociated using the same 40 pm strainer. Skin-draining lymph nodes and spleens were dissociated
by physical disruption across 70 um filters. Erythrocytes present in spleen cell preparations were eliminated with
ACK lysis buffer (Thermo Fisher Scientific). Final cell suspensions were filtered twice to ensure high-purity
single-cell isolates.

Cell culture, stimulation, and treatment

B16F10 melanoma cells (ATCC CRL-6475) were propagated in high-glucose DMEM (Gibco) enriched with 10%
fetal bovine serum (Pricella) and 1% penicillin-streptomycin mixture (Solarbio) for short-term use in in vivo
tumor induction. All other primary and cell line cultures were grown in RPMI-1640 base medium containing 10%
FBS and 1% penicillin-streptomycin, with adjustments tailored to individual assay requirements. Human PBMCs,
murine splenocytes, lymph node-derived cells, and skin cell isolates were plated at densities of 1-2 x 10 cells per
mL in 24- or 96-well formats for functional testing. THP-1 monocytic cells were first differentiated into
macrophages and then placed in Transwell inserts for co-culture assays involving T lymphocytes.

Optimal DI dosing for ex vivo work [22] was established by exposing PBMCs from active vitiligo patients and
splenocytes from disease-model mice to a range of DI concentrations for three days, after which viability was
evaluated by CCK-8 assay following the vendor’s guidelines (7 Sea Biotech). A concentration of 250 uM DI was
selected for the majority of follow-up experiments unless specified differently.

DC maturation status was investigated by pre-incubating whole blood from vitiligo patients with DI for 18 hours
prior to an 8-hour challenge with 1 pg/mL lipopolysaccharide (LPS; Thermo Fisher). Erythrocytes were
subsequently lysed using ACK buffer (Thermo Fisher) before proceeding to flow cytometry.

IL-12 secretion by DCs was quantified after pre-treating lymph node cell suspensions with DI for 18 hours (seeded
at 2 x 10 cells in 500 pL medium per well), followed by combined stimulation with 10 ng/mL IFN-y (BioLegend)
and 1 pg/mL LPS for 16 hours. Brefeldin A (eBioscience) was included during the terminal 6 hours to retain
intracellular cytokines for flow cytometric detection.

Assessment of CD8+ T cell activation markers and cytokine release involved pretreating PBMCs, skin-derived
single cells, or mouse splenocytes with DI for 18 hours, then activating them either with a commercial cell
stimulation cocktail (Cat#423304, BioLegend) for 6 hours or anti-human CD3/CD28 beads (T&L Biological
Technology) for 24 hours. To examine direct actions on CD8+ T cells specifically, these lymphocytes were
positively selected from patient PBMCs with a CD8a+ T Cell Isolation Kit (Miltenyi Biotec) per manufacturer
instructions. Parallel comparisons included treatment with 0.25 or 5 mM itaconate (GLPBIO), 0.05 mM dimethyl
fumarate (GLPBIO), and 7.5 mM sulforaphane (GLPBIO), all prepared according to established methods [19, 22,
31]. Treated PBMCs underwent 18-hour compound exposure, 6-hour activation, and subsequent flow analysis.
Purified human CD8" T cells (isolated via Miltenyi magnetic beads) were used to study STAT signaling. Cells
received DI pretreatment for 16-24 hours, followed by stimulation with anti-CD3/CD28 beads plus 100 ng/mL
IL-2 (PeproTech) for 30 minutes to evaluate phosphorylation, or extended stimulation (1-2 hours) for Western
blotting of total STAT proteins. JAK phosphorylation was measured after 10 minutes of stimulation in similarly
pretreated cells.

Flow cytometry

Viability staining was performed with Zombie Fixable Viability Dye (BioLegend) to gate out non-viable cells.
Nonspecific binding was prevented by 15-minute room-temperature incubation with TruStain FcX blocking
reagent (anti-mouse or anti-human CD16/32; BioLegend). Surface antigens on DCs, CD8+ T cells, and
macrophages were labeled for 30 minutes at 4 °C using fluorophore-conjugated antibodies (BioLegend unless
noted). The panel included mouse antibodies targeting CD45 (13/2.3), CD3 (145-2C11), CD11c (N418), CD11b
(M1/70), CCR7 (4B12), MHCII (M5/114.15.2, eBioscience), CD80 (16-10A1), CD86 (GL-1), CD8a (53-6.7),
CD69 (H1.2F3), NKG2AB6 (16A11), CD49a (HMal), and F4/80 (QA17A29); and human antibodies for CD11c
(3.9), CD11b (M1/70), CD14 (HCD14), CD15 (W6D3), CD16 (3G8), CD56 (MEM188), CD68 (Y1/82A), CD80
(W17149D), CD86 (BU63), HLA-DR (L243), CD8a (RPA-T8), and CD69 (FN50).

Intracellular proteins were detected after fixation/permeabilization with the FOXP3/Transcription Factor Buffer
Set (eBioscience) using antibodies specific for mouse IFN-y (XMG1.2), human IFN-y (4S.B3), granzyme B
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(QA16A02 for human/mouse), and CD68 (Y1/82A, Elabscience). Acquisition occurred on a BD LSR Fortessa
cytometer, with data processed in FlowJo (Tree Star).

For phosphoprotein analysis, cells were fixed in 2% paraformaldehyde for 15 min at 37 °C, permeabilized in 90%
ice-cold methanol for 30 min, and stained for CD8 together with phospho-STAT1 (A15158B), phospho-STAT3
(13A3-1), and phospho-STATS5 (SRBCZX, eBioscience). All analyses were restricted to live singlet populations,
with appropriate isotype controls defining gate boundaries.

Macrophage and T-cell coculture

Co-culture experiments utilized a 0.4 um pore Transwell system (Corning, 24-well format). THP-1 cells (1 x 10°
per well) — either wild-type or Acodl knockout variants (Cyagen SKO-1356-1B12) — were differentiated into
MO macrophages in the bottom compartment by 24-hour exposure to 100 ng/mL phorbol 12-myristate 13-acetate
(PMA) at 37 °C in 5% COs.. Polarization toward the M1 state and itaconate synthesis were induced by subsequent
24-hour treatment with 20 ng/mL IFN-y plus 100 ng/mL LPS. In selected rescue conditions, Acodl KO
macrophages received supplemental 5 mM itaconate during this polarization phase. Following polarization, 2 x
1076 pre-activated CD8" T cells (stimulated for 24 hours with CD3/CD28 antibodies) were introduced into the
upper chamber insert for 24-hour co-incubation. At the conclusion, CD8* T cells were recovered from the insert
for flow cytometric characterization.

Whole-mount immunofluorescence

Tail skin tissues harvested from vitiligo mice across experimental conditions (pre- and post-treatment) were
processed as whole mounts. Epidermis-dermis separation was achieved with 20 mM EDTA incubation. Epidermal
sheets were cleared of sebaceous glands using a stereomicroscope, fixed briefly in 4% paraformaldehyde (10 min),
rinsed, treated with 0.3% hydrogen peroxide in methanol (20 min at —20 °C), washed in PBS, and blocked for 1
hour (2% donkey serum, 1% bovine serum albumin, 0.3% Triton X-100 in PBS). Overnight incubation at 4 °C
was performed with primary antibodies to CD8 (Abcam ab22378, 1:200) and MelanA (Abcam ab210546, 1:200).
After thorough washing, secondary antibodies and DAPI (1:1000) were applied for 8 hours at 4 °C. Samples were
mounted in 50% glycerol and visualized on a Zeiss LSM 880 confocal microscope using a 10x objective. Z-stack
images (512 x 512 resolution) were captured and quantified following previously reported protocols [4] with
Imaris 3D analysis software (Bitplane).

Determination of itaconate by liquid chromatograph-mass spectrometer (LC—MS)
A comprehensive description of the LC-MS protocol used for itaconate quantification is available in Additional
file 1: Supplementary methods.

RNA-seq analysis

Purified CD8+ T cells underwent bulk RNA sequencing. These cells were isolated magnetically (Cat#130-117-
044, Miltenyi Biotec) from skin-draining lymph nodes of wild-type mice as well as PBS- or DI-treated vitiligo
animals at the 11-week time point. RNA extraction was carried out with TRIzol reagent (Invitrogen). Sequencing
libraries were prepared and run on the DNBSEQ platform (BGI-NGS-JK-RNA-007 A0, BGI Genomics). Data
processing and analysis were conducted using the BGI Dr.Tom online platform
(https://biosys.bgi.com/#/report/login).  Differentially expressed genes were identified with the DEGseq
algorithm, applying cutoffs of log2 fold change greater than 1 and false discovery rate below 0.05.

Publicly available single-cell RNA-seq datasets from vitiligo patient skin [4, 32] and peripheral blood [33, 34]
were re-examined through the Omicsmart interactive web tool.

Western blot analysis

Human CD8+ T cells isolated by magnetic selection were lysed in RIPA buffer supplemented with 2% protease
inhibitor cocktail (Roche) and boiled at 95 °C for 5 minutes. Lysates were clarified by centrifugation at 14,000
rpm for 10 minutes at 4 °C, after which supernatants were used for electrophoresis. Proteins were separated on
8% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes using a wet transfer apparatus.
Membranes were blocked with 5% (w/v) non-fat dry milk in TBS-Tween for 1 hour at room temperature. Primary
antibodies were applied at 1:1000 dilution overnight at 4 °C, followed by incubation with appropriate horseradish
peroxidase-linked secondary antibodies. The primary antibodies included anti-p-JAK1 (Abcam, Cat#138005),
anti-JAK1 (Proteintech, Cat#66466-1-1g), anti-p-JAK2 (Cell Signaling Technology, Cat#3776), anti-JAK2 (Cell

303



Hassan et al., Dimethyl Itaconate Attenuates Dendritic Cell and CD8+ T Cell Responses to Prevent Vitiligo Progression

Signaling Technology, Cat#3230), anti-p-JAK3 (Cell Signaling Technology, Cat#5031), anti-JAK3 (Cell
Signaling Technology, Cat#8827), anti-p-STAT1 (Cell Signaling Technology, Cat#7649), anti-STAT1 (Cell
Signaling Technology, Cat#14994), anti-p-STAT3 (Cell Signaling Technology, Cat#9145), anti-STAT3 (Cell
Signaling Technology, Cat#9139), and anti-B-actin (Proteintech, Cat#66009-1-1g, used at 1:20,000). After
imaging phosphorylated proteins, membranes were stripped using PVDF Stripping Buffer (CoWin Biosciences,
Cat#CWO0056M) and re-probed for the corresponding total proteins. B-actin served as the loading control for both
phosphorylated and total protein forms on the same membrane. Signal detection was achieved with enhanced
chemiluminescence reagents using a Bio-Rad imaging system.

CFSE cell proliferation assay

Fresh human PBMCs were suspended at 1 x 10° cells/mL in PBS and labeled with CFSE (BioLegend). Labeled
cells were washed and plated at 2 x 10° cells per 200 uL in 96-well round-bottom plates. Cultures were treated
with DI and/or stimulated using anti-human CD3/CD28 beads at 37 °C under 5% CO2 conditions. After 5 days,
cells were collected, stained with anti-CD8 antibody (BioLegend) and Zombie Fixable Viability Dye (BioLegend)
for 30 minutes at 4 °C, and analyzed by flow cytometry.

Enzyme linked immunosorbent assay (ELISA)
Murine serum IL-12 levels were quantified using Quantikine ELISA kits according to the manufacturer’s protocol
(Elabscience). Absorbance was read at 450 nm on a microplate reader (Thermo Fisher).

Statistics

All ex vivo experiments were repeated at least three times independently, while in vivo studies were performed
at least twice. Statistical evaluations were conducted in GraphPad Prism 8. Data are presented as median with
interquartile range (25th—75th percentiles), mean £ SEM, or mean £ SD. Comparisons between two groups used
unpaired Student’s t-test. Analyses involving three or more groups employed Kruskal-Wallis H test, one-way
ANOVA, or two-way ANOVA as appropriate. Significance levels are indicated as * P < 0.05, ** P < 0.01, *** P
< 0.001, and **** P < 0.0001.

Results and Discussion

Endogenous itaconate deficiency worsens vitiligo development in mice

To explore the relationship between itaconate and vitiligo, circulating itaconate concentrations were measured in
38 patients. Levels were substantially elevated in both active and stable disease relative to healthy controls [0.057
(0.014-0.083) uM and 0.047 (0.032-0.058) uM versus 0.006 (0.005-0.010) uM, respectively] (Figure 1a). No
meaningful correlation was found between serum itaconate and disease severity as assessed by Vitiligo Area
Scoring Index (VASI) or disease duration. Similarly, itaconate concentrations did not differ significantly across
varying stages of disease activity.

A mouse model replicating key aspects of human vitiligo was generated through B16F10 melanoma cell
implantation, regulatory T cell depletion, and subsequent tumor resection (Figure 1b). In these animals, serum
itaconate rose to higher levels [0.016 (0.012—0.021) uM] compared with non-induced controls [0.011 (0.006—
0.014) uM] once visible depigmentation developed (Figure 1c). Given that itaconate synthesis is primarily driven
by Acodl enzyme activity in activated macrophages [17], we investigated whether macrophages serve as the main
source of elevated itaconate in vitiligo. Reanalysis of single-cell RNA sequencing data [4] showed increased
expression of proinflammatory genes such as STAT1, CXCL10, CCL18, and S100A9 [35] in skin macrophages,
consistent with their activated phenotype. Although Acodl transcripts were not detected in patient skin lesions,
low-level Acodl expression was restricted to CD14+ monocytes (macrophage precursors) in circulating immune
cells, without significant differences between patients and controls. Supporting this, patients displayed elevated
numbers of CD14++CD16— classical monocytes and CD14++CD16+ intermediate monocytes. In addition,
CD14+CD68+CD80+ macrophages (resembling classically activated M1-like proinflammatory macrophages)
[36, 37] were increased in the blood of human vitiligo patients as well as in the skin-draining lymph nodes
(F4/80+CD11b+) of vitiligo mice. Together, these observations indicate that itaconate production in vitiligo is
likely macrophage-derived.

304



Hassan et al., Dimethyl Itaconate Attenuates Dendritic Cell and CD8+ T Cell Responses to Prevent Vitiligo Progression

H Mouse
0.03-
045, Human :
3 s NS B16F10 CD4 Tumor =
7 i i i =N
L?Dlm inoculation giﬁ:}e‘;syn removal :_E 0.024
: sl A & o :
8 0.05 - | — [ B =
Sk arara el 8
- L Cc57 Day0 4 10 12 Week 11 3
0.00 e .
Healthy Active Stable © Serum collection 0.00
ACivVe Stabie S
Vitligo crl Vitiligo
a) b) c)
©) Week 5 Week 8 . Week 11
) e L
80.61% * 69.64%" 62.58%
P '
—_—_ on imase  |ventral 82.38% ..o 66.81% ... 44.42%
Vitiligo induction Image
) —— L i ——————
I I I rf L I I . ¥ a : A —
Q, 0, 0,
Day0 4/10 12Week 5 8 11 Dorsal 72.03% 49.70 /o‘ 34.99%
WTiAcod1 KO I ¥t e a— B R
‘entral 85.16% 36.82% 26.69%
d) e)
1.5= Week & Week 11 Co-culture model
= Gated on
= - " - ITA I ~
%% ns_ IFN-y g[:l)lg‘,u,raé%%s ) CDsr;rscells
8o o 4 . oo
Eﬁm_ Foo - goo o @ o u;s‘ \ g
2 @
2E F B % oﬁ Lv.u] 3
S o054 o e Acod! KOWT Z
= E 0.5 Macrophages Z
w2 o WT swlcosT
FE o KO l celis
00-—— . . ; for W
Dorsal Ventral Dorsal Ventral eyometY v
f) 9)

Figure 1. Absence of itaconate accelerates expansion of depigmented areas.

(a) Serum itaconate concentrations determined by targeted LC-MS in healthy individuals (n = 26), patients with
active vitiligo (n = 23), and patients with stable disease (n = 12).

(b) Overview of the melanoma-associated vitiligo induction protocol in mice and schedule of serum collection.
(c) Serum itaconate levels measured by targeted LC-MS in non-induced control mice (n = 10) and vitiligo mice
(n=6).

(d) Schedule for tracking depigmentation progression in wild-type (WT) versus Acodl knockout (KO) mice.

(e) Time-course photographs showing tail depigmentation in WT and Acodl KO mice. Accompanying graph
displays the percentage of pigmented area on dorsal and ventral tail surfaces.

(f) Quantification of dorsal and ventral tail pigmentation in Acod1 KO mice compared to WT controls at weeks 8
and 11 after vitiligo induction (n = 4 per group).

(9) WT or Acodl KO THP-1 macrophages were polarized with LPS plus IFN-y in Transwell chambers and
subsequently co-cultured with CD8" T cells. Post-co-culture, CD8* T cells were collected for flow cytometric
evaluation. In rescue conditions, 5 mM itaconate was added exogenously to Acodl KO macrophages throughout
the polarization step.

Box plots in panels A and C show median values with 25th—75th percentiles. Data in F and G represent mean +
SEM. Statistical analyses used Kruskal-Wallis H test (A), unpaired two-tailed Student’s t-test (C, F), or one-way
ANOVA followed by Tukey’s multiple comparisons test (G). Experiments were independently repeated at least
twice. ITA, itaconate. ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.

To assess itaconate’s function in vitiligo under in vivo conditions, we created mice lacking endogenous itaconate
production through complete Acodl gene deletion [38] and applied the standard vitiligo induction protocol to
these animals (Figure 1d). Successful gene knockout was verified by PCR. Following induction, Acod1 KO mice
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displayed markedly accelerated and intensified tail depigmentation relative to their wild-type (WT) counterparts
(Figure 1e). Depigmented regions were significantly larger on both dorsal and ventral aspects of the tail in
knockout mice at weeks 8 and 11 post-induction (Figure 1f). These findings establish that itaconate normally
confers protection against vitiligo progression in living animals.

Given this evidence, we postulated that itaconate released by macrophages exerts its beneficial influence by
restraining CD8+ T cell responses. This idea was tested in a Transwell co-culture setup pairing macrophages
(either WT or Acodl KO) with CD8+ T cells. T cells paired with Acod1 KO macrophages secreted substantially
higher amounts of IFN-y compared to those paired with WT macrophages. Supplementing the culture with
itaconate during macrophage polarization completely prevented this heightened cytokine output (Figure 1g). The
results therefore confirm that itaconate originating from macrophages effectively limits CD8+ T cell effector
activity.

Exogenous itaconate derivatives control and reverse vitiligo in mice

Owing to its highly polar nature and relatively low electrophilicity caused by the conjugated double bond, native
itaconate exhibits limited ability to cross cell membranes [19]. As a result, cell-permeable ester derivatives are
routinely utilized in functional studies of this metabolite [19]. To evaluate the therapeutic potential of such
derivatives against vitiligo, DI or Ol was administered to WT mice beginning at the stage when CD8+ T cells
start infiltrating the epidermis, with PBS serving as control (Figures 2a and 2b). Animals treated with either DI
or Ol showed delayed onset and reduced severity of tail depigmentation compared to the PBS group (Figure 2c).
Following six weeks of continuous treatment, pigmentation retention reached 77.30 + 5.43% in the DI group and
75.1 £ 6.67% in the Ol group, in contrast to only 52.94 + 11.64% in vehicle-treated mice (Figure 2d).
Whole-mount immunofluorescence examination of tail epidermis confirmed the disease-ameliorating effect,
revealing preserved melanocyte numbers and notably lower infiltration of CD8+ T cells in DI- and Ol-treated skin
(Figure 2e). These benefits likely stem from OI’s conversion to free itaconate through hydrolysis [21] and DI’s
ability to stimulate endogenous itaconate production [39]. In agreement with this mechanism, serum itaconate
concentrations were significantly elevated after DI or Ol supplementation [0.057 (0.036-0.101) uM and 0.067
(0.030-0.083) uM, respectively] compared with the vehicle group [0.017 (0.010-0.018) uM] (Figure 2f).
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Figure 2. Itaconate derivatives lessen depigmentation severity and drive repigmentation in experimental

vitiligo.

(a) Overview of treatment protocols and timing of sample harvesting.

(b) Typical whole-mount immunofluorescence micrographs illustrating the presence of CD8+ T cells and
melanocytes in the epidermis. Scale bar = 500 pm.

(c) Tail pigmentation percentages recorded at multiple time points. Statistical analysis by two-way ANOVA
revealed a significant treatment effect (P < 0.0001) and time effect (P = 0.0017). Dunnett’s test comparing
treatments to vehicle yielded the following results marked with asterisks: DI vs vehicle at week 8 (P = 0.0410),
Ol vs vehicle at week 11 (P = 0.1603), DI vs vehicle at week 11 (P = 0.0007), and Ol vs vehicle at week 11 (P =
0.0020).

(d) Photographs showing representative tail skin pigmentation in vehicle-, DI-, and Ol-treated mice at week 11
after disease induction.

(e) Whole-mount immunofluorescence images (upper row) and density distribution plots (lower row) of tail
epidermis from untreated controls, vehicle-, DI-, and Ol-treated groups at week 11. Scale bar = 500 pm.

(f) Serum itaconate levels quantified by targeted LC-MS in vehicle-, DI-, and Ol-treated vitiligo mice harvested
at week 11.

(9) Schedule for vehicle or DI administration in the SCF transgenic mouse adoptive-transfer vitiligo model used
for repigmentation assessment.

(h, i) Photographs of ear (H) and tail (1) skin in vehicle- versus DI-treated mice at weeks 24 and 48 post-induction.
Values in panel C are expressed as mean + SD; panel F data are shown as median (25th—75th percentiles). Findings
are representative of a minimum of two independent experiments. i.p., intraperitoneal; IF, immunofluorescence;
i.v., intravenous. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

In vitiligo therapy, halting disease progression is important, yet restoring lost pigment remains a central clinical
priority. To facilitate detailed evaluation of repigmentation, we employed an adoptive-transfer vitiligo model in
SCF transgenic mice [30]. In this system, melanocytes populate both epidermal and follicular compartments
(Figure 2g). Due to its favorable solubility profile in PBS, only DI was used in the following long-term studies.
Animals with established stable vitiligo (beyond 12 weeks post-induction) [30] were given intraperitoneal
injections of DI three times per week over a 24-week period. This approach resulted in obvious pigment recovery
in treated mice when compared with vehicle controls (Figures 2h and 2i). Collectively, these data indicate that
itaconate derivatives — most notably DI — can restrict further spread of white patches while actively encouraging
the return of pigmentation.

DI suppresses CD8+ T cell-driven responses triggered by vitiligo in vivo

We next examined whether DI modulates CD8+ T cell activity by assessing cell numbers and cytokine output in
treated vitiligo mice. Following the treatment period, DI administration led to a selective decrease in CD8+ T cell
density within the tail epidermis, whereas populations in the dermis, skin-draining lymph nodes, spleen, and
circulating blood remained comparable to controls (Figures 3a and 3b).

Expression of the activation marker CD69 on CD8+ T cells was notably downregulated in the tail epidermis,
dermis, spleen, and blood after DI exposure, although no change occurred in lymph nodes (Figures 3c-3f).
Moreover, IFN-y production by CD8+ T cells was diminished in the epidermis and draining lymph nodes of DI-
treated animals, while levels in the dermis and spleen were unaffected relative to vehicle-treated mice (Figures
3g and 3h). These findings collectively demonstrate that DI reduces epidermal accumulation of CD8+ T cells and
attenuates their activation state both at the local skin level and systemically.
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Figure 3. Treatment with DI lowers skin infiltration by CD8+ T cells and curbs their activation at both local
and systemic sites.

(a) Schedule showing the timing of vehicle or DI injections in the vitiligo mouse model. Starting five weeks after
induction, animals received 20 mg DI per mouse or PBS vehicle by intraperitoneal route, administered five days
each week over six weeks.

(b) Flow cytometry example plots along with quantified percentages of CD8+ T cells within the CD45+ population
in tail epidermis harvested at week 11 from untreated controls and from vitiligo mice given vehicle or DI.

(c—f) Example plots and statistical summary of CD8+CD69+ T cell proportions in tail epidermis (c), dermis (d),
spleen (e), and peripheral blood (f) at week 11 in control, vehicle-treated, and DI-treated vitiligo groups.

(g—h) Measured frequencies of CD8+IFN-y+ T cells via flow cytometry in epidermis (g) and skin-draining lymph
nodes (h) of control mice versus vehicle- or DI-treated vitiligo mice at week 11.

All quantitative data are displayed as mean + SEM. Statistical comparisons were performed by one-way ANOVA
followed by Tukey’s post-test (panels B-H). Experiments were repeated independently at least twice. * P < 0.05,
** P <0.01, *** P <0.001, **** P <0.0001.

DI suppresses effector capabilities, cytotoxic potential, and proliferative activity of CD8+ T cells from vitiligo
SOurces ex vivo

Additional experiments were performed to directly evaluate how DI affects the functional properties of CD8+ T
cells. Lymphocytes derived from vitiligo mice and human patients were isolated and maintained in culture with
or without DI supplementation. CD8+ T cells from mouse skin tissue and spleen were first stimulated using
CD3/CD28 beads and then exposed to 250 uM DI, a dose previously confirmed as non-toxic to cell viability [22].
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Under these conditions, DI markedly lowered IFN-y release from both skin-derived (P = 0.034) and spleen-derived
(P =0.009) CD8+ T cells (Figures 4a and 4b).

DI exposure did not significantly change Gzmb levels in skin CD8+ T cells (Figure 4c), yet it reduced the fraction
of skin cells co-expressing IFN-y and Gzmb as well as the overall proportion of Gzmb-expressing CD8+ T cells
in the spleen (Figure 4d). Parallel studies using human cells from vitiligo patients revealed a clear dose-dependent
decline in IFN-y production upon DI treatment. Crucially, when CD8+ T cells were isolated prior to DI treatment,
IFN-y secretion was still inhibited, demonstrating direct action on this T cell subset (Figure 4e). In matching
human experiments, activated vitiligo CD8+ T cells displayed reduced Gzmb expression after DI incubation
(Figure 4f). DI further decreased the activation marker CD69 and strongly impaired proliferative responses in
stimulated human vitiligo CD8+ T cells (Figures 4g and 4h).

In summary, these observations solidly establish that DI exerts broad inhibitory effects on CD8+ T cells by
limiting their effector cytokine output, cytotoxic granule components, activation state, and capacity to expand.
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Figure 4. DI suppresses the effector function, cytotoxic activities, and proliferation of vitiligo CD8+ T cells
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(a—b) Flow cytometry example plots and corresponding quantification of IFN-y-positive CD8+ T cells derived
from skin (a) and spleen (b) of vitiligo mice after an 18-hour incubation with or without 250 uM DI.

(c—d) Levels of Gzmb expression measured by flow cytometry in CD8+ T cells isolated from mouse skin (c) and
spleen (d) following treatment with or without 250 pM DI.

(e—g) Representative flow plots and statistical analysis of IFN-y production in purified CD8+ T cells (e),
proportion of Gzmb-expressing CD8+ T cells (), and CD69 levels (g) in CD8+ T cells from PBMCs of vitiligo
patients treated with or without 250 uM DI for 18 hours.

(h) Example plots and quantification showing proliferation (cell division) of CD8+ T cells from vitiligo patients
cultured with or without 250 uM DI and stimulated with anti-CD3/CD28 beads for 5 days.

(i) Intracellular itaconate concentrations (relative levels) in splenic CD8+ T cells measured after 3-hour exposure
to 250 uM DI, 250 uM ITA, or 5 mM ITA.

(j) Frequency of IFN-y-producing CD8+ T cells from vitiligo patient PBMCs following 18-hour treatment with
250 uM DI, 250 uM ITA, 5 mM ITA, 0.05 mM DMF, or 7.5 mM SFN.

Results are expressed as mean + SEM. Comparisons were conducted using unpaired two-tailed Student’s t-test
(a—h, j) or one-way ANOVA with Tukey’s post-hoc test (I). All data shown are representative of at least two
independent experiments. ITA, itaconate; DMF, dimethyl fumarate; SFN, sulforaphane. ns, not significant; * P <
0.05, ** P < 0.01, **** P < 0.0001.

Given that DI does not undergo intracellular conversion to itaconate [39] and that authentic itaconate typically
requires millimolar concentrations to elicit effects [19], we evaluated whether DI’s suppressive impact on CD8*
T cells occurs independently of itaconate and is instead linked to its electrophilic character. Incubation of CD8*
T cells with 250 uM DI raised intracellular itaconate to levels comparable to 250 pM exogenous itaconate, both
of which were markedly lower than those produced by 5 mM itaconate exposure (Figure 4i). When tested in
parallel, 250 pM DI, 5 mM itaconate, dimethyl fumarate, and sulforaphane all potently inhibited IFN-y secretion,
with the notable exception of 250 puM itaconate, which showed no significant effect (Figure 4j). These
experiments support the conclusion that DI exerts its inhibitory actions mainly via electrophilic properties rather
than through generation of itaconate.

DI suppresses the JAK-STAT pathway, thereby impairing CD8+ T cell function

Further studies were undertaken to identify the intracellular signaling mechanisms responsible for DI’s
modulation of CD8+ T cells. Earlier reports indicated that itaconate stimulates Nrf2 and attenuates NF-«B activity
in macrophages [20, 22]. Because these two pathways are also capable of influencing T cell responses [40, 41],
we assessed DI’s impact on Nrf2 and NF-«B in CD8+ T cells isolated from individuals with vitiligo. Interestingly,
baseline Nrf2 protein abundance was already higher in vitiligo CD8+ T cells than in cells from healthy donors.
Pretreatment with DI led to a further reduction in Nrf2 levels within activated vitiligo CD8+ T cells.

In agreement with these observations, application of the Nrf2 inhibitor ML385, the NF-«kB activator TNF-a, or
the non-canonical NF-«xB stimulator AZD5582 did not counteract DI’s ability to suppress IFN-y production in
vitiligo CD8+ T cells. Therefore, DI appears to limit CD8+ T cell activity through routes that do not involve Nrf2
upregulation or NF-«xB blockade.

To gain broader insight, we performed bulk RNA sequencing on CD8+ T cells sorted from draining lymph nodes
of vitiligo mice treated with either vehicle or DI (Figure 3a). Pronounced transcriptional differences were detected
between untreated controls and vehicle-treated vitiligo animals, as well as between vehicle- and DI-treated vitiligo
groups (Figures 5a and 5b). Vitiligo induction in vehicle-treated mice was associated with widespread
upregulation of differentially expressed genes (DEGS) relative to controls (Figures 5a and 5b). Intersection
analysis revealed 992 genes that were overexpressed in vitiligo and subsequently downregulated by DI (Figure
5c). Pathway enrichment analysis highlighted significant attenuation of the “cytokine-cytokine receptor
interaction” and “T cell receptor signaling pathway” gene sets following DI treatment (Figure 5d).

Since JAK-STAT signaling is central to cytokine-driven T cell responses through regulation of STAT
phosphorylation [7, 42], we tested whether DI interferes with this cascade. Flow cytometry demonstrated that DI
selectively decreased phosphorylation of STAT1 and STAT3 (but not STATS5) in human vitiligo CD8+ T cells
(Figure 5e). Western blot experiments confirmed lowered p-STAT1 and p-STAT3 protein levels in purified cells
after DI exposure (Figures 5f and 5g). Receptor ligation normally activates receptor-associated JAK kinases,
leading to STAT phosphorylation and activation [43]. Analysis of these upstream kinases showed that DI
specifically reduced JAK2 phosphorylation (p-JAK2) (Figure 5h), while p-JAK1 and p-JAK3 levels were
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unaffected. In conclusion, these findings indicate that DI restrains CD8+ T cell responses, at least in part, by
targeting the JAK2-STAT1/3 signaling axis.
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Figure 5. DI blocks JAK-STAT pathway activation and downregulates cytotoxic and inflammatory gene
signatures in CD8* T cells.

CD8" T cells were isolated from lymph nodes and subjected to bulk RNA sequencing. Volcano plots (a) and
distribution histograms (b) highlight the pattern of differentially expressed genes (DEGs) when comparing
vehicle-treated samples from vitiligo mice with either untreated controls or those exposed to DI.

A Venn diagram (c) illustrates the overlap and unique DEGs identified between the DI-treated group and vehicle-
treated vitiligo CD8" T cells.

Gene set enrichment analysis (d) revealed significant enrichment of cytokine—cytokine receptor interaction
pathway genes when contrasting Dl-treated vitiligo CD8" T cells against the vehicle group.

Flow cytometry representative plots and compiled data (e) demonstrated reduced phosphorylation of STATL,
STAT3, and STATS in CD8" T cells obtained from vitiligo patients that had been pre-incubated with 250 pM DI.
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Western blotting experiments (f, g) confirmed lowered levels of phosphorylated STAT1 and STAT3 (along with
total STAT1 and STAT3 proteins) in purified CD8" T cells from vitiligo patients after the same 250 uM DI
pretreatment.

Additional immunoblotting (h) evaluated p-JAK2 and total JAK2 protein abundance in CD8" T cells pretreated
with 250 uM DI followed by 10-minute stimulation.

A heatmap (i) displays the expression patterns of key cytotoxic and proinflammatory genes across CD8* T cells
from control mice, vehicle-treated vitiligo mice, and DI-treated vitiligo mice.

Protein expression of CD49a (j), NKG2A (k), and granzyme B (Gzmb) (I) was quantified by flow cytometry in
lymph node CD8* T cells harvested at week 11 from control, vehicle-treated, and DI-treated vitiligo mice. Results
are expressed as mean + SEM. Statistical analysis employed unpaired two-tailed Student’s t-test for panel E and
one-way ANOVA followed by Tukey’s post-hoc test for panels J-L. Data are representative of at least two
independent experiments. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Notably, the markers CD49a, Gzmb, and NKG2D characterize distinct CD8" T cell populations responsible for
executing cytotoxic and proinflammatory activities within vitiligo lesions [44-46]. NKG2A serves as an inhibitory
receptor on CD8* T cells that helps prevent uncontrolled activation while supporting antigen-specific antiviral
immunity [47]. Compared with control animals and DI-treated mice, vehicle-treated vitiligo mice exhibited
markedly enhanced cytotoxic and proinflammatory features in their CD8" T cells, reflected by higher transcript
levels of Csfl, Ifitm1, CD49a, Gzmb, NKG2D, and NKG2A (Figure 5i). Protein analyses corroborated these
findings by showing lowered surface and intracellular expression of CD49a, NKG2A, and Gzmb in the DI-treated
group relative to vehicle controls (Figures 5j-5I). In summary, these results demonstrate that DI attenuates the
cytotoxic/proinflammatory transcriptional program and compromises the functional capacity of CD8" T cells.

DI regulates dendritic cell recruitment and activity in vitiligo models both in vivo and ex vivo

Because dendritic cells (DCs) play a pivotal role in initiating and amplifying T cell responses, we examined the
impact of DI on DC behavior. In vitiligo mice, there was a substantial rise in epidermal CD11c" cell numbers,
which was substantially reversed upon DI treatment (Figures 6a and 6b). In skin-draining lymph nodes, however,
the overall frequency of DCs was reduced in vehicle-treated vitiligo animals compared with both healthy controls
and Dl-treated vitiligo mice (Figure 6c).

Further subset analysis distinguished migratory DCs (CD11c'"MHCII") from resident DCs (CD11c¢MHCIIn),
DI administration selectively decreased the abundance of migratory DCs (Figure 6d), whereas resident DC
populations remained similar across conditions. This pattern indicates that alterations in migratory versus resident
subsets do not solely account for the overall decline in lymph node CD11¢* DCs seen in vehicle-treated vitiligo
mice.

In the spleen, conventional dendritic cells split into c¢DCl (CD11c*CD11bCD8a*) and cDC2
(CD11¢*CD11b"CD8a) populations [48]. While cDC1s preferentially drive Thl polarization and cDC2s promote
follicular helper T cell responses [48], the percentages of both splenic subsets were comparable between vehicle-
and Dl-treated vitiligo mice. Collectively, these data show that DI modifies DC infiltration dynamics across
epidermis, spleen, and lymph nodes, with a particular inhibitory effect on the migratory DC compartment in
draining lymph nodes.
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Figure 6. DI restricts dendritic cell infiltration into the epidermis, impairs their migration, and hinders
maturation in both living animals and cultured cells.

a—c Flow cytometry representative plots and corresponding quantification of CD11c* dendritic cells in tail
epidermis (a), spleen (b), and lymph nodes (c).

D Representative plots and quantification of migratory CD11c™MHCII™ dendritic cells within lymph nodes at
week 11 following the specified treatments.

E Representative flow cytometry plots and quantification of CCR7 expression on CD11c¢* cells isolated from
lymph nodes of control, vehicle-treated, and DI-treated vitiligo mice at week 11.

F Circulating IL-12 concentrations measured in serum from vehicle-treated and DI-treated vitiligo mice at week
11.

G Flow cytometric assessment of IL-12 production in CD1l1c* dendritic cells obtained from lymph nodes of
vitiligo mice after pretreatment with or without 250 uM DI.

H Analysis of surface CD80 and HLA-DR expression on CD11c* dendritic cells from vitiligo patients following
ex vivo treatment with 250 uM DI and subsequent stimulation using 1 pg/ml LPS.

Data are presented as mean + SEM. Statistical evaluations were performed with two-tailed Student’s t-test (G) or
one-way ANOVA with Tukey’s multiple comparison test (A—F, H). All findings are representative of at least two
separate experiments. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Additional experiments explored how DI influences dendritic cell trafficking, functional activity, and maturation
status. During inflammatory conditions, dendritic cells travel from peripheral tissues to draining lymph nodes
through CCR7-mediated chemokine signaling [49]. In lymph nodes of vitiligo mice, DI administration strongly
reduced CCR7 levels on CD11c¢" cells, indicating impaired dendritic cell chemotaxis (Figure 6e). IL-12 secreted
by dendritic cells is essential for promoting Thl cell differentiation [50]. While 1L-12 expression within lymph
node dendritic cells remained comparable between vehicle- and DlI-treated groups, DI notably lowered the
increased serum IL-12 concentrations observed in vitiligo mice (Figure 6f). Consistent with this, exposing
cultured vitiligo lymph node cells to DI decreased 1L-12 production (Figure 6g). Although CD80 and CD86 levels
on dendritic cells were unaffected in lymph nodes at the study endpoint in vivo, ex vivo DI treatment of human
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vitiligo-derived dendritic cells suppressed expression of the costimulatory molecules CD80 and HLA-DR, but not
CD86, after LPS challenge (Figure 6h). In aggregate, these observations establish that DI limits CCR7-driven
dendritic cell migration, curbs IL-12 secretion, and restrains maturation, thereby attenuating dendritic cell-
orchestrated immune activation.

Small molecules originating from cellular metabolites hold significant potential for modulating immune cell
activity in the treatment of autoimmune disorders [15, 16]. In this work, we identified a new function for the
itaconate derivative DI in restraining autoimmune processes through simultaneous control of dendritic cell and
CD8" T cell activities (Additional file 1: Graphical Abstract). Our data show that DI dampens CD8" T cell effector
capabilities by interfering with JAK-STAT signaling, differing from its earlier described actions on macrophages
that involve Nrf2 and NF-«xB regulation. These results underscore the importance of targeting both dendritic cells
and CD8" T cells as a key approach for managing vitiligo and other similar autoimmune conditions.

Itaconate, generated through metabolic reprogramming in macrophages, exerts important effects in infection
control [16], tissue fibrosis [17], and inflammatory regulation [16, 22]. Unlike the minimal concentrations detected
in healthy individuals, itaconate levels were elevated in both human patients and mouse models of vitiligo.
Because macrophages represent the primary producers of itaconate, we noted expanded macrophage populations
in patient blood as well as in mouse lymph nodes during initial disease stages. This points to a link between
itaconate elevation and macrophage activation [18] in vitiligo development. Additionally, serum itaconate
concentrations were similar between individuals with active and stable vitiligo. The sustained increase likely
stems from ongoing macrophage stimulation, as chronic inflammation persists even in stable disease phases [51].
Larger cohort studies will be required to confirm this pattern. Notably, the itaconate concentrations achieved in
Dl-treated mice (approximately 0.06 uM), (Figure 2f) closely matched those measured in vitiligo patients (Figure
1a). Such similarity may arise from species-specific differences in itaconate metabolism, along with variations in
body mass, surface area, and compound distribution [52, 53].

We established therapeutic benefits of itaconate and its derivatives using a vitiligo mouse model. Experiments
with Acodl knockout mice demonstrated that lack of itaconate worsened disease progression. Administration of
itaconate derivatives elevated blood itaconate and protected melanocytes from immune-mediated destruction.
These observations align with protective effects reported in other pathological models, such as elevated itaconate
during the acute stage of intracerebral hemorrhage where it exerts beneficial actions [54], consistent with itaconate
acting as a broad protective response to diverse stressors. This compensatory immunosuppressive role parallels
that of the cytokine IL-10 [55, 56], which rises during both inflammatory and homeostatic states to maintain
immune balance and avoid self-tissue injury [56-59].

In a vitiligo model driven by endogenous self-reactive CD8* T cells, DI curtailed excessive CD8" T cell activity,
broadening its recognized anti-inflammatory profile. DI reduced CD8" T cell accumulation, cytokine release, and
activation within the epidermis, thereby weakening the skin-specific immune attack that directly causes
melanocyte loss. In dermal and lymphoid tissues, DI inhibited CD8" T cell activation and effector functions while
leaving overall cell numbers largely unchanged. These patterns indicate that DI primarily disrupts CD8" T cell
functionality across tissues with minimal impact on population size. Complementary ex vivo studies verified that
DI directly compromises cytotoxicity, proliferation, and effector activities in CD8" T cells sourced from both
vitiligo mice and human patients. Supporting this, Zhao et al. showed that itaconate produced by myeloid-derived
suppressor cells limits cytotoxic CD8" T cell function and thereby weakens anti-tumor responses [60],
highlighting shared abilities of DI and itaconate to restrain CD8* T cell potency. Importantly, the current study
reveals that DI’s influence on CD8" T cells occurs independently of itaconate conversion and instead relies on its
electrophilic chemical nature. Emerging evidence stresses that DI and itaconate possess distinct properties and
must be clearly distinguished [19, 61].

Previous reports indicated that DI or Ol dampen macrophage activation via Nrf2 upregulation and NF-xB
inhibition, thereby alleviating macrophage-associated pathologies [22, 23, 62]. In contrast to those findings, we
uncovered a distinct pathway in which DI inhibits JAK-STAT signaling specifically in vitiligo CD8* T cells.
These cell-type-specific mechanisms may reflect differences in triggering stimuli and downstream targets—
macrophages primarily respond through LPS/TLR4 pathways [63], whereas CD8* T cells depend on TCR/CD3
engagement plus costimulatory signals [64]. Alternatively, varying inflammatory milieus may engage unique
transcriptional or metabolic programs across immune cell populations [65-67]. Furthermore, itaconate derivatives
can covalently modify cysteine residues or bind specific protein domains to alter target function [21, 68, 69].
Hence, beyond blocking JAK2 phosphorylation, DI may directly modify STATI and STAT3 proteins in CD8" T
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cells. Such insights deepen our understanding of JAK-STAT pathway regulation. Overall, these data emphasize
DI’s context-dependent anti-inflammatory actions across different cell types and disease settings.

This investigation positions DI as a JAK2 inhibitor. Conventional JAK inhibitors often fail to prevent vitiligo
recurrence because they do not eliminate skin-resident memory T (Trm) cells [70]. DI may offer additional
advantages, as suggested by reports that itaconate and OI decrease CD103* Trm cell populations in liver models
[71]. We propose that DI could selectively act on pathogenic cutaneous Trm cells, providing a more effective
means to avert disease relapse. Future studies are warranted to compare DI’s performance against standard JAK
inhibitors and assess its potential for long-term disease control.

Dendritic cells serve as key activators of CD8" T cells. Our analyses detected changes in CD11c* dendritic cell
populations across epidermis, spleen, and lymph nodes in vitiligo mice, confirming their participation in
melanocyte-targeted immunity. Splenic cDC1 and cDC2 subsets showed no notable differences between treatment
groups, suggesting splenic dendritic cells play a limited role in driving T cell responses in this model. In
inflammatory settings, skin-resident dendritic cells upregulate MHCII, acquire a mature phenotype, and traffic to
lymph nodes via CCR7-dependent migration [72]. These migratory dendritic cells then present antigens to T cells
in the nodes [72]. Although CD80/CD86 expression remained unaltered in vivo, DI reduced CCRY7 levels and
migratory dendritic cell counts, thereby limiting dendritic cell movement. This likely diminishes interactions
between dendritic cells and CD8* T cells in lymph nodes and subsequently restricts CD8* T cell recruitment to
the skin. Furthermore, DI lowered serum IL-12 concentrations in vitiligo mice, matching our ex vivo data showing
reduced IL-12 release from lymph node dendritic cells. Thus, DI broadly attenuates dendritic cell contributions—
particularly in lymph nodes—Dby restricting infiltration, migration, and cytokine output. Interestingly, the overall
percentage of dendritic cells declined in skin-draining lymph nodes of vehicle-treated vitiligo mice. Possible
explanations include dendritic cell apoptosis after engaging with T cells [73, 74] or a relative drop due to expanded
total lymphocyte numbers.

Several study limitations should be acknowledged. Yang et al. recently demonstrated that CGRP signaling
strengthens dendritic cell-CD8" T cell interactions in vitiligo skin, and blocking this pathway ameliorates disease,
underscoring the importance of such crosstalk in pathogenesis [9]. Although our focus centered on separate effects
on dendritic cells and CD8" T cells, we cannot rule out indirect suppression of CD8* T cells by DI through reduced
dendritic cell maturation, cytokine release, and consequent impairment of T cell expansion and activation, or
through interference with dendritic cell-T cell contacts. Such dual direct and indirect actions may enable stronger
and more comprehensive control of CD8" T cell responses. Our research emphasizes distinctions between DI and
native itaconate but primarily addresses DI’s efficacy in vitiligo. Additional head-to-head comparisons will be
valuable to clarify relative advantages or disadvantages of each compound in this disease. Our results also indicate
that DI promotes repigmentation. To avoid confounding spontaneous recovery, which is uncommon by week 12
in adoptive-transfer vitiligo models [30], we applied DI treatment in a stable model at 24 weeks post-induction.
Nevertheless, the precise processes underlying DI-driven repigmentation require further clarification.

Conclusion

In summary, we have established a new therapeutic approach that simultaneously dampens dendritic cell and
CD8* T cell responses to inhibit both the initiation and effector phases of antigen-specific autoimmunity in
vitiligo. These findings position DI as a promising therapeutic candidate capable of interrupting vitiligo
progression through coordinated regulation of dendritic cells and CD8" T cells. DI thus emerges as a strong option
for improving vitiligo management. As vitiligo represents a prototypical cell-targeted autoimmune disorder with
clearly delineated involvement of dendritic cells and CD8* T cells, strategies simultaneously addressing both
populations merit expanded exploration in other autoimmune conditions, including rheumatoid arthritis and
multiple sclerosis.
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