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The role of tolerogenic dendritic cells in the treatment of multiple sclerosis:
From mechanism to clinical translation
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Abstract: Multiple sclerosis (MS) is a chronic autoimmune disorder characterized by inflammatory demyelination and
neurodegeneration within the central nervous system. Its pathogenesis is primarily driven by autoreactive T cells that infiltrate
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the blood-brain barrier and initiate immune-mediated damage against myelin antigens. Although current disease-modifying
therapy can delay disease progression, they largely rely on non-specific immunosuppression and are associated with increased
risks of infection and malignancy, while failing to achieve durable immune tolerance or functional cure. Therefore, the
development of antigen-specific immunotherapies capable of restoring immune homeostasis has become a critical unmet
need. Tolerogenic dendritic cells (tolDCs) have emerged as a promising strategy for inducing antigen-specific immune
tolerance in MS. As key regulators bridging innate and adaptive immunity, dendritic cells exhibit functional plasticity,
enabling them to either promote inflammatory responses or induce immune tolerance depending on environmental cues.
tolDCs are characterized by low expression of co-stimulatory molecules, high expression of inhibitory receptors, and
enhanced secretion of anti-inflammatory cytokines such as interleukin-10 and transforming growth factor-p. These cells
suppress autoreactive T cell activation, promote regulatory T cells and regulatory B cells differentiation, and reshape immune
responses toward a tolerogenic state. This review systematically summarizes the biological features, induction strategies, and
molecular mechanisms underlying tolDC-mediated immune tolerance. We highlight multi-layered regulatory pathways,
including immunosuppressive signaling (e.g., programmed death-1/programmed death ligand-1 and cytotoxic T lymphocyte
antigen-4), metabolic reprogramming, transcriptional and epigenetic networks, and apoptosis-mediated deletion of pathogenic
T cells. In addition, we provide an overview of current approaches for generating tolDCs, including pharmacological
modulation, cytokine conditioning, genetic engineering, and in vivo targeting strategies using nanoparticles or receptor-
specific delivery systems. Evidence from experimental autoimmune encephalomyelitis models and early-phase clinical trials
demonstrates that tolDC-based therapies are safe, feasible, and capable of inducing antigen-specific immune regulation.
Despite these advances, several challenges remain for clinical translation, including the heterogeneity and stability of tolDCs,
lack of standardized manufacturing protocols, patient-specific antigen selection, and the need for robust immune monitoring
biomarkers. Future directions should focus on integrating multi-omics technologies, precision antigen identification, and
bioengineering approaches to enhance the specificity, stability, and scalability of tolDC-based therapies. Ultimately, tolDCs
represent a transformative platform shifting from broad immunosuppression toward precise immune reprogramming, offering
new therapeutic opportunities for MS and other autoimmune diseases.
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Note: CNS, central nervous system; DCIR, dendritic cell immunoreceptor; DC-SIGN, dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin; TLR9, Toll-like receptor 9; MHC, major histocompatibility complex; MOG, myelin
oligodendrocyte glycoprotein; MBP, myelin basic protein; PLP, proteolipid protein; MAG, myelin-associated glycoprotein; IL,
interleukin; DCs, dendritic cells; pDCs, plasmacytoid dendritic cells; MR, mannose receptor; Tregs, regulatory T cells.
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Table 2 Comparison of characteristics of different tolerogenic dendritic cell induction strategies
G PR r ik FEAEHIBLH] (0= JRkR FRERMEDFFT
2551 VitD; Dex JYP 5EH] (2%« VDl 4 ERDZIR - BAERIE o FETER U [13,31,41]
T B R4 LRt « RAAK o MEHIRE 15
* Dex@E G BUMERZME - B FAEERE
o VUL SRl S AL
ERcpitis
AR FIEYS IL-10  TNF-B.GM-CSF BUUAEBIMEI SZ 2088, B« WRUTAE IR attm « TR SRR [12]
HEMWIORANMRED  « TOREPEE KU « BRBCRA R RER
SER TARMGE AR R (RS HUR IR RA UK R Se e SR PR < TR [42,44,45]
Jik+ IL-10) [DNAF; 4L (FKik il 0+ < RRRERA o ZAVERHRAS
IL-10/T1 452 J5/CCR9) o ATAMALE BT « AR

T : Dex, M FE KA ; VitDs, 4E2E Dy IL, FIAIAEA 2 TNF-B, # 4k K H 1B GM-CSF , K41 Al B w4 bl
Note: Dex, dexamethasone; VitDs;, vitamin Ds; IL, interleukin; TNF-B, transforming growth factor-B; GM-CSF, granulocyte-

macrophage colony-stimulating factor.
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D) Clonal deletion

1 i 21 AR S AR 40 Rl B T 52 2 B AL
(A)toIDCsZRHIMI LAY | 25 2 il /37 Fik , Z4PD-L1/PD-1  CTLA-438 B BT TAH AIS 1L 5 5, V5 S T4 i se e TCRE , il 5+
WHEGH S RPENE . (B)IDO" tol DCsFAAR (AR | & 45 R IRER , I 0% AN , S22k Tregs 70 S P09 P TR ML, 1B 1] AR
RPEMHIHERTE . (C)tolDCsHMIL-10  TGF-B HLHTR , 01 RN T4 M H-175 & Tregs . Bregs 4= il s A ME A ML i — 22 4EH7DCs
i 52 F 8, R E M 32 o (D)tolDCs i #eihFas-L5 TRAIL , UG 4 T30 3% , U5 5 F B OB PR TR 1, TE R B0 T L) 4k
RS, tolDCs, it Z MR SR AH s TCR, TANMLAZ /K s MHC, EEA LA E &K PD-L1, B P HE A AE T 26 1 i A
1;PD-1, B FPPEANMIAE -2 1 1; CTLA-4, 4 M0 25 PE TR LA MU OG 28 -4 5 Tregs , W 19 PETARML S IL, 40N K5 TGF, #% 4k A=
KN ; Breg, 777 B4 ; FasL, Fasfii /&
Figure 1 Mechanisms underlying the induction of immune tolerance by tolerogenic dendritic cells (tolDCs)

(A) tolDCs exhibit low expression of co-stimulatory molecules and high expression of co-inhibitory molecules. They block T cell
activation signals via the PD-L1/PD-1 and CTLA-4 pathways, inducing T cell anergy and inhibiting abnormal proliferation and
immune responses. (B) IDO" tolDCs degrade tryptophan and accumulate kynurenine, thereby suppressing effector T cells, promoting
Treg differentiation and anti-inflammatory cytokine secretion, and positively amplifying the immunosuppressive microenvironment.
(C) tolDCs secrete IL-10, TGF-B and retinoic acid to inhibit effector T cells and induce the generation of Tregs and Bregs. These
regulatory cells further maintain the tolerogenic phenotype of DCs and stabilize immune tolerance. (D) tolDCs highly express Fas-L
and TRAIL to activate apoptotic pathways, induce apoptosis of autoreactive T cells, and eliminate pathogenic T cells to maintain
immune homeostasis. tolDCs, tolerogenic dendritic cells; TCR, T cell receptor; MHC, major histocompatibility complex; PD-L1,
programmed cell death ligand 1; PD-1, programmed cell death protein 1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4;
Tregs, regulatory T cells; IL, interleukin; TGF, transforming growth factor; Bregs, regulatory B cells; FasL, Fas ligand.
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Table 3 Overview of clinical trials of tolerogenic dendritic cells in multiple sclerosis
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Note: tolDCs, tolerogenic dendritic cells; MS, multiple sclerosis; NMO, neuromyelitis optica; VitD;, vitamin Ds.
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