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Abstract: The human body tries to tolerate the pigment-producing cells through several
mechanisms including; central deletion of melanocyte-specific T cells or peripheral induction of
inhibition or anergy of the released cytotoxic T cells. The melanocytes also try to hide their antigenic
components from the immune system. The breakdown of these mechanisms leads to the induction
of the adaptive immunity and the production of unopposed melanocyte-specific cytotoxic T cells,
destroying the melanocytes, leading to the development of depigmentation. Vitiligo will develop
whenever tolerance-jeopardizing factors outnumber or over-weigh the tolerance-inducing factors.
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Introduction

The pathogenesis of vitiligo remained a controversial subject for decades, but the immune theory
is now providing the main answers to the vitiligo riddle, with cellular, rather than humoral immune
reaction, functioning to destroy melanocytes (Andersen et al. 2006; Le Poole and Luiten 2008).

For healthy pigmented skin, the body’s immune system should tolerate the melanocytes that
normally inhabit the epidermis, but when a breakdown of this normal physiologic tolerance happens,
vitiligo can evolve.

Melanocytes Immune-Privilege

The melanocytes possess particular immunogenic components involving the melanogenic
enzymes and structural parts. These components include tyrosinase, MART-1, gp100, TRP-1, and
TRP-2 (Le Poole and Luiten 2008). These melanocytes, making up only 5% of the skin cell
composition, exist within the epidermal compartment and lack direct access to the blood or lymphatic
circulation. So, protein levels are far below the threshold required to ever accomplish successful
priming of effector cytotoxic T lymphocyte responses (Romero et al. 2014). Moreover, melanocytes
are not exposing their antigenic materials as melanin is produced within melanosomes that are
surrounded by the double membrane pigment globules (PG), which are released from the dendrites
and captured by the keratinocytes where they are degraded (Ando et al. 2012). Exposed melanogenic
antigens are too limited under normal conditions to initiate an immune response. Further to that,
melanocytes were proven to lack expression of MHC-I molecules, with further deficiency when
melanocytes or their precursors are within pilosebaceous adnexal tissues. This deficiency of MHC-I
molecules renders melanocytes more immune-privileged (Moseley et al. 1997).

The Central Immune Tolerance

The thymus has a negative selection mechanism which renders the developing T-cell repertoire
nonreactive or tolerant to body cells with self-major histocompatibility complex (MHC)-peptide
ligands. The major mechanism of induction of self-tolerance is thought to be thymic clonal deletion.
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In this way, the thymus can delete all T cells with receptors specific to normal body tissues, including
melanocytes (Li et al. 2019).

The Peripheral Immune Tolerance

It is crucial for the cellular immune response that naive T cells be primed and activated properly.
At least two signals are required for the proper activation of T lymphocytes, one delivered by the T-
cell receptor complex with antigen recognition and the other provided on engagement of
costimulatory receptors, such as CD28. Activation of T cells in the absence of costimulatory molecule
components results in an anergic state. Anergic clones of T cells due to failure or lack of CD28 or B7
are unable to function properly and participate in the induction of tolerance (Alpdogan & van den
Brink, 2012; Khan and Ghazanfar 2018).

Several other factors were found to contribute to the process of T cell inhibition of activation or
destruction and may include:

- Cytotoxic T-lymphocyte antigen 4 (CTLA-4), which inhibits CD28-dependent T cell activation,
cell cycle progression, and IL-2 production. CTLA-4 inhibition is more pronounced after the
initiation of T-cell activation (Alpdogan and van den Brink 2012).

- Programmed cell death-1 (PD-1), also called CD279, is a member of the CD28 family that is
expressed on activated T cells and is considered an inhibitory molecule that participates in
immune tolerance (Alpdogan and van den Brink 2012).

- T-cell immunoglobulin and mucin-domain containing-3 (Tim-3), which is a co-inhibitory
receptor that is expressed on IFN-g-producing T cells and has been shown to suppress their
responses upon interaction with their ligand(s) (Rahimi et al. 2019).

- Regulatory T cells (Treg) were first defined as CD4+CD25+ double-positive cells with
suppressive functions on immunological response (Alpdogan and van den Brink 2012). Treg
cell-mediated suppression of human melanocyte-specific CD8+ T cells causes decreased
proliferation, decreased cytokine production, decreased T cell receptor affinity and increased
susceptibility to apoptosis. Treg cells can render self-reactive human CD8(+) T cells anergic
(Kawakami et al. 2000). Treg may act as cytotoxic T cells that express granzyme A after activation
and can kill activated CD4+ and CD8+ T cells by a perforin-dependent mechanism (Alpdogan
and van den Brink 2012).

- Fas/Fas-L is another important factor that enhances peripheral tolerance through induction of
apoptosis of CTL (Li et al. 2008; Alpdogan and van den Brink 2012).

- Lymphatic endothelial cells (LECs) induce peripheral tolerance by induction of high-level
expression of PD-1 with inhibition of the high-affinity IL-2 receptor that is necessary for T(CD8)
survival (Lim et al. 2018).

These factors help keep the melanocytes alive and functioning, yet in some situations other
factors can antagonize this beneficial immune tolerance process, leading to the recognition of
melanocytes as a possible threat, and subsequently initiating the T cytotoxic destructive process
against the pigment cell (Le Poole and Luiten 2008).

The Breakdown of Tolerance

Vitiligo can evolve when tolerance is lost in the following circumstances;

- loss of proper central deletion due to a thymic failure, which will produce lymphocytes with
melanocyte-specific epitopes. Direct evidence has been provided that a large Melan-A/MART-
1-specific CD8 T-cell pool is generated during thymic selection (Li et al. 2019). These Melan-A-
specific T cells were able to lyse melanoma cells in vitro, indicating their cytotoxic reactivity.
While an unusually large repertoire of CD8+ T cells specific for this antigen has been
documented, the reasons for its generation have remained mysterious (Romero et al. 2014). The
existence of TRP-1 or TRP-2-specific CTL was not proven to induce a relevant breakdown of
tolerance that can induce vitiligo (Rausch and Hastings 2012).
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- Expression of cutaneous lymphocyte-associated antigen (CLA) on activated T cells and their
frequency correlated with the extent of depigmentation and disease activity. Through the
expression of CLA, activated T cells can find their way to the skin where they show type 1-
cytokine profiles and mediate melanocyte death (Lang et al. 2001).

- Melanocytes expressing MHC-II and melanosomal transmembrane proteins can be transported
to the surface of melanocytes and processed as MHC class II antigens via the endocytic pathway
(Roberts et al. 2020).

- Other stimulatory factors include:

CD40 and CD40L as members of the tumor necrosis factor (TNF)/TNF-receptor family that are
expressed on activated T cells and NK cells (Kawakami et al. 2000; Alpdogan and van den Brink
2012).

CD28 which is essential for T cell activation, proliferation and survival as T cells interact with
APCs (Alpdogan and van den Brink 2012).

CD27 which by binding to its ligand (CD70), ensures lymphocyte survival, increased T-cell
proliferation, and memory cell formation. Serum soluble sCD27 levels in vitiligo patients were found
to be higher than that of control cases with a greater correlation with disease activity (Speeckaert et
al. 2016).

Inducible T cell co-stimulator ICOS (Shin et al. 2011).

Glucocorticoid-induced TNFR family-related receptor (GITR) is known for its ability to induce
effector CD8 T cells (Coté et al. 2011).

- Treg cell failure is also possible and decreased Treg cell numbers and function have been
reported in patients with several autoimmune diseases including vitiligo (Ben Ahmed et al.
2012).

- PD-1 failure as vitiligo-like lesions developed after anti-PD-1 therapy (Boniface et al. 2017).

- Lymphocytic Fas/Fas-L apoptosis failure can result, and functional polymorphism of the FAS
gene was reported with a high vitiligo risk (Li et al. 2008).

Melanocytes Developing New Antigenic Components

It is not always melanocyte-specific antigens that are targeted. Different antigen epitopes are
expected to develop and could be triggered by infections, trauma, stress and mutations (Kawakami
et al. 2000).

Trauma can modify antigenic epitopes or harm the cells enough to initiate innate immunity
attracting NK cells and macrophages with subsequent initiation of related adaptive CTL immunity
(Kawakami et al. 2000). Similarly, after oxidative stress, the accumulation of ROS in melanocytes
leads to melanocyte damage and the production of autoantigens that cellular immunity will target
(Wang et al. 2019). A positive correlation was observed between serum Macrophage Migration
Inhibitory Factor (MIF) and the spreading and activity of the vitiligo (Basak et al. 2008).

Mutated melanocyte antigenic proteins are found in localized areas of segmental vitiligo and
some cases of mosaic nonsegmental vitiligo, providing new patient-specific antigens that can initiate
localized immunogenic response (Rahimi et al. 2019).

Viral infection was documented in many vitiligo cases and may initiate the immune response
when infecting the melanocytes (Andersen et al. 2006).

More recently, the microbiome was investigated in vitiligo cases and distinct microbiota
composition with enrichment in Proteobacteria, Streptococcus and Mycoplasma was found
(Bzioueche et al. 2021). The disruption of the balance of the microbiome is thought to initiate
autoimmune responses through molecular mimicry, epitope spreading, and bystander activation
(Kohil et al. 2023).

Cells developing oncogenic antigen epitopes existing in nevi can express antigenic epitopes like
MAGE, possibly responsible for the cytotoxic reaction and the induction of depigmentation in halo
nevi. On acquiring an oncogenic mutation, primary cells can enter oncogene-induced senescence
(OIS) characterized by proliferation arrest and secretion of proinflammatory mediators. OIS in
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melanocytes is accompanied by an antigen presentation phenotype, likely to promote activation of
the adaptive immune system (Andersen et al. 2006).
A brief enumeration of Pro-Tolerance and Anti-Tolerance factors is illustrated in Figure 1.
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Figure 1. Diagram showing a brief enumeration of Pro-Tolerance and Anti-Tolerance factors in an
imaginary homeostasis balance.

In conclusion, the human body tries to tolerate the pigment-producing cells through several
mechanisms including; central deletion of melanocyte-specific T cells or peripheral induction of
inhibition or anergy of the released cytotoxic T cells. The melanocytes also try to hide their antigenic
components from the immune system. The breakdown of these mechanisms leads to the immune-
cytotoxic destruction of melanocytes and the development of depigmentation. Vitiligo can develop
whenever tolerance-jeopardizing factors outnumber or over-weigh the tolerance-inducing factors.
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