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Summary:

Autoimmune skin diseases are complex processes in which autoreactive cells must navigate
through the skin tissue to find their targets. Regulatory T cells in the skin help to mitigate
autoimmune inflammation and may in fact be responsible for the patchy nature of these
conditions. In this review, we will discuss chemokines that are important for global recruitment of
T cell populations to the skin during disease, as well as signals that fine-tune their localization and
function. We will describe prototypical disease responses and chemokine families that mediate
these responses. Lastly, we will include an overview of chemokine-targeting drugs that have been
tested as new treatment strategies for autoimmune skin diseases.
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Introduction

The skin is a complex, multi-layered organ that serves as a first line of defense against
infection. It provides immunity against pathogens through barrier function as well as anti-
microbial peptide production, and discourages microbial growth through salinity and pH
from perspiration. Resident immune cells in the skin monitor for infections, tumors, and
tissue damage. It is becoming increasingly clear that the immune system in the skin and the
non-immune cells that make up the skin itself are intrinsically connected during
development and beyond, with immune cells like Tregs enhancing development of the
epidermis (1). When skin homeostasis is perturbed, both hematopoietic and non-
hematopoietic skin cells produce chemotactic signals to recruit additional immune cells from
the blood to help fight infections, kill precancerous cells, or promote wound healing.

In autoimmune diseases, the immune system becomes inappropriately activated and targets
self-tissues and cells. We have limited understanding about how the first immune signal
breaks tolerance and initiate inflammation during autoimmunity; however, we have more
data that address how immune cells then become recruited to the skin through chemotactic
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signals. These signals must guide immune cells as they navigate through the skin tissue to
find their targets, as well as enhance their effector function. In this review, we will discuss
how chemokines control T cell recruitment to the skin and fine-tune their migration within
the skin at homeostasis, as well as during autoimmune inflammation. Specifically, we will
discuss prototypical type 1 (vitiligo, alopecia areata), type 2 (atopic dermatitis, contact
hypersensitivity), and type 17 (psoriasis) responses, as well as include brief descriptions of
other types of pathologies (cutaneous lupus, morphea).

Overview of skin structure and chemokines at homeostasis

To understand how cells migrate to and through the skin during autoimmunity, it is
important to understand the structure and landscape of the skin at homeostasis. In general,
the skin is comprised of the epidermis, a tight stratified epithelium, the dermis, a loose,
hypocellular and vascularized layer, and the subcutaneous fat. The outermost layer of the
epidermis is called the stratum corneum, which is comprised of dead, enucleated
keratinocytes. This layer is lipophilic and continually sloughed off to reduce the potential for
infection. Below the stratum corneum, the intermediate layer contains keratinocytes in
various stages of differentiation that are tightly bound to one another through integrins and
other structural proteins that form a barrier to external elements. The deepest layer of the
epidermis is comprised of basal keratinocytes (stratum basale), which continually divide and
move superficially, forming a “conveyor belt” of differentiating keratinocytes to replace
those that are lost. Keratinocytes are important chemokine producers in the skin, which we
will discuss further in the context of specific diseases.

Interspersed throughout the epidermal layer are specialized antigen presenting cells called
Langerhans cells. These are a subset of dendritic cells (DCs) that may be replenished from
bone marrow DC precursors, but are originally derived from fetal liver (2). These cells
process and present antigen to other immune cells, most notably T cells.

T cells are also a predominant cell in the epidermis and dermis, with some studies estimating
there are more T cells in adult human skin than in peripheral blood (3). Many of these T
cells have been labeled tissue resident memory T cells (Trm), as they do not recirculate
through the blood and lymph but rather persist in skin for years to protect against potential
recurrent infections. Of note, several studies have demonstrated that Trm function at least in
part through chemokine production, which was coined their “sentinel alarm function” (4-8).
Specific chemokine requirements for resident memory formation are under investigation,
although CCRS8 is implicated in developing epidermal resident memory (9); however, the
upregulation of chemokine receptors in different disease states that allow the recruitment of
various T cell subtypes is probably important for seeding the skin with antigen specific T
cells in the first place and may explain why others argue for the requirement of other
chemokine receptors, such as CXCR3 in the context of vitiligo (10).

Below the epidermis is the dermis. This layer is structurally comprised primarily of
fibroblasts and extracellular matrix proteins such as collagen and elastin. Like their
keratinocyte counterparts in the epidermis, fibroblasts can be key sources of chemokines in
the dermis. Importantly, they also secrete extracellular matrix proteins that can bind to
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chemokines and trans-present them to immune cells. Formation of the matrix is integral to
the function of some chemokines that need to oligomerize to be bioactive (11).

Interspersed throughout the dermis are endothelial cells, which form the blood vessels
required for transport of nutrients and wastes to and from the tissue, respectively.
Endothelial cells play key roles in skin immunity, including upregulation of adhesion
molecules that facilitate rolling, tight adhesion, and extravasation of immune cells into the
tissue from the blood. T cells in particular use cutaneous lymphocyte antigen to enter the
skin along P-selectin expressing endothelium (12). Lymphatics play key roles in immune
cell exit from tissues and migration to skin draining lymph nodes where antigens are filtered
and processed for efficient immune activation and coordination of immune responses (13).
Nerves innervate the skin and transmit signals that mediate sensation of touch, pain, heat,
cold, etc. The interactions between nerves and immune cells have become better appreciated
in recent studies, including those that promote itch (14-18) or inflammation characteristic of
psoriasis (19).

As in the epidermis, there are dermal-resident immune cells, including antigen presenting
cell (APCs) subsets that include CD103+ Langerin+ DCs, CD11b+ DCs, and macrophages
(20-22). These cells may provide antigen depots to restimulate lymphocytes in situ for
repriming once they enter the skin (23). APCs produce large quantities of chemokines on a
per cell basis (despite their representing only a small fraction of total cells) and are therefore
key sources of chemokines in tissues (24, 25).

T cells can be found throughout the dermis, patrolling (26) and maintaining disease in the
context of autoimmunity (8). Like those in the epidermis, dermal T cells also produce
chemokines themselves to promote recruitment of additional T cells (8) and/or to promote
clustering (27), although dermal T cells are much more mobile in the looser tissue as
compared to the tightly-packed epidermis (28). This activity is somewhat similar to how ants
produce trails of pheromones to direct additional ants toward a newly discovered food
source.

The epidermis and dermis are joined at what is termed the dermal-epidermal junction, or
DEJ, which is comprised mostly of tight type VII collagen fibers. Melanocytes, which are
the pigment-producing cells in the skin, and Merkel cells, which are specialized nerve fibers
that mediate sensation of light touch, reside at the DEJ. Several diseases we will discuss are
characterized by an “interface dermatitis,” which is essentially inflammation at the DEJ.

The subcutaneous fat layer is just below the dermis, and its role in skin immunity is
becoming better appreciated especially in specific diseases such as scleroderma and
morphea (skin-limited sclerosis). Fat cells directly produce chemokines and release of
specific lipid mediators that help direct immune cell movement and activation status via
changes in metabolism.

Hair follicles are interspersed throughout the skin, span the epidermis, dermis, and
subcutaneous fat, and have recently been described as “entry portals” for bone-marrow
derived Langerhans cell precursors (29). Further, regulatory T cells (Tregs) accumulate
around hair follicles and may prevent immune responses to these constantly changing organs
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as they routinely grow, rest, fall out and regenerate depending on the stage of the hair cycle
(anagen, telogen, catagen, etc; (1)). Tregs reside near hair follicles (30, 31) and help to
tolerize against commensal skin microbiota (32). Nagao et al has described CCL8 being
produced by the hair follicle, which may be important for recruiting Tregs into the hair
follicle, as Tregs express the cognate receptor CCR8 (29). Hair follicles also provide a niche
for stem cells, including melanocyte precursor cells that can repopulate and repigment the
skin.

Recirculating immune cells follow homeostatic chemotactic signals to enter the skin, such as
CXCL14, CXCL16, CCL17/CCL22, and CCL27 (reviewed in (33)). Cytokines, which can
induce chemokinesis by inducing the release of chemokines, have recently been described to
be essential for resident memory T cells and Langerhans cells: 1L-15 is homeostatically
produced by keratinocytes and presented on CD215 in trans to promote establishment of
Trm ((34), reviewed in (35)). Together with IL-7, it is also important for directing migration
of Langerhans cell precursors through the hair follicle and up into the epidermis (29). Future
studies will need to be conducted to ascertain which chemokine families are acting
downstream of IL-7 and IL-15 in the directed migration of Trm and LHC to the epidermis.
CXCL14, whose receptor is unknown, facilitates recirculation of immune cells in the skin
and provides antimicrobial function (reviewed in (36)). CXCL16 is constitutively produced
on the surface of keratinocytes, but is proteolytically cleaved to recruit CXCR6+ T cells and
NKT cells (37, 38). TSLP, which was extensively studied in the context of allergic disease,
enhances barrier protection of the skin and increases Treg numbers during homeostasis (39—
41)(39, 40). CCL17/CCL22 are ligands for CCR4 that promote recirculation of T cells to the
epidermis at homeostasis (42) or towards antigen presenting cells (APCs) in the dermis
during inflammatory states (43). The majority of blood CLA+ T cells express CCR4 to
respond to these skin-homing ligands (44). CCL27 is specifically produced in the epidermis
and helps position CCR10 expressing lymphocytes superficially in the skin (45, 46) and
reviewed in (47). Skin DCs use vitamin D3 to program T cells to respond to CCL27 via
upregulation of CCR10 (48). Of note, many human T cells express both CCR10 and CCRS,
and are likely recruited to the skin in a stepwise fashion: at baseline, dermal cell types
produce CCL1 that helps recruit CCR8-expressing T cells into dermis (9, 49) reviewed in
(50), followed by CCL27 to position them in the epidermis via CCR10 signaling. Tregs first
seed the skin utilizing CCR6 and presumably are maintained by the hair follicles utilizing
the same signals (32). Together, all of these homeostatic chemokines facilitate T cell
recruitment to and through the skin (Figure 1).

To egress from skin, T cells follow CCL19 and CCL21 signals (CCR?7 ligands) presented on
the lymphatic endothelium to enter skin-draining lymph nodes (reviewed in (51)). To
recirculate back to the skin, T cells egress from lymph nodes by following sphingosine-1-
phosphate (S1P) gradients to re-enter the circulation and then follow chemokine signals to
re-enter the skin (52). Homeostatic signals may be modulated in disease states to facilitate
enhanced trafficking of T cells to tissues as well as their retention there.

Homeostatic chemokine and cytokine signals in the skin also help to maintain and bolster
the function of resident immune cell populations we have described above (reviewed in
(53)). IL-15 is important for maintenance and function of Trm (6, 7). TGFp is another
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important homeostatic skin mediator that helps to maintain multiple skin cell populations
including Tregs (54), resident memory T cells (55), keratinocytes (56), fibroblasts (57) and
langerhans cells (55, 58).

Another recently appreciated portion of the skin for chemokine function is the interstitial
fluid (59). This fluid bathes the cells of the skin and transmits signals throughout the tissue,
including chemokines and antigens. Of note, this tissue can be sampled in healthy controls
or in lesional/nonlesional skin from patients with autoimmune skin conditions using a blister
biopsy technique to measure chemokine levels, cellular infiltrates, and more (7, 60-65).

Inflammatory chemokines in the skin

Inflammation is initiated following activation of innate immune sensors/receptors in skin-
resident cells (reviewed in (66)). Downstream signaling pathways activate key transcription
factors that induce the production of proinflammatory cytokines and chemokines. Generally,
some of these signals can be viewed as “recruit” signals whereas others are used more for
fine-tuning of localization and/or tethering of immune cells in the skin.

Some chemokines that are used for global skin recruitment include CXCL9, which will be
described in detail in the context of vitiligo, and TSLP. As mentioned above, TSLP can serve
homeostatic functions, but it has also been shown to drive allergic responses and atopic
dermatitis (67, 68). One study reported that in atopic dermatitis patients, this is likely due to
promoter demethylation, with subsequent overexpression of TSLP (69). This hypothesis was
supported experimentally by overexpressing TSLP in the skin of mice, which resulted in an
atopic dermatitis-like disease characterized by massive dermal infiltrates of type 2 cells (70).
In an OVA-induced model of AD, TSLPR-/- CD4+ T cells were able to properly home to
skin, but were unable to transfer disease to recipient animals due to impaired type 2 cytokine
production, indicating that TSLP signaling is required for optimal type 2 effector function
(71). Similarly, intradermal injection of TSLP antibody blocked development of disease.

A classical example of a tethering chemokine is CXCL10, which can facilitate CXCR3+ T
cell:DC interactions in lymph nodes (72-74) and promotes T cell localization to the
epidermis in vitiligo, which we will discuss in detail below (75). CCR4 ligands also
facilitate T cell:DC clustering in the lymph node and T cell:macrophage clustering in the
skin (43, 76). We will discuss the roles of CCR4 and its ligands in the context of type 2
inflammation below.

CCLS5 is important for recruitment and clustering of T cells in the dermis (11, 27, 77). CCL5
binds to CCRS5, which can be expressed on CD4+ T cells, CD8+ T cells, and Tregs
(reviewed in (78)). CCL5 has also been reported to interact with CCR3 and CCR1 (79). Like
CCL5, CCR5 is promiscuous in that it can bind CCL3 and CCL4 as well (78). These ligands
facilitate CD4+ T cell interactions with DCs in lymph nodes (80), though their roles in the
skin have yet to be fully elucidated.

CCL18 mediates its effects through its cognate receptor CCR8 (81) and appears to have
important roles both during inflammation and at homeostasis. Intriguingly, CCL18
expression is under control of both STAT1 and STAT6 promoters (82), which partially
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explains why it is enriched in both type 2-mediated skin disease (ie. atopic dermatitis) (83,
84) as well as type 1-mediated diseases (ie. alopecia areata) (85, 86). It is expressed
predominantly in the lung, but can also be found in lymphoid compartments and in plasma.
In addition to specific increases during skin inflammation, CCL18 expression is elevated in
many autoinflammatory and fibrotic diseases in the skin and other barrier tissues such as
bullous pemphigoid (87), scleroderma (88), Sjogren’s syndrome (89), and vitiligo (see GEO
dataset from (75)). Owing to the absence of this gene in non-primate animals, the
mechanistic role of CCL18 in these diseases processes has been difficult to dissect.

An important factor to consider when examining inflammatory chemokines in the skin is
that different chemokine ligands can bind to the same receptor, but may mediate different
signals depending upon where, and how strongly, they bind (90). One example of this is the
dichotomy of CXCL9 as a recruit signal and CXCL10 as a localization signal, which is
exemplified by previous work in vitiligo. Though both of these chemokines bind CXCR3,
CXCL9 deficiency resulted in significantly fewer antigen-specific CD8+ T cells in the skin,
whereas CXCL10 deficiency impacted epidermal localization and/or function (75). These
data are discussed further below in the vitiligo section.

Overview of T cell-driven autoimmune skin diseases

Historically, T cell-mediated immune responses have been categorized based on which
group of cytokines the T cells produce. In the case of CD4+ helper T cells, type 1 responses
are mediated by Thet transcription factor programming, production of IFN-y/TNF/IL-2, and
expression of the chemokine receptors CXCR3 and CCR5. Type 2 responses are mediated
by GATA3, IL-4/5/13 production, and CCR4 and CCR8. Type 17 responses are mediated by
RORQT, IL-17 production, and CCR6. CD8+ T cell responses are designated similarly, but
are referred to as cytotoxic responses. However, in the case of autoimmunity, many mixed
pathologies exist, with production of several proinflammatory cytokine mediators by CD4+
and/or CD8+ T cells. Here, we will discuss autoimmune skin diseases that exhibit
prototypical T cell responses, as well as some with mixed pathologies.

Chemokine-mediated T cell recruitment in vitiligo, a prototypical cytotoxic type 1 disease

Vitiligo is an autoimmune skin disease in which melanocytes are targeted for destruction by
autoreactive CD8+ T cells. Vitiligo affects approximately 1% of the population worldwide.
Melanocytes normally reside at the dermal/epidermal junction (DEJ) within the basal layer
of keratinocytes. Thus, autoreactive T cells must navigate through the dermis, up to the DEJ,
and proximal to their melanocyte targets to kill them. Of note, T cell infiltration is most
often observed just beyond the lesional border (perilesion) (91, 92): T cells kill melanocytes
and migrate outward while pigment in keratinocytes takes weeks to turn over. Therefore, it is
likely that the killing event precedes clinically observable depigmentation. Consistent with
these observations, examination of chemokines and T cells are most clear just beyond the
border of the lesions, whereas the lesion center represents stable or burned-out disease.

Vitiligo progression is driven by IFN-y. Transcripts of IFN-y dependent genes are enriched
in vitiligo skin and include the chemokines CXCL9, CXCL10, CXCL11 and CCL5 (75, 93).
Elevated protein levels of these chemokines have been confirmed in blood and skin samples
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from patients (60, 94-99). Autoreactive T cells express the cognate receptors for these
chemokines, namely CCR5 and CXCR3. While CCRS5 is just beginning to be studied in
vitiligo (95), the functional role of the CXCR3 chemokine system was rigorously tested by
genetic manipulation and antibody blockade in mouse models of disease. CXCR3-deficient
autoreactive T cells fail to induce disease and targeting the receptor via antibody blockade or
depletion both protects mice from vitiligo and reverses it (24, 75, 100-102). Similarly,
targeting JAK signaling, which drives expression of CXCR3 ligands and other gene products
downstream of IFN-vy, also halts and reverses disease in vitiligo patients (103-106).

Studies in mouse models of vitiligo have helped elucidate complementary roles for CXCL9
and CXCL10 in pathogenesis and have revealed insight into their relative functions. Mice
deficient in CXCL9 or treated with CXCL9 blocking antibody have a T cell recruitment
deficit to the skin, but the mice still develop full clinical disease. In contrast, mice deficient
in CXCL10 or treated with a CXCL10 blocking antibody are protected from disease,
although equal numbers of dermal T cells were observed (75). These observations,
combined with studies examining the lymph node in the context of immunization and viral
infection (73, 74), suggest that CXCL9 serves as a “recruit” signal primarily in the dermis,
whereas CXCL10 provides either a tethering signal that enhances T cell function, and/or
helps to localize the T cells to their targets residing at the DEJ (Figure 2). The role of
CXCL11 in vitiligo has yet to be elucidated because C57BL/6J mice have a null mutation
that prevents expression (107).

We used the reporter of expression of CXCR3 ligands mouse (REX3) (73) to determine the
source of CXCL9 and CXCL10 in mice during vitiligo in both the transferred T cells (8) and
in the host-derived skin cells (24). Consistent with studies describing chemokine production
by Trm (4, 108), we found REX3+ Trm cells producing CXCL9 and CXCL10. However,
Tcm were also REX3+, indicating that multiple phenotypes of T cells in the skin produce
CXCR3 ligands (8). In studies using REX3+ hosts, many cell types in the skin produced
these chemokines. In the epidermis, all cells produced CXCR3 ligands, but by cell number
keratinocytes made up the majority of total chemokines. On a per-cell basis, the chemokine
production was higher in antigen presenting cells found in the dermis as well as Langerhans
cells in the epidermis. To test the contribution of these cellular sources of chemokine in
vitiligo, we used genetically targeted mice to prevent IFN-y signaling in specific cell types
(STAT1 flox, with various cell-specific Cre expression) and found that IFN--y signaling in
keratinocytes primarily recruit autoreactive T cells during vitiligo and are required for
disease pathogenesis (24). Endothelial cells provided an intermediate phenotype, whereas
STAT1 was not required in melanocytes themselves for disease induction (unpublished
observations).

In addition to the IFN-y-CXCR3 signaling axis, the CXCR6 chemokine system has also
been implicated in non-redundant recruitment of T cells during vitiligo. Investigators
reported increased CXCL16 in the lesional skin of vitiligo patients, and intralesional T cells
express its receptor CXCR®6 (109). Intriguingly, CXCL16 is produced by keratinocytes in
response to reactive oxygen species (ROS), suggesting that intrinsic stress or toxic
intermediates produced during the inflammatory response can help recruit more T cells.
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Many investigators have focused on the role of cellular stress in vitiligo; however, it remains
unknown whether ROS precipitates disease or is a product of inflammation.

CXCLS8, also known as IL-8, is increased in the serum of patients with active vitiligo (94).
CXCLS8 binds to CXCR1 and CXCR2, which are highly expressed on neutrophils and
eosinophils, but can also be expressed at low levels on T cells (110, 111). The functional role
of CXCL8 in vitiligo has yet to be elucidated, as neutrophils and eosinophils are absent from
vitiligo skin lesions.

Chemokine-mediated T cell recruitment in atopic or allergic dermatitis represents type 2

disease

Atopic dermatitis (AD) and allergic contact dermatitis (ACD) represent two inflammatory
conditions primarily driven by T cells that respond inappropriately to environmental factors.
AD is primarily driven by a defect in skin barrier function, which allows penetration and
over sensitization to allergens and skin microflora, in particular Staphylococcus aureus.
Repeated inflammatory responses are driven by CD4+ T cells that help to recruit other
cellular mediators that together produce inflammation and clinical skin eruptions recognized
as irritated, scaly skin with erythema. Resolution of the lesions can be observed following
treatment with moisturizers (to repair the skin barrier), antibiotics (to eliminate bacterial
stimuli), and/or anti-inflammatory drugs (to decrease inflammation). Pediatric patients
typically “outgrow” AD, indicating age-related factors are also at play (112). While the
barrier defect is common to most individuals with AD, the environmental factors and
underlying mediators of disease may be heterogeneous (113). In contrast, ACD (discussed
below) is characterized by T cell responses against specific haptens formed from chemical
exposure, including metal ions (114) that drive inappropriate immune responses. Only
avoidance of the skin allergen leads to full resolution.

AD is characterized by CD4 T cell infiltrates and at least initially exhibits a type 2 cytokine
profile. Earlier translational studies suggested that AD skin gene expression signature shifted
from a type 2 response to type 1 (115-118) and later studies corroborated this finding, but
suggested that the type 2 response was always strongly present, even in advanced lesions as
microarray screening techniques missed transcripts that were only detectable by RT-gPCR
(119). When AD and ACD are directly compared, both have some type 2 signals but ACD
has higher levels of type 1-associated chemokines, including CXCL10 (Kamsteeg et al.). A
recent study found that AD patients with food allergies exhibit higher IgE titers and stronger
type 2 cytokine responses than patients without food allergy (120), indicating subtypes or
spectrums exist within the AD entity that could account for differences in cytokine and
chemokine profiles. Nevertheless, the success of IL-4/IL-13 inhibition in AD by dupilumab
indicates that type 2 cytokines drive disease pathogenesis (121, 122).

In support of these findings, translational studies of the recruitment of T cells in AD suggest
arole for CCR4 (123, 124), which responds to I1L-4 driven chemokine ligands. Moreover,
additional translational profiling of AD skin highlights a prominent role for type 2,
sometimes with type 1 signals (125, 126). The shift in the profiles may be explained because
barrier defects allow for multiple antigens from a myriad of sources to penetrate the skin and
elicit a mixed inflammatory response (Figure 3).
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In light of the skin barrier defect in AD, it is not surprising that many homeostatic mediators
are upregulated, including CCL1, CCL17, and CCL27 (46, 127). Once the epidermis
becomes leaky, multiple antigens become available to the skin immune system, including
bacteria, viruses, and allergens. The protease activity of allergens from dust mites,
cockroaches, parasites, etc. are well-documented as contributing to type 2-type responses
and likely account for why late AD lesions still predominantly express type 2-associated
cytokines and chemokines (128-133) reviewed in (134). While studies are conflicted about
which antigen presenting cell is most important for sensing allergen proteases, the end result
is the same: increased recruitment and effector function of Type 2 cytokine-producing CD4+
T cells.

Type 2 cytokines provide a newly-defined link between the nervous and immune systems in
AD: IL-4Ra on skin sensory neurons sense immune-derived IL-4 to promote itch in AD, and
blocking this response with JAK1 inhibition reverses disease in patients recalcitrant to
standard treatments (16). In contrast, different sensory neuron channel proteins contribute to
itch and inflammation separately in a model of ACD (17). Furthermore, itching as a
response to light touch, or alloknesis, is mediated by Piezo2 channels on Merkel cells (135).
Thus, positive feedback loops between itch sensation and inflammation drive pathogenesis
of AD and ACD (reviewed in (14)). The therapeutic potential of blocking Type 2 cytokine-
induced migration to mitigate feedback loops that potentiate itch needs further investigation.

Many mouse models of AD are formed by inducing skin inflammation using common
techniques: barrier disruption, sensitization and elicitation reactions, or model antigens.
Regardless, Type 2 skewing appears to be important in all of these models, and a transgenic
mouse that expresses IL-4 under a keratinocyte driven promoter that develops AD-like
disease (136). In models using a delayed type hypersensitivity challenge, CCR4-bearing
cells are the cells most efficiently recruited to the skin (44), and adoptively transferred
antigen-specific T cells require CCR4 to migrate to the skin during antigen challenge (137).

However, CCR4 is not always the sole contributor to recruiting T cells in AD-like skin
reactions. Blocking CCR4/CCL17 or CCR10/CCL27 abrogates recruitment to skin
challenges (138, 139). Of note, injection or overexpression of either CCL17 or CCL27 alone
into the dermis is enough to drive AD-like disease in mice, presumably through increased
recruitment of immune cells that then react against normal microbiota (46, 140-142).
Additional models of AD show a stronger reliance, although not always complete
dependence, on CCR4 mediated recruitment of T cells (143-149). When chronic AD was
modeled in mice, CCR8/CCLS8 recruitment of T cells to the skin promoted inflammation, but
not CCR4 (150). Since CCR8 may be required for resident memory T cell formation in the
skin (9), it may be that acute inflammation amplifies signals present during homeostasis and
that other chemokine receptors, like CCR8, are important for positioning in the skin for
maintenance of disease in a chronic setting. Altogether, these animal studies corroborate the
Type 2 and CCRA4 signatures seen in many AD patient skin, but in addition to CCR4, CCR8
and CCR10 on T cells play important roles in maintaining the disease.

In contrast, ACD relies principally on IFN-y induced chemokine ligands. After allergen
elicitation, resident T cells produce IFN-y and lead to the upregulation of chemokines
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CXCL9, CXCL10, and CXCL11, driving a mixed recruitment of additional T cells and
responders that contribute to inflammation. Mouse models of ACD utilizing
dinitrofluorobenzene induce characteristic inflammation with a strong skin signature of
CXCL9, CXCL10, and CXCL11, which is also present in Nickel allergic individuals (151)
and replicated in other translational studies (152). Similarly, expanded T cells from allergic,
dintorfluorbenze-exposed individuals produce IFN-vy rapidly after challenge (151).

Common to both AD and ACD, cytokines that induce migration/chemokinesis including
TSLP and IL-16 are elevated in lesional skin. TSLP is induced in epithelial cells following
trauma or following exposure to microbes or inflammation and thus provides a feed-forward
loop in AD/ACD (153). IL-16 is elevated in patients with AD and ACD (154-156), and
IL-16 is a pleomorphic cytokine that can induce CD4+ T cell migration when secreted, but
in its pro-form can regulate cell cycle control (reviewed in (157)). In AD, higher IL-16 levels
correlated to higher degrees of sensitization (154, 155). It is important to note that 1L-16
preferentially induces migration of Tregs (158), so it is possible that its upregulation in
inflamed skin represents an attempt at restoring homeostasis. In ACD but not AD, IL-16
promoter polymorphisms are associated with development of disease (159), and treatment
with anti-1L-16 antibody reduces ear swelling in mouse models of ACD (160). Of note, a
neuronal form of IL-16 exists (reviewed in (161)) that serves as a link between the nervous
system and the immune system, and this was studied in the context of Multiple Sclerosis
(reviewed in (162)). The role of IL-16 in neuroimmunology is especially relevant to skin
disease in light of the recent studies examining inflammation and itch (14, 15), but will need
to be further elucidated.

Chemokine-mediated T cell recruitment in psoriasis, a prototypical type 17 disease

Psoriasis is a type 17-mediated disease in the skin that appears to be autoimmune or
autoinflammatory in nature. A number of putative antigens or danger-associated molecular
patterns have been reported to be secreted by keratinocytes and, more recently, melanocytes
(163-165), but no antigen has yet been confirmed. Nevertheless, 1L-17 producing T cells
drive pathogenesis and are found in high numbers in patient skin, adopting various
phenotypes including Trm that persist in lesions even after treatment (166, 167). Psoriasis is
dependent upon a feedback loop of TNFa, IL-6, IL-21, IL-22, IL-23, IL-17 and CCL20/
CCR6 (reviewed in (168)). Blockade of TNFa (169), IL-17, and IL-23 reverse disease while
blocking other cytokines appear less effective, highlighting the principal IL-17 signalling
axis in driving disease pathogenesis (reviewed in (170)). CCL20/CCR® interactions are
required for dermal clustering of T cells and dendritic cells in psoriatic lesions (171). CCR6
was required for induction of disease in a mouse model of psoriasis-like inflammation, and
facilitated localization of T cells to the epidermis (172). CCR6 expression marks IL-17-
producing T cells in humans (173), and IL-17 induces production of CCL20 by
keratinocytes (174), thus exacerbating disease in a feed-forward loop. Other cytokines
produced during this response stimulate dendritic cells of the skin and damage the
keratinocytes, which further promote the positive feedback loop and increase inflammation
(Figure 4).
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IL-16 was reported to be elevated in psoriasis patients, though to a lesser extent than in AD
patients. IL-16 was elevated in perilesional psoriatic skin at both the mRNA and protein
level, whereas lesional skin only had increased protein levels (175). Thus, the edges of
psoriatic lesions may represent areas of higher T cell activity and recruitment as is observed
in vitiligo. CXCL16/CXCR6 are also elevated in psoriasis (176) and correlate with increased
CD8+ T cells in lesional skin (177). Although IL-17/1L-22 producing CD4+ T cells
primarily mediate psoriasis (178), CD8+ T cells may also help drive pathology (179).

Interface dermatitis: T cell recruitment in cutaneous lupus

Interface dermatitis describes the appearance of immune infiltration at the DEJ. This type of
infiltration is found in many diseases of the skin, including vitiligo, lichen planus, and
others, but is a hallmark of cutaneous lupus erythematosus (CLE) (180). CLE can be a
component of systemic lupus, or it can exist on its own (181, 182). Understanding how CLE
progresses to systemic lupus is important for considering aggressive treatment options, and
successfully treating skin manifestations can ameliorate systemic symptoms (183, 184).
CLE can be triggered by certain drugs (185, 186), UV light (187, 188), hormonal
imbalances (189-191), and likely additional environmental causes that have yet to be
explored.

There are 3 main clinical subtypes of CLE, including acute (ACLE), subacute (SCLE), and
chronic (CCLE) (192, 193). All 3 subtypes look virtually the same histologically, with an
interface dermatitis characterized by a lymphocytic infiltrate. These subtypes also share
chemokine expression profiles, with CXCR3 ligands being highly upregulated in an IFN-
dependent manner (194-196). There is a paucity of mouse models of CLE, as the most
frequently used lupus models do not exhibit skin manifestations of disease. However, a
recently published mouse model of cutaneous lupus appears to recapitulate CCLE, and
nanostring analysis revealed both human CCLE and mouse CCLE skin samples exhibited
increased expression of CCL3, CCL4, CCL7, CCLS, and, most notably, very high
expression of CXCR3 ligands (197). Future studies will focus on the functional roles of
these chemokines in the murine model and in human disease.

A recent study uncovered a cellular mechanism for sensing skin damage following UVB
irradiation in two mouse models of systemic lupus (MRL/lpr and B6.SLE1yaa, (198)):
ADAML1Y7 is upregulated in Langerhans cells following UVB exposure, which in turn
increases the release EGFR ligands in an attempt to protect keratinocytes from further UVB
damage. While this study did not directly focus on the impact of this cellular sensing loop on
chemokine expression and immune cell recruitment, we hypothesize that ADAM17
upregulation will increase the release of chemokines such as CX3CL1 from the surface of
resident skin cells, as was previously reported in HUVECs and NIH3T3 cells (199).
Functionally distinct subsets of CD8+ T cells that are important for immune surveillance
express the cognate receptor of CX3CL1, namely CX3CR1 (200), and could therefore be
recruited to sites of UVB induced injury. Of note, CX3CL1/CX3CR1 have been implicated
in mediating immune complex deposition (201), and an antagonist of CX3CL1 can delay
and ameliorate kidney damage in a mouse model of systemic lupus (MRL/lpr, (202)).
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Additional investigation will need to be conducted to determine whether the CX3CR1
system plays a role in CLE.

Fibrotic disease: T cell recruitment in morphea

Another type of autoinflammatory process that occurs in the skin is fibrosis, which in
settings other than wounding represents a distinct inflammatory process that causes
significant morbidity (reviewed in (203)). This occurs in the diseases scleroderma (also
known as systemic sclerosis or SSc) and morphea, in which inflammation of the dermis
precedes fibroblast activation and collagen deposition (204, 205). Historically, morphea was
referred to as a manifestation of skin-limited scleroderma (termed localized scleroderma or
LSc); however, it is becoming apparent that the pathophysiology of these diseases may be
distinct with overlapping elements in their skin fibrotic processes (206). On the cellular
level, skin-resident macrophages appear to become improperly activated, and secrete
chemokines to recruit T cells. These T cells in turn produce proinflammatory cytokines and
chemokines, which further activates macrophages and fibroblasts themselves. This results in
a positive feedback loop of inflammation as the fibroblasts then secrete more chemokines, as
well as collagen and other gene products to promote fibrotic responses. Thus, this trio of
cells, macrophages, T cells, and fibroblasts, appears to drive skin fibrosis during morphea
and scleroderma (see also (207)).

A common element in autoinflammatory fibrosis is the CXCR3 chemokine family, which is
highly upregulated in lesional skin of both morphea and scleroderma patients (206, 208,
209). CXCR3 expression on fibroblasts plays a role in wound healing and re-
epithelialization (210-214). Interestingly, CXCL10 attenuates, rather than promotes, fibrosis
in the lung in mouse models of systemic sclerosis due to its ability to limit fibroblast
migration (215, 216) and in models of urethral fibrosis due to its ability to cross-talk to pro-
fibrotic TGFP pathways (217). CXCL9, but not CXCL10, was also deemed critical for
driving kidney disease in a mouse model of immune mediated kidney damage due to its
ability to activate T cells and macrophages in renal tissue (218). Thus, understanding the
specific downstream effects of chemokine ligands with shared receptors is important when
designing drugs appropriate for targeted effects: in the case of morphea, reducing the pro-
fibrotic effects of CXCL9 while leaving the anti-fibrotic effects of CXCL10 is paramount to
halting disease (Figure 5).

CXCL16 is upregulated in the serum and skin of patients with systemic sclerosis (219, 220).
As mentioned above, CXCL16 is homeostatically produced by keratinocytes in a
transmembrane form that can be cleaved from the surface following metalloproteinase
activation. Other chemokines that have been implicated in fibrotic skin disease include
CCL2 (binds to CCR2), CCL3 (binds CCR1, CCR4 and CCR5) and CCL4 (binds CCR5)
(reviewed in (203)). These chemokines have been studied in models of lung, liver or urethral
fibrosis, in which their expression and subsequent fibrosis was dependent upon the
production of IL-4 and IL-13 production (221-223). Of note, 1L-21 was reported to induce
IL-4 and IL-13 receptors on macrophages, thus making them more sensitive to these
cytokines and poised to amplify signals via chemokine production (224). IL-21 can also
induce profibrotic CD8+ Type 2 responses, thus amplifying the T cell-macrophage-fibroblast
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loop (225). These studies, along with those that have identified the IFN-y-mediated CXCR3
ligand production discussed above, indicate that autoinflammatory fibrosis is a mixed
pathology. Direct links between T cell production of these type 1 and 2 cytokines and
subsequent production of chemokines have yet to be definitively studied in dermal fibrosis.

Another layer of complexity in fibrotic disease lies in the recruitment and activation of
fibroblasts themselves, in addition to activation or differentiation into myofibroblasts, which
are fibroblasts that express smooth muscle actin and other transcripts usually characteristic
of muscle cells. Lysophosphatidic acid and its receptor, LPAL, are important for dermal
fibrosis in mouse models of scleroderma (226), though this appears to be due to enhanced
fibroblast migration and function independent of T cell recruitment (227). TGFp family
members are important for activation of fibroblasts, though the relationship to T cell-derived
TGFp production and T cell infiltration is unclear (reviewed in (203)).

Autoimmunity of the hair follicle: T cell recruitment in alopecia areata

Alopecia areata (AA) is an autoimmune disease characterized by hair loss as a result of
immune activation in the hair follicle (reviewed in (228, 229)). Like psoriasis, there is no
clear consensus on the autoantigens involved in this disease (one hypothesis is presented
here: (230)). The inflammatory infiltrate in the hair bulb primarily features CD4 and CD8 T
cells (231, 232), but natural killer cells (233), macrophages (232, 234), mast cells (232, 235)
and other cell types (232) are sometimes found on histological examination and may be
involved in disease pathogenesis (reviewed in (236)). Animal models of AA replicate human
immune infiltration and indicate a pivotal role for T cells in mediating hair loss (237, 238).

Translational studies of the blood and skin of patients reveals that the pathogenesis of AA
exhibit a strong type 1 signature (239), including the production of IFN-y by T cells in
disturbed hair follicles (231) and the expression of CXCR3 and its ligands, particularly
CXCL10 (240-242). Studies in mice revealed that IFN-y deficient mice were protected from
hair loss (243) while exogenous injection of IFN-y could induce disease (244). Parallelling
human translational studies, CXCR3 and its ligands increase in mice prone to developing
AA (245).

These studies drove investigators to test if blocking IFN-y, CXCR3 or its ligands could
reverse disease. Indeed, animal models depend on CXCR3-mediated recruitment for
development of AA (246). Moreover, targeting IFN-y signaling via JAK inhibition can
reverse disease in animals (247) and people (247-250). These findings support the idea that
CXCR3 mediated recruitment of pathogenic T cells is central to AA pathogenesis.

At homeostasis, the hair follicle expresses CCL2 in the isthmus; CCL20 in the the
infundibulum; and CCL8 in the bulge (29). Thus, T cell recruitment to and through the hair
follicle is likely coordinated by multiple ligands. A few studies have reported upregulation
of additional chemokine families in AA including CCL5, CCL17, CCL18, and CCL26, as
well as cytokines that induce migration/chemokinesis such as TSLP, periostin, and IL-16
(85, 86, 251-253). CCL17 serum levels correlated with disease severity and responsiveness
to treatment, and immunostaining of skin showed colocalization of CCL17 with CD68+
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cells (234). As in ACD, IL-16 promoter polymorphisms are associated with increased risk of
AA (254). The functional roles of the other chemokine families have yet to be elucidated.

Like AD, there is a neuroimmune component of the disease, as substance P is highly
upregulated in lesional skin (232). Substance P is a neuropeptide that is secreted by neurons
and immune cells, and has been associated with pain reception and inflammation (reviewed
in (255)). Substance P can induce the migration and/or activation of many different immune
cell subsets. In vitro studies in human skin culture models demonstrated that substance P
injection was sufficient to induce MHC-I upregulation while simultaneously downregulating
pro-survival signals in the hair follicle including NGF-R, which the authors postulated
represents loss of immune privilege ((256), reviewed in (257)). In the C3H/HeJ mouse
model of AA, substance P is upregulated in early lesions, but not chronic lesions, and
infiltrating T cells and macrophages express its receptor, NK-1R (258). Stress has been
implicated as a driving factor in this feedback loop (259), as opposed to itch in AD (260-
262). Further studies will need to be conducted to better map this pathway during initiation
and progression of AA.

Treg recruitment during autoimmune skin disease

Tregs serve to resolve inflammation in multiple autoimmune diseases and promote tissue
healing during homeostasis (reviewed in (263)). They also follow chemokines in order to
mediate suppression of effector T cells in peripheral tissues, which were reported in
numerous models of inflammation (264-273). In the context of inflammation, Tregs
downregulate lymphoid homing markers and upregulate CCR2, CCR4, CCR5, CCR6,
CCRS8, CCR9, CXCR3, CXCR5 and CXCR6 as well as P- and E-selectins, depending upon
the signals they receive (274). For example, in a contact hypersensitivity model, CXCR3 is
required for Treg trafficking to the skin, and CXCR3-/- mice exhibit delayed recovery (275,
276). Similar effects were observed for CCR5—/- Tregs in models of graft-versus-host
disease (271).

In vitiligo, CCL22 expression was reported to be significantly reduced in lesional skin (277).
This was hypothesized to lead to reduced recruitment of Tregs, which has since been
reported in other studies as well (278, 279). To this end, Eby et al overexpressed CCL22 in
the skin in two different mouse models of vitiligo and observed increased recruitment of
Tregs, which correlated with a concomitant improvement of disease (280) (see also Figure
2). A similar defect in CCL22 expression with reduced Tregs in skin was observed in
pemphigus vulgaris (281).

Targeting chemokines in autoimmune skin diseases as therapeutics

In light of the importance of immune cell migration through the skin tissue to find target
cells during autoimmunity, several investigators and companies have targeted chemokines
and/or their receptors as potential therapeutics in hopes of providing new treatment options
for patients. Here we will discuss several therapeutic strategies that have been tested in
autoimmune skin diseases, as well as other chemokine-based therapeutics currently on the
market for other indications. Refer to table 1 for a summary of specific FDA-approved
inhibitors.
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In vitiligo, targeting the CXCR3 chemokine axis with CXCL10 or CXCR3 antibodies
reverses disease in a preclinical model of vitiligo (75, 100). Inhibition of JAKSs, which are
upstream of CXCR3 ligand production, have reversed disease in several case studies of
vitiligo, and one case in particular demonstrated that initiation of treatment directly
correlated with a drop of CXCL10 protein in the serum (103-106). Interestingly,
epigallocatechin-3-gallate (EGCG), a compound in green tea, was recently reported to
inhibit JAK2 and subsequent release of CXCL10 and CCL2 from melanocytes in vitro (282).
While EGCG has not been tested for the treatment of vitiligo, it has shown some efficacy in
trials for acne (283) and telangectasias (284). Further trials would need to be conducted to
determine the efficacy of EGCG for the treatment of autoimmune skin diseases.

JAK inhibitors have also exhibited efficacy in alopecia areata (247, 285-288), morphea
(289), AD (16, 288, 290), hypereosinophilic syndrome (291), and CLE (292). In the TSK1
model of scleroderma/morphea, JAK2 inhibition had the added benefit of inhibiting
fibroblast responses in addition to reducing T cell recruitment (293). A benefit of small
molecule JAK inhibitors in autoimmune skin conditions is that they can be administered
topically (285, 290, 294). A downside is that rebound phenomena have been observed (295),
and they do not appear to have long-lasting, durable results (106). JAK inhibitors appear to
confirm hypotheses in mice that targeting cytokine signaling upstream of chemokine
function in vitiligo would be a viable treatment option for patients. However it is important
to note that JAK inhibitors have pleiotropic effects, and therefore it is unclear how much of
this mechanism of action can be directly attributed to effects on chemokines. Future human
trials that target chemokines or their receptors directly will need to be conducted to ascertain
this.

A CCR4 antibody, mogamulizumab, is approved to treat cutaneous T cell lymphoma
(CTCL), and likely acts through a depleting mechanism ((296, 297), reviewed in (298,
299)). While there are not yet reports using this approach to treat type 2 mediated skin
diseases, it may be useful for AD, ACD, and similar type 2-mediated pathologies. In
diseases with other chemokine profiles, such as vitiligo, introducing CCL22 to recruit new
populations of Tregs may prove to be another viable treatment option (280). Indeed, we
hypothesize that part of what goes awry in autoimmune conditions is an inability to resolve
inflammation because the immune system promotes a feed-forward loop mediated by
specific cytokine and chemokine families. Providing mediators from a different type of
response could help distract and/or reset the immune system to resolve inflammation (i.e.
using a type 2-associated chemokine in a type 1 response as exemplified by CCL22 in
vitiligo). In fact, this is one possible explanation for the efficacy of contact sensitization as a
treatment for alopecia areata (300-302).

Treatments that disrupt the type 17 axis have had good success in treating psoriasis
(reviewed in (170)). While there are no currently approved CCR®6 inhibitors, CCR6 is an
attractive target for psoriasis (303). There are numerous other compounds in pipelines and
early phase trials for various indications, including inhibitors of CCR6, CXCR3 (304), and
other GPCRs. There is an FDA-approved CCRS5 inhibitor that is marketed to interfere with
the ability of HIV to infect T cells following binding to CCR5 (305), though it has not yet
been tested to block CCR5 signaling as a treatment for autoimmunity. In light of the possible
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proinflammatory role of CCR5 in the pathogenesis of several skin diseases (75, 94, 95),
blocking CCL5 or CCR5 may be a future therapeutic avenue.

Summary and future outlook

Classifying skin diseases with shared pathologies could help translate treatment options
faster, such that blocking common chemotactic mediators to resolve one disease might work
in a disease with shared recruitment mechanisms (reviewed in (306) and exemplified here by
JAK inhibitors). A challenge that remains is that several chemokine families may serve
redundant roles in recruitment of T cells to the skin, and thus targeting a single chemokine
may not be sufficient. Combined approaches may prove to be the best avenue of
pharmacologic interventions. The future looks promising for chemokine therapies in
autoimmune skin diseases.
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Figure 1. Homeostatic chemokines mediate T cell migration to and through the skin.
T cells (blue) that express CCR8 and/or CCR4 follow their respective ligand gradients,

CCL1 (green dots) and/or CCL17/CCL22 (yellow dots) to enter the dermis, respectively.
Epidermal positioning is mediated by CCL1/CCL8/CCL18 (green dots), which all bind to
CCR8 on T cells. This second step of migration can also be mediated by CCL27 (pink) and
its receptor CCR10. CCL20 (purple dots) is produced predominantly near the hair follicles,
and serves to recruit and retain CCR6+ Tregs. T cells expressing CCR7 and CD62L follow
CCL19/21 (turquoise) to exit the skin and enter the lymph node via afferent lymphatics.
S1P; mediates egress from the lymph node to the blood via an S1P gradient (red).
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Figure 2. Chemokines promote T cell localization in the skin during vitiligo.
Left panel represents control of lesions by Tregs that naturally occupy the skin and suppress

T effector cells. Tregs can be recruited via CCL22/CCR4 interactions (purple). Middle panel
represents a stable vitiligo lesion in which resident memory T cells (Trm) are retained within
the epidermis and maintain depigmentation. Melanocytes (brown) migrate out of the bulge
of hair follicles and are recognized by Trm that secrete IFN-y (red arrows), CXCL9 (dark
blue), and CXCL10 (light blue) to recruit additional effector and central memory T cells to
kill (large red X) new emigrants. Dermal antigen presenting cells (APCs) can respond to
Trm IFN-y and aid T cell recruitment through CXCL9 and CXCL10 release. Right panel
represents an active vitiligo lesion in which high amounts of CXCL9, produced by dermal
APCs, serve to recruit T cells to the skin, and CXCL10, produced by Langerhans cells
(epidermal APCs) and keratinocytes (lighter brown cells in the epidermis), serves to
facilitate localization up to the epidermis and destruction of melanocytes.
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Early Lesion Advanced Lesion

Figure 3. Chemokines promote T cell accumulation in atopic der matitis.
Left panel represents early or developing atopic dermatitis (AD) lesions, in which CCR4+ T

cells migrate into the skin and secrete type 2 cytokines IL-4/1L-13 (purple arrows), which
act on skin antigen presenting cells (APCs) and other cells that produce CCL17 (yellow) to
recruit additional CCR4+ T cells. Right panel represents advanced AD, in which 1L-4-
activated APCs secrete CCR4 ligands, predominantly CCL17, to recruit additional T cells.
Keratinocytes in lesional skin secrete CCL1/CCL8/CCL18 (green dots) to recruit CCR8-
expressing T cells into the epidermis. T cells in the epidermal compartment continue
secreting IL-5 (purple arrows), which induces keratinocytes to secrete more CCL1/CCLS8/
CCL18, creating a positive feedback loop. In advanced lesions, additional inflammatory
signals are increased including Type 1-skewed T cells that secrete IFN-y (red arrows),
which induces CXCL9/CXCL10 (dark and light blue dots) production by APCs to recruit
additional CXCR3+ T cells, resulting in a mixed type 1/type 2 chemokine profile seen in
chronic exacerbated AD.
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Figure 4. Chemokinesin developing psoriatic lesions.
Left panel represents the precipitation of psoriasis in subclinical skin, where an

environmental trigger (yellow bolt) induces release of danger associated molecular patterns
(DAMPs) and autoantigens that are sensed by dermal APCs (yellow cells). These in turn
secrete TNFa and IL-23, which activate skin T cells to produce IL-17 and IL-22, creating a
feedforward loop (represented by magenta arrows). These cytokines in turn continue to
damage keratinocytes, which results in the release of additional DAMPs and potential
autoantigens. Right panel depicts a progressive lesion, with hyperkeratosis, erythema, and
scale (magenta epidermis). T cell recruitment to the skin is primarily through keratinocyte-
derived CCL20 (purple) that recruits CCR6-bearing cells.
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Figure 5. Chemokines promote T cell recruitment and fibrotic inflammation in morphea.
Morphea is characterized by deep dermal infiltrates and fibrosis, which are comprised

primarily of T cells and macrophages (orange dermal APC) that may act directly upon
fibroblasts (grey cells). Reports indicate that CXCR3 ligands are highly induced within
lesional skin and serve as biomarkers of disease. These ligands recruit T cells (blue), which
secrete IFN-y (red arrows) to activate dermal macrophages (orange cells). Macrophages
secrete additional CXCR3 ligands (CXCL9 dark blue, CXCL10 light blue dots) to further
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recruit T cells. Fibroblasts become activated by signals from profibrotic T cells and produce
collagen (grey lines/arrows) to form fibrotic plaques.
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Current FDA-approved chemokine-related therapeutics
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Drug class Drug name Target Indication Potential References
other uses
Small molecule | Tofacitinib JAK3>>JAK1>JAK2 | RA, psoriatic arthritis, UC Vitiligo, AA (103, 104, 286, 289,
290, 294)
Ruxolitinib JAKY2 Myelofibrosis, polycythemia vera | CLE, morphea, (105, 106, 247, 285,
RA, vitiligo, 287,292, 307)
AA
Baracitinib JAKY2 RA CLE, morphea, (248, 292, 308-310)
AA, psoriasis
Oclacitinib Pan JAK inihbitor AD many (311)
Maraviroc CCR5 HIV Type 1 diseases (305)
Antibody Mogamulizumab | CCR4 CTCL AD (296-299)
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