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Abstract

Immunological memory is defined as the capacity to mount
faster and more effective immune responses against anti-
genic challenges that have been previously encountered by
the host. CD4+ T helper (Th) cells play central roles in the
establishment of immunological memory as they assist the
functions of other leukocytes. Th cells express polarized cy-
tokine profiles and distinct migratory and seeding capaci-
ties, but also retain a certain functional plasticity that allows
them to modulate their proliferation, activity, and homing
behaviour upon need. Thus, in healthy individuals, T cell im-
munomodulation fulfils the task of eliciting protective im-
mune responses Where they are needed. At times, however,
Th plasticity can lead to collateral tissue damage and pro-
gression to autoimmune diseases or, conversely, incapacity
to reject malignant tissues and clear chronic infections. Fur-
thermore, common immune players and molecular path-
ways of diseases can lead to different outcomes in different
individuals. A mechanistic understanding of those pathways
is therefore crucial for developing precise and curative med-
ical interventions. Here, | focus on the skin microenviron-
ment and comprehensively describe some of the cellular
and molecular determinants of CD4+ T cell memory re-

sponses in homeostatic and pathological conditions. In
discussing the cellular network orchestrating cutaneous im-
munity, | comprehensively describe the bidirectional in-
teraction of skin antigen-presenting cells and mononuclear
phagocytes with Th17 lymphocytes, and examine how the
outcome of this interaction is influenced by endogenous
skin molecules, including sodium salts and neuropeptides.
©2017 S. Karger AG, Basel

Introduction

The human skin is a complex organ, divided into dis-
tinct anatomical compartments populated by discrete cell
types of embryonic and haematopoietic origin (Box 1).
The concept of the skin as an immunocompetent organ
[1] can be related to pioneering surgical interventions on
patients with psoriasis, a chronic relapsing skin disease
characterized by irregular epidermal thickening, well-de-
fined erythematous plaques, and T cell infiltration in the
upper dermis. Those treatments showed that complete
removal of the lesional epidermis by dermatome shaving
induced prolonged states of disease remission, whereas
recurrences were observed in patients with residual acan-
thosis [2-5]. In the late 1990s, it was shown that epider-
mal extracts from healthy skin could elicit polyclonal
HLA-DR-restricted T cell responses in vitro, but lacked
the capacity of activating T cell clones specific for tetanus
toxoid [6, 7]. Those observations led to the concepts that
specific antigens (Ag) or superantigens sequestered in the
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Box 1. Anatomy of the human skin

The human skin represents an average of 1.8 m? of barrier tissue, accounting for 15% of the total body weight. This complex organ
is divided into three main microanatomical compartments containing defined epithelial and immune cell types [136, 137]. Here,
we focus on the architecture of the skin and briefly describe its innate cellular components of embryonic and haematopoietic origin
[138, 139].

The outermost skin compartment, the epidermidis, is a non-vascularized 0.1- to 1-mm-thick squamous epithelium of ectodermal
origin interfacing the external environment. It displays a horny layer of flattened dead cells highly rich in lipids and keratins. This
external layer originates from keratinocytes, which account for 85% of the total epidermal cells. Keratinocytes are firmly attached
to each other by E-cadherin homotypic interactions and interconnected through desmosomes and hemidesmosomes by
E-cadherin heterotypic interactions with a6p4 integrins. Nutrient delivery and waste disposal occur by diffusion through these
intercellular connections. The lowest epidermal layer, the basal layer, consists of columnar epithelial cells that progressively
differentiate into keratinocytes, while advancing from the spinous cell layer and the granular layer, towards the apical horny layer
of the epidermis every 30 days. The healthy epidermis also contains other cells of embryonic origin. Melanocytes, producing the
pigment melanin, originate from the neural crest and are found in the basal epidermal layer closely associated with a group of
keratinocytes forming the so-called epidermal melanin unit. Merkel cells, which also originate from the neural crest, are granular
cells that lie near the basal layer and are connected to neighbouring keratinocytes. Merkel cells are also connected to static endings
of sensory fibres and are specialized in the perception of light touch [140]. LC are Langerin+EpCAM+CD1a+ cells of embryonic
origin [141], representing about 1-2% of the total epidermal cells. They localize in the granular, basal, and spinous layers of the
epidermidis in close contact with keratinocytes and they are characterized by cytoplasmic organelles called Birbeck granules
containing Langerin [138, 139, 141].

Epidermis-associated structures include hair follicles, sebaceous and sweat glands, which are distributed throughout the body and
contribute differentially to barrier defence.

The epidermal basal layer attaches to the internal skin compartment, the dermis, through the epidermal-dermal junction, the
function of which is to vehicle nutrients from the dermis to the epidermis. This intermediate compartment also contains endings
of sensory neurons, including thermoreceptors that monitor heat, pain-sensing nociceptors, and pruriceptors, which transmit
itching [140]. Notably, the stimulation of free nerve endings in the dermal-epidermal junction accounts for the sensation of itching
and pain, a common symptom in skin diseases.

The dermis is a vascularized connective tissue of mesodermal origin rich in collagen fibres, which constitute about 70% of the
weight of the dermis, as well as laminins and glycosaminoglycans, where dermal fibroblasts reside. Collagen fibres and
glycosaminoglycans act as cell conduits and also absorb water, solutes, and mechanic stress. The dermis is irrorated by blood
vessels controlled by the sympathetic nervous system and distributed above a network of lymphatic vessels detected as blind-ended
capillary [24]. Both myelinated and non-myelinated sensory fibres, which have neuronal cell bodies sitting in the dorsal root
ganglia, innervate Meissner corpuscles in the dermal papillae, Pacinian corpuscles in the deep dermis, and Ruffini corpuscles.
These structures sense movement across the skin, high-frequency vibration, and skin stretch, respectively [140]. The middle layer,
the dermis, is a connective tissue that hosts dermal DC, Mg, and mast cells, and becomes colonized by CD14+ myeloid cell
precursors during inflammation. Three-dimensional studies of the cellular and vascular composition of the skin have shown that,
at homeostasis, the human dermis contains two myeloid DC subsets expressing high levels of HLA-DR that are defined by their
differential expression of CD1c and CD141, mainly distributed in the apical dermal layer, right below the dermal-epidermal
junction [24]. The number of total myeloid DC is about 108 DC in the entire skin area, corresponding to 10-fold more than in the
blood. Although dermal DC are highly migratory cell subsets, only <1% of dermal DC is found in lymphatics of freshly isolated
healthy skin [24]. Contrary to myeloid DC, pDC are not found in healthy human skin, but they are present in inflamed skin [142].

The dermis also hosts CD163+ in Mg and CD14+ cells. In comparison to DC, skin Mg and CD14+ cells are more sessile, they are
not detected in lymphatic vessels, but they are found in the deep dermis, where they outnumber DC subsets. Interestingly, it has
been shown that preparative cytotoxic therapy before haematopoietic stem cell transplantation (HSCT) causes the total loss of
CD14+ blood-circulating and dermal-resident CD14+ cells, as well as a 50% reduction in dermal Mg. Skin CD14+ cells rapidly
increase after HSCT, mirroring blood Mo reconstitution from donor-derived cell precursors, whereas reconstitution of skin Mo
occurs at a significantly slower rate. Therefore, although the origin and differentiation capacity of human dermal CD14+ cells
remain to be fully assessed, these cells may represent precursors of dermal Mg [75]. Hence, primary immunodeficiencies of IRF8
and GATA-2 result in the lack of dermal DC subsets and blood Mo, whereas dermal Mg are reduced and epidermal LC are not
affected by the lack of IRF8 and GATA-2 [141, 143]. These in vivo observations underscore the heterogeneity of the cutaneous Mo
population, which derives from both embryonic and blood Mo precursors [138].

The dermis sits on the last skin compartment, the hypodermis, a loose connective tissue, containing some fibroblasts and Mg,
which connects the dermis to bone and muscles, and supplies the skin with blood vessels and nerves. The hypodermis forms about
50% of the whole body fat storage. Adipocytes constitute most of the cellular components of this compartment, which has recently
been shown to actively contribute to skin immune defences in animal models [144].
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skin microenvironment could activate cutaneous T cell
responses when released upon wounding and in disease
states, thus anticipating later findings [8-10].

The skin immune contexture has very recently wit-
nessed a revival of interest as it has been recognized that
functionally different T cell subsets and innate immune
cells are compartmentally distributed in the human skin
with their activity accounting for long-term immunopro-
tection. At homeostasis, the modulation of cutaneous T cell
immunity fulfils the task of protecting the host. At times
however, T cell plasticity can lead to collateral tissue dam-
age and progression to inflammatory and autoimmune
skin diseases or, conversely, to the incapacity of rejecting
malignant tissues and clear infections. T helper cells pro-
ducing IL-17 (Th17) are perhaps one of the most emblem-
atic examples of this dichotomy [11] because, although
Th17 responses are required for mucocutaneous immu-
nity against Candida and Staphylococcus infections [12],
deregulated IL-17 immunity is associated with skin pathol-
ogy [13-15]. Furthermore, crucial recent findings have
shown that, although the skin is the barrier organ most
exposed to environmental cues, its molecular composition
is rather stable over time and largely dependent on indi-
vidual characteristics, including dietary habits, gender dif-
ferences, and stress levels [16-18]. For instance, it has been
recognized that high-salt diets derange immunohomeosta-
sis and promote Th17 pathogenicity [19]. Moreover, some
relevant studies have described how a significant gender
bias in skin sodium deposition and in the perception of
pain is associated with cutaneous diseases [18, 20], where-
as it is now very well known that stress and mood disorders
influence skin physiopathology [21, 22]. Thus, cutaneous
immune surveillance may be seen as a skin-intrinsic pro-
cess, whereby accessory cells and endogenous compounds
act as modulators of T cell immunity. The main challenge
in the study of cutaneous immunity is therefore to dissect
the mechanisms that account for T cell immunomodula-
tion, at homeostasis and in disease states, as this will offer
the possibility of fine-tuning protective Th cell memory
with personalized immunological interventions.

This review comprehensively describes some of the
cellular and molecular determinants of CD4+ T cell
memory responses in healthy human skin and how the
deregulation of those determinants contributes to skin
pathology. In discussing the cellular networks, which or-
chestrate skin immunosurveillance, I focus on the bidi-
rectional interaction between skin-resident Ag-present-
ing cells (APC) and Th17 lymphocytes, and examine how
skin sodium salts and neuropeptides influence the out-
come of this interaction.

Modulation of Cutaneous T Cell
Immunity

Heterogeneity of Skin-Tropic and Skin-Resident
CD4+ T Lymphocytes

Healthy human skin contains about 10° T cells/cm?,
with 2 x 10° CD3+ cells in the first 30 um of the apical
dermis, in comparison to the 10'° T cells in 5 L of blood
in an average-sized individual [23, 24]. These figures are
even higher in the deep dermis and remain rather con-
stant throughout life [25]. Assessing the phenotype of T
cells eluted from healthy skin biopsies or cell suspensions
of digested healthy skin led to the observation that 95% of
the cutaneous T cells were polyclonal TCRaf+/CD45RO+
memory lymphocytes, with CD4+ T cells largely out-
numbering CD8+ lymphocytes [23, 26, 27]. Cutaneous T
cells expressed the skin-tropic molecule cutaneous lym-
phocyte Ag (CLA) [28] as well as CCR4 [29] and CCR6
chemokine receptors [23, 26], whereas a small fraction of
CD4+CLA+ memory T cells eluted from the skin was
CCR8+ and did not express CCR4 [30]. Thus, CLA in
combination with CCR4, CCR6, and CCRS constitute the
combination code defining cutaneous memory T cells.

The evaluation of the heterogeneity of the cutaneous T
cell pool was further strengthened by the identification of
migratory and sessile T cell subsets in the peripheral blood
and skin [31-33] of healthy donors as well as in the blood
and skin of patients with leukaemic cutaneous T cell lym-
phomas (L-CTCL), who received a systemic injection of
the T cell-depleting agent alemtuzumab [27, 34]. In those
last studies, positive clinical responses to alemtuzumab in
L-CTCL patients could be related to the capacity of the
therapeutic to deplete malignant and benign CCR7+/
CD62L+ central memory T cells (Tcm), and CCR7+/
CD62L- skin-tropic migratory memory T cells (Tmm)
from the skin. Both these cell subsets express the combina-
tion code CLA/CCR4. Notably, L-CTCL patients with
malignant Tcm showed dermal T cell infiltration and a
diffuse erythema that rapidly cleared with alemtuzumab
treatment, whereas the disease mediated by malignant
Tmm was characterized by expanding skin lesions with
ill-defined borders and a slower response to treatment [27,
34]. Those in vivo observations proved, for the first time,
that Tcm and Tmm constitute about one-third of the total
cutaneous T cells and that these subsets circulate between
blood and skin at different speeds, with their presence in
the skin imprinting the macroscopic clinical symptoms of
the disease. Contrary to the recirculating Tcm and Tmm,
skin-resident CCR7-/CD69+ effector memory T cells
(Tem), representing the majority of cutaneous T lympho-
cytes, were not affected by alemtuzumab treatment.
Hence, the lack of cutaneous infections in T cell-depleted
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L-CTCL patients provides indirect evidence that cutane-
ous Tem stay put and remain functional during the treat-
ment [27, 34]. Notably, patients with mycosis fungoides,
a clinically defined CTCL type characterized by the infil-
tration of malignant CLA+/CCR4+ Tem cells in the der-
moepithelial junctions and manifesting with well-defined
skin lesions, did not respond to alemtuzumab, thus indi-
cating that sessile skin-resident Tem may also imprint a
unique pathological pattern [34, 35].

The above findings also have implications for the un-
derstanding of other skin diseases characterized by mor-
phologically different skin lesions, with different persis-
tence and recurrence rates. For instance, sessile skin-res-
ident Tem cells play major roles in the pathogenesis of
psoriasis. This skin disease is in fact characterized by well-
demarcated recurrent lesions that cannot be treated by
inhibiting retention of CD69+ T cells into the skin through
E-selectin blocking [36]. Furthermore, non-lesional skin
of psoriatic patients was found to induce active psoriatic
lesions after transplantation onto immunodeficient mice
[9]. Contrary to psoriasis, the role played by Tcm, Tmm,
and Tem in other skin pathologies, including atopic and
contact dermatitis, remains to be understood [37]. Over-
all, the human skin is protected by recirculating tissue-
tropic CD4+/CCR7+ Tcm and Tmm, and sessile tissue-
resident (Trm) CD4+/CCR7-T cells, the latter represent-
ing the majority of the cutaneous T cell population.

Diversity of Skin-Resident Trm

The functional heterogeneity of cutaneous CD4+ Trm
has recently been appreciated by the identification of two
distinct subsets, characterized by a differential expression
of CD69 and CD103 [27, 38, 39]. In this context, CD69
binds E-selectin [36] and sequesters the sphingosine-
1-phosphate receptor (S1PR1) required for lymphocyte
egress from tissues [38, 39], whereas CD103 mediates ad-
hesive interactions with E-cadherin molecules expressed
by skin keratinocytes [27]. The combined action of these
molecules contributes to the tissue retention of cutaneous
T cells. In the human skin, about 60% of the total Trm pop-
ulation is represented by dermal CD69+/CD103- CD4+
memory T cells, whereas CD69+/CD103+ CD4+ memory
T lymphocytes constitute about 75% of the total skin Trm
and are present at higher frequencies in the epidermis. Both
subsets express higher effector functions in response to an-
ti-CD3/CD28 mAb or microbial Ags in comparison to
blood-circulating CD69- T cells. However, when com-
pared todermal CD69+/CD103-T cells, epidermal CD69+/
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CD103+ lymphocytes produce a higher amount of IFN-y,
TNF-q, and IL-22, and they have a weaker proliferative ca-
pacity, as assessed by Ki-67 expression. Hence, CD69+/
CD103+ Trm died rapidly when isolated from the skin
[27], suggesting that their viability crucially depends on yet
unknown microenvironmental signals present in the epi-
dermis, which might modulate their functions.

Despite the advances described above, it remains un-
known whether CD103+ and CD103- skin-resident Trm
subsets also contain functional regulatory T cells (Treg),
as suggested by the observation that CD4+/CD25high/
CD69+ Treg isolated from human healthy skin express
CLA and high levels of CCR4 and CCR6, and whether
they lack CCR7 and have suppressive functions in vitro
[40]. Interestingly, activated T cell clones isolated from
bulk CLA+CCR8+CCR4- lymphocytes of healthy skin
were found to produce high amounts of IL-10 and IL-4,
in the absence of IFN-y release [30]. The assessment of
skin organ cultures and skin cell suspensions also re-
vealed that about 20% of cutaneous CD4+ lymphocytes
in the healthy human skin are CD45RO+FoxP3+ Treg
cells expressing intermediate to high levels of CD25 [40,
41]. Those skin-resident memory Treg were character-
ized by high expression of CTLA-4, ICOS, CD27, and
BCL-2, low levels of IL-2, IL-17, IFN-y, and IL-10 cyto-
kines, that they had poor proliferating capacity and that
they were regulatory in vitro [40, 41]. Conversely, blood-
circulating Treg cells were found to be cycling cells ex-
pressing lower levels of activation markers and higher
levels of IL-2 and IL-17 cytokines compared to their skin
counterpart [41, 42]. However, the developmental rela-
tionship between blood-circulating and skin-resident
Treg remains to be defined. Future research would ben-
efit from a consensus on cell phenotypes to enable a better
understanding of how different cutaneous T cell subsets
(Table 1) are put to work in the human skin.

CD4+ T Cells in the Skin Can Be Put to Work

Functional studies on bulk T lymphocytes eluted from
healthy skin organ cultures or cell suspensions of digested
skin, as well as purified cutaneous CLA+CCR4+ T cells
documented the capacity of cutaneous T cells to secrete
IFN-y and IL-17 in response to mitogens or skin-tropic
microbes including Candida albicans and Staphylococcus
aureus [26, 43, 44], thus suggesting that cutaneous T cells
can be put to work in vitro. In physiological settings, clas-
sical diagnostic tools to assess delayed-type hypersensi-
tivity reaction (DTH) have proven useful in the study of
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Ag-specific T cell responses in human skin. In particular,
the Montoux test (MT) is a very elegant in vivo model
with which to study cutaneous T cell memory by provok-
ing the formation of blisters at the site of intradermal in-
jection of purified protein derivative (PPD) tuberculin in
healthy individuals who had been previously vaccinated
with BCG. With this method, PPD-specific and allergen-
specific CD4+ CLA+ Tcm and Tem were found to accu-
mulate in the skin and suction blister fluids of the MT
reaction and at the site of repeated DTH challenge with
PPD and keyhole limpet hemocyanin (KLH) [45, 46]. T
cell infiltration occurred with specific kinetics, until reso-
lution of the inflammatory reaction [47], thus underscor-
ing that cutaneous immunity relies on the activity of dis-
tinct memory T cell subsets responding to recall Ag. In
healthy conditions, protective memory responses can end
by loss of CLA and consequent exit of memory T cells
from the inflammatory site, and also by Treg immuno-
suppression in situ [42, 48]. In active diseases, however,
prolonged Ag-specific immunity becomes deleterious. In
psoriasis, for instance, T cells specific for the antimicro-
bial peptide LL37 [8, 49] can be regarded as a “pathologi-
cal memory” leading to the recurrent Trm-dependent
skin lesions characteristic of this disease, which is charac-
terized by deranged Th17 and Th22 responses and a Treg
to Th17 bias [41]. Notably, the clinical symptoms of pso-
riasis are relieved by IL-17 blockade, although the long-
term effects of the treatments, also upon therapeutic
withdrawal, remain to be fully appreciated [41, 50, 51].
Interestingly, rare patients with co-occurring psoriasis
and atopic eczema were shown to display antagonistic
Ag-specific Th17/Thl and Th2 cells infiltrating skin le-
sions characteristic of each disease [52]. These very ele-
gant in vivo observations support the notion that disease-
specific molecular signatures and clinical symptoms
might depend on phenotypically and functionally differ-
ent Ag-specific T cell subsets present in the skin. Despite
these advances however, the specific assessment of cuta-
neous memory Th cell responses in patients with psoria-
sis remains difficult, as the quest for novel psoriasis auto-
Ag has slowed down in favour of the hypothesis that this
disease is autoinflammatory rather than autoimmune.

Clonality of Cutaneous CD4+ T Cells

High-throughput TCR sequencing of skin-resident T
cells in skin diseases has proven that unique cell clones,
expressing individual TCR- CDR3 sequences, expand in
the skin lesions of patients with CTCL, MF, psoriasis, ec-
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zematous dermatitis, and DTH [35, 53, 54]. As the com-
mon usage of CDR3 sequences is an indirect measure of
TCR specificity, these results further argue for Trm to be
poised for Ags recognition in situ. Hence, experimental
models of DTH have revealed that unique clones develop
and persist for up to 4 months in the skin of human volun-
teers previously sensitized and challenged with a contact
allergen [54]. Furthermore, in healthy human subjects as-
sessed by MT, CD4+ T cells isolated from blister fluids at
site of PPD injection shared TCRV{ elements with PPD-
specific T cell clones isolated from autologous peripheral
blood [45]. Interestingly, about 80% of the clones remained
stable during the entire duration of the inflammatory re-
sponse, whereas 20% of them were present either early or
late. It was then proposed that some clones could be lost
following a downregulation of CLA, whereas others could
represent a population expanded at a later stage [45]. Con-
sidering that distinct T cell populations protect the human
skin [27], the stability of Ag-specific T cell clones might de-
pend on the developmental relationship among Tcm, Tmm,
and Trm cell subsets. Notably, very recent animal studies
have suggested that skin-resident Trm cells and blood-re-
circulating Tcm shared a common naive T cell precursor of
equal specificity and TCR usage [54]. Nevertheless, wheth-
er human skin-tropic Tcm play active roles in the mainte-
nance of skin-resident Trm remains to be fully understood.
With regard to immune regulation, deep sequencing
studies of the TCRV[ have also revealed that CD4+ effec-
tor memory T cells (Tem) and Treg in the human skin
share very few TCR sequences [41]. Therefore, it would
be very interesting to know whether CD103+and CD103-
skin-resident Tem and Treg recognize different Ag [55]
or different components of the same Ag [56, 57].
Although the assessment of T cell clonality supports
the view of Ags being recognized by skin-resident T cells,
as there is evidence that human cutaneous Trm cells co-
localize and respond to Ag [58], different exogenous cues
could contribute to Trm tissue maintenance. For CD8+
Trm [extensively reviewed in 59], inflammatory cyto-
kines, in addition to Ag recognition, were shown to mod-
ulate the expression of tissue retention molecules [60].
For instance, CD69 expression is upregulated by IFN-I,
IL-33, and TNF-a in vitro [61, 62], whereas the expres-
sion of CD103 is upregulated by TGFp [63]. These pro-
cesses could thus indirectly influence cutaneous CD4+
Trm tissue retention, independently of Ag recognition.
The triggers that shape the cutaneous Trm landscape in
humans is yet to be completely defined and might relate
to the microbiological and metabolic cartography of the
skin, as well as to individual characteristics [16, 64].
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Innate Immune Cell Determinants of Cutaneous
T Cell Responses

Despite the knowledge that cutaneous immunity de-
pends on the expansion of Ag-specific T cell clones, re-
cent findings in patients with genital herpes [58] and al-
lergic contact dermatitis [10, 15], as well as from mouse
models [65], have revealed that less than one-third of the
skin-resident T cells involved in an Ag-specific response
shared a clonal TCR, and only a minor fraction of those
responded to the nominal Ag. In the light of these in vivo
observations, it is likely that the modality of T cell activa-
tion and the type of accessory cells they interact with in-
fluence the function of skin-resident T cells [10, 55]. The
compartmentalization of innate immune cells in skin mi-
crodomains, with stable dermal perivascular sheaths of
dendritic cells (DC) and macrophages (Mo) [24], indeed
argues that accessory cells might influence the quality of
cutaneous T cell responses either directly, through the
presentation of specific Ags and SAg in situ, or indirectly,
through non-specific bystander signals [66].

It has long been known that T cells in the healthy hu-
man skin are found clustered in rows around postcapil-
lary venules in the dermis and in proximity to cutaneous
appendages [24, 67, 68], and that T cells conjugated to
HLA-DR+ DC could be eluted from skin organ cultures
[69]. More recently, dermal clusters of CD4+ T cells with
DC and Mg were found in healthy skin at homeostasis
[70], as well as in inflamed human skin, following infec-
tions [58, 71], cutaneous adverse reactions [72], and au-
toinflammatory skin diseases [73]. Clustered CD4+ T
cells in the skin lesions of patients with genital herpes and
in patients with psoriasis expressed CCR5, CCR6, and
CCR4, thus suggesting that recruitment and retention of
skin-tropic T cells through chemokines contributed to
the formation of clusters [58, 71, 73]. Whether the protec-
tive T cell pool contained CD69+ Trm was, however, not
investigated. In HSV-2-infected patients and in allergic
contact dermatitis patients, perivascular foci of virus- and
allergen-specific IFN-y-producing CD4+ T cells in the
upper dermis remained detectable for 2 months even af-
ter complete skin healing [58, 65, 72], suggesting that
cluster maintenance also depended on the retention of
protective T cells in situ [54]. In murine models this Ag-
specific response was inhibited by the blocking of LFA-1
and by the conditional depletion of cutaneous DC, where-
as the lack of Mg, the blocking of Me-derived CCL5 and
of T cell-derived IFN-y abrogated DC recruitment, clus-
ter formation and, consequently, T cell activation [65,
72]. Thus, cutaneous immunity seems to rely on feed-
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forward loops established by a division of labour between
dermal Mg and DC subsets, which interact with T cells
[65, 70, 72]. On the one hand, Ag presented by DC to T
cells assures timely regulated protective T cell responses
enabling Mg functions. On the other hand, the bidirec-
tional interaction between skin-resident IFN-y-secreting
memory T cells and Mo enables the induction and reten-
tion of cellular aggregates in situ through CCL5/CCR5
chemotaxis. These findings, however, are yet to be con-
firmed in humans [58].

The cellular interactions described above could also
maintain the homeostasis of the healthy human skin. For
instance, dermal CD14+ DC have been shown to consti-
tutively express IL-10 and induce hypo-responsiveness in
naive T cells in vitro. Despite these findings, the effect of
DC on memory T cells has not been investigated in depth
[70]. Also, it remains poorly understood how the bidirec-
tional interactions of dermal Mg with memory T cells or-
chestrate T cell unresponsiveness in the human skin at
homeostasis [74].

In addition to terminally differentiated myeloid DC
and Mf{, the skin dermis also hosts blood-derived mono-
cyte (Mo) subsets, which can influence memory T cell
responses in multiple ways [24, 75]. For example, classical
CD14++CD16- Mo activated through TLR-2 and TLR-4
efficiently stimulate Th17 responses in comparison to
TLR-activated non-classical CD14+CD16++ Mo and
myeloid DC [76, 77]. Skewed Th17 memory responses in
vitro were also induced by dermal DC eluted from human
skin explants injected with IL-1p, an endogenous pyro-
genic factor abundantly produced by microbially activat-
ed Mo [78]. Th17 expansion depended on the capacity of
DC to adhere to T cells and to produce IL-1, IL-6, and
IL-23 cytokines [79], which is known to amplify and sta-
bilize Th17 responses [77, 80]. Contrary to classical Mo
and DC, non-classical Mo have been shown to limit Th17
responses by contact-dependent mechanisms that re-
quire functional LFA-1 [76]. Hence, given the high plas-
ticity of peripheral blood Mo, once Th cells are put to
work, the bidirectional interaction of polarized Thl,
Th17,and Th2 cell subsets with Mo may generate positive
feedback loops that amplify skewed Th cell memory re-
sponses in autoinflammatory skin diseases, as shown by
psoriasis and atopic dermatitis [81]. Interestingly, GM-
CSF was shown to be part of a pathogenic Th cell response
in multiple sclerosis [82], so that GM-CSF produced by
Th cells might influence the differentiation of Mo-de-
rived Mg and DC and feed forward the expansion of
pathogenic Th cell subsets in vivo [83, 84]. Whether GM-
CSF is also involved in the progression of cutaneous au-
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toinflammatory skin diseases, however, remains to be un-
derstood.

Whereas DC and Mo/Mg subsets orchestrate T cell
immunity in the dermis, Langerhans cells (LC) modulate
T cell responses in the avascular epidermidis layer of the
skin. At homeostasis, human LC have been shown to
stimulate the proliferation of skin-resident memory T
cells in the absence of exogenous Ags. Notably, prolifer-
ating T cells were found to express a memory Treg phe-
notype, CD4+CD25+FoxP3+CD127+, and had sup-
pressive functions in vitro [55]. Memory Treg expansion
required LC/Trm contact, functional HLA-DR/DP Ag-
presenting molecules, and low Ag doses. Notably, hu-
man LC were found to display a poor capacity to inter-
nalize bacteria and to process and present HLA-II-re-
stricted Ags [55, 85]. In addition, LC have been shown to
negatively regulate Th cell responses to contact allergens
through PDL-1 [86]. At the same time, however, human
LC constitutively express high amounts of CD1a and ef-
ficiently stimulate CDla-restricted immune responses
that in turn amplify Th17 immunity in vivo [57]. Alto-
gether, these heterogeneous observations argue for a dual
contribution of LC in skin immunosurveillance, depend-
ing upon the context. At homeostasis, LC could maintain
peripheral tolerance through the presentation of low
doses of Ag and PD-L1-mediated immune regulation,
whereas in skin diseases LC may indirectly enhance
Th17-mediated skin inflammation through the presen-
tation of CD1a-restricted Ags.

Sodium Salts as Skin-Intrinsic Modulators of T Cell
Immunity

The outcome of T cell interaction with mononuclear
phagocytes in cutaneous immunity is likely to be strong-
ly influenced by the skin microenvironment, as the skin
also has intrinsic metabolic functions and serves as a res-
ervoir of immunomodulatory metabolites. Recent ad-
vances in this research field have identified sodium salts
as modulators of T cell responses.

The dogma that interstitial sodium concentration is
tightly regulated by the kidneys has been recently chal-
lenged by the observation that a relevant amount of Na*
is stored in the human skin, from where it can be mobi-
lized by haemodialysis [87-91]. It has been suggested that
the polarity of glycosaminoglycan within the extracellular
matrix regulates the storage and the release of cutaneous
Na®, while establishing a hypertonic microenvironment
[92]. During infections, interstitial hypertonicity could
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fulfil protective tasks, as it induces microbicidal respons-
es in Mo [88]. Mo were also shown to act as osmosensors
of electrolytes because they could eventually promote
Na* removal from the subcutaneous interstitium after
pathogen clearance [93].

A hypertonic microenvironment could also bolster in-
flammatory T cell responses in vivo, in at least two ways.
On the one hand, skin Na* could indirectly impact on T
cell immunity by influencing the physiology of skin mono-
nuclear phagocytes. For instance, human Mo activated in
high-salt media produced a high amount of IL-6 and IL-23,
and alow amount of IL-10 [19], all cytokines that play cru-
cial roles in the maintenance and regulation of Th17 re-
sponses [77, 94]. Moreover, in animal models Na* salts en-
hanced lipopolysaccharide-driven pro-inflammatory Mo
differentiation, while inhibiting the generation of anti-in-
flammatory Mo [88, 95]. Itis therefore plausible that “salty”
Mo and DC could modulate memory T cell responses in
the skin in opposite directions, a possibility that needs to
be investigated in depth. On the other hand, in vitro and in
vivo observations have documented that Na* salts directly
promote pathogenic T cell responses and hamper immu-
noregulation. Hence, even a modest increase of NaCl in
cell culture media containing exogenous polarizing cyto-
kines could drive human naive T cell differentiation into
Th17 cells in vitro through mechanisms that require func-
tional serum/glucocorticoid regulated kinase 1 (SGK1) ex-
pression in T cells [96]. Interestingly, secondary stimula-
tion with high NaCl did not result in an enhanced expan-
sion of IL-17-producing T cells. However, it could also
modulate Treg responses, offering arguments in favour of
the hypothesis that either IL-17 expression levels are al-
ready saturated after the first stimulation, or that differen-
tiated Th cells are insensitive to a high concentration of
NaCl. It is also possible that Na*-dependent Th17 expan-
sion requires additional factors not included in the experi-
mental settings. In line with this, animal studies have
shown that sensing of high Na™ salt concentrations through
SGK1 resulted in IL-23R expression on differentiating T
cells and that IL-23, a cytokine produced by Mo and DC,
was critical for maintaining the SGK1 expression on Th17
cells [97]. Although T cell responses were not analysed at
clonal levels, human and animal studies have shown that
Th17 responses elicited in the presence of a high concen-
tration of NaCl were polyfunctional and pathogenic in vivo
[96, 97]. High concentrations of NaCl were also found to
induce the expression of pro-inflammatory cytokines in
FoxP3+ Treg with loss of immunosuppressive capacity in
vitro, whereas silencing of IFN-y and SGK1 in Na*-condi-
tioned Treg restored their regulatory functions [98].
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Finally, T cell immunomodulation by sodium salts is
likely to be influenced by individual characteristics. It is
in fact known that women have an increased skin sodium
storage in comparison to men and that the differences
increase in elderly subjects [20, 99]. In addition, aging
shows an increased proportion of CD4+ IL-23R+ T cells
and an altered Th17/Treg balance [100]. These observa-
tions suggest a possible causal link between skin electro-
lytes and dysfunctional cutaneous immunosurveillance,
depending on age and gender differences [18].

Neurogenic T Cell Immunomodulation

The skin is the largest sensory organ of the human
body, densely innervated by myelinated and unmyelin-
ated axons with their terminal endings in the epidermis
and the dermal papillae. When they sense noxious stim-
uli, these free nerve endings release neuropeptides capa-
ble of conveying the sensation of pain [101, 102]. There is
evidence, however, that derangements in the skin sensory
nervous system also influences skin immunity in vivo.
For instance, the healing of the lesional skin at the site of
sensitivity loss, followed by gradual relapse upon im-
provement of the neurological conditions [103, 104],
caused temporary nerve failure in patients with chronic
plaque psoriasis. Interestingly, about 30% of psoriatic pa-
tients with traumatic spinal cord injury or surgical dener-
vation developed local skin and nail fungal infections vis-
ible on the site below the neurological level of damage
[103, 105]. Since psoriasis is an IL-17-mediated disease
and IL-17 immunity is required for antifungal immunity
[12,106], the above clinical observations suggest that pro-
tection against fungal infections could also depend on
neurogenic immunomodulation, as indirectly shown by
animal studies demonstrating the function played by no-
ciceptive sensory fibres in co-ordinating IL-17-depen-
dent resistance to C. albicans infections [107]. Further
evidence supporting the role played by neurogenic im-
munomodulation in human psoriasis and atopic derma-
titis has been documented in histological studies describ-
ing an increased skin innervation in patients in compari-
son to healthy subjects, as well as an increased expression
of sensory neuropeptides and their receptors on immune
cells [108, 109]. Among those neuropeptides, the calcito-
nine gene-related peptide (CGRP) and the substance P
(SP) have been found to co-accumulate in free nerve end-
ings in the superficial dermis and in the epidermis [110,
111] and to act as immune modulators of T cell respons-
es [112,113].
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In the early 1990s, pioneer findings on human skin
demonstrated that CGRP-containing nerve fibres origi-
nating from the dermis were intimately associated with
epidermal LC, and CGRP accumulated on their surface
[114], thus setting the stage for an exploration of how the
nervous system influences skin immunity. Since then, the
few available studies have documented the capacity of
CGRP to modulate human T cell responses in vitro by
influencing APC functions. Human DC were found to
express CGRP receptors and stimulation with CGRP re-
sulting in increased intracellular Ca** as well as proving
effective sensing of the neuropeptide [115]. Furthermore,
Mo, Mo-derived Mg and DC, and blood-circulating DC
activated by microbial stimuli or inflammatory cytokines
in the presence of CGRP expressed a reduced amount of
Ag-presenting and costimulatory molecules and released
ahigher amount of IL-10 [115-117]. In line with this phe-
notypic modulation, CGRP-conditioned APC turned out
to be poor stimulators of T cell proliferation in allogeneic
and Ag-specific settings, an effect which was reverted by
blocking IL-10 [115, 116]. CGRP was also found to influ-
ence T cells and Mo migration and adhesion [118, 119].
Moreover, IFN-y release was diminished in the periph-
eral blood mononuclear cells (PBMC) of healthy donors
activated with CGRP in vitro [116], whereas CGRP en-
hanced IL-13 release from the CLA+ memory T cells of
some patients with atopic dermatitis [120]. Although the
physiological relevance of these observations remains to
be thoroughly investigated, the clinical benefit of photo-
therapy in human psoriasis, possibly associated with the
release of intracellular CGRP storage following UV irra-
diation [121], could be considered indirect evidence of
the anti-inflammatory effect of CGRP in vivo. Interest-
ingly, however, the CGRP receptor-mediated signal re-
sults in elevated or attenuated intracellular cAMP and
iCa** levels, with downstream effects on multiple targets,
depending upon the G-protein adaptors recruited to the
signalling complex [111]. Thus, CGRP could also sustain
pro-inflammatory functions in leukocytes. A multipara-
metric assessment of CGRP-conditioned CD4+ memory
Th cell responses, and a systematic analysis of the effects
of CGRP on skin-resident T cells and mononuclear
phagocytes is therefore necessary to provide further in-
sights on how CGRP influences cutaneous immunosur-
veillance.

SP is a neuropeptide found in sensory nerve fibres
predominantly associated with the dermis and dermo-
epidermal junction [112, 122] sensed by neurokinin re-
ceptors also expressed by immune cells [123]. There is
evidence that SP modulates memory T cell responses di-
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Fig. 1. A model of CD4+ Th cell immunomodulation in the human
skin. a Four phenotypically and functionally distinct CD4+ T cell
subsets have been shown to play active roles in skin immunosur-
veillance. These include skin-tropic blood-recirculating CCR7+
Tcm and Tmm, and sessile skin-resident CD103+ and CD103-
Trm, differentially distributed throughout the epidermal and the
dermal layers. b In those compartments, cutaneous T cells are of-
ten found in close connection with innate immune cells. In the
avascular epidermis, LC accounts for the maintenance of Treg at a

rectly and also indirectly, by acting on APC [123, 124].
SP doses as low as 108 M were found to induce the release
of IL-1f, IL-6, TNF-a, and IL-23 cytokines by human Mo
in vitro [125], and SP-treated Mo were potent stimula-
tors of IL-17-producing memory T cells [123]. In some
studies, Mo pre-activation with lipopolysaccharide was
necessary for SP sensing [126]. Interestingly, agonists of
TLR and type I/II IFNs were shown to enhance the ex-
pression of neurokinin receptors on Mo-derived DC,
and DC exposure to antagonists of those receptors at-
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steady state, whereas they promote Th responses in inflammatory
conditions. In the vascularized dermis, DC and Mf clusterize with
Th cells and modulate their function. The outcome of those inter-
actions can be further modulated by endogenous skin metabolites,
such as sodium salts stored in the hypodermis (c), and neuropep-
tides, including CGRP and SP, released by nociceptive nerve fibres
with their terminal endings in the epidermis (d). LC, Langerhans
cells; DC, dendritic cells; M@, macrophages; Mo, monocytes.

tenuated phenotypic maturation induced by TLR ligands
[124]. When assessed for function, Mo-DC exposed to
SP receptor antagonists had a lower capacity to activate
Ag-specific Th cytokine responses [124]. Thus, function-
al neurokinin receptors in DC might be required for an
optimal T cell activation by DC. In addition to its effect
on APC, SP was also shown to bind specific receptors,
rapidly and reversibly, on a subpopulation of resting,
metabolically active peripheral blood CD4+ T cells. This
process increased upon mitogen stimulation [127].
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Box 2. Main concepts and open questions

1. The human skin is protected by phenotypically distinct subsets of recirculating skin-tropic and sessile skin-resident T cells.
What is the relative contribution of migratory and sessile T cells on long-term cutaneous immunity in humans?

subpopulations.

the human skin?

2. Different approaches and phenotypic markers have been used to identify, isolate, and study skin-tropic and skin-resident T cell

Is it possible to identify harmonized phenotypic and functional combinatorial codes of distinct Ag-specific T cell subsets present in

human skin?

3. Skin physiopathology depends on a timely regulated activation of regulatory and effector T cell types.
To what extent does the bidirectional interaction among APC, mononuclear phagocytes, and T cells maintain this balance in the

4 The human skin is recognized as a metabolically independent sensory organ.
Do skin metabolites and neuropeptides play effective roles in modulating cutaneous T cell memory responses?

fundamental for maintaining skin homeostasis.

with skin pathology?

5. The cellular and molecular composition of the skin microenvironment depends on individual characteristics and is

Can mononuclear phagocytes and endogenous skin factors be exploited for the personalized treatment of diseases that manifest

Moreover, SP had a mitogenic effect on CD4+ T cells in
the absence of Ag and it modestly enhanced mitogen-
induced T cell proliferation, regardless of the presence of
SP antagonists [128], suggesting that other, yet unknown
receptors could be involved. In fact, although SP per se
did not induce cytokine secretion from T cells, it en-
hanced the release of IL-2 and IFN-y from phytohaemag-
glutinin (PHA)-activated PBMC cultures [129, 130]. In-
terestingly, IL-2 production by PHA-stimulated PBMC
in the presence of SP followed a bell-shaped time- and
dose-dependent biphasic curve [129] that could depend
on the use of different receptors expressed with different
kinetics in activated T cell subsets. As SP cannot bind
metabolically inactive lymphocytes [128], it will be inter-
esting to assess the effect of the lymphocyte metabolism
on the expression of neurokinin receptors.

Further evidence that skin homeostasis is influenced
by the nervous system is indicated by the observation
that stress can change skin physiology and that mood
disorders exacerbate skin pathology [21, 22]. Recent ad-
vances have also shown the function of the hypothalam-
ic-pituitary-adrenal axis in the regulation of skin phys-
iopathology. For instance, sleep deprivation was found
to delay skin healing and slightly decreased the numbers
of Th cells in the peripheral blood of healthy women
[21], whereas dysregulation in the cyclic release of the
sleep hormone melatonine has been observed in pa-
tients with active psoriasis in comparison to healthy
subjects [131]. Notably, melatonine was found to inter-
fere with Th17 responses in vitro by blocking RORyt
expression, and by promoting the expression of RORa

132 Int Arch Allergy Immunol 2017;173:121-137
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and the expansion of IL-10-secreting Tr1 cells, without
any effect on Th1 responses [132]. Although a direct role
of melatonine in the healing of lesional psoriatic skin
remains to be investigated, the sleep hormone could in-
directly influence the evolution of psoriatic lesions
through the release of the melanocyte-stimulating hor-
mone (MSH). In support of this possibility, studies have
shown that exposure of peripheral blood DC to a-MSH
in vitro induced a tolerogenic IL-10-secreting DC type
capable of expanding functional Treg, which inhibited
the activity of Th17 lymphocytes from individuals with
psoriasis [133]. The latter findings are interesting as ar-
guments in favour of MSH as an endogenous T cell im-
munomodulator that regulates IL-17 immunity in dis-
eased human skin.

Conclusions

The recent revival of interest in a comprehensive un-
derstanding of the capacity of the skin to function as an
immunocompetent organ has provided important in-
sights into the role of T cells in the maintenance of skin
homeostasis. Considering both the higher frequency of
CD4+ T lymphocytes present in the human skin and their
heterogeneity, it is likely that they play a major role in cu-
taneous immunity (Fig. 1). Despite important advances,
however, our knowledge of the relative contribution of
skin-tropic and sessile skin-resident T cell subsets in skin
immunosurveillance is still poor (Box 2). This limitation
needs to be taken into account because recent findings in
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animal models have indicated a much more dynamic
CD4+ T cell compartment in the skin [134, 135] in com-
parison to what has been described for the human skin
[27, 34]. Further advances in this direction require har-
monized protocols to identify distinct T cell subsets and
a systematic analysis of their Ag specificity and clonality.
More research endeavours are also needed to assess how
Th memory responses are influenced by cellular and mo-
lecular components of the skin microenvironment.
Therefore, in order to pin down the exclusive long-term
contribution of blood-recirculating Tcm and Tmm and
skin-resident Trm cells a multiparametric study is neces-
sary, i.e., the isolation of phenotypically characterized
CD4+ T cell subsets, the identification of their functional
properties, and their modulation by endogenous skin fac-
tors. These research endeavours are indispensable with a

view to formulating new targeted and personalized im-
munotherapy concepts for the treatment of diseases that
manifest with skin pathology.
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