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Abstract

There are various types of skin immune responses including inflammatory skin diseases and skin malignancy.
Macrophages and fibroblasts are skin resident cells that had been overlooked in terms of immunological
research targets. In this review, cross talk among macrophages, fibroblasts, and migratory immune cells in
skin diseases such as atopic dermatitis (AD), contact hypersensitivity, psoriasis, systemic sclerosis, melanoma,
and cutaneous T-cell lymphoma is described. Macrophages are important in AD by antigen-presenting
phagocytosis, production of inflammatory cytokines, removal of apoptotic cells, and mediating clusters
between dendritic cells (DCs) and T cells. They are also increased in lesional skin of psoriasis, especially in
stable plaques, and an increased ratio of M1/M2 macrophages and tumor necrosis factor-a production by
macrophages are essential for development of psoriasis. The progression of skin malignancy is mediated by
macrophages through promotion of tumor survival pathways via expression of cytokines and growth factors,
interaction with regulatory T cells (Tregs) and myeloid-derived suppressor cells, and suppression of function
of tumor-infiltrating T cells by immunosuppressive cytokines and programmed death-ligand (PD-L)1.
Fibroblasts play important roles in development and maintenance of AD lesions through expression of CC
chemokine ligand (CCL)17, CCL11, CCL26, C-X-C motif chemokine ligand (CXCL)12, CCL19, and periostin,
interacting with T helper (Th)2 cells, natural killer T (NKT) cells, DCs, and keratinocytes. They also play
important roles in psoriasis, expressing interleukin (IL)-8 and vascular endothelial growth factor, production
of fibronectin, and changes in the proteomic profiles. Fibroblasts have a critical role in the progression skin
malignancy via expression of cytokines, suppression natural killer (NK) functions, and establishment of
Th2-dominant microenvironment. Thus, cross talk among macrophages, fibroblasts, and migratory immune
cells including T cells, DCs, and NK cells in skin diseases is important and those skin-resident cells are
attracting therapeutic targets in the near future.
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Introduction

There are various types of skin immune responses including inflammatory skin diseases and skin malignancy.
The main player in immune responses is T cells that can migrate from blood into the skin via soluble factors
such as chemokines. Some T cells can stay in the skin for a long time as resident memory T cells, playing
important roles in the pathogenesis of skin diseases with clear borderlines such as psoriasis [1, 2]. In case
of skin malignancy, tumor-infiltrating T cells (TILs) are essential, which can be one of prognostic indicators.
In these days, activating TILs by checkpoint inhibitors is a promising treatment option for skin tumors such
as melanoma and Merkel cell carcinoma [3-5]. In the lesional skin of either inflammatory diseases or skin
malignancy, however, there are varieties of cells other than T cells mediating skin immune responses.

Macrophages and fibroblasts are skin resident cells that had been overlooked in terms of immunological
research targets. Their progenitors migrate into various tissues including skin and have distinct appearances
and cell surface phenotypes. In this review, the author would like to focus on cross talk among macrophages,
fibroblasts, and migratory immune cells such as T cells and dendritic cells (DCs) in skin diseases.

Role of macrophages in atopic dermatitis and contact hypersensitivity

Tissue-resident macrophage populations are heterogenous, showing substantial tropism relative to
their microenvironment. They are important for tissue homeostasis and tissue remodeling. It is now
clear that macrophages subpopulations can be categorized by expression of different types of receptor
and cytokine/chemokine [6-11]. Classically activated macrophages, also called M1 cells, are induced by
interferon (IFN)-y and have an ability to present antigens to T cells. They produce inflammatory cytokines
such as interleukin (IL)-1f3, tumor necrosis factor (TNF)-q, IL-6, IL-12, and IL-23, involved in tissue damage,
inflammation, and tumor inhibition. In contrast, alternatively activated macrophages, also called M2
cells, are induced by IL-4, which promote type 2 responses. They produce IL-10 and transforming growth
factor (TGF)-B, and show high expression of several receptors such as class A scavenger receptor, mannose
receptor, dectin-1, CD209, and CD163. They are involved in tissue repair, tumor cell growth, and angiogenesis.
In the setting of inflammation, macrophages play essential roles such as antigen presentation, phagocytosis,
and immunomodulation through production of cytokines and growth factors.

Atopic dermatitis (AD) is characterized by relapsing eczema with pruritus. Most patients with AD have
family history of allergic diseases or past history of asthma, rhinitis, or conjunctivitis [12]. Although the skin
disease may be cleared by adolescence in most cases, it often becomes a chronic condition. AD has significant
negative social and economic impacts, decreasing the quality of life of the patients and their families. Skin
conditions of AD children influence quality of life of both children and their parents [13, 14]. Drug therapy
with topical steroid or topical tacrolimus, skin care with moisturizers for dry skin, and investigation and
elimination of exacerbating factors are three major parts of the treatment [12]. The pathogenesis of AD
can be explained from the perspectives of the skin barrier, allergic inflammation, and severe pruritus [15].
With regards to allergic immune responses, cytokines expressed by T helper (Th)2 cells and group 2 innate
lymphoid cells such as IL-4, IL-5, and IL-13 have been regarded as main players of AD [16-18].

Although T cells are the key player in AD, macrophages and cytokines expressed by them exaggerate skin
inflammation in AD. Macrophages are known to accumulate in acutely and chronically inflamed AD skin [19].
During the early phase, macrophages exert proinflammatory functions like antigen-presenting phagocytosis
and production of inflammatory cytokines. In the late phase, many immune cells go into apoptosis and need
to be removed efficiently. Increased macrophages may be associated with removal of apoptotic cells. IL-33,
a member of the IL-1 family of cytokines activating various immune cells through its receptor ST2 [16, 17]
is produced by macrophages as well as epithelial cells. The IL-33-induced production of pro-inflammatory
cytokines play important roles, aggravating atopic diseases such as AD and asthma.

The importance of macrophages was also reported in contact hypersensitivity (CHS). For example,
arginase-1 deficiency in lysozyme M (LysM)* cells including monocytes and macrophages resulted in
exacerbation of CHS through upregulated inducible nitric oxide synthase (iNOS) expression [20]. Consistently,
we recently reported that CHS in CX3C chemokine receptor 1 (CX3CR1)-deficient mice was attenuated with
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increased expression of arginase-1, which is a representative M2 macrophage marker [21]. Furthermore,
dermal macrophage depletion in wild type (WT) mice before elicitation phase suppressed CHS, suggesting
important roles of macrophages in CHS. Dermal macrophages are also important for the formation of clusters
between DCs and effector T cells in dermal perivascular areas in CHS [22]. IL-1a-induced production of C-X-C
motif chemokine ligand (CXCL)2 by dermal macrophages was essential for DC clustering. Glucocorticoids are
widely used in the treatment of allergic skin diseases such as CHS. CHS was suppressed by glucocorticoids
only at elicitation phase in a mouse model. Inactivation of their receptor gene in keratinocytes or T cells
did not attenuate the effects of glucocorticoids, whereas its ablation in macrophages and neutrophils lost
the suppressive effect of glucocorticoids [23]. Taken together, macrophages are important in AD and CHS,
especially at elicitation phase, by antigen-presenting phagocytosis, production of inflammatory cytokines,
removal of apoptotic cells, and mediating clusters between DCs and T cells (Figure 1).
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Figure 1. Role of macrophages in AD and CHS. Macrophages mediate antigen-presenting phagocytosis, production of
inflammatory cytokines such as IL-33, and cluster formation between DCs and T cells

Role of macrophages in psoriasis

Psoriasis is a chronic inflammatory skin disease that affects 2-3% of the worldwide population. It is mediated
by cross talk between epidermal keratinocytes, dermal vascular cells, and immune cells, including DCs,
macrophages, and T cells. The disease is characterized by epidermal hyperproliferation, leukocyte infiltration,
and vascular proliferation in the papillary dermis. The disease is associated with several important medical
conditions such as arthritis, depression, and cardiometabolic syndrome [24]. Biologics targeting IL-23, IL-17,
and IL-17RA are approved for clinical use and show excellent efficacy [25].

The expression levels of monocyte and macrophage markers, such as CD14, CD33, CD68, and CD163
were increased in lesional tissues from psoriasis compared to normal tissues [26]. In the imiquimod (IMQ)-
induced psoriasis mouse model, dermal macrophages started to increase during the late phase, whereas the
number of Langerhans cells increased continuously [27]. The early and late phases of IMQ-induced psoriatic-
like inflammation correlated with the presence of distinct types of myeloid cells, with neutrophils, monocytes,
and DCs dominating the early phase and Langerhans cells and macrophages transiently increasing during the
late phase. This is consistent with psoriasis lesional skin, where neutrophils are increased at early phase and
macrophages and cell types mediating adaptive immunity predominate in stable plaques.

The function of macrophages in psoriasis has been studied using mouse models. Depletion of
macrophages by injection of clodronate-containing liposome significantly attenuated IMQ-induced psoriatic
responses [26, 28]. Expression of M1 macrophage markers was higher than that of M2 macrophage markers
in the psoriatic tissues. A shift from a lower M1/M2 macrophage ratio in the tissues from control mice to a
higher M1/M2 macrophage ratio in the tissues from IMQ-treated mice was reported [26]. Consistently, we
showed that IMQ-induced psoriasis-like dermatitis was attenuated in CX3CR1”" mice compared to WT mice
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with decrease in M1 macrophage infiltration and increase in CC chemokine receptor (CCR)2* population in
dermal macrophages [28]. Decreased macrophage number in the skin of naive CX3CR1/-mice suggested the
importance of CX3CR1 for migration of resident macrophages in mice. Interaction between CC chemokine
ligand (CCL)2 and CCR2 probably compensated for loss of CX3CR1, which was consistent with the fact that
CX3CR1 and CCR2 have independent functions in recruiting macrophages [29]. The CD18 hypomorphic PL/]
mice developed chronic skin inflammation clinically resembling human psoriasis. Activated macrophages, an
important source of TNF-a, were significantly increased in lesional skin as well as in inflamed skin draining
lymph nodes of the affected mice [30]. Both depletion of macrophages and neutralization of TNF-a resulted
in a significant reduction of psoriasiform skin inflammation, suggesting that psoriasiform skin inflammation
is maintained by efficient recruitment and activation of macrophages. Another mouse psoriasis model
was epidermis-specific deletion of inhibitor of nuclear factor-kappaB (NF-kappaB) kinase 2. In these mice,
skin disease was significantly improved when the mice were treated with a TNF-a-neutralizing agent [31].
Elimination of skin macrophages by subcutaneous injection of clodronate liposomes was accompanied by
inhibition of granulocyte migration into the skin and resulted in a dramatic attenuation of psoriasis-like skin
inflammation. Targeted deletion of CD18, which prevented accumulation of granulocytes but not macrophages,
did not lead to major changes in the phenotype, suggesting that skin macrophages but not granulocytes, are
important for psoriasis-like dermatitis in this model. Taken together, macrophages are increased in lesional
skin of psoriasis, especially in stable plaques, and an increased ratio of M1/M2 macrophages and TNF-a
production by macrophages are essential for development of psoriasis (Figure 2).

activation of
immune cells

| predominance of M1

Figure 2. Role of macrophages in psoriasis. The ratio of M1/M2 macrophages is increased. Macrophages produced proinflammatory
cytokines to develop psoriasis

Role of macrophages in systemic sclerosis

Systemic sclerosis (SSc) is a connective tissue disorder characterized by the three main pathological features,
including autoimmunity/inflammation, vasculopathy, and fibrosis in multiple organs including skin.
Excessive collagen production is mediated by abnormal interactions between endothelial cells, fibroblasts
and mononuclear cells, particularly macrophages and T lymphocytes. CX3CR1 expression levels on peripheral
monocytes/macrophages and T cells were increased in patients with diffuse cutaneous SSc [32]. Moreover,
the numbers of CX3CR1-positive cells in the skin and lung were increased in the patients. Endothelial cells
in the diseased skin and lung expressed fractalkine, a ligand for CX3CR1, suggesting that recruitment of
CX3XR1-expressing monocytes/macrophages into the skin is important for the development of SSc. The
importance of macrophages in SSc is also shown by increased numbers of CD163* cells and CD204"* cells
between the collagen fibers in the diseased skin [33]. In a mouse model using injections of TGF-f followed
by injections of connective tissue growth factor (CTGF), the overproduction of collagen induced by TGF-3
was significantly decreased in CCR2-deficient mice, while collagen contents induced by CTGF were restored
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to WT levels [34]. On the other hand, collagen synthesis in CX3CR1-deficient mice decreased by both
TGF-B and CTGF stimulations, suggesting that both CCR2-expressing macrophages and CX3CR1-expressing
macrophages are important in the development of fibrosis. Haploinsufficient loss of Friend leukemia virus
integration 1 (Fli1), a potential predisposing factor of SSc, remarkably induced CXCL13 expression in murine
macrophages [35]. Serum levels of this chemokine were elevated in SSc patients and correlated positively
with skin score and negatively with pulmonary function test results, indicating that CXCL13 expression in
macrophages contributes to the development of SSc. In a recent paper, monocyte-derived macrophages, when
interferon regulatory factor 8 (IRF8) expression was silenced, displayed an M2 phenotype and expressed
profibrotic factors and extracellular matrix (ECM) components [36]. Skin fibrosis was enhanced in myeloid
cell-specific IRF8 conditional knockout mice. Thus, migration and activation of macrophages via various
chemokines and transcription factors are important for development of SSc.

Role of macrophages in skin malignancy

It is well-known that tumor-associated macrophages (TAMs), the most frequently found immune cells
within the tumor microenvironment, promote tumor growth through promotion of tumor survival pathways
and suppression of cytotoxic T cell responses. In most cases, TAMs show M2 phenotype and they produce
various pro-angiogenic cytokines and growth factors such as vascular endothelial growth factor (VEGF),
IL-8, and fibroblast growth factor [37-39]. Macrophages can restrict T cell activity through expression of
inhibitory immune checkpoint molecules, including PD-L1 and PD-L2, impaired antigen presentation,
secretion of immunosuppressive cytokines, and depletion of tryptophan and arginine. The presence of TAMs
has been associated with poor prognosis in cancers in various tissues such as bladder, breast, prostate,
and colon [40-43]. In malignancy of lymphoid cells, the number of CD163* cells significantly correlated
with shorter overall survival in patients with follicular lymphoma, angioimmunoblastic T-cell lymphoma,
Hodgkin’s lymphoma, and diffuse large B cell lymphoma [44-47].

In case of skin malignancy, elevated numbers of TAMs are often correlated with poor prognosis in
melanoma [48]. Expression levels of CD68 in melanoma lesions were dramatically upregulated in the late
stage relative to those in the early stage of tumors [49]. Moreover, confocal microscopy studies showed that
the percentage of CD206* cells out of CD68* cells was much higher at the late stage compared with that at the
early stage, suggesting that TAMs were M2 macrophages at advanced melanoma. TAMs enhanced endothelial
cell migration and tubule formation and also increased mouse B16 melanoma cell lines [49]. Thus, TAMs
enhance angiogenesis and tumor growth in melanoma. TAMs are also important for non-melanoma skin
cancers such as cutaneous squamous cell carcinoma (SCC), Merkel cell carcinoma, and extramammary Paget’s
disease [50-52]. In cutaneous SCC, CD163* TAMs produced protumoral factors and matrix metalloproteinases
9 and 11 [50]. There was co-expression of CD163 and M2 markers, CD209, and CCL18. M1-related genes
were also expressed in skin lesions of SCC, suggesting that heterogeneous activation states of TAMs in SCC.
Infiltration of immunosuppressive M2 macrophages and regulatory T cells (Tregs) was also seen in Merkel
cell carcinoma [51].

Mycosis fungoides (MF) and Sézary syndrome (SS) are the most common types of cutaneous T-cell
lymphoma (CTCL). MF is characterized by malignant proliferation of neoplastic T cells in the skin and has
a classically prolonged clinical course. Only limited cases progress over years through patch, plaque, and
tumor stages, followed by lymph node and visceral involvement [53]. SS is characterized by erythroderma,
lymphadenopathy, and leukemic involvement, which means the presence of more than 1,000 per mm?
circulating atypical T-cells with cerebriform nuclei, so-called Sézary cells. Although pathogenesis of CTCL
is unknown, a variety of cytokines/chemokines are reported to be involved in the development of the
disease [54, 55]. We demonstrated that the numbers of CD163* TAMs in lesional skin of CTCL were significantly
larger than those in normal skin and that they increased as more tumor cells infiltrated [56]. Moreover, CTCL
patients with an increased number of CD163* TAMs showed worse prognosis.

Cytokines expressed by macrophages are also important in cross talk among skin macrophages, tumor
cells, blood vascular endothelial cells, and TILs. CCL18, also called pulmonary and activation-regulated
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chemokine, is induced by alternatively activated macrophages [57, 58]. TAMs expressed CCL18 in CTCL
skin [59, 60]. It was reported that serum CCL18 levels in patients with CTCL were significantly higher than
those of healthy controls and they significantly correlated with skin tumor burden, serum sIL-2R, lactate
dehydrogenase, and Th2 cytokines/chemokines levels [60]. Patients with high serum levels of CCL18
showed significantly poor prognosis compared to those with low CCL18 levels. CCL17, also called thymus
and activation-regulated chemokine, is also expressed by macrophages in addition to DCs and endothelial
cells. This chemokine is a ligand of CCR4, which is expressed by tumor cells in CTCL [61]. It was previously
reported that serum CCL17 levels reflect disease activity of CTCL [62].

The role of macrophages in skin malignancy was also examined using mouse models. TAMs derived
from mouse B16 melanoma expressed macrophage receptor with collagenous structure, and intravenous
administration of its blocking antibodies reprogrammed the TAMs to a proinflammatory phenotype [63].
In another report, IFN-f3 decreased the production of CCL22 from TAMs in mouse B16 melanoma, leading
to suppression of tumor growth by the modulation of TIL profiles in vivo [64]. The relationship between
macrophages and the progression of T-cell lymphoma was also studied using mouse models [65, 66]. No
tumor formation was seen when MBL2 murine T lymphoma cells was injected into ear skin of C57BL/6.
However, induction of skin inflammation by 2,4-dinitrofluorobenzene (DNFB) following MBL2 inoculation
lead to progressive high-grade lymphoma [65]. Depletion of macrophages by clodronate-containing
liposomes blocked the tumor-promoting effect of DNFB, suggesting the importance of macrophages. The
same group also xenografted human CTCL tumor cells in immunocompromised mice and compared tumor
development using clodronate-containing liposomes to deplete macrophages in mice [66]. Mice treated with
clodronate-containing liposomes showed markedly less tumor growth compared with those treated with
phosphate-buffered saline-containing liposomes. Taken together, macrophages have a critical role in the
progression skin malignancy through promotion of tumor survival pathways via expression of cytokines and
growth factors, interaction with Tregs and myeloid-derived suppressor cells, and suppression of function of
TILs by immunosuppressive cytokines and PD-L1 (Figure 3). Selective depletion of TAMs or repolarization of
tumor-promoting macrophages to tumor-suppressive macrophages would be a future therapeutic strategy.
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Figure 3. Role of macrophages in skin malignancy. Macrophages interact with Tregs and myeloid-derived suppressor cells,
suppressing tumor immunity. Macrophages also mediate vascular formation and chemotaxis of tumor cells

Role of fibroblasts in AD and CHS

Fibroblasts are spindle-shaped non-migratory cells whose main function is collagen production. It is well
known that tissue fibrosis occurs after long-lasting inflammatory status. Therefore, fibroblasts had been
thought to terminate immune responses. Now we know that fibroblasts produce many chemokines that can
initiate or enhance inflammatory process.

AD is characterized by Th2-dominant immune responses. CCL17 is a representative disease activity
maker [67]. CCL17 is produced by dermal fibroblasts stimulated by IL-4. Fibroblasts also produce CCL11
and CCL26, which are eotaxin-1 and eotaxin-3, respectively. These chemokines induce migration of Th2 cells

Explor Immunol. 2021;1:226-42 | https://doi.org/10.37349/€i.2021.00015 Page 231


https://doi.org/10.37349/ei.2021.00015

and eosinophils. Thymic stromal protein (TSLP) potently activates immature myeloid DCs, which mediates
Th2 immune responses by producing CCL17 [68, 69]. Expression of TSLP, which is strongly expressed by
keratinocytes in AD skin, is induced by danger signals such as mechanical injury, pro-inflammatory milieu and
proteases. Discovery of periostin has led us to the mechanisms underlying chronicity in AD [70]. Fibroblasts
stimulated by Th2 cytokines IL-4 and IL-13 produce periostin, which interacts with « integrin, a functional
periostin receptor on keratinocytes. Stimulated Kkeratinocytes in turn express TSLP, which consequently
accelerated Th2-type immune responses. Thus, periostin sets up a vicious circle that links Th2-type immune
responses to keratinocyte activation and plays a critical role in the amplification and chronicity of AD.
Recently, it was found that chemokine (C-X-C motif) receptor (CXCR)4 and its ligand CXCL12 were significantly
upregulated in AD [71]. CXCR4" natural killer T (NKT) cells were enriched both in human AD skin and in AD
mouse models. Skin fibroblasts were the main source of the chemokine. Enriched CXCR4* tissue-resident NKT
cells/CXCL12" cell cluster may be important for AD. Another recent study using single-cell RNA sequencing
on AD skin found a new fibroblast subpopulation expressing COL6A5 and COL18A1, which was unique to
lesional AD [72]. These fibroblasts produced CCL2 and CCL19. DCs expressing the CCL19 receptor CCR7 was
also unique to AD lesions, suggesting an important cross talk between fibroblasts and migratory immune
cells. Mice whose dermal fibroblasts lacked Ikk2 expression spontaneously developed skin inflammation
limited to the face [73]. These mice showed phenotypes similar to those of AD patients, including scratching
behaviors, which are resistant to immunosuppressive or molecularly targeted drugs. Thus, fibroblasts play
important roles in development and maintenance of AD lesions through expression of CCL17, CCL11, CCL26,
CXCL12, CCL19, and periostin, interacting with Th2 cells, NKT cells, DCs, and keratinocytes (Figure 4).
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Figure 4. Role of fibroblasts in AD. Fibroblasts express CCL17, CCL11. CCL26, CXCL12, CCL19, and periostin, interacting with
T cells, NKT cells, DCs, and keratinocytes

There are only a few studies about the role of fibroblasts in CHS. The importance of fibroblasts
has been shown in terms of cytokine expression in CHS [74-77]. CHS is dependent upon the activity of
matrix metalloproteinases, which are mainly produced by fibroblasts [74]. CCL2, also called monocyte
chemoattractant protein-1, is a potent chemotactic factor for many types of leukocytes including
monocytes/macrophages and T cells. This cytokine is mainly expressed by fibroblasts and the expression
is increased in CHS. Small interfering RNA (siRNA) for CCLZ significantly suppressed ear swelling in a
CHS model [75]. Silencing of signal transducer and activator of transcription 6 (STAT6) by siRNA in dermal
fibroblasts inhibited CCL11 production in response to IL-4 and TNF-a in vitro [76]. Local administration of
STAT6 siRNA in vivo alleviated CHS responses to chemical haptens, suggesting an important role of STAT6
activation in dermal fibroblasts in Th2-mediated cutaneous diseases. Recruitment of eosinophils, which
are the mediator of CHS, into the skin was induced by basophils in cooperation with fibroblasts [77]. Thus,
fibroblasts are important in CHS by expressing soluble factors such as CCL2 and CCL11.
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Role of fibroblasts in psoriasis

Although T cells and DCs are main players in psoriasis, the cross talk between dermal fibroblasts and those
migratory immune cells and skin epidermis is also important. Fibroblasts express various cytokines and
growth factors such as VEGF, IL-8, a chemoattractant for neutrophils and one of the key cytokines in psoriasis,
is expressed by fibroblasts as well as macrophages, endothelial cells, keratinocytes, and neutrophils.
Fibroblasts from psoriasis patients secreted more IL-8 than those from normal controls [78]. It is noteworthy
that fibroblasts from lesional skin secreted more than those from perilesional skin. Neutrophils released IL-8
and IL-12 and their concentrations got higher when co-cultured with fibroblasts in psoriatic patients. TGF-f3
and keratinocyte growth factor, together with fibronectin and o581 integrin, have been suggested to play a
crucial role in the pathogenesis of psoriasis. The expression of a5 integrin, extra domain A-positive fibronectin,
keratinocyte growth factor and its receptor fibroblast growth factor receptor 2 was elevated in psoriatic
nonlesional skin compared with healthy skin, suggesting that the production of fibronectin by fibroblasts
was abnormally regulated even in nonlesional skin from psoriasis patients [79]. With regards to the secretion
of cyclooxygenase (COX)-2-derived inflammatory mediators, diminished production of prostaglandin E, by
psoriasis fibroblasts was reported [80]. This phenotype correlated with deficient c-Jun N-terminal kinase
activation, in accordance with the hypothesis that alterations in this signaling pathway are associated
with psoriasis. Furthermore, conditioned medium from psoriatic fibroblasts promoted the polarization of
monocytic cells toward a pro-inflammatory profile, suggesting a prominent role of dermal fibroblasts in
the regulation of inflammatory responses through the participation of COX-derived metabolites [80]. This
resolutive behavior seems to be defective in psoriatic fibroblasts, offering a possible explanation for the
chronic disease.

The presence of oxidative stress such as lipid peroxidation and total antioxidant capacity significantly
induced decreased silent information regulator 2 homolog 1 (sirtuin 1) expression level and activity,
mitochondrial damage, and apoptosis in psoriatic fibroblasts [81]. Upon sirtuin 1 activation, redox balance
was re-established, mitochondrial function was restored, and apoptosis was no longer evident. The changes
in the proteomic profile of dermal fibroblasts in the psoriasis lesions was also reported [82]. Dysfunction of
fibroblasts in psoriasis arose from the upregulation of proinflammatory factors and antioxidant proteins,
as well as those involved in signal transduction and participating in proteolytic processes. Moreover,
downregulated proteins in psoriatic fibroblasts were mainly responsible for the transcription/translation
processes, glycolysis/ adenosine triphosphate synthesis, and structural molecules [82]. Taken together,
fibroblast play important roles in psoriasis, expressing IL-8 and VEGF, production of fibronectin, and changes
in the proteomic profiles (Figure 5).
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Figure 5. Role of fibroblasts in psoriasis. Fibroblast express IL-8, inducing chemotaxis and activation of neutrophils. Activation of
M1 macrophages, production of fibronectin, and changes in the proteomic profiles contribute to development of psoriasis
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Role of fibroblasts in SSc

Fibrosis in multiple organs is a critical characteristic of SSc. In the involved organs, a-smooth muscle actin
(a-SMA)-positive myofibroblasts produce ECM. The most important factor involved in the activation of SSc
dermal fibroblasts is TGF-f. TGF-B expression is prominent around dermal vessels, where there are many
migratory immune cells [83]. SSc dermal fibroblasts respond to various stimuli from activated T cells. They
are resistant to Th1 cell- and Th2 cell-mediated suppression of collagen production [84]. Dermal fibroblasts
from patients with SSc, on the other hand, induce the differentiation of Tregs into Th2-like cells through the
IL-33 [85]. Furthermore, SSc dermal fibroblasts suppress the IFN-y expression by T cells through galectin-9
overproduction, promoting skin fibrosis by establishing the Th2/Th17 dominant microenvironment [86].
Thus, crosstalk between dermal fibroblasts in T cells is essential for development of SSc.

Role of fibroblasts in skin malignancy

Fibroblasts in tumor microenvironment, called cancer-associated fibroblasts (CAFs), produce ECM and
cytokines modulating tumor immunity. CAFs express specific markers such as a-SMA. CAF-derived ECM
components cause alterations in the ECM composition and initiate the ECM remodeling. Immune regulation
of tumors is largely determined by the ECM remodeling because the ECM is responsible for regulating a
variety of functions, such as proliferation, differentiation, and morphogenesis. It is well known that CAFs
mediate tumor progression in various cancers including skin malignancy. The roles of CAFs in melanoma,
especially the cross talk between CAFs and melanoma cells, have been studied. Cellular communication
network 2 (CCN2), formerly termed CTGF, was overexpressed by CAFs in melanoma [87, 88]. In human
melanoma patients, CCN2 expression negatively correlated with survival and positively correlates with
expression of neovascularization markers. Using mouse models, loss of CCN2 in CAFs resulted in reduced
CAF activation and reduced tumor-induced neovascularization. CCN2-deficinet CAF expressed reduced levels
of a-SMA, suggesting an essential role of CCN2 for the differentiation of dermal progenitor cells into a CAF
phenotype. TNF receptor associated-factor (TRAF)6, which promotes the malignant phenotype of melanoma
cells, was also significantly upregulated in CAFs adjacent to melanoma cells [89]. Functional assays showed
that TRAF6 promoted fibroblast proliferation and migration as well as a-SMA expression. Moreover, the
expression of TRAF6 in fibroblasts promoted the malignant phenotype of melanoma cells in vitro and in
vivo. Pigment epithelium-derived factor (PEDF), expressed by fibroblasts, has the opposite effects on tumor
cells [90]. While normal dermal fibroblasts expressing high PEDF levels attenuated melanoma growth and
angiogenesis in vivo, whereas PEDF-depleted fibroblasts promoted tumor growth. Normal fibroblasts in close
contact with PEDF-null melanoma cells lost PEDF expression and tumor-suppressive properties. CAFs isolated
from melanoma expressed markedly low levels of PEDF. Treatment of patient CAFs and TGF-B-treated normal
fibroblasts with exogenous PEDF decreased the expression of CAF markers and restored PEDF expression.
Thus, PEDF maintains tumor-suppressive functions in fibroblasts to prevent CAF conversion.

In addition to the interaction with melanoma cells, there is a cross talk between CAFs and migratory
immune cells. CAFs derived from metastatic melanomas sharply interfered with natural killer (NK) cell
functions including cytotoxicity and cytokine production in vitro [91]. CAFs inhibited both the IL-2-induced
up-regulation of the surface expression of CD336, CD337, and CD226 triggering receptors and the acquisition
of cytolytic granules in NK cells. While cell-to-cell contact was required for inducing CD226 modulation,
modulation of CD336 and CD337 was due to prostaglandin E2 released by CAFs during coculture. Thus,
progression and metastasis of melanoma are mediated by the cross talk among different cell types in the
tumor microenvironment and activated CAFs are one of the essential players.

Importance of fibroblasts is also recognized in CTCL [92]. Dermal fibroblasts express CXCL9 and CXCL10
and their receptor CXCR3 is expressed by tumor cells in early MF lesions [93-95]. Interactions between CXCL9,
CXCL10, and CXCR3 are regarded important for skin recruitment and accumulation of tumor cells in early
stages of MF. In tumor stage MF, tumor cells transform into much larger cells, which tend to express CCR4
rather than CXCR3 [62, 96]. Circulating tumor cells as well as skin-infiltrating cells in SS also express CCR4.
CCL17, a ligand of CCR4 and CCRS8, serves to recruit cells expressing these chemokine receptors. CCL17 is
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expressed by fibroblasts in lesional skin of MF and SS, suggesting important roles of CCL17-CCR4 interaction
in preferential traffic of tumor cells of MF and SS to the skin. In addition to CCR4 and CCR10, tumor cells of SS
express CXCR4, which is a receptor for CXCL12 [97]. CXCL12 is also produced by fibroblasts, especially CAFs.
CXCL12/CXCR4 axis reduced the sensitivity of CTCL cell lines to doxorubicin, and enhanced their migration
when co-cultured with fibroblasts [98].

CCL26 and CCL11 induces chemotaxis of CCR3-expressing cells such and eosinophils and subpopulations
of Th2 cells. We found that CCL26 and CCL11 expression by dermal fibroblasts is increased in lesional skin of
advanced CTCL [99]. Migration of Th2 cells into the lesional skin promotes a Th2-dominant microenvironment.
A recent study revealed that MF skin fibroblasts showed increased expression of CAF markers with
increasing stage compared to normal fibroblasts [100]. CTCL cell lines cultured with MF fibroblasts retained
high expression of MF biomarkers. Taken together, fibroblasts have a critical role in the progression skin
malignancy via expression of cytokines such as CCN2, TRAF6, CXCL12, and suppression NK functions, and
establishment of Th2-dominant microenvironment (Figure 6).

’ Th2 environment

| vascular formation |

- CCN2, periostin, o
I TRAF6 CcCL11,
melanoma ol
CCN2
CCL17, | ECM remodeling |
CXCL12/

CTCL tumor cells .
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Figure 6. Role of fibroblasts in skin malignancy. Fibroblasts express cytokines, inducing progression of skin malignancy
Suppression NK functions and establishment of Th2-dominant microenvironment also contribute to the pathogenesis

prostaglandin E2

suppressnon of
function of NK cells

Conclusions

In this review, various kinds of cross talk among macrophages, fibroblasts, and migratory immune cells
such as T cells, DCs, and NK cells in skin inflammatory diseases such as AD and psoriasis is summarized.
Macrophages and fibroblasts also have interactions with tumor cells in melanoma and CTCL, promoting
tumor progression and metastasis. Those skin-resident cells have been neglected for a long time, but they are
attracting therapeutic targets in the near future.
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