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Skin is replete with immunocompetent cells that modulate
signaling pathways to maintain a salubrious immunogenic/
tolerogenic balance. This fertile immune environment plays a
significant role in the development of allergic responses and
sensitivities, but the mechanisms underlying these pathways
have been underappreciated and underused with respect to
developing therapeutics. Among the complex repertoire of cells
that promote tolerogenic pathways in the periphery, 2 key
classes include dendritic cells and regulatory T (Treg) cells.
Immature dendritic cells are the first line of defense, patrolling
the periphery, sampling antigens, and secreting cytokines that
suppress immune cells and promote the survival of Treg cells.
Skin-homing Treg cells also play a critical role in mitigating
the reactivity of immune cells, secreting high levels of cytokines
that promote tolerance. Therapeutic approaches that
capitalize on our knowledge of the rich cellular and molecular
environment are emerging and show great promise. We will
discuss the advantages and challenges of 5 such strategies and
how these therapies might mitigate the atopic march by
facilitating tolerance. We conclude that skin is a multifaceted
structure that provides a fertile ground for therapeutic
discovery. Accordingly, ongoing work in this domain will no
doubt continue to deliver exciting progress for improved
health outcomes. (J Allergy Clin Immunol 2019;144:362-74.)
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Abbreviations used
AD: Atopic dermatitis
BDCA: Blood dendritic cell antigen
c¢DC: Classical dendritic cell
CHS: Contact hypersensitivity
DC: Dendritic cell
EPIT: Epicutaneous immunotherapy
eTreg: Effector regulatory T
Foxp3: Forkhead box P3
LC: Langerhans cell
LN: Lymph node
MDSC: Myeloid-derived suppressor cell
MHCII: MHC class IT
mo-DC: Monocyte-derived dendritic cell
pTreg: Peripheral regulatory T
RBC: Red blood cell
SLIT: Sublingual immunotherapy
Tr1: Type 1 regulatory T
Treg: Regulatory T
Trm: Memory T cell
UVR: Ultraviolet radiation

THE SKIN AS AN IMMUNE ORGAN

The skin plays a dual role in the body’s defense against pathogens.
Most palpably, the skin provides a physical barrier that protects
internal systems from the environment. Human skin also functions as
an active immune organ, constantly providing resistance to
microorganisms and other noxious environmental agents through
innate and acquired immune mechanisms."> To date, the intrinsic
potential of the skin’s immune cells has been underused.

In this review we will explore the immunologic capacity of the
skin, both in its homeostatic resting state and during inflamma-
tion, reviewing the mechanisms underlying cutaneous immunity
and how they contribute to tolerogenic or immunogenic signaling
pathways. We will discuss the cells responsible for mediating
cutaneous immunity and the cytokines that regulate their activity
and conclude by proposing that seizing control of these pathways
through immunization strategies is a viable and promising
approach for treatment of food allergy and hypersensitivity.

Maintenance of tolerance in resting-state skin
Resting-state skin is replete with resident immunocompetent
cells (Fig 1).3* Under homeostatic conditions, keratinocytes
constitutively produce Toll-like receptors, cytokines, and
chemokines that initiate signaling cascades to maintain the
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HUMAN SKIN — TOLEROGENIC OR NON-INFLAMMATORY STATE
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FIG 1. Resident populations of immune cells in human skin. In its baseline state tolerogenic
(noninflammatory) skin contains abundant and diverse immune cells, including macrophages, mast cells,
natural killer cells, lymphoid cells, T cells, and a prominent population of DCs (Table I). Keratinocytes, LCs, and
Trm cells populate the epidermis, whereas cDC1s and ¢cDC2s populate the dermis, secreting cytokines that
maintain a tolerogenic environment. One major limitation to our knowledge of the tolerogenic properties
of DCs is that much of it has been gleaned from forced differentiation of DCs in vitro. To date, few studies
mapping tolerogenic pathways directed by DCs in normal human skin in vivo have been performed.
CTACK, Cutaneous T cell-attracting chemokine; NKT, natural killer T cells; Tem, effector memory T cells.

diverse populations of leukocytes responsible for tolerance.’
Immature antigen-presenting dendritic cells (DCs), including
Langerhans cells (LCs) and classical DC subsets (cDC1 and
cDC2) patrol the periphery, where they sample antigens and
secrete cytokines that suppress inflammation and also promote
survival of regulatory T (Treg) cells.”” Skin-homing Treg cells
also play a critical role in mitigating the reactivity of immune
cells, promoting tolerance in the absence of a noxious signal.x‘9
In both the scurfy transgenic mouse and in patients with
human immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome, in whom Treg cells are deficient,
spontaneous (unprovoked) inflammatory responses in the skin
are observed.'"!

In summary, a range of resident cell populations maintain
epithelial barrier protection and health. However, the immune
cells of human skin are also primed to initiate innate or adaptive
immune mechanisms in response to pathogenic organisms that
breach or will breach the epidermal barrier.

Immune mechanisms in activated skin
Detection of an immune “danger signal” activates robust
protective responses, including upregulation of immune signals in

keratinocytes, DCs, “polar” T-cell subsets mediating effector
immunity, innate cell types (including granulocytes [neutrophils
or eosinophils]), and other myeloid cell subsets (Fig 2).'*'® The
danger signal can be detected either by Toll-like receptors
synthesized by epidermal keratinocytes' or by LCs that project
dendrites through keratinocyte junctions to sample the surface
environment.'” On detection of a pathogen, keratinocytes
undergo accelerated growth and differentiation, which result in
a marked increase in the synthesis of antimicrobial proteins,
chemokines, and cytokines that rapidly recruit and activate
specific T-cell subsets responsible for orchestrating protective
immunity.”” This response is organism specific: extracellular
bacterial or fungal infections trigger IL-17, CCL20, CXCL9, or
CXCL10 synthesis to elicit Tyl7 cells’™?' or Tyl influx and
activation’’; helminth infection activates thymic stromal
lymphopoietin, 1L-25, IL-33, CCL17, or CCL22 synthesis to
direct Ty2 responsesl3’23'25; intracellular bacteria, protozoa,
and viruses induce type I immune responses (IL-12, IL-15, and
IFN-y)*®?7; and gram-negative bacteria can trigger increased
production of TNF, IL-1, and other cytokines that drive increased
synthesis of CXCL1, CXCL2, CXCL3, CXCL5, and CXCLS that
encourage neutrophil chemotaxis into infected sites.”*



364 GUTTMAN-YASSKY, ZHOU, AND KRUEGER

J ALLERGY CLIN IMMUNOL
AUGUST 2019

HUMAN SKIN — INFLAMMATION, INFECTION, IMMUNE RESPONSE
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FIG 2. Effector immune response in human skin. On detection of an inflammatory signal, skin shifts from a
tolerogenic to an immunogenic state. LCs become activated and migrate into the dermis and/or to the LNs
to activate effector T-cell responses. There is also increased activation of DCs in the dermis, as well as
production of cytokines that direct activation of specific polar T-cell subsets. Concurrently, keratinocytes
proliferate and produce cytokines and chemokines that contribute to the effector immune response specific
to the type of infection. The chemical milieu directs neutrophils, eosinophils, T cells, and mo-DCs to exit the
vasculature, infiltrating the local tissue, where they undergo disease-specific responses. The tipping point
of whether an antigen activates an immune reaction likely results from the level of “innate” local
inflammation. If skin is intact, antigens might promote tolerance; however, if the skin is disrupted, that
same antigen might now activate an inflammatory immune response. Unrestrained polar T-cell
activation results in inflammatory diseases, such as psoriasis (Ty17 cells and TNF and inducible nitric oxide
synthase-producing dendritic cells [TIP-DCs]), atopic eczema (Ty2 cells and inflammatory dendritic
epidermal cells [IDEC-DCs]), and cutaneous lupus (Ty1 cells and plasmacytoid DC [pDCs]).

The keratinocyte response is supported by T cell-derived
cytokines, which amplify specific immune pathways and bring
cytotoxic effector pathways into play.”’ Cytokines secreted by
T cells can direct B cells to class-switch immunoglobulins
between IgG and IgE.*" In parallel, as DCs are activated by the
danger signal, they shift from a tolerogenic to an immunogenic
phenotype, further tipping the scales toward an immune response.
Mature DCs can then migrate to lymph nodes (LNs) and promote
activation and differentiation of new memory T cell (Tgy) clones
that will home back to the skin as antigen-specific effectors®'~*>
(see the “DC” and “Treg cell” sections below).

Thus immune pathways are tightly regulated by a litany of cells
and chemical signals to maintain a fine balance between tolerance
and immune response. When this balance is disturbed, chronic
and/or overzealous activation of immune pathways through
autoimmunity results in unremitting inflammation, as observed
in common skin diseases, including psoriasis (Ty17 centered),
cutaneous lupus (Tyl and interferon centered),” and atopic
dermatitis (AD; Ty2 centered).!?**! The latter illustrates the

importance and therapeutic potential of the skin as an immune
organ: in AD, eosinophils are recruited into the skin by
chemokines, including IL-5, and increased Ty?2 activation drives
production of IL-4 and IL-13, promoting IgE production. This in
turn contributes to increased risk of IgE-mediated allergic
reactions, food sensitivities, asthma, or autoimmunityfm
Furthermore, a group of innate lymphocytes that appear in early
. 4D . .
postnatal skin,”~ called group 2 innate lymphoid cells, have
been shown to secrete cytokines comparable with Ty2 cells™
and thus might also be important in shaping allergic-like
responses associated with atopic eczema or other early inflamma-
tory events. These relationships illustrate a strong link between
the skin as an immune milieu and systemic allergy,** pointing to-
ward an influential modality for the development of therapeutics.
In subsequent sections we further consider mechanisms by
which Treg cells and DCs restrain active immunity in the skin to
promote immune tolerance. We also begin a discussion of how
cutaneous regulatory immune mechanisms might be manipulated
to improve or restore immune tolerance in allergic diseases.
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FIG 3. Characteristics of a tolerogenic DC. In theirimmature state DCs promote tolerance. These DCs express
low levels of MHCII and costimulatory molecules, restricting their ability to present antigens to T cells and
drive an immune response. High IL-10 and TGF-8 production favors expansion of Treg cells (which also
promote tolerance), whereas low IL-23 and IL-12 levels minimize stimulation of effector T cells. Surface
expression of inhibitory receptors (CD95 ligand, immunoglobulin-like transcript 3 [ILT3], ILT4, dendritic cell
immunoreceptor [DCIR], and CD32b) drives signaling pathways that ultimately result in apoptosis or anergy.

DCs

DCs are the predominant population of immunocompetent
cells in the skin, where they patrol peripheral tissues, initiating
immune responses or promoting tolerance.’ An encounter with
a pathogen leads to activation, maturation, and migration of
DCs to the central LNs, triggering a cascade of events
ultimately designed to clear the antigenic material. This
process constitutes the front line of cutaneous immunity.®*

Immature DCs are highly specialized antigen-processing
cells®*® that perpetually sample innocuous environmental
proteins and self-antigens and traffic them to regional LNs for
presentation, thereby promoting tolerance in the periphery.®
They also play arole in central tolerance, contributing to negative
selection (clonal deletion) of developing thymocytes."’

In their immature state DCs store MHC class II (MHCII)
intracellularly in lysosomes,® drive T-cell anergy,"® and actively
contribute to immune homeostasis by secreting suppressive
cytokines, such as IL-10, TGF-f3, IL-27, and IL-37. On contact
with a “presentable” antigen, immature DCs transition to an
intermediate phenotype, which is also tolerogenic. These
semimature DCs express costimulatory molecules and
nonlysosomal vesicle-bound MHCII on their surfaces.
Semimature DCs can migrate to skin-draining LNs or inflamed
tissues to actively induce tolerance.*’

In contrast to immature and semimature DCs, mature DCs
are generally considered immunogenic. Mature DCs express
high levels of MHCII on the plasma membrane, conferring full
antigen-presenting capacity and potent T-cell stimulatory
capacity.®?®° These cells traffic antigen from the skin to the

LNs for presentation to naive T cells through distinct
pathways, depending on whether this occurs during pathogen
invasion or at steady state.’ 192 Mature DCs also express
high levels of costimulatory molecules, release IL-12, and
downregulate expression of immunosuppressive mediators,
such as IL-10, thereby promoting effector T-cell activation
and decreasing Treg cell expansion.’” In patients with
psoriasis, activated DCs produce high levels of IL.-23 and drive
aTyl7 response.34 In contrast, in AD, DCs express high levels
of an Fc receptor for IgE and polarize T cells to T2-high
Cells.34,54—57

It is important to note that recent evidence from a study using
an in vitro model of DC maturation suggests that distinct
transcriptional and regulatory signals can induce mature DCs to
assume either a tolerogenic or immunogenic state. Mature DCs
can gain tolerogenic potential in the absence of microbial stimuli
through the transcription factor interferon regulatory factor 4,
which elicits DC maturation and Treg cell generation. However,
in the presence of microbial products, DCs mature and activate
nuclear factor kB, which facilitates the generation of effector
T cells and an immunogenic proﬁle.5 8

Interestingly, the maturation state of DCs can be affected by
their interaction with different types of cancer cells. Steady-state
immature DCs are maintained and suppressed by cancer cells in a
tumor and are also referred to as tumor-infiltrating DCs. These
immature and semimature DCs have been shown to induce T-cell
anergy and promote cancer cell tolerance and tumorigenesis.
However, depending on the cytokine profile secreted, anticancer
immunity can be facilitated by mature DCs.>
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Human markers Resting skin Inflamed skin
LCs® 716567 CD207 (Langerin), CDla, CDlc o Epidermis ® Migration to the dermis and LNs
@ High abundance ® Acquire mature phenotype
cDCg/+19:31:32:62.06.68 c¢DC1: BDCA-3 (CD141), CDl1l1c ® Dermis ® Can migrate to the LNs
c¢DC2: BDCA-1 (CDlc), CDll1c ® Low abundance ® Acquire mature phenotype
® Dermis ® Can migrate to the LNs
® Main subset ® Acquire mature phenotype
pDCs’15:62:68:69 BDCA-2 (CD303) ® Dermis ® Can migrate to the LNs
® Low abundance ® Acquire mature phenotype
mo-DCg!7-7:36:60-64.68.70-73 CDllc ® Dermis ® Located in the epidermis or dermis
Low expression: CD14 ® Low abundance ® Acquire mature phenotype
Other markers: variable CDla, CDIc, CD16 ® Expression of disease-specific markers:

B TIP-DC (in psoriasis)
® IDEC-DC (in AD)
® Might be the main subset in inflammation

Subtypes of DCs have been described based on surface marker expression. These include LCs, cDCls, cDC2s, plasmacytoid DCs (pDCs), and mo-DCs. In resting-state skin the
predominant subtypes are LCs in the epidermis and ¢cDC2s in the dermis. In this state all DC subsets are relatively immature and presumed to promote tolerance (Figs 1 and 3).
On detection of an activating immune signal, DC subsets acquire a mature phenotype. Mature DCs drive T-cell stimulation in the skin and LNs (Fig 2). There is also an influx of
mo-DCs, which might become the main subset of DCs in the skin under inflammatory conditions.

IDEC, Inflammatory dendritic epidermal cell; /P, TNF and inducible nitric oxide synthase—producing.

*mo-DCs have been most convincingly demonstrated as immature DC precursors in peripheral blood and through the in vitro manufacture of DCs from blood monocytes.

Beyond the immature-semimature-mature distinction, DCs can
be subclassified based on their surface marker expression
(Table I).* In skin the resident population of DCs largely
comprises embryo precursor—derived LCs and bone marrow—
derived cDC1 and cDC2.°° There are also small populations of
plasmacytoid DCs and monocyte-derived dendritic cells
(mo-DCs). mo-DCs are less mature than resident populations in
an activated state (based on MHCII and costimulatory
molecules®' and the presence of positive markers of maturation,
such as CD83,°' and dendritic cell lysosome-associated
membrane glycoprotein)’*; however, they nonetheless possess a
remarkable capacity to stimulate T-cell activation.®"*>"*
Interestingly, mo-DCs appear to differentiate according to the
underlying cause of inflammation. In patients with psoriasis,
mo-DCs are also called TNF and inducible nitric oxide
synthase—producing DCs, producing high levels of IL-23 and
driving Ty17 activation.'>®* In contrast, in AD, mo-DCs, also
called inflammatory dendritic epidermal cells, are marked by
expression of FcE receptors and drive a Ty2 response.®>®*
Importantly, although there is extensive conservation of immune
genes between mice and human subjects, key differences have
nonetheless been detected,”” and therefore efforts to translate
findings from animal models to human subjects require caution.

LCs

The primary population of skin-resident DCs are LCs, which
represent 2% to 3% of epidermal cells.”””’® In their immature state
LCs express adhesion molecules (E-cadherin), enabling forma-
tion of a 3-dimensional network that extends throughout the basal
and suprabasal keratinocyte layers.”” LCs in the epidermis
elongate their dendrites, penetrating tight junctions to sample
antigens that have permeated the stratum corneum skin barrier
while preserving the integrity of the tight junction barrier.®
Thus LCs are ideally suited to their role in immune surveillance,
engaging in first contact with antigens and initiating the appro-
priate adaptive immune response (tolerance or inflammation).°

,7,15,31,32,51,55,5 0-73
*References(mlﬁ 1 W]ﬁ*ﬁ(},and()77v.

In the steady state LCs maintain peripheral tolerance to
self-antigens by promoting expansion and proliferation of Treg
cells.>”® On detection of a danger signal (ie, infection, trauma, or
an active disease state), LCs induce effector T-cell responses.79
Maturing LCs simultaneously downregulate E-cadherin and
increase CCR7 levels, resulting in detachment from surrounding
keratinocytes and migration, first to the lymphatic vessels and
ultimately to the T-cell area of regional LNs.® Throughout this
migration, expression and compartmentalization of MHCII is
tightly regulated, delaying antigen presentation until cells have
reached the LNs.” Mature LCs also secrete cytokines to drive
appropriate T-cell polarization and provide an optimal milieu
for processing the invading antigen.®*’

Contact hypersensitivity (CHS; also termed allergic contact
dermatitis) has been vital in demonstrating the critical role that
LCs play in tolerance and immunogenicity both in animal models
and in human skin. In animal models conflicting results have been
reported. LCs have been shown to drive the immune response
underlying CHS,®' whereas the CHS response is determined by
the number of DCs that have access to the antigen.®®” In the
absence of LCs, CHS is attenuated when low concentrations of
hapten are administered. However, when the hapten dose is
increased, CHS returns to wild-type levels, most likely because
of significant levels of hapten penetrating the epidermis to
come into contact with dermal DCs.%*” These findings highlight
the importance of LC location and ability to sample antigens at
the skin’s surface. Conversely, the absence of LCs in mice
deficient in epidermal LCs has been shown to result in an
intensified CHS response, thus highlighting an important
regulatory function of LCs.** In another study, however, CHS
responses were shown to remain unaltered in mice depleted of
epidermal LCs, and deficiency of both epidermal and dermal
LCs was required to alleviate the CHS response.®*

LCs are also imperative for induction of Treg cells by
ultraviolet radiation (UVR).%83-86 Specifically, in the absence of
epidermal LCs, UVR-induced Treg cells and the accompanying
inhibition of CHS are significantly attenuated.® In human skin tol-
erogenic mechanisms are perhaps best illustrated by nonreactivity
to nickel, to which individuals are routinely exposed.®”*® This
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tolerance is mediated by T cells, but danger signals, such as ear
piercing, can activate effector T cells to direct protective
immunity.*” Exposure to UVR also alters the human epidermal
microenvironment, reducing the number of LCs and increasing
the number of Treg cells and levels of immunosuppressive
cytokines in the epidermis,go’91 thus decreasing responsiveness
to foreign antigens and facilitating tolerance to compounds that
create sensitization under normal conditions (ie, dinitrochloro-
benzene).”” In AD, fewer antigen-presenting cells (LCs) and
increased baseline expression of inflammatory cytokines lead to
greater prevalence of CHS.”?

In summary, LCs play a key role in shaping adaptive immune
responses toward effector- or tolerance-promoting T cells based on
different signals indicating dangerous versus nondangerous states.

Dermal DCs

The dermis of normal human skin contains 2 major populations
of myeloid (CD11c¢™) DCs, which can be divided into different
functional populations by expression of blood dendritic cell
antigen (BDCA)-1 and BDCA-3.° On average, the BDCA-3
(cDC1) population constitutes about one third of dermal DCs.’
This subset has been shown to produce high levels of IL-10,”
and it promotes differentiation of CD25™ Treg cells, which
were shown to suppress skin inflammation in an allotransplanta-
tion model.” DCs with a similar phenotype could be generated
in vitro from blood monocytes through incubation with
vitamin D3, and these cells were also shown to suppress
T cell-mediated rejection of transplanted melanomas.” In
contrast, the BDCA-1" (¢cDC2) population expressed low levels
of IL-10 and did not induce Treg cells, and therefore its function
might be more geared to generation of effector T cells if activated
by antigen exposure and/or inflammatory signals.” Still, the
BDCA-1" DC population in normal human skin is immature®®
and has relatively weak T-cell stimulatory potential, unless it is
activated by inflammatory cytokines,”® and therefore it might
also promote tolerance through other mechanisms, such as low
expression of MHCII and costimulatory molecules.

TREG CELLS

Trm cells are abundant in the skin, with the highest
concentrations in the epidermis’ and in proximity to hair
follicles.® In contrast to DCs, which circulate between the skin
and LNs to mediate immune responses, skin-homing memory
T (Tgrm) cells are relatively immobile; unable to enter LNs,”!
Trum cells protect the host from infection locally.””* A small
and reproducible percentage of these cells (approximately 5%)
are Ki67 ", indicating that they are undergoing proliferation.’

Treg cells are a subpopulation of CD4™ Try cells that mediate
tolerogenic immune responses to self’ and make up
approximately 5% to 10% of the total number of skin-resident
T cells.>” In normal, noninflamed skin Treg cells are
characterized by expression of cutaneous lymphocyte—
associated antigen (a skin-homing receptor),”* by the
costimulatory molecule CD28,”® and by expression of chemokine
receptors for CCL27/28 (CCR10),”*”° CCL20 (CCR6),”” and
CCL17/22 (CCR4).”* They secrete high levels of cytokines that
suppress inflammatory responses, including IL-10, IL-35, and
TGF-B (as discussed in section 4).°*%’ Most Treg cells
express the high-affinity IL-2 receptor (CD25) and the
transcription factor forkhead box P3 (Foxp3), which plays a
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role in their development and function (maintenance of
suppressive role and self-tolerance).” Treg cells can be generated
in the thymus (tTregs) or the periphery (pTregs). Thymic Treg
cells and pTregs are also found in secondary lymphoid
tissues”?*'" and can be further classified as Foxp3™' or
Foxp3~.”""'%" Treg cells can also be subclassified as central or
effector regulatory T cells (cTreg or eTreg cells, respectively).”
cTreg cells, resting Treg cells, constitute the largest proportion
of Treg cells in secondary lymphoid organs, expressing high
levels of CD62L and CCR7. eTreg cells are fewer in number
and express high levels of surface markers, including CD44,
inducible T-cell costimulator, and tissue-specific chemokine
receptors. Subsets of eTreg cells have also been defined:
IL-35-producing Foxp3-dependent eTreg cells express CCR7,
preferentially localize to T-cell zones, and are hypothesized to
be efficient at targeting autoreactive T cells.”® IL-10—-producing
Blimpl-dependent eTreg cells express inducible T-cell
costimulator, granzymes, and multiple chemokine receptors,
which aid in their migration to peripheral nonlymphoid zones.”®
This subset might be responsible for controlling autoimmunity
of T cells and suppressing peripheral inflammation. Lastly, type
1 Treg cells are CD4 Foxp3~. Type 1 Treg cells suppress
antigen-specific T-cell responses, promoting tolerance, and
are defined by their production of high levels of IL-10 and
TGF—B.%‘]OQ

MDSCs AND MAST CELLS

Recruited immune cells can be mediators of allergy. For instance,
myeloid-derived suppressor cells (MDSCs) are critically involved
in the modulation of immune responses in various pathologic
conditions not only inside but also outside the scope of cancer.'*
MDSCs generally function in an immature state and interact with
different populations of T cells in a complex manner. Ty1/Ty2
CD4% T cells can modulate MDSC expansion and activity, as
demonstrated by several mouse studies. Studies in cancer reported
the ability of MDSCs to induce Treg cell expansion and tolerance,
whereas experimental allergy studies indicated that T-cell activation
reduction, Treg cell recruitment, and a decrease in airway sensitivity
were monocytic MDSC mediated. MDSCs are also capable of
generating, differentiating, and suppressing Ty17 cell responses
in a number of in vitro and in vivo studies. Lastly, MDSCs have
been shown to induce tolerance in CD8 " and CD4 " T cells, which
might be antigen specific.'*

Mast cells are well-documented effector cells responsible for
allergic responses mediated by IgE after exposure to an allergen
for a second time and, more recently, have been shown to be
initiators of innate immune responses against pathogens.'®* In
recent studies of allergy, a possible role in allergen sensitization
and exacerbation of allergic disease when accompanied by
bacterial byproducts has been identified for mast cells, responses
that are facilitated by the high-affinity IgE receptor (FceRI)
located on the surfaces of mast cells.'”" This is further
exemplified by several mouse studies that report both worsening
and alleviation of CHS symptoms facilitated by mast cells, which
were dependent on the particular model of CHS used. Mast cells
encompass a diverse range of immunomodulatory functions.
They promote B-cell IgE production, immune cell recruitment,
Ty2 responses, and the function of immune cells. Additionally,
through production of IL-10, mast cells can inhibit production
of cytokines produced by T cells and monocytes and pro-
inflammatory cytokines and chemokines by keratinocytes.'?”
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FOOD ALLERGY AND TOLERANCE

The mucosal immune system of the gastrointestinal tract
typically functions in a state of tolerance to food proteins,'”°
which involves DCs and Treg cells.””'"® Treg cells are generated
after sampling of a food antigen, resulting in antigen-specific
suppression of effector T cells. Gastrointestinal DCs (CD103™"
subset) have been shown to promote the development and
differentiation of Treg cells,”” including induction of Foxp3™*
Treg cells, in murine studies.'”® Interestingly, a 2007 study
reported an increased incidence of food allergies in patients
with a dysfunction in Foxp3,'”” suggesting a central role for
Treg cells in oral tolerance. Food allergy can develop when there
is a disruption in oral tolerance and ingested food antigens are
thought to stimulate an adaptive immune response, resulting in
sensitization to a food allergen.'’® Sensitization to a food allergen
can also develop through skin exposure.'” This is best observed
in patients with skin barrier disruptions, such as AD and loss-of-
function mutations in filaggrin, an epidermal protein associated
with maintaining skin barrier function, with such patients exhib-
iting an increased risk of sensitization to food antigens.**:'*%1%?

Given the relative abundance of data indicating the tolerogenic
role of DCs, it is critical to highlight the contrary role of DCs in
mediating allergy versus promoting tolerance, specifically in the
context of food allergy.' ' This is best demonstrated by studies in
which naive mice received an adoptive transfer of DCs from
recipient mice with milk allergy, which resulted in induction of
IgG- and IgE-specific responses without antigen exposure.I H
Furthermore, development of I[gE-mediated allergy might be attrib-
uted to a distinct subset of DCs that are resistant to apoptosis and
promote polarization to T2 responses.''” Several human studies
have also revealed that the likelihood of food allergy might be
increased with delayed allergen contact, suggesting that early
exposure to antigens, as well as the quantity of antigen, are critical
in developing appropriate immune responses to food." '’

MECHANISMS OF IMMUNE TOLERANCE
THROUGH LCs AND T CELLS

Tolerance can be driven both locally in the skin and systemically.
At low levels of antigen presentation, LCs induce expansion of
skin-resident memory Treg cells that suppress autologous T-cell
responses locally.”*® However, once a threshold of antigen is
surpassed, the role of LCs is switched to favor effector Try cells
(Foxp31°, CD1277"), with activation, proliferation, and production
of the effector cytokines IFN-y and IL-17.

In addition to driving tolerance at the site of antigen detection,
studies in mice have shown that skin-resident DCs migrate from
their cutaneous location and induce antigen-specific generation of
Foxp3" Treg cells in LNs.'"? This highlights an important
attribute of immune tolerance: the potential to induce systemic
immune responses from peripheral locales. In this way targeting
skin immune cells might be sufficient for treatment of
autoimmune and/or allergic conditions. Once activated (after
T-cell receptor signaling), Treg cells can suppress responses of
CD25 CD4" T cells specific for another antigen''* by
dampening the costimulatory function of DCs (CD80/CD86 and
IL-2 expression), which would allow Treg cells triggered by
one antigen to block effective presentation of other antigens by
the same antigen-presenting cell.' 4

Work is ongoing to further elucidate the mechanisms
underlying promotion of tolerance by DCs and Treg cells and
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the phenotype and role of distinct subsets. Although direct
cell-cell contact has been implicated in communication between
DCs and T cells, there are also well-established contributions by
cytokines in the determination of tolerogenic and immunogenic
responses.'

TGF-B has been shown to drive tolerance by controlling DC
development, activation, and maturation. Epidermal LCs are
lacking in both TGF- knockout and deficient mice; TGF-$3
knockout mice display aberrant T-cell responses and autoimmune
disease and ultimately die prematurely.”"''®""7 It is plausible that
LCs necessitate TGF-B1 directly from autocrine/paracrine
signaling for LC development and survival.''® LPS-mediated DC
maturation in mice through induction of IL-12 (a proinflammatory
cytokine required for T-cell stimulation in the LNs) and CCR7
(which guides DCs in their migration to the T-cell area of LNs)
is inhibited by TGF-f signaling, potentially through an increase
in peroxisome proliferator—activated receptor y (PPARy).>''® In
this way TGF-f plays an important role in maintenance of an
immature pool of LCs in the epidermis.®''” TGF- also contributes
to Treg cell proliferation: in the periphery TGF-[3 produced by DCs
induces Foxp3~CD25~CD4" T cells to become Treg cells.' '

TGF-B induces B-catenin in progenitor cells.”” B-Catenin is a
transcriptional regulator of the Wnt signaling pathway,”’ a
conserved signal transduction pathway that regulates gene
expression and various cellular processes during embryonic
development'zo and modulates the link between cadherins and the
cytoskeleton. Among skin DCs, only LCs express notable levels
of B-catenin,”’ likely playing a role in the formation and mainte-
nance of the cellular scaffold adhering LCs to kf:ratinocytes.121 In
the absence of B-catenin, LCs are untethered and more readily
activated to a migratory and immunogenic phenotype.’”'**
Accordingly, deletion of B-catenin from CD11c* DCs leads to
autoimmunity.™’”'** B-Catenin is a ligand-dependent coactivator
of vitamin D receptors in the epithelium,77 and 1,25 vitamin D3
(a metabolite of vitamin D) can stimulate LC precursors to produce
TGF-B, B-catenin, and vitamin D receptors.’’

Immature DCs secrete high levels of IL-10, a pleiotropic
cytokine that negatively regulates inflammatory responses,
minimizing collateral tissue damage.”®’ LCs also play a role in
generation of IL-10—producing Foxp3™ Treg cells.”™*® IL-10 in
turn inhibits macrophage function, downregulates MHCII and
costimulatory molecules, decreases proinflammatory cytokines,
and directs DCs toward a tolerogenic phenotype.'>* Notably,
IL-10—deficient mice develop colitis. 12

IL-10-mediated tolerance is further supported by IL-27.'%
IL-27 is produced by DCs and, once released, can induce
expression of CD39, suppressing Tyl and Ty17 cell differentia-
tion, and driving Treg cell production.'?’

IL-37 has emerged as a dampener of adaptive immunity.
IL-37—expressing DCs promote Treg cell generation.49 IL-37 has
a negative feedback loop with proinflammatory cytokines; it is
stimulated by proinflammatory cytokines and, once expressed,
shuts down expression of those same signaling molecules.*’ In
mice engineered to express human IL-37 transgenically,
induction of CCR7 (and thus migratory capacity) was intact.
However, MHCII surface expression was diminished, and
induction of T-cell proliferation was impaired. IL-37 increases
levels of the anti-inflammatory cytokine IL-10 and reduces levels
of proinflammatory cytokines, such as IL-1B3, IL-6, and
IL-12,"%"2%159 promoting generation of semimature DCs
recognized as “tolerogenic DCs.”**"'?® These effects can
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ameliorate allergic disorders, such as asthma and allergic
thinitis."*'"'** Together, these cytokines act in concert to tightly
regulate the expression and induction of tolerogenic cells and
signals.

Although naturally occurring DC populations can promote
cutaneous tolerance, considerable work has gone into creating
tolerogenic DCs through a range of in vitro differentiation
protocols.'** Major properties that pertain to both naturally
occurring and induced DCs for promotion of tolerance (which
can be variably expressed within different DC populations)
include high production of negative regulatory cytokines
(IL-10, TGF-B, IL-27, and IL-37, as discussed above), % 126:133
low production of IL-12/IL-23,"*" low expression of MHCII
and costimulatory molecules,?® %13 gecretion of indoleamine
2,3-dioxygenase,'”” and increased expression of immune
checkpoint molecules, such as programmed death ligand 1."*"
Induced tolerogenic DCs have now been tested for
immunosuppressive actions in clinical trials for treatment of
type 1 diabetes, rheumatoid arthritis, multiple sclerosis, and
Crohn disease, with early evidence of efficacy in these
diseases.'*” Studies are also underway in allergic diseases, such
as asthma.'”® It will be interesting to know the therapeutic
potential of this approach in future studies, but ultimately,
customized cellular therapy is likely to be more difficult and
more expensive than other approaches that are discussed below.

APPLICATION IN FOOD ALLERGY AND
HYPERSENSITIVITY

The skin has great plasticity as an immune organ, and although
further work is required, we can leverage our existing
knowledge of the mechanisms of immune tolerance to develop
strategies for treating aberrant immune responses. The capacity of
LCs and other DCs to shape the outcomes of local'*>"'*° and
systemic immune responses can be used toward immunomodula-
tory interventions. Emerging immunotherapeutic approaches
capitalize on this mechanistic framework to overcome an
overzealous immune system.

Sublingual immunotherapy

Sublingual immunotherapy (SLIT) is a relatively noninvasive
approach to antigen-specific immune tolerance that has been
gaining popularity as a strategy for priming antigen-specific
tolerance. Sublingual administration of an antigen to which
tolerance is desired produces a biphasic biochemical response.
In a study published by Lawrence et al,'*’ 4 weeks of treatment
with birch pollen SLIT was associated with increases in numbers
of circulating Treg cells, increases in IL-10 and Foxp3
transcription, decreases in nonspecific antigen-driven lymphocyte
proliferation, and concomitant symptom improvement.”7 By
52 weeks after SLIT, pTreg cell counts and IL-10 levels returned
to baseline, lymphocyte proliferation suppression was antigen
specific, IL-4 levels were decreased, and IFN-y levels were
increased.'””  Thus although SLIT produces significant
desensitization to allergens in numerous indications, the
induction of sustained, long-term effects remains in doubt.'®
However, an earlier 15-year prospective study comparing
different durations of dust mite SLIT suggested that a 4-year
treatment duration is optimal because of the persistence of
clinical benefit.'** Additional limitations have also been noted.
As described by Lawrence et al,'”’ allergen exposure can be
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reduced because of neutralizing antibodies present in saliva.
Moreover, because the sublingual reaction is by definition
localized, the number of DCs that can be recruited to process
the allergen is limited. In studies that attempted to generate
tolerance to multiple allergens, the beneficial effects for all
allergens in the mixture appeared to be reduced. "’

DEC-205

Another approach to antigen-specific immunomodulation is the
selective targeting of antigens to DCs in the steady state. DEC-205
is a cell-surface lectin-like receptor’’ that is highly expressed on
DCs in T-cell areas. DEC-205 systematically recycles through
MHCII™" late endosomal compartments and facilitates presentation
of antigens by DCs to CD4" T cells."*"'*" When DEC-205 is
coupled to an antigen, there is uptake of the complex by
steady-state DCs, and antigen presentation occurs, resulting in
induction of Treg cells. The process of anti-DEC-205:antigen
targeting offers the possibility of inducing tolerogenic
responses.so’m Deletional tolerance in analogous antigen-reactive
T cells is achieved with this approach. However, if anti-CD40 is
coadministered, the outcome is immunity.’m It should be noted
that a possible limitation of antigen delivery to DCs in human sub-
jects with an inflammatory milieu is a worsening of an autoimmune
response to a pathogen rather than development of tolerance.'**

Engineered erythrocytes

Red blood cells (RBCs) undergo rapid turnover in the circula-
tion. Apoptotic RBCs are phagocytosed, either by macrophages or
DCs, whereupon they are recognized as self-inducing anergy. By
introducing RBCs engineered to express an “antigenic payload” of
interest, this mechanism can be commandeered to induce tolerance
in naive subjects. Pishesha et al'** covalently attached autoantigens
known to play arole in disease to RBCs by using the transpeptidase
sortase while preserving the normal biological properties of the
cells. Transfusion of these cells into mice or human subjects led
to reduced autoimmune symptoms. '3 However, production of
RBCs from progenitors in vitro is expensive and time consuming.
The most parsimonious strategy is to obtain RBCs from donors and
label these cells with peptides of interest in vitro.

Cutaneous microbiota

Emerging evidence highlights the important role of the skin
microbiome in facilitating inflammatory responses to allergens.
In human studies it has been observed that Acinetobacter species
in the skin modulates the immune response in healthy versus
atopic human subjects. A positive association between
anti-inflammatory molecules, which included transcript levels
of IL-10 and Foxp3, and the Acinetobacter species was exhibited
in healthy but not atopic subjects. Furthermore, Ty1, Ty2, and
Treg cell responses were shown to be unbalanced in atopic sub-
jects when compared with healthy subjects.'** Staphylococcus
aureus is frequently associated with AD, possibly because of
diminished expression of antimicrobial peptides in the skin of
patients with AD. In children with AD, diversity in microbial
communities was drastically reduced during an untreated AD
flare, whereas children who had been treated for an AD flare pre-
sented with a higher bacterial diversity profile at disease sites. 14

Studies using mouse models of eczematous dermatitis with
dysbiosis have also revealed that a microbial imbalance can drive
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eczema pathophysiology. Eczematous mice displayed altered
bacterial communities in the skin compared with wild-type mice,
with the presence of Corynebacterium mastitidis, S aureus, and
Corynebacterium bovis at onset of eczematous dermatitis
development. Antibiotics targeted to these bacterial species
alleviated skin inflammation and restored the bacterial diversity
in the skin. It was determined that S aureus and C bovis
specifically advanced the development of eczematous
inflammation.'*® Determining appropriate and safe strategies to
modify the skin microbiome could have a profound effect when
treating patients with atopic skin disorders.

Epicutaneous immunotherapy

Epicutaneous immunotherapy (EPIT; ie, induction of immune
tolerance through the skin) is the most recent immunotherapeutic
approach to emerge and is currently under investigation for the
treatment of food allergy. Allergen is deposited into an adhesive
membrane, which can then be applied to intact skin. Antigen
diffuses toward skin-resident immunocompetent cells, driving
desensitization and promoting tolerance.”

EPIT potentially impedes the atopic march, not by reducing
DC migration but by inducing Foxp3™ and latency-associated
peptide—positive Treg cells that suppress local and systemic
allergen-specific immune responses, including reduction of Tyz2
inflammatory pathways and IL-4 production.’ 21471498 A a result,
EPIT can also prevent the development of new sensitizations.
However, this protective effect is observed only when
sensitization to additional allergens occurs subsequent to EPIT
treatment for the first allergen.'*® Further efforts to elucidate
the mechanisms by which EPIT produces this additional benefit
were demonstrated by means of adoptive transfer of
CD4"CD25% T cells from sensitized animals treated with
EPIT, which was comparable in preventing additional
sensitizations to EPIT itself, underscoring the role of Treg cells
in the response.'** Additionally, prevention of CHS development
was demonstrated in mice treated with epicutaneous application
of repeated low doses of contact allergens resulting in low zone
tolerance, which was shown to be mediated through
CD4*CD25*Foxp3 ™ Treg cells.'*’

Although EPIT has demonstrated promising potential as an
immunotherapy for food allergy, it is important to discuss
possible risks associated with such treatment. Systemic side
effects associated with EPIT for peanut protein and grass pollen in
human clinical studies have been reported; these include
nonserious anaphylaxis possibly related to EPIT and a single
occurrence of hives.'”’'>? Additionally, clinical symptoms of
anaphylaxis, including intestinal damage, have been observed
with transdermal exposure to hazelnut protein in a mouse
study.'” * EPIT can induce tolerance or type 1 allergy in patients
with allergies depending on the level of skin barrier disruption.
With allergen administration to nonvascularized epidermis
through EPIT, keratinocytes can become further activated
because of physical irritation of the skin by means of abrasion,
adhesive tape stripping, or adjuvants, which will promote a
Tyl-type immune response. Furthermore, heavily scarified skin
has been shown to shift the immune response toward Tyl
responses, whereas a skin barrier with slight disruption has
been shown to induce a noninflammatory type 2/Treg cell
response.'”* Conversely, it has been observed in a mouse study
that EPIT applied to noninflamed skin significantly dampened
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the Ty2 immunologic response (IgE response), whereas EPIT
on stripped skin strengthened this response.'” Systemic allergic
adverse effects are likely attributed to relative epithelial damage,
such as skin abrasion or use of adhesive tape strips in skin
preparation before patch application.'”> Recent studies also
suggest that epicutaneous exposure to food allergens is an
important risk factor for sensitization to foods under suitable
immune conditions.'”® Many children present with peanut allergy
on their first known oral exposure to peanut, implying that prior
environmental exposure to peanut, possibly through skin contact,
might promote sensitization.'>’"'>"

In the context of the skin’s primary role as a barrier between
“self” and “other,” EPIT bypasses risks associated with invasive
techniques (ie, injection or skin scarification). Indeed, studies in
animal models have shown that when applying the allergen
directly onto intact skin, there is no indication of passive passage
through the skin or detection of a systemic delivery.”” Instead,
EPIT capitalizes on the immune milieu described above, %1%
inducing DCs at the epidermis, which then migrate to LNs to
activate immune responses and allergen-specific cytokine
production.”® Most notably, recent research indicates that the
suppressive activity of Treg cells induced by EPIT is maintained
for 8 weeks after treatment cessation,'*’ underscoring the
possible viability of EPIT as a long-term treatment approach for
allergy.

CONCLUSIONS

The skin is a complex immune organ, demonstrating
considerable influence over the body’s tendency to mount
tolerogenic or immunogenic responses to antigens. Determina-
tion of the response is mediated by a complex network of cells and
cytokines that act in concert to regulate the balance between
eliminating pathogens and avoiding resident tissue destruction.
Under circumstances in which the balance between tolerance and
immune response has gone awry (eg, allergy), it might be possible
to therapeutically bolster tolerogenic pathways and mute the
aberrant immunogenicity.

Although recent progress in the development of therapeutic
approaches is very promising, it must be viewed with a measure of
caution. Much of our current knowledge derives from in vitro
systems and animal models, which benefit from the high level
of control that can be exerted over experimental conditions.
This also serves as a drawback, however, because the balance
of available cytokines might not accurately reproduce the
dynamic levels observed in vivo. Most in vitro studies also require
forced differentiation of cells, which might not reliably reflect the
natural state of their in vivo counterparts. On the other hand,
in vivo work most often begins with animal models, and although
there is reasonable overlap between mouse and human immune
systems, there are also key differences.

Epidermal structure differs between mice and human subjects.
Most notably, the density of hair follicles is significantly different
between species, affecting Treg cell generation and the kinetics of
local immune responses. Moreover, as described previously, DC
subsets express distinct markers (Table I), and we have only
recently begun to reliably match these subsets across species,
illuminating a clearer path to translation. Despite these
limitations, clinical data for emerging therapeutic strategies for
the treatment of food allergy and hypersensitivity support the
feasibility and promise of this field.
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