REVIEWS

Immune Dysregulation in the Pathogenesis of

Atopic Dermatitis

Tatyana Gavrilova, MD

Atopic dermatitis is a multifactorial disease. Epidermal barrier impairment often plays the initial role in the initiation of the
disease. Immune dysregulation of the innate and adaptive immunity plays a central role in the pathogenesis of atopic
dermatitis. Alteration of the epidermal microbiome-host interaction serves a catalytic role in propagating this immune
response. The understanding of this disease pathogenesis is important in generating treatment options, especially those
such as biologic agents that can target a specific immune pathway.

A topic dermatitis (AD) is a chronic inflammatory skin disorder
characterized by an impaired epidermal barrier, immune
dysregulation, and epidermal flora dysbiosis. It presents clinically as
intense pruritus, erythematous papules, vesicles, and, oftentimes,
chronic lichenified plaques. Atopic dermatitis most frequently starts
in infancy with a childhood prevalence of 15% to 30%' and an adult
prevalence of 2% to 10%." Disruption of the skin barrier function is
the result of multiple predisposing factors including susceptibility
genes, defects in the skin barrier, immunologic aberrations, and al-
terations of the skin’s host-microbiome interactions. Control of the
course of disease progression is important not only from a clinical
perspective but also for its social impact. Those with AD have sig-
nificantly higher rates of mood and sleep disorders, as well as loss of
work productivity.® Translating the understanding of disease path-
ogenesis into practical treatment targets is important because this
disease can be very impactful on one’s quality of life.

Innate Immunity

Impaired recognition of pathogens secondary to defects in the
innate immune system predisposes patients with AD to infections.
Keratinocytes express pattern recognition receptors, which are
intrinsic in the initiation of the immune response and recognition
of pathogenic antigens. Pattern recognition receptors include Toll-
like receptors (TLRs), NOD-like receptors, C-type lectin receptors,
and RIG-I-like receptors.* Activation of these receptors leads
to the production of transcription factors that promote gene ex-
pression of proinflammatory proteins such as cytokines that are
necessary for protection against pathogens.
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For example, TLRs recognize bacterial and fungal components
such as lipopolysaccharides (LPS), lipoteichoic acid, and zymosan.
Toll-like receptor 2 directly interacts with peptidoglycan derived
from Staphylococcus aureus,and TLR-2~' ™ mice are very susceptible
to S. aureus infection. A study of 78 adult patients with mild to severe
AD identified that those carrying the TLR-2 R753Q allele variant
exhibited moderate to severe AD as compared with control subjects.?

NOD2 is an intracellular receptor that recognizes muramyl
dipeptide, a component of the S. aureus peptidoglycan cell wall.
Expression of NOD2 was found to be significantly down-regulated
in AD patients compared with control subjects. In these patients,
there was also a lower ex vivo production of important inflam-
matory mediators such as tumor necrosis factor o, interleukin
6 (IL-6), and CXCL8 upon stimulation with S. aureus. NOD2
coactivation with TLR is effective in immunity against organisms
such as S. aureus. NOD polymorphisms in patients with AD have
been associated with an attenuated antibacterial response.*

Keratinocytes produce antimicrobial peptides (AMPs), such as
defensins, cathelicidins, and calprotectins. The cationic AMPs
interact with anionic components of bacteria, fungi, and viruses,
resulting in the disruption of microbial membrane integrity and
thus playing an important role in innate immunity.® Antimicrobial
peptides also induce the production of cytokines and chemokines,
which contribute to the recruitment of other immune cells, such as
neutrophils, monocytes, and T cells, into the epidermis.” Decreased
or dysfunctional AMPs play an important role in cutaneous in-
fections that patients with AD experience.®

Interestingly, the commensal flora of skin produces AMPs that
have anti-S. aureus function. Genome sequencing identified that
Staphylococcus hominis—derived AMPs are present on the skin of
non-AD subjects but diminished in those with AD. Staphylococcus
epidermidis—derived AMPs were also found to have anti-S. aureus
activity.” Dysbiosis that is secondary to the skin’s already impaired
normal antibacterial response that is often present in AD therefore
further diminishes a factor of innate immunity and normal skin flora.

Defensins have a broad spectrum of antimicrobial activity
against gram-positive and gram-negative microbes. Whereas some
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defensins are proinflammatory, stimulating keratinocytes to pro-
duce cytokines such as IL-6, recruiting dendritic cells and memory
T cells, other defensins can attenuate the immune response. Defensins
can also prompt the proliferation of keratinocytes, promoting wound
healing” Cathelicidin is a peptide that disrupts bacterial membranes and
viral envelopes. This protein also has antifungal activity.” Cathelicidin
and defensin deficiency contributes to severe cutaneous viral infections
such as eczema vaccinatum and eczema herpeticum.!®!!

Calprotectin is a heterodimer of S100A8 and S100A9. It is
expressed primarily by granulocytes but also by epithelial cells.
This protein has antibacterial properties, but its expression has
been found to be up-regulated AD skin lesions, suggesting that it
may be involved in AD inflammation.'?

Dermcidin is an AMP that is constitutively expressed in eccrine
sweat glands and released to the epidermal surface. Analysis of
dermcidin in the sweat of patients with AD found that there is a
decreased amount of this protein in the sweat of patients with AD
as compared with control subjects. This deficiency might predis-
pose patients with AD to skin infections.'?

Filaggrin (FLG) is a protein produced by keratinocytes and
necessary for the structural integrity of the epidermis. Degradation
products of FLG contribute to the natural moisturizing factor that
is necessary for the maintenance of the skin surface pH and water.
Loss-of-function mutation of the FLG gene is associated with
early-onset AD and a predisposition to bacterial infection.!* Other
proteins have also been implicated in epidermal barrier dysfunc-
tion. The expression of loricrin and involucrin, structural proteins
of the cornified envelope, is also down-regulated in AD skin.'?

SPINKS5 is a gene encoding lymphoepithelial Kazal-type-related
inhibitor, a serine protease inhibitor that is necessary for epidermal
structural integrity, as well as anti-inflammatory and antimicrobial
protection of the epithelium. The autosomal recessive inheritance of
this mutated gene results in Netherton syndrome. Heterozygous
SPINK5 mutations are associated with early-onset AD.!5!”

The stratum corneum contains an outer lipid layer consisting of
long-chain ceramides, cholesterol, and free fatty acids.'® Ceramides
provide a moisture-preserving function in the skin. Decreased lipid
synthesis contributes to the barrier dysfunction of AD skin.'?

Microbiome and Biofilm

The skin microbiome consists of a diverse commensal community,
with S. epidermidis being the dominant gram-positive species.
Disruption of this biodiversity allows for the expansion of S. aureus
growth. The alteration of the skin microbiome is due to the dis-
ruption of the skin barrier and accompanying changes in innate
immunity, such as decreased expression of AMPs by the com-
mensal bacteria that are toxic to the pathogenic S. aureus, thereby
predisposing to a shift in the skin flora.*

Cutaneous dysbiosis is a risk factor for AD, with approximately
90% of patients with AD having S. aureus colonization®! and the
methicillin-resistant S. aureus prevalence reported to be as high as
26%.%* Skin microbiomes differ between adults and children. The
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microbiome of pediatric patients themselves differs drastically from
site to site, as well as over time, and there are limited longitudinal
studies with these populations. A previous analysis identified that
21% of infants with AD in the first year of life have S. aureus col-
onization. A recent study, however, found that, unlike with previ-
ously established AD patients, patients with infantile AD do not have
significant skin dysbiosis. Interestingly, this same study found that
commensal staphylococci were less abundant in infants with AD at
month 12 as compared with control subjects, supporting the argu-
ment that early exposure to commensal bacteria is critical for im-
mune regulation and skin homeostasis.?*

The premise of S. aureus—driven flares is related to the toxins
and proteases produced by the organism that disrupt the immune
balance of the epidermis. Staphylococcus aureus superantigens are
potent polyclonal T-cell activators that generate proinflammatory
cytokine release, resulting in AD flares. Although AMPs are an
endogenous epidermal mechanism to combat pathogenic bacterial
colonization, S. aureus—derived proteases can degrade these pro-
teins, neutralizing an important barrier to infection. Biofilms are
an added measure of protection that pathogenic bacteria use in
evading detection. Biofilm is an extracellular matrix consisting of
polysaccharides, proteases, and DNA that can inactivate AMPs.
The degradation products of AMPs, such as LL-37, can themselves
have proinflammatory effects on the epidermis.' Interestingly,
although S. aureus may be part of the normal skin flora in non-
lesional AD skin, specific subtype strains of this organism may be
proinflammatory, causing a skewed T-cell proliferation and shifting
the response to a T2 response, one that is especially important in
driving the acute phase of AD.>* This concept is reinforced by the fact
that specific clonal staphylococcal species are isolated in lesional skin
of flaring AD patients who have a more severe disease.”®

Commensal S. epidermidis also has an immunoregulatory role
in inducing IL-10 secretion and promoting the activity of regu-
latory T cells, a role that is compromised with the expansion of
pathogenic bacteria at the expense of the commensal flora.?¢

Thymic Stromal Lymphopoietin

Epithelial cells are a major source of thymic stromal lymphopoietin
(TSLP). Thymic stromal lymphopoietin is an IL-7-like cytokine
that links the innate and adaptive arms of the AD response.?” It is an
IL-7-like cytokine due to the fact that its receptor is a heterodimer
composed of a chain specific for TSLP and the IL-7Ra chain. Its
signaling, however, differs from a true IL-7 receptor in that it occurs
via the non—JAK-dependent STAT5 phosphorylation pathway.
Thymic stromal lymphopoietin is expressed by epithelial cells
at barrier surfaces of the skin, lung, and ocular and gastrointestinal
tracts. The receptor for this protein is expressed on a variety of cells
including dendritic cells, monocytes and macrophages, and T and
B cells. Activated antigen-presenting cells (APCs) then migrate from
the epidermis to the draining lymph node and further promote
immune activation, particularly favoring the Ty2 response.?®%°
Although TSLP is constitutively expressed, its up-regulation is
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noted in the lesional skin of AD. In addition, this cytokine is also
overexpressed in other atopic conditions such as asthma and al-
lergic rhinitis.*°

The function of TSLP is varied, and although in AD it has a
proinflammatory effect, it can also have a regulatory function such
as when it promotes regulatory T-cell production in the gut. Its
reduced expression or complete absence is found in the intestinal
epithelial cells of those with Crohn disease.?!

The dichotomy of TSLP function may be explained by its ex-
istence in 2 isoforms that have been identified in bronchial epi-
thelial cells. The long isoform of TSLP (IfTSLP) is up-regulated
in pathologic conditions. The short isoform of TSLP (sfTSLP),
a 63-amino-acid portion of the long TSLP, is constitutively
expressed on lung fibroblasts, and its expression is not changed
despite antigenic stimulation.?” The expression of sfTSLP has
been found to be a stabilizing force in the integrity of airway epi-
thelium, alleviating allergen-induced airway inflammation in
contrast to the function of the IfTSLP, which actually damages
the epithelial barrier.>? This duality in function was subsequently
confirmed on lesional skin biopsies of AD. The sfTSLP is the
constitutive and homeostatic isoform in nonlesional skin, whereas
the IfTSLP is the proinflammatory isoform predominant in AD
lesional skin.*

Adaptive Immunity

Adaptive immunity is a specialized system of cells that functions in
sensitization to antigens and mounting an effector and memory
response to these antigens. B cells, T2 cells, basophils, eosino-
phils, and mast cells are some of its member cells, and IL-4, IL-5,
IL-9, and IL-13 are the major cytokines of this immune system, as
well as IL-25, IL-31, IL-33, and TSLP. Dendritic cells (DCs) are the
primary APCs that internalize the antigen and transport it to the
draining lymph node. Once in the lymph node, the antigen is
processed and presented on major histocompatibility complex
class I molecules to CD4" Ty2 cells, which then produce IL-4 and
IL-13. This cascade promotes immunoglobulin E (IgE)—isotype
class switching of B cells, and this clonal expansion ensures the
development of antigen-specific memory T2 and B cells.**

Thymic stromal lymphopoietin and IL-33 are important players
in initiating the adaptive immune response, linking the innate and
adaptive immune systems. Thymic stromal lymphopoietin pro-
motes the migration of DCs to the epidermis, which then induces
Ty2 polarization. Langerhans cells are the specialized DCs of the
epidermis that express TLRs, FceRI, and FcyRIII/CD16 receptors.
Whereas TLRs recognize antigens, FceRI and FcyRIII/CD16 re-
spond to antigen-driven antibodies cross-linking IgE and IgG,
respectively. This explains how the AD pathogenesis involves both
IgE and non-IgE pathways.>

The expression of IL-33, whose role in AD has yet to be fully
established, is up-regulated in keratinocytes and endothelial cells
in AD. It is a member of the IL-1 family of cytokines whose role in
AD has been suggested to function via activation of the ST2

(suppression of tumorigenicity 2)/IL-1 aR receptor on mast cells
and Ty2 cells.3>3¢

T cells, and particularly CD4" T helper cells, play a key role in
the continuation of the AD response, responsible for both its acute
and chronic phases. Ty2, Ty22, and Tyl7 cells are the primary
drivers of acute AD, whereas Tyl, T2, and Ty22 cells drive the
chronic phase of the disease.’”

Ty2 cells produce the proinflammatory cytokines that are seen
in the initial phases of the acute adaptive response, namely, IL-4,
IL-5, IL-13, and IL-31.*> Interleukin 4, IL-13, and IL-5 genes are
located on the 5q31chromosome.*®*° Interleukin 4 has a sequence
that closely resembles that of IL-13; hence, these 2 cytokines ex-
pectedly have overlapping functions. Interleukin 4 induces the
differentiation of Ty2 cells and IgE-isotype—switched B cells. The
positive feedback loop of this cycle promotes further IL-4 pro-
duction, which in turn down-regulates the production Ty1 cells.
IL-4 also attenuates the expression of the genes coding for FLG,
loricin, and involucrin.*® Interleukin 4 gene polymorphism is as-
sociated with AD.***! Single-nucleotide polymorphism of the IL-4
gene, resulting in a base codon substitution of C — T, was
detected in the promoter region of the gene in patients with AD. This
variant was associated with an increased production of IgE. TT
homozygotes were more predisposed to AD than the CT and CC
variants. The serum IL-4 levels were significantly higher in the CT
and TT carriers as compared with a control group, and the TT
variants were highest in the mild, moderate, and severe AD groups.*°

Interleukin 13 is primarily produced by Ty2 cells and promotes
IgE isotype switching of B cells. Inflammation induced by IL-13
contributes to skin fibrotic remodeling and increased vasculature.
It also promotes dermal infiltration of CD4" T cells, mast cells, eo-
sinophils, and macrophages.*> Murine models have demonstrated
an increased number of fibrocytes in IL-13 transgene(+) skin lesions,
and cessation of IL-13 transgene expression resulted in reduced skin
inflammation.*?

Interleukin 4 and IL-13 have also been found to induce periostin
expression. Periostin is an extracellular matrix protein that mediates
cell activation, proliferation, and angiogenesis. Its role has been
described in malignancies, as well as allergic inflammatory diseases
such as AD, asthma, and allergic rhinoconjunctivitis. Recently, IL-4
and IL-13 have been found to induce periostin expression, which
may also contribute to the tissue remodeling that is seen in the
chronic stages of AD.**

Interleukin 5 is produced by Ty2 cells and mast cells. This
cytokine acts as a growth factor for B cells and eosinophils and is
the primary modulator of eosinophil chemotaxis and survival.
Interleukin 5 receptor polymorphisms have been found to be as-
sociated with an allergic subtype of AD in a Korean patient popu-
lation.** Interleukin 5 levels were found to also be significantly higher
in the serum, as well as skin lesions of patients with AD.

Interleukin 31 is produced by activated Ty2 cells. Its consti-
tutively expressed receptor is expressed on epithelial cells, eosin-
ophils, monocytes, and macrophages. This cytokine promotes the
pruritic response that is very prevalent in AD.**™*8
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Other helper T-cell subsets have been described in association
with AD, namely, Ty17, Ty22, and Ty9. Ty17 cells are the source
of IL-17, a cytokine that is known to be implicated in the patho-
genesis of psoriasis. Recently, it has also been identified in acute
and chronic AD lesions. Interleukin 22—producing Ty22 cells
promote a similar inflammatory response as the IL-17/T17 cells.
Increased IL-17 and IL-22 expression has been identified in acute
and chronic AD lesions, with acute lesions being associated with a
higher IL-22 profile.*’ Interestingly, pediatric patients showed a
higher expression of Ty17 and Ty9 cytokines than adult patients
with AD.*°

The chronic phase of AD is marked by a Tyy1, T2, and Ty22
polarized response. Increased interferon vy production, a major
cytokine produced by Ty1, is identified in chronic AD. This cytokine
induces classically activated macrophages, also known as M1 cells
that are potent APCs. Although the mechanism of macrophage
dysregulation in AD is not yet fully understood, the persistence of
proinflammatory cytokines and growth factors secreted by macro-
phages is described in chronic inflammatory lesions of AD.!

Interleukin 12 is an interleukin that is produced primarily by
APCs, such as DCs and macrophages, in response to antigenic
stimulation. It induces interferon vy production, and the expression
of IL-12 mRNA was found to be significantly elevated in lesional
skin from AD and down-regulated with the use of topical
corticosteroids.>?

Allergens in AD

Immunoglobulin E sensitization is present in most patients with
AD, and it is suggested that this antibody may play a role in the
pathogenesis of AD, potentially implicating food allergen sensi-
tization, a possible exacerbating factor of AD. However, as opposed
to solely IgE-mediated disease, it is likely that the interplay be-
tween IgE and IgE-primed immune cells contributes, at least in
part, to the pathogenesis of AD.

The epidermis serves as an important point of contact with
external antigens. Animal models have demonstrated that an
impaired epidermal barrier predisposes to allergen sensitization
and development of protein-specific IgE. Application of ovalbu-
min (OVA) to disrupted epidermal barrier of mice leads to OVA-
reactive T cells in the inguinal lymph nodes and spleen. In addition,
OVA-specific IgE and IgG1 antibodies were detected in the sera of
these mice 2 weeks after sensitization.>® This suggests that food
sensitization occurs via an impaired epidermal barrier, with AD
therefore predisposing to a higher risk of food allergen sensitiza-
tion even without previous food ingestion. Evidence for food
elimination diets as a mode of treatment of AD is limited. Many of
the studies evaluating food elimination diets in AD are small and
poorly designed. This, coupled with heterogeneity of study designs,
limits evidence-based conclusions that can be derived from such
studies. There is little evidence to support food elimination in
unselected AD patients.> There is, however, level 1 evidence that
suggests that there is potential for AD improvement when specific
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elimination diets are implemented based on food allergy identi-
fication based on either percutaneous skin tests (PST), serum IgE
levels, or oral provocation tests.>

The significance of allergen-specific IgE, however, in mediating
the pathogenesis of AD is yet to be fully elucidated because
allergen-specific T-cell responses seem to play a direct role in
disease pathogenesis. Epicutaneous administration of Bet v 1 al-
lergen was found to induce an allergen-specific cutaneous T-cell
response as a positive atopy patch test response, and those sub-
jects who were Bet v 1 IgE positive had a larger increase of allergen-
specific T-cell proliferation as compared with Bet v 1 IgE—negative
subjects.”® Antigen-driven lymphocytic and IgE-mediated reactions
therefore may have synergistic roles.

Of note, a subgroup of patients with AD has IgE autoreactivity
to human antigens, and this autoreactivity has been reported to
be present in a third of study patients with AD.%” Although the
pathogenic role of this autoimmunity has yet to be determined, the
development of autoreactive IgE may be the result of the inflam-
mation and scratching that take place in AD. Self-antigen epitopes
are exposed and then identified as new antigens by the host’s own
immune system, leading to an autoreactive IgE response.

Immune Targets of Pharmacologic Therapy

The mainstay of current AD treatment center on optimizing
barrier function with frequent emollient use and the application of
topical agents such as corticosteroids and calcineurin inhibitors.
Antimicrobial treatments such as topical and systemic antibiotics
are beneficial in treating S. aureus—associated flares. A recent meta-
analysis found limited utility in using bleach baths in reducing AD
severity, as compared with regular water baths.*®

Expansion of the knowledge of the immune mechanisms in-
volved in AD has resulted in the development of new treatment
modalities that target specific immune mediators. Crisaborole is a
topical phosphodiesterase-4 inhibitor that has shown to be of
clinical benefit in mild to moderate AD.>®

Dupilumab has recently been approved for the treatment of
AD. Dupilumab is a human monoclonal antibody against the IL-4
receptor o that inhibits IL-4 and IL-13 signaling pathways. Two
phase 3 clinical trials demonstrated its efficacy in improving symptoms
of moderate to severe AD in patients 18 years or older.*® A clinical trial
is currently underway studying its effects in pediatric patients.

Interleukin-31, a potent pruritus-inducing cytokine, has be-
come another target for pharmacologic therapy. Nemolizumab is a
humanized antibody against the IL-31 receptor A. A phase 2 trial
found that nemolizumab significantly improved pruritus in pa-
tients with moderate to severe AD.%!

Tezepelumab is a human monoclonal antibody specific for the
epithelial-cell-derived TSLP. It has recently shown success in
lowering rates of clinically significant asthma exacerbations for
those patients on moderate- to high-dose inhaled corticosteroids.®?
Tezepelumab is presently in clinical trials being studied for the
treatment of AD.
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Lebrikizumab, a humanized anti—IL-13 monoclonal antibody,

has also demonstrated clinical improvement in patients with
asthma®® and is currently in phase 2 clinical trials being studied for
its applicability in the treatment of moderate to severe AD.

CONCLUSIONS

Atopic dermatitis is a multifactorial disease for which immune
dysregulation plays an important role in its pathogenesis. The aberrant
function of the innate immune response, normally a sentinel for the
body’s immune homeostasis, initiates an inflammatory cascade that
is then propagated by the adaptive immunity. A more developed
understanding of these pathways yields potential for the develop-
ment of new treatment agents, some of which are already in use.
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