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The use of immune checkpoint inhibitors (ICls) targeting the T cell inhibitory
pathways has revolutionized cancer treatment. However, ICls might induce
progressive atopic dermatitis (AD) by affecting T cell reactivation. The critical
role of T cells in AD pathogenesis is widely known. T cell co-signaling pathways
regulate T cell activation, where co-signaling molecules are essential for
determining the magnitude of the T cell response to antigens. Given the
increasing use of ICls in cancer treatment, a timely overview of the role of T
cell co-signaling molecules in AD is required. In this review, we emphasize the
importance of these molecules involved in AD pathogenesis. We also discuss the
potential of targeting T cell co-signaling pathways to treat AD and present
the unresolved issues and existing limitations. A better understanding of the T
cell co-signaling pathways would aid investigation of the mechanism, prognosis
evaluation, and treatment of AD.
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1 Introduction

Atopic dermatitis (AD or atopic eczema) is an immune-mediated chronic inflammatory
skin disease with recurrent eczema lesions and intense itching (1). AD is one of the most
common inflammatory diseases, where it affects approximately 20% of children and 10% of
adults in high-income countries (2, 3). AD prevalence is increasing by the year and can occur
at all ages and ethnicities; it is typically common in early childhood and in adulthood (4, 5).
The disease exerts a serious social and psychological effect on patients and relatives and is the
key reason for the global burden of skin diseases. The etiology of AD is complex and contains
strong genetic components, and environmental factors (6). AD patients are prone to asthma,
allergic rhinitis, or food allergy, and face an increased risk of adverse psychological diseases
(7). In most patients, AD is a lifelong disease with clinical heterogeneity and multifactorial
pathogenesis. Innovative biological and small molecular therapies can be targeted to treat the
pathogenesis mediated by epidermal barrier dysfunction and type 2 skin inflammation (6).
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Cutaneous inflammation is central to AD pathogenesis. A better
understanding of the key drivers of AD is important to develop
targeted therapeutic approaches.

The lesional skin of patients with AD exhibits a predominantly
helper type 2 (Th2) cell infiltrate (6). The inflammatory profile is
complex and diverse, with activation of skin-resident inflammatory
dendritic cells (DCs), innate lymphoid cells, and Langerhans cells
(LCs) (8). The release of alarmins triggered by epidermal barrier
disruption activates inflammatory DCs and type 2 immunity
responses (Box 1) (6, 9). In AD, Th2 dominant inflammation is
characterized by CD4" T cells and eosinophil (Eos) infiltration into
the dermis, with Eos deposition and increased Th2 cytokine
expression in the skin (6). Activated Th2 cells release interleukin
(IL)-4 and IL-13, promoting B cell IgE class switching and
producing antigen-specific IgE via the signal transducer and
activator of transcription (STAT) pathway (9). The high- affinity
IgE receptor (FceRI) in mast cells (MCs) combines with IgE,
resulting in FceRI starting the signal cascade reaction, which
induces calcium mobilization, leads to MCs degranulation, and
promotes immediate hypersensitivity (12). Given the important role
of Th2 cells in AD inflammatory mechanisms, the adaptive immune
system and activation pathways involved in Th2 cells are of
particular interest. T cell activation is a complicated and carefully
regulated process. Following the stimulation of naive T cells, non-
effector T cells differentiate and migrate to the affected area. If a
second infection occurs, the subsequently formed memory T cells
would have acquired the ability to respond more quickly (13, 14).
Activated T cells can pass through the JAK-STAT (Janus kinase-
signal transducers and activators of transcription) (Box 2), PI3K-
AKT-mTOR (phosphoinositide 3-kinase-AKT-mammalian target
of rapamycin), TGF (transforming growth factor), NF-xB (nuclear
factor kB), PPAR (peroxisome proliferator-activated receptor), and
other intracellular signal pathways that affect their proliferation,
differentiation, effects, and memory functions (31-33). It is well
known that co-inhibitory and co-stimulatory signals regulate T cell
activation, but understanding of the role of signaling pathways in
AD remains incomplete. With the rising use of immune checkpoint
inhibitors (IClIs) targeting these pathways in cancer therapy, a
timely overview of the role of the co-signaling pathways in AD
is necessary.

The classical 2-signal model suggests that T cells must undergo
antigen and secondary stimulation to induce activation (34, 35).
Major histocompatibility complex (MHC) peptide complex binding
to T cell receptor (TCR) produces the first signal to activate T cells,
but this activation is insufficient and T cells may only be partially
activated or even unresponsive (36). Further activation requires a
second signal, i.e., the co-signaling molecule on T cells, which binds
to the corresponding ligand of the antigen-presenting cells (APCs)

BOX 1 Type 2 immunity
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so that the T cells can be fully activated and perform their optimal
immune function (37, 38).

Several other co-signaling molecules were identified following
the discovery of the T cell-specific surface glycoprotein CD28 (39).
Most of these molecules are members of the immunoglobulin
superfamily (Ig-SF) and tumor necrosis factor receptor
superfamily (TNFR-SF) (31), while some belong to the integrin
superfamily (Integrin-SF) (40). Co-signaling molecules can be
subdivided into specific families based on their primary amino
acid sequence, protein structure, and function (31, 40). Excessive
co-stimulation or inadequate co-inhibition can lead to abnormal T
cell activation, which results in the breakdown of T cell
tolerance (31).

Immune checkpoint regulators (ICRs) can be either stimulatory
or inhibitory molecules. The introduction of ICIs revolutionized the
treatment of certain cancers and greatly improved survival rates.
ICIs affect the balance between T cell activation and suppression by
reducing inhibitory signals or enhancing stimulatory signals,
thereby increasing cancer cell clearance (41).

The unusual expression of co-stimulatory and co-inhibitory
signaling pathways has been reported in various autoimmune
diseases, such as systemic lupus erythematosus (42), rheumatoid
arthritis (42), multiple sclerosis (42), type 1 diabetes (42), psoriasis
(43), and allergic diseases, such as asthma (44), which indicated the
possibility that ICR treatment might contribute to AD
development, which has been excellently reviewed elsewhere (45—
47). Some ICIs are used in clinical settings and many more are in
clinical trials for treating various cancers with unknown effects and
degrees of risk on cutaneous immune-related adverse events (irAEs)
(48). It was recently reported that the co-signaling molecules in
immune cells are involved in AD pathogenesis and present
prospects for new therapies (44, 49).

In this review, we highlight and put into perspective the current
knowledge on T cell co-signaling pathways and the role of these
pathways in AD (Figure 1). We summarize the available preclinical
and clinical data on the differential functions of the Ig-SF, TNE-SF,
and Integrin-SF co-signaling molecules and their opposing roles in
AD (Figure 2, Tables 1-3). We also discuss potential future
therapeutic options aimed at affecting the co-signaling pathways
to alter T cell responses and treat AD. This information might
contribute to better understanding of the mechanism and guide
future treatment for AD.

2 The Ig-SF

The Ig-SF is represented by the presence of Ig homology
domains, which are the largest and most diverse superfamily

Type 2 immunity is one of three types of innate and adaptive immune systems that primarily target large extracellular parasites. Alterations in type 2 immune responses are

closely related to allergic diseases (9). Type 2 immune responses begin at the epithelial interface, where triggers such as thymic stromal lymphopoietin, IL-25, and IL-33

activate Th2 cells, group 2 innate lymphoid cells, and B cells (9, 10). The type 2 immune response effectors include IgE and effector cells such as Eos, basophils, and MCs
(9). Activated Th2 cells and Th22 cells secrete IL-4, IL-5, IL-9, IL-13, and IL-31 (10, 11). Excessive and chronic activation of the above pathways leads to atopic diseases.
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BOX 2 The JAK—STAT pathway in AD

The JAK family includes JAK1-3 and tyrosine kinase 2 (TYK2), which are linked to the intracellular domains of multiple transmembrane cytokines (15). The JAKs are
activated and phosphorylated after selectively binding to the receptor. JAK function is coupled to the STAT family (16), which includes seven intracellular transcription
factors (STAT1-4, 5A, 5B, 6) (17). STATS translocate to the nucleus after phosphorylation, regulating gene transcription (16). The JAK-STAT pathway is crucial for the
downstream signal transduction of inflammatory cytokines, including interleukins, interferons, and various growth factors (18). All JAKs and STATS are involved in the
AD inflammatory process (18, 19).

Upon binding to its corresponding receptor, the inflammatory factor IL-4/IL-13 activates STAT3 or STAT6 through JAKs and regulates T cell proliferation and Th2
differentiation by upregulating GATA3 expression (20). IL-5 transduces signals through JAK1/2 and STATA1/2/5 (21). IL-31 and TSLP promote Th2 differentiation by
activating STAT1/3/5 via JAK1/2 (22, 23). After IL-22 binds to the receptor, JAK1 and TYK2 phosphorylate and activate STAT1/3/5, which is key in skin modification and
epidermal proliferation (24, 25). IFN-y and IL-12 are important in Thl differentiation via STAT1 and STAT4 transduction, respectively (26, 27). IL-17 affects Th17
differentiation by inducing retinoic acid receptor-related orphan receptor Y (RORYt) expression via STAT3 (26). STATG6 inhibits FOXP3 by upregulating GATAS, affecting
Treg differentiation, proliferation, and maintenance (22, 28). The JAK-STAT signal pathway also affects Eos proliferation, survival, and function (21, 29), and is involved

10.3389/fimmu.2023.1081999

in MC homeostasis and proliferation in AD (30).
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FIGURE 1

Co-stimulatory and co-inhibitory pathways in AD. The co-stimulatory and co-inhibitory molecules on APCs and T cells in AD are shown. Red arrows
indicate co-stimulation, blue arrows indicate co-inhibition, and red and blue arrows together indicate molecules with co-inhibitory and co-
stimulatory functions. Ascending and descending arrows indicate the increase and decrease of co-stimulatory and co-inhibitory molecules in AD,

respectively.

proteins found in humans (128). The Ig-SF contains many
subgroup families that are expressed on the cell surface, bind
diverse ligands, and contribute to various cellular activities,
including adhesion and immune responses (129).

2.1 B7-CD28 subfamily: CD28, CTLA-4,
and CD80/CD86

CD28 was the first co-stimulatory molecule discovered (39).
CD28 interactions with its ligands CD80 (B7-1) and CD86 (B7-2)
remain the best-characterized pathway (130). Without CD28, co-
stimulatory TCR signaling often induces an anergic state or cell
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death (131). CD80 and CD86 are transiently expressed on APCs
upon activation (132-134). CTLA-4 (CD152) is homologous to
CD28 but has opposite functions as a co-inhibitory receptor to
suppress the T cell response (135). CD80/CD86 also binds to the
CTLA-4 expressed by activated T cells. CTLA-4 and CD80/CD86
interact with much higher affinity (10-20 times) than CD28, which
contributes to T cell response regulation (136, 137). CD28 is
constitutively expressed on all murine T cells but appears on only
80-95% of CD4" T cells and 50% of CD8" T cells in humans (138,
139). CTLA-4 is expressed largely on activated and regulatory T
cells (Tregs) (140). CD28-B7 signals are critical for T cell activation,
proliferation, and survival following T cell interaction with APCs
presenting their cognate antigens (39, 141).
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Therapeutic targeting of co-stimulatory and co-inhibitory pathways in AD. The targeting of co-signaling molecules in AD and therapeutic effects are

shown.

TABLE 1 Preclinical and clinical studies on T cell co-stimulatory and co-inhibitory molecules of the Ig-SF.

Molecule
on APC

Receptor
on T cell

Experimental model

B7-CD28 subfamily

Effects on AD

Related
cytokines

Perspectives/ = Ref.

limitations

DNEB-treated mice 1 CD28/CD80/CD86 protein expression and positive 50
cells
| CD28/CD80/CD86 protein expression and positive
m DNFB-treated mice cells 0
m HLJDT treatment | Clinical score
|Ear swelling
CD28
51,
Skin lesions of AD patients 1Expression of CD80/CD86 on LCs 5
Serum samples of AD patients | TExpression of CD28 autoantibodies m Few studies 53
IL-8, IL-12, = Anti-CTLA-4
CD80/CD86 PBMCs of AD patient:
" . 5o patients tProliferation and IgE synthesis of PBMCs IL-23 might result in 54
m Anti-CTLA-4 treatment .
irAEs
NC/N: i lication of
. / ga.mlce (application 1CD80/CD86/CTLA4 gene expression in the skin 55
mite antigens)
= NC/Nga mice (application 1CD80/CD86/CTLA-4 expression
of mite antigens) |Development of AD-like lesions 55
CTLA-4 m Lal treatment 1Skin score
AD infants CTLA-4 overexpression 56
Peripheral blood of infants 57,
CTLA-4 T
with moderate to severe AD ' EXpress on Lregs 58
IL-4 transgenic mice 1PD-1 expression on CD4" and CD8" T cells 59
= MC903-treated PD-L17
mice 1Ear swelling in PD-L17" mice 0
m MC903-treated PD-127" 1Ear swelling in PD-L2”" mice
mice Block PD-1
PD-LUPD- 1 ppy ) PSCLI i h(t)r
- - -L1 mi
L2 = NC/Nga mice Ineffective result in irgAEs 61
m PD-L2 siRNA treatment v
PBMC:s of infants with
- i 2
moderate to severe AD TPD-1 expression on Tregs 6
AD improved 63
(Continued)
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TABLE 1 Continued

Molecule  Receptor Experimental model Effects on AD Related  Perspectives/ = Ref.
on APC on T cell cytokines limitations
m AD patients with
disseminated Kaposi sarcoma
m Treatment with
pembrolizumab
CD28 subfamily
VitD mouse model of AD TPercentages of ICOS" Tregs in sdLNs 64
. 1Percentages of ICOS" Tregs
PBM! f AD
Cso patients |Production of IL-10 o
11COS* Th22 _
1COS ICOSL PBMC:s and lesional skin of ICOS" Th22 and ICOSL" B cells were related to disease 1L-10 Studies focus on
Han Chinese population with activity and total serum IgE levels Tregs 66
AD tExpression of ICOS and ICOSL expression in lesional
skin
DNA and blood samples of None of the six evaluated ICOS gene variants was related .
European children to the development of allergic phenotypes
= CXCR5"PD1" CD4 naive T
Tth ch: isti -
( c ar'acterlstlcs) C(,) 1BTLA protein and mRNA Need more
HVEM BTLA culture with TSLP-activated i - K 68
1Tth in AD studies
DCs
m AD donors
CD2/SLAM subfamily
PBMCs of AD patients in
D2" lymph 69
children i ymphocytes
m PBMCs of AD patients IL.5. T.-10
CD38 cD2 :reA:rtrll;if)Z-blockmg mAb LINF-y, GM-CSF, and IL-5 levels IL-13, [EN- E;) l;:)l:f:::rllﬂ 70
Y, GM-CSF 8 Y
» AD patients Syn%ptom improvement
= Treat ¢ with alefacent 1Skin T cells 71
reatment with @lefacep JIL-5, IL-10, IL-13, IFN-y
m Eos of AD‘ patients 1CD48" Eos 7
m SA exotoxin treatment
2B4”" mice induced with 2- .
week OVA/SEB 1Eos trafficking 73
Need more
CD48 2B4 - &
2B4”" mice induced with 3- 1MC activati studies 4
week OVA/SEB activation
Peripheral T cells of AD
er}p erat teelso 12B4 gene expression 75
patients
m Th2 cell populations derived
from skin biopsies of AD Reverse the Th
SLAM SLAM patients P INF-y-producing cells IFN-y cell phenotype of 76
m Treatment with SLAM by AD
an agonist mAb
CD226 subfamily
TTIGIT expression
The proportion of TIGIT" cells was correlated with AD
severity Need more
. veril .
CD155 TIGIT PBMCs of AD patients The frequency of TIGIT" cells in CD4" T cells was - evidence on‘ 77
. . s TIGIT functions
negatively correlated with serum thymus and activation-
regulated chemokine levels and IgE levels in AD patients
TIM subfamily
m OVA-sensitized AD-like TIM4 expression on Langerhans-like DCs inhibited Th2 Need further 78—
TIM4 TIM1 . . -
mouse model cell development and was beneficial for controlling AD research 80
(Continued)
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TABLE 1 Continued

Molecule  Receptor Experimental model Effects on AD Related  Perspectives/ = Ref.

on APC on T cell cytokines limitations

m AD-like skin lesions of NC/
Nga mice

Blood samples of AD patients | TIMI exon 4 variations were associated with AD 81

A novel association between AD and the major
Australian Caucasian families haplotype of TIM4

2
and Asian families Genetic variants in the ligand for TIM1 and TIM4 ¢
contributed to AD presentation
Orphan subfamily
Need
1CD160" T cell infiltration e iments t
experiments to
HVEM CD160 Skin lesions of AD patients The engagement of CD160 enhanced the CD4"CD160* P 83

elucidate the
cell proliferation induced by CD3 stimulation .
exact functions

APC, antigen-presenting cell; CTLA4, cytotoxic T lymphocyte antigen 4; PD-1, programmed cell death 1; PD-L1/PD-L2, programmed cell death 1 ligand 1/2; ICOS, inducible T cell co-
stimulator; ICOSL, ICOS ligand; BTLA, B and T lymphocyte attenuator; HVEM, herpesvirus entry mediator; SLAM, signaling lymphocyte activation molecule; TIM, T cell immunoglobulin and
mucin domain.

TABLE 2 Preclinical and clinical studies on T cell co-stimulatory and co-inhibitory molecules of the TNF and TNFR superfamilies.

Molecule  Receptor = Experimental Effects on AD Related cytokines  Perspectives/limita- ~ Ref.
on APC on T cell model tions
Type V subfamily
In vitro cell study | OX40L DCs trigger Th2 differentiation 84
Lesional skin of
esmna. skin o 1OX40L" DCs 85, 86
AD patients
. 1 OX40 expression on skin-homing T cells
kin of AD
S n 0 Co-localization of OX40 and OX40L on skin 87
patients
MCs
10X40 T-cell
= Skin lesions of 1OX40L DCs TSLP, IFN-y, CXCL10,
. Phase 2 clinical trials
OX40L 0X40 AD patients 1 Th2, Thl, Th17, Th22 cell numbers IL-31, CCL11, CCL17, . - a8
m Treatment with |Expression of IFN-y, CXCL10, IL-31, TSLPR, TL-23p19, IL-8 achieve promising results
GBR 830 CCL11, CCL17, TSLPR, IL-23p19, IL-8,
S100A
m AD patients 10X40" cells
m Treatment with Continued improvements in eczema area, 89
KHK4083 severity index, and global assessment scores
m AD patients
m Treatment with No therapeutic effect data 90
KY1005
MC903-treated
Cs7BL/6 rea. ¢ 1CD27 expression on LCs 91
CD70 CD27 mice IL-12 Require more studies
AD patients 1CD27 expression on CD4" T cells 92
1sCD30
S les of 93—
erum s.amp o sCD30 levels were positively correlated with
AD patients ) . 107
AD disease severity
Lack animal model 93, 95,
les of lidati 1 s
CD30L CD30 Serum s'amp o 1sCD30 levels after treatment - validation and re ?Vant %8
AD patients research on blocking 103,
antibodies 107
. 101-
Serum samples of | The sCD30 concentration was correlated 103
AD patients with the disease activity and total serum IgE 108’
(Continued)
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TABLE 2 Continued

Molecule ~ Receptor  Experimental Effects on AD Related cytokines  Perspectives/limita-
on APC onT cell model tions
Type L subfamily
Human KCs FIGHT directly promoted TSLP expression 109
in KCs
LIGHT-deficient
mice and K14-cre | |Clinical symptoms 110
HVEM mice
LIGHT promoted KC proliferation and was
H K 11
uman KCs prevented by siRNA knockdown of HVEM 0
m HDM-sensitized A promising biomarker
HVEM UGHT C57BL/6 mice ISCORAD TSP for AD treatment
m Anti-HVEM |Epidermal and dermal thickness 110
antibody |Periostin and TSLP expression
treatment
Serum samples of
K 1TsHVEM and LIGHT levels 111
AD patients
Plasma samples of Plasma LIGHT concentrations correlated
. P with IgE levels and SCORAD, decreased as 112
AD patients .
the symptoms were improved by treatment
Peripheral blood
erp era' 00 TCD40L on T cells 113
of AD patients
Skin lesions and 1CD40™" cells Taret the pathway ma
W
CD40 CD40L peripheral blood CD40" cells as a positive correlation with - 8 4 . ¥ may 114
. i i benefit AD patients
of AD patients disease severity and IgE levels
PBM f AD
i Cso 1CD40 expression on B cells 114
patients

APC, antigen-presenting cell; OX40L, OX40 ligand; CD30L, CD30 ligand; LIGHT, homologous to lymphotoxin, a receptor expressed on T lymphocytes, also known as HVEM-L; CD40L, CD40
ligand.

TABLE 3 Preclinical and clinical studies on T cell co-stimulatory and co-inhibitory molecules of the integrin superfamilies.

Molecule Receptor Experimental model Effects on AD Related Perspectives/limita-
on APC on T cell cytokines tions
Leucocyte integrin subfamily
m KCs stimulated with TNF-
o and IFN-y in vitro IICAM-1 expression 115
m UV-LED treatment
NC/N; i
" / 8a mice 1Skin lesion development
= Anti-LFA-1 mAb |IgE and lymphocyte cytokine production 116
treatment & ymphocyte eyt p
Lesional skin of chroni
esional skin of chronic and HICAM-1 expression 17
acute AD patients = Show promise for
ing AD
ICAM-1 LFA-1 11CAM-1 expression on KCs IL-4, [FN-y  reing o
. . . . m Need more clinical
Lesional skin of AD patients | ICAM-1 was not a suitable marker of actual ) . 118
) .. studies for further testing
disease activity
les of AD 119-
Ser}lm samples o! 1SICAM-1 level 9
patients 121
m Severe intractable AD in ISICAM-1 level
children ICAM-1 level may be useful for monitoring 122
m [VIG treatment disease activity of AD in childhood
JICAM-1 expression 123
(Continued)

Frontiers in Immunology 07 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

TABLE 3 Continued

Molecule
on APC

Receptor
on T cell

Experimental model

Effects on AD

10.3389/fimmu.2023.1081999

Related
cytokines

Perspectives/limita- = Ref.
tions

m AD patients
m Tacrolimus treatment

m AD patients
m Treatment with
efalizumab

Symptom improvement
1Skin inflammatory cell infiltration
|Erythema, excoriation, and pruritus

124-
127

APC, antigen-presenting cell; LFA-1, lymphocyte function-associated antigen-1; ICAM-1, intercellular cell adhesion molecule-1.

2.1.1 Cell culture/animal model studies

An AD-like animal model of mice treated with 2,4-
dinitrofluorobenzene (DNFB) (All AD animal models mentioned
in this article are briefly explained in Box 3) exhibited significantly
increased CD28 and CD80/CD86 protein expression and CD28"

like NC/Nga mouse group may have been associated with skin
lesion development. After treatment, gene expression might have
been attenuated by the reduced CD80/CD86 co-signaling.

2.1.2 Human studies

and CD80/CD86" cells (50). The protein expression and positive
cells, clinical score, and ear swelling were significantly reduced after
the application of 12.8 g/kg Huanglian Jiedu decoction (HLJDT)
(50). Furthermore, Inoue et al. reported that repeated application of
mite antigens in NC/Nga mice enhanced CD80, CD86, and CTLA4
gene expression in the skin, while CD28 gene expression was not

CD80/CD86 is highly expressed on LCs in the skin lesions of
patients with AD (51, 52). The presence of CD28 autoantibodies in
the serum samples of patients with AD was highly significantly
associated with AD (53). High B cell expression of CD80/CD86
with anti-CD40 and IL-4 was reported in the peripheral blood
mononuclear cells (PBMCs) of patients with AD (54). Based on this
statistically different from that of the controls (55). In young mice,  discovery, Oberwalleney et al. observed markedly enhanced PBMC
Lactobacillus johnsonii NCC 533 (Lal) treatment, was followed by
significantly reduced CD80, CD86, and CTLA4 gene expression,
which markedly inhibited the development of AD-like lesions,

proliferation and IgE synthesis in the AD group in the presence of
anti-CTLA-4 (54). Furthermore, Choi et al. demonstrated CTLA-4
overexpression in AD infants as compared to healthy controls (56).
reduced the skin score, and impeded the overexpression of  Jones et al. reported that the CTLA4 gene contained several
proinflammatory factors (including IL-8, IL-12, and IL-23).  polymorphisms, some of which contributed to AD development
Nevertheless, there was no group difference in CD28 gene  in infants (151). CTLA-4 was also highly expressed on the Tregs in
expression (55). Theoretically, the immune response in the AD-  the peripheral blood of infants with moderate to severe AD, where
like inflammation NC/Nga mouse group should have been = CTLA-4 expression levels indicated the Treg suppressive efficacy
suppressed. On the contrary, this phenomenon might be
explained by another role of CTLA-4 in AD or drastically
increased T cell numbers (56, 150, 151). As described above,

Inoue et al. suggested that the CTLA-4 overexpression in the AD-

(57, 58). Therefore, more Tregs were activated in moderate to severe
AD and had higher suppressive potency.

The above preclinical findings revealed that reducing either the
B7-CD28 co-stimulatory pathway or the B7-CTLA-4 co-inhibitory

BOX 3 Animal model in AD.
DNFB mice (142, 143): Repeated use of DNFB stimulation induces skin barrier alterations and Th2-biased immune responses. Long-term hapten application induces
human AD-like skin lesions.

NC/Nga mice (144, 145): A spontaneous mouse model of AD. Chromosome 9 mutations are associated with IgE production and increased Th2 response. Skin
changes are secondary to exposure to various environmental allergens. Erythema and erosions develop rapidly after the onset of scratching behavior at 6-8 weeks, with
edema and bleeding on the ears, face, neck, and back. In the chronic phase, it manifests as a Thl response, tissue remodeling, increased collagen deposition, dermal
thickening, and increased MC numbers. These features are highly similar to that of human AD.

IL-4 transgenic mice (144, 146): Transgenic mice overexpressing IL-4 exhibit spontaneous pruritus and chronic dermatitis at 4 months of age. Such mice have
elevated IgE and IgG1 levels and increased T-cell infiltration in the dermis and epidermis. The chronic lesions changes are similar to that of human AD.

MC903 mice (142, 147): The 10,25-(OH),D; analogue MC903 (calcipotriol) is applied to the ear or back of the mice, which causes an AD-like syndrome
characterized by redness, scaling, swelling, scabbing, and frequent scratching. Histologically, epidermal hyperplasia and infiltration of numerous inflammatory cells are
observed. This model relies on epidermal TSLP expression. The TSLP-TSLPR pathway produces Th2 cytokine-associated skin inflammation. MC903 induces CD4
lymphocyte activation, increases Eos, basophil, MC, and DC infiltration in the skin, and increases Th2 cytokine secretion.

VitD mice (147): VitD causes AD-like skin inflammation similar to that of the MC903 model. TSLP significantly increases in skin lesions and induces significant
CD4" T cell, DC, MC, and Eos infiltration.

OVA/SEB mice (148): This model features Th2-type skin inflammation, increased CD4" T and CD8" T cell infiltration, and markedly increased Th-related
chemokines in exposed skin.

OVA mice (142, 144): This model is induced by OVA to sensitize the skin with repeated adhesive tape peeling of the epidermis. OVA sensitizes the epidermis as an
allergen, triggering a Th2-type immune response and inducing a human AD-like animal model. The mice demonstrate increased scratching behavior, epidermal and
dermal thickening, increased CD4" T cell and Eos infiltration, and increased expression of the Th2 cytokines IL-4, IL-5, and IL-13. Serum OV A-specific IgG1, IgE, and
IgG2a are systemically elevated.

HDM mice (144, 149): Similar to the OVA model, BALB/c mice are sensitized by repeated application of recombinant mite allergen. The model demonstrates
dermatitis, epidermal hyperplasia, and spongiform disease with a predominant Th2 response and increased CD4 and CD8 cell infiltration.
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pathway had beneficial effects on AD. Accordingly, B7-CD28/
CTLA-4 blockade may be a possible AD treatment. Based on the
higher affinity of CTLA-4 binding to CD80/CD86 than CD28, the
development of CTLA-4-CD80/CD86 blockade appears to be a
more definitive approach. As expected, the numerous studies were
followed by the development of various molecules to target the
CTLA-4-CD80/CD86 signaling pathway, and certain clinical
therapeutic effects were achieved (152-154). The ICI ipilimumab,
which blocks CTLA-4, has been used clinically in anti-cancer
therapy and demonstrated good therapeutic effects. However, the
co-inhibitory pathway blockade enhanced T cell activation and
immunosuppressed the Treg-dependent pathways, which resulted
in irAEs (155, 156), among which eczema is common. CTLA-4-
CD80/CD86 signaling pathway targeting has been studied in
various skin diseases (157-159).

Currently, there are few studies on the CTLA-4-CD80/CD86
signaling pathway in AD, and the specific mechanism of many
pathways remains unclear. More preclinical evidence on B7-CD28/
CTLA-4 function should be obtained before concluding that these
molecules are a potential clinical target for treating AD.

2.2 B7-CD28 subfamily: PD-1, PD-L1,
and PD-L2

The B7-CD28 family also includes the co-inhibitory receptor PD-
1, which is expressed by T cells and was discovered in 1992 as an
upregulated gene in T cell hybridomas that undergo cell death (160,
161). The PD-1 ligands are PD-L1 (B7-H1 or CD274) and PD-L2 (B7-
DC or CD273). PD-1 binding to the ligands is critical in T cell
activation, tolerance, and immune-mediated tissue damage (161-163).

2.2.1 Cell culture/animal model studies

PD-1 expression is closely related to inhibitory function and was
considered a Treg activation marker (164, 165). In an IL-4 transgenic
mouse model of AD, a gradual increase in PD-1 expression on CD4"*
and CD8" T cells was closely related to disease progression (59).
Another study investigated the contribution of PD-L1 and PD-L2 in
regulating the Th-type immune response using isolated APCs in three
murine models with different types of inflammatory dermatitis. In the
MC903-induced AD-like animal model (Th2-type model), PD-L2-
deficient (PD-L27") mice had more severe ear swelling than PD-L1-
deficient (PD-L17") mice. In that study, PD-L1 was essential for
attenuating Th1- and Th17A-type immunity while PD-L2 was key in
reducing Th2 immunity (60). However, another study demonstrated
that PD-L2 small interfering RNA (siRNA) treatment did not inhibit
the AD-like manifestations and Th2 responses in NC/Nga mice (61).
These studies suggested the complex role of PD-L2 in AD-like animal
models, where the reasons for the differences might be related to the use
of different animal models. Therefore, the exact role of PD-L2 in AD
should be explored in more studies.

2.2.2 Human studies

Increased PD-1 expression on Tregs was observed in the
peripheral blood of infants with moderate to severe AD (62).
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Several ICIs that block the PD-1-PD-L1 co-inhibitory pathway
(e.g., nivolumab and pembrolizumab block PD-1 and atezolizumab
blocks PD-L1) have been approved for clinical use (63). Blocking
both molecules might result in irAEs, including eczema and
progressive AD (166-169). In a case report, a patient with
disseminated Kaposi sarcoma had a long history of AD and had
never received immunotherapy. The patient’s AD improved during
the pembrolizumab treatment and the overall response was good
(170). The exact mechanism for the improvement remains
unknown. Nevertheless, it may have been due to coincident
spontaneous remission, which was unrelated to
pembrolizumab treatment.

All available studies indicated that PD-1-PD-L1/PD-L2 is
protective in AD, where blockage of these molecules might result
in adverse effects in AD patients. However, the specific role of PD-
1-PD-L1/PD-L2 in AD requires more studies for validation and to
improve understanding thereof.

2.3 CD28 subfamily: ICOS and ICOSL

A CD28 family member, inducible T cell co-stimulator (ICOS,
also known as CD278) interacts with its ligand ICOSL (CD275) and
was first reported on activated human T cells (171). ICOS is
expressed on activated CD4" and CD8" T cells and Tregs (172).
The ICOS and ICOSL interactions cooperate with CD28-B7 co-
stimulation to regulate immune responses and promote T cell
activation and proliferation (171).

2.3.1 Cell culture/animal model studies

The skin-draining lymph nodes (sdLNs) in a vitamin D3 (VitD)
mouse model of AD contained increase percentages of Tregs
expressing ICOS, which indicated an activated phenotype (64).
However, the Treg expansion in the VitD AD-like inflammation
could not counteract ongoing AD (64), which was consistent with
previous findings in AD patients (173-176).

2.3.2 Human studies

The peripheral blood of AD patients contained increased
percentages of ICOS™ Tregs, which had a decreased capacity for
producing IL-10 when compared to Tregs from healthy controls
after restimulation, while ICOS™ Tregs in both groups produced
very little IL-10 (65). This result indicated that despite the
increased frequencies of circulating ICOS* Tregs in AD, their
immunosuppressive efficacy at reducing viability upon
restimulation might be impaired, which in turn leads to
impaired IL-10 production. In addition to the discovery of its
important role in Tregs, ICOS is also key in regulating Th22 cells.
The circulating Th22 subset markedly elevated ICOS expression
rates in the PBMCs of a Han Chinese population with AD (66). In
that study, ICOS and ICOSL expression in the lesional skin of AD
patients was also significantly higher than that in the non-AD
control skin. Further research revealed that ICOS™ Th22 cells and
ICOSL" B cells were closely related to disease activity and total
serum IgE levels (66).
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The above findings suggested that ICOS-ICOSL may be a new
therapeutic target in AD and a clinical biomarker of AD disease
activity. Another study of the ICOS gene in European children
reported that none of the six evaluated ICOS gene variants was
significantly related to the development of allergic phenotypes (67).
In conclusion, the research on ICOS in AD mainly focuses on Tregs,
where Treg activation might be promoted by ICOS to treat AD.

2.4 CD28 subfamily: BTLA and HVEM

B and T lymphocyte attenuator (BTLA), similar to CTLA-4 and
PD-1, is an IgSF glycoprotein with two immunoreceptor tyrosine-
based inhibitory motifs (177, 178). BTLA is induced during T cell
activation and remains expressed on Thl cells (178). The TNFR
family member herpesvirus entry mediator (HVEM, or TNFRSF14)
was first isolated as the receptor for herpes simplex virus 1 and is
expressed on resting T cells, monocytes, and immature DCs (179).
BTLA-HVEM interactions played a co-inhibitory role in T cell
activation (178).

2.4.1 Cell culture/animal model studies

In an in vitro cellular study, human CXCR5"PD1" CD4 naive
T (T follicular helper cells [Tth] characteristics) were found to
express elevated BTLA protein and mRNA after co-culture with
thymic stromal lymphopoietin (TSLP)-activated DCs (68). The key
role of TSLP in the pathogenesis of AD is well established (180). The
study found a higher percentage of Tth in AD donors compared to
healthy donors (68).

There are no relevant direct reports of BTLA studies on AD so
far. More studies are needed to determine the specific involvement
of BTLA-HVEM signaling in AD.

2.5 CD2/SLAM subfamily: CD2, CD58, 2B4,
CD48, and SLAM

To date, the CD2 Ig-SF comprises CD2, lymphocyte function-
associated antigen 3 (LFA-3, CD58), signaling lymphocytic
activation molecule 1 (SLAM, SLAMF1, CD150), SLAMF2
(CD48), SLAMF3 (Ly9, CD229), SLAMF4 (CD244, 2B4),
SLAMF5 (CD84), SLAMF6 (NTBA, CD352), SLAMF7 (CRACC,
CD319), SLAMFS8 (BLAME), and SLAMF9 (SF2001, CD84H) (181,
182). Several receptor-ligand pairs have been reported in this
family, some of which have been studied in AD. In this review,
we focus on the research progress on the CD2-CD58, 2B4-CD48,
and SLAM-SLAM pairs in AD. The three pairs are involved in
lymphocyte activation where they induced T cell and natural killer
(NK) cell proliferation, adhesion, cytokine secretion, and
cytotoxicity (183-186).

2.5.1 Cell culture/animal model studies
Staphylococcus aureus (SA) exotoxins enhanced CD48

expression in Eos when bound to CD48, causing Eos activation

and signal transduction (72). The same study reported that a CD48

Frontiers in Immunology

10.3389/fimmu.2023.1081999

antagonist (neutralizing monoclonal antibody [mAb]) induced a
significant reduction in SA adherence and its intracellular
localization in CD48-deficient (CD487") mice, which could be
used to treat allergy (72). 2B4 has a complex role in AD, where it
promoted Eos trafficking in 2B4”~ mice with mild AD (induced with
2-week OVA/SEB [ovalbumin/staphylococcal enterotoxin B]). In
chronic AD models (induced with 3-week OVA/SEB), 2B4”" mice
had hyperdegranulated MCs, which confirmed the inhibitory 2B4
effect on MC activation (73). Further studies must clarify the
complex 2B4 functions in AD. The existence of the 2B4-CD48
interaction involving both co-stimulatory and co-inhibitory signals
in MCs or Eos greatly complicates the delineation of the role of
2B4-CD48 in AD (74).

2.5.2 Human studies

A study of the peripheral blood of children with AD confirmed
that atopy was associated with a reduced proportion of CD2" cells
and that the association was common in such children (69). CD2
enhances MHC-TCR interaction by binding to LFA-3 on the APC
and Th1 cells express higher CD2 mRNA levels than Th2 cells (187),
thereby promoting Thl-like immunity and low CD2 expression
that leads to failure to downregulate Th2 responses. The IFN-v,
granulocyte-macrophage colony-stimulating factor (GM-CSF), and
IL-5 levels in the PBMCs of AD patients were reduced in the
presence of anti-CD2-blocking mAb (70). That study also reported
that CD28 co-stimulation restored the release cytokines in culture
medium containing anti-CD2 mAbs, which suggested that CD2 and
CD28 have redundant functions in T cell activation and subsequent
cytokine production. Furthermore, the signaling pathway initiated
by the TCR complex leading to increased IL-13 production in AD
patients was largely independent of CD2 co-stimulatory signals
(70). These preclinical studies demonstrated that blocking CD2 co-
stimulation may exert beneficial effects on AD.

In comparison to normal non-atopic individuals, the infiltrated
Eos in the skin of AD patients featured striking CD48 upregulation
as opposed to its downregulation in peripheral blood leucocytes
(72). The peripheral T cells of AD patients had higher 2B4 gene
expression than that of non-AD participants (75).

Engagement of SLAM by an agonist mAb during the allergen-
specific expansion of Th2 cell populations derived from the skin
biopsies of patients with AD resulted in the generation of stable
populations of IFN-y-producing cells. SLAM-mediated reversal of the
Th cell phenotype plays an important biologic role, where a new
mechanism to promote Th cell differentiation was defined and a
potential role for anti-SLAM mAbs for treating Th2-mediated AD
was indicated (76).

The fusion protein alefacept comprises the first extracellular
domain of LFA-3 (CD58) (188), where binding of the LFA-3
fragment to CD2 blocked co-stimulation and the subsequent T cell
activation (189). Moreover, alefacept mediated cognate interaction
between T cells and NK cells after binding to CD2 and Fcy receptor
IT1, which resulted in T cell apoptosis (190). In an investigator-initiated
open-label pilot study, 10 patients with moderate to severe AD were
treated with 12 weekly intramuscular injections of 15 mg alefacept. The
treatment resulted in good therapeutic effects, which mainly included
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symptom improvement, reduced skin T cells, and decreased expression
of inflammatory cytokines (IL-5, IL-10, IL-13, IEN-y) (71). In another
open-label study, nine patients with moderate to severe AD received 30
mg alefacept intramuscularly, where only two patients demonstrated a
significant clinical response (191).

All of the above studies, where CD2, CD48, and SLAM were
blocked, described favorable effects on AD. Therefore, the CD2 family
might have more co-stimulatory than co-inhibitory functions in AD.
However, as the functions of the CD2 family are not entirely clear,
further investigations are required to identify the best possible means of
exploiting them as an AD treatment. More evidence for CD2 family
functions should be obtained before it can be concluded whether these
molecules can be a potential target for treating AD.

2.6 CD226 subfamily: TIGIT and CD155

T cell immunoglobulin and ITIM domain (TIGIT, also termed
WUCAM, Vstm3, or VSIGY) is a poliovirus receptor-like (PVRL)
protein that belongs to the CD226 subfamily (31). TIGIT is a newly
identified co-inhibitory receptor (192) expressed on NK cells, CD4"
T cells, CD8" T cells, and Tregs in both mice and humans (192,
193). The main TIGIT ligand is CD155 (NECL-5), which belongs to
the family of nectin-like (NECL) proteins (193). TIGIT and CD155
interactions not only inhibited cell proliferation but also the
expression of the transcription factors T-bet, GATA3, and RORc,
which specifically regulate Thl, Th2, and Th17, respectively (194).

2.6.1 Human studies

A clinical analysis of 17 AD patients and 14 healthy people
indicated that CD4" T cells, specifically effector memory T cells and
Tregs, demonstrated enhanced TIGIT expression on the patients’
PBMC:s and that the proportion of TIGIT" cells was correlated with
AD severity (77). Further studies determined that the frequency of
TIGIT" cells in CD4" T cells negatively correlated with the patients’
serum thymus and activation-regulated chemokine levels and IgE
levels (77). In that study, TIGIT expression was increased on the AD
patients’ CD4" T cells to impede chronic skin inflammation, and
TIGIT expression may be impaired in some AD patients, leading to
the deterioration of skin inflammation (77, 195). The precise
mechanism by which TIGIT expression acts in AD has not been
elucidated. Blocking TIGIT shows promise for cancer therapy, where
TIGIT and PD-L1 co-blockade combined with radiotherapy led to
90% cure rates in mice bearing CT26 subcutaneous tumors (196).
TIGIT is an emerging immune checkpoint that inhibits immune cell
responses at multiple steps of the cancer immunity cycle and
constitutes a major target in cancer immunotherapy (194).

More evidence on TIGIT functions should be obtained before
concluding whether it can be a potential clinical target for treating AD.

2.7 TIM subfamily: TIM1 and TIM4

The T cell immunoglobulin mucin (TIM) family comprises
eight genes in mice, whereas only three TIM genes have been

Frontiers in Immunology

11

10.3389/fimmu.2023.1081999

identified in humans (TIM1, TIM3, TIM4). In this review, we focus
on TIMI, TIM3, and TIM4. TIM1 is typically expressed on Th2
cells, MCs, B cells, and NK cells while TIM4 is expressed on DCs,
macrophages, and B cells (197). TIM1 is associated with the
development of Th2-biased immune responses and can be
selectively expressed on Th2 cells (198). The TIM family is
associated with both co-stimulatory and co-inhibitory functions
(199). The TIM gene family is involved in T cell proliferation and
differentiation, which have been implicated in allergic disease (82).
Only a few preclinical studies have described the role of the TIM
family in AD.

2.7.1 Cell culture/animal model studies

In both an OV A-sensitized AD-like mouse model and the AD-
like skin lesions of NC/Nga mice, several studies reported that
TIM4 expression on Langerhans-like DCs inhibited Th2 cell
development and was beneficial for controlling AD (78-80).

2.7.2 Human studies

Genome analysis revealed that TIMI exon 4 variations are
associated with AD (81). A study of Australian Caucasian families
and Asian families identified a novel association between AD and
the major haplotype of TIM4, while there was no evidence for an
association between AD and TIM3 (82). That study also suggested
that genetic variants in the TIM1 and TIM4 ligand contributed to
AD presentation (82).

Opverall, the current studies have not determined the exact role
of TIM3 in AD. TIM4 and its ligand TIM1 mainly have an
inhibitory role in AD. Further research is needed to determine
the best means of using TIM as an AD preventive treatment.

2.8 Orphan subfamily: CD160 and HVEM

A glycosylphosphatidylinositol-anchored (GPI-A) member of
the Ig-SF, the co-inhibitory molecule CD160 is mainly expressed on
T cells, NK cells, and all intraepithelial lymphocytes (200, 201).
CD160 has a lower affinity for HVEM than BTLA (200). CD160-
HVEM interactions weakened TCR-mediated signal transduction
and suppressed T cell activation (202, 203).

2.8.1 Human studies

Immunohistochemistry, tissue mRNA extraction, and
complementary DNA sequence analysis identified a CD160" T
cell subset that infiltrated the inflammatory skin lesions of AD.
The study also demonstrated that the engagement of CD160
enhanced the CD4"CD160" cell proliferation induced by CD3
stimulation in ex vivo cultured T lymphocytes that infiltrated AD
skin lesions (83).

The above study suggested that CD160 expression on
infiltrating T lymphocytes is involved in the development of AD
skin inflammation, but its exact functions in situ have not been
elucidated experimentally.
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3 TNF and TNFR superfamilies

Based on structure-based clustering (the TNF homology
domain [THD]) revealed that the TNF superfamily is composed
of several subfamilies, of which the type V (the divergent ligands
[V-THD]) and L (conventional ligands [L-THD]) families members
are primarily associated with co-stimulatory function, while some
type L family members contribute to processes other than co-
signaling functions (31, 204). TNF-SF/TNFR-SF members
regulate cell differentiation, survival, and programmed death and
are critical for many developmental, homeostatic, and stimulus-
responsive processes in vivo (205). Research on the TNFSF/
TNEFRSF family has greatly expanded in the past 30 years, and it
is necessary to summarize the research status of this family in AD as
soon as possible to better understand its role in AD to design more
effective anti-inflammatory therapies.

3.1 Type V subfamily: OX40 and OX40L

OX40 (TNFRSF4 or CD134) is a member of the type V co-
stimulation family and is mainly expressed on activated CD4™ T
cells and CD8" T cells (206). The OX40 ligand OX40L (TNFSF4,
CD252) is primarily expressed on professional APCs such as DCs
(206). OX40 ligation onto T cells by OX40L on APCs facilitated the
effector function of T cells (46). OX40 binding to OX40L increased
T cell proliferation and differentiation and cytokine production
(207). OX40-OX40L signaling triggered IL-4-independent Th2
polarization, promoted TNF-o production, and inhibited IL-10
production by developing Th2 cells. In the presence of IL-12,
0X40-OX40L signaling promoted the development of Thl cells
that produce TNF-o. but not IL-10 (208). OX40L was a critical in
vivo mediator of TSLP-mediated Th2 responses (208, 209).

3.1.1 Cell culture/animal model studies

An in vitro cell study suggested that OX40L is TSLP-induced
molecule on DCs that triggers inflammatory Th2 differentiation in
the absence of IL-12 (84).

3.1.2 Human studies

The lesional skin of AD patients contained more OX40L" DCs
than normal skin (85, 86). Another study reported that the skin-
homing T cells in the skin of AD patients contained increased OX40
expression together with OX40 and OX40L co-localization on skin
MCs (87). These results emphasized that the OX40-OX40L axis
may play an important role in skin cell recruitment and activation
and that blocking the OX40-OX40L signaling pathway is a
potential target for AD treatment. Clinical testing of antibodies
against this pathway in AD treatment demonstrated good
therapeutic effects.

GBR 830 is an OX40 antagonist antibody. In a phase Ila
randomized, double-blind, placebo-controlled clinical study,
adults with moderate to severe AD received two intravenous
injections of GBR 830 on days 1 and 29 (88). GBR 830 reduced
0X40 and OX40L expression, decreased Th2, Thl, and Th17/Th22
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cell numbers in skin lesions, and downregulated the mRNA
expression of IFN-y, CXCL10, IL-31, CCL11, CCL17, TSLPR, IL-
23p19, IL-8, and S100A. Furthermore, GBR 830 significantly
reduced the clinical symptoms of AD as compared to the placebo
group. GBR 830 was safe and tolerated in 46 AD patients (88).

KHK4083 is also an OX40 antagonist antibody. In a phase I
trial, injections of KHK4083 on days 1, 15, and 29 in 22 AD patients
ablated OX40" cells and significantly reduced AD clinical
symptoms (89). Continued improvements in eczema area, severity
index, and global assessment scores were observed throughout the
study, with efficacy lasting until day 155 (89). A subsequent phase II
clinical study enrolled 274 patients with moderate to severe AD.
While the final results have not been published (49), the available
results demonstrated that AD symptoms gradually improved after
continuous administration of KHK4083 (>16 weeks), and long-
term lasting therapeutic effects may be obtained after
treatment completion.

KY1005 (SAR445229, amlitelimab) is an anti-OX40L mADb that
prevents persistent inflammation (90). In a clinical trial
(NCT03161288), KY1005 demonstrated an acceptable safety and
tolerability profile and novel pharmacological treatment potential in
immune-mediated disorders (90). A recent study reported that
combining KY1005 and mTOR (sirolimus) blockade controlled
effector T cell activation effectively, preserved Treg reconstruction,
and induced immune balance after transplantation (210). A phase
ITa trial of KY1005 was performed successfully in AD patients (no
therapeutic effect data), and a phase IIb trial has been
scheduled (90).

Phase II clinical trials targeting the OX40-OX40L signaling
pathway have achieved promising efficacy and safety results.
Clinical studies in the future should verify the long-term safety
and durability of these drugs.

3.2 Type V subfamily: CD27 and CD70

Type V family co-stimulatory member CD27 and its ligand
CD70 have been well-characterized in humans and mice, where
CD27 is expressed on naive and mature T cells, NK cells, and
activated B cells (211, 212). CD70 is expressed on activated T cells, B
cells, macrophages, and DCs (134). CD27 and CD70 interactions
promote the expansion of antigen-specific effector/memory CD4"*
and CD8" T cells, which results in the establishment of T cell
immunity (213).

3.2.1 Cell culture/animal model studies

LCs were identified as the main actor in the development of
AD-like symptoms in two animal models of AD (MC903-treated
mice and K14-TSLP transgenic mice), although both dermal DCs
and keratinocytes (KCs) contributed to the inflammatory
phenotype. In the absence of LCs, these cells were unable to
provoke AD disease alone (91). That study also determined that
the CD70 downregulation at the LC cell surface combined with the
reduced IL-12 production by LCs may be the key factor for the
polarized Th2 cytokine response in the MC903-treated mice.
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Inhibiting LC function with CD70 might have been be a particularly
effective strategy for treating AD (91).

3.2.2 Human studies

An in vitro T cell culture study of AD patients determined that
circulating Fel d 1-specific DRB1*0101-restricted CD4™ T cells
expressed high levels of CD27, CD28, CCR7, and CD62L and
correspondingly expressed low levels of tissue-specific homing
receptors and Th1/2 cytokine production. Such CD4" T cells with
a central memory subgroup may be closely associated with long-
term antigen recognition and persistent disease (92).

Nevertheless, the CD27-CD70 signaling pathways require more
studies to verify their involvement in AD.

3.3 Type V subfamily: CD30 and CD30L

CD30 (TNFRSF8) is expressed by activated CD4*/CD8" T cells,
Tregs, and B cells, whereas its ligand CD30L (TNFSF8 or CD153) is
mainly expressed on macrophages and DCs (214). CD30-CD30L
interactions promoted effector and memory T cell expansion and
survival and are important in humoral immune responses (215).

3.3.1 Human studies

Several studies identified significantly higher serum soluble
CD30 (sCD30, released by CD30" cells) levels in AD patients
than in non-AD controls (93-107), and sCD30 levels were
positively correlated with AD disease severity (93, 95, 98, 103,
107). After treatment, the AD patients had significantly reduced
sCD30 plasma levels (94, 102, 103, 216). In addition, some studies
demonstrated that sCD30 concentration correlated with the disease
activity and total serum IgE (101-103, 108) while others did not
(105, 106).

In conclusion, CD30 appears to be a promising therapeutic
target for AD. Research on CD30-CD30L in AD lacks animal
model validation and relevant research on blocking antibodies, and
validation and targeting studies should be encouraged.

3.4 Type L subfamily: LIGHT and HVEM

LIGHT (lymphotoxin-like, exhibits inducible expression, and
competes with HSV glycoprotein D for HVEM; TNFSF14) is a
member of the TNF family of ligands that binds three distinct
members of the TNFR family: HVEM, lymphotoxin [ receptor
(LTBR), and soluble decoy receptor 3 (DcR3) (217). LIGHT is
induced upon the activation of CD4" and CD8" T cells, NK cells,
and immature DCs (218-220). LIGHT and HVEM are mutually
regulatory on DCs and T cells, which promotes trans-signaling and
minimizes cis-interactions between the two molecules when
expressed in the same cell (221, 222). In the immune response
process, LIGHT and HVEM engagement provides an important co-
stimulatory signal for the development and survival of effector and
memory T cells (223, 224).
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3.4.1 Cell culture/animal model studies

HVEM and LTPR are expressed on human epidermal KCs and
LIGHT directly promoted TSLP expression in these cells by binding
to two ligands (109). That study revealed an unappreciated activity
of LIGHT on KCs and suggested that LIGHT may be an important
mediator of skin inflammation in AD. An animal study
demonstrated that both LIGHT-deficient mice and Kl14-cre
HVEM 1 (4 specific lack of HVEM expression in KCs) mice
exhibited minimal clinical symptoms characteristic of AD (AD-like
dermatitis sensitized with HDM [house dust mite] antigens
combined with SEB) (110). In vitro, LIGHT promoted the
proliferation of normal human epidermal KCs, which the siRNA
knockdown of HVEM completely prevented (110). Additionally,
mice treated with anti-HVEM antibody (which neutralized
LIGHT-HVEM but not LIGHT-LTPBR; the antibody was
administered every other day until the end of the experiment)
had a markedly abrogated SCORAD (Severity Scoring of Atopic
Dermatitis) index, strongly decreased epidermal thickening, and
moderate albeit significant reduction in dermal thickness (110).
Importantly, periostin (a clinical marker of type 2 allergic
inflammatory disease) expression in the dermis was almost
absent, and lower epidermal TSLP expression was observed after
HVEM activity was blocked (110).

3.4.2 Human studies

The peripheral serum of AD patients contained significantly
elevated soluble HVEM (sHVEM) and LIGHT levels (111). Kotani
and colleagues also demonstrated that plasma LIGHT
concentrations correlated with IgE levels and the SCORAD index
(112). In AD patients, plasma LIGHT concentrations decreased as
treatment improved the symptoms (112). These results indicated
that plasma LIGHT levels may be a promising biomarker for
AD treatment.

These above results suggested that reagents that target either
LIGHT-HVEM interactions alone or LIGHT interactions with both
of its ligands may be beneficial for therapies halting and potentially
abrogating AD in humans.

3.5 Type L subfamily: CD40 and CD40L

CD40 (TNFRSF5) is a co-stimulatory molecule that belongs to the
type L family. Many APCs, such as DCs and B cells, express CD40
constitutively (225). The CD40 ligand CD40L (TNFSF5 or CD154) is
expressed on activated Th cells, macrophages, B cells, and endothelial
cells (225). CD40-CD40L co-stimulation activated B cells, which
resulted in an immunoglobulin class switch and induced T cell
activation. CD40-CD40L interactions positively modulate CD28
signaling by augmenting B7 expression in APCs. CD40-CD40L
signaling is indispensable for Th2 differentiation (226, 227).

3.5.1 Human studies
CDA40L was significantly increased on the T cells of AD patients
(228). Oflazoglu et al. demonstrated numerous CD40" cells in the
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skin lesions and peripheral blood of AD patients and identified such
cells as a positive correlation with disease severity (113). IgE levels
and CD40" cell numbers in AD skin lesions were correlated (113).
Moreover, an in vitro study revealed that PBMCs isolated from AD
patients had increased CD40 expression on B cells when compared
with the PBMCs from non-AD donors (114). Anti-CD40 mAb
distinctly increased IgE production after being added alone to the
PBMC:s or B cells from AD patients (114).

These findings suggested that CD40 is upregulated on APCs
and that therapeutic strategies targeting the CD40-CD40L co-
stimulatory pathway may benefit AD patients.

4 |Integrin superfamilies

Integrin superfamilies are essential for both embryonic
development and immunological function by binding to a wide
variety of ligands, which include extracellular matrix molecules and
Ig-SF members (229).

4.1 Leucocyte integrin subfamily: LFA-1
and ICAM-1

Also known as CD11a, CD18, or alLf32, LFA-1 is a key T cell
integrin expressed mainly in T cells and DCs (230). The cell
adhesion molecule (CAM) family is a broad family that consists
of intercellular adhesion molecules (ICAM-1-5), vascular CAMs
(VCAMs), mucosal adhesion CAM 1 (MAdCAM-1), and activated
leukocyte CAM (ALCAM) (231). In this review, we mainly focused
on LFA-1-ICAM-1. LFA-1 and ICAM-1 interactions aid immune
cell development and positioning, which are vital for regulating T
cell activation and migration (230, 232).

4.1.1 Cell culture/animal model studies

In an in vitro model of AD-like symptoms (TNF-o. and IFN-y
stimulated KCs), 310-nm and 340-nm ultraviolet light-emitting
diodes (UV-LEDs) effectively inhibited STATI1 signaling and
suppressed inflammation by downregulating ICAM-1. That study
suggested that 310-nm and 340-nm UV-LED phototherapy may be
a therapeutic strategy for AD (115). Moreover, in an atopic-like
dermatitis model in NC/Nga mice, anti-LFA-1 mAb inhibited the
development of skin lesions, IgE production, and lymphocyte
cytokine production (IL-4 and IFN-y), which most likely occurred
by inhibiting antigen presentation (116).

4.1.2 Human studies

Increased ICAM-1 and VCAM-1 expression was demonstrated
in skin biopsies from chronic and acute AD lesions (117). ICAM-1
was strongly expressed on KCs in lesional atopic eczema but was
not a suitable marker of actual disease activity (118). Furthermore,
AD patients had significantly higher soluble ICAM-1 (SICAM-1)
levels than people without AD (119-121). A study that used
intravenous immunoglobulin (IVIG) to treat severe intractable
AD in children reported that ICAM was significantly reduced
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after the IVIG treatment and that the determination of ICAM-1
levels may be useful for monitoring the disease activity of AD in
childhood (122). Another study demonstrated that tacrolimus-
treated AD patients had significantly reduced ICAM-1 expression
while hydrocortisone-treated patients did not. Inhibiting ICAM-1
expression may represent another selective mechanism of topical
tacrolimus in AD treatment (123).

Efalizumab is a humanized mAb specific to LFA-1 that was
originally approved for treating psoriasis and has demonstrated
some therapeutic value in AD (233). In one case, efalizumab
successfully improved the clinical symptoms in children and
adults with severe AD, with outstanding improvement in clinical
symptoms after 6 months of treatment (124). Hassan et al. reported
a case of severe atopic eczema treated with efalizumab
monotherapy, which resulted in a notable reduction in
inflammatory cell infiltration in the skin lesions (125). A
concurrent report demonstrated that efalizumab therapy
produced a striking clinical improvement in most participants
with severe AD, such as improvement of erythema and
excoriation and decreased pruritus levels. Takiguchi et al.
considered efalizumab a potential alternative to the systemic
immunosuppressants currently used for AD, but recommended
that its safety and efficacy should be tested in randomized double-
blind placebo-controlled studies before it could be recommended
for routine use in this patient population (126). Nevertheless, a
subsequent retrospective study of psoriasis involving 11 efalizumab-
treated patients cast doubt on these results, where only a few
patients with severe AD responded to efalizumab at the
recommended standard dose (0.7 mg/kg initially followed by 1
mg/kg weekly) (127).

In conclusion, targeting the LFA-1-ICAM-1 signaling pathway
shows promise for treating AD. Nonetheless, more clinical studies
are needed for further testing.

5 Safety of targeting co-signaling
molecules in AD therapy

irAEs are common in ICI cancer treatment. While the
mechanism remains unknown, it is related to the ICI mechanism
and individual differences (234). irAEs typically occur early in
treatment and are dose-dependent (235-237). Melanoma
treatment with higher ipilimumab doses was followed by higher
irAE incidence and severity (237). AD/eczema, which accounts for
approximately 17% of irAE, is the most common characteristic
(155). ICI-related cutaneous adverse reactions are mainly mild to
moderate and easily treated. Understanding the potential for skin
toxicity and the timely identification and management of specific
irAEs is essential. Early responses to manage irAEs are beneficial to
cancer treatment maintenance.

The above studies demonstrated that the co-inhibitory blockers
used to treat cancer can induce irAEs, which suggested that
blocking the co-stimulatory signal molecules may be a promising
AD treatment. Targeting the co-stimulatory molecules OX40,
OX40L, CD58, and LFA-1 to treat moderate to severe AD
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achieved specific clinical efficacy and demonstrated acceptable
safety and tolerability. The incidence of drug-associated irAEs in
AD clinical studies with GBR 830 (OX40 antagonist antibody)
treatment was 62.9%, where most irAEs were of mild to moderate
intensity (88). Severe irAEs accounted for 3.2% of the total cases.
The investigators did not determine whether the serious irAEs were
related to the treatment (88). In a phase I clinical trial, targeting
treatment with KHK4083, another OX40 antibody, also
demonstrated mild or moderate irAEs. All irAEs did not affect
the KHK4083 treatment course (89). A phase Ila clinical trial of
KY1005 targeting OX40L demonstrated a good safety profile (90).
Similar results were observed in clinical trials of alefacept (targeting
CD58) (71, 191) and efalizumab (targeting LFA-1) (124-127).

Targeting treatment at co-signaling molecules may be a
promising future approach. More large-sample, long-term clinical
studies would aid understanding of their safety.

6 Future and clinical perspectives

Co-stimulatory and co-inhibitory receptors play key roles in T
cell biology and act as secondary signals to determine the functional
outcome of TCR signaling. The classical definition of T cell co-
stimulation continues to evolve through the identification of novel
co-stimulatory and co-inhibitory receptors, the biochemical
characterization of their downstream signaling events, and the
characterization of their immune function. After decades of
development, Chen et al. reported that co-stimulatory and co-
inhibitory receptors exhibit highly diverse and complex
expression, structure, and function, and their function is largely
influenced by the environment (31). The current research status
suggests that the co-signaling pathways in AD are clearly a huge
family. Various co-stimulatory and co-inhibitory pathways affect
and shape the complex immune inflammation in AD. Many
signaling pathways play a role in both co-stimulation and co-
inhibition due to the different cell types in which they are
expressed. For example, interaction between HVEM expressed on
T cells with LIGHT on APCs exerted a stimulatory effect while the
interaction between HVEM expressed on APCs and CD160/BTLA
expressed on T cells exerted a suppressive effect. In addition,
LIGHT has other receptors and HVEM has more than just two
ligands. This is only one example of co-signaling molecules, and
more complex roles and more receptors exist (31).

Several co-stimulatory signaling targeting drugs mentioned in
this review are in the clinical research stage. The drugs (GBR 830,
KHK4083, KY1005) targeting the OX40-OX40L co-stimulatory
pathways are clinically used in AD treatment (88-90). Phase I
clinical trials of these drugs demonstrated good therapeutic effects
with only some minor adverse effects. Phase II clinical trials of
KHK4083 and KY1005 have also demonstrated great promise.
Although the phase I clinical trial of efalizumab targeting the
LFA-1-ICAM-1 co-stimulatory pathway demonstrated good
therapeutic effects, its adverse events cannot be ignored. It is
worth noting that efalizumab was withdrawn from the US
psoriasis treatment market in 2009 due to the risk of progressive
multifocal leukoencephalopathy (238). Accordingly, there is a need
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to balance the advantages and disadvantages of this pathway for
future use in AD treatment. Targeting antibodies against the CD2-
CD58 signaling pathway also demonstrated good therapeutic
effects, but the small number of clinical samples and lack of long-
term treatment results mean that conducting more clinical trials in
the future would be worthwhile (191).

Other targeting proteins and antibodies have demonstrated
certain therapeutic effects in mouse animal experiments or in
vitro cell experiments. Among them, targeting the CD40-CD40L
signaling pathway is noteworthy. Conventionally, it is believed that
blocking the co-stimulatory signaling pathway weakens the co-
stimulatory effect and reduces the inflammatory indicators.
However, strong lymphocyte proliferation and IgE expression
expansion were observed in vitro cell experiments (114). It has
been speculated that differences in CD40 expression cause the
reverse effect of anti-CD40 mAb in AD. These findings echo the
expansiveness and complexity of the aforementioned co-signaling
pathways, which can contribute unequally to the effects of
stimulation or inhibition due to differences in the expression of
the same ligand on different cells and can be affected by the model
system used. Therefore, the resulting immune response appears to
be the dominant side effect of the interaction of each signaling
pathway. Researching and exploring co-stimulatory signaling
pathways is challenging. The PD-1-PD-L1/PD-L2 signaling
pathway is a notable co-inhibitory signaling pathway. PD-1-PD-
L1/PD-L2 targeting in cancer has demonstrated great scientific
research progress, and related ICIs are widely used in clinical
treatment and trials, which have recorded remarkable therapeutic
effects (162, 239). Unfortunately, this immune checkpoint-targeted
therapy causes irAEs (240). Interestingly, most skin irAEs tend to be
psoriasis, acneiform rash, vitiligo-like lesions, and autoimmune skin
diseases (bullous pemphigoid, dermatomyositis, alopecia areata),
while AD is rare (48). Consistent with this, treating Kaposi sarcoma
with a PD-1 blocking antibody (pembrolizumab) improved AD
symptoms. However, siRNA treatment against PD-L2 was
ineffective in NC/Nga mouse experiments. These results suggested
that more research and validation of this co-inhibitory pathway are
needed in the future.

Based on the above summary, many problems and limitations
persist in current research on the co-signaling pathways in AD. The
roles of certain co-stimulatory and co-inhibitory signaling pathways
in AD obviously deviate from the expected results, and research is
superficial, where it involves (only changes in clinical symptoms
and downstream cytokines). An in-depth study of the specific
mechanism is crucial for developing and improving AD targeted
therapy strategies in the future. Moreover, whether there are more
co-stimulatory and co-inhibitory receptors or new receptors or
ligands of known molecules to be discovered cannot be ruled out,
and there are more aspects worth exploring.

Efalizumab was discontinued in psoriasis treatment due to
adverse effects. Therefore, how can the adverse effects caused by
targeting signaling pathways be minimized or even eliminated?
While therapeutics using targeting co-signaling molecules offer
desirable outcomes, they also present unique challenges. Can
more specific targeted therapies that only act on the skin be
developed? Fortunately, specific antibodies can be targeted to
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specific tissues and organs through the targeted delivery of
engineered viral vectors or nanoparticles (241, 242). It is possible
that co-signal targeting antibodies against AD may be further
optimized in the abovementioned direction in the future.

In this article, we repeatedly mentioned combined treatment
methods, such as anti-OX40L and anti-IL-4 combined, which
achieved good results. Moreover, the synergistic inhibition of
anti-PD-1 and anti-TIGIT yielded the best results for inhibiting T
cell activity (243). However, combination therapy with anti-CTLA-
4 and anti-PD-1 drugs was associated with a higher frequency of
toxicity (244). Given the unsatisfactory effects yielded by the
combined application of some co-signaling molecules, more
research is needed to explore mutual promotion and mutual
exclusion and to obtain effective combination solutions that
benefit both research and treatment. Another option is the
possibility of combining other conventional drugs for AD based
on the application of biological agents to obtain the best
therapeutic effect.

Given that there are no guidelines currently available, perhaps the
development of synergistic signaling pathway-targeted therapies in the
future can enable greater selectivity in AD treatment guidelines.
Furthermore, how can specific immune cell populations be targeted
more precisely? As co-signaling molecules are widely expressed on
various immune cell types, targeting any pathway can yield unexpected
results, such as the aforementioned biased results of the anti-CD40—
CDA40L signaling pathway, which is both the appeal and problem for
the immune system. This raises the question of whether it might be
possible to develop treatments that target a specific cell type and lead to
more precise treatment and resolve the recurring episodes of AD that
have long troubled doctors and patients.

7 Conclusions

This review not only discusses the current research progress of
targeted therapy of co-signaling molecules in AD but also presents
unresolved issues and existing limitations. Several biologics
targeting co-signaling molecules have demonstrated promising
results in AD patients. Blockade of the T cell co-stimulatory
pathways may be a promising therapeutic target in AD, and

References

1. Stinder S. Atopic dermatitis. N Engl ] Med (2021) 384(12):1136-43. doi: 10.1056/
NEJMra2023911

2. Odhiambo JA, Williams HC, Clayton TO, Robertson CF, Asher MI. Global
variations in prevalence of eczema symptoms in children from Isaac phase three. |
Allergy Clin Immunol (2009) 124(6):1251-8.¢23. doi: 10.1016/j.jaci.2009.10.009

3. Silverberg JI, Hanifin JM. Adult eczema prevalence and associations with asthma
and other health and demographic factors: A us population-based study. J Allergy Clin
Immunol (2013) 132(5):1132-8. doi: 10.1016/j.jaci.2013.08.031

4. Abuabara K, Hoffstad O, Troxel AB, Gelfand JM, McCulloch CE, Margolis DJ.
Patterns and predictors of atopic dermatitis disease control past childhood: An
observational cohort study. J Allergy Clin Immunol (2018) 141(2):778-80.e6.
doi: 10.1016/j.jaci.2017.05.031

5. Abuabara K, Yu AM, Okhovat JP, Allen IE, Langan SM. The prevalence of atopic
dermatitis beyond childhood: A systematic review and meta-analysis of longitudinal
studies. Allergy (2018) 73(3):696-704. doi: 10.1111/all.13320

Frontiers in Immunology

16

10.3389/fimmu.2023.1081999

inhibiting the T cell co-suppressive signaling pathways may
produce irAEs. Given the significant impact of the co-stimulatory
and co-inhibitory pathways in AD, there are plausible reasons and a
clear motivation to expand our understanding of these co-signaling
molecules in AD and determine their full effect. We believe that
targeting the common signaling pathways for AD shows

strong promise.

Author contributions

CZ wrote the manuscript; YS and YZ critically revised the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This study was financially funded by the National Natural
Science Foundation of China (No. 81602757) and the Special
Project of Medical Innovation Research of the Science and
Technology Commission of Shanghai Municipality
(No. 21Y11905200).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

6. Langan SM, Irvine AD, Weidinger S. Atopic dermatitis. Lancet (2020) 396
(10247):345-60. doi: 10.1016/s0140-6736(20)31286-1

7. Nutten S. Atopic dermatitis: Global epidemiology and risk factors. Ann Nutr
Metab (2015) 66 Suppl 1:8-16. doi: 10.1159/000370220

8. Kortekaas Krohn I, Aerts JL, Breckpot K, Goyvaerts C, Knol E, Van Wijk F, et al.
T-Cell subsets in the skin and their role in inflammatory skin disorders. Allergy (2022)
77(3):827-42. doi: 10.1111/all.15104

9. Akdis CA, Arkwright PD, Briiggen MC, Busse W, Gadina M, Guttman-Yassky E,
et al. Type 2 immunity in the skin and lungs. Allergy (2020) 75(7):1582-605.
doi: 10.1111/all.14318

10. Tojima I, Matsumoto K, Kikuoka H, Hara S, Yamamoto S, Shimizu S, et al.
Evidence for the induction of Th2 inflammation by group 2 innate lymphoid cells in
response to prostaglandin D(2) and cysteinyl leukotrienes in allergic rhinitis. Allergy
(2019) 74(12):2417-26. doi: 10.1111/all.13974

frontiersin.org


https://doi.org/10.1056/NEJMra2023911
https://doi.org/10.1056/NEJMra2023911
https://doi.org/10.1016/j.jaci.2009.10.009
https://doi.org/10.1016/j.jaci.2013.08.031
https://doi.org/10.1016/j.jaci.2017.05.031
https://doi.org/10.1111/all.13320
https://doi.org/10.1016/s0140-6736(20)31286-1
https://doi.org/10.1159/000370220
https://doi.org/10.1111/all.15104
https://doi.org/10.1111/all.14318
https://doi.org/10.1111/all.13974
https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

11. Li S, Morita H, Sokolowska M, Tan G, Boonpiyathad T, Opitz L, et al. Gene
expression signatures of circulating human type 1, 2, and 3 innate lymphoid cells. J
Allergy Clin Immunol (2019) 143(6):2321-5. doi: 10.1016/j.jaci.2019.01.047

12. Hofmann AM, Abraham SN. New roles for mast cells in modulating allergic
reactions and immunity against pathogens. Curr Opin Immunol (2009) 21(6):679-86.
doi: 10.1016/j.01.2009.09.007

13. Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector and
memory T cell differentiation. Nat Immunol (2014) 15(12):1104-15. doi: 10.1038/
ni.3031

14. Mueller SN, Mackay LK. Tissue-resident memory T cells: Local specialists in
immune defence. Nat Rev Immunol (2016) 16(2):79-89. doi: 10.1038/nri.2015.3

15. Villarino AV, Kanno Y, O’'Shea JJ. Mechanisms and consequences of jak-stat
signaling in the immune system. Nat Immunol (2017) 18(4):374-84. doi: 10.1038/ni.3691

16. Rawlings JS, Rosler KM, Harrison DA. The Jak/Stat signaling pathway. J Cell Sci
(2004) 117(Pt 8):1281-3. doi: 10.1242/jcs.00963

17. Howell MD, Fitzsimons C, Smith PA. Jak/Stat inhibitors and other small
molecule cytokine antagonists for the treatment of allergic disease. Ann Allergy
Asthma Immunol (2018) 120(4):367-75. doi: 10.1016/j.anai.2018.02.012

18. Howell MD, Kuo FI, Smith PA. Targeting the janus kinase family in
autoimmune skin diseases. Front Immunol (2019) 10:2342. doi: 10.3389/
fimmu.2019.02342

19. Tsiogka A, Kyriazopoulou M, Kontochristopoulos G, Nicolaidou E, Stratigos A,
Rigopoulos D, et al. The Jak/Stat pathway and its selective inhibition in the treatment of
atopic dermatitis: A systematic review. J Clin Med (2022) 11(15):4431. doi: 10.3390/
jem11154431

20. Mowen KA, Glimcher LH. Signaling pathways in Th2 development. Immunol
Rev (2004) 202:203-22. doi: 10.1111/§.0105-2896.2004.00209.x

21. Molfino NA, Gossage D, Kolbeck R, Parker JM, Geba GP. Molecular and clinical
rationale for therapeutic targeting of interleukin-5 and its receptor. Clin Exp Allergy
(2012) 42(5):712-37. doi: 10.1111/j.1365-2222.2011.03854.x

22. Bao L, Zhang H, Chan LS. The involvement of the jak-stat signaling pathway in
chronic inflammatory skin disease atopic dermatitis. Jakstat (2013) 2(3):e24137.
doi: 10.4161/jkst.24137

23. Rochman Y, Kashyap M, Robinson GW, Sakamoto K, Gomez-Rodriguez J,
Wagner KU, et al. Thymic stromal lymphopoietin-mediated Stat5 phosphorylation Via
kinases Jakl and Jak2 reveals a key difference from il-7-Induced signaling. Proc Natl
Acad Sci US.A. (2010) 107(45):19455-60. doi: 10.1073/pnas.1008271107

24. Boniface K, Bernard FX, Garcia M, Gurney AL, Lecron JC, Morel F. 11-22
inhibits epidermal differentiation and induces proinflammatory gene expression and
migration of human keratinocytes. J Immunol (2005) 174(6):3695-702. doi: 10.4049/
jimmunol.174.6.3695

25. Eyerich K, Dimartino V, Cavani A. 1I-17 and il-22 in immunity: Driving
protection and pathology. Eur J Immunol (2017) 47(4):607-14. doi: 10.1002/
€ji.201646723

26. Seif F, Khoshmirsafa M, Aazami H, Mohsenzadegan M, Sedighi G, Bahar M.
The role of jak-stat signaling pathway and its regulators in the fate of T helper cells. Cell
Commun Signal (2017) 15(1):23. doi: 10.1186/s12964-017-0177-y

27. Pernis AB, Rothman PB. Jak-stat signaling in asthma. J Clin Invest (2002) 109
(10):1279-83. doi: 10.1172/jci15786

28. Chapoval S, Dasgupta P, Dorsey NJ, Keegan AD. Regulation of the T helper cell
type 2 (Th2)/T regulatory cell (Treg) balance by il-4 and Stat6. ] Leukoc Biol (2010) 87
(6):1011-8. doi: 10.1189/j1b.1209772

29. Ochiai K, Tanabe E, Ishihara C, Kagami M, Sugiyama T, Sueishi M, et al. Role of
Jak2 signal transductional pathway in activation and survival of human peripheral
eosinophils by interferon-gamma (Ifn-gamma). Clin Exp Immunol (1999) 118(3):340-
3. doi: 10.1046/j.1365-2249.1999.01068.x

30. Morales JK, Falanga YT, Depcrynski A, Fernando J, Ryan JJ. Mast cell

homeostasis and the jak-stat pathway. Genes Immun (2010) 11(8):599-608.
doi: 10.1038/gene.2010.35

31. Chen L, Flies DB. Molecular mechanisms of T cell Co-stimulation and Co-
inhibition. Nat Rev Immunol (2013) 13(4):227-42. doi: 10.1038/nri3405

32. Silva VR, Santos LS, Dias RB, Quadros CA, Bezerra DP. Emerging agents that
target signaling pathways to eradicate colorectal cancer stem cells. Cancer Commun
(Lond) (2021) 41(12):1275-313. doi: 10.1002/cac2.12235

33. Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, et al. Targeting cancer stem cell
pathways for cancer therapy. Signal Transduct Target Ther (2020) 5(1):8. doi: 10.1038/
541392-020-0110-5

34. Smith-Garvin JE, Koretzky GA, Jordan MS. T Cell activation. Annu Rev
Immunol (2009) 27:591-619. doi: 10.1146/annurev.immunol.021908.132706

35. Bretscher P, Cohn M. A theory of self-nonself discrimination. Science (1970) 169
(3950):1042-9. doi: 10.1126/science.169.3950.1042

36. Baxter AG, Hodgkin PD. Activation rules: The two-signal theories of immune
activation. Nat Rev Immunol (2002) 2(6):439-46. doi: 10.1038/nri823

37. Linsley PS, Brady W, Grosmaire L, Aruffo A, Damle NK, Ledbetter JA. Binding
of the b cell activation antigen B7 to Cd28 costimulates T cell proliferation and

Frontiers in Immunology

17

10.3389/fimmu.2023.1081999

interleukin 2 mrna accumulation. J Exp Med (1991) 173(3):721-30. doi: 10.1084/
jem.173.3.721

38. Frauwirth KA, Thompson CB. Activation and inhibition of lymphocytes by
costimulation. J Clin Invest (2002) 109(3):295-9. doi: 10.1172/jci14941

39. Lenschow DJ, Walunas TL, Bluestone JA. Cd28/B7 system of T cell
costimulation. Annu Rev Immunol (1996) 14:233-58. doi: 10.1146/
annurev.immunol.14.1.233

40. Yong K, Khwaja A. Leucocyte cellular adhesion molecules. Blood Rev (1990) 4
(4):211-25. doi: 10.1016/0268-960x(90)90001-9

41. Simons KH, de Jong A, Jukema JW, de Vries MR, Arens R, Quax PHA. T Cell
Co-stimulation and Co-inhibition in cardiovascular disease: A double-edged sword.
Nat Rev Cardiol (2019) 16(6):325-43. doi: 10.1038/s41569-019-0164-7

42. Zhang Q, Vignali DA. Co-Stimulatory and Co-inhibitory pathways in
autoimmunity. Immunity (2016) 44(5):1034-51. doi: 10.1016/j.immuni.2016.04.017

43. Liu S, Xu J, Wu J. The role of Co-signaling molecules in psoriasis and their
implications for targeted treatment. Front Pharmacol (2021) 12:717042. doi: 10.3389/
fphar.2021.717042

44. Galvan Morales MA, Montero-Vargas JM, Vizuet-de-Rueda JC, Teran LM. New
insights into the role of pd-1 and its ligands in allergic disease. Int ] Mol Sci (2021) 22
(21):11898. doi: 10.3390/ijms222111898

45. Poirier N, Chevalier M, Mary C, Hervouet ], Minault D, Baker P, et al. Selective
Cd28 antagonist blunts memory immune responses and promotes long-term control of
skin inflammation in nonhuman primates. J Immunol (2016) 196(1):274-83.
doi: 10.4049/jimmunol.1501810

46. Croft M. Control of immunity by the tnfr-related molecule Ox40 (Cd134). Annu
Rev Immunol (2010) 28:57-78. doi: 10.1146/annurev-immunol-030409-101243

47. Fu Y, Lin Q, Zhang Z, Zhang L. Therapeutic strategies for the costimulatory
molecule Ox40 in T-Cell-Mediated immunity. Acta Pharm Sin B (2020) 10(3):414-33.
doi: 10.1016/j.apsb.2019.08.010

48. Sibaud V. Dermatologic reactions to immune checkpoint inhibitors: Skin
toxicities and immunotherapy. Am ] Clin Dermatol (2018) 19(3):345-61.
doi: 10.1007/540257-017-0336-3

49. Furue M, Furue M. Ox401-Ox40 signaling in atopic dermatitis. J Clin Med (2021)
10(12):2578. doi: 10.3390/jcm10122578

50. Xu Y, Chen S, Zhang L, Chen G, Chen J. The anti-inflammatory and anti-
pruritus mechanisms of huanglian jiedu decoction in the treatment of atopic dermatitis.
Front Pharmacol (2021) 12:735295. doi: 10.3389/fphar.2021.735295

51. Ohki O, Yokozeki H, Katayama I, Umeda T, Azuma M, Okumura K, et al.
Functional Cd86 (B7-2/B70) is predominantly expressed on langerhans cells in atopic
dermatitis. Br ] Dermatol (1997) 136(6):838-45.

52. Schuller E, Teichmann B, Haberstok J, Moderer M, Bieber T, Wollenberg A. In
situ expression of the costimulatory molecules Cd80 and Cd86 on langerhans cells and
inflammatory dendritic epidermal cells (Idec) in atopic dermatitis. Arch Dermatol Res
(2001) 293(9):448-54. doi: 10.1007/s004030100263

53. Neuber K, Mahnss B, Hiibner C, Gergely H, Weichenthal M. Autoantibodies
against Cd28 are associated with atopic diseases. Clin Exp Immunol (2006) 146(2):262—
9. doi: 10.1111/j.1365-2249.2006.03218.x

54. Oberwalleney G, Henz BM, Worm M. Expression and functional role of Co-
stimulatory molecules in Cd40+I1-4-Stimulated b cells from atopic and non-atopic
donors. Acta Derm Venereol (2000) 80(4):287-91. doi: 10.1080/000155500750012199

55. Inoue R, Otsuka M, Nishio A, Ushida K. Primary administration of lactobacillus
johnsonii Ncc533 in weaning period suppresses the elevation of proinflammatory
cytokines and Cd86 gene expressions in skin lesions in N¢/Nga mice. FEMS Immunol
Med Microbiol (2007) 50(1):67-76. doi: 10.1111/j.1574-695X.2007.00233.x

56. Choi SY, Sohn MH, Kwon BC, Kim KE. Ctla-4 expression in T cells of patients
with atopic dermatitis. Pediatr Allergy Immunol (2005) 16(5):422-7. doi: 10.1111/
j.1399-3038.2005.00274.x

57. Read S, Malmstrém V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4
plays an essential role in the function of Cd25(+)Cd4(+) regulatory cells that control
intestinal inflammation. J Exp Med (2000) 192(2):295-302. doi: 10.1084/jem.192.2.295

58. Chen X, Oppenheim J]J. Resolving the identity myth: Key markers of functional
Cd4+Foxp3+ regulatory T cells. Int Immunopharmacol (2011) 11(10):1489-96.
doi: 10.1016/j.intimp.2011.05.018

59. Chen L, Martinez O, Venkataramani P, Lin SX, Prabhakar BS, Chan LS.
Correlation of disease evolution with progressive inflammatory cell activation and
migration in the il-4 transgenic mouse model of atopic dermatitis. Clin Exp Immunol
(2005) 139(2):189-201. doi: 10.1111/j.1365-2249.2004.02691 x

60. Tanaka R, Ichimura Y, Kubota N, Saito A, Nakamura Y, Ishitsuka Y, et al.
Differential involvement of programmed cell death ligands in skin immune responses. ]
Invest Dermatol (2022) 142(1):145-54.8. doi: 10.1016/j.jid.2021.06.026

61. Furusawa E, Ohno T, Nagai S, Noda T, Komiyama T, Kobayashi K, et al.
Silencing of pd-L2/B7-Dc by topical application of small interfering rna inhibits
elicitation of contact hypersensitivity. | Invest Dermatol (2019) 139(10):2164-73.el.
doi: 10.1016/j.jid.2019.02.037

62. Bilbao A, Pérez-Garay R, Rius I, Irurzun A, Terren I, Orrantia A, et al. Increased
frequency of ctla-4 and pd-1 expressing regulatory T cells and basophils with an

frontiersin.org


https://doi.org/10.1016/j.jaci.2019.01.047
https://doi.org/10.1016/j.coi.2009.09.007
https://doi.org/10.1038/ni.3031
https://doi.org/10.1038/ni.3031
https://doi.org/10.1038/nri.2015.3
https://doi.org/10.1038/ni.3691
https://doi.org/10.1242/jcs.00963
https://doi.org/10.1016/j.anai.2018.02.012
https://doi.org/10.3389/fimmu.2019.02342
https://doi.org/10.3389/fimmu.2019.02342
https://doi.org/10.3390/jcm11154431
https://doi.org/10.3390/jcm11154431
https://doi.org/10.1111/j.0105-2896.2004.00209.x
https://doi.org/10.1111/j.1365-2222.2011.03854.x
https://doi.org/10.4161/jkst.24137
https://doi.org/10.1073/pnas.1008271107
https://doi.org/10.4049/jimmunol.174.6.3695
https://doi.org/10.4049/jimmunol.174.6.3695
https://doi.org/10.1002/eji.201646723
https://doi.org/10.1002/eji.201646723
https://doi.org/10.1186/s12964-017-0177-y
https://doi.org/10.1172/jci15786
https://doi.org/10.1189/jlb.1209772
https://doi.org/10.1046/j.1365-2249.1999.01068.x
https://doi.org/10.1038/gene.2010.35
https://doi.org/10.1038/nri3405
https://doi.org/10.1002/cac2.12235
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.1146/annurev.immunol.021908.132706
https://doi.org/10.1126/science.169.3950.1042
https://doi.org/10.1038/nri823
https://doi.org/10.1084/jem.173.3.721
https://doi.org/10.1084/jem.173.3.721
https://doi.org/10.1172/jci14941
https://doi.org/10.1146/annurev.immunol.14.1.233
https://doi.org/10.1146/annurev.immunol.14.1.233
https://doi.org/10.1016/0268-960x(90)90001-9
https://doi.org/10.1038/s41569-019-0164-7
https://doi.org/10.1016/j.immuni.2016.04.017
https://doi.org/10.3389/fphar.2021.717042
https://doi.org/10.3389/fphar.2021.717042
https://doi.org/10.3390/ijms222111898
https://doi.org/10.4049/jimmunol.1501810
https://doi.org/10.1146/annurev-immunol-030409-101243
https://doi.org/10.1016/j.apsb.2019.08.010
https://doi.org/10.1007/s40257-017-0336-3
https://doi.org/10.3390/jcm10122578
https://doi.org/10.3389/fphar.2021.735295
https://doi.org/10.1007/s004030100263
https://doi.org/10.1111/j.1365-2249.2006.03218.x
https://doi.org/10.1080/000155500750012199
https://doi.org/10.1111/j.1574-695X.2007.00233.x
https://doi.org/10.1111/j.1399-3038.2005.00274.x
https://doi.org/10.1111/j.1399-3038.2005.00274.x
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1016/j.intimp.2011.05.018
https://doi.org/10.1111/j.1365-2249.2004.02691.x
https://doi.org/10.1016/j.jid.2021.06.026
https://doi.org/10.1016/j.jid.2019.02.037
https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

activating profile in infants with moderate-to-Severe atopic dermatitis hypersensitized
to food allergens. Front Pediatr (2021) 9:734645. doi: 10.3389/fped.2021.734645

63. Baxi$, Yang A, Gennarelli RL, Khan N, Wang Z, Boyce L, et al. Immune-related
adverse events for anti-Pd-1 and anti-Pd-L1 drugs: Systematic review and meta-
analysis. Brmj (2018) 360:k793. doi: 10.1136/bmj.k793

64. Moosbrugger-Martinz V, Tripp CH, Clausen BE, Schmuth M, Dubrac S. Atopic
dermatitis induces the expansion of thymus-derived regulatory T cells exhibiting a
Th2-like phenotype in mice. J Cell Mol Med (2016) 20(5):930-8. doi: 10.1111/
jemm.12806

65. Moosbrugger-Martinz V, Gruber R, Ladstitter K, Bellutti M, Blunder S,
Schmuth M, et al. Filaggrin null mutations are associated with altered circulating
tregs in atopic dermatitis. J Cell Mol Med (2019) 23(2):1288-99. doi: 10.1111/
jemm.14031

66. Jiao Q, Qian Q, Liu C, Luo Y, Fang F, Wang M, et al. T Helper 22 cells from han
Chinese patients with atopic dermatitis exhibit high expression of inducible T-cell
costimulator. Br ] Dermatol (2020) 182(3):648-57. doi: 10.1111/bjd.18040

67. Beier KC, Humberdros S, Witt H, Illi S, Riischendorf F, Nickel R, et al. Icos-gene
variants are not associated with atopic disease susceptibility in European children.
Pediatr Allergy Immunol (2009) 20(3):242-5. doi: 10.1111/§.1399-3038.2008.00777.x

68. Pattarini L, Trichot C, Bogiatzi S, Grandclaudon M, Meller S, Keuylian Z, et al.
Tslp-activated dendritic cells induce human T follicular helper cell differentiation
through Ox40-ligand. J Exp Med (2017) 214(5):1529-46. doi: 10.1084/jem.20150402

69. Zdolsek HA, Jenmalm MC. Expression of the T-cell markers Cd2 and Cd28 in
healthy and atopic children during the first 18 months of life. Pediatr Allergy Immunol
(2003) 14(3):169-77. doi: 10.1034/j.1399-3038.2003.00016.x

70. Simon D, Von Gunten S, Borelli S, Braathen LR, Simon HU. The interleukin-13
production by peripheral blood T cells from atopic dermatitis patients does not require
Cd2 costimulation. Int Arch Allergy Immunol (2003) 132(2):148-55. doi: 10.1159/
000073716

71. Simon D, Wittwer J, Kostylina G, Buettiker U, Simon HU, Yawalkar N.
Alefacept (Lymphocyte function-associated molecule 3/Igg fusion protein) treatment
for atopic eczema. J Allergy Clin Immunol (2008) 122(2):423-4. doi: 10.1016/
1.jaci.2008.06.010

72. Minai-Fleminger Y, Gangwar RS, Migalovich-Sheikhet H, Seaf M, Leibovici V,
Hollander N, et al. The Cd48 receptor mediates staphylococcus aureus human and
murine eosinophil activation. Clin Exp Allergy (2014) 44(11):1335-46. doi: 10.1111/cea.12422

73. Elishmereni M, Fyhrquist N, Singh Gangwar R, Lehtimaki S, Alenius H, Levi-
Schaffer F. Complex 2b4 regulation of mast cells and eosinophils in murine allergic
inflammation. J Invest Dermatol (2014) 134(12):2928-37. doi: 10.1038/jid.2014.280

74. Elishmereni M, Bachelet I, Nissim Ben-Efraim AH, Mankuta D, Levi-Schaffer F.
Interacting mast cells and eosinophils acquire an enhanced activation state in vitro.
Allergy (2013) 68(2):171-9. doi: 10.1111/all.12059

75. Li X, Li ], Yang Y, Hou R, Liu R, Zhao X, et al. Differential gene expression in
peripheral blood T cells from patients with psoriasis, lichen planus, and atopic
dermatitis. ] Am Acad Dermatol (2013) 69(5):e235-e43. doi: 10.1016/j.jaad.2013.06.030

76. Carballido JM, Aversa G, Kaltoft K, Cocks BG, Punnonen J, Yssel H, et al.
Reversal of human allergic T helper 2 responses by engagement of signaling
lymphocytic activation molecule. J Immunol (1997) 159(9):4316-21.

77. Kurita M, Yoshihara Y, Ishiuji Y, Chihara M, Ishiji T, Asahina A, et al.
Expression of T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory
motif domain on Cd4(+) T cells in patients with atopic dermatitis. ] Dermatol (2019) 46
(1):37-42. doi: 10.1111/1346-8138.14696

78. Matsui K, Tamai S, Ikeda R. Effects of macrolide antibiotics on Th1 cell and Th2
cell development mediated by langerhans cells. ] Pharm Pharm Sci (2016) 19(3):357-
66. doi: 10.18433/j3232f

79. Matsui K, Kashima A, Motegi A. Norfloxacin, a fluoroquinolone antibiotic,
inhibits langerhans cell-mediated Th1 and Th2 cell development. ] Pharm Pharm Sci
(2019) 22(1):122-30. doi: 10.18433/jpps30335

80. Matsui K, Nojima Y, Kajiwara Y, Busujima K, Mori Y. Topical application of
doxycycline inhibits Th2 cell development mediated by langerhans cells and exerts a
therapeutic effect on atopic dermatitis. ] Pharm Pharm Sci (2020) 23(1):86-99.
doi: 10.18433/jpps30847

81. Chae SC, Song JH, Lee YC, Kim JW, Chung HT. The association of the exon 4
variations of Tim-1 gene with allergic diseases in a Korean population. Biochem Biophys
Res Commun (2003) 312(2):346-50. doi: 10.1016/j.bbrc.2003.10.125

82. Page NS, Jones G, Stewart GJ. Genetic association studies between the T cell
immunoglobulin mucin (Tim) gene locus and childhood atopic dermatitis. Int Arch
Allergy Immunol (2006) 141(4):331-6. doi: 10.1159/000095459

83. Abecassis S, Giustiniani J, Meyer N, Schiavon V, Ortonne N, Campillo JA, et al.
Identification of a novel Cd160+ Cd4+ T-lymphocyte subset in the skin: A possible role
for Cd160 in skin inflammation. J Invest Dermatol (2007) 127(5):1161-6. doi: 10.1038/
§).jid.5700680

84. Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N, et al. Tslp-
activated dendritic cells induce an inflammatory T helper type 2 cell response through
Ox40 ligand. J Exp Med (2005) 202(9):1213-23. doi: 10.1084/jem.20051135

85. Esaki H, Brunner PM, Renert-Yuval Y, Czarnowicki T, Huynh T, Tran G, et al.
Early-onset pediatric atopic dermatitis is T(H)2 but also T(H)17 polarized in skin. J
Allergy Clin Immunol (2016) 138(6):1639-51. doi: 10.1016/j.jaci.2016.07.013

Frontiers in Immunology

10.3389/fimmu.2023.1081999

86. Ilves T, Harvima IT. Ox40 ligand and Ox40 are increased in atopic dermatitis
lesions but do not correlate with clinical severity. ] Eur Acad Dermatol Venereol (2013)
27(2):e197-205. doi: 10.1111/j.1468-3083.2012.04587.x

87. Elsner JS, Carlsson M, Stougaard JK, Nygaard U, Buchner M, Folster-Holst R,
et al. The Ox40 axis is associated with both systemic and local involvement in atopic
dermatitis. Acta Derm Venereol (2020) 100(6):adv00099. doi: 10.2340/00015555-3452

88. Guttman-Yassky E, Pavel AB, Zhou L, Estrada YD, Zhang N, Xu H, et al. Gbr
830, an anti-Ox40, improves skin gene signatures and clinical scores in patients with
atopic dermatitis. J Allergy Clin Immunol (2019) 144(2):482-93.e7. doi: 10.1016/
jjaci.2018.11.053

89. Nakagawa H, Iizuka H, Nemoto O, Shimabe M, Furukawa Y, Kikuta N, et al.
Safety, tolerability and efficacy of repeated intravenous infusions of Khk4083, a fully
human anti-Ox40 monoclonal antibody, in Japanese patients with moderate to severe
atopic dermatitis. ] Dermatol Sci (2020) 99(2):82-9. doi: 10.1016/j.jdermsci.2020.06.005

90. Saghari M, Gal P, Gilbert S, Yateman M, Porter-Brown B, Brennan N, et al.
Ox401 inhibition suppresses klh-driven immune responses in healthy volunteers: A
randomized controlled trial demonstrating proof-of-Pharmacology for Ky1005. Clin
Pharmacol Ther (2022) 111(5):1121-32. doi: 10.1002/cpt.2539

91. Elentner A, Finke D, Schmuth M, Chappaz S, Ebner S, Malissen B, et al.
Langerhans cells are critical in the development of atopic dermatitis-like inflammation
and symptoms in mice. J Cell Mol Med (2009) 13(8b):2658-72. doi: 10.1111/j.1582-
4934.2009.00797 .x

92. Bateman EA, Ardern-Jones MR, Ogg GS. Persistent central memory phenotype
of circulating fel d 1 Peptide/Drb1*0101 tetramer-binding Cd4+ T cells. J Allergy Clin
Immunol (2006) 118(6):1350-6. doi: 10.1016/j.jaci.2006.07.040

93. Oflazoglu E, Simpson EL, Takiguchi R, Grewal IS, Hanifin JM, Gerber HP. Cd30
expression on Cdla+ and Cd8+ cells in atopic dermatitis and correlation with disease
severity. Eur ] Dermatol (2008) 18(1):41-9. doi: 10.1684/ejd.2008.0309

94. Caproni M, Salvatore E, Cardinali C, Brazzini B, Fabbri P. Soluble Cd30 and
cyclosporine in severe atopic dermatitis. Int Arch Allergy Immunol (2000) 121(4):324—
8. doi: 10.1159/000024346

95. Heshmat NM, El-Hadidi ES. Soluble Cd30 serum levels in atopic dermatitis and
bronchial asthma and its relationship with disease severity in pediatric age. Pediatr
Allergy Immunol (2006) 17(4):297-303. doi: 10.1111/§.1399-3038.2006.00405.x

96. Lipozencic J, Bobek D, Jaki¢-Razumovic J. The presence of surface Cd30 on T
cells in atopic dermatitis. Acta Dermatovenerol Croat (2003) 11(3):145-52.

97. Fischer M, Harvima IT, Carvalho RF, Méller C, Naukkarinen A, Enblad G, et al.
Mast cell Cd30 ligand is upregulated in cutaneous inflammation and mediates
degranulation-independent chemokine secretion. J Clin Invest (2006) 116(10):2748—
56. doi: 10.1172/jci24274

98. El Mongy S, Metwaly SS, Arafat MS, Hady HA. Serum levels of soluble Cd30 in
patients with atopic dermatitis: Correlations with age, disease duration and severity.
Egypt ] Immunol (2008) 15(1):123-9.

99. Di Lorenzo G, Gangemi S, Merendino RA, Minciullo PL, Cannavo SP, Martinelli
N, et al. Serum levels of soluble Cd30 in adult patients affected by atopic dermatitis and
its relation to age, duration of disease and scoring atopic dermatitis index. Mediators
Inflammation (2003) 12(2):123-5. doi: 10.1080/0962935031000097736

100. Cavagni G, Caffarelli C, Facchetti F, Brugnoni D, Notarangelo LD, Tosoni C,
et al. Cutaneous Cd30+ cells in children with atopic dermatitis. Int Arch Allergy
Immunol (2000) 121(3):224-8. doi: 10.1159/000024321

101. Frezzolini A, Paradisi M, Ruffelli M, Cadoni S, De Pita O. Soluble Cd30 in
pediatric patients with atopic dermatitis. Allergy (1997) 52(1):106-9. doi: 10.1111/
j.1398-9995.1997.tb02554.x

102. Katoh N, Hirano S, Suehiro M, Ikenaga K, Yamashita T, Sugawara N, et al.
Soluble Cd30 is more relevant to disease activity of atopic dermatitis than soluble Cd26.
Clin Exp Immunol (2000) 121(2):187-92. doi: 10.1046/j.1365-2249.2000.01286.x

103. Folster-Holst R, Henseler T, Wehde ], Lemke H, Weichenthal M, Christophers
E, et al. Soluble Cd30 plasma concentrations correlate with disease activity in patients
with atopic dermatitis. Acta Derm Venereol (2002) 82(4):245-8. doi: 10.1080/
000155502320323180

104. Holmlund U, Bengtsson A, Nilsson C, Kusoffsky E, Lilja G, Scheynius A, et al.
Levels of soluble Cd30 in cord blood and peripheral blood during childhood are not
correlated with the development of atopic disease or a family history of atopy. Clin Exp
Allergy (2003) 33(11):1531-6. doi: 10.1046/j.1365-2222.2003.01792.x

105. Dummer W, Brocker EB, Bastian BC. Elevated serum levels of soluble Cd30 are
associated with atopic dermatitis, but not with respiratory atopic disorders and allergic
contact dermatitis. Br J Dermatol (1997) 137(2):185-7. doi: 10.1046/j.1365-
2133.1997.18031887.x

106. Bengtsson A, Holm L, Bick O, Fransson ], Scheynius A. Elevated serum levels
of soluble Cd30 in patients with atopic dermatitis (Ad). Clin Exp Immunol (1997) 109
(3):533-7. doi: 10.1046/j.1365-2249.1997.4731373 x

107. Yamamoto J, Adachi Y, Onoue Y, Kanegane H, Miyawaki T, Toyoda M, et al.
Cd30 expression on circulating memory Cd4+ T cells as a Th2-dominated situation in
patients with atopic dermatitis. Allergy (2000) 55(11):1011-8. doi: 10.1034/.1398-
9995.2000.00685.x

108. Latza U, Davis S, Wilhelm D, McKnight B, Seyfarth M, Stein H. Soluble
cytokine receptor Cd30 in atopic disorders: A case-control study. Clin Exp Allergy
(1999) 29(1):97-104. doi: 10.1046/j.1365-2222.1999.00450.x

frontiersin.org


https://doi.org/10.3389/fped.2021.734645
https://doi.org/10.1136/bmj.k793
https://doi.org/10.1111/jcmm.12806
https://doi.org/10.1111/jcmm.12806
https://doi.org/10.1111/jcmm.14031
https://doi.org/10.1111/jcmm.14031
https://doi.org/10.1111/bjd.18040
https://doi.org/10.1111/j.1399-3038.2008.00777.x
https://doi.org/10.1084/jem.20150402
https://doi.org/10.1034/j.1399-3038.2003.00016.x
https://doi.org/10.1159/000073716
https://doi.org/10.1159/000073716
https://doi.org/10.1016/j.jaci.2008.06.010
https://doi.org/10.1016/j.jaci.2008.06.010
https://doi.org/10.1111/cea.12422
https://doi.org/10.1038/jid.2014.280
https://doi.org/10.1111/all.12059
https://doi.org/10.1016/j.jaad.2013.06.030
https://doi.org/10.1111/1346-8138.14696
https://doi.org/10.18433/j3z32f
https://doi.org/10.18433/jpps30335
https://doi.org/10.18433/jpps30847
https://doi.org/10.1016/j.bbrc.2003.10.125
https://doi.org/10.1159/000095459
https://doi.org/10.1038/sj.jid.5700680
https://doi.org/10.1038/sj.jid.5700680
https://doi.org/10.1084/jem.20051135
https://doi.org/10.1016/j.jaci.2016.07.013
https://doi.org/10.1111/j.1468-3083.2012.04587.x
https://doi.org/10.2340/00015555-3452
https://doi.org/10.1016/j.jaci.2018.11.053
https://doi.org/10.1016/j.jaci.2018.11.053
https://doi.org/10.1016/j.jdermsci.2020.06.005
https://doi.org/10.1002/cpt.2539
https://doi.org/10.1111/j.1582-4934.2009.00797.x
https://doi.org/10.1111/j.1582-4934.2009.00797.x
https://doi.org/10.1016/j.jaci.2006.07.040
https://doi.org/10.1684/ejd.2008.0309
https://doi.org/10.1159/000024346
https://doi.org/10.1111/j.1399-3038.2006.00405.x
https://doi.org/10.1172/jci24274
https://doi.org/10.1080/0962935031000097736
https://doi.org/10.1159/000024321
https://doi.org/10.1111/j.1398-9995.1997.tb02554.x
https://doi.org/10.1111/j.1398-9995.1997.tb02554.x
https://doi.org/10.1046/j.1365-2249.2000.01286.x
https://doi.org/10.1080/000155502320323180
https://doi.org/10.1080/000155502320323180
https://doi.org/10.1046/j.1365-2222.2003.01792.x
https://doi.org/10.1046/j.1365-2133.1997.18031887.x
https://doi.org/10.1046/j.1365-2133.1997.18031887.x
https://doi.org/10.1046/j.1365-2249.1997.4731373.x
https://doi.org/10.1034/j.1398-9995.2000.00685.x
https://doi.org/10.1034/j.1398-9995.2000.00685.x
https://doi.org/10.1046/j.1365-2222.1999.00450.x
https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

109. Herro R, Antunes RDS, Aguilera AR, Tamada K, Croft M. The tumor necrosis
factor superfamily molecule light promotes keratinocyte activity and skin fibrosis. ]
Invest Dermatol (2015) 135(8):2109-18. doi: 10.1038/jid.2015.110

110. Herro R, Shui JW, Zahner S, Sidler D, Kawakami Y, Kawakami T, et al. Light-
hvem signaling in keratinocytes controls development of dermatitis. J Exp Med (2018)
215(2):415-22. doi: 10.1084/jem.20170536

111. Jung HW, La SJ, Kim JY, Heo SK, Kim JY, Wang S, et al. High levels of soluble
herpes virus entry mediator in sera of patients with allergic and autoimmune diseases.
Exp Mol Med (2003) 35(6):501-8. doi: 10.1038/emm.2003.65

112. Kotani H, Masuda K, Tamagawa-Mineoka R, Nomiyama T, Soga F, Nin M,
et al. Increased plasma light levels in patients with atopic dermatitis. Clin Exp Immunol
(2012) 168(3):318-24. doi: 10.1111/j.1365-2249.2012.04576.x

113. Oflazoglu E, Simpson EL, Takiguchi R, Hanifin JM, Grewal IS, Gerber HP.
Cd40 expression on antigen presenting cells and correlation with disease severity in
atopic dermatitis. Eur ] Dermatol (2008) 18(5):527-33. doi: 10.1684/ejd.2008.0495

114. Renz H, Brodie C, Bradley K, Leung DY, Gelfand EW. Enhancement of ige
production by anti-Cd40 antibody in atopic dermatitis. J Allergy Clin Immunol (1994)
93(3):658-68. doi: 10.1016/s0091-6749(94)70078-8

115. Kwon TR, Oh CT, Choi EJ, Kim SR, Jang YJ, Ko EJ, et al. Ultraviolet light-
Emitting-Diode irradiation inhibits tnf-Alpha; and ifn-I'-Induced expression of icam-1
and Statl phosphorylation in human keratinocytes. Lasers Surg Med (2015) 47
(10):824-32. doi: 10.1002/lsm.22425

116. Ohmura T, Konomi A, Satoh Y, Hayashi T, Tsunenari I, Kadota T, et al.
Suppression of atopic-like dermatitis by treatment with antibody to lymphocyte
function-associated antigen-1 in Nc/Nga mouse. Eur ] Pharmacol (2004) 504(1-
2):113-7. doi: 10.1016/j.ejphar.2004.09.035

117. Jung K, Linse F, Heller R, Moths C, Goebel R, Neumann C. Adhesion
molecules in atopic dermatitis: Vcam-1 and icam-1 expression is increased in
healthy-appearing skin. Allergy (1996) 51(7):452-60.

118. Kowalzick L, Kleinheinz A, Neuber K, Weichenthal M, Kohler I, Ring J.
Elevated serum levels of soluble adhesion molecules icam-1 and elam-1 in patients with
severe atopic eczema and influence of Uval treatment. Dermatology (1995) 190(1):14-
8. doi: 10.1159/000246627

119. Koide M, Tokura Y, Furukawa F, Takigawa M. Soluble intercellular adhesion
molecule-1 (Sicam-1) in atopic dermatitis. ] Dermatol Sci (1994) 8(2):151-6.
doi: 10.1016/0923-1811(94)90010-8

120. Halmerbauer G, Frischer T, Koller DY. Monitoring of disease activity by
measurement of inflammatory markers in atopic dermatitis in childhood. Allergy
(1997) 52(7):765-9. doi: 10.1111/j.1398-9995.1997.tb01236.x

121. Koide M, Furukawa F, Tokura Y, Shirahama S, Takigawa M. Evaluation of
soluble cell adhesion molecules in atopic dermatitis. ] Dermatol (1997) 24(2):88-93.
doi: 10.1111/j.1346-8138.1997.tb02749.x

122. Huang JL, Lee WY, Chen LC, Kuo ML, Hsieh KH. Changes of serum levels of
interleukin-2, intercellular adhesion molecule-1, endothelial leukocyte adhesion
molecule-1 and Thl and Th2 cell in severe atopic dermatitis after intravenous
immunoglobulin therapy. Ann Allergy Asthma Immunol (2000) 84(3):345-52.
doi: 10.1016/s1081-1206(10)62785-8

123. Caproni M, Torchia D, Antiga E, Volpi W, Fabbri P. Expression of adhesion
molecules in atopic dermatitis is reduced by tacrolimus, but not by hydrocortisone
butyrate: A randomized immunohistochemical study. Clin Exp Dermatol (2006) 31
(6):813-7. doi: 10.1111/§.1365-2230.2006.02214.x

124. Weinberg JM, Siegfried EC. Successful treatment of severe atopic dermatitis in
a child and an adult with the T-cell modulator efalizumab. Arch Dermatol (2006) 142
(5):555-8. doi: 10.1001/archderm.142.5.555

125. Hassan AS, Kaelin U, Braathen LR, Yawalkar N. Clinical and
immunopathologic findings during treatment of recalcitrant atopic eczema with
efalizumab. ] Am Acad Dermatol (2007) 56(2):217-21. doi: 10.1016/j.jaad.2006.08.025

126. Takiguchi R, Tofte S, Simpson B, Harper E, Blauvelt A, Hanifin J, et al
Efalizumab for severe atopic dermatitis: A pilot study in adults. ] Am Acad Dermatol
(2007) 56(2):222-7. doi: 10.1016/j.jaad.2006.08.031

127. Ibler K, Dam TN, Gniadecki R, Kragballe K, Jemec GB, Agner T. Efalizumab
for severe refractory atopic eczema: Retrospective study on 11 cases. ] Eur Acad
Dermatol Venereol (2010) 24(7):837-9. doi: 10.1111/j.1468-3083.2009.03202.x

128. Odales J, Guzman Valle ], Martinez-Cortés F, Manoutcharian K. Immunogenic
properties of immunoglobulin superfamily members within complex biological
networks. Cell Immunol (2020) 358:104235. doi: 10.1016/j.cellimm.2020.104235

129. Dermody TS, Kirchner E, Guglielmi KM, Stehle T. Immunoglobulin
superfamily virus receptors and the evolution of adaptive immunity. PloS Pathog
(2009) 5(11):¢1000481. doi: 10.1371/journal.ppat.1000481

130. Bour-Jordan H, Esensten JH, Martinez-Llordella M, Penaranda C, Stumpf M,
Bluestone JA. Intrinsic and extrinsic control of peripheral T-cell tolerance by
costimulatory molecules of the Cd28/B7 family. Immunol Rev (2011) 241(1):180-
205. doi: 10.1111/j.1600-065X.2011.01011.x

131. Rudd CE, Taylor A, Schneider H. Cd28 and ctla-4 coreceptor expression and
signal transduction. Immunol Rev (2009) 229(1):12-26. doi: 10.1111/j.1600-
065X.2009.00770.x

132. Sharpe AH, Freeman GJ. The B7-Cd28 superfamily. Nat Rev Immunol (2002) 2
(2):116-26. doi: 10.1038/nri727

Frontiers in Immunology

19

10.3389/fimmu.2023.1081999

133. Borst J, Hendriks J, Xiao Y. Cd27 and Cd70 in T cell and b cell activation. Curr
Opin Immunol (2005) 17(3):275-81. doi: 10.1016/j.c0i.2005.04.004

134. Tesselaar K, Xiao Y, Arens R, van Schijndel GM, Schuurhuis DH, Mebius RE,
et al. Expression of the murine Cd27 ligand Cd70 in vitro and in vivo. ] Immunol (2003)
170(1):33-40. doi: 10.4049/jimmunol.170.1.33

135. Schildberg FA, Klein SR, Freeman GJ, Sharpe AH. Coinhibitory pathways in
the B7-Cd28 ligand-receptor family. Immunity (2016) 44(5):955-72. doi: 10.1016/
jimmuni.2016.05.002

136. Greene JL, Leytze GM, Emswiler ], Peach R, Bajorath J, Cosand W, et al.
Covalent dimerization of Cd28/Ctla-4 and oligomerization of Cd80/Cd86 regulate T
cell costimulatory interactions. J Biol Chem (1996) 271(43):26762-71. doi: 10.1074/
jbc.271.43.26762

137. Schwarz C, Mahr B, Muckenhuber M, Wekerle T. Belatacept/Ctladig: An
update and critical appraisal of preclinical and clinical results. Expert Rev Clin Immunol
(2018) 14(7):583-92. doi: 10.1080/1744666x.2018.1485489

138. Aruffo A, Seed B. Molecular cloning of a Cd28 cdna by a high-efficiency cos cell
expression system. Proc Natl Acad Sci US.A. (1987) 84(23):8573-7. doi: 10.1073/
pnas.84.23.8573

139. Boomer JS, Green JM. An enigmatic tail of Cd28 signaling. Cold Spring Harb
Perspect Biol (2010) 2(8):a002436. doi: 10.1101/cshperspect.a002436

140. Collins AV, Brodie DW, Gilbert R]J, Iaboni A, Manso-Sancho R, Walse B, et al.
The interaction properties of costimulatory molecules revisited. Immunity (2002) 17
(2):201-10. doi: 10.1016/s1074-7613(02)00362-x

141. Salomon B, Bluestone JA. Complexities of Cd28/B7: Ctla-4 costimulatory
pathways in autoimmunity and transplantation. Annu Rev Immunol (2001) 19:225-
52. doi: 10.1146/annurev.immunol.19.1.225

142. Gilhar A, Reich K, Keren A, Kabashima K, Steinhoft M, Paus R. Mouse models
of atopic dermatitis: A critical reappraisal. Exp Dermatol (2021) 30(3):319-36.
doi: 10.1111/exd.14270

143. Kitagaki H, Ono N, Hayakawa K, Kitazawa T, Watanabe K, Shiohara T.
Repeated elicitation of contact hypersensitivity induces a shift in cutaneous cytokine
milieu from a T helper cell type 1 to a T helper cell type 2 profile. ] Immunol (1997) 159
(5):2484-91.

144. Jin H, He R, Oyoshi M, Geha RS. Animal models of atopic dermatitis. J Invest
Dermatol (2009) 129(1):31-40. doi: 10.1038/jid.2008.106

145. Suto H, Matsuda H, Mitsuishi K, Hira K, Uchida T, Unno T, et al. Nc/Nga
mice: A mouse model for atopic dermatitis. Int Arch Allergy Immunol (1999) 120 Suppl
1:70-5. doi: 10.1159/000053599

146. Chan LS, Robinson N, Xu L. Expression of interleukin-4 in the epidermis of
transgenic mice results in a pruritic inflammatory skin disease: An experimental animal
model to study atopic dermatitis. ] Invest Dermatol (2001) 117(4):977-83. doi: 10.1046/
j.0022-202x.2001.01484.x

147. Li M, Hener P, Zhang Z, Kato S, Metzger D, Chambon P. Topical vitamin D3
and low-calcemic analogs induce thymic stromal lymphopoietin in mouse
keratinocytes and trigger an atopic dermatitis. Proc Natl Acad Sci U.S.A. (2006) 103
(31):11736-41. doi: 10.1073/pnas.0604575103

148. Savinko T, Lauerma A, Lehtimiki S, Gombert M, Majuri ML, Fyhrquist-Vanni
N, et al. Topical superantigen exposure induces epidermal accumulation of Cd8+ T
cells, a mixed Th1/Th2-type dermatitis and vigorous production of ige antibodies in the
murine model of atopic dermatitis. J Immunol (2005) 175(12):8320-6. doi: 10.4049/
jimmunol.175.12.8320

149. Huang CH, Kuo IC, Xu H, Lee YS, Chua KY. Mite allergen induces allergic
dermatitis with concomitant neurogenic inflammation in mouse. J Invest Dermatol
(2003) 121(2):289-93. doi: 10.1046/j.1523-1747.2003.12356.x

150. Thompson CB, Allison JP. The emerging role of ctla-4 as an immune
attenuator. Immunity (1997) 7(4):445-50. doi: 10.1016/s1074-7613(00)80366-0

151. Jones G, Wu S, Jang N, Fulcher D, Hogan P, Stewart G. Polymorphisms within
the Ctla4 gene are associated with infant atopic dermatitis. Br ] Dermatol (2006) 154
(3):467-71. doi: 10.1111/j.1365-2133.2005.07080.x

152. Peach RJ, Bajorath J, Brady W, Leytze G, Greene ], Naemura J, et al.
Complementarity determining region 1 (Cdrl)- and Cdr3-analogous regions in ctla-
4 and Cd28 determine the binding to B7-1. J Exp Med (1994) 180(6):2049-58.
doi: 10.1084/jem.180.6.2049

153. Pombo-Suarez M, Gomez-Reino JJ. Abatacept for the treatment of rheumatoid
arthritis. Expert Rev Clin Immunol (2019) 15(4):319-26. doi: 10.1080/
1744666x.2019.1579642

154. Noble J, Jouve T, Janbon B, Rostaing L, Malvezzi P. Belatacept in kidney
transplantation and its limitations. Expert Rev Clin Immunol (2019) 15(4):359-67.
doi: 10.1080/1744666x.2019.1574570

155. Hwang §J, Carlos G, Wakade D, Byth K, Kong BY, Chou S, et al. Cutaneous
adverse events (Aes) of anti-programmed cell death (Pd)-1 therapy in patients with
metastatic melanoma: A single-institution cohort. ] Am Acad Dermatol (2016) 74
(3):455-61.el. doi: 10.1016/j.jaad.2015.10.029

156. Rovers JFJ, Bovenschen HJ. Dermatological side effects rarely interfere with the

continuation of checkpoint inhibitor immunotherapy for cancer. Int | Dermatol (2020)
59(12):1485-90. doi: 10.1111/ijd.15163

157. Strand V, Alemao E, Lehman T, Johnsen A, Banerjee S, Ahmad HA, et al.
Improved patient-reported outcomes in patients with psoriatic arthritis treated with

frontiersin.org


https://doi.org/10.1038/jid.2015.110
https://doi.org/10.1084/jem.20170536
https://doi.org/10.1038/emm.2003.65
https://doi.org/10.1111/j.1365-2249.2012.04576.x
https://doi.org/10.1684/ejd.2008.0495
https://doi.org/10.1016/s0091-6749(94)70078-8
https://doi.org/10.1002/lsm.22425
https://doi.org/10.1016/j.ejphar.2004.09.035
https://doi.org/10.1159/000246627
https://doi.org/10.1016/0923-1811(94)90010-8
https://doi.org/10.1111/j.1398-9995.1997.tb01236.x
https://doi.org/10.1111/j.1346-8138.1997.tb02749.x
https://doi.org/10.1016/s1081-1206(10)62785-8
https://doi.org/10.1111/j.1365-2230.2006.02214.x
https://doi.org/10.1001/archderm.142.5.555
https://doi.org/10.1016/j.jaad.2006.08.025
https://doi.org/10.1016/j.jaad.2006.08.031
https://doi.org/10.1111/j.1468-3083.2009.03202.x
https://doi.org/10.1016/j.cellimm.2020.104235
https://doi.org/10.1371/journal.ppat.1000481
https://doi.org/10.1111/j.1600-065X.2011.01011.x
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1038/nri727
https://doi.org/10.1016/j.coi.2005.04.004
https://doi.org/10.4049/jimmunol.170.1.33
https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1074/jbc.271.43.26762
https://doi.org/10.1074/jbc.271.43.26762
https://doi.org/10.1080/1744666x.2018.1485489
https://doi.org/10.1073/pnas.84.23.8573
https://doi.org/10.1073/pnas.84.23.8573
https://doi.org/10.1101/cshperspect.a002436
https://doi.org/10.1016/s1074-7613(02)00362-x
https://doi.org/10.1146/annurev.immunol.19.1.225
https://doi.org/10.1111/exd.14270
https://doi.org/10.1038/jid.2008.106
https://doi.org/10.1159/000053599
https://doi.org/10.1046/j.0022-202x.2001.01484.x
https://doi.org/10.1046/j.0022-202x.2001.01484.x
https://doi.org/10.1073/pnas.0604575103
https://doi.org/10.4049/jimmunol.175.12.8320
https://doi.org/10.4049/jimmunol.175.12.8320
https://doi.org/10.1046/j.1523-1747.2003.12356.x
https://doi.org/10.1016/s1074-7613(00)80366-0
https://doi.org/10.1111/j.1365-2133.2005.07080.x
https://doi.org/10.1084/jem.180.6.2049
https://doi.org/10.1080/1744666x.2019.1579642
https://doi.org/10.1080/1744666x.2019.1579642
https://doi.org/10.1080/1744666x.2019.1574570
https://doi.org/10.1016/j.jaad.2015.10.029
https://doi.org/10.1111/ijd.15163
https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

abatacept: Results from a phase 3 trial. Arthritis Res Ther (2018) 20(1):269.
doi: 10.1186/s13075-018-1769-7

158. Tjirnlund A, Tang Q, Wick C, Dastmalchi M, Mann H, Tomasova Studynkova
J, et al. Abatacept in the treatment of adult dermatomyositis and polymyositis: A
randomised, phase iib treatment delayed-start trial. Ann Rheum Dis (2018) 77(1):55-
62. doi: 10.1136/annrheumdis-2017-211751

159. Li SC, Torok KS, Ishaq SS, Buckley M, Edelheit B, Ede KC, et al. Preliminary
evidence on abatacept safety and efficacy in refractory juvenile localized scleroderma.
Rheumatol (Oxford) (2021) 60(8):3817-25. doi: 10.1093/rheumatology/keaa873

160. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of pd-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death.
EMBO J (1992) 11(11):3887-95. doi: 10.1002/j.1460-2075.1992.tb05481.x

161. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. Pd-1 and its ligands in tolerance
and immunity. Annu Rev Immunol (2008) 26:677-704. doi: 10.1146/
annurev.immunol.26.021607.090331

162. Sun C, Mezzadra R, Schumacher TN. Regulation and function of the pd-L1
checkpoint. Immunity (2018) 48(3):434-52. doi: 10.1016/j.immuni.2018.03.014

163. Lucibello G, Mograbi B, Milano G, Hofman P, Brest P. Pd-L1 regulation
revisited: Impact on immunotherapeutic strategies. Trends Mol Med (2021) 27(9):868-
81. doi: 10.1016/j.molmed.2021.06.005

164. Gianchecchi E, Fierabracci A. Inhibitory receptors and pathways of
Iymphocytes: The role of pd-1 in treg development and their involvement in
autoimmunity onset and cancer progression. Front Immunol (2018) 9:2374.
doi: 10.3389/fimmu.2018.02374

165. Raimondi G, Shufesky WJ, Tokita D, Morelli AE, Thomson AW. Regulated
compartmentalization of programmed cell death-1 discriminates Cd4+Cd25+ resting
regulatory T cells from activated T cells. J Immunol (2006) 176(5):2808-16.
doi: 10.4049/jimmunol.176.5.2808

166. Chan L, Hwang SJE, Byth K, Kyaw M, Carlino MS, Chou §, et al. Survival and
prognosis of individuals receiving programmed cell death 1 inhibitor with and without
immunologic cutaneous adverse events. ] Am Acad Dermatol (2020) 82(2):311-6.
doi: 10.1016/j.jaad.2019.06.035

167. Collins LK, Chapman MS, Carter JB, Samie FH. Cutaneous adverse effects of
the immune checkpoint inhibitors. Curr Probl Cancer (2017) 41(2):125-8. doi: 10.1016/
j.currproblcancer.2016.12.001

168. Wang LL, Patel G, Chiesa-Fuxench ZC, McGettigan S, Schuchter L, Mitchell
TC, et al. Timing of onset of adverse cutaneous reactions associated with programmed
cell death protein 1 inhibitor therapy. JAMA Dermatol (2018) 154(9):1057-61.
doi: 10.1001/jamadermatol.2018.1912

169. Shah N, Jacob J, Househ Z, Shiner E, Baird L, Soudy H. Unchecked immunity:
A unique case of sequential immune-related adverse events with pembrolizumab. J
Immunother Cancer (2019) 7(1):247. doi: 10.1186/s40425-019-0727-5

170. Gambichler T, Susok L. Pd-1 blockade for disseminated kaposi sarcoma in a
patient with atopic dermatitis and chronic Cd8 lymphopenia. Immunotherapy (2020)
12(7):451-7. doi: 10.2217/imt-2019-0183

171. Wikenheiser DJ, Ghosh D, Kennedy B, Stumhofer JS. The costimulatory
molecule icos regulates host Thl and follicular Th cell differentiation in response to
plasmodium chabaudi chabaudi as infection. J Immunol (2016) 196(2):778-91.
doi: 10.4049/jimmunol.1403206

172. Wikenheiser DJ, Stumhofer JS. Icos Co-stimulation: Friend or foe? Front
Immunol (2016) 7:304. doi: 10.3389/fimmu.2016.00304

173. Ou LS, Goleva E, Hall C, Leung DY. T Regulatory cells in atopic dermatitis and
subversion of their activity by superantigens. J Allergy Clin Immunol (2004) 113
(4):756-63. doi: 10.1016/j.jaci.2004.01.772

174. Hijnen D, Haeck I, van Kraats AA, Nijhuis E, de Bruin-Weller MS, Bruijnzeel-
Koomen CA, et al. Cyclosporin a reduces Cd4(+)Cd25(+) regulatory T-cell numbers in
patients with atopic dermatitis. J Allergy Clin Immunol (2009) 124(4):856-8.
doi: 10.1016/j.jaci.2009.07.056

175. Ito Y, Adachi Y, Makino T, Higashiyama H, Fuchizawa T, Shimizu T, et al.
Expansion of Foxp3-positive Cd4+Cd25+ T cells associated with disease activity in
atopic dermatitis. Ann Allergy Asthma Immunol (2009) 103(2):160-5. doi: 10.1016/
$1081-1206(10)60170-6

176. Reefer AJ, Satinover SM, Solga MD, Lannigan JA, Nguyen JT, Wilson BB, et al.
Analysis of Cd25hicd4+ “Regulatory” T-cell subtypes in atopic dermatitis reveals a
novel T(H)2-like population. J Allergy Clin Immunol (2008) 121(2):415-22.e3.
doi: 10.1016/j.jaci.2007.11.003

177. Watanabe N, Gavrieli M, Sedy JR, Yang J, Fallarino F, Loftin SK, et al. Btla is a

lymphocyte inhibitory receptor with similarities to ctla-4 and pd-1. Nat Immunol
(2003) 4(7):670-9. doi: 10.1038/ni944

178. Compaan DM, Gonzalez LC, Tom I, Loyet KM, Eaton D, Hymowitz SG.
Attenuating lymphocyte activity: The crystal structure of the btla-hvem complex. J Biol
Chem (2005) 280(47):39553-61. doi: 10.1074/jbc.M507629200

179. Montgomery RI, Warner MS, Lum BJ, Spear PG. Herpes simplex virus-1 entry
into cells mediated by a novel member of the Tnf/Ngf receptor family. Cell (1996) 87
(3):427-36. doi: 10.1016/50092-8674(00)81363-x

180. Ziegler SF, Artis D. Sensing the outside world: Tslp regulates barrier immunity.
Nat Immunol (2010) 11(4):289-93. doi: 10.1038/ni.1852

Frontiers in Immunology

10.3389/fimmu.2023.1081999

181. Wu N, Veillette A. Slam family receptors in normal immunity and immune
pathologies. Curr Opin Immunol (2016) 38:45-51. doi: 10.1016/j.c0i.2015.11.003

182. Tangye SG, Nichols KE, Hare NJ, van de Weerdt BC. Functional requirements
for interactions between Cd84 and src homology 2 domain-containing proteins and
their contribution to human T cell activation. J Immunol (2003) 171(5):2485-95.
doi: 10.4049/jimmunol.171.5.2485

183. Bouchon A, Cella M, Grierson HL, Cohen JI, Colonna M. Activation of nk cell-
mediated cytotoxicity by a sap-independent receptor of the Cd2 family. J Immunol
(2001) 167(10):5517-21. doi: 10.4049/jimmunol.167.10.5517

184. Castro AG, Hauser TM, Cocks BG, Abrams ], Zurawski S, Churakova T, et al.
Molecular and functional characterization of mouse signaling lymphocytic activation
molecule (Slam): Differential expression and responsiveness in Thl and Th2 cells. J
Immunol (1999) 163(11):5860-70.

185. Tangye SG, Cherwinski H, Lanier LL, Phillips JH. 2b4-mediated activation of
human natural killer cells. Mol Immunol (2000) 37(9):493-501. doi: 10.1016/s0161-
5890(00)00076-6

186. Aversa G, Chang CC, Carballido JM, Cocks BG, de Vries JE. Engagement of the
signaling lymphocytic activation molecule (Slam) on activated T cells results in il-2-
Independent, cyclosporin a-sensitive T cell proliferation and ifn-gamma production. J
Immunol (1997) 158(9):4036-44.

187. Rogge L, Bianchi E, Biffi M, Bono E, Chang SY, Alexander H, et al. Transcript
imaging of the development of human T helper cells using oligonucleotide arrays. Nat
Genet (2000) 25(1):96-101. doi: 10.1038/75671

188. Johnson JG, Jenkins MK. Accessory cell-derived signals required for T cell
activation. Immunol Res (1993) 12(1):48-64. doi: 10.1007/bf02918368

189. Miller GT, Hochman PS, Meier W, Tizard R, Bixler SA, Rosa MD, et al. Specific
interaction of lymphocyte function-associated antigen 3 with Cd2 can inhibit T cell
responses. ] Exp Med (1993) 178(1):211-22. doi: 10.1084/jem.178.1.211

190. Cooper JC, Morgan G, Harding S, Subramanyam M, Majeau GR, Moulder K,
et al. Alefacept selectively promotes nk cell-mediated deletion of Cd45r0+ human T
cells. Eur ] Immunol (2003) 33(3):666-75. doi: 10.1002/€ji.200323586

191. Moul DK, Routhouska SB, Robinson MR, Korman NJ. Alefacept for moderate
to severe atopic dermatitis: A pilot study in adults. ] Am Acad Dermatol (2008) 58
(6):984-9. doi: 10.1016/j.jaad.2008.02.007

192. Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, et al. The
surface protein tigit suppresses T cell activation by promoting the generation of mature
immunoregulatory dendritic cells. Nat Immunol (2009) 10(1):48-57. doi: 10.1038/
ni.1674

193. Stanietsky N, Simic H, Arapovic J, Toporik A, Levy O, Novik A, et al. The
interaction of tigit with pvr and Pvrl2 inhibits human nk cell cytotoxicity. Proc Natl
Acad Sci U.S.A. (2009) 106(42):17858-63. doi: 10.1073/pnas.0903474106

194. Harjunpai H, Guillerey C. Tigit as an emerging immune checkpoint. Clin Exp
Immunol (2020) 200(2):108-19. doi: 10.1111/cei.13407

195. Lee DJ. The relationship between tigit(+) regulatory T cells and autoimmune
disease. Int Immunopharmacol (2020) 83:106378. doi: 10.1016/j.intimp.2020.106378

196. Grapin M, Richard C, Limagne E, Boidot R, Morgand V, Bertaut A, et al.
Optimized fractionated radiotherapy with anti-Pd-L1 and anti-tigit: A promising new
combination. ] Immunother Cancer (2019) 7(1):160. doi: 10.1186/s40425-019-0634-9

197. de Souza AJ, Oak JS, Jordanhazy R, DeKruyft RH, Fruman DA, Kane LP. T Cell
ig and mucin domain-1-Mediated T cell activation requires recruitment and activation
of phosphoinositide 3-kinase. J Immunol (2008) 180(10):6518-26. doi: 10.4049/
jimmunol.180.10.6518

198. Meyers JH, Chakravarti S, Schlesinger D, Illes Z, Waldner H, Umetsu SE, et al.
Tim-4 is the ligand for Tim-1, and the Tim-1-Tim-4 interaction regulates T cell
proliferation. Nat Immunol (2005) 6(5):455-64. doi: 10.1038/ni1185

199. Kane LP. T Cell ig and mucin domain proteins and immunity. J Immunol
(2010) 184(6):2743-9. doi: 10.4049/jimmunol.0902937

200. Liu W, Garrett SC, Fedorov EV, Ramagopal UA, Garforth SJ, Bonanno JB, et al.
Structural basis of Cd160:Hvem recognition. Structure (London England: 1993) (2019)
27(8):1286-95.e4. doi: 10.1016/j.5tr.2019.05.010

201. Cai G, Anumanthan A, Brown JA, Greenfield EA, Zhu B, Freeman GJ. Cd160
inhibits activation of human Cd4+ T cells through interaction with herpesvirus entry
mediator. Nat Immunol (2008) 9(2):176-85. doi: 10.1038/ni1554

202. Rodriguez-Barbosa JI, Schneider P, Weigert A, Lee KM, Kim TJ, Perez-Simon
JA, et al. Hvem, a cosignaling molecular switch, and its interactions with btla, Cd160
and light. Cell Mol Immunol (2019) 16(7):679-82. doi: 10.1038/s41423-019-0241-1

203. Liu W, Chou TF, Garrett-Thomson SC, Seo GY, Fedorov E, Ramagopal UA,
et al. Hvem structures and mutants reveal distinct functions of binding to light and
Btla/Cd160. ] Exp Med (2021) 218(12):¢20211112. doi: 10.1084/jem.20211112

204. Magis C, van der Sloot AM, Serrano L, Notredame C. An improved
understanding of Tnfl/Tnfr interactions using structure-based classifications. Trends
Biochem Sci (2012) 37(9):353-63. doi: 10.1016/j.tibs.2012.06.002

205. Huang ], Yu S, Ji C, Li J. Structural basis of cell apoptosis and necrosis in tnfr
signaling. Apoptosis (2015) 20(2):210-5. doi: 10.1007/s10495-014-1061-5

206. Croft M, So T, Duan W, Soroosh P. The significance of Ox40 and Ox40l to T-
cell biology and immune disease. Immunol Rev (2009) 229(1):173-91. doi: 10.1111/
j.1600-065X.2009.00766.x

frontiersin.org


https://doi.org/10.1186/s13075-018-1769-7
https://doi.org/10.1136/annrheumdis-2017-211751
https://doi.org/10.1093/rheumatology/keaa873
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1016/j.molmed.2021.06.005
https://doi.org/10.3389/fimmu.2018.02374
https://doi.org/10.4049/jimmunol.176.5.2808
https://doi.org/10.1016/j.jaad.2019.06.035
https://doi.org/10.1016/j.currproblcancer.2016.12.001
https://doi.org/10.1016/j.currproblcancer.2016.12.001
https://doi.org/10.1001/jamadermatol.2018.1912
https://doi.org/10.1186/s40425-019-0727-5
https://doi.org/10.2217/imt-2019-0183
https://doi.org/10.4049/jimmunol.1403206
https://doi.org/10.3389/fimmu.2016.00304
https://doi.org/10.1016/j.jaci.2004.01.772
https://doi.org/10.1016/j.jaci.2009.07.056
https://doi.org/10.1016/s1081-1206(10)60170-6
https://doi.org/10.1016/s1081-1206(10)60170-6
https://doi.org/10.1016/j.jaci.2007.11.003
https://doi.org/10.1038/ni944
https://doi.org/10.1074/jbc.M507629200
https://doi.org/10.1016/s0092-8674(00)81363-x
https://doi.org/10.1038/ni.1852
https://doi.org/10.1016/j.coi.2015.11.003
https://doi.org/10.4049/jimmunol.171.5.2485
https://doi.org/10.4049/jimmunol.167.10.5517
https://doi.org/10.1016/s0161-5890(00)00076-6
https://doi.org/10.1016/s0161-5890(00)00076-6
https://doi.org/10.1038/75671
https://doi.org/10.1007/bf02918368
https://doi.org/10.1084/jem.178.1.211
https://doi.org/10.1002/eji.200323586
https://doi.org/10.1016/j.jaad.2008.02.007
https://doi.org/10.1038/ni.1674
https://doi.org/10.1038/ni.1674
https://doi.org/10.1073/pnas.0903474106
https://doi.org/10.1111/cei.13407
https://doi.org/10.1016/j.intimp.2020.106378
https://doi.org/10.1186/s40425-019-0634-9
https://doi.org/10.4049/jimmunol.180.10.6518
https://doi.org/10.4049/jimmunol.180.10.6518
https://doi.org/10.1038/ni1185
https://doi.org/10.4049/jimmunol.0902937
https://doi.org/10.1016/j.str.2019.05.010
https://doi.org/10.1038/ni1554
https://doi.org/10.1038/s41423-019-0241-1
https://doi.org/10.1084/jem.20211112
https://doi.org/10.1016/j.tibs.2012.06.002
https://doi.org/10.1007/s10495-014-1061-5
https://doi.org/10.1111/j.1600-065X.2009.00766.x
https://doi.org/10.1111/j.1600-065X.2009.00766.x
https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

207. Curti BD, Kovacsovics-Bankowski M, Morris N, Walker E, Chisholm L, Floyd
K, et al. Ox40 is a potent immune-stimulating target in late-stage cancer patients.
Cancer Res (2013) 73(24):7189-98. doi: 10.1158/0008-5472.Can-12-4174

208. Liu YJ. Thymic stromal lymphopoietin and Ox40 ligand pathway in the
initiation of dendritic cell-mediated allergic inflammation. J Allergy Clin Immunol
(2007) 120(2):238-44. doi: 10.1016/j.jaci.2007.06.004

209. Seshasayee D, Lee WP, Zhou M, Shu J, Suto E, ZhangJ, et al. In vivo blockade of
0Ox40 ligand inhibits thymic stromal lymphopoietin driven atopic inflammation. J Clin
Invest (2007) 117(12):3868-78. doi: 10.1172/jci33559

210. Tkachev V, Furlan SN, Watkins B, Hunt DJ, Zheng HB, Panoskaltsis-Mortari
A, et al. Combined Ox40]1 and mtor blockade controls effector T cell activation while
preserving T(Reg) reconstitution after transplant. Sci Transl Med (2017) 9(408):
eaan3085. doi: 10.1126/scitranslmed.aan3085

211. Song DG, Ye Q, Poussin M, Harms GM, Figini M, Powell DJ Jr. Cd27
costimulation augments the survival and antitumor activity of redirected human T
cells in vivo. Blood (2012) 119(3):696-706. doi: 10.1182/blood-2011-03-344275

212. Borst J, Sluyser C, De Vries E, Klein H, Melief CJ, Van Lier RA. Alternative
molecular form of human T cell-specific antigen Cd27 expressed upon T cell activation.
Eur ] Immunol (1989) 19(2):357-64. doi: 10.1002/€ji.1830190221

213. So T, Ishii N. The tnf-tnfr family of Co-signal molecules. Adv Exp Med Biol
(2019) 1189:53-84. doi: 10.1007/978-981-32-9717-3_3

214. Horie R, Watanabe T. Cd30: Expression and function in health and disease.
Semin Immunol (1998) 10(6):457-70. doi: 10.1006/smim.1998.0156

215. Kennedy MK, Willis CR, Armitage RJ. Deciphering Cd30 ligand biology and its
role in humoral immunity. Immunology (2006) 118(2):143-52. doi: 10.1111/j.1365-
2567.2006.02354.x

216. Oymar K, Laerdal A, Bjerknes R. Soluble Cd30 and Cd23 in cord blood are not
related to atopy in early childhood. Pediatr Allergy Immunol (2000) 11(4):220-4.
doi: 10.1034/j.1399-3038.2000.00094.x

217. Wang ], Fu YX. The role of light in T cell-mediated immunity. Immunol Res
(2004) 30(2):201-14. doi: 10.1385/ir:30:2:201

218. Harrop JA, McDonnell PC, Brigham-Burke M, Lyn SD, Minton J, Tan KB,
et al. Herpesvirus entry mediator ligand (Hvem-l), a novel ligand for Hvem/Tr2,
stimulates proliferation of T cells and inhibits Ht29 cell growth. J Biol Chem (1998) 273
(42):27548-56. doi: 10.1074/jbc.273.42.27548

219. Granger SW, Rickert S. Light-hvem signaling and the regulation of T cell-
mediated immunity. Cytokine Growth Factor Rev (2003) 14(3-4):289-96. doi: 10.1016/
$1359-6101(03)00031-5

220. Tamada K, Shimozaki K, Chapoval AL Zhai Y, Su J, Chen SF, et al. Light, a tnf-
like molecule, costimulates T cell proliferation and is required for dendritic cell-
mediated allogeneic T cell response. J Immunol (2000) 164(8):4105-10. doi: 10.4049/
jimmunol.164.8.4105

221. del Rio ML, Lucas CL, Buhler L, Rayat G, Rodriguez-Barbosa JI. Hvem/Light/
Btla/Cd160 cosignaling pathways as targets for immune regulation. J Leukoc Biol (2010)
87(2):223-35. doi: 10.1189/j1b.0809590

222. del Rio ML, Schneider P, Fernandez-Renedo C, Perez-Simon JA, Rodriguez-
Barbosa J1. Light/Hvem/LtPr interaction as a target for the modulation of the allogeneic
immune response in transplantation. Am J Transplant (2013) 13(3):541-51.
doi: 10.1111/ajt.12089

223. Wang J, Lo JC, Foster A, Yu P, Chen HM, Wang Y, et al. The regulation of T
cell homeostasis and autoimmunity by T cell-derived light. J Clin Invest (2001) 108
(12):1771-80. doi: 10.1172/jci13827

224. Soroosh P, Doherty TA, So T, Mehta AK, Khorram N, Norris PS, et al.
Herpesvirus entry mediator (Tnfrsf14) regulates the persistence of T helper memory
cell populations. J Exp Med (2011) 208(4):797-809. doi: 10.1084/jem.20101562

225. Chand Dakal T, Dhabhai B, Agarwal D, Gupta R, Nagda G, Meena AR, et al.
Mechanistic basis of Co-stimulatory Cd40-Cd40l ligation mediated regulation of
immune responses in cancer and autoimmune disorders. Immunobiology (2020) 225
(2):151899. doi: 10.1016/j.imbi0.2019.151899

Frontiers in Immunology

21

10.3389/fimmu.2023.1081999

226. MacDonald AS, Straw AD, Dalton NM, Pearce EJ. Cutting edge: Th2 response
induction by dendritic cells: A role for Cd40. J Immunol (2002) 168(2):537-40.
doi: 10.4049/jimmunol.168.2.537

227. Poudrier J, van Essen D, Morales-Alcelay S, Leanderson T, Bergthorsdottir S,
Gray D. Cd40 ligand signals optimize T helper cell cytokine production: Role in Th2
development and induction of germinal centers. Eur J Immunol (1998) 28(10):3371-83.
doi: 10.1002/(sici)1521-4141(199810)28:10<3371::Aid-immu3371>3.0.Co;2-c

228. Brunner PM, Suarez-Farifias M, He H, Malik K, Wen HC, Gonzalez J, et al. The
atopic dermatitis blood signature is characterized by increases in inflammatory and
cardiovascular risk proteins. Sci Rep (2017) 7(1):8707. doi: 10.1038/s41598-017-09207-
z

229. Takada Y, Ye X, Simon S. The integrins. Genome Biol (2007) 8(5):215.
doi: 10.1186/gb-2007-8-5-215

230. Walling BL, Kim M. Lfa-1 in T cell migration and differentiation. Front
Immunol (2018) 9:952. doi: 10.3389/fimmu.2018.00952

231. Harjunpdd H, Llort Asens M, Guenther C, Fagerholm SC. Cell adhesion
molecules and their roles and regulation in the immune and tumor
microenvironment. Front Immunol (2019) 10:1078. doi: 10.3389/fimmu.2019.01078

232. Gérard A, Cope AP, Kemper C, Alon R, Kéchl R. Lfa-1 in T cell priming,
differentiation, and effector functions. Trends Immunol (2021) 42(8):706-22.
doi: 10.1016/j.it.2021.06.004

233. Chacko M, Weinberg JM. Efalizumab. Dermatol Ther (2007) 20(4):265-9.
doi: 10.1111/j.1529-8019.2007.00139.x

234. Perdigoto AL, Kluger H, Herold KC. Adverse events induced by immune
checkpoint inhibitors. Curr Opin Immunol (2021) 69:29-38. doi: 10.1016/
j.c0i.2021.02.002

235. Zimmer L, Vaubel J, Livingstone E, Schadendorf D. Side effects of systemic
oncological therapies in dermatology. J Dtsch Dermatol Ges (2012) 10(7):475-86.
doi: 10.1111/j.1610-0387.2012.07942.x

236. Minkis K, Garden BC, Wu S, Pulitzer MP, Lacouture ME. The risk of rash
associated with ipilimumab in patients with cancer: A systematic review of the
literature and meta-analysis. ] Am Acad Dermatol (2013) 69(3):e121-8. doi: 10.1016/
jjaad.2012.12.963

237. Tarhini A. Immune-mediated adverse events associated with ipilimumab ctla-4
blockade therapy: The underlying mechanisms and clinical management. Scientifica
(Cairo) (2013) 2013:857519. doi: 10.1155/2013/857519

238. Hsu SH, Tsai TF. Evolution of the Inclusion/Exclusion criteria and primary
endpoints in pivotal trials of biologics and small oral molecules for the treatment of
psoriasis. Expert Rev Clin Pharmacol (2020) 13(3):211-32. doi: 10.1080/
17512433.2020.1743175

239. Dermani FK, Samadi P, Rahmani G, Kohlan AK, Najafi R. Pd-1/Pd-L1
immune checkpoint: Potential target for cancer therapy. J Cell Physiol (2019) 234
(2):1313-25. doi: 10.1002/jcp.27172

240. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events
associated with immune checkpoint blockade. N Engl ] Med (2018) 378(2):158-68.
doi: 10.1056/NEJMral703481

241. Zang J, He R, Liu Y, Su R, Zhao Y, Zheng X, et al. A Size/Charge/Targeting
changeable nano-booster to realize synergistic photodynamic-immunotherapy with
high safety. Chem Eng ] (2022) 434:134585. doi: 10.1016/j.cej.2022.134585

242. MaX, Guo S,Ruan S, Liu Y, Zang ], Yang Y, et al. Hace2-Exosome-Based nano-
bait for concurrent sars-Cov-2 trapping and antioxidant therapy. ACS Appl Mater
Interfaces (2022) 14(4):4882-91. doi: 10.1021/acsami.1c19541

243. Banta KL, Xu X, Chitre AS, Au-Yeung A, Takahashi C, O’Gorman WE, et al.
Mechanistic convergence of the tigit and pd-1 inhibitory pathways necessitates Co-
blockade to optimize anti-tumor Cd8(+) T cell responses. Immunity (2022) 55(3):512—
26.€9. doi: 10.1016/j.immuni.2022.02.005

244. Raschi E, Diemberger I, Cosmi B, De Ponti F. Esc position paper on
cardiovascular toxicity of cancer treatments: Challenges and expectations. Intern
Emerg Med (2018) 13(1):1-9. doi: 10.1007/s11739-017-1755-0

frontiersin.org


https://doi.org/10.1158/0008-5472.Can-12-4174
https://doi.org/10.1016/j.jaci.2007.06.004
https://doi.org/10.1172/jci33559
https://doi.org/10.1126/scitranslmed.aan3085
https://doi.org/10.1182/blood-2011-03-344275
https://doi.org/10.1002/eji.1830190221
https://doi.org/10.1007/978-981-32-9717-3_3
https://doi.org/10.1006/smim.1998.0156
https://doi.org/10.1111/j.1365-2567.2006.02354.x
https://doi.org/10.1111/j.1365-2567.2006.02354.x
https://doi.org/10.1034/j.1399-3038.2000.00094.x
https://doi.org/10.1385/ir:30:2:201
https://doi.org/10.1074/jbc.273.42.27548
https://doi.org/10.1016/s1359-6101(03)00031-5
https://doi.org/10.1016/s1359-6101(03)00031-5
https://doi.org/10.4049/jimmunol.164.8.4105
https://doi.org/10.4049/jimmunol.164.8.4105
https://doi.org/10.1189/jlb.0809590
https://doi.org/10.1111/ajt.12089
https://doi.org/10.1172/jci13827
https://doi.org/10.1084/jem.20101562
https://doi.org/10.1016/j.imbio.2019.151899
https://doi.org/10.4049/jimmunol.168.2.537
https://doi.org/10.1002/(sici)1521-4141(199810)28:10%3C3371::Aid-immu3371%3E3.0.Co;2-c
https://doi.org/10.1038/s41598-017-09207-z
https://doi.org/10.1038/s41598-017-09207-z
https://doi.org/10.1186/gb-2007-8-5-215
https://doi.org/10.3389/fimmu.2018.00952
https://doi.org/10.3389/fimmu.2019.01078
https://doi.org/10.1016/j.it.2021.06.004
https://doi.org/10.1111/j.1529-8019.2007.00139.x
https://doi.org/10.1016/j.coi.2021.02.002
https://doi.org/10.1016/j.coi.2021.02.002
https://doi.org/10.1111/j.1610-0387.2012.07942.x
https://doi.org/10.1016/j.jaad.2012.12.963
https://doi.org/10.1016/j.jaad.2012.12.963
https://doi.org/10.1155/2013/857519
https://doi.org/10.1080/17512433.2020.1743175
https://doi.org/10.1080/17512433.2020.1743175
https://doi.org/10.1002/jcp.27172
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1016/j.cej.2022.134585
https://doi.org/10.1021/acsami.1c19541
https://doi.org/10.1016/j.immuni.2022.02.005
https://doi.org/10.1007/s11739-017-1755-0
https://doi.org/10.3389/fimmu.2023.1081999
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	T cell co-stimulatory and co-inhibitory pathways in atopic dermatitis
	1 Introduction
	2 The Ig-SF
	2.1 B7–CD28 subfamily: CD28, CTLA-4, and CD80/CD86
	2.1.1 Cell culture/animal model studies
	2.1.2 Human studies

	2.2 B7–CD28 subfamily: PD-1, PD-L1, and PD-L2
	2.2.1 Cell culture/animal model studies
	2.2.2 Human studies

	2.3 CD28 subfamily: ICOS and ICOSL
	2.3.1 Cell culture/animal model studies
	2.3.2 Human studies

	2.4 CD28 subfamily: BTLA and HVEM
	2.4.1 Cell culture/animal model studies

	2.5 CD2/SLAM subfamily: CD2, CD58, 2B4, CD48, and SLAM
	2.5.1 Cell culture/animal model studies
	2.5.2 Human studies

	2.6 CD226 subfamily: TIGIT and CD155
	2.6.1 Human studies

	2.7 TIM subfamily: TIM1 and TIM4
	2.7.1 Cell culture/animal model studies
	2.7.2 Human studies

	2.8 Orphan subfamily: CD160 and HVEM
	2.8.1 Human studies


	3 TNF and TNFR superfamilies
	3.1 Type V subfamily: OX40 and OX40L
	3.1.1 Cell culture/animal model studies
	3.1.2 Human studies

	3.2 Type V subfamily: CD27 and CD70
	3.2.1 Cell culture/animal model studies
	3.2.2 Human studies

	3.3 Type V subfamily: CD30 and CD30L
	3.3.1 Human studies

	3.4 Type L subfamily: LIGHT and HVEM
	3.4.1 Cell culture/animal model studies
	3.4.2 Human studies

	3.5 Type L subfamily: CD40 and CD40L
	3.5.1 Human studies


	4 Integrin superfamilies
	4.1 Leucocyte integrin subfamily: LFA-1 and ICAM-1
	4.1.1 Cell culture/animal model studies
	4.1.2 Human studies


	5 Safety of targeting co-signaling molecules in AD therapy
	6 Future and clinical perspectives
	7 Conclusions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


