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Editorial on the Research Topic

Rare immune-mediated diseases- novel insights into underlying
mechanisms and therapeutic approaches

Our understanding of the underlying mechanisms of the immune system has vastly
improved over the years. Description of new inborn errors of immunity (IEI) (1), as well as
the introduction of novel biological treatments, which target specific pathways in the
immune system, have revolutionized the field of clinical immunology.

As a result, treatment of patients with immune-mediated disorders has been
increasingly altered from gross immune suppression by corticosteroids and cytotoxic
agents to patient-tailored and pathway-specific treatments. For example, patients with
lipopolysaccharide (LPS)-responsive and beige-like anchor protein (LRBA) deficiency, who
present with immune dysregulation and decrease in CTLA4, are routinely being treated
with abatacept, even as a bridge before hematopoietic stem cell transplantation (2). In
addition, atopic dermatitis in the context of IEL such as Wisckot Aldrich syndrome (WAS),
and as a manifestation of increased T helper (Th)2-mediated immunity is now considered
more manageable with dupilumab, a monoclonal antibody against interleukin (IL)-4/IL-13
receptor o subunit (3, 4). Finally, even the treatment of asthma has been revised.
Understanding the different asthma endotypes, whether it is allergic or eosinophilic, will
help physicians to offer a personalized treatment by using dupilumab or omalizumab for
allergic asthma or anti-IL-5 agents, such as mepolizumab and benralizumab, for the
eosinophilic endotype with good clinical outcome (5). This approach allows asthmatic
patients to have decreased number of exacerbations without the need of long-period
systemic corticosteroids.

Indeed, the treating immunologist must have an in-depth understanding of the
underlying immune mechanism of the patient’s disease, to accurately adjust the
treatment and to avoid adverse reactions from unnecessary deep immune suppression.

This Research Topic of Frontiers in Immunology focuses on novel insights into the
mechanisms and innovative treatments of rare immune-mediated diseases. Different
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immune mechanisms are presented in various studies in this
Research Topic. Li et al. analyze type 1 interferon signature in
peripheral blood mononuclear cells of patients with idiopathic
inflammatory myopathies (IIM). Exploring Th2 immune
response, Does et al. depicts in detail the pathophysiology of itch
and hypersensitivity reactions of mosquito bites including
involvement of mast cells. In addition, Dolitzky et al. describes
another important Th2 key player by revealing the regulation of
eosinophil activation by apoptotic cells. Lastly, Bader et al. displays
a comprehensive analysis of the adaptive immunity against
the BNT162b2 mRNA vaccine in adolescents with various
immune deficiencies.

There are several studies in this Research Topic that explore the
emergence of novel treatments from comprehensive understating of
the immune system. Defining eosinophils as key players in drug
reaction with eosinophilia and systemic symptoms syndrome
(DRESS), Rubin et al. report the use of anti-IL-5 agents as
potential treatment with remarkable clinical outcome. Zhao et al.
suggest that mesenchymal stem cell-derived extracellular vesicles
can be used in multiple sclerosis (MS). Zhen et al. presents an
extensive meta-analysis analyzing the use of rituximab in IIM. In
addition, Yin et al. reports on the use of transicptome to identify
drug repositioning for MS. The authors identify different PI3K-Akt
and chemokine signaling pathways as potential novel targets for
MS. Another interesting study by Adini et al. presents PRIP, a
Vascular Endothelial Growth Factor (VEGF)-stabilizing peptide, as
a possible therapeutic target in the inflammatory response of
ulcerative colitis.

Finally, Pan et al. reviews the targeting of immune checkpoint
inhibitors in anti-neutrophil cytoplasmic antibodies (ANCA)-
associated vasculitis (AAV). Different co-inhibitory molecules,
such as T cell immunoglobulin (Ig) and mucin domain-
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containing protein 3 (TIM-3), are suggested by the authors as
potential targets for novel biological treatments for AAV.

In conclusion, the accumulating data regarding pathophysiology
and novel treatments for immune-mediated disorders are the
foundations for the practice of clinical immunologists. Further
exploring immune pathways will help develop novel biologics, thus
keeping the march towards a personalized and pathway-specific

immune treatments.
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Update on mosquito bite
reaction: Itch and
hypersensitivity,
pathophysiology, prevention,
and treatment

Ashley Vander Does, Angelina Labib and Gil Yosipovitch*
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Mosquito bites are endured by most populations worldwide. Reactions to
mosquito bites range from localized wheals and papules with associated
pruritus to rare systemic reactions and anaphylaxis in certain populations.
The mechanism of itch is due to introduction of mosquito saliva
components into the cutaneous tissue, although the exact pathophysiology
is unclear. Histamine is thought to be a key player through mosquito saliva itself
or through activation of mast cells by IgE or through an IgE-independent
pathway. However, other salivary proteins such as tryptase and leukotrienes
may induce non-histaminergic itch. Some individuals have a genetic
predisposition for mosquito bites, and people with hematologic cancers, HIV,
and other conditions are susceptible to robust reactions. Prevention of
mosquito bites is key with physical barriers or chemical repellents. Treatment
consists of second-generation antihistamines and topical corticosteroids.
Further research on topical treatments that target neural-mediated itch
is needed.

KEYWORDS

hypersensitivity, insect bite, repellant, itch, mosquito, mosquito allergy, genetic predisposition

Introduction

Mosquitos are ubiquitous and are responsible for most insect bites worldwide (1).
Their bite causes a local cutaneous reaction leading to acute pruritus and the subsequent
consequences of scratching: scarring, hyperpigmentation, and superinfection. In some
individuals, this local cutaneous reaction is exaggerated and debilitating, worsening the
clinical course and decreasing quality of life, especially if mosquito bites are a
common occurrence.
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Epidemiology

Mosquitos are found in all continents except Antarctica (1).
While the incidence of mosquito bites is unknown due to lack of
reporting, the largest populations of mosquitos reside in humid
tropical regions such as Thailand, Brazil, Indonesia, and the
Philippines. Due to global warming, the incidence of mosquito
bites is expected to increase as more extensive growth occurs.

There are over 3,500 species and subspecies of mosquito in
42 genera, three genera of which cause human bites: Anopheles,
Culex, and Aedes (1, 2). Feeding behavior varies with genus: for
instance, Culex mosquitos are active mostly at night, whereas the
Aedes genus is active during the day. Only female mosquitos bite
humans, as blood provides the nutrients required to produce
eggs (1). Mosquitos find their human or animal host via visual
color cues, such as dark-colored objects (1, 3). As they draw
nearer to the host, they increasingly rely on thermal and
olfactory stimuli. Research has shown that mosquitos are
particularly drawn to moist heat sources, exhaled carbon
dioxide, and certain body odors (4).

The diseases transmitted by mosquitos include malaria
(Anopheles); West Nile virus and western/eastern equine
encephalitis (Culex); and Chikungunya, yellow fever, dengue,
and the Zika virus (Aedes). The burden of mosquito-borne
diseases is significant: 700 million infections leading to one
million deaths every year (5).

Clinical features

Mosquito bite responses occur in phases: the immediate
reaction and delayed reaction, along with large local reactions in
some individuals. Immediately after a mosquito bite, a round
wheal 2-10 mm in diameter forms with surrounding erythema
peaking in 20-30 minutes (6-8). The delayed reaction consists of
pruritic papules of the same size which peak in 24-36 hours.
These gradually disappear over the course of several days.

Mosquito bites in human skin progress through a series of
stages determined by cumulative number of mosquito bites
accrued during a lifetime (6, 9). The first mosquito bite in an
individual results in a small, red spot (stage I). Subsequent bites
lead to first a delayed reaction only (stage II), then an immediate
and delayed reaction (stage III), then an immediate reaction only
(stage IV), and finally neither an immediate nor delayed reaction

Abbreviations: CNS, central nervous system; DEET, N,N-diethyl-3-methyl-
benzamide (formerly N,N-diethyl-meta-toluamide); EBAAP, ethyl
butylacetylaminopropionate; EBV, Epstein-Barr virus; HIV, human
immunodeficiency virus; HLA, human leukocyte antigen; IL, interleukin;
HEN, hypersensitivity to mosquito bites-Epstein-Barr virus-natural killer;
HMB, hypersensitivity to mosquito bites; NK, natural killer; PAR-2,
proteinase-activated receptor-2; TH, thiamine hydrochloride; TRP,

transient receptor potential.
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(stage V). Thus, it’s understood that natural desensitization to
mosquito saliva may occur with long-term exposure (10),
though a subsequent observational study noted marked
individual variability in course of the stage progression with 6
of 10 patients remaining in stage III over a 30-year period (11).

For some individuals, a large local reaction (wheal > 5 mm)
occurs within minutes to hours (12). These individuals may
be diagnosed with a mosquito allergy. In general, mosquito
bite size is correlated to self-reported itch intensity (13).
Secondary skin lesions due to scratching include
excoriations which may obstruct primary skin findings, along
with scarring and hyperpigmentation.

Finally, the diseases transmitted by mosquitos and their
treatments may also induce pruritus. For instance, the Zika,
West Nile, Chikungunya, and dengue viruses cause a generalized
maculopapular rash that is often itchy (14-17). Additionally, the
anti-malarial drug chloroquine is well-known for causing
pruritus (18).

Predisposition to mosquito bites:
Genetics and the skin microbiome

Numerous studies suggest a human susceptibility to
mosquito bites and associated itch (19). Khan et al. reported
that individuals attracted mosquitos with varying rates and
demonstrated differing mosquito bite responses (20). Twin
studies of monozygotic and dizygotic twins suggested a strong
genetic association to bite susceptibility, possibly due to body
odors derived from shared genetics between identical twins that
are subsequently detected by mosquito olfaction (19, 21-23).
Additionally, self-reported size of the mosquito bite, intensity of
the related itch, and perceived attractiveness to mosquitos
seemed to have a hereditary component and were greater in
females compared to males (13). The sex difference is thought to
be due to a specific locus of genes in the human leukocyte
antigen (HLA) region that yields a more intense itch response in
females to a 3-fold effect (13, 24).

Human body odor results in part from volatile organic
compounds emitted by the skin’s commensal bacteria (25).
Many studies have shown a relationship between skin bacteria
composition and mosquito attractiveness, including direct
attractiveness of mosquitos to odors produced by these
bacteria (24, 26-28). For example, low diversity of the skin
microbiome is correlated with higher attraction rates and
Pseudomonas spp. is associated with decreased attraction rates
(24, 28). Future clinical opportunities may involve manipulating
the composition of skin bacteria through application of a topical
probiotic, a technique already emerging for management in
other disease entities (i.e., psoriasis, eczema). Before
microbiome alteration becomes an option, extensive research
must answer remaining questions regarding its feasibility,
including the duration of treatment effect (25).
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Mosquito itch pathophysiology

While the mechanism of mosquito bite reaction isn’t well-
understood, a few hypotheses elucidate the responses occurring
from cutaneous introduction of mosquito saliva components: a
reaction to histamine found directly in mosquito saliva, an IgE-
mediated (type I) hypersensitivity reaction, and an IgE-
independent inflammatory response (Figure 1) (29).

A histaminergic response is a well-supported mechanism
of reaction. Similar to other pruritic pathways like urticaria and
mastocytosis, histamine found in mosquito saliva causes itch
by binding to histamine-specific receptors on nerve endings
(30). Histamine also instigates local vasodilation and edema,
causing wheal formation. The amount of histamine found in
mosquito saliva appears to be sufficient to induce an itch
response. This mechanism is supported by reduction of
wheal size and pruritus when patients are treated with anti-
histaminergic medications.

Additionally, endogenous histamine is released through IgE
activation of mast cells within the dermis in response to other
mosquito saliva components (type 1 hypersensitivity). These
mosquito saliva components include salivary odorant-binding
proteins (Aed a 2, Aed al 2, Ano d 2, Cul g, Cul q 3) and other
various proteins (Aed a 1, Aed a 3, Aed a 4, Aed al 3) (31). The
D7 proteins, which are a subtype of odorant-binding proteins
and abundant in mosquito saliva, were found to be the major
allergenic proteins across mosquito species (31). They have been
shown to bind to biogenic amine and leukotriene, effectively
neutralizing their activity to inhibit host immune defenses and

Mosquito Bite /

Lysosomes

Serine proteases
Vasodilators
Immunomodulators
Anti-platelet factors
Anti-bacterial enzymes

FIGURE 1
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temporarily prevent scratching, which would interrupt feeding
(32). Activation of mast cells by IgE primed against these
allergens leads to the release of various inflammatory
mediators, such as histamine (discussed earlier), cytokines,
tryptase, and eicosanoids (such as leukotrienes). Kuraishi et al.
studied the effects of various medications on scratching behavior
in mice injected with mosquito salivary gland extract (33). They
found that drugs which inhibit 5-lipoxygenase (like zileuton)
inhibited theincreased activity of the cutaneous nerve branch
induced by the extract and decreased scratching, while drugs
modifying leukotriene B(4) and cysteinyl leukotrienes (LTC4,
LTD4, and LTE4) had no such effect. Therefore, they deduced
that 5-lipoxygenase metabolite(s) other than leukotriene B(4)
and cysteinyl leukotrienes are involved in mosquito-associated
itching. In addition to IgE, mosquito-saliva-specific IgG levels
are also elevated during immediate and delayed reactions.

Another proposed mechanism for mosquito itch includes
the IgE-independent inflammatory response, implicated in
delayed reactions. This occurs through either direct
stimulation of mast cells by saliva components resulting in
degranulation and/or through a Th2 inflammatory cascade.
Indeed, a murine model study by Demeure et al. showed that
mosquito saliva can activate mast cells independent of IgE or
IgG antibodies directed against salivary components (34). Future
research should elicit which mosquito saliva component(s) or
mast cell receptor(s) are responsible (34).

Studies have shown that SAAG-4 and sialokinin, proteins/
peptides found in mosquito saliva, can induce interleukin (IL)-4
expression and decrease IFN-y expression, driving the host

Classic Pruritic Pathway

N

IgE-mediated

Hypersensitivity I

Pathophysiology of Mosquito Bite Itch. Introduction of mosquito saliva components results in a number of local responses, three of which are
proposed to cause itch: (1) the classic pruritic pathway involving histamine found in mosquito saliva binding to histamine receptors on sensory
nerve endings; (2) an IgE-mediated hypersensitivity, in which IgE primed against mosquito saliva components crosslinks with mast cells, causing
degranulation; and (3) modulation of the host immune response through IgE-independent and non-histaminergic pathways. Adapted from

Fostini et al. (29)
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immune response from a Thl to a Th2-mediated response (35-
37). The release of IL-4 and other cytokines of Th2-mediated
responses such as IL-5, IL-13, and IL-31 are known players in
itch responses, associated with other pruritic conditions like
atopic dermatitis and urticaria (38-41).

Amplified mosquito bite reactions

Certain populations exhibit an increased reaction to
mosquito bites beyond typical mast cell degranulation
including children, outdoor workers with a high degree of
exposure, and those with no previous exposure to indigenous

10.3389/fimmu.2022.1024559

mosquitoes (42). These rare, exaggerated responses also occur
in several conditions, especially immune disorders. In general,
a diagnosis of mosquito hypersensitivity is based on patient
history; commerecially available skin prick testing for whole body
mosquito allergen extract is available only in select countries and
does not have a significant role in patient evaluation.

Children

Children are at increased risk of developing mosquito allergy
presenting as urticaria (irregular groups of pruritic papules) and
Skeeter syndrome, a type of large local inflammatory reaction (43).

FIGURE 2

Skeeter Syndrome. The right flank of a middle-aged, male patient exhibiting Skeeter syndrome following a mosquito bite. This local area of
redness and warmth was accompanied by fever. With previous episodes, he was given oral antibiotics from his primary care providers due to
suspected cellulitis. This current episode responded well to topical corticosteroids and antihistamines.
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Skeeter syndrome involves localized redness, warmth, swelling,
and pruritus following mosquito bites that can be accompanied by
fever and occasionally lymphadenopathy (Figure 2) (44). Skeeter
syndrome mimics cellulitis, but the difference is in the duration of
symptoms: Skeeter syndrome occurs within hours of a mosquito
bite and cellulitis has a more protracted time course. Skeeter
syndrome resolves in 3-10 days and is mediated by IgE and IgG
primed against mosquito saliva; it also tends to occur in
immunocompromised individuals and immigrants bitten by
indigenous mosquitoes without previous exposure.

Atopic children are particularly susceptible to amplified
reactions. In a case-control study of 180 children, large
local or unusual reactions to mosquito bites were associated
with atopy (35% of cases versus 12% of controls, P < 0.001)
(45). In the children with bite reactions, 32% had an
accompanying atopic disease such as asthma, allergic rhinitis,
or atopic dermatitis.

Allergens involved in cross-reactivity
with other arthropods

IgE-mediated allergic reactions to mosquito saliva
components range from immediate or delayed large local
reactions (wheals and flares) to very rare life-threatening
anaphylaxis (presyncope, hypotension, and syncope) (46, 47).
Less than thirty anaphylactic reactions to mosquitos have been
reported worldwide, but they dramatically affect quality of life in
those individuals affected (48). Of note, cross-reactivity of
mosquito with other arthropods has been demonstrated; in
particular, individuals with hypersensitivity to wasp venom,
bees, dust mites, cockroaches, and shrimp may be susceptible
to similar exaggerated reactions after Aedes aegypti exposure
(49-51). This is due to salivary and non-salivary homologues
including tropomyosin, odorant binding protein, mitochondrial
cytochrome C, peptidyl-prolyl cis-trans isomerase, and protein
with hypothetical magnesium ion binding function (48, 51). For
patients exhibiting mosquito allergy, allergologic workup can
include IgE against these potential cross-reactive allergens,
although no evidence currently exists to support this testing.

Epstein-barr virus

A triad of hypersensitivity to mosquito bites (HMB), infection
with EBV, and natural killer (NK) cell proliferative disorder
[coined HMB-EBV-NK (HEN) disease when coexisting in a
single patient] presents with an exaggerated, local response to
mosquito bites manifesting as bulla, ulceration, or necrosis. This
response is initiated by CD4 T cells and amplified reaction of NK
cells to mosquito saliva (52). Infection with EBV has also been
implicated in the development of novel EBV-infected NK-cell line
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and T cell lymphoma following mosquito bite (52-54) and in
hemophagocytic lymphoma when coexisting with HMB (55).

Wells disease

Wells Disease is an eosinophilic-driven cellulitis that causes
red, violaceous, blistering lesions that are pruritic. Although the
etiology of Wells Disease is unknown, previous studies have
suggested that mosquito bites may cause or propagate the course
of the disease as patients develop extreme reactions to mosquito
bites. As CD4 T cells play a large role in response to mosquito
saliva antigen exposure, CD4 T cells may contribute to the
proliferation of eosinophils in the case of Wells Disease (52, 56).

Hematologic cancer

Patients diagnosed with hematologic cancers such as chronic
lymphocytic leukemia and mantle cell lymphoma have also
demonstrated an exaggerated response to mosquito bites
(52, 57). The response is typically characterized by pruritic
erythematous papules and plaques. The leading hypothesis to
this immune response similarly credits CD4 T cell proliferation
in response to a mosquito bite and subsequent IL-4 production
(52). There are also some reports of the development of primary
cutaneous diffuse large B cell lymphomas that may be associated
with mosquito bites (58).

Human immunodeficiency virus

Patients with HIV may also be more susceptible to intense
mosquito bite reactions. One skin disorder that HIV patients
may experience is pruritic papular eruption, although the
underlying etiology is unknown. Studies examining the levels
of IgE, CD4 cell counts, and eosinophilia following insect
antigen exposure showed HIV patients exhibiting a positive
skin response and hypersensitivity (59, 60). Therefore, it has
been proposed that pruritic papular eruption in HIV patients
may be in part due to mosquito bites.

Mosquito bite prevention and
recent developments

The first-line control of mosquito bites is preventing
mosquitos from successfully biting their hosts. One effective
method involves reducing the mosquito population, such as by
limiting the amount of standing water accessible for them to
complete their life cycle. In addition, using insecticide, mosquito
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traps, and introducing fish into ponds to consume mosquito
larvae are helpful methods (61).

Other keys to prevention include utilizing physical barriers
to prevent insect access to the skin, such as by staying indoors
(particularly when mosquitos are most active), using mosquito
netting, and wearing protective clothing. Insect repellents can be
chemical or organic agents applied to clothing or to skin (62, 63).
N,N-diethyl-3-methyl-benzamide (DEET) is effective at
reducing the number of insect bites when applied to skin;
though generally safe, exposure to concentrated formulations,
excessive inhalation, or ingestion can cause neurotoxicity and
systemic toxicity, urticaria syndrome, dermatitis, and bullous
eruptions (Table 1) (67-69).

Permethrin is a broadly used, long-lasting pyrethroid
insecticide coated on fabrics and mosquito nets, particularly
in malaria-endemic countries enforcing control programs to
curtail disease transmission. Permethrin also has some toxicity
concerns, including a reduction in male fertility parameters
and reduced testosterone demonstrated in rodent studies (65)
as well as hepatotoxicity (66). The widespread use of
pyrethroid insecticides has gained exponential traction over
the past few years as mosquitos have developed pyrethroid
resistance. In a 2019 study of Anopheles gambiae in eight
farming communities in Nigeria, resistance to permethrin
occurred in up to 46% of mosquitos (70). Resistance
mechanisms identified in Aedes aegypti includes mutations in

TABLE 1 Mosquito bite repellants and their safety profile.

10.3389/fimmu.2022.1024559

the voltage sensitive sodium channel gene (Vssc gene) and
metabolic-mediated insecticide resistance (71). Due to the
developing nature of resistance, more effective vector
control strategies are warranted. One method involves
combining a mixture of two insecticides or an insecticide and
a synergist to create novel long lasting insecticide nets
(LLIN; NCT03554616).

A few mosquito repellants, including several botanicals and
essential oils, are gaining exposure due to decreased toxicity,
increased pleasantness of the repellant smell, and improved
environmental safety. Picaridin is an effective, less toxic
alternative to chemical repellants (72) and thiamine
hydrochloride (TH; vitamin B1) is a newer repellant currently
being investigated. A 2020 pilot study of TH demonstrating an
effective dose 50 of 4.57 mg (73) was followed by an in-vivo, ex-
vivo study in 2021 which showed that TH-loaded hydrogel is
comparable to DEET in terms of action duration (74).

Graphene, consisting of a single layer of carbon atoms, has
recently been studied as a lightweight, wearable technology used
for chemical, mechanical, and radiative protection (75). A new
study examined whether graphene-based materials may also
provide protection against mosquitos (75). In the dry state,
graphene was highly effective at suppressing mosquito biting
behavior by interfering with host chemosensing (trapping skin-
associated molecular attracts beneath) and by mechanical
bite prevention.

Repellant Average Reported adverse reactions and toxicity Special considerations
duration
DEET 5 hours Rare: CNS involvement (lethargy, headache, seizures, disorientation, Not recommended for children under 2 years of age.
ataxia, tremors, acute encephalopathy with psychosis), allergic or Maximum concentration of 33% in children (62)
cutaneous manifestations, cardiovascular effects (orthostatic hypotension, — Contraindicated in individuals with urea cycle disorders (62)
bradycardia).” (62, 64) Pregnancy Category N°. Increased risk of toxicity when used
in conjunction with retinoids or sunscreen
Picaridin 8-10 hours  Rare: skin irritation (62) Not recommended in children under 2 years of age (62)
Pregnancy Category N°. Odorless
Permethrin 6 weeks or 6 Rare: conjunctivitis, numbness/tingling sensation, dermatitis, air Pregnancy Category B
washings conduction passageway irritation, headache, dizziness, fatigue, excessive
salivation, muscle weakness, nausea, vomiting, and neurotoxicity (ataxia,
hyperactivity, hyperthermia, seizures, paralysis). May affect male fertility
or cause hepatoxicity (62, 65, 66).
EBAAP 2-3 hours Eye irritation Odorless
Thiamine Under None reported for topical application (further research needed)

hydrochloride investigation

Oil of lemon 6 hours Rare: skin irritation in atopic individuals (62)
eucalyptus
Citronella 2 hours Rare: eye irritation, skin irritation, and allergic symptoms (62)

Not recommended for children under 3 years of age (62)
Pregnancy Category N®
Pregnancy Category NP

CNS, central nervous system; DEET, N,N-diethyl-3-methyl-benzamide (formerly N,N-diethyl-meta-toluamide); EBAAP, ethyl butylacetylaminopropionate.
“Between 1956 and 2008, there were 43 confirmed case reports of DEET toxicity: 25 with CNS involvement, 17 with allergic or dermatologic manifestations, and one with cardiovascular
effects. Cutaneous manifestations include urticarial reactions and hemorrhagic vesicobullous erosions after topical exposure of 50% and stronger concentrations (50).
“This drug’s pregnancy category has not yet been classified by the FDA.

“No adverse effects demonstrated in animals.
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TABLE 2 Second-line mosquito bite therapies.

Calamine lotion
Menthol-Camphor
Local anesthetic (pramoxine, lidocaine, benzocaine, lidocaine/prilocaine)

Antihistamines

Corticosteroids

Cold compresses

Homeopathic after-bite gel

Other home remedies, such as sodium bicarbonate

*  Antihistamines®
*  Glucocorticoids
*  Leukotriene receptor antagonists

Intralesional corticosteroids

Epinephrine (anaphylaxis)

Immunotherapy
Omalizumab (off-label)
Suction tools

Electronic heat device

*Supported efficacy for mosquito bite reactions through double-blind,
placebo-controlled trials.

Therapies

When mosquito bites are inevitable, prophylaxis with second
generation antihistamines can be given to reduce local skin
reactions (Table 2). One study has suggested that this is
especially true for individuals with hypersensitivity (wheals > 5
mm) (76). Oral daily dosing regimens with levocetirizine 5 mg,
cetirizine 10 mg, and rupatadine 10 mg have been proven
through placebo-controlled trials to decrease both size of
whealing and skin pruritus in adults (77-79). Loratadine (0.3
mg/kg) in children likewise significantly decreased wheal size by
45% (P < 0.001, 25 children) and pruritus by 78% (P = 0.011, 12
children) (80). These medications can relieve both immediate
and delayed allergic symptoms measured 12 and/or 24 hours
afterwards. In a trial comparing cetirizine, ebastine, and
loratadine 10 mg, Karppinen et al. showed cetirizine and
ebastine were effective in decreasing wheal size by 30-40% and
pruritus by 70-80% compared to placebo, with cetirizine
improving itch to the greatest extent; however, cetirizine also
induced the highest frequency of sedation (81). Of note, ebastine
and rupatadine are not approved for use in the United States.

When mosquito bites do occur, treatment is aimed at
alleviating pruritus through topical applications of medications
and medication alternatives as well as oral antihistamines as
described above. Topical therapies’ target of action involves
inhibiting the pruritic pathways or providing local anesthetic.
For example, clinical studies have demonstrated decreased itch
after repeated noxious heat, which is thought to activate
transient receptor potential cation channel subfamily V
member 1 (TRPV1), influencing proteinase-activated receptor-
2 (PAR-2) carrying C-fibers and decreasing pruritus (82-84). A
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medical device utilizing local electrical discharges to generate
skin warmth showed a statistically significant improvement in
pruritus compared to placebo (19 of 27 patients reported at least
a 40% improvement in itch) lasting up to 24 hours (85).
Conversely, cooling is also shown to reduce itch through
TRPMS, an ion channel expressed in peripheral afferent
nerve endings (86). When menthol or cold activates the
TRPMS receptor, inhibition of both histaminergic and
non-histaminergic itch pathways occurs.

Other options with a paucity of supporting evidence for
specific alleviation of mosquito bite symptoms include topical
therapy with glucocorticoids, calamine lotion, pramoxine or
lidocaine, and other homeopathic remedies such as plant
extracts (Echinacea angustifolia mother tincture, Ledum
palustre D1 mother tincture, and Urtica Urens mother
tincture) (87) and sodium bicarbonate. Interestingly, topical
glucocorticoids, which broadly target the inflammatory
pathways of itch and in the authors’ opinion are effective, have
not been subjected to controlled clinical trials for mosquito-
related itch. Oral leukotriene receptor antagonists should also be
explored further in clinical trials (1). Suction tools are designed
to remove mosquito saliva, though no randomized, blinded
clinical trials have evaluated their effectiveness. In the rare
instances of severe local or systemic mosquito bite reactions,
oral glucocorticoids may be indicated, as they are for other
urticarias (1).

Finally, several trials studying immunotherapy with whole-
body mosquito extract have revealed promising results, but
insufficient evidence. A double blind, randomized, placebo-
controlled trial demonstrated significant improvement in 40
patients receiving immunotherapy for one year compared to
baseline and to the placebo group (88). Improvement was
observed for skin reactions, symptom scores for rhinitis and
asthma, and forced expiratory volume in one second, showing
that mosquito immunotherapy is beneficial for both allergic
rhinitis and bronchial asthma. Within the treatment group,
serologic analysis showed a nonsignificant decrease in IgE (P =
0.02), significant elevation in IgG4 levels (P = .001), and a
significant decrease in the IgE/IgG4 ratio (P = .001).
In another study of two patients exhibiting anaphylactic
episodes, immunotherapy resolved symptoms in one and
decreased reactions in the other (89). Desensitization with
immunotherapy may be considered for future patients with
anaphylactic reactions, but it is not currently available and
further studies with randomization, a control group, and
blinding are needed to fully assess the effects of this
intervention (12, 90-93). Additionally, future studies are
needed utilizing salivary extracts in leu of whole-body
mosquito extracts, as several mosquito saliva proteins have
been identified as allergenic (31).

An available oft-label alternative to anaphylaxis prevention
may be found in omalizumab, an anti-IgE monoclonal antibody.
One case report of a patient with systemic anaphylaxis to
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mosquito manifesting as urticaria, presyncope, and hypotension
reported neither anaphylaxis nor mild local reactions following
mosquito bites after receiving 300 mg of omalizumab
subcutaneously every 4 weeks for 3 months (48).

Interestingly, several studies have demonstrated that the
local microenvironment induced by mosquito saliva facilitates
the transmission of mosquito-borne diseases, providing an
opportunity for therapeutic intervention. A few mechanisms
have been identified. Mosquito saliva components reduce the
host’s antiviral Thl immune response, permitting easier entry
and replication of viruses in the host (94-96). Anti-saliva peptide
antibodies provoked through vaccination could enable a more
robust Thl response and interferon release with dampened
leukocyte influx to the inoculation site and subsequent
decrease in cell trafficking to draining lymph nodes, thus
lessening the ease with which the pathogen spreads
systemically (97). Vaccines against mosquito saliva peptides
are undergoing clinical assessment to determine whether they
will be safe and useful for the prevention of pathogen
transmission (98).

Conclusions

Mosquito bite-induced pruritus is caused by local reactions
to mosquito saliva components. While the exact
pathophysiology isn’t well-understood, the reaction is thought
to be mediated in the majority of cases by histamine release
either from the saliva and/or IgE-mediated hypersensitivity
reactions. IgE-independent pathways are associated with
delayed reactions. However, other non-histaminergic itch
mediators such as leukotrienes, proteases, and type 2 cytokines
may have a role. Because mosquitos are ubiquitous with a
significant induction of worldwide disease burden, it is critical
for healthcare providers to recognize how to prevent and treat
these mosquito bites. Treatment consists of second-generation
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Immune cells transcriptome-
based drug repositioning for
multiple sclerosis

Xinyue Yin', Xinming Rang*, Xiangxiang Hong?,
Yinglian Zhou', Chaohan Xu® and Jin Fu™

‘Department of Neurology, the Second Affiliated Hospital of Harbin Medical University, Harbin, China,
2College of Bioinformatics Science and Technology, Harbin Medical University, Harbin, China

Objective: Finding target genes and target pathways of existing drugs for drug
repositioning in multiple sclerosis (MS) based on transcriptomic changes in MS
immune cells.

Materials and Methods: Based on transcriptome data from Gene Expression
Omnibus (GEO) database, differentially expressed genes (DEGs) in MS patients
without treatment were identified by bioinformatics analysis according to the
type of immune cells, as well as DEGs in MS patients before and after drug
administration. Hub target genes of the drug for MS were analyzed by
constructing the protein-protein interaction network, and candidate drugs
targeting 2 or more hub target genes were obtained through the
connectivity map (CMap) database and Drugbank database. Then, the
enriched pathways of MS patients without treatment and the enriched
pathways of MS patients before and after drug administration were
intersected to obtain the target pathways of the drug for MS, and the
candidate drugs targeting 2 or more target pathways were obtained through
Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

Results: We obtained 50 hub target genes for CD4" T cells in Fingolimod for
MS, 15 hub target genes for Plasmacytoid dendritic cells (pDCs) and 7 hub
target genes for Peripheral blood mononuclear cells (PBMC) in interferon-
(IFN-B) for MS. 6 candidate drugs targeting two or more hub targets
(Fostamatinib, Copper, Artenimol, Phenethyl isothiocyanate, Aspirin and Zinc)
were obtained. In addition, we obtained 4 target pathways for CD19* B cells
and 15 target pathways for CD4™ T cells in Fingolimod for MS, 7 target pathways
for pDCs and 6 target pathways for PBMC in IFN-B for MS, most of which
belong to the immune system and viral infectious disease pathways. We
obtained 69 candidate drugs targeting two target pathways.
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Conclusion: We found that applying candidate drugs that target both the
“PI3K-Akt signaling pathway” and “Chemokine signaling pathway” (e.g.,
Nemiralisib and Umbralisib) or applying tyrosine kinase inhibitors (e.g.,
Fostamatinib) may be potential therapies for the treatment of MS.

KEYWORDS

multiple sclerosis, transcriptome, drug repositioning, differentially expressed gene,

candidate drug

Introduction

Multiple sclerosis (MS) is one of the most common
idiopathic inflammatory demyelinating diseases, involving the
white matter of the central nervous system (CNS), with widely
distributed lesions, high recurrence rate, and disability rate (1).
The number of MS patients worldwide has increased to 2.8
million in 2020, the global prevalence rate was 35.9 per 100,000
people [95%CI: 35.87, 35.95], and the incidence rate was 2.1 per
100,000 persons/year [95%CI: 2.09, 2.12] (2). However, the
treatment effect of MS patients is not ideal. Its effective
prevention and treatment are urgent problems that need to be
solved clinically.

For patients with poor prognosis and recurrent MS, the use of
disease-modifying therapies (DMTs) should be considered early
(3). There are currently more than a dozen DMTs approved for
the treatment of MS, such as subcutaneous injection of Interferon-
B (IEN-B), Fingolimod, Teriflunomide, Ocrelizumab,
Natalizumab, etc. However, the medicines for the treatment of
MS are expensive, have different degrees of side effects, and the
control of the recurrence rate of MS is not ideal (4). Therefore, it is
very important to find effective MS drugs.

Abbreviations: MS multiple sclerosis; GEO Gene Expression Omnibus;
DEGs differentially expressed genes; CMap connectivity map; KEGG Kyoto
Encyclopedia of Genes and Genomes; pDCs plasmacytoid dendritic cells;
PBMC peripheral blood mononuclear cells; IFN-f interferon-3; CNS central
nervous system; DMTs disease-modifying therapies; BBB blood-brain barrier
BCR B-cell receptor; S1P sphingosine-1 phosphate; ARR annualized relapse
rate; RRMS relapsing-remitting multiple sclerosis; FC fold-change; PPI
protein-protein interaction; PRIDE; Proteomics Identifications database;
EAE experimental allergic encephalomyelitis; Glutl glucose transporter
type 1; OPCs oligodendrocyte precursor cells; OLs oligodendrocytes; PIP3
phosphatidylinositol-3,4,5- trisphosphate; GPCR G protein-coupled
receptors; TLRY toll-like receptor 9; LCFAs long-chain fatty acids; SCFAs
short-chain fatty acids; SYK spleen tyrosine kinase; TKI tyrosine kinase
inhibitor; ECTRIMS European Committee for Treatment and Research in
Multiple Sclerosis; BTKi Bruton’s tyrosine kinase inhibitor; SEL slowly

expanding lesion; ITP idiopathic thrombocytopenic purpura.
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Traditional drug development has the characteristics of high
cost, low success rate, lengthy development cycles, and heavy
financial burden on patients. Drug repositioning is inspired by
Sildenafil and Azidothymidine, which refers to the discovery of
new indications of existing drugs in addition to the original
indications. It is an increasingly attractive treatment discovery
model, which not only saves time and money, but also has the
advantage of already having been tested for safety, dosage, and
toxicity (5, 6). There are no previous reports in the literature
regarding the application of bioinformatic analysis to MS drug
repositioning. Therefore, we aim to apply this method to
determine candidate drugs for the treatment of MS.

The etiology and pathogenesis of MS are not fully
understood, but scholars generally believe that MS is an
autoimmune disease mediated by myelin-specific CD4" T cell
attacks on CNS myelin sheaths triggered by environmental and
infectious factors based on genetic susceptibility (7). CD4" T
cells can be divided into 4 subpopulations, namely Thl, Th2,
Th17 and Treg, according to their different functions. Th1 cells
trigger neuroinflammatory responses in MS pathogenesis, while
Th2 cells may have a protective role in suppressing
neuroinflammation in MS pathogenesis. Th17 cells promote
blood-brain barrier (BBB) injury and enter the CNS to trigger
neuroinflammation, while Treg cells have immunosuppressive
functions that downregulate the immune response. The tilt of
the Th1/Th2 axis toward Th1 and the tilt of the Th17/Treg axis
toward Th17 are both strongly associated with the development
of MS (8). In recent years, the effective application of anti-CD20
therapy has also revealed an important role of B cells in the
pathogenesis of MS (9). B cells play an important role in MS
pathogenesis through antibody-dependent and antibody-
independent mechanisms (10). Antibody-dependent
mechanisms promote MS pathogenesis by producing
autoantibodies against specific CNS tissues, while antibody-
independent mechanisms promote MS pathogenesis by
inducing B-cell receptor (BCR) internalization of autoantigens
and presentation to specific CNS pathogenic T cells to promote
T-cell activation, by producing cytokines and by forming ectopic
lymphoid tissue (11). In addition, plasmacytoid dendritic cells
(pDCs) in MS patients may also be involved in MS pathogenesis
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due to their pro-inflammatory state, their migratory phenotype,
and the influence of genetic risk factors (12). Therefore, our
study analyzed the transcriptomic data of the above-mentioned
immune cells from MS patients. In terms of treatment, DMTs
are mainly used for MS remission, including IFN-f, Glatiramer
acetate, Teriflunomide, Dimethyl fumarate, Fingolimod,
QOcrelizumab, Alemtuzumab, Natalizumab, and Mitoxantrone,
etc. Among them, IFN-f and Fingolimod are widely used in
early clinical practice with significant efficacy. IFN-B has
antiviral and immunomodulatory effects and inhibits T cell
migration by disrupting the balance of anti-inflammatory Th2
cells and by blocking metalloproteinases and adhesion molecules
(13). Fingolimod is an inhibitor of the sphingosine-1 phosphate
(S1P) receptor and inhibits S1P-mediated T-lymphocyte
migration, thus favoring the retention of T-lymphocytes in
lymph nodes and triggering a “homing response” of peripheral
lymphocytes and thus immunosuppression (14). Patients with
MS treated with Fingolimod or IFN-P have a significantly lower
annualized relapse rate (ARR) (15, 16), so our analysis is reliable
using the currently reported transcriptomic dataset of MS
patients treated with these two drugs. We obtained the
original data from Gene Expression Omnibus (GEO) database,
analyzed the target genes and pathways in drug treatment of MS,
and obtained potential MS candidate drugs targeting these target
genes/pathways based on the connectivity map (CMap)
database, Drugbank database and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. Our study may help
provide clues to potential MS therapeutic strategies.

Materials and methods
Identification of MS transcriptome data

A total of 295 sets of MS transcriptomic data were obtained in
the GEO database (https://www.ncbinlm.nih.gov/geo/), and
transcriptomic datasets of MS patients without treatment, as
well as transcriptomic datasets of MS patients before and after
treatment, were screened according to the following criteria (17).
Inclusion criteria: ® The study samples were immune cells of
patients with relapsing-remitting multiple sclerosis (RRMS); @
The number of samples in the experimental group and the control
group should not be less than 3 (First, the transcriptome datasets
of MS patients without treatment were screened, in which MS
patients were the experimental group and healthy people were the
control group; second, the transcriptome datasets of MS patients
before and after medication were screened, in which the
experimental group was the MS patients after the treatment, and
the control group was the MS patients before the treatment); MS
patients without treatment and MS patients before the treatment
have not received DMTSs or have not received DMTs for at least
one month before the start of the experiment; There is an
additional inclusion criteria for the transcriptome datasets of MS
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patients before and after medication: @ The drugs used for MS
patients before and after the treatment were widely used clinically
and have significant effects.

Transcriptome data preprocessing

The mRNA raw data (CEL files) and the annotation file of
the sequencing platform were downloaded from the GEO
database and processed using the R language. Due to the large
difference between the data, the data were log2 transformed and
normalized using quantile normalization.

Identification of the differentially
expressed genes

The R package “Limma” was used for linear fitting and
difference analysis on each group of data to calculate the difference
in gene expression between MS patients without treatment and the
difference in gene expression of MS patients before and after
medication (18). Differentially expressed genes (DEGs) were
screened by P < 0.05 and fold-change (FC) > 1.2 or 0 < FC < 1/
1.2. When FC > 1.2, they were regarded as up-regulated DEGs and
when 0 < FC < 1/1.2, they were regarded as down-regulated DEGs.

Identification of target genes for drug
treatment of MS

According to the type of immune cells, the up-regulated
DEGs of MS patients without treatment and the down-regulated
DEGs of MS patients before and after medication were
intersected to obtain the up-regulated target genes for MS
drug therapy, the down-regulated DEGs of MS patients
without treatment and the up-regulated DEGs of MS patients
before and after medication were intersected to obtain the down-
regulated target genes for MS drug therapy.

Construction of protein-protein
interaction network and identification of
hub target genes for drug treatment of

According to the type of immune cells, the protein-protein
interaction (PPI) network of target genes was constructed
using the STRING database (https://cn.string-db.org/, version
11.5) (combined confidence score > 0.400), visualized by
Cytoscape (https://cytoscape.org/, version 3.9.1) and the degree
of nodes was calculated (19). Using the CytoHubba plugin in
Cytoscape, the top 10% of nodes with the highest degree of PPI
network connectivity were identified as hub target genes.
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Identification of candidate drugs through
CMap database and Drugbank database

Candidate drugs targeting hub target genes were identified
through the CMap database (https://clue.io/) and Drugbank
database (https://go.drugbank.com/) according to the different
types of immune cells (Inclusion criteria: Approved/
Investigational drugs) (20, 21). The drug-hub target gene
network diagram was visualized through Cytoscape.

Pathway enrichment analysis of DEGs

The pathway enrichment analysis for the DEGs of MS
patients without treatment and the DEGs of MS patients
before and after the medication was performed using Rstudio
(Ver.3.6.1) according to the different types of immune cells (22),
and only the pathways with P < 0.05 were included. Then, the
pathways of MS patients without treatment and the pathways of
MS patients before and after medication were intersected to
obtain the target pathways of MS treatment. According to the
type of immune cells, calculate the types of DEGs of MS patients
without treatment included in each target pathway, the types of
DEGs of MS patients before and after medication included in
each target pathway, and the types of common DEGs included in
each target pathway, and identify the target pathways that were
mainly targeted when these drugs were used to treat MS.

10.3389/fimmu.2022.1020721

Identification of candidate drugs through
the KEGG database

According to the type of immune cells, the candidate drugs
targeting target pathways were obtained through the KEGG
database (www.genome.jp/kegg/pathway.html) and drug-
pathway interaction networks were conducted by Cytoscape (23).

Proteomic data validation

We extensively screened proteomic data of MS patients
without treatment and MS patients before and after drug
administration that applying liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for further validation through
the Proteomics Identification Database (PRIDE, http://www.ebi.
ac.uk/pride) (24), the GEO database and Google Scholar (https://
scholar.google.com) (25). We only found PXD011785 and
PXD028702 data from the PRIDE that could be used to
validate the transcriptomic data of MS patients without
treatment, both of which were protein-level data on CD4" T
cells in MS patients without treatment (26, 27). Unfortunately,
we did not find the proteomic dataset of MS patients before and
after drug administration, so only the transcriptomic data of MS
patients without treatment on CD4" T cells were validated in
this article.

The workflow of the study was shown in Figure 1.

GEO transcriptome datasets of MS
patients without treatment

GEO transcriptome datasets of MS
patients before and after the treatment

i

i

’ Differentially expressed genes (DEGs) ‘ ‘ Differentially expressed genes (DEGs) |

Enriched pathways

Enriched pathways

Target pathways

( |

Up-regulated Down-regulated

Targeted drugs in the
KEGG database

Up-regulated Down-regulated

, DEGs DEGs (Targeting > 2 pathways) DEGs DEGs
| 1
: ‘ Proteomic data validation | ‘ ‘ :
e S |

T b

| up-regulated target genes | | down-regulated target genes ‘
[ ]
1
| PPI analysis |

Hub target genes

Targeted drugs in the CMAP database and Drugbank database (Targeting > 2 genes)

FIGURE 1
The workflow of the study.
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Results

Identification of DEGs of MS patients
without treatment and DEGs before and
after IFN-3 or Fingolimod treatment

4 sets of transcriptome datasets of CD19" B cells, CD4" T
cells, pDCs, and Peripheral blood mononuclear cells (PBMC)
from MS patients without treatment were obtained (GSE117935
(28), GSE172009 (29), GSE37750 (30), GSE41890 (31). Then,
according to the type of CD19" B cells, CD4" T cells, pDCs and
PBMC, 5142 DEGs of MS patients without treatment were
obtained according to the standards of P < 0.05 and FC > 1.2
or 0 < FC < 1/1.2 (CD19" B cells: 293 DEGs; CD4" T cells: 2032
DEGs; pDCs: 1712 DEGs; PBMC: 1561 DEGs) (Table 1;
Supplementary Table S1). Furthermore, we could only obtain
the transcriptome datasets of MS patients before and after the
application of IFN-B or Fingolimod. There were 2 sets of
transcriptome datasets of CD19" B cells and CD4" T cells
from MS patients before and after the application of
Fingolimod and 2 sets of transcriptome datasets of pDCs and
PBMC from MS patients before and after the application of IFN-
B (GSES1604 (32, 33), GSE73079 (32-34), GSE37750 (30),
GSE33464 (35, 36)). According to the type of CD19™ B cells,
CD4" T cells, pDCs and PBMC, 14300 DEGs in MS patients
before and after the application of Fingolimod and IFN-f3 were
obtained according to the standards of P < 0.05 and FC > 1.2 or 0
< FC < 1/1.2 (CD19" B cells: 1164 DEGs; CD4" T cells: 13201
DEGs; pDCs: 668 DEGs; PBMC: 593 DEGs) (Table 2,
Supplementary Table S2).

TABLE 1 Transcriptome datasets of MS patients without treatment.

ID Disease Platform ID Case/control

Sample

10.3389/fimmu.2022.1020721

Identification of hub target genes in MS
patients before and after the application
of Fingolimod or IFN-f3

According to the type of CD19" B cells, CD4" T cells, pDCs,
and PBMC, a total of 164 up-regulated target genes and 649
down-regulated target genes were obtained (Figure 2;
Supplementary Table S3). The types of target genes targeting
CD4" T cells were the most and mainly focused on down-
regulated target genes. A PPI network of 560 nodes and 2386
edges was constructed using target genes of CD4" T cells from
MS patients after the application of Fingolimod, and 50 hub
target genes (top 10%: degree > 21) were identified by PPI
analysis and visualization with Cytoscape. In addition, a PPI
network with 138 nodes and 115 edges was constructed using
target genes targeting pDCs from MS patients after the
application of IFN-f, and 15 hub target genes were identified
(top 10%: degree > 6). A PPI network with 73 nodes and 40
edges was constructed using target genes targeting PBMC from
MS patients after the application of IFN-f3, and 7 hub target
genes (top 10%: degree > 3) were identified (Figure 3).

Identification of potential candidate
drugs for the treatment of MS through
the CMap database and Drugbank
database

A total of 193 candidate drugs (CD4" T cells: 51; pDCs: 13;
PBMC: 134) targeting hub target genes were obtained through

Publish time DEG

Up-regulated DEG Down-regulated DEG

GSE117935 RRMS GPL5175 10/10 CD19" B cells 2018 216 77
GSE172009 RRMS GPL20301 4/4 CD4" T cells 2021 163 1869
GPL24676
GSE37750  RRMS GPL570 9/8 pDCs 2015 792 920
GSE41890  RRMS GPL6244 8/4 Peripheral blood leukocytes 2013 883 678
TABLE 2 Transcriptome datasets of MS patients before and after medication.
ID Disease Platform ID Drug Case/control Sample Publish time DEG
Up-regulated DEG Down-regulated DEG
GSE81604 RRMS GPL17586 Fingolimod 5/5 CD19" B cells 2016 723 441
GSE73079 RRMS GPL17586 Fingolimod 5/5 CD4" T cells 2015 4162 9039
GSE37750 RRMS GPL570 IFN-B 9/9 pDCs 2015 263 405
GSE33464 RRMS GPL14837 IFN-B 12/12 PBMC 2011 296 297
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Fingolimod or IFN-B

the CMap database and Drugbank database according to the
types of CD4" T cells, pDCs, and PBMC (Figure 4), most of
which belonged to antineoplastic drugs and 6 candidates
targeted more than 2 hub target genes (Table 3).

Identification of target pathways for
Fingolimod and IFN-f in the treatment of
MS

According to the type of CD19" B cells, CD4" T cells, pDCs,
and PBMC, a total of 139 pathways were enriched at P < 0.05 for
DEGs in MS patients without treatment (Supplementary Table
S4), and a total of 112 pathways were enriched at P < 0.05 for
DEGs in MS patients before and after Fingolimod or IFN-B
application (Supplementary Table S5). The 28 target pathways
of Fingolimod and IEN-f for MS treatment were obtained by
taking the intersection processing (Tables 4, 5). The target
pathways were classified according to the classification of
pathways in the KEGG database into immune system pathways
(22%), nervous system pathways (11%), endocrine system
pathways (7%), excretory system pathways (4%), viral infectious
disease pathways (22%), bacterial infectious disease pathways
(7%), parasitic infectious disease pathways (4%), specific types
of cancer pathways (4%), metabolism pathways (7%), cellular
process pathway (4%), genetic information processing pathway
(4%) and environmental information processing pathway (4%)
(Figure 5). Among them, the immune system pathways and viral
infectious disease pathways accounted for the largest proportion.
The main target pathways of Fingolimod and IFN-fB for MS
treatment were identified according to the type of CD19" B cells,
CD4" T cells, pDCs, and PBMC (Figure 6), where the main target
pathway of Fingolimod for MS treatment against CD19" B cells
was “Yersinia infection”, the main target pathways for CD4" T
cells in Fingolimod therapy for MS were “Endocytosis”, “PI3K-
Akt signaling pathway”, “Chemokine signaling pathway” and
“Neurotrophin signaling pathway”, the main target pathways for
pDCs in MS treatment with IFN-3 were “Influenza A”, “Epstein-
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Barr virus infection” and “NOD-like receptor signaling pathway”,
the main target pathways for PBMC in MS treatment with IFN-8
were “Fatty acid metabolism” and “Hepatitis C”.

Identification of potential candidate
drugs for the treatment of MS based on
the KEGG database

Our approach is based on two biological assumptions: first,
proteins always have cascading effects in pathways, not just acting
alone; second, drugs exert therapeutic effects by modulating
pathways involved in disease pathology, rather than directly
targeting disease-related proteins (37), so we considered drug
candidates that target pathways as potential therapeutic agents for
MS. A total of 1062 candidate drugs targeting target pathways
were obtained through the KEGG database (CD19" B cells: 33;
CD4" T cells: 495; pDCs: 26; PBMC: 304) (Supplementary Table
S6), most of which were antineoplastic and immunosuppressive
drugs. There were 58 candidate drugs targeting 2 target pathways
(Supplementary Table S7).

Proteomic data validation

From a biological point of view, the transcriptome represents
the intermediate state of gene expression, while proteins are the
direct functional performers of the organism, and therefore the
study of protein expression levels has an irreplaceable advantage.
In the PXD011785 data, a total of 228 proteins were differentially
expressed between MS patients and healthy individuals (P <
0.05), of which 24 proteins encoded genes consistent with the
DEGs we obtained (Supplementary Table S8). Among them, 12
were regulated with the same trend at transcriptome level and
protein level (TES, GABPA, ARF6, VCL, TYMP, LIMSI,
YWHAG, ATP6VI1A, PDIA3, ATP2A2, TPM4, CLTC).
Among these 24 overlapping coding genes, YWHAG was
involved in the “PI3K-Akt signaling pathway”. A total of 10
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FIGURE 3

(A) Target genes of CD4" T cells in MS patients treated with Fingolimod, red nodes were hub target genes; (B) target genes of pDCs in MS
patients treated with IFN-B, red nodes were hub target genes; (C) target genes of PBMC in MS patients treated with IFN-B, red nodes were hub
target genes.
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FIGURE 4
Candidate drugs targeting hub target genes were identified based on the CMap database and Drugbank database. Red nodes represent hub target genes,
blue nodes represent candidate drugs targeting hub target genes, and green nodes represent candidate drugs targeting 2 or more than 2 hub target
genes. (A) The candidate drugs targeting hub target genes of CD4+ T cells in MS patients treated with Fingolimod. (B) The candidate drugs targeting hub
target genes of pDCs in MS patients treated with IFN-B. (C) The candidate drugs targeting hub target genes of PBMC in MS patients treated with IFN-p.
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TABLE 3 The candidate drugs that target 2 or more than 2 hub target genes.

Drug Target Gene Effect Sample
Fostamatinib LRRK2, PAK1, PRKACA, CSK, PIK3CG, Antineoplastic, Inmunomodulator, Spleen tyrosine kinase inhibitor CD4+ T cells, pDCs,
CHEKI1, PDE5A PBMC

Copper YWHAB, SRSF1, HNRNPA2B1, CLU Supplement CD4+ T cells, PBMC
Artenimol IQGAP1, HNRNPA2B1, MYH9, HNRNPD Antimalarial CD4+ T cells
Phenethyl YWHAB, YWHAQ, YWHAH Antineoplastic CD4+ T cells
Isothiocyanate

Aspirin TP53, PTGS1 Analgesic, Anti-inflammatory, Antipyretic, Antirheumatic, Antiplatelet, CD4+ T cells, PBMC

Cyclooxygenase inhibitor

Zinc TP53, CLU Supplement

CD4+ T cells, PBMC

pathways were enriched for the 24 overlapping coding genes at P
< 0.05 (Supplementary Table S9), in which the “Endocytosis”
pathway was enriched in both transcriptome and proteome,
further validating the confidence of the transcriptome data. In
the PXD028702 data, a total of 18 proteins were differentially
expressed (adjusted p < 0.05) between MS patients and healthy
individuals (DPH6, GNPDA2, ACAD8, CORO2A, PHF20L1,
SRA1, EPC1, PTPN13, DENND10, LAMTORS5, NRDE2,
PSMD5, GOPC, ASPH, TCEA3, RHOC, TYK2, BORCS®6).
With a more stringent threshold, we still obtained 2 protein-
coding genes (SRA1 and DENND1) that were consistent with
the DEGs we obtained.

Discussion

MS is considered to be a chronic inflammatory and
demyelinating disease of the CNS, and various immune cells
play a crucial role in the development of MS (38). In this study,
we obtained the target genes and target pathways of Fingolimod
and IFN-B for MS treatment based on immune cell
transcriptomic datasets of MS patients without treatment and

immune cell transcriptomic datasets of MS patients before and
after application of Fingolimod or IFN-B, and identified MS
candidate drugs targeting hub target genes and target pathways.

Target genes and target pathways for
CD4™ T cells in the treatment of MS with
Fingolimod

15 target pathways and 586 target genes (6 up-regulated
target genes and 580 down-regulated target genes) were obtained
by the analysis of CD4™ T cell transcriptomic data from MS
patients without treatment and CD4" T cell transcriptomic data
before and after Fingolimod treatment, suggesting that
Fingolimod treatment for MS mainly targeted CD4" T cells,
which was consistent with the mechanism that Fingolimod
inhibited the migration of T lymphocytes to the CNS and thus
relieved MS. Recent clinical trial data suggested that increased
Th1/Th17 cells (CD4" T cell subpopulation) in CNS tissue,
cerebrospinal fluid, and blood predominate in the pathogenesis
of MS (8), so we focused on target genes and target pathways
that target CD4" T cells.

TABLE 4 The number of enriched pathways of DEGs in MS patients without treatment, the number of enriched pathways of DEGs before and
after application of Fingolimod or IFN-f, and the number of target pathways.

ID Sample Drug
GSE117935 CD19" B cells /
GSE81604 Fingolimod
GSE172009 CD4" T cells /
GSE73079 Fingolimod
GSE37750 pDCs /
GSE37750 IFN-B
GSE41890 PBMC /
GSE33464 IFN-B
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Pathway Target pathway
50 4
24
40 15
75
54 7
20
58 6
19
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TABLE 5 Target pathways of Fingolimod and IFN-f for MS.

10.3389/fimmu.2022.1020721

Sample Pathway ID Pathway Name Pathway Class
CD19" B cells hsa04062 Chemokine signaling pathway Organismal Systems (Immune system)
hsa05135 Yersinia infection Human Diseases (Infectious disease: bacterial)
hsa05163 Human cytomegalovirus infection Human Diseases (Infectious disease: viral)
hsa04120 Ubiquitin mediated proteolysis Genetic Information Processing (Folding, sorting and degradation)
CD4" T Cells hsa04670 Leukocyte transendothelial migration Organismal Systems (Immune system)
hsa04611 Platelet activation Organismal Systems (Immune system)
hsa04062 Chemokine signaling pathway Organismal Systems (Immune system)
hsa04722 Neurotrophin signaling pathway Organismal Systems (Nervous system)
hsa04720 Long-term potentiation Organismal Systems (Nervous system)
hsa04728 Dopaminergic synapse Organismal Systems (Nervous system)
hsa04927 Cortisol synthesis and secretion Organismal Systems (Endocrine system)
hsa04935 Growth hormone synthesis, secretion and action Organismal Systems (Endocrine system)
hsa04962 Vasopressin-regulated water reabsorption Organismal Systems (Excretory system)
hsa05161 Hepatitis B Human Diseases (Infectious disease: viral)
hsa05135 Yersinia infection Human Diseases (Infectious disease: bacterial)
hsa05120 Epithelial cell signaling in Helicobacter pylori infection Human Diseases (Infectious disease: bacterial)
hsa04120 Ubiquitin mediated proteolysis Genetic Information Processing (Folding, sorting and degradation)
hsa04144 Endocytosis Cellular Processes (catabolism)
hsa04151 PI3K-Akt signaling pathway Environmental Information Processing (Signal transduction)
pDCs hsa04621 NOD-like receptor signaling pathway Organismal Systems (Immune system)
hsa04962 Vasopressin-regulated water reabsorption Organismal Systems (Excretory system)
hsa05164 Influenza A Human Diseases (Infectious disease: viral)
hsa05162 Measles Human Diseases (Infectious disease: viral)
hsa05169 Epstein-Barr virus infection Human Diseases (Infectious disease: viral)
hsa05142 Chagas disease Human Diseases (Infectious disease: parasitic)
hsa05216 Thyroid cancer Human Diseases (Cancer: specific types)
PBMC hsa04610 Complement and coagulation cascades Organismal Systems (Immune system)
hsa04640 Hematopoietic cell lineage Organismal Systems (Immune system)
hsa05160 Hepatitis C Human Diseases (Infectious disease: viral)
hsa00590 Arachidonic acid metabolism Metabolism (Lipid metabolism)
hsa00480 Glutathione metabolism Metabolism (Metabolism of other amino acids)
hsa01212 Fatty acid metabolism
A : 44% Organismal Systems
Al:22% Immune system
A2: 11% Nervous system
A3: 7% Endocrine system
A4: 4% Excretory system
B: 37% Human Diseases
B1: 22% Infectious disease: viral
B2: 7% Infectious disease: bacterial
B3: 4% Infectious disease: parasitic
B4: 4% Cancer: specific types
C: 7% Metabolism
D : 4% Cellular Processes
E : 4% Genetic Information Processing
F: 4% Environmental Information Processing
Total=27
FIGURE 5

Classification of target pathways in MS patients treated with Fingolimod or IFN-B. (A) Organismal Systems; (B) Human Diseases; (C) Metabolism; (D)
Cellular Processes; (E) Genetic Information Processing; (F) Environmental Information Processing. “Fatty acid metabolism” is not classified yet.

Frontiers in Immunology

26

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1020721
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yin et al. 10.3389/fimmu.2022.1020721

A
Ubiquitin mediated proteolysis
Human cytomegalovirus infection
o 1 DEGs of MS patients without treatment
Chemokine signaling pathway " Common DEGS
+ DEGs of MS patients before and after the application of Fingolimod
Yersinia infection
00 25 50 75 100 125 150 175 200
B
gulated water
Cortisol synthesis and secretion
Epithelial cell signaling in Helicobacter pylori infection
Long-term potentiation
Platelet activation
Leukocyte transendothelial migration . .
Growth hormone synthesis, secretion and action * DEGs of MS patients without treatment
Dopaminergic synapse - g;gmo;l rlw)sEGsr ts bef d after the application of Fingolimod
Ubiquitin mediated proleolysis S Of patient efore and after the application of Fingolimot
Hepatitis B
Yersinia infection
Neurotrophin signaling pathway
Chemokine signaling pathway
PI3K-Akt signaling pathway
Endocytosis
C
gulated water
Thyroid cancer
Chagas disease
® DEGs of MS patients without treatment
Measles Common DEGs
* DEGs of MS patients before and after the application of IFN-B.
NOD-like receptor signaling pathway
Epstein-Barr virus infection
Influenza A
0 10 20 30 40 50
D
Hematopoietic cell lineage
Arachidonic acid metabolism
Glutathione metabolism ¥ DEGs of MS patients without treatment
Common DEGs
B and i * DEGs of MS patients before and after the application of IFN-B
Hepatitis C
Fatty acid metabolism
0 5 10 15 20 25 30
FIGURE 6
Bar graphs of the target pathways in MS patients treated with Fingolimod or IFN-B. (A) DEGs contained in the target pathways of CD19+ B cells
in MS patients treated with Fingolimod; (B) DEGs contained in the target pathways of CD4+ T cells in MS patients treated with Fingolimod; (C)
DEGs contained in the target pathways of pDCs in MS patients treated with IFN-f; (D) DEGs contained in the target pathways of PBMC in MS
patients treated with IFN-B.
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Among these 15 target pathways, “Endocytosis”, “PI3K-

» o«

Akt signaling pathway”, “Chemokine signaling pathway” and
“Neurotrophin signaling pathway” are more important. Many
studies have shown that the “PI3K-Akt signaling pathway” is
associated with autoimmune diseases, inflammation and
hematological malignancies and plays an important role in
the activation and migration of leukocytes (39). PI3K can be
classified into type I, II and III according to the structure and
substrate. And according to its type I catalytic subunit, type I
PI3K can be further subdivided into 4 subtypes (o, B, v, ).
The distribution of PI3K expression differs among different
catalytic subunits, with PI3Ko. and PI3Kp being expressed in
a variety of cells, while PI3K8 and PI3Ky are only expressed in
the immune system. Among them, PI3K3 is highly expressed
in all leukocyte types, conferring it an important position in
immunotherapy. PI3K3 protects CD4" T cells from apoptosis
during autoimmune responses (40). In PI3Kd-inactivated
mice, T cell activation and function were significantly
reduced in experimental allergic encephalomyelitis (EAE)
and fewer T cells were observed in CNS (40). AKT is a
serine/threonine kinase, also known as protein kinase B.
Inhibition of Akt phosphorylation in the CNS of EAE
reduced the worsening of clinical symptoms (41). Regarding
the effect of the PI3K-AKT pathway on MS patients, PI3K is a
key signaling mediator of CD28. CD28 can promote the
increase of c-myc and Glucose transporter type 1 (Glutl) in
CD4" T cells of MS patients by activating the PI3K-AKT
pathway, upregulating glycolysis and increasing Th17 cell-
associated inflammatory cytokine expression (42). Therefore,
inhibition of PI3K-Akt activity plays an important role in the
treatment of MS. In addition, the “Chemokine signaling
pathway” is an important immune system-related pathway
also associated with leukocyte migration (43), and changes in
chemokine expression and distribution are closely associated
with the pathological process of MS demyelination (44).
There is evidence that CCR2 on human Th17 cells (CCR2
(+) CCR5(-) memory CD4" T cells) may serve as a
therapeutic target for MS (45). Blockade of the “Chemokine
signaling pathway” is expected to be a new therapeutic
approach (45). The “Neurotrophin signaling pathway” is a
neurologically relevant pathway. Oligodendrocyte precursor
cells (OPCs) are differentiated into myelin-forming
oligodendrocytes (OLs) under the influence of various
factors (including trophic factors, growth factors, and
inhibitory factors in the microenvironment), and on this
basis, OLs cross-link with each other to form myelin
sheaths outside the axons of the central nervous system, a
process called myelin regeneration (46). Therefore, regulation
of neurotrophic factors is crucial for myelin regeneration in
MS patients. Although no studies clearly show the relevance
of “Endocytosis” to the treatment of MS, based on our
analysis, we believe that relevant studies are necessary.
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The top 3 node degrees among the 50 hub target genes
obtained by constructing PPI networks were TP53 (down-
regulated in MS), LRRK2 (down-regulated in MS), and PTEN
(down-regulated in MS). TP53 and PTEN are both tumor
suppressor genes associated with PI3K-Akt signaling. Among
them, TP53 is one of the most frequently inactivated tumor
suppressor genes in human cancer (47). It is a downstream target
of the PI3K-Akt signaling pathway, and activation of PI3K-Akt
signaling decreases TP53 expression (48). Production of IL-6,
granulocyte-macrophage colony-stimulating factor and IL-10 is
significantly higher in TP53-deficient EAE mice than in wild-
type EAE mice and CNS-infiltrating cells are less apoptotic,
suggesting that TP53 may be involved in the regulatory process
of EAE by controlling cytokine production and/or inhibiting
apoptosis of inflammatory cells (49). PTEN is a
phosphatidylinositol-3,4,5- trisphosphate (PIP3)-phosphatase
that is required to antagonize PI3K-AKT signaling by
dephosphorylating PIP3 on the cell membrane to generate
PIP2, which in turn antagonizes PI3K-mediated cell growth,
metabolism, proliferation and survival signaling (50). PTEN also
dephosphorylates Akt and reduces Akt activation while blocking
all downstream signaling events regulated by Akt (50). Reduced
PTEN expression indirectly stimulates PI3K-AKT activity. In
the last two decades, our understanding of PI3K has evolved
from recognition of growth factors, G protein-coupled receptors
(GPCR) and enzymatic activities associated with certain
oncogene products to targets in cancer and inflammatory
diseases (50). Among these, PTEN plays a key role in Th17
cell differentiation by blocking IL-2 expression, and PTEN
deficiency increases IL-2, promotes phosphorylation of STATS5
and inhibits phosphorylation of STATS3, thereby inhibiting Th17
cell differentiation (51). LRRK2 is a protein kinase, a gene highly
associated with Parkinson’s disease (52), and has not been
studied in MS and EAE.

Target genes and target pathways for
CD19" B cells in the treatment of MS
with Fingolimod

4 target pathways were obtained by analyzing CD19" B cell
transcriptome data from MS patients without treatment and
CD19" B cell transcriptome data before and after Fingolimod
treatment, and no target genes were obtained, suggesting that
Fingolimod treatment in MS has less effect on B cells. Most of
these 4 target pathways are associated with immune and
infectious diseases, with “Yersinia infection” being the main
target pathway. Yersinia is an intestinal bacterium and intestinal
bacteria have an important regulatory role in CNS disorders.
The concept of the “brain-gut axis” has been proposed early (53).
The gut is rich in nerve cells and immune cells, which reach the
brain via the vagus system or the immune system, thus affecting
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brain function (54). Intestinal microorganisms can be in direct
contact with intestinal cells, and the metabolic by-products of
intestinal microorganisms can also activate the intestinal
nervous system, interfere with the intestinal neurometabolic
secretion system, and regulate the intestinal immune system,
and this mode of action is called the “intestinal microbial-gut-
brain axis” (55). Intestinal bacteria have been shown to regulate
the differentiation, maturation and activation of B cells (56).
Yersinia infection can induce polyclonal B-cell activation leading
to increased autoantibodies resulting in autoimmune rheumatic
diseases such as reactive arthritis and Lyme disease (57), and the
relationship between Yersinia infection and MS has not
been confirmed.

Target genes and target pathways for
pDCs in the treatment of MS with IFN- 3

7 target pathways and 154 target genes (97 up-regulated
target genes and 57 down-regulated target genes) were
obtained by analyzing the transcriptomic data of pDCs
from MS patients without treatment and before and after
the application of IFN-3 treatment. Most of these 7 target
pathways are associated with viral infectious diseases. We
know that pDCs sense and process viral DNA through Toll-
like receptor 9 (TLR9) and that IFN-f3 treatment of MS leads
to a reduction in the activation of pDCs by viral pathogens
and a decrease in the frequency of MS progression by
inhibiting TLR9 processing (58). Therefore, it can explain
the results obtained from our analysis that the hub target
genes with the top 3 node degrees and most of the target
pathways were associated with viral infectious diseases.
Among them, “Epstein-Barr virus infection” is more
important. EBV, one of the most studied viruses regarding
MS, is a persistent and frequently reactivated virus with close
to 100% epidemiological relevance to MS, triggering local
inflammation near or within the CNS and thought to play a
dominant role in MS pathogenesis (59).

By constructing a PPI network, 15 hub target genes were
obtained, and the top 3 node degrees were MX2 (down-
regulated in MS), DDX60 (down-regulated in MS) and IRF7
(down-regulated in MS), all of which were associated with the
viral infection. IRF7 (Interferon regulatory factor 7) is a key
regulator of the host antiviral defense response and is one of
the most important members of the interferon regulatory
factor family, playing an essential role in the induction of type
I interferon synthesis and in the cellular innate immune
response (60). IRF7-deficient mice have a higher degree of
CNS leukocyte infiltration, and IRF7 is essential for
regulating the inflammatory response in the CNS of MS
patients (61). MX2 and DDX60 have not been studied
about MS and EAE.
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Target genes and target pathways for
PBMC in the treatment of MS with IFN- [

6 target pathways and 73 target genes (61 up-regulated
target genes and 12 down-regulated target genes) were
obtained by analyzing PBMC transcriptomic data from MS
patients without treatment and before and after the
application of IFN-B treatment. “Fatty acid metabolism” is
more important, as fatty acids are key regulators in the gut,
altering the balance between Thl and Th17 and Treg cells in
autoimmune neuroinflammation (62). Long-chain fatty acids
(LCFAs) exacerbate EAE by increasing pathogenic Thl and
Th17 cell populations, and short-chain fatty acids (SCFAs)
improve EAE and reduce axonal damage by promoting
differentiation and proliferation of Treg cells (62),
suggesting that regulation of fatty acid metabolism may
have an impact on the autoimmune response of MS patients
by regulating the intestinal immune microenvironment.

By constructing the PPI network, 7 hub target genes were
obtained. Among them, the highest node degree target gene is
EGF (upregulated in MS), which is an epidermal growth factor
that binds to receptors on the cell membrane and activates the
PI3K-Akt signaling pathway (63), and as mentioned earlier,
inhibition of the “PI3K-Akt signaling pathway” is essential for
MS treatment.

Potential candidate drugs for
MS treatment

Among the 6 candidates obtained for 2 or more hub target
genes, Fostamatinib is particularly important, targeting 7 hub
target genes (LRRK2, PAK1, PRKACA, CSK, PIK3CG,
CHEKI1, PDE5A), which are targets of CD4" T cells in
Fingolimod for MS and targets of pDCs and PBMCs in
IFN-B for MS. Fostamatinib is a spleen tyrosine kinase
(SYK) inhibitor. A phase 2 clinical trial of a tyrosine kinase
inhibitor (TKI) (Evobrutinib) has been completed in MS with
promising results (64), and data from a post-hoc analysis of a
phase 2 trial of Evobrutinib were presented at the 37th
Congress of the European Committee for Treatment and
Research in Multiple Sclerosis (ECTRIMS) in 2021,
confirming that oral Bruton’s tyrosine kinase inhibitor
(BTKi) Evobrutinib affects brain injury associated with
chronic inflammation in the CNS, making it the first BTKi
shown to significantly reduce slowly expanding lesion (SEL)
(65). Among these, SELs are chronic, active, demyelinating
MS lesions that are considered to be early indicators of MS
disease progression. Fostamatinib is currently used to treat
chronic adult idiopathic thrombocytopenic purpura (ITP),
which has been poorly treated with previous therapy, by
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blocking platelet destruction and is the only approved SYK
inhibitor on the market (66). Clinical trials have also been
conducted on Fostamatinib for the treatment of RA, but the
results have not been satisfactory (67). Whether it is effective
in treating MS remains unclear.

Based on the target pathways of CD19" B cells and CD4"
T cells in Fingolimod for MS and pDCs and PBMCs in IFN-f3
for MS, we can know that the “PI3K-Akt signaling pathway”
and the “Chemokine signaling pathway” are more important,
so we focus on drugs that target these pathways
simultaneously. Among the 58 candidate drugs obtained
that target 2 target pathways, Nemiralisib and Umbralisib
target both the “PI3K-Akt signaling pathway” and the
“Chemokine signaling pathway”. Nemiralisib, a PI3Kd
inhibitor, is an anti-asthmatic and anti-inflammatory agent
(68), while Umbralisib, a dual PI3K&/CKle inhibitor, is an
anti-tumor agent currently used in the treatment of
lymphoma (69). Neither of them has been studied in MS,
and they deserve focused attention.

Our study has the following limitations. First, we could
only obtain the transcriptomic dataset of MS patients treated
with IFN-B and Fingolimod in the GEO database. If the
transcriptome datasets of MS patients treated with other
effective drugs are reported in the future, this method can
continue to be used to find potential candidate drugs for MS.
Second, in our study, the critical values of DEG were
relatively low (P < 0.05, FC > 1.2 or 0 < FC < 1/1.2). When
we increased the FC used for common cases to 2 and
performed subsequent analyses, the DEGs for MS patients
without treatment were shown in Supplementary Table S10,
and the DEGs for MS patients before and after the application
of IFN-f or Fingolimod were shown in Supplementary Table
S11. Target genes for CD19" B cells and PBMC were reduced
to 0. The upregulated target genes for CD4" T cells were
reduced to 0 and the downregulated target genes were
reduced to 55. The upregulated target genes of pDCs were
reduced to 0 and the downregulated target genes were
reduced to 2. In terms of pathway enrichment, CD19" B
cells and PBMC did not obtain target pathways, CD4" T cells
obtained 7 target pathways, and pDCs obtained 11 target
pathways (Supplementary Table S12). Although the cutoff for
DEGs was relatively low, the results based on transcriptome
data were meaningful to a certain extent. Third, limited by the
lack of compliant proteomic datasets, we were only able to
validate a small portion of our transcriptomic data - the
transcriptomic data on CD4" T cells from MS patients
without treatment, and protein validation may continue in
the future. Fourth, no basic trials or clinical trials have been
conducted with Nermiralisib, Umbralisib or Fostamatinib.
More work needs to be done in this area to fully realize the
practical value of this study.
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Conclusion

In this study, we applied bioinformatics analysis of MS
transcriptome data to reposition drugs that may treat MS,
which can help identify target genes and target pathways for
the treatment of MS, redirect the use of approved drugs, and find
new effective drugs that may treat MS. According to our analysis,
MS treatment is a complex process involving multiple systemic
pathways, including immunity, infection, and signal
transduction, etc. We should focus on candidate drugs that
target both the “PI3K-Akt signaling pathway” and the
“Chemokine signaling pathway” (e.g., Nemiralisib and
Umbralisib) and TKI (e.g., Fostamatinib).
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Eosinophils are multifunctional, evolutionary conserved leukocytes that are
involved in a plethora of responses ranging from regulation of tissue
homeostasis, host defense and cancer. Although eosinophils have been
studied mostly in the context of Type 2 inflammatory responses, it is now
evident that they participate in Type 1 inflammatory responses and can respond
to Type 1 cytokines such as IFN-y. Notably, both Type 1- and Type 2
inflammatory environments are characterized by tissue damage and cell
death. Collectively, this raises the possibility that eosinophils can interact with
apoptotic cells, which can alter eosinophil activation in the inflammatory
milieu. Herein, we demonstrate that eosinophils can bind and engulf
apoptotic cells. We further show that exposure of eosinophils to apoptotic
cells induces marked transcriptional changes in eosinophils, which polarize
eosinophils towards an anti-inflammatory phenotype that is associated with
wound healing and cell migration. Using an unbiased RNA sequencing
approach, we demonstrate that apoptotic cells suppress the inflammatory
responses of eosinophils that were activated with IFN-y + E. coli (e.g., Type 1
eosinophils) and augment IL-4-induced eosinophil activation (e.g., Type 2
eosinophils). These data contribute to the growing understanding regarding
the heterogeneity of eosinophil activation patterns and highlight apoptotic
cells as potential regulators of eosinophil polarization.

KEYWORDS

eosinophils, allergy, inflammation, IL-4, IFN-gamma, apoptotic cells

Introduction

Eosinophils are bone marrow-derived granulocytes, that are mainly present in
mucosal surfaces such as the gastrointestinal and respiratory tract (1). Eosinophils can
produce a plethora of immunoregulatory cytokines and are actively involved in the
regulation of multiple immune responses (2). In response to diverse stimuli, eosinophils
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are recruited from the circulation into the inflammatory site,
where they modulate immune responses through an array of
mechanisms. For example, they can promote tissue damage or,
conversely, encourage repair, which may eventually lead to tissue
remodeling and fibrosis (3). Triggering of eosinophils by
engagement of receptors for cytokines, immunoglobulins, and
complement can lead to the generation of a wide range of
inflammatory cytokines, lipid-derived mediators, and neuro-
mediators (3). Thus, eosinophils can display direct or indirect
effector functions by modulating multiple aspects of the immune
response (1-3). Due to their ability to respond to, and secrete a
multitude of mediators, eosinophils have pleotropic activities in
numerous homeostatic processes (especially in mice) and display
key roles in inflammatory responses that range from allergic
diseases, host-defense and even cancer (4).

Eosinophils are considered terminally differentiated cells.
Nonetheless, recent data demonstrate that exposure of
eosinophils to distinct inflammatory microenvironments can
induce differential transcriptional profiles in these cells (5-8).
This could explain, at least in part their pleotropic activities in
different disease contexts. For instance, exposure of eosinophils
to cytokines such as IL-4, which is present in allergic diseases
induces a unique transcriptome signature that is markedly
different than the transcriptome signature that is induced by
exposure of eosinophils to IFN-y and/or innate immune
stimulation (i.e., E. coli) (6). Based on these differential
responses, we recently characterized the transcriptional profile
of eosinophils and termed them Type-1 eosinophils (in response
to IFN-y with or without E. coli stimulation) and Type-2
eosinophils (in response to IL-4) (6). The presence of factors
that are capable of modulating Type 1 and Type 2 eosinophil
responses are largely unknown.

Cell death is a common feature of infected and damaged
tissues in inflammatory sites (9). Engulfment of apoptotic cells
by phagocytes (i.e., efferocytosis) (10) is a critical event in the
resolution of inflammatory responses. The importance of
efferocytosis in homeostasis is demonstrated by the finding
that mice, which lack components that enable sensing,
recognition and/or engulfment of dead cells, develop
autoimmune diseases and/or chronic inflammation (11, 12).
Indeed, efferocytosis can inhibit inflammatory signaling in
macrophages and is associated with induction of tissue repair
and wound healing. In agreement with this, the inflammatory
response induced by lipopolysaccharide (LPS)-activated
macrophages, is attenuated by their incubation with apoptotic
cells (13). Conversely, optimal activation of macrophages with
IL-4, which induces an anti-inflammatory phenotype in
macrophages (e.g., M2 macrophages), requires the presence of
apoptotic cells (14). Furthermore, apoptotic cells can induce the
activation of STATS6, a key transcription factor in the IL-4/IL-13
signaling pathway (15).
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Increased infiltration of eosinophils is observed in multiple
diseases that are characterized by the presence of apoptotic cells.
We have recently shown that eosinophils reside in the proximity
of Caspase 3" cells in the colons of mice with colorectal cancer
(16). Furthermore, we have shown that eosinophils express
various receptors mainly of the CD300 family (17-22), that
may bind phosphatidylserine (PtdSer) (23), the most common
‘eat-me’ signal, which promotes the engulfment of apoptotic
cells (24). Thus, eosinophils are potentially capable of detecting
and responding to apoptotic cells. Whether apoptotic cells
regulate transcriptional programs in eosinophils is
largely unknown.

Herein, we demonstrate that eosinophils can bind and engulf
to some extent apoptotic cells. We show that exposure of
eosinophils to apoptotic cells induces marked transcriptional
changes in eosinophils that are associated with wound healing
and cell migration. Furthermore, using an unbiased RNA
sequencing approach, we show that apoptotic cells suppress
the inflammatory responses of Type 1 eosinophils and augment
Type 2 eosinophil activation. These data contribute to the
growing understanding regarding the heterogeneity of
eosinophil activation patterns and highlight apoptotic cells as
potential regulators of eosinophil polarization.

Materials and methods
Mice

Wild type (WT) C57BL/6 and BALB/c mice were obtained
from Envigo, Israel. BALB/c Cd300a”, C57BL/6 Cd300b”,
C57BL/6 Cd300f" were recently descried (19-22).
NJ.1638 II5"¢ mice (kindly provided by Dr. James L. Lee,
Mayo Clinic, Phoenix, USA), were used for all studies using
primary mouse cells. The mice were housed under specific
pathogen-free conditions. All experiments were reviewed and
approved by the Animal Health Care Committee of Tel Aviv
University and were performed in accordance with the
regulations and guidelines regarding the care and use of
animals for experimental procedures.

Eosinophil isolation

Mouse eosinophils were isolated from the peritoneal cavity
of 115" mice under sterile conditions (22). Peritoneal cavity was
washed with 10mL of PBS. Thereafter, negative selection of
eosinophils was performed using anti-Thyl.2 (11443D,
Invitrogen) and anti-B220 (11331D, Invitrogen) Dynabead-
conjugated antibodies according to the manufacturer’s
instructions. Eosinophil purity was validated using flow
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cytometry; CD45-APC 07512-80-05 biogems; Siglec-F-PE Rat
IgG2ax, 552126/552128 BD Biosciences. Eosinophils were used
when purity >97% and viability > 97%.

Generation of bone marrow-derived
eosinophils

Bone marrow-derived eosinophils (BMDEs) were generated
as described (25). Briefly, bone marrow cells were collected from
the femur and tibia bones by crushing and red blood cells will be
lysed with ACK lysis buffer (Sigma). Low-density bone marrow
progenitors were separated by gradient centrifugation
(Histopaque 1083, Sigma) of 1700 RPM for 30 minutes. Low
density bone marrow cells were seeded at 5 X 10° cells/mL in 24
wells plate (BD Falcon) in media containing IMDM (Gibco)
with 10% fetal bovine serum (HyClone), 1% penicillin-
streptomycin (Biological industries), 2 mM glutamine
(Gibco),50 UM B-mercaptoethanol (Sigma) and supplemented
with 100 ng/mL stem-cell factor (SCF; PeproTech) and 100 ng/
mL FLT3-Ligand (FLT3-L; PeproTech) from day 0 to day 4. On
day 4, the media containing SCF, and FLT3-L replaced with
media containing 10 ng/ml recombinant mouse interleukin-5
(rmIL-5; Peprotech) alone. Medium refreshing was done every 3
days from day 4 to 14 until eosinophil purity reached >85%.
Purity was assessed by flow cytometry using CCR3 (R&D) and
Siglec-F (BD Bioscience) as eosinophils markers.

Generation of apoptotic cells

Wild-type mice (4- to 6-week-old) were euthanized and the
thymus was collected, homogenized and thymocytes were
incubated in an RPMI-1640 culture medium containing
0.ImM dexamethasone (Sigma). Following 6 hours of
incubation, the cells were washed 3 times in the cell’s media
by centrifugation.

Annexin DAPI staining

After induction of apoptosis, thymocytes were washed once
in PBS and suspended in Annexin binding buffer. Thereafter, the
cells were stained with PE.Cy7-conjugated Annexin V
(eBioscience) and DAPI as per the manufacturer’s instructions.
After staining, cells were washed with Annexin binding buffer
and suspended with PBS. Apoptotic cells were evaluated by flow
cytometry and considered as AnnexinV*/DAPI cells.
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Efferocytosis and co culture assays

Eosinophils were labeled using CFSE - Cell Labeling Kit
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Apoptotic thymocytes were labeled using DiD
(Invitrogen, Carlsbad, CA). Eosinophils and apoptotic cells
were co-cultured (1:5 ratio, eosinophils:apoptotic cells) for 18
hours. Engulfment was determined by image-stream flow
cytometry which captures single-cell images showing either
single cells or engulfment. Live imaging was performed by
snapping pictures every 5 min using IncuCyte®. All our
stimulating conditions (including those of eosinophils without
apoptotic cells) were conducted on eosinophil samples that were
purified after the co culture by positive selection using anti-
Siglec-F magnetic beads, and immediately resuspend in
TRIzol Reagent (Invitrogen, Thermo Fisher). This procedure
was conducted to ensure that apoptotic cells are not sequenced
as well. Eosinophils from all the samples were then assessed by
flow cytometry for their viability, which was >90% and
purity >95%.

In other experiments, thymocytes were treated for 6 hours
with Dexamethasone for the induction of apoptosis. Thereafter,
the cells were washed and resuspended in PBS at a concentration
of 10°/ml and labeled with 20nM pHrodo' " Red succinimidyl
ester (SE) (Invitrogen, Thermo Fisher) by incubating them for 1
hour at 37° C. The labeled cells were co-cultured with peritoneal
eosinophils that were obtained from I/5"¢ mice for 18 hours.
Uptake was assessed by flow cytometry assessing cells that were
positive for Siglec-F (as an eosinophils marker) and pHrodoTM
Red, SE.

Quantitative PCR analysis

RNA extracted using TRIzol Reagent (Invitrogen Life
Technologies) and ¢cDNA synthesis performed using the
iScript " ¢<DNA Kit (Bio-Rad) according to the manufacturers’
instructions. PCR reactions were done using qPCR GreenMaster
with ROX (Larova, Ornat). All primers are murine and were
synthesized by Sigma-Aldrich Israel using the following primers:
Tim4: Fwd (5’ 3)- ATTCTCCCATCCACTTCACAG, Rev (3-
5’)- CACCATTAGCACAAATCCCAC (band size: 147bp);
Tim3: Fwd-ACCCTGGCACTTATCATTGG, Rev-
TTTTCCTCAGAGCGAATCCTG (band size: 149bp); Cd300a:
Fwd-CAGGACCAACACTAGAGACAC, Rev-
CAGGAGAGCTAACACAGACAAC (band size: 146bp);
Cd300b: Fwd- AATGACACGGACACTTACTGG, Rev-
CATGTCTGTACTGCCGTCC (band size: 150bp); Cd300c:

Fwd-AAGGTTGAGGTGTTCGTGG, Rev-
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CTTTCTGGTCACGCTGGG (band size: 150bp); Cd300d: Fwd-
CAGTTCTCTGCTCTACTCCTATTC, Rev-
CTTGTAACCCTTCCAGTATGAGG (band size: 144bp);
Cd300e: Fwd-GTCTGCTCCTTCTCTGCTTC, Rev-
GTCCTCGGCACCAGTATTTC (band size: 141bp); Cd300f:
Fwd-ACCACAGTAAAAGAGACCAGC, Rev-
GAGATCCAGAAACCCATCACC (band size: 120bp);
Cd300g: Fwd-TCATTGTCTTTCCAGGGAGC, Rev-
GGACAAGAGTATCAGGACTGG (band size: 149bp); MerTk:
Fwd-CCTGAGCCCGTCAATATCTTC, Rev-
CGTCAGTCCTTTGTCATTGTG (band size: 144bp); Axl:
Fwd-TGGGAGAAGGAGAATTTGGC, Rev-
AGACAGCTTCACTCAGGAAATC (band size: 138bp). All
qPCR reactions were conducted on a Bio-Rad CFX96 real-
time PCR machine. Quantitation and normalization were
relative to the housekeeping gene hypoxanthine-guanine
phosphoribosyltransferase (Hprt).

Flow cytometry

Flow cytometry was performed using a Gallios flow cytometer
(Beckman-Coulter) to validate the expression level of selected
surface markers on isolated eosinophils (3 X 105 cells in 200 pl).
Staining was performed on ice for 30 minutes in HBSS
supplemented with 1% BSA, 0.1% sodium azide. Data were
analyzed using Kaluza analysis software on 10,000-50,000
acquired events. Surface molecule expression was calculated by
defining the delta mean fluorescent intensity between the specific
antibody stain and the isotype-matched control antibody.

The following antibodies were used to stain for PtdSer-
recognizing cell surface receptors: Anti-mouse LMIR5/
CD300b/CLM-7, Rat monoclonal clone 339003, MAB2580;
Anti-mouse CD300c/d Rat IgG2bx 148002, (Biolegend); Anti-
mouse CD300LF/CLM-1 Goat polyclonal IgG Santa Cruz sc-
161464; Anti-mouse TIM-4-PE Rat/IgG2a, kappa 12-5866
(eBioscience); Anti-mouse TIM-1 Rat/IgG2b, kappa 14-
5861 (eBioscience).

RNAseq

RNA was extracted using TRIzol ™ Reagent (Invitrogen,
Thermo Fisher) according to the manufacturer’s instructions.
The RNA integrity number (RIN) was analyzed using
Typestation (Agilent) and only samples of RIN>8 were used.
RNA samples were prepared using the CEL-Seq2 protocol (26)
with minor changes: instead of single-cells as input, 2 ng of
purified RNA (obtained from 1076 eosinophils), was used for
library preparation. The CEL-Seq library was run on an Illumina
NextSeq 550 apparatus according to manufacturer’s
recommendation. The number of reads ranged from 3,093,819
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to 10,621,072 per sample. The reads were mapped to the Mus
musculus, GRCm38 genome (fasta:ftp://ftp.ensembl.org/pub/
release97/fasta/mus_musculus/pep/Mus_musculus. GRCm38.
pep.abinitio.fa.gzgtfftp:// ftp.ensembl.org/
pub/release97/gtf/mus_musculus/Mus_musculus.GR
Cm38.97.chr_patch_hapl_scaff.gtf.gz) using Tophat2 version
2.1.0 (27) with up to 2 mismatches allowed per read, the
minimum and maximum intron sizes were set to 50 and
100,000, respectively, and an annotation file was provided to
the mapper. The percentage of uniquely mapped reads ranged
from 2,599,806 to 8,909,751 per sample. Only uniquely mapped
reads were counted to genes, using ‘HTSeq-count’ package
version 0.6.1 with ‘union’ mode (28). Normalization and
differential expression analyses were conducted using DESeq2
R package version 1.10.0 (29). Sample preparation, sequencing,
quality control, and normalization were conducted by the
Technion Genome Center, Life Science and Engineering
Interdisciplinary Research Center, Technion, Haifa, Israel.

Bioinformatics analysis

RNA-Seq data from the experiment was trimmed using fastp
0.20.1 (30) and aligned using STAR 2.7.2a (31). Normalization
and differential expression analyses were conducted using
DESeq2 R package version 1.32.0. Genes were regarded as
statistically significant and differentially expressed if they
presented false discovery rate (FDR) lower than 0.05 and
changed their expression by a factor of 1.5 or more (6). P
values were adjusted with FDR multiple comparison
correction. Gene ontology annotations were obtained from
Ensembl and pathway graphs were obtained from KEGG. In
several analyses, datasets were retrieved from public domains
and therefore not all genes were identified. In such
cases NA represents non-applicable. All datasets presented in
this study are available online in accession accession numbers:
GSE189213 and GSE216110.

Enzyme-linked immunosorbent assay

Cytokines were measured by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s instructions Kkit:
IL-6, TNF-0, and CCL17 (R&D Systems, Minneapolis, MN).

Statistical analysis

P values of data sets were adjusted with false discovery rate
(FDR) using multiple comparison correction (32). FDR lower
than 0.05 and fold-change by a factor of 1.5 or more were
analyzed. In in vitro experiments, one-way analysis of variance
(ANOVA), unpaired two-tailed Student’s t test with 95%
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confidence interval were used. All statistical tests were
performed with GraphPad Prism V8 software. Experiments
are from n=3 biological replicates. Data are shown as mean +
SEM. *-p < 0.05 **-p < 0.0L; **-p < 0.001.

Results
Eosinophils bind and engulf apoptotic cells

Extracellularly exposed PtdSer is recognized by multiple cell
surface receptors and bridging molecules, such as CD300-family
members, T-cell immunoglobulin mucin (Tim) receptors, brain-
specific angiogenesis inhibitor 1 (BAI1), and or Tryo3-Axl-Mer
(TAM) receptors (23, 33-35). Thus, we were first interested to
determine the expression pattern of PtdSer-recognizing
receptors in eosinophils. To this end, RNA was extracted from
peritoneal eosinophils and mRNA expression of CD300-family
members, TIM-3, TIM-4, AXL and MerTK were assessed by
quantitative PCR. Eosinophils expressed mRNA for multiple
PtdSer-recognizing receptors including Cd300a, Cd300b,
Cd300d, Cd300f, Cd300g, Tim4, and to and to lesser extent
Cd300c and Mertk (Figure 1A). Next, we aimed to confirm
protein expression of the aforementioned receptors. Flow
cytometric analysis revealed that eosinophils express detectable
levels of CD300a, CD300b, CD300f but do not express TIM-4
and TIM-1(Figures 1B, C).

Expression of PtdSer-binding receptors on eosinophils
suggest that they may interact with apoptotic cells. Thus, we
determined whether eosinophils bind and/or engulf apoptotic
cells. Peritoneal eosinophils were isolated from II5"¢ mice and
labeled with CFSE. Subsequently, the eosinophils (marked in
green color) were co-cultured with DiD-labeled apoptotic cells
(marked in red) and eosinophil-apoptotic cell interactions was
measured by image stream (Figure 1D), which enables to capture
single-cell images of interacting cells. This analysis revealed
eosinophils in three different states. Namely, eosinophils that
have no interaction with apoptotic cells (Figure 1D- upper
panel), Eosinophils that are attached to apoptotic cells
(Figure 1D- middle panel) and eosinophils that engulfed
apoptotic cells (Figure 1D- lower panel). Quantitative analysis
showed that approximately 20% of the eosinophils were either
attached to apoptotic cells (2.25%) or engulfed apoptotic cells
(17.25%) (Figure 1E). The ability of eosinophils to bind and
engulf apoptotic cells was further established using real-time,
live-cell imaging analysis where upon introduction of DiD-
labeled apoptotic cells (Figure 1F, time 0:00), eosinophils were
capable of binding them (Figure 1F, time 0:09) and rapidly
engulfing them (Figure 1F, time 0:17 and 0:25).

To further confirm the ability of eosinophils to uptake dead
cells, the uptake of pHrodo-labeled thymocytes was measured in
vitro by flow cytometry. This method uses a unique pHrodo dye
that fluoresces in response to an acidic environment that is
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found in the phagosome (36). Indeed, ~13% of the eosinophils,
which were co-cultured with apoptotic cells were postive for
pHrodod (Figure 1G).

Apoptotic cells induce transcriptional
changes in eosinophils

Following the observation that eosinophils can interact with
apoptotic cells, we were interested to determine whether
interaction of eosinophils with apoptotic cells will alter their
transcriptional profile. To this end, mouse eosinophils were
incubated with apoptotic cells and subjected to RNA
sequencing. Pairwise comparison analysis revealed that
eosinophils that were co cultured with apoptotic cells
upregulated 1,795 transcripts and downregulated 1,678
transcripts, (adjusted p-value < 0.05 and fold change of >< +
1.5, Figure 2A and Table S1). The list of up- and down-regulated
transcripts were further analyzed using gene ontology (GO)
based on biological processes. This analysis identified that
upon interaction with apoptotic cells, eosinophil upregulate
pathways that are related to global “leukocyte activation”
including “response to wound healing” and “cell migration”
(Figure 2B). In contrast, GO analysis of the biological processes
that were dictated by the downregulated transcripts indicated
that following interaction with apoptotic cells, eosinophils
downregulated pathways related to “defense response”,
“response to IFN-Y”, and “inflammatory response” (Figure 2B).
These data are consistent with the anti-inflammatory effects of
apoptotic cells on additional myeloid cell types (10, 13). To
further characterize the transcriptional changes induced in
eosinophils by apoptotic cells we analyzed the expression of
cell surface receptors (Figures 2C, D, Supplementary Tables 2—-
3), Secreted factors (Figures 2E, F, Supplementary Tables 4-5),
and transcription factors (Figures 2G, H, Supplementary
Tables 6-7).

Cell surface receptors

Following incubation with apoptotic cells eosinophils
upregulated the expression of Cd34, which we previously
identified as a Type-2 activated eosinophil marker (6)
(Figure 2C). In addition, the expression of several cytokine
and chemokine receptors including II2ra, II7r 1l18rap, Il1rI2,
Il13ral, Tgfbr2 and Cxcr4, was increased. Apoptotic cells also
increased the expression of adhesion molecules such as Selp (P-
selectin), Itgb3, and Icam2, (Figure 2C). Interestingly, apoptotic
cells markedly downregulated the expression of CD300 family
members including Cd300a, Cd300lb and Cd300ld (Figure 2D).
Furthermore, multiple SLAM-family receptors such as Slamf7,
Slamf8 and Slamf9 were decreased (Figure 2D). Ccr3, the main
receptor for eotaxin chemokines (37), which have key roles in
eosinophil biology was downregulated as well (38). Finally, and
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FIGURE 1

Eosinophils bind and engulf apoptotic cells. mMRNA expression of various phosphatidylserine binding receptors was determined in eosinophils by
quantitative PCR analysis and normalized to the expression of the house keeping gene hypoxanthine-guanine phosphoribosyltransferase (Hprt)
(A) Protein expression of CD300a, CD300b, CD300f, TIM-1 and TIM-4 was determined by flow cytometry (B) and presented as fold expression
over isotype control (C) Representative photomicrographs (D) obtained from ImageStream analysis of CFSE-labeled eosinophils (Eos, green)
interacting with DiD-labeled apoptotic cells (red) (D). Quantitative analysis of eosinophil-apoptotic cell interactions is presented (E) Snap-shot
images from time lapse microscopic analysis of eosinophils (unstained) engulfing DiD-labeled apoptotic cells (red; time-0, 9, 17 and 25 min)

(F) apoptotic cells (ACs) and live cells (LCs) were labeled with pHrodoTM SE Red and co cultured with eosinophils. The percentage of pHrodoTM
SE Red positive cells is shown (G) Data are from n=3 (A, E) or representative images from n=3 independent experiments. In (G), n=5.

**- p< 0.001
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and CD93 (J) was determined by flow cytometry on the surface of eosinophils, which were incubated in the presence of apoptotic cells. Each
lane indicates eosinophils that were obtained from a different mouse. ***- p< 0.001.

consistent with the overall anti-inflammatory effects that are
associated with the interactions of immune cells with apoptotic
cells, the expression of multiple IFN-y-related transcripts
including Ifitml, Ifngr2, and the recently described Typel-
activated eosinophil marker Cd274 (PD-L1) were decreased.

Secreted factors

Incubation of eosinophils with apoptotic cells induced the
expression of soluble factors that are associated with Type-2
immune responses and tissue repair. For example, the IL-4/IL-
13-associated factors Ccll7, Ccl24, Chil3, and Chil5 (39) were
upregulated (Figure 2E, Table S4). S100a8, which was previously
shown to be highly upregulated by eosinophils during colonic
repair (8), was also upregulated. In addition, the pro-fibrotic
factors/anti-inflammatory factors Tgfbi, and Tgfb2 (40), were
also increased following interaction with apoptotic cells.

(Vegf)a/b,

Interestingly, vascular endothelial growth factor
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which induces angiogenesis (41), and Anxal/2, a regulator of
innate immune responses, were also increased (42). Apoptotic
cells decreased the expression of numerous pro-inflammatory
secreted factors (Figure 2F, Table S5). These include multiple
chemokines (e.g., Cxcll, Cxcl3 Cxcl9, Cxclll, Ccl2, Ccl3, Ccl4
Ccl8, and Ccl22) and cytokines (e.g., I118 and I127) (Figure 2F).

Transcription factors

Transcription factor analysis revealed that apoptotic cells
increased the expression of Gata6 and Maf (43, 44), which are
associated with Th2 activation. The expression of Kif4, which is
associated with M2 macrophage polarization was increased as
well, and several wnt- and Notch-family associated transcription
factors such as Lefl and Notch4 were increased (Figure 2G).
Consistently, apoptotic cells downregulated the expression of
several pro-inflammatory transcription factors (Figure 2H).
These include the signal transducer and activator of
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transcription (STAT) family members, Statl and Stat2.
Furthermore, Nfkbl and Nfkb2 were also downregulated
(Table S7).

To confirm our RNA sequencing data, we chose to examine
protein expression of CD93 and CCR3 which were suggested to
be up- and downregulated by apoptotic cells, respectively (Table
S2-3). Incubation of eosinophils with apoptotic cells decreased
cell surface expression of CCR3 and increased CD93 expression
(Figures 21, J). Collectively, these data suggest that apoptotic cells
suppress pro-inflammatory genes activation on eosinophils and
may augment their responses in settings of tissue repair
and remodeling.

Apoptotic cells suppress
proinflammatory responses in Type 1-
activated eosinophils

Next, we aimed to determine whether apoptotic cells could
suppress proinflammatory responses in eosinophils following
stimulation with IFN-y and/or E. coli. To this end, eosinophils
were stimulated with IFN-v, E. coli, and IFN-y followed by E. coli
to elicit Type 1-polarized eosinophils (6). We specifically classify
Type 1 eosinophils as cells that are exposed to IFN-y in the
presence of bacterial/innate stimuli since this condition has been
widely used to characterize M1 macrophages (45). Thereafter,
the cells were subjected to RNA sequencing. Principal
component analysis (PCA) analysis, which represents the
relationship between biological replicates, revealed that the
major factor, which was responsible for the differences
between the samples was the presence of apoptotic cells
(Figure 3A). This is demonstrated by the PC1 axis that
segregated between the samples according to the presence or
absence of apoptotic cells and represents 50% of the variance
between all groups (Figure 3A). Using Venn plot analysis, we
compared the effects of apoptotic cells on transcripts that were
upregulated in eosinophils following activation with IFN-y with
or without E. coli. (Figures 3B-D). Apoptotic cells suppressed
the expression of 515 transcripts, which were upregulated by
eosinophils that were stimulated with E. coli and IFN-y
(Figure 3B, Table S8). Apoptotic cells inhibited the expression
of several surface markers that are associated with an
inflammatory phenotype of eosinophils (Table S8). For
instance, Cd274, a key Type-1 activated eosinophil marker (6,
32), was decreased by ~2.4-fold following interaction with
apoptotic cells. Moreover, the expression levels of Cd83 and
Cd86 were downregulated by ~3.8 and ~1.5 respectively. In
addition, the expression of the antiviral transmembrane proteins
Ifitm1 and Ifitm2 were also decreased by apoptotic cells, (~2.7
and ~1.5-fold, respectively). Notably, apoptotic cells inhibited
the expression of proinflammatory soluble mediators including
Illa, 1l1b, 1I6, 1112b, Cxcll, Cxcl2, and Tnfa. Furthermore,
apoptotic cells downregulated the expression levels of several
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hallmark inflammatory transcription factors such as Nfkb2,
Mapk, Mapkapk2, Ppard, and Lipopolysaccharide-Induced
TNF-o. (Litaf) (Table S8). The anti-inflammatory eftects of
apoptotic cells on eosinophils were also observed towards
stimulation of eosinophils with IFN-y or E. coli as single
activation agents. Out of 1,073 transcripts that were
upregulated by IFN-y, apoptotic cells downregulated the
expression of 345 (32%, Figure 3C, Table S8) and out of 857
transcripts that were upregulated by E. coli, apoptotic cells
decreased the expression of 384 (45%) of total (Figure 3D,
Table S8). Down regulated transcripts in response to IFN-y
stimulation included surface markers (e.g., Cd36, Ldlr, Olrl,
Ly6g, and TIr6), proinflammatory chemokines/cytokines (e.g.,
Cxcl2, Cxcl3, Il1a, 111b, Mif, and II6), and transcription factors
(e.g., Mapk7, Nfkb2, Statl, Stat5b, Irfl, and Nlrc5). Similarly,
down regulated transcripts in response to E. coli stimulation
included surface markers such as Cd274 and Pdcd1lg2 (PD-L2),
the pro-inflammatory receptors Cd80 and Ldlr and the LPS
receptor Tlr4 were also downregulated. Interestingly, Csf2rb
(The common beta chain for IL-3, IL-5 and GM-CSF), was
also decreased by 1.69-fold. Moreover, proinflammatory
secreted factors (e.g., Ccl2, Ccl3, Cxcll, Cxcl2, Cxcl3, 1l1a, Il6,
and Tnfa), were downregulated.

To further characterize the effects of apoptotic cells on the
suppression inflammatory pathways in Type-1 activated
eosinophils, a bioinformatics gene ontology pathway analysis
was conducted. The pathways, which were suppressed by
apoptotic cells were associated with “response to IFN-Y”,
“Inflammatory response”, “response to LPS”, and “defense
response” (Figures 3E-G). To functionally validate the ability
of apoptotic cells to inhibit Type 1 eosinophil responses,
eosinophils were stimulated with IEN-y, E. coli and IFN-y with
E. coli. Stimulation of eosinophils with IFN-y, E. coli, and E. coli
+ IFN-y resulted in increased the secretion of TNF-a and IL-6,
Incubation of eosinophils with apoptotic cells markedly
suppressed IFN-y-, E. coli- and IFN-y+E.coli-induced secretion
of TNF-o. and IL-6 (Figures 3H, I).

Apoptotic cells augment Type 2
eosinophil activation

Recently, apoptotic cells were shown to enhance
macrophage responses towards IL-4. Thus, we were interested
to determine whether apoptotic cells will increase IL-4-induced
responses in eosinophils as well. To this end, eosinophils were
stimulated with IL-4 in the presence or absence of apoptotic
cells. Thereafter, RNA was extracted and subjected to RNA
sequencing. PCA plot of the top 500 variable genes, revealed
that the factor, which was accounted for the major variance
between the samples (62.7%), was explained by the presence of
apoptotic cells (Figure 4A). PC2 that represents the differences
induced by IL-4, accounted for only 18% of the variance
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(Figure 4A). The PCA plot further demonstrated that the groups,
which displayed the largest difference were unstimulated
eosinophils and eosinophils stimulated with IL-4 in the
presence of apoptotic cells (Figure 4A). Our analyses revealed
that 62 transcripts were significantly upregulated by the
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combination of IL-4 and apoptotic cells compared to IL-4 or
apoptotic cells alone (Figure 4B, Table S9). Among these
transcripts, several were associated with tissue remodeling and
repair. For example, IL-4 increased the expression of Chil3 by
1.7-fold compared to unstimulated cells. The presence of
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conducted in triplicates; ns- nonsignificant, ***p<0.001.

apoptotic cells induced Chil3 expression to 9.3-fold (Figure 4C,
Table S9). Similarly, the expression of Chil4 and Chil5 were also
augmented from a fold increase of 4.1 and 1.4 with IL-4 alone to
~20.5 and ~17.5 with IL-4 in the presence of apoptotic cells.
Combination of apoptotic cells and IL-4 also increased the
expression of hallmark eosinophil-associated transcripts (e.g.,
Ccl24 and Ear2) and several markers of alternatively activated
macrophages such as Cd209, Retnla, Kif4, Serpina3, Carl2 and
Mrcl (46, 47)(Figures 4D-F). Gene ontology (GO) analysis
based on biological process demonstrated that stimulation of
eosinophils with apoptotic cells and IL-4 enriched pathways that
are associated with “negative regulation of cytokine production”,
“regulation of response to stress” and “regulation of
developmental process” (Figure 4G). To functionally validate
our RNA sequencing data, secretion of CCL17, an IL-4-induced
chemokine, was determined following stimulation of eosinophils
with IL-4 or IL-4 and apoptotic cells. As expected, IL-4 induced
the secretion of CCL17 (Figure 4H). Addition of apoptotic cells
to IL-4 enhanced CCL17 secretion (Figure 4H).
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Stimulation of eosinophils with IL-4 in the presence of
apoptotic cells resulted also in decreased expression of 69
transcripts (Figure 41, Table S10). Among these, the expression
of Cd69, an eosinophil activation marker and expression of
Cdl101, a recently described Type 2 eosinophil marker and
Ccl22, an IL-4-induced chemokine were decreased (Figures 41,
J). GO analysis of the downregulated transcript signature
resulted in no enrichment of a specific biological pathway
(data not shown).

Next, we examined whether the 62 transcripts, which were
amplified in eosinophils by stimulation by IL-4 in the presence
of apoptotic cells were similar to that, which was previously
shown for macrophages (14). IL-4 stimulation in the presence of
apoptotic cells induced a minor overlap in transcript identity
between eosinophils and macrophages (Figure 4K). Nonetheless,
the shared transcripts (i.e., Chil3, Retnla, Clec4a2, Rnase2a,
Ddx4, and Ear2) (Figure 4K, Table S10) were previously
associated with tissue repair and remodeling activities tissue
repair-related genes. Taken together, these findings suggest that
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apoptotic cells enhance eosinophil activities in Type-2
inflammatory settings.

Eosinophil recognition of apoptotic cells
is independent of CD300b and CD300f

Eosinophils express various CD300 receptor family
members that could potentially interact with apoptotic cells
via recognition of PtdSer with specifically high levels of
CD300f [Figures 1B, C and (18-22, 48)]. Hence, we examined
whether apoptotic cells suppress Type 1 eosinophil activation or
augment Type 2 eosinophil activation via these CD300-family
receptors. Our RNA sequencing data suggested that apoptotic
cells decreased the expression of CD300-family members.
Interestingly, exposure of eosinophils to apoptotic cells
markedly increased cell surface expression of CD300b but
decreased CD300f expression (Figures 5A-F).

Given the relative high expression level of CD300f in
eosinophils and the finding that CD300b expression was
increased following interaction with apoptotic cells, we
hypothesized that CD300b and CD300f will mediate apoptotic
cell recognition in eosinophils. Despite high mRNA expression of
CD300d in eosinophils we did not functionally examine its
involvement in eosinophil-apoptotic cell interactions since it was
previously shown to be retained intracellularly, and we could not
detect any surface expression of CD300d in eosinophils (data not
shown). To examine this, eosinophils from WT, Cd300b” and
Cd300f" mice were obtained and stimulated with E. coli or IL-4.
Apoptotic cells were capable of suppressing E. coli-induced
secretion of IL-6 and TNF-o in CD300b”" and Cd300f"
eosinophils to a similar extent as in WT BMDEs (Figures 5G-]).
Simulation of Cd300b”~ BMDEs with IL-4 in the presence of
apoptotic cells induced similar levels of CCL17 secretion as in
WT BMDE: stimulated with IL-4 and apoptotic cells (Figure 5K).
Consistent with our previous data, Cd300f”~ BMDEs did not
respond to IL-4 stimulation (20). Nonetheless, the presence of
apoptotic cells restored the responses of Cd300f”- BMDEs to IL-4 to
a similar extent as WT eosinophils (Figure 5L). These data
demonstrate that CD300b and CD300f do not mediate apoptotic
cell-driven responses in eosinophils.

Surprisingly, Cd300a” BMDEs did not respond to E. coli-
induced stimulation, and we could not detect TNF-ot or IL-6 in
the culture supernatants (Figures 5M, N). Similarly, although IL-
4-stimulated Cd300a”~ BMDEs displayed slightly reduced levels
of CCL17 secretion in comparison with IL-4-stimulated WT
BMDEs, addition of apoptotic cells augmented CCL17 secretion
in Cd300a”” and WT BMDEs to a similar extent (Figure 50).
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Discussion

Eosinophils are white blood cells that are traditionally
associated with allergic and parasitic diseases. Nonetheless,
accumulating data suggest key roles for eosinophils in
homeostasis and host defense. Since eosinophils are considered
terminally differentiated cells, much knowledge has been gained
regarding the signals which mediate eosinophil survival and
prevent apoptosis. Much less is known regarding the ability of
eosinophils to interact with apoptotic cells in the
microenvironment and how these interactions can shape
eosinophil activities. This is of specific interest since clearance
of apoptotic cells and engulfment of apoptotic cells by
phagocytes is a key event in the resolution of inflammatory
responses (10, 13). The importance of efferocytosis in
homeostasis is further demonstrated by the finding that mice,
which lack components that enable sensing, recognition and/or
engulfment of dead cells, develop autoimmune diseases and/or
chronic inflammation (49). Like additional immune cells,
eosinophils are constantly exposed to apoptotic cells that are
present in their microenvironment (1). Thus, we aimed to
characterize the effects of apoptotic cells on eosinophil
activities. We demonstrate that eosinophils can physically bind
and engulf apoptotic cells. Furthermore, using an unbiased
global RNA sequencing approach we show that interaction of
eosinophils with apoptotic cells renders them anti-
inflammatory. Stimulation of eosinophils with Type 1
polarizing agents (i.e., IEN-y, E. coli and combinations of
thereof) (6) in the presence of apoptotic cells markedly
suppressed their proinflammatory transcriptome signature and
ability to secrete inflammatory cytokines. Furthermore,
apoptotic cells augment eosinophil responses towards IL-4,
which induces a transcriptome signature that is associated
with tissue repair and remodeling. Taken together our data
demonstrate that apoptotic cells shape the transcriptome
landscape of eosinophils by polarizing eosinophils into an
anti-inflammatory phenotype.

Using high resolution and live-imaging techniques, we show
that eosinophils can bind and engulf to some extent apoptotic
cells. The interaction of eosinophils with apoptotic cells induced
marked transcriptional changes in eosinophils that were
associated with induction of an anti-inflammatory,
immunosuppressive phenotype. These data are consistent with
the overall understanding that engulfment of apoptotic cells
induces potent immunosuppressive activities in immune cells.
For example, the immunosuppressive activities of apoptotic cells
upon their interaction with immune cells results in induction of
various suppressive mechanisms including the secretion of
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Eosinophil recognition of apoptotic cells is independent of CD300b and CD300f. Surface expression and quantitative analysis of CD300b (A-C)
and CD300f (D-F) following incubation of eosinophils with apoptotic cells (ACs) was determined by flow cytometry. Purified eosinophils from
wild type (WT), Cd300b™" (G, I, K), Cd300f”" (H, J, L), or Cd300a”~ (M—0) were obtained and stimulated with E. coli (G-J, M, N) or IL-4 (K, L,
0) in the presence or absence of apoptotic cells (ACs). Thereafter, the secretion of TNF-a (G, H, N), IL-6 (I, 3, M) and CCL17 (K, L, O) were

determined by ELISA. In (A), each dot represents a different sample (n=3).

In (A, B, D, E) data are representative of n=3 different experiments,

which are summarized in (C-F). In all other experiments, data are representative of n=3 different experiments conducted in triplicates; ns-

nonsignificant, *p<0.05, **p<0.01, ***p<0.001.

potent anti-inflammatory cytokines [e.g., TGF-f and
interleukin-10 (IL-10)] (50, 51). Similarly, apoptotic cells
induced the expression of Tgfb2 in eosinophils and decreased
the expression of numerous pro-inflammatory chemokines/
cytokines including Cxcll, Cxcl3 Cxcl9, Cxclll, Ccl2, Ccl3, Ccl4
Ccl8, and Ccl22, 1118 and I127. In contrast, chemokines/cytokines
that are associated with anti-inflammatory responses including
Ccl17, Ccl24, Chil3, and Vegf were increased. Furthermore, while
the expression of several key proinflammatory transcription
factors was decreased (e.g., Statl, Stat2, Nfkbl and Nfkb2), the
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expression of inhibitory transcription factors [e.g., NFxB
inhibitor alpha (Nfkbia)] and factors associated with tissue
repair and wound healing were increased. It was previously
shown that apoptotic cells upregulated the expression of Nr4al
in macrophages (52), which in turn inhibited the activation of
NF-xB and Egrl (52), which suppress pro-inflammatory gene
expression. Notably, apoptotic cells upregulated the expression
of Nr4al and Egrl in eosinophils as well. Collectively, these data
suggest that apoptotic cells do not induce a global “shut down”
of eosinophil transcriptional activity but rather actively
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reprogram transcriptional activity that results in an anti-
inflammatory immunosuppressive eosinophil phenotype.

Although the major cells that are responsible for
efferocytosis and clearance of apoptotic cells are macrophages
(10), eosinophils are posed in various anatomical locations such
as the gastrointestinal tract and are present in multiple
inflammatory conditions that are characterized by tissue
damage and cell death including colitis, cancer, parasite
infections and asthma (1, 2). We have recently shown that like
macrophages, exposure of eosinophils to Type 1-associated
cytokines (e.g., IFN-y in the presence of bacterial stimuli)
polarized them to display a pro-inflammatory phenotype
(termed Type 1 eosinophils). In contrast, exposure to Type 2-
associated cytokines (e.g., IL-4) drove them towards
immunomodulatory activities (termed Type 2 eosinophils) (6).
Whether apoptotic cells could further augment eosinophil
polarization is unclear. Herein, we show that apoptotic cells
markedly suppressed IFN-y, E. coli and combination of IFN-y+E.
coli-induced inflammatory responses and secretion of
inflammatory cytokines in eosinophils. In contrast, interaction
of eosinophils with apoptotic cells augments their Type 2-
associated signature, which is associated with tissue repair and
wound healing. Our data are consistent with earlier studies using
monocytes, which showed that co-culture of LPS-stimulated
monocytes with apoptotic cells resulted in inhibition of TNF-o
secretion and induction of IL-10 release (53). Furthermore, they
are also in line with the recent finding that IL-4 or IL-13 alone
were insufficient to induce an optimal tissue repair
transcriptional program in macrophages. Rather, IL-4/IL-13
required the presence of apoptotic cells (14). Interestingly,
exposure of eosinophils to IL-4 in the presence of apoptotic
cells resulted in transcriptional profile that was different than the
one observed for macrophages, which were stimulated with IL-4
in the presence of apoptotic cells and resulted in an overlap of
only 6 transcripts (Chil3, Retnla, Clec4a2, Rnase2a, Ddx4, and
Ear2). This was unexpected since the transcriptional profile of
Type 2 polarized eosinophils was shown to display marked
overlap and similarity with that of M2-polarized macrophages
(6). The different transcriptional phenotype of eosinophils and
macrophages in response to IL-4 and apoptotic cells likely results
from the fact that macrophages express a large and different
repertoire of receptors and intracellular molecules that can bind,
engulf and digest apoptotic cells (54).

In addition to the 6 transcripts, which were shared with
macrophages, additional transcripts that are associated with M2
macrophage activities were identified in our analysis. DAB
adaptor protein 2 (Dab2) which has been shown to display
immunosuppressive activities in macrophages and is involved in
TGF-P signaling (55), was upregulated in eosinophils following
activation of IL-4 in the presence of apoptotic cells. The
expression of Hivep3, a transcription factor that negatively
regulates gene expression and is suggested as a suppressor of
pro-inflammatory gene expression in M2 macrophages (56), was
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augmented in response to IL-4 and apoptotic cells. Furthermore,
expression of KIf4, a transcription factor that is associated with
the suppression of M1 macrophage polarization and the
promotion of M2 polarization (57), was upregulated in IL-4-
activated eosinophils in the presence of apoptotic cells. Finally,
several IL-4-induced surface molecules were augmented by
apoptotic cells in eosinophils. Among these, we identified
Cd209 and Carl2, which were previously shown to be
expressed by M2 macrophags (58), and the alternative (IL-4)-
activated macrophages marker, Mrcl (CD206) (58). Together,
these findings indicate that IL-4 and apoptotic cells induce a
distinct transcript signature in eosinophils that augments IL-4
induced responses and polarizes eosinophils into a cell that is
associated with Type 2 immune responses such as tissue repair
and remodeling.

Our study bears several limitations. First, we could not
identify the cell surface receptor in eosinophils, which interacts
with apoptotic cells. Nonetheless, we demonstrate that CD300b
and CD300f are not involved in suppression of Type 1
eosinophil responses and augmentation of Type 2 eosinophil
responses by apoptotic cells. One of our study limitations is that
we cannot exclude possible involvement for CD300a especially
since Cd300a™” eosinophils did not response to E. coli
stimulation. We did not use neutralizing antibodies to
overcome this limitation since we are unaware of neutralizing
antibodies capable of locking CD300a (or other CD300 family
members). While the inability of CD300a to response to E. coli
stimulation was unanticipated it was not surprising since we
have previously shown that CD300 family members are required
for eosinophil activation by IL-4 and IL-33 (20, 59). An addition
limitation is that our efferocytosis assays were conducted for
long time periods (~18 hrs). This time frame was specifically
chosen to assess global transcriptome changes in eosinophils.
Nonetheless, it may introduce the activation of various pathways
in eosinophils that may be triggered by danger-associated
molecular patterns (DAMPs) that in turn can activate a
plethora of innate immune receptors. Finally, our study was
conducted on murine eosinophils that have been obtained from
the peritoneal cavity of I[5T¢ mice or generated in vitro from BM
progenitor cells. Thus, the relevance of these findings to human
eosinophils remains to be determined. It will be of specific
interest to determine whether eosinophils can engulf apoptotic
cells in colon cancer where eosinophils have been suggested to
directly kill tumor cells (16). Despite these limitations, our global
sequencing approach, microscopy studies and efferocytosis
assays demonstrate that eosinophils can bind, engulf, and
functionally respond to apoptotic cells. Future studies should
comprehensively characterize the molecular mechanisms, which
enable the interaction of eosinophils with apoptotic cells.

Taken together, in this study we extend our knowledge
regarding the transcriptional plasticity of eosinophils. We
provide important insights into the regulation of eosinophil
gene expression in distinct inflammatory environments and
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demonstrate the key regulatory effects of apoptotic cells on
eosinophil activation especially in Type-1 and Type-2-
associated immune settings.
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Objective: Idiopathic inflammatory myopathies (lIMs) are a heterogeneous
group of autoimmune diseases with various subtypes, myositis-specific
antibodies, and affect multiple systems. The treatment of [IMs remains
challenging, especially for refractory myositis. In addition to steroids and
traditional immunosuppressants, rituximab (RTX), a B cell-depleting
monoclonal antibody, is emerging as an alternative treatment for refractory
myositis. However, the therapeutic response to RTX remains controversial. This
meta-analysis aimed to systematically evaluate the efficacy and safety of RTX in
patients with [IMs, excluding sporadic inclusion body myositis.

Methods: PubMed, Embase, Cochrane Library, China National Knowledge
Infrastructure, and WanFang Data were searched for relevant studies. The
overall effective rate, complete response rate, and partial response rate were
calculated to assess the efficacy of RTX. The incidences of adverse events,
infection, severe adverse events, severe infection, and infusion reactions were
collected to evaluate the safety of RTX. Subgroup analyses were performed
using IIM subtypes, affected organs, continents, and countries. We also
performed a sensitivity analysis to identify the sources of heterogeneity.

Results: A total of 26 studies were included in the quantitative analysis, which
showed that 65% (95% confidence interval [Cl]: 54%, 75%) of patients with IIMs
responded to RTX, 45% (95% Cl: 22%, 70%) of patients achieved a complete
response, and 39% (95% ClI: 26%, 53%) achieved a partial response. Subgroup
analyses indicated that the overall efficacy rates in patients with refractory IIMs,
dermatomyositis and polymyositis, as well as anti-synthetase syndrome were
62%, 68%, and 62%, respectively. The overall efficacy rates for muscle, lungs,
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and skin involvement were 59%, 65%, and 81%, respectively. In addition, studies
conducted in Germany and the United States showed that patients with 1IMs
had an excellent response to RTX, with an effective rate of 90% and 77%,
respectively. The incidence of severe adverse events and infections was 8% and

2%, respectively.

Conclusion: RTX may be an effective and relatively safe treatment choice in
patients with [IMs, especially for refractory cases. However, further verification
via randomized controlled trials is warranted.

KEYWORDS

rituximab, idiopathic inflammatory myopathies, meta-analysis, efficacy, safety

1 Introduction

Idiopathic inflammatory myopathies (IIMs), collectively
known as myositis, are a heterogeneous group of acquired
autoimmune-mediated myopathies that may be classified into
the following subtypes: dermatomyositis (DM), polymyositis
(PM), sporadic inclusion body myositis (sIBM), anti-
synthetase syndrome (ASS), immune-mediated necrotizing
myopathy (IMNM), and overlap myositis (1-3). IIMs are a
group of multisystem diseases that may affect multiple organs
other than muscles, including the skin, lungs, joints, or even the
heart. The annual incidence rate ranges from 11 to 660 per
1,000,000 person-years (1). Treatment mainly involves the use of
glucocorticoids, in combination with other immunosuppressive
agents. Owing to the wide phenotypic heterogeneity, the
therapeutic effect varies. The treatment of IIMs, especially
refractory myositis, remains a challenge.

Rituximab (RTX) is a human/chimeric, monoclonal antibody
with a specific affinity for CD20, a B-lymphocyte transmembrane
protein, and usually leads to the depletion of peripheral B
lymphocytes, lasting 6-9 months in patients with lymphoma (4).
RTX depletes CD20+ B cells via at least four mechanisms: antibody-
dependent cell-mediated cytotoxicity, complement-mediated
cytotoxicity (CDC), antibody-dependent phagocytosis and direct
apoptosis (5). RTX has been approved by the Food and Drug
Administration (FDA) for rheumatoid arthritis and antineutrophil
cytoplasmic antibody (ANCA)-associated vasculitis (AAV) (6, 7).
Moreover, increasing evidence for the efficacy of RTX in various
other rheumatic inflammatory diseases has been reported over the
past two decades. Based on the European League Against
Rheumatism (EULAR) recommendations for the management of
SLE, RTX may be considered to treat organ-threatening, refractory
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SLE manifestations, such as nephritis and neuropsychiatric diseases
(8, 9). Two randomized placebo-controlled phase 2 trials
demonstrated the benefits of RTX in patients with relapsing-
remitting MS (RRMS) and primary progressive MS (PPMS),
respectively (10, 11). The efficacy and safety of RTX in MS were
also validated in a large multicenter cohort study in Sweden (12).

Increasing evidence suggests that B cells may also be involved in
IIM pathogenesis. In juvenile DM (JDM), immature transitional B
cells expand significantly and are correlated with the type 1
interferon (IFN) signature, which plays a crucial role in innate
and adaptive immunity, and is involved in DM. Thus, B cells may
play a role in JDM development (13). Moreover, the expression of
the TNF family member B cell activating factor (BAFF) is increased
in both the serum and muscle fibers of IIM (14, 15). Therefore, B
cell depletion may have a favorable effect on IIM. The Rituximab in
Myositis (RIM) trial was a large, randomized placebo-controlled
clinical trial conducted in 200 refractory adult patients with PM and
adult and juvenile DM. Patients were randomized into the RTX
early group or RTX late group. Although there was no difference in
the time to achieve the definition of improvement (DOI) between
groups (the primary end point), up to 83% of patients achieved DOI
by the end of the trial (16). In a Colombian cohort, 62% of patients
with refractory myositis achieved remission (17). While in an open-
label, phase II trial conducted by Allenbach et al, only 20% of
patients with ASS achieved the primary endpoint (an improvement
of at least two points in at least two different muscle groups) (18). A
number of case series and small open-label trials that have reported
the efficacy of RTX for refractory myositis. Considering the large
outcome differences in outcomes reported in previous studies, we
aimed to resolve the limitations of individual trials and
systematically assess the efficacy and safety of RTX in patients
with IIM in this meta-analysis.
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2 Methods
2.1 Search strategy

Two independent investigators (CZ and YH) conducted a
systematic literature search using PubMed, Embase, the
Cochrane Library, China National Knowledge Infrastructure,
and WanFangData, from their commencement to June 2021.
The following search terms were used: “Myositis” OR
“Idiopathic Inflammatory Myopathies” OR “Inflammatory
Myopathies” OR “Dermatomyositis” OR “Polymyositis” OR
“immune-mediated necrotizing myopathy” AND “Rituximab”
OR “Mabthera” OR “anti-CD20” OR “Rituxan” (the complete
search strategy is provided in the Supplemental Information).

2.2 Selection criteria

The eligibility criteria were as follows. 1. IIM was diagnosed
according to Bohan and Peter’s criteria (19), the 119th European
Neuro Muscular Center criteria (20), or the 2017 EULAR/ACR
classification for IIM (3). 2. Patients received RTX therapy in any
dosage, with or without combination therapy, and part of a study
with a sample size of not less than five. 3. The study evaluated the
efficacy and/or safety of RTX for the treatment of IIM, and
included patients who received RTX and the number of
responders and/or the number of patients who experienced
adverse effects, or sufficient raw data to allow the calculation
of the aforementioned numbers. 4. The study was published in
English or Chinese.

The exclusion criteria were as follows. 1. Reviews, meeting
abstracts, case reports, and animal experiments. 2. Trials without
extractible data. 3. The study included patients with sIBM.

2.3 Data extraction and
quality assessment

Two investigators independently extracted the following data
from the included studies: authors, year of publication, type of
study, country, number of cases, IIM subtype of enrolled patients,
age, disease duration, RTX regimen, outcome measurements,
outcome evaluation time, and follow-up time. Since most of the
included articles were single-arm tests, the methodological index for
non-randomized studies (MINORS) criteria were used to evaluate
the methodological quality of the included studies. For studies
without a control group, the MINORS scale was used and consisted
of the following items: clear aims, the inclusion of consecutive
patients, prospective collection of data, appropriate endpoints to the
aim of the study, unbiased evaluation of endpoints, follow-up
period appropriate to the major endpoint, loss to follow-up of
<5%, and prospective calculation of the sample size, was used. For
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studies with a control group, the following items were considered: a
control group with standard intervention, contemporary groups,
comparable baseline equivalence of groups, and statistical analysis
adapted to the study design (21), were considered. Each item was
scored as 0 (not reported), 1 (reported but inadequate), or 2
(reported and adequate). The optimal total score was 16 or 24.

2.4 Statistical analysis

STATA 16.0 was used for the single-group rate meta-analysis.
The original data were normalized using the double arcsine method,
and the final results were restored using the formula P=(sin(tpda/
2))>. We used the I” test to evaluate statistical heterogeneity among
studies. We used the fixed effects model if I* was <50%, and the
random effects model if I* was >50%. We conducted a series of
pooled analyses of eligible studies to assess the effective rate of RTX
(overall effective rate, complete response rate, and partial response
rate) and the safety of RTX (incidence rate of adverse events,
infection, severe adverse events, severe infection, and infusion
reaction). Subgroup analyses were performed according to the
IIM subtypes (ASS, refractory IIM, DM, and PM), affected organs
(muscle, lung, and skin), continent (Europe and America), and
country (USA, France, UK, and Germany). We also conducted a
sensitivity analysis to identify the sources of heterogeneity. A
graphical examination of funnel plots and Begg’s test were
performed to assess publication bias. A two-tailed p-value <0.10
was considered statistically significant in the assessment
of heterogeneity.

3 Results

3.1 Study selection and characteristics of
the eligible studies

A flow diagram of the search process is shown in Figure 1. A
total of 1547 potentially related articles were identified using the
search strategy (216 articles from PubMed, 827 from Embase, 14
from the Cochrane Library, 364 from the China National
Knowledge Infrastructure, and 126 from Wanfang). After
excluding 481 duplicates, the titles and abstracts of the remaining
1066 articles were screened, and 78 articles were reviewed for full-
text screening. Subsequently, 27 articles were included in the
qualitative analysis, and one article was excluded because of a low
MINORS score (less than 10 points). Ultimately, 26 articles were
deemed eligible and were included in the quantitative analysis (16—
18, 22-44). Detailed characteristics and the MINORS quality
assessments of the eligible studies are presented in Table 1. Of the
included studies, 18 were conducted in patients with refractory IIM
(16-18, 22-25, 28-30, 35-37, 39, 40, 42-44), and 8 included
patients with ASS (17, 23, 28, 30, 39, 40, 43). Among the 23
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FIGURE 1

Flow diagram of the study identification and selection process

single-arm trials, the quality score of two articles were 14 points, 13
articles were 12 points, one article was 11 points, and seven articles
were 10 points.

3.2 Efficacy of RTX treatment

3.2.1 Complete response rate

The complete response rate was determined from seven trials (n
= 121), and the pooled estimate of effectiveness was 45% (95% CI:
23%, 70%) (Figure 2A and Table 2). Significant heterogeneity was
found (I? = 86.5%, P = 0.000). After we conducted the sensitivity
analysis, one study was omitted because the study population
included patients with Jo-1-associated ASS and the patients
received an average of 4.6 cycles of RTX, which may lead to a
high response rate (22). Following the omission, the heterogeneity
was resolved (I = 0, P = 0.425) and the complete response rate
became 35% (95% CI: 26%, 44%). Notably, although most included
studies defined complete response and partial response based on
clinical status, the daily dose of corticosteroid, CK level, and/or
physician opinion, the details of the criteria differed. Since most of
included studies only provided the numbers of patients who
achieved complete or partial responses, and specific values of the
above index for every patient were not available, we could not set a
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unified standard to recalculate the numbers. Therefore, for this
meta-analysis, we could only directly extract the number of
complete and partial responses from the original studies, which
may contribute to heterogeneity.

3.2.2 Partial response rate

The partial response rate was calculated from three trials (n =
44), and the pooled estimate of effectiveness was 39% (95% CI: 26%,
53%) (Figure 2B and Table 2). No heterogeneity was observed (I” =
0, P = 0.487).

3.2.3 Overall effective rate

The overall efficacy rate was determined from 18 trials (n =
480). The pooled effectiveness estimate was 65% (95% CI: 54%,
75%) (Figure 2C and Table 2). The calculation method for the
total effective number is as follows. If the studies provided both
the number of complete responders and partial responders, the
total effective number was taken as the sum of the two. For
studies that only provided the number of improved cases,
without a specific classification of whether they were complete
or partial responders, the total effective number was taken as the
former. There was high heterogeneity (IZ = 78.8%, P = 0.000),
therefore, we conducted a sensitivity analysis, but studies leading
to heterogeneity were not found.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1051609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

ABojounwiwi| Ul sJa13U0I4

Bioruisianuosy

TABLE 1 Baseline characteristics of included studies.

Author, Type of  Region Enrolled Number
Year study patients
Shahin et al,  single center, Egypt 14DM 8PM  14DM
2021 prospective 8PM
Ahn et al, retrospective  Korea refractory Total 16
2020 multicenter 1IM, 10DM
study 6PM
Aggarwal et prospective, ~ U.S.A refractory 72 adult
al, 2016 randomized, myositis DM, 48
double-blind JDM
trial
Oddis et al, Randomized, U.S.A refractory ~ Total 195
2013 double-blind, myositis
Placebo- PM,DM,
Phase Trial JDM
Levine et al, Open-Label ~ US.A adult DM 6
2005 uncontrolled

Pilot Study

Age  Disease
(years) Duration
(mean
+ SD)

Total: NA
349 +

14.9

(16.0-

62.0)

years

CYC:

35.7 £

14.8

(16.0-

62.0)

years

RTX:

322+

16.6

(17.0-

59.0)

years

51.8 88.4 (24.3-
(425-  162.8)
59.0) months
years

36.1 + 53+69
19.7 years
years

NA NA

21-64
years

0.3-15 years

RTX regime

4 patients received 3 doses, 1 g each with 6 months apart, 1
patient received only one dose

6 patients received 2 doses of 1g RTX 2 weeks apart, 4
received 2 doses of 0.5 g RTX 2 weeks apart, 3 received a
single dose of 1g, 1patient received 0.5g weekly for a total
of 4 doses, 1 patient received 0.6g RTX 2 weeks apart, and
1 received a single dose of 0.2g RTX

rituximab early (drug at weeks 0/1, placebo at weeks 8/9)
or rituximab late arms (placebo at weeks 0/1, drug at weeks
8/9), Rituximab dosing was based on the patient’s body
surface area; children with a body surface area 41.5 m*
received 575 mg/mZ at each infusion, and adults and
children with a body surface area >1.5 m” received 750 mg/
m2 up to 1 g/infusion

Patients in the rituximab early arm received the drug at
weeks 0 and 1, and placebo infusions were given at weeks 8
and 9. Patients in the rituximab late arm received placebo
infusions at weeks 0 and 1,and rituximab was given at
weeks 8 and 9

4 intravenous infusions of rituximab given at weekly
intervals on days 1, 8, 15, and 22. 3 patients received
rituximab at a dose of 100 mg/m*/infusion. 3 patients
received rituximab at a dose of 375 mg/m*/infusion.

54

Outcome
measurements

MRC-SS
CK

CPK level daily dose
of corticosteroid,
physician’s global
assessment(PRA).CR
PR

10 cm visual analog
scale (VAS)

improvement
prednisone dosage
AEs and SAEs

muscle strength CPK
level

FVC

Safety

Evaluation
time

18 months
(after end of
RTX)

12 and 24
weeks after
RTX treatment

week 36

week 44

weeks 4, 12,
24,36,and 52

Follow-up MINORS

Total: 7.7 +
4.3
(0.7-19.0)
years
CYC:8.5 +
4.4(0.7-
19.0) years
RTX:5.0 +
2.7(1.0-8.0)
years

median 24
weeks, range
24-68 weeks

36weeks

44weeks

52weeks

score

20

12

12

12

10

(Continued)
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TABLE 1 Continued

Author,
Year

Ramos-Casals
et al, 2010

Sultan et al,
2008

Bader-
Meunier et al,
2011

de Souza et al,
2018

Chung et al,
2007

Korsten et al,
2020

Sem et al,
2009

Mahler et al,
2011

Type of
study

multicentre
study

open-label
study

multicenter
prospective
cohort study

retrospective
single-center
cohort study

open-label,
single-arm
trial

retrospective
observational
study

a
retrospective
case series

single center,
prospective

Region

Spain

UK

France

Brazil

USA

Italy

Norway

Netherlands

Enrolled
patients

refractory
IIM : DM
PM ASS

refractory
Adult IIM,
PM DM

Severe JDM

refractory
IIM : ASS
DM PM

refractory
DM

ASS with
ILD

ASS
patients
with severe
ILD

refractory
DM or PM

Number

Total 20
DM 11
PM 4 ASS
5

Total 8
2PM 5DM
1JDM

9

Total 38
13ASS
15DM
10PM

Total 12
RTX 7

Age
(years)
(mean
+ SD)

49.20 £
2.98
years
(23-77)
years

31-
63years

6.2-16

years

42,6 +
10.9
years

38-76
years

52 years

444 +
12.1years

Disease
Duration

NA

14.9 years
(range 4-40
years)

3.4 years
(range 1
month to
8.4 yrs)

3.0 (2.0-
6.5) years

3.5 years
(range, 1-24
years)

NA

1.5-156
months

4.0 years
(IQR 2.5-
6.5 years)

RTX regime

18 patients 375 mg/m?*/week (x4)
2 patients 1g/15 days (x2)

1g intravenous infusions on day 0 and day 14.

5 patients 4 x 375 mg/m’
1 patient 2 x 375 mg/m*
3 patients 2 x 500 mg/m’

two infusions (1 g each, 2 weeks apart) and this same
scheme was repeated 6 months after the first dose for
patients showing no response or stable disease

2 doses of 1 g of rituximab 2 weeks apart

2 doses of 1 g of rituximab, 1patient received a 2nd cycle

8 patients two infusions of 1000 mg rituximab, at Days 0
and 14,1 patient received two doses of 700 mg. 2 patients

received four weekly infusions of 375 mg/m”* body surface.

1000 mg i.v., twice, with a 2-week interval, the median
number of rituximab courses was 2.0 (IQR 1.5 - 3.5).

55

Outcome
measurements

Overall response
Overall response by
disease Organ-
specific response
Adverse events
Relapses Deaths

MMT
CPK level

MMT

CPK level complete
clinical response
severe infection

clinical and
laboratory
improvements
MMT-8, physician’
and patient’ VAS,
HAQ and serum
levels of muscle
enzymes

partial remission
Muscle Strength:
MMT Muscle
Enzymes : CPK Skin
Disease : DSSI B-Cell
Levels Safety

the alteration of lung
parenchyma on
HRCT as well as
PFTs

Pulmonary function
tests (PFTs) Safety
and adverse effects

CPK LDH levels
MMT general health,
disease activity and
pain, CS dose,
functional ability,

Evaluation Follow-up MINORS
time score

NA 19.00 + 2.65 12
(1-52)
months

6 months 6 months 12

NA 1.3 to 3 years 10

6 months and  one-year 12

12 months

24 weeks 48 weeks 10

NA 31 (6-156) 18
months

6month >6 months 12

24month 27 months 12
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TABLE 1 Continued

Author, Type of
Year study
Couderc et al, multicenter,
2011 prospective
Unger et al, retrospective
2014
Marie et al, retrospective
2012
Meyer et al, retrospective
2015 case—control
study
Leclair et al, prospective
2018
Allenbachet open-label,
al, 2015 prospective,
multicenter
Santos et al, retrospective

2021

Region

France

Germany

France

France

Canada

France

Colombia

Enrolled
patients

refractory
1IMs

severe,
refractory
DM or PM

ASS-
associated
interstitial
lung disease

ASS

IIM

Refractory
ASS

Refractory
myositis

Number

Total 30
12PM
6DM
12ASS

Total 18
13 PM 5
DM

Total 43
27 ARS-ab
positive
IIM

16 ARS-ab
negative
IIM

10

Total 18
15DM
2PM
1JDM

Age  Disease

(years) Duration

(mean

+ SD)

525+ 6.1 +43

14.7years years (range

(26 - 76 1-18 years)

years)

57 +18 54 years

years (range 0.1-
15)

57 years 12 months

(47-59 (8-60

years) months)

50.4 + NA

7.4 years

ARS-ab+ (months)
57 +10  median
years (IQR) ARS-

ARS-ab-  ab+ 15 (4-

57+19 52)

years ARS-ab-69
(9-166)

51 years  0.5-8years

(range,

18-57

years)

40.5 21 months

years (IQR, 6.5—

(IQR, 40.5

31-49 months)

years)

RTX regime

5 patients 4 x 375 mg
25 patients 2 x 1000 mg

13 patients 2x1000 mg RTX infusions. 1 patient 4 x 375
mg/m” + 600mg.

2 Patients were switched from 4 x 375 mg/m” to 2x1 g
after the first cycle.

1 patient received a single 600 mg

RTX infusion.l patient was treated with a normal 2 x 1000
mg course first and with a reduced dose of 1 x 1000 mg in
further courses.

2 infusions of 1 g at days 0 and 14; and a third infusion of
1 g at 6-month follow-up.

NA

500 mg to 1000 mg given 2 weeks

apart or 750 mg/m” weekly for two doses or 375 mg/m*
weekly for four doses (induction); or any following
administration separated from the previous cycle by more
than three months (maintenance)

patients received two 1 g infusions of rituximab separated
by 2 weeks, followed by 1g infusion
6 months after the day 15 injection was performed.

1 g at day 0 and day 15

5 patients 1 circle, 8 patients 2 circles,
2 patients 5 circles, 2 patients 9 circles,
1 patient 11 circles

56

Evaluation
time

Outcome
measurements

health-related quality
of life and safety

CPK level NA
daily dose of CSs

and the opinion of

the physician Safety

of RTX adverse

event infection

glucocorticoid dose, ~ 50week
creatine

phosphokinase

(CPK) and lung

function tests,

serious adverse

events

PFT CK safety 12 month

prednisone dose

joint lung musle NA
improvement

MMT-8 HAQ VAS at 5-10
EQ-5D ACR/EULAR months after
the first and
last RTX
respectively adverse  cycles

improvement
glucocorticoid doses

events

muscle strength 12month
improvement in ILD

Adverse events

Clinical, Serological NA

Follow-up MINORS

score

172 +£11.3 12
months
(range
1-50
months)
25+ 1.6 10
years (range
0.5-5.4)
12 months 12
93.19 = 11
61.31months
5-10 months 20
12months 10
11 months 12
(IQR, 4-57
months)
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TABLE 1 Continued

Author, Type of  Region Enrolled Number Age  Disease RTX regime Outcome Evaluation Follow-up MINORS
Year study patients (years) Duration measurements time score
(mean
+ SD)
Mufioz- retrospective UK DM and 16 51.1 9.75 years 2 doses of 1 gram RTX infusions two weeks apart. Clinical outcomes 6month NA 12
Beamud et al, PM years (range 2-44 were measured using
2013 (range yrs) the MITAX
30-62
yrs)
Bauhammeret retrospective ~ Germany Jol the RTX ~ median NA patients received on average 4.6 cycles of RTX (range 1-13) Clinical, CK, NA 35 months 10
al, 2016 cohort study Antibody-  group 18  (range) in a mean interval of 6.4 months Prednisolone-
associated RTX equivalent doses
ASS group
50.9
(26-78)
Landon- retrospective  France anti- 9 43 years  0.75- most patients were administered 2 doses of 1 gram RTX muscle strength CK ~ NA NA 12
Cardinal et al, case series HMGCR 23years infusions two weeks apart. One patient received a dose of  level
2018 IMNM 375 mg/m*/body surface area once weekly for 4 weeks.

Patients were subsequently re-perfused with RTX 1 g every
6 months at the discretion of the treating physician.

Ge et al, 2020  retrospective ~ China anti-MDA5 11 39 years NA Seven patients received intravenous RTX (375 mg/m?) at 0 Skin ILD infection NA >12 months 14

DM (24-59 and 14 days. Three patients were administered with

years) intravenous RTX (100 mg) at 0, 7, 14, and 21 days. One
patient was treated with RTX (100 mg) at 0 and 7 days

Andersson et retrospective  Norway ASS- 24 28-78 11- The mean number of Rtx cycles was 2.7 (range 1-11). ILD MMT8 CK NA median 52 10
al, 2015 associated years 440months  The first cycle of Rtx treatment was given as one infusion  Serious adverse months

severe of 1000 mg on each of days 0 and 14, except for three events and mortality

interstitial patients (#1, #7 and #11). Patients #7 and #11 were treated

lung disease according to standard lymphoma protocol (4 x 375 mg/

m?), while patient #1 was treated with a reduced dose
because of perceived infection risk.

Behrens Pinto  prospective Brazil ASS 16 431 £ 1.5 (0.0- Rituximab treatment consisted of two infusions (1 g each,2 MMT-8 HAQ VAS 6 and 12 12 months 14
et al, 2020 10.1 5.8) weeks apart), and this same scheme was repeated every 6 glucocorticoid doses  months
years years months for 2 years in patients showing clinical response. lung computed
tomography

pulmonary function
testing

DM, dermatomyositis; PM, polymyositis; CYC, cyclophosphamide; RTX, rituximab; NA, not available; MRC-SS, Medical Research Council sum score; CK, creatine kinase; IIM,idiopathic inflammatory myopathy; CPK, creatine phosphokinase; CR, complete
response; PR, partial response; JDM, juvenile dermatomyositis; AE, adverse event; SAE, severe adverse event; FVC, forced vital capacity; ASS, antisynthetase syndrome; MMT, manual muscle testing; VAS, visual analogue scale; HAQ, health assessment
questionnaire; DSSI, dermatomyositis skin severity index; ILD, interstitial lung disease; HRCT, high-resolution chest computed tomography; PFT, pulmonary function tests; LDH, lactate dehydrogenase; CS, corticosteroids; ARS-ab, anti-tRNA synthetase
autoantibodies; ED-5Q, EuroQol five Dimensions; IQR, interquartile range; HMGCR, Anti-3-hydroxy-3-methylglutaryl-coenzyme A reductase; IMNM, immune-mediated necrotizing myopathy; MDA-5, melanoma differentiation-associated gene 5.
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3.3 Safety of RTX treatment

3.3.1 Incidence of adverse events and severe
adverse events

Seven trials reported adverse events (n = 135). The pooled
incidence estimate was 18% (95% CI: 7%, 33%) (Figure 3A, and
Table 2). Significant heterogeneity was detected (I* = 74.1%, P =
0.001). After the sensitivity analysis, two studies were excluded (30,
41). Consequently, the heterogeneity was resolved (I* = 0, P = 0.45)
and the incidence of adverse events decreased to 10% (95% CI: 5%,
16%). Regarding the two excluded studies, one focused on patients
with ASS with severe interstitial lung disease (ILD), who had poor
basic health conditions and six patients had unexplained fever and
increased CRP levels (41). In the other study, 16.7% of patients had
a history of cancer, and 30% had a systemic disease. These patients
have a high incidence of adverse events because of their poor overall
health status (30).

Severe adverse events were defined as events that required
hospitalization. The incidence of severe adverse events was
determined from seven trials (n = 248). The pooled incidence
estimate was 8% (95% CI: 2%, 17%) (Figure 3B and Table 2).
Heterogeneity was significant (I = 74.8%, P = 0.001). A sensitivity
analysis was conducted. After excluding two studies (16, 26), the
heterogeneity was resolved (I2 =0, P =0.715), and the incidence of
severe adverse events decreased to 3% (95% CI: 1%, 8%). Regarding
the two excluded studies, one was a large randomized, placebo-
controlled clinical trial (16), while the other was not a randomized
controlled trial (RCT) (26). This difference may have led to the
heterogeneity. The latter study (26) focused on patients with ASS
and severe ILD, who were prone to severe adverse events, which
may have further contributed to heterogeneity.

3.3.2 Incidence of infections and
severe infections

Fifteen trials reported the incidence of infections (n = 386). The
pooled incidence estimate was 26% (95% CI: 17%, 35%) (Figure 3C
and Table 2). Moderate heterogeneity was detected (I = 52.1%, P =
0.022). After conducting sensitivity analyses, one study was
excluded (41), and the heterogeneity decreased (P =333%, P =
0.142). The incidence of infections also decreased to 23% (95% CI:
16%, 31%). In the above-mentioned paper, seven patients developed
an infection including one patient with Pneumocystis jirovecii
infection, while the other six patients showed fever and increased
CRP without definite infection foci. These differences may have
contributed to the heterogeneity.

Severe infection was defined as one that required
hospitalization and/or intravenous antibiotic therapy. The
incidence of severe infections was determined from 5 trials (n =
81). The pooled incidence estimate was 2% (95% CI: 0, 6%)
(Figure 3D and Table 2). No heterogeneity was observed (I* = 0,
P =0578).
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3.3.3 Incidence of infusion reactions

The incidence of infusion reactions was determined in seven
trials (n = 245). The pooled incidence estimate was 12% (95% CI:
6%, 20%) (Figure 3E and Table 2). No heterogeneity was
observed (I? = 25.4%, P = 0.244).

3.4 Subgroup analyses

3.4.1 Effectiveness of RTX treatment in patients
with different IIM subtypes

Refractory IIM was defined as a failure to respond to or tolerate
glucocorticoids, combined with at least one of the other standard
immunosuppressive or immunomodulatory agents (e.g.,
azathioprine, methotrexate, mycophenolate mofetil, cyclosporine,
tacrolimus, or intravenous immunoglobulin [IVIg]). The overall
efficacy rate of RTX in patients with refractory IIMs was determined
from 15 trials (n = 412). The pooled effectiveness estimate was 62%
(95% CI: 50%, 73%) (Figure 4A and Table 2). Significant
heterogeneity was detected (IZ = 77.2%, P = 0.000). Hence, we
conducted a sensitivity analysis but studies that contributed to
heterogeneity, were not found.

Among the included studies, several regarded patients with DM
and PM together. Therefore, we evaluated the effectiveness of RTX
in these populations. The overall efficacy rate was determined from
seven trials (n = 284). The pooled effectiveness estimate was 68%
(95% CI: 54%, 80%) (Figure 4A and Table 2). Significant
heterogeneity was detected (I° = 69.6%, P = 0.003). After
conducting sensitivity analyses, two studies were excluded (39,
43). The heterogeneity was resolved (P =0, P =0528), and the
effective rate increased to 80% (95% CI: 75%, 85%). The mean
disease duration of the two excluded articles was longer than that in
other studies. One was 9.75 years (39) and the other was 14.9 years
(43). This may have contributed to a poor response to RTX
treatment and to heterogeneity.

The overall efficacy rate of RTX in ASS was determined
from eight trials (n = 80), and the pooled effectiveness
estimate was 62% (95% CI: 41%, 81%) (Figure 4A and
Table 2). Significant heterogeneity was detected (I’ = 74.3%,
P =0.000). After conducting sensitivity analyses, two studies
were excluded (22, 36), and the heterogeneity decreased (P =
18.1%, P = 0.296). The effective rate became 47% (95%
CIL: 33%, 61%). Regarding the two excluded studies, one
focused on Jo-1 antibody-associated ASS and the other
focused on anticitrullinated peptide/protein antibody
(ACPA)-associated ASS. The remaining six studies targeted
patients with ASS without mentioning specific antibodies.
The original data suggested that patients with ASS patients
who were Jo-1-positive or ACPA-positive responded well to
the treatment effect of RTX. These differences may have
contributed to the heterogeneity.
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3.4.2 Effectiveness of RTX treatment in patients
with IIM: The organ-specific responses

Among the included studies, there were several evaluated
organ-specific responses. Muscle strength with manual muscle
testing (MMT) and/or CK levels were recorded to assess
muscle improvement. Six articles (n = 61) assessed the rate
of muscle improvement in patients with myositis after RTX
treatment, and the pooled estimate of the muscle improvement
rate was 59% (95% CI: 25%, 89%; I = 88%, P = 0.000). ILD was
defined as ground-glass changes and/or fibrosis on high-
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resolution chest computed tomography (HRCT). Regarding
the efficacy of RTX for patients with IIM and ILD, pulmonary
function tests and/or radiographic changes on HRCT were
performed before and after RTX treatment in the included
studies. Nine studies (n = 88) assessed the rate of lung
improvement after RTX treatment, and the pooled estimate
of the improvement rate was 65% (95% CI: 48%, 80%; P =
61.8%, P = 0.007). Three studies (n = 22) assessed the rate of
skin improvement, and the pooled estimate was 81% (95% CI:

63%-94%; I? = 3.8%, P = 0.354) (Figure 4B and Table 2).
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TABLE 2 A pooled results summary of response rate, safety analysis, and subgroup analyses for RTX in lIMs.

Outcome Number of Number of Overall Transformed overall ? p
included cases effects effects (%) value
references
Response rates overall effective rate 18 480 1.87 (1.65, 2.09) 0.65 (0.54,0.75) 78.8 0.000
complete response rate 7 121 1.48 (0.99, 1.98) 0.45 (0.23, 0.70) 86.5 0.000
partial response rate 3 44 1.35 (1.07, 1.64) 0.39 (0.26, 0.53) 0 0.487
Safety Incidence of adverse events 7 135 0.88 (0.55, 1.22) 0.18(0.07, 0.33) 74.1 0.001
Incidence of infection 15 386 1.07 (0.86, 1.27) 0.26 (0.17, 0.35) 52.1 0.022
Incidence of severe adverse 7 248 0.57 (0.28, 0.85) 0.08 (0.02, 0.17) 74.8 0.001
events
Incidence of severe infection 5 81 0.29 (0.08, 0.5) 0.02 (0.00, 0.06) 0 0.578
Incidence of infusion 7 245 0.71 (0.48, 0.93) 0.12 (0.06, 0.20) 25.4 0.244
reaction
Subgroup analysis  patients refractory 15 412 1.81 (1.58, 2.05) 0.62 (0.50, 0.73) 772 0.000
(overall response 1IMs
rate) DM and PM 7 284 1.93 (1.65, 2.21) 0.68 (0.54, 0.80) 69.6  0.003
ASS 8 80 1.81 (1.39, 2.23) 0.62 (0.41, 0.81) 74.3 0.000
affected muscle 6 61 1.75 (1.05, 2.46) 0.59 (0.25, 0.89) 88 0.000
organs lung-ILD 9 88 1.87 (1.54, 2.21) 0.65 (0.48, 0.80) 61.8  0.007
skin 3 22 2.23 (1.83, 2.63) 0.81 (0.63, 0.94) 3.8 0.354
continent Europe 11 156 1.69 (1.35, 2.04) 0.56 (0.39, 0.73) 80 0.000
America 6 308 2.13 (1.91, 2.34) 0.77 (0.67, 0.85) 80 0.000
country US.A 3 209 2.13 (149, 2.76) 0.77 (0.46, 0.96) 784 001
France 5 65 1.36 (1.12, 1.61) 0.40 (0.28, 0.52) 6.4 0.37
UK 2 24 1.39 (0.95, 1.84) 041 (0.21, 0.63) 212 026
Germany 2 34 2.51 (1.75, 3.26) 0.90 (0.59, 1.00) 81.2 0.021

ASS, antisynthetase syndrome; ILD, interstitial lung disease.

3.4.3 Effectiveness of RTX treatment in patients
with [IM from different continents
and countries

The included studies did not provide the ethnicity of the
patients. Most of the included studies were conducted in Europe
and America. Therefore, we performed a subgroup analysis
according to the region where the study was conducted rather
than race. Among the included studies, 11 trials were conducted
in Europe (n = 156), and the pooled estimate of the overall
efficacy rate was 56% (95% CI: 39%, 73%). Of these, five studies
were performed in France (n = 65) and the overall effective rate
was 40% (95% CI: 28%, 52%). Two studies were done in the UK
(n = 24) and the overall effective rate of 41% (95% CI: 21%, 63%).
Two other studies were from Germany (n = 34) and the overall
effective rate of 90% (95% CI: 59%, 100%). Six trials were from
America, and the pooled estimate of the overall effective rate was
77% (95% CI: 67%, 85%). Among these, three studies were
performed in the United States (n = 209), and the overall efficacy
rate was 77% (95% CI: 46%, 96%) (Figure 4C and Table 2).
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3.5 Evaluation for publication bias
and meta-regression

Funnel plot analyses and Begg’s test for publication bias were
performed, and the results are presented in Figure 5. Egger’s test
showed no apparent publication bias in the complete response rate
group (p = 0.930, Figure 5A), adverse event group (p = 0.627,
Figure 5C), infection group (p = 0.973, Figure 5D), and the ASS
group (p = 0.770, Figure 5G). Conversely, there was a publication
bias in the overall effective rate group (p = 0.013, Figure 5B),
refractory IIM group (p = 0.006, Figure 5E), and DM and PM
groups (p = 0.021, Figure 5F). To explore potential sources of
heterogeneity, random-effects meta-regression analyses were
conducted for the three groups with bias. The independent
variables included sample size, study quality, and publication
year. None of these variables significantly contributed to the
heterogeneity in the overall effective rate group and refractory
IIM group (p > 0.05). The sample size may be responsible for the
heterogeneity in the DM and PM groups (p = 0.027).
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and infusion reaction (E).

4 Discussion

IIMs are heterogeneous autoimmune disorders with
multiple subtypes, including DM, PM, sIBM, IMNM, and ASS.
The condition’s low incidence makes it difficult to perform large-
scale RCTs. Currently, glucocorticoids are the first-line
treatment (45), and classic immunosuppressants, such as
methotrexate or azathioprine, are usually used in combination
with glucocorticoids as the initial therapy (1). Mycophenolate is
a second-line treatment, but for patients with moderate-to-
severe myositis associated with ILD, it may be used as the
first-line treatment (46, 47). Cyclosporine and tacrolimus are
used as second-line treatments for refractory myositis (48, 49).
Previously, IVIg was used as a second- or third-line treatment
(1). However, based on the positive results reported by the recent
ProDERM (Progress in DERMatomyositis) study, the FDA, and
European Medicines Agency have approved IVIg administration
in adult DM (1). The ProDERM study was a double-blind,
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randomized, placebo-controlled, multicenter phase III study that
assessed the efficacy, safety, and tolerability of IVIg in the
management of DM; the percentage of patients who achieved
at least minimal improvement at week 16 was significantly
greater in the IVIg group than in the placebo group (50). IVIg
is now increasingly used as a first-line treatment for IMNM (51,
52). In a cohort study, half of the patients with IMNM used IVIg
as a first-line therapy and 92% at the end of the follow-up period
for anti-SRP patients. Patients with anti-SRP receiving IVIg
showed an obviously higher remission rate than those without
IVIg (52). Among the biological agents used as third-line
therapies, RTX is the most common. Evidence supporting the
current treatment options come from retrospective cohort
studies. Thus, robust clinical evidence is lacking and the
management of IIM remains challenging.

The pathogenesis of IIM is still unclear. B cells are involved
in many autoimmune responses, including the production of
autoantibodies, cytokines secretion, antigen presentation, and
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modulation of T cells functions. Currently, there is increasing
evidence suggesting that B lymphocytes may play an important
role in the pathogenesis of IIM, which is summarized as follows.

First, B cells are observed in the perivascular infiltrates of the
DM muscle tissues (53). BAFF is important for B cell maturation
and survival, and is thought to be involved in the production of
autoantibodies as well as the activation and differentiation of T
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cells. Krystufkova et al. showed that the serum BAFF level was

significantly higher in patients with IIMs than in healthy

individuals (14). The high serum BAFF level was especially

demonstrated in patients with DM, anti-Jo-1 autoantibodies,

and ILD (14). Moreover, the level of BAFF expression was

significantly increased in DM muscles. BAFF was also

expressed in the perifascicular muscle fibers, but not in the
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FIGURE 5

Funnel plots of publication bias in complete response rate group (A), overall effective rate group (B), adverse events group (C), infection group
(D), refractory IIM group (E), DM and PM group (F), as well as ASS group (G).

blood vessels (15). In addition, a study suggested that the BAFF/
BAFF-receptor pathway is involved in T and B cell responses in
DM (15).

Second, a previous study identified CD138+ plasma cells
in IBM and PM muscles. These plasma cells are terminally
differentiated B cells (54). Furthermore, several studies have
reported that 60%-80% of patients with IIM are positive
for autoantibodies (55, 56), including myositis-specific
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antibodies (MSAs) and myositis-associated autoantibodies
(MAAs). Up to 40% of patients with PM and DM test
positive for MSAs (57). MSAs are critical for the diagnosis
of IIM and correlate with a unique clinicopathological
phenotype. The frequent presence of MSAs and MAAs in
IIM suggests that B cells play a role in their pathogenesis. The
above evidence supports the feasibility of depleting B-cell
using RTX as therapy for patients with IIMs.
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Treatment efficacy was the main focus of our meta-analysis.
In our study, the overall effective rate of rituximab in IIM was
65%, with higher effective rates of 90% and 77% in studies
conducted in Germany and the U.S,, respectively. The complete
response rate of RTX in patients with IIM was 45% and the
partial response rate was 39%. Most patients received RTX
because of refractory disease or ILD. This meta-analysis
demonstrated that RTX was effective in 62% of patients with
refractory IIMs and 68% of patients with DM and PM. However,
the lack of head-to-head studies and the presence of
heterogeneity make it difficult to draw definitive conclusions.

ASS, a more common subtype of IIM, is characterized by
myositis, ILD, fever, Raynaud phenomenon, arthritis, and/or
mechanic hands. ILD is the most frequent manifestation of the
disease. Arthritis, myositis, and ILD are the classical clinical
triads of ASS. In our meta-analysis, the overall efficacy rate of
RTX in patients with ASS was 62% (95% CI: 41%, 81%).

IIMs are multi-systemic inflammatory disorders involving
not only the muscles but also other organs, such as the skin,
lungs, heart, joints, and the gastrointestinal tract. Symmetric
proximal muscle weakness and myalgia were the most common
symptoms. Skin rashes, ILD, and arthritis were also common
and may even be the predominant manifestations. Subgroup
analysis showed that the organ-specific response to RTX in the
muscle was 59%. Moreover, 65% of the patients with ILD
responded to treatment. Furthermore, the therapeutic response
was excellent for patients with skin involvement (81%).

How to identify which populations with IIM would be the
most likely to benefit from receiving treatment with RTX? Are
there any clinical and laboratory factors that predict clinical
prognosis? First, the presence of MSAs or MAAs may be
associated with the clinical response. In Nalotto’s study, five
out of six refractory IIM patients achieved significant clinical
improvement 6 months after RTX. All five patients were positive
for MSAs or MAAs, whereas those without improvement were
negative for autoantibodies (58). Aggarwal et al. conducted a
post hoc analysis of the RIM trial, revealing that the presence of
anti-synthetase autoantibodies (predominantly anti-Jo-1) and
anti-Mi-2 autoantibodies strongly predicted clinical
improvement in refractory myositis patients, whereas the
absence of myositis autoantibodies was associated with a worse
outcome (59). In a Korean trial, all six ANA-positive patients
responded to RTX (four achieved complete response, two
achieved partial response), whereas among the four ANA-
negative patients, two achieved partial response and the
remainder had no response to RTX. All three anti-Jo-1
antibody positive patients achieved a complete response (25).
As mentioned above, the frequent presence of MSAs and MAAs
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in IIM suggests an important role of B cells in the disease; RTX
could effectively deplete B cells to make these populations to
achieve a better outcome. Second, the JDM subset may have a
better response to RTX, which was not attributable to a shorter
disease duration, or these populations may have had lower
myositis-related damage (59). Third, lower disease damage
predicts better outcomes in patients with refractory myositis
(59). Patients with dysphagia, a known serious problem in
patients with IIM, showed worse outcomes than those treated
with RTX (23).

In Nalotto’s study (58), although five patients with positive
autoantibodies responded well to RTX, only one exhibited
decreased antibody levels after B cell depletion, suggesting that
autoantibody levels may not correlate with clinical response.
However, Aggarwal et al. showed that the autoantibody levels
correlated with the clinical response to RTX in the RIM trial,
demonstrating that the four autoantibodies (anti-Jo-1, -SRP,
-TIF1-7y, -Mi-2) levels decreased after B cell depletion; the first
three correlated with changes in disease activity (60). These
contradictory results require verification in additional RCTs.

The safety of rituximab in patients with IIM was another
essential component of our meta-analysis and must be
considered in clinical practice. We found that the incidence of
adverse events was 18% (95% CI: 7%, 33%), and the incidence of
infection was 26% (95% CI: 17%, 35%). In addition, the
incidences of severe adverse events and infections, were 8%
and 2%, respectively. The infusion reaction was thought to be a
joint adverse event of RTX. Our meta-analysis showed that the
incidence of infusion reactions was 12%. In brief, RTX was
considered relatively safe and well-tolerated in patients with IIM.

This meta-analysis had several notable strengths. To the best
of our knowledge, this is the first systematic meta-analysis to
evaluate the effectiveness and safety of RTX in patients with IIM.
Second, we evaluated the overall efficacy rate, complete response
rate, partial response rate, and organ-specific response rate to
fully assess the efficacy of RTX. Third, we conducted a
comprehensive literature search across five databases using a
standardized methodology. Finally, strict inclusion and
exclusion criteria were used and case reports and case series
with fewer than five participants were excluded, to ensure the
quality of the included studies.

Our meta-analysis also has several limitations. First, the
included studies failed to provide the mean + standard
deviation (SD) of corticosteroid dosage and CK levels before
and after RTX treatment. Therefore, the effects of RTX on
corticosteroid tapering and the influence of CK levels could
not be evaluated. Second, the RTX regime varied among the
included studies, which contributed to the heterogeneity. Third,
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the included studies had inconsistent definitions of complete and
partial responses. This may have been another source of
heterogeneity. Fourth, most of the included studies were
single-arm tests without control groups, and no RCT data
could be summarized, which is difficult to circumvent owing
to the rarity of IIMs. Therefore, the conclusions of this study
should be verified in clinical practice.

5 Conclusion

In summary, this meta-analysis suggests that RTX is a
feasible treatment option for patients with IIMs. It is effective
and relatively safe in this patient population. Future RCTs are
required to further evaluate the efficacy and safety of RTX
treatment for patients with IIMs.
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Background: Autosomal dominant hyper-IgE syndrome (AD-HIES) caused by
dominant negative (DN) variants in the signal transducer and activator of
transcription 3 gene (STAT3) is characterized by recurrent Staphylococcal
abscesses, severe eczema, chronic mucocutaneous candidiasis (CMC), and
non-immunological facial and skeletal features.

Objectives: To describe our experience with the diagnosis and treatment of
adult patients with AD-HIES induced by DN-STAT3 variants.

Methods: The medical records of adult patients (>18 years) treated at the
Allergy and Clinical Immunology Clinic of Hadassah Medical Center, Jerusalem,
Israel, were retrospectively analyzed. Immune and genetic workups were used
to confirm diagnosis.
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Results: Three adult patients (2 males; age 29-41 years) were diagnosed with
DN-STAT3 variants. All patients had non-immunological features, including
coarse faces and osteopenia. Serious bacterial infections were noted in all
patients, including recurrent abscesses, recurrent pneumonia, and
bronchiectasis. CMC and diffuse dermatophytosis were noted in two
patients. Two patients had severe atopic dermatitis refractory to topical
steroids and phototherapy. Immune workup revealed elevated IgE in three
patients and eosinophilia in two patients. Whole exome sequencing revealed
DN-STAT3 variants (c.1166C>T; p.Thr389lle in two patients and c.1268G>A; p.
Arg423Gln in one patient). Variants were located in DNA-binding domain (DBD)
and did not hamper STAT3 phosphorylation Treatment included antimicrobial
prophylaxis with trimethoprim/sulfamethoxazole (n=2) and amoxycillin-
clavulanic acid (n=1), and anti-fungal treatment with fluconazole (n=2) and
voriconazole (n=1). Two patients who had severe atopic dermatitis, were
treated with dupilumab with complete resolution of their rash. No adverse
responses were noted in the dupilumab-treated patients.

Discussion: Dupilumab can be used safely as a biotherapy for atopic dermatitis
in these patients as it can effectively alleviate eczema-related symptoms.
Immunologists and dermatologists treating AD-HIES adult patients should be
aware of demodicosis as a possible manifestation. DN-STAT3 variants in DBD
do not hamper STAT3 phosphorylation.

KEYWORDS

stat3, hyper IgE syndrome, adults, inborn errors of imunity, dupilumab

1 Introduction

Signal transducer and activator of transcription (STAT)3 is a
key transcription factor involved in the function and
development of T helper (Th)17 cells (1). Following
stimulation with interleukin (IL)-6 and transforming growth
factor (TGF)-B, STAT3 is phosphorylated and, together with
RORYT, induces differentiation of CD4" T cells into functional
Th17 cells. These cells secrete IL-17 and IL-22 and play a critical
role in immune responses against fungal and bacterial
infections (1).

Dominant negative (DN) heterozygous variants of STAT3
induce autosomal dominant hyper immunoglobulin (Ig)E
syndrome (AD-HIES) (2). This inborn error of immunity (IEI)
is characterized by impaired counts and effector functions of
Th17 cells and increased susceptibility to fungal and
Staphylococcal infections (3). Immune features also include
decreased plasma and memory B-cell counts, via impaired IL-
21-mediated signaling (4) and a shift towards a Th2-mediated
immune response, which manifests as atopic dermatitis and
eosinophilia (5).

AD-HIES is also characterized by non-immunological
features. Coarse faces are a known feature of AD-HIES (6).
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Furthermore, retained primary teeth can be seen in AD-HIEs
patients, as evident in 72% of a previously reported 30-patient
cohort (6). IL-4 and other cytokines-mediated bone resorption
may induce osteopenia, osteoporosis and frequent bone
fractures (6). Other skeletal characteristics of AD-HIES consist
of joint hyperextensibility and craniosynostosis. Scoliosis is also
seen in up to a third of the patients (6). Finally, rates of vascular
anomalies, including brain and cardiac arterial ectasias and
aneurysms, were reported in a cohort of 21 adult patients to
be as high as 84% and 50%, respectively (7).

In recent years, advances in mechanism-targeted biological
treatments have revolutionized the care of patients with IEI and
other rare immune-mediated diseases. Different biologic
treatments were used in patients with AD-HIES and
demonstrated efficacy in relieving symptoms. For example,
benralizumab, an anti-IL-5 receptor o chain, monoclonal
antibody was used to treat AD-HIES with eosinophilic asthma
(8). Omalizumab, an anti-IgE antibody, was also used to treat
patients with AD-HIES and was shown to alleviate respiratory
symptoms and pulmonary function tests (9). However, there is
an increasing amount of reports of AD-HIES patients that were
successfully treated with dupilumab, an anti-IL-4/IL-13 receptor
o subunit monoclonal antibody (10-17).
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Here, we present additional information regarding the
clinical course, diagnosis, and treatment of adult patients with
AD-HIES, as well as details on the successful treatment of these
patients with dupilumab.

2 Methods
2.1 Study design and patients

This is a retrospective analysis of the medical records of
adult patients (age >18 years) with AD-HIES who were treated at
the Allergy and Clinical Immunology Unit of Hadassah Medical
Center, Jerusalem, Israel. All patients underwent genetic
diagnostic tests that confirmed DN-STAT3 variants. Variant
pathogenicity was confirmed by in vitro assays. The clinical
severity of AD-HIES was evaluated using the National Institute
of Health (NIH) score (10). The severity of atopic dermatitis in
the AD-HIES patients was assessed by the Investigator’s Global
Assessment (IGA) scale (18) and Eczema Area and Severity
Index (EASI) score (18).

2.2 Immune analysis

Lymphocyte subsets of peripheral blood mononuclear cells
(PBMCs) were obtained using flow cytometry. T-cell
proliferation capacity was evaluated using a thymidine-based
DNA incorporation assay as described previously (19). T-cell
stimuli consisted of 6 and 25 ug/mL phytohemagglutinin (PHA)
and anti-CD3 antibody. In one patient (P2), data regarding the
thymidine-based DNA incorporation assay was available from a
previous analysis, which consisted of PHA, concanavalin A
(CON A), and pokeweed mitogen (PWM) stimuli.

In addition, the humoral immune response was assessed in
patients by testing their immunoglobulin levels and specific IgG
antibody titers to past vaccines. Confirmation of AD-HIES was
obtained by immunoblot analysis or flow cytometry assays of
phosphorylated (p) STAT3 protein or measurements of Th17
counts using flow cytometry.

2.3 STAT3 immunoblotting and
phosphorylation assays

PBMCs were isolated from patients and healthy controls
using Ficoll-Hypaque and stimulated with IL-6 (20-50 ng/mL)
for the indicated times at 37°C. Cells were lysed in RIPA buffer
and lysates probed with anti-phospho-STAT3 (Y705) and
STAT3 (Cell Signaling Technology, Danvers, MA) using
standard Western blotting techniques.
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For the flow cytometry-based STAT3 phosphorylation assay,
PBMCs were stained with anti-CD4 (Pacific Blue clone RPA-T4;
BioLegend Cat #300521) before being stimulated with either IL-
10 (10n g/mL; Miltenyi Biotec) or IL-21 (100 ng/mL; Miltenyi
Biotec) for 20 min at 37°C. Cells were then fixed with 4%
paraformaldehyde for 10 min at 37°C and incubated in
permeabilization buffer (True-Phos Perm Buffer, BioLegend
Cat #425401) overnight at -20°C. The next day, cells were
washed and stained with anti-phospho-STAT3 (pY705) (PE
clone 13A3-1; BioLegend Cat #651004) for 4 hours at 4°C.

2.4 Intracellular IL-17 staining

Frozen PBMCs from patients and healthy controls were
thawed and stimulated with phorbol myristate acetate (20 ng/
mL) and ionomycin (1 pug/mL) overnight at 37°C in a 5% CO,
atmosphere in the presence of Brefeldin A (1 uL/mL of 1000X;
BioLegend Cat #420601). After 16 hours, cells were fixed,
permeabilized, and stained for CD4 (Pacific Blue clone RPA-
T4; BioLegend Cat #300521), IFNy (AF647 clone 4S.B3;
BioLegend Cat #502516), and IL-17 (FITC clone BL168;
BioLegend Cat #512304). Cells were acquired using a BD
FACSCanto II flow cytometer and data analysis performed
using FlowJo software (V10.0, TreeStar). The aim
was to evaluate intracellular cytokine staining within
CD4" lymphocytes.

2.5 Genetic workup

Exome sequencing was performed using the Twist Human
Core Exome Plus Kit (Twist Bioscience, San Francisco, CA, USA)
on a NovaSeq 6000 sequencing machine (Illumina, San Diego, CA,
USA). Paired end reads (2 x 100 bp) were obtained and processed
for each sample. The Illumina Dragen Bio-IT Platform version 3.9
was used to align reads to the human reference genome (hg38)
based on the Smith-Waterman algorithm (20) and to call variants
based on GATK variant caller version 3.7 (21). Additional variants
were called with Freebayes version 1.2.0 (22). Variant annotation
was performed using KGG-Seq version 1.2 (23). Further annotation
and filtration steps were performed by in-house scripts using
various additional datasets.

2.6 Ethical review of the study

This study was approved by the institutional review board
(IRB) of Hadassah Medical Center (IRB number: HMO-0473-
22). A waiver for participant consent was gained by the IRB of
Hadassah Medical Center.
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3 Results
3.1 Patient characteristics

Clinical characteristics of the patients are presented in
Table 1. Three adult patients with AD-HIES due to DN-
STAT3 (two males and one female) were followed at our
Allergy and Clinical Immunology Unit during the study
period. Patient ages at symptom onset ranged from 2 months
to 20 years. All patients were genetically diagnosed with DN-
STAT3 in adulthood (21-41 years).

Patient 1 (P1) and P2 were briefly reported on by Woellner
et al. (24) and Scheuerman (25) et al,; they are siblings born to a
non-consanguineous Ashkenazi Jewish family harboring three
generations of AD-HIES patients. The mother died at 42 years
old from pulmonary emboli. She had seven children, and one of
them died from pneumonia at the age of 3 months without a
definitive diagnosis of AD-HIES. P1 has two children with
AD-HIES.

P3 was born to a consanguineous Arab family. He has two
children with chronic facial rashes compatible with atopic
dermatitis who have not yet been evaluated. The family
pedigrees of the patients are presented in Figure 1. Although
he had course facial features compatible with AD-HIES since
childhood, there is no record of significant infections before the
age of 20 years. At that age, he presented with severe pneumonia
that had a prolonged course and required intravenous
antibiotics. At the age of 35 years, he was diagnosed with a
liver abscess with growth of Staphylococcus aureus, which has
resolved with antibiotics. He then presented to our clinic at the
age of 41 years, with recurrent pyomoyositis for further
immune investigation.

NIH scores for clinical severity of AD-HIES were 55, 48, and
37 in P1, P2, and P3, respectively. All patients had typical
infectious manifestations consisting of myositis (Figure 1C)
and recurrent Staphylococcal abscesses of the skin, breast, and
liver (Figure 1D). Serious bacterial infections also included
recurrent sinopulmonary infections and bronchiectasis in all
three patients. Pneumatocele was noted in the history of P2.
Dermatological manifestations in P1 and P2 involved severe
atopic dermatitis (Figure 1E). These patients also had
papulopustular rosacea due to demodex, which was observed
by dermoscopy. Chronic mucocutaneous candidiasis (CMC)
was noted in P1 and P2 and manifested as persistent oral
candidiasis, diffuse tinea corporis (Figure 1F), and
onychomycosis. Severe viral infections occurred in P2, who
had cytomegalovirus (CMV) and varicella zoster virus
(VZV) pneumonias.

Non-immunological manifestations occurred in all patients.
These consisted of coarse facial features in P1-P3, retained
primary teeth in P1, and osteoporosis with recurrent skeletal
fractures in P2. None of the patients had scoliosis.
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3.2 Immune workup

Patients were evaluated as adults in our clinic. Their immune
workup is presented in Table 2. Eosinophilia was noted in P1 and
P3 (0.9 and 1 x10°/L, respectively; normal: <0.6 x109/L).
Lymphocyte subsets revealed inverted CD4"/CD8" ratios in all
patients. B-cell counts were within normal range in all patients.
Lymphocyte proliferation studies were available for P1 and P2 but
were normal in both.

All patients had non-diminished IgM, IgA, and IgG levels.
IgE was markedly increased in all patients, ranging from 13,500
to 57,000 IU/mL (0-100 IU/mL). Specific IgG production to past
vaccines was intact (Table 2) and positive IgG titers were noted
for CMV and Epstein-Barr virus (EBV) in all patients.

3.3 Genetic diagnosis

All patients were found to harbor previously reported
heterozygous missense variants in the DNA-binding domain
(DBD) of STAT3; P1 and P2 had ¢.1166C>T, p.Thr38lle (2, 5, 24,
25), and P3 had c.1268G>A p.Arg423GIn. The latter variant was
previously associated with AD-HIES in 2 families (26), and its
pathogenicity was validated in another study (27). The variants
found in the three patients were predicted to be pathogenic. The
combined annotation dependent depletion (CADD) scores for the
variants in P1/P2 and P3 are 29 and 32, respectively, and the
frequencies (SeenB4) of the variants are 0 and 1 out of 7934 cases,
respectively. Variants™ frequencies in GnomAD of P1/P2 and P3
were 0% and 0.000657% (1 out of 152210 alleles), respectively.
Sanger sequencing of these STAT3 variants is presented in Figure 2.
The STAT3 variants are found at evolutionarily preserved sites in all
three patients, as seen in genetic analysis from humans to frogs
(Figures 2C, D, respectively).

P3 had a late and relatively mild presentation of AD-HIES.
Unfortunately, hair or nail samples from P3 were not available
for Sanger sequencing. Thus, genetic diagnosis of the DN-STAT3
variant was completed using peripheral blood and cannot rule
out that this patient is a mosaic. Moreover, due to a lack of
compliance, family segregation studies of P3, including Sanger
sequencing of his two children with atopic dermatitis for the
DN-STATS3 variant, are currently not available.

3.4 Functional confirmation of
variant pathogenicity

The pathogenicity of the identified variants was confirmed by
functional studies and included either flow cytometry-based
evaluation of CD4" IL-17" T cells (Th17 cells), or Western blot
and staining using anti-Y705 phospho-STAT3 antibody. Flow
cytometric analysis of PBMCs showed that, compared to a
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healthy control, Th17 cells were nearly absent in P3 (Figure 2E).
Though there may have been decreased expression of pSTAT3 at
baseline, patients’ cells did show STAT3 phosphorylation
(Figures 2F, G). This finding is in accordance with the location of
the identified variants within the DBD, which would allow normal
phosphorylation due to an intact SH2 domain but abnormal
STAT3 signaling due to mutations in the DBD. The
pathogenicity of the variant (c.1166C>T, p.Thr3891le) identified
in P1 and P2 was demonstrated previously (2, 4, 5, 13). The
abnormal IL-17 expression confirms the pathogenicity of the
variant (c.1268G>A p.Arg423Gln) identified in P3.

3.5 Treatment and outcome

Treatments are presented in Table 1. All patients are alive and
were treated with prophylactic antibiotics, either trimethoprim/
sulfamethoxazole (n=2) or amoxycillin-clavulanate (n=1). P1 and
P2 received fluconazole treatment for CMC and severe
dermatophyosis. P1 was also treated with itraconazole and
terbinafine due to tinea corporis, but without improvement. He
also received a course of voriconazole with partial but significant
resolution of his tinea corporis.

P1 and P2 had severe atopic dermatitis. P2 had multiple
erosive nodules on the face and extremities, consistent with lesions
of prurigo nodularis, which are common in patients with severe
atopic dermatitis. Both patients failed treatment with potent
topical steroids. P1 was also treated with narrow band UVB
phototherapy with no improvement of the rash and pruritus.
Considering these patients’ impaired immune systems, we were
reluctant to treat them with systemic immunosuppressive agents.
Thus, subcutaneous injections of dupilumab were initiated at a
dose of 300 mg every 2 weeks after a loading dose of 600 mg.

Duration of dupilumab treatment in P1 and P2 was 17 and 7
months, respectively. Following treatment, complete resolution of
the atopic dermatitis rash and pruritus was seen in both patients
(Figures 3A-D). Atopic dermatitis scores available for the patients
consisted of the IGA (P1 and P2) and EASI scores (P2). IGA for P1
before and after 1 year of dupilumab treatment was 3 and 0,
respectively. P2 had baseline EASI and IGA scores of 20 and 4,
respectively. Following 3 months of dupilumab treatment, both
scores markedly decreased, to 1 and 0, respectively In addition,
examination of serum IgE levels following dupilumab treatment
was available in P1. A significant reduction was observed from
baseline (13,500 to 953 U/mL; 3-100 U/mL) following 17 months of
treatment. No adverse responses were noted in the dupilumab-
treated patients.

4 Discussion

In this study, we describe three adult patients with AD-HIES
induced by DN-STAT3 variants. Regarding treatment,
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A E DN-STATS3 detected

Genotpyed, DN-STAT3
not detected

[ »

B E DN-STATS detected

[™ Atopic dermatits

FIGURE 1

Clinical characteristics of the patients. (A, B) Family pedigrees of P1-P2 and P3, respectively, demonstrative of an autosomal dominant
inheritance. In red, patients that were genotyped for STAT3 and were found to harbor DN-STAT3 variants; In yellow — Subjects that were
genotyped and were not found to harbor the DN-STAT3 variant; In grey — Subjects that were not genotyped and therefore presence of DN-
STAT3 variant cannot be determined or ruled out. ND- not determined. Note patients within 3 generations in the family of P1-P2. DN-STAT3-
Dominant negative STAT3 variant. (C) Computed tomography (CT) scan of cervical spine of P3, axial view, demonstrating a collection with
septations in the sternocleidomastoid muscle measuring 20*41*14 mm with reactive muscle and soft tissue edema. (D) Abdominal CT scan of
P3, coronal view, demonstrating multiple hypodensities in the left liver lobe (segment 2 and 3) and a hepatic abscess measures 8.2*7.9 cm.

(E) Atopic dermatitis, as seen in P2. (F) Tinea corporis, as seen in P2.

TABLE 2 Immune workup of adult patients with DN-STAT3 variants.

Parameter P1 (37 yo) P2 (29 yo) P3 (41 yo) Normal Range
Absolute lymphocyte count (10%/L) 2.6 2.7 35 1.1-35
Absolute eosinophil count (10°/L) 0.9 0.49 1 0.0-0.6
CD3* 74 84 84 60-85
CD4* 44 46 48 36-63
T cells
Lymphocyte CD8* 22 36 33 15-40
subpopulations
(% of total lymphocytes) CD4"/CD8" Ratio 0.5 1.28 14 1.5-3.3
NK cells CD56" 7 7 19 6-30
B cells CD20" 15 9 8 5-25
Lymphocyte proliferation study Normal Normal NA -
IgG (mg/dL) 1562 1666 1185 639-1349
IgA (mg/dL) 172 151 214 70-312
Serum immunoglobulins
IgM (mg/dL) 130 155 57.6 56-352
IgE (U/mL) 13500 50700 25000 3-100
Measles (AU/mL) 6.20 1.1 >300 >1.1
Specific IgG antibodies VZV (Al) NA 2.7 NA >1.1
Rubella (IU/mL) >100 19 253 >30
(Continued)
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TABLE 2 Continued

Parameter

10.3389/fimmu.2022.1044933

P1 (37 yo) P2 (29 yo) P3 (41 yo) Normal Range

Mumps (AI) 2.30 0.7 19 >1.1
HBYV surface (mU/mL) 0.07 Neg 62.1 >0.05
HAV Pos Neg Pos 0

Diphtheria (IU/mL) NA 0.03 NA >0.1
Tetanus (IU/mL) NA 0.39 NA >0.1
EBV EBNA (S/CO) 0.12 Pos 14.82 0-20
EBV VCA (S/CO) 28.15 NA 16.73 =1

CMV (AU/mL) >250 >250 >250 >20

dupilumab was shown in our adult-patient cohort to be a novel
treatment for atopic dermatitis in AD-HIES, which was both

effective and safe.

Our patients were genetically diagnosed in adulthood. P1 and
P2 had delayed genetic diagnosis, though clinical onset of

NA, Data is not available; Pos, Positive; Neg, Negative; NK, Natural killer; CPM, Counts per minute; PHA, Phytohemagglutinin; PHA6, PHA 6 pg/mL; PHA25, PHA 25 pg/mL;
Ig, Immunoglobulins; HBV, Hepatitis B virus; HAV, Hepatitis A virus; CMV, Cytomegalovirus; VZV, Varicella Zoster Virus EBV, Epstein-Barr virus; EBNA, Epstein-Barr nuclear
antigen; VCA, Viral capsid antigen. In bold- values above normal range; Italics — below normal range.

symptoms was at infancy. However, P3 presented with disease

manifestation at 20 years of age. A recently published review did not

mention variants in DN-STAT3 as possible triggers of monogenic
adult-onset IEI, unlike STAT3 gain-of-function (GOF) mutations,
which have been reported to induce immune dysregulation and

FIGURE 2
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Immune and genetic analyses of the patients. (A, B) Sanger sequencings of the STAT3 variants of P2 and P3, respectively (HC- healthy control).
(C, D) STAT3 variants in P1-P2 and P3, respectively, are in evolutionary preserved sites. (E) Overnight stimulation of PBMC of P3 with phorbol
myristate acetate (PMA) and lonomycin shows normal production of interleukin (IL)-17 in HC CD4* T cells (left) and near absent IL-17
production in the patient's CD4" T cells. (F) P3's cells were stimulated with either IL-10 (10ng/mL) or IL-21 (100ng/mL) for 20 minutes. Cells
were then fixed, permeabilized and stained for phosphorylated (p) STAT3 Y705. Both HC's and P3's CD4" T cells showed normal STAT3
phosphorylation, as can be expected in cases of variant located at the DNA binding domain (DBD). (G) Immunoblotting of P1, demonstrating
levels of pSTAT3 in T=0,5,15, and 30 minutes following IL-6 stimulation. While there might be decreased expression of pSTAT3 at baseline, P1's
cells did show STAT3 phosphorylation following stimulation, which is compatible with location of the STAT3 variant in the DBD.
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FIGURE 3

Response to treatment with dupilumab in patients with DN-STAT3 variants. (A, B) Baseline status of atopic dermatitis in P2 with multiple erosive nodules,
consistent with prurigo nodularis (C, D) Following 3 months of dupilumab treatment, atopic dermatitis eczema has completely resolved.

predispose adults to cancer (23). Thus, our report further
emphasizes the need for awareness and a high index of suspicion
towards IEI by physicians treating adult patients. “Red flags” for IEI,
either in the history or findings on physical examination, even if the
treated patients are undiagnosed adults, should trigger prompt
immune and genetic workups. This will allow early diagnosis,
better patient care, and genetic counseling for family members.
Supportive therapy of AD-HIES consists of antibiotics and anti-
fungal treatments, either as prophylaxis or upon signs of infections.
Other therapies consist of immunoglobulin replacement
treatments, by intravenous (IVIG) or subcutaneous (SCIG) routes
(28). Use of hematopoietic stem cell transplantations (HSCT) in
AD-HIES patients is currently increasing. A recent review of 14
AD-HIES patients demonstrated high rates of long-term survival, as
well as resolution of respiratory, dermatologic, and immune features
of the disease (29). Osteoporosis and recurrent fractures in AD-
HIES, as seen in P2 from our cohort, can be treated with
bisphosphonates. It is a result of increased osteoclast quantities
and bone resorption due to abnormal IL-6-mediated differentiation
(29). Regarding treatment of our patients, none had humoral
defects. Apart from the accepted antimicrobial prophylaxis, two
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patients were successfully treated with dupilumab. One patient with
recalcitrant tinea corporis responded well to voriconazole, a second-
generation triazole approved for systemic mycoses that has been
reported to be effective against dermatophytes in vitro, and its use is
considered a last resort in unresponsive patients with tinea
infections (30).

Previously published cohorts of adult patients with DN-STAT3
variants are scarce. Some adults with AD-HIES are characterized by
normalized IgE levels and degenerative joint diseases (29). Rates of
delayed diagnosis are not available in the literature. Interestingly, P3
had a delayed diagnosis of 21 years, since he first presented with
severe pneumonia at the age of 20 years, until genetic diagnosis was
made. However, delay in diagnosis is expected to decrease in
current days, with increasing awareness to disease presentation
and wide use of next generation sequencing and molecular
diagnosis. Previous life expectancy reports are estimated by a
median of 20.5 years and a maximal expectancy of 40 years (29).
Major cause of death of adults with AD-HIES is attributed to
pulmonary infections and their complications (29). Our patients’
current ages range between 29 and 41 years. All patients in our
cohort had recurrent pneumonias and currently they all have
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bronchiectasis, as seen in CT scans. One patient (P2) also had
pneumatocele. Hopefully with improved supportive care and
monitoring, survival rates of these patients will increase, as
previously suggested by others (29).

The clinical manifestations of our patients are consistent with
AD-HIES. Susceptibility to Staphylococcal and fungal infections,
high incidence of abscesses, recurrent sinopulmonary infections,
bronchiectasis, and CMC are known features of AD-HIES (31).
Non-immunological features, such as retained primary teeth, coarse
faces, and osteoporosis, were also previously reported (31). Other
non-immunologic features, such as scoliosis, are not found in
our patients.

All the patients had non-diminished levels of pSTAT3, as
demonstrated by immunoblotting or flow cytometry. This is
compatible with the location of the variants in the DBD,
suggesting decreased function of STAT3 without hampering its
phosphorylation. A reduced Th17 subpopulation in P3, despite
normal levels of pPSTATS3 in flow cytometry, supports this notion
and confirms the variant’s pathogenicity. This observation was
previously demonstrated in other studies (26).

P3 is notable in our cohort, as he was diagnosed in adulthood
and had no reported CMC or recurrent infections during
childhood. Indeed, we have not ruled out somatic mosaicism in
P3. Intermediate phenotype of 2 patients with DN-STAT3 variants
was previously reported. These patients had non-reduced levels of
Th17and a milder clinical presentation, although CMC was noted
(32). Suspicion of DN-STAT3 in P3 was raised due to recurrent
abscesses in his liver and striated muscles, as well as coarse facial
features. Interestingly, two of his children are currently being
evaluated due to atopic dermatitis. However, due to lack of
compliance, Sanger sequencings of the children for the relevant
DN-STAT3 variant is currently not available. Thus, the diagnosis of
AD-HIES in P3 should be considered even with a lack of classical
childhood infections.

A unique feature in two of our patients (P1 and P2) is
papulopustular rosacea due to demodicosis. To the best of our
knowledge, our study is the first report of chronic demodicosis in
DN-STAT3. Demodicosis was not originally reported by the
international study group of STAT1 GOF (33). Recently, our
group described chronic demodicosis in patients from two
families with STAT1 GOF variants (19). Chronic demodicosis
has also been reported in other patients with STATI GOF
(34-36).

The underlying immune pathogenesis in chronic demodicosis
is not well defined. It probably consists of an impaired innate
immune response via Toll-like receptor (TLR)-2 and decreased
counts and effector function of Thl7, among other immune
pathways (12). In STATI GOF, overexpressed cytokines, such as
interferon (IFN)-y and IL-27, inhibit the function of Th17 via
suppression of IL-17 and RORYT (37). This mechanistic pathway of
impaired Th17-mediated immunity is common to both STATI
GOF and STAT3 loss-of-function and may account for the chronic
demodicosis diagnosed in our patients.
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STATS3 has a role in regulating Th2 inflammation. This is
seen in over-activation of STAT3, which inhibits GATAS3,
impairing the differentiation of inflammatory T helper cells
into Th2 cells and reducing their activities (38). The
eosinophilia and atopic dermatitis in our patients are
suggestive of increased Th2 function via elevated production
of IL-5 and IL-4, respectively. Therefore, dupilumab has enabled
successful treatment of the patients’ atopic dermatitis by
manipulating the underlying immune mechanism without the
need for systemic immunosuppressive or cytotoxic drugs. The
dose of dupilumab was decided according to current indications
for atopic dermatitis in non-HIES patients, with adverse events
noted in none of the patients.

It is plausible to suspect that decreasing the Th2-mediated
pathway will result in enhanced function of Thl, reducing
susceptibility to severe infections. Severe viral infections were
noted in P2, suggesting decreased Thl activity. However, the
effect of dupilumab on the Thl-mediated response and secreted
cytokines was not evaluated in our study. Nevertheless, Thl
enhancement following dupilumab treatment has been
demonstrated in AD-HIES (14).

We further reviewed the literature on reported AD-HIES
patients with DN-STAT3 variants who were treated with
dupilumab (Table 3). Our search yielded 22 patients (11
males, age 9-42 years) with a mean duration of dupilumab
treatment of 11.5 (2-15) months. All of the patients were
reported to clinically improve following dupilumab treatment,
independent of their STAT3 variant or age and with no severe
adverse reactions. As in our patient, dupilumab doses ranged
from 200 to 300 mg per injection every 2 or 4 weeks.

IgE levels of P1 decreased following dupilumab treatment.
Reduced IgE levels were previously shown in dupilumab-treated
patients, as demonstrated in a meta-analysis of seven studies (39).
Published reports of DN-STAT3 patients treated with dupilumab
with subsequent IgE reduction further support that notion (15, 17).

Previous studies also support dupilumab treatment of atopic
dermatitis in non-STAT3-related-IEI, such as DOCKS deficiency
(40), CARD11-associated atopy with dominant interference of
NEF-kB signaling (CADINS) (41), Wiskott-Aldrich Syndrome
(42), common variable immune deficiency (CVID) (43),
TTC7A-associated combined immunodeficiency (44), and X-
linked agammaglobulinemia (45-47). Thus, indications for
dupilumab use in IEI are rapidly expanding, and it should be
considered a main therapeutic modality in adult patients with
AD-HIES along with standard topical care.

Our study has several limitations, mainly its small number of
patients and retrospective design. Nevertheless, we hope this cohort
of adult AD-HIES patients will shed further light on the diagnosis
and treatment of these patients.

In conclusion, immunologists and dermatologists treating
AD-HIES patients should be aware of demodicosis as a possible
clinical manifestation. Chronic and recalcitrant dermatophytosis
may respond, at least partially, to voriconazole. Treatment with
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TABLE 3 Previously published dupilumab-treated patients with AD-HIES due to DN-STAT3 variants.

Number Age at . Outcome Duration of
: - . . STAT3 LOF Het-  Dupilumab Thera- ;
of dupilumab Gender Clinical Manifestations CrOZVAOUS (E\)utic regimen (SCORAD fol- dupilumab
Reported initiation (Baseline SCORAD score) Y9 P 9 lowing treatment
. variant (mg) :
Patients (years) dupilumab) (months)
Loading dose 600 mg
1166C>T, Resoluti f AD C t
2 29 and 37 M, F Recurrent skin and pulmonary infections (NA) ¢ > followed by 200 mg esotution 0 7 and 17 urren
p.Thr3891le (NA) report
every 2 weeks
1144 C>T, luti f AD
1 2.5 F Recurrent skin and pulmonary infections (NA) p.Arg§8>2Trp 300 mg every 4 weeks ?:If:) ution o 6 (10)
Resolution of AD
1 17 M Severe AD, recurrent staph infections, allergy to inhalants (45) ¢.1150T>C. p.F384L 300 mg every 2 weeks (Ze;/ol(l)l;)on N 12 (14)
Gene.ra'liz.ed pruritic erythematous papules and Xerosis; ec?ema, oral Loading dose of 200 mg .
candidiasis, furuncles, pneumatoceles, recurrent pneumonia, abscess c.1145G>A, Resolution of AD
1 9 M - L - A . followed by 100 mg 10.5 (12)
in liver and gingiva, knee and finger joint deformities since birth p-R382Q (0)
every 2 weeks.
(73)
PJP, chronic OM(58-78) €21323C5G Loading dose 300
CO: 1r;g e(:eslfs follgnge J Mild dermatitis in
Vi We > W .
3 9 3-M Pneumonia (NA) p-V343L ry A all patients after 4 4 (13)
by injections every 28
months (5-15).
Neonatal pneumonia, chronic OM (NA) p-R32Q days
Resolution of skin
AD, recurrent skin and respiratory tract infections, refractory and GI
1 21 M Int10(-2)A>G 300 3 ke 6 11
diarrhea and recurrent colon perforations (NA) nt10(-2)A> g every 5 weeks manifestations an
(NA)
loading dose of 600 mg .
1 f AD
1 33 F Pruritic eczema, dermatitis (67.45) 1907C > T, p.S636F followed by iesfo;mon ° 10 (17)
300 mg every 2 weeks
Loading dose of 600 mg
. 1294 G>A. Resoluti f AD
1 14 M Severe AD and EoE (NA) ¢ > followed by 300 mg esolution o 2 (15)
p.V432S (10)
every 2 weeks
c1144 C> T, p.
R382W
c.1003 C> T,
9-F ABPA, AD, Asthma PR33SW 200 or 300 Resolution of AD
13 10-42 K 15 (16)
4-M (53.85, 80.3) 2137 G>T, mg every two weel (0)
p.V713L
1979 T > C,
p.N660T
(Continued)
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TABLE 3 Continued

Number Age at Outcome Duration of

i dupilumab Clinical Manifestations SRl oI (e Dl Wil Dlistiey (SCORAD fol- dupilumab
Gender erozygous peutic regimen lowi
owing treatment

variant (mg) dupilumab) (months)

Ref.

Reported initiation (Baseline SCORAD score)
Patients (years)

c.1110(-2) A-G

1864 A > G,
p.T622A

c1388 T > A,
p.V463E

€.1962_1964delATC,
p.I654del

c1144C> T,
p.R382W

c1861 T > G,
p.F621V

1909 G > A,
p-V637M

¢.1003C > T,
p-R335W

c.1110(-3) C > A,
p.V637M

M, Male; F, Female; AD, Atopic dermatitis; Eo, Eosinophilic esophagitis; GI, Gastrointestinal; OM, Otitis media; ABPA, Allergic bronchopulmonary aspergillosis; PJP, Pneumocystis Jirovecii Pneumonia; NA, Data is not available.
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dupilumab appears to be safe and effective without need for
systemic immunosuppressive agents and should be offered to
these patients to alleviate their atopic dermatitis.
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Protective immunity against COVID-19 is orchestrated by an intricate network of
innate and adaptive anti-viral immune responses. Several vaccines have been
rapidly developed to combat the destructive effects of COVID-19, which initiate
an immunological cascade that results in the generation of neutralizing
antibodies and effector T cells towards the SARS-CoV-2 spike protein.
Developing optimal vaccine-induced anti-SARS- CoV-2 protective immunity
depends on a fully competent immune response. Some evidence was
gathered on the effects of vaccination outcomes in immunocompromised
adult individuals. Nonetheless, protective immunity elicited by the Pfizer
Biontech BNT162b2 vaccine in immunocompromised adolescents received
less attention and was mainly focused on the antibody response and their
neutralization potential. The overall immune response, including T-cell
activities, was largely understudied. In this study, we characterized the immune
response of vaccinated immunocompromised adolescents. We found that
immunocompromised adolescents, which may fail to elicit a humoral response
and develop antibodies, may still develop cellular T-cellimmunity towards SARS-
CoV-2 infections. Furthermore, most immunocompromised adolescents due to
genetic disorders or drugs (Kidney and liver transplantation) still develop either
humoral, cellular or both arms of immunity towards SARS-CoV-2 infections. We
also demonstrate that most patients could mount a cellular or humoral response
even after six months post 2™ vaccination. The findings that adolescents
immunocompromised patients respond to some extent to vaccination are
promising. Finally, they question the necessity for additional vaccination
boosting regimens for this population who are not at high risk for severe
disease, without further testing of their post-vaccination immune status.

KEYWORDS

transplantation, immunodeficiency - primary, vaccination, COVID-19,
adaptive immunity
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was identified in late 2019 and described as causing a
pneumonia outbreak, known as coronavirus-induced disease-19
(COVID-19) (1). COVID-19 has affected and still affects
millions of people worldwide, resulting in mortality and
morbidity rates as well as high healthcare costs, difficulties in
treatment (2), and overwhelming economic burden that resulted
in the loss of numerous additional lives and extensive long-term
damage (3).

Protective immunity against COVID-19 is orchestrated by an
intricate network of innate and adaptive anti-viral immune
responses (4). Initially, SARS-CoV-2 infection triggers a local
inflammatory response that recruits neutrophils and monocytes
to the lungs and is accompanied by the release of multiple
cytokines including IL-1B, IL-6, TNF-o, IL-12 and interferons
(o, B and y) (5, 6). Subsequently, activation of antigen
presentation processes primes an adaptive T and B cell response
that generates neutralizing antibodies and effector T cells that can
recognize and Kkill virally infected cells (4). In most cases this
process can resolve the infection. However, in some cases, a
dysfunctional immune response can cause severe lung and even
systemic pathology (7). If a protective inflammatory response does
not occur, a cytokine storm could develop, resulting in multiple
organ failure (8). Patients with various co-morbidities aged over
60 years are more likely to develop such a dysfunctional immune
response that causes pathology and fails to successfully eradicate
the pathogen (9).

To combat the destructive effects of COVID-19, several vaccines
have been rapidly developed, including the Pfizer-Biontech
BNT162b2 mRNA vaccine (10, 11). In this vaccine, mRNA
encoding the SARS-CoV-2 spike (S) protein was encapsulated in
lipid nanoparticle vectors encoding the viral S protein (12).
Injection of the encapsulated mRNA results in the production of
high levels of S protein. Following vaccination, S protein-specific
memory T cells and B cells develop and circulate along with high-
affinity SARS-CoV-2 antibodies, which jointly act to prevent SARS-
CoV-2 infection and disease (13). Thus, developing optimal
vaccine-induced anti-SARS-CoV-2 protective immunity depends
on a fully competent immune response.

The decision to vaccinate immunocompromised patients is
not trivial, especially in adolescent patients, which are not at high
risk of developing severe disease (14, 15). On the one hand, recent
reports (primarily in adult patients) have suggested that
immunocompromised patients might display an increased risk of
developing severe COVID-19 (16, 17). Thus, these patients should
be prioritized for vaccination. In contrast, their underlying immune
deficiency or immunosuppressive treatment might impair
their ability to respond to the vaccine and develop protective
immunity, characterized by generating anti-SARS-CoV-2
antibodies and cellular immune responses (5, 13). Some evidence
exists regarding the effects of vaccination outcomes in adult
immunocompromised individuals (18), while the protective
immunity elicited by vaccines in immunocompromised children
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was mainly focused on the humoral response (19, 20). In one study,
it was shown that adolescents who are immunocompromised (post-
transplantation, cancer, or due to immunosuppressive drugs)
displayed impaired in vitro neutralization capacity as measured
by competition with ACE2, and total IgG against RBD, in
comparison to adolescents who have chronic diseases, such as
HIV. Another study, which focused on adolescents with
inflammatory bowel disease (IBD), found no difference in
antibody neutralization capacity as measured by competition with
ACE2 (neutralization in-vitro) between IBD patients and healthy
adolescents. However, combination therapy (anti-tumor necrosis
factor-o. + immunomodulators) showed significantly reduced
neutralization capacity relative to those in other therapies and
controls. Nevertheless, and most importantly, the breakthrough
infection was similar between all groups without statistical
differences. These results emphasize the need to characterize not
only the humoral immune response, but also the cellular immune
response of adolescent patients following SARS-CoV-2 vaccination
since this will enhance our understanding of the potential degree of
protection that these patients have. Furthermore, it will enable the
design of an optimal immunization regimen for this patient
population. This is especially important for future vaccination
regimens utilizing relevant sequences of viral S proteins.

Results

Herein, we hypothesize that immunocompromised adolescent
patients, which fail to elicit a humoral response and develop
antibodies, will still develop cellular T-cell immunity toward
SARS-CoV-2 infections. A cohort of 17 kidney transplant
patients (two of which were not immunosuppressed at the time
of vaccination), five liver transplant patients, two B-cell deficient
patients, and four inflammatory disease patients that received two
doses of the BNT162b2 mRNA vaccine were recruited (Table 1).
Their humoral immune responses were determined using a flow
cytometry ELISA capable of recognizing anti-spike IgG, IgM, and
IgA simultaneously (Supplemental Figure 1), similar to our recent
study on Covid-19 patients (6). Their cellular immune response
was determined by an IFN-y ELISPOT of isolated mononuclear
cells stimulated with N- and S SARS-CoV-2 peptides. Even though
the patients displaying B-cell deficiencies were unable to generate
antibodies in response to BNT162b2 mRNA vaccination, they all
generated a cellular response (Figure 1 and Supplemental
Figure 2A and Supplemental Figure 3). Thus, they may still
benefit from vaccination since it triggers the cellular arm, which
is most important in eliciting protective immunity against SARS-
CoV-2 infections (21). Assessment of humoral and cellular
immunity in a cohort of immunocompromised adolescent
patients, which were under a medication regimen that generally
suppressed innate immune responses or suppressed their T cell or
B cell responses (Table 1), revealed that vaccination with
BNT162b2 could induce either a humoral or cellular immune
It should be noted that out of the 26
immunocompromised adolescent patients (two with B cell

response.
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deficiency diseases), 18 subjects generated a partial antibody
response, from whom only 9 subjects generated IgG. On the

Everolimus

other hand, out of the 23 immunocompromised adolescent
patients that were tested for T cell response, 17 subjects
generated a positive response. In fact, out of the 23

Anti viral
Zidovudine

immunocompromised adolescent patients, which we assessed for

both B and T cell mediated response, only one did not develop a
humoral or cellular immune response. This patient (patient

Anti bacterial
Azithromycin

number 15) was already six months after his 2" vaccination
dose. Thus, his antibody levels may have naturally declined, as we
have shown for patients in the past (6) and as suggested by

Imuunoglobulin

plotting the patient data on a timeline (Supplemental
Figure 2B). It should be noted that the decline that is shown by
the semilog scale in Supplemental Figure 2B is not statistically

Methotrexate

significant. This is likely due to the fact that the majority of

samples were taken 12 weeks or more after the 2" vaccination,
where antibody response was already shown to decline by others
(22, 23). Nevertheless, these patients may still have a memory

Medications (mode of action)

Mycophenolate

response (22, 23).

T-cell inhi-
Tacrolimus

Discussion

inhibition
Rituximab

Our study bears several limitations. Our relatively low sample
size limits the ability of appropriate statistical analysis, especially
when stratifying each subgroup of patients according to their
medication, immunopathology, and affected organs. Second, our

Prednisolone

patient’s recruitment post-vaccination was done randomly, the time

anti
TNFo.

post their 2™ vaccination may be too long, which may lead to a false

o
g
5
=

E

o

29
£5

.E%
g8
g
a
2
Q
o
g

&

negative conclusion, especially regarding their humoral immune

Steroids

response. Furthermore, as we have shown for patients who
developed a mild disease following SARS-CoV-2 infection (6), a
general statistical cutoff for determining whether a patient

Time from
2nd dose in
37.00
130.00
149.00
169.00
130.00
184.00
34.00
22.00

developed antibodies following infection using ROC analysis can
be misleading. This is due to the fact that each patient has a different
antibody titer baseline, and therefore, patients with a mild response,

blood col
09/08/2021
16/08/2021
16/08/2021
20/06/2021
16/08/2021
16/08/2021
16/08/2021
16/08/2021

who may develop low antibody titers, may still develop antibodies
that are above their personal baseline levels but not above the

2nd vacci
03/07/2021
08/04/2021
20/03/2021
02/01/2021
08/04/2021
13/02/2021
13/07/2021
25/07/2021

positivity threshold that was set by ROC analysis. Similarly,
immunocompromised patients may develop mild antibody titers

that would not be considered positive by ROC analysis-based
methods. We suggest that, when possible, antibody titer (and
maybe even T cell responses) should be determined prior to

2
34
5
8

Age at 2nd
vaccination
13.11
13.11

vaccination to set the individual background for each
immunocompromised patient. These limitations can also explain
the diversity and unpredicted response in all the
immunocompromised adolescents, except for the B-cell
deficiency. Despite these limitations, our data demonstrate that
most patients could mount cellular or humoral responses.

Clinical dignosis

Collectively, these data are promising and question the necessity
for additional vaccination boosts for adolescents who are not at high
risk for severe disease (14, 15). Further studies that will focus on in-
vivo neutralization assays, functionality of T-cell responses (e.g.,
CD4 vs CD8 responses) as well as monitoring the risk of these
patients to infection and/or severe disease are required. This will

Juvenile idiopathic arthritis (JIA) associated uveitis

Immunodeficiency-WAS
Bone marrow transplantation
Healthy control

Healthy control

Crohn’s disease
Healthy control
Healthy control

7
9
31
32

TABLE 1 Continued
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7| None 114
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10 | Both 90
11| Both 133
12 | Humoral 9
13| Cellular | 191
14| Both 144
15| None 181
16 | Cellular 25
| 17 | Both 222
18 | Both 54
%19 | Both 156
Liver Tx 20| Both 148
21| Both 147
| 22| Humoral | 183
B-cell 23| Cellular | 70
Immunodef | 24| Cellular | 81
25| Both 37
Inflammatory | 26 | Both 130
disease 27 | Humoral | 149
| 28 Cellular | 169
29 | Humoral | 130
Healthy, 30 | Both 184
control 31| Humoral | 34
| 32 Both 22
FIGURE 1

10.3389/fimmu.2023.1131965

[
2
i

[2)

1]
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(14

T-cells

X Not tested

Humoral and cellular responses to BNT162b2 mRNA vaccine in immunocompromised adolescent patients.

enable comprehensive understanding of the immune responses
generated upon vaccination especially in these patient populations.

Peripheral blood from immunocompromised adolescent
patients was collected and separated into PBMCs and plasma.
SARS-Cov2 RBD IgG/IgA/IgM antibodies were analyzed using
iQue® SARS-CoV-2 (IgG, IgM and IgA) Kit (Sartorius). Reactive
T-cells were analyzed using T-SPOT® Discovery SARS-CoV-2
(Oxford Immunotec).

Red star — Patient 19 was positive for infection with covid19. §
symbol - not immunocompromised at time of vaccination
(see Table 1).

Material and methods
Patients and their sample collection

Peripheral blood was obtained (~5 ml) from each patient
during a routine check-up in the clinic at Schneider children’s

Frontiers in Immunology

medical center of Israel. All experiments were reviewed and
approved by the Ethics committee of the Schneider children’s
medical center (IRB#0209-21-RMC) and were performed
according to their regulations and guidelines. Written informed
consent to participate in this study was provided by all subjects or
by the participants’ legal guardian/next of kin.

Plasma and PBMCs preparation

Whole blood was centrifuged in EDTA (500xg, 5 min) in
secure buckets. The supernatant was transferred into a clean 1.7/
2 ml Eppendorf tube. The samples (plasma) were apportioned
into 50 ul aliquots and stored at — 20°C or — 80°C for later use in
iQue® SARS-CoV-2 (IgG, IgM and IgA) Kit. The pellet was
resuspended in RPMI (Biological Industries, Beit-Haemek,
Israel), and PBMCs were isolated by density-gradient
centrifugation using Histopaque-1077 (Sigma-Aldrich, 10771),
as previously reported (24).

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1131965
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Bader et al.

Anti SARS-CoV-2 serological testing

Quantifications of IgG, IgM and IgA against SARS-CoV-2 RBD
antigen were measured in subjects’ plasma (diluted 1:100)
according to the protocol of iQue® SARS-CoV-2 (IgG, IgM, and
IgA) Kit (Sartorius).

Measurement of T-cell response to SARS-
CoV-2 peptides

Isolated PBMCs from subjects were used for reactive T-cell
assays according to the T-SPOT® Discovery SARS-CoV-2 protocol
(Oxford Immunotec).

Data analysis

Data were calculated using GraphPad Prism 9, and details can
be found in the figure legends.
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SUPPLEMENTARY FIGURE 1

Determining the cutoff for positivity and negativity values using the iQue®
SARS-CoV-2 (IgG, IgM and IgA) Kit. (A-C) Peripheral blood was collected from
hospitalized COVID-19 patients (at least 14 days post symptoms (DPS)) and
anonymous recovered patients (IgG n=103, IgM n=56, IgA n=54). Negative
samples were obtained from true SARS-CoV-2 negative patients (i.e., prior to
the SARS-CoV-2 pandemic) (IgG n=128, IgM n=128, IgA n=128). Plasma was
obtained, diluted 1:100, and prepared according to the protocol of the iQue®
SARS-CoV-2 Kit. Data were calculated using GraphPad Prism 9; the dotted
line represents the calculated cutoff value discriminating between positive
and negative samples (specificity and sensitivity are shown for each antibody).
An unpaired t-test with Welch's correction was performed. P values are
shown. Data were calculated using GraphPad Prism 9; the dotted line
represents the calculated cutoff value discriminating between positive and
negative samples.

SUPPLEMENTARY FIGURE 2

Immunocompromised adolescents’ individual anti-SARS-CoV-2-RBD
antibodies response. (A) Immunocompromised adolescents’ individual anti-
SARS-CoV-2-RBD antibodies. Individual IgG (blue), IgM (red), and IgA (green)
levels of each of the immunocompromised adolescents were plotted. (B)
Individual 1gG (blue), IgM (red), and IgA (green) levels of each of the
immunocompromised adolescents were plotted according to the time post
2" vaccination. Data were calculated using GraphPad Prism 9; the dotted line
represents the calculated cutoff value discriminating between positive and
negative samples. Solid lines - antibody kinetics was evaluated by calculating
the nonlinear regression (fitting method - least square regression). Line's
slopes and R squares were S=-0.005 and R? ~ 0.155 for IgG, $S=-0.001 and R?
= 0.016 for IgM, and -$=0.007 and R? = 0.39 for IgA.
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SUPPLEMENTARY FIGURE 3

Immunocompromised adolescents’ individual T-cell response to SARS-CoV-
2 peptides. Isolated PBMCs from Immunocompromised adolescents’
individual were used for reactive T-cell assays according to the T-SPOT®
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Anti-neutrophil cytoplasmic autoantibodies (ANCA) associated vasculitis (AAV) is
a necrotizing vasculitis mainly involving small blood vessels. It is demonstrated
that T cells are important in the pathogenesis of AAV, including regulatory T cells
(Treg) and helper T cells (Th), especially Th2, Th17, and follicular Th cells (Tfh). In
addition, the exhaustion of T cells predicted the favorable prognosis of AAV. The
immune checkpoints (ICs) consist of a group of co-stimulatory and co-inhibitory
molecules expressed on the surface of T cells, which maintains a balance
between the activation and exhaustion of T cells. CD28, inducible T-cell co-
stimulator (ICOS), OX40, CD40L, glucocorticoid induced tumor necrosis factor
receptor (GITR), and CD137 are the common co-stimulatory molecules, while
the programmed cell death 1 (PD-1), cytotoxic T lymphocyte-associated
molecule 4 (CTLA-4), T cell immunoglobulin (Ig) and mucin domain-
containing protein 3 (TIM-3), B and T lymphocyte attenuator (BTLA), V-domain
Ig suppressor of T cell activation (VISTA), T-cell Ig and ITIM domain (TIGIT),
CD200, and lymphocyte activation gene 3 (LAG-3) belong to co-inhibitory
molecules. If this balance was disrupted and the activation of T cells was
increased, autoimmune diseases (AIDs) might be induced. Even in the
treatment of malignant tumors, activation of T cells by immune checkpoint
inhibitors (ICls) may result in AIDs known as rheumatic immune-related adverse
events (Rh-irAEs), suggesting the importance of ICs in AIDs. In this review, we
summarized the features of AAV induced by immunotherapy using ICls in
patients with malignant tumors, and then reviewed the biological
characteristics of different ICs. Our aim was to explore potential targets in ICs
for future treatment of AAV.

KEYWORDS

antineutrophil cytoplasmic autoantibody associated vasculitis, immune checkpoint, co-
stimulatory signal pathway, co-inhibitory signal pathway, T cells, immunotherapy
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1 Introduction

Anti-neutrophil cytoplasmic antibody (ANCA) associated
vasculitis (AAV) is a group of life-threatening diseases,
characterized by necrotizing inflaimmation of small blood vessels,
with pauci-immune complex depositions. According to different
clinical manifestations, it was mainly divided into three types,
including granulomatosis with polyangiitis (GPA), microscopic
polyangiitis (MPA), and eosinophilic granulomatosis with
polyangiitis (EGPA) (1-4). ANCA is composed of series of
autoantibodies identifying their autoantigens in neutrophil plasma,
including proteinase-3 (PR3) and myeloperoxidase (MPO) which
may be expressed on activated neutrophils. GPA, mainly associated
with PR3-ANCA, usually affects the sinuses, the lung, and the kidney
with specific granulomatous inflammation. In contrast to GPA, MPA
frequently damages the lung and the kidney with necrotizing
vasculitis. In general, MPO-ANCA is predominantly detected in
patients with MPA and EGPA. The clinical characteristics of EGPA
include asthma, eosinophilia, and vasculitis (5, 6), but it is much less
common than GPA and MPA. The distribution of AAV might be
influenced by geographical and race. In east Asia, especially in China
and Japan, MPA with MPO-ANCA is the predominant AAV,
whereas in Europe, such as the UK and France, GPA with PR3-
ANCA is the more common AAV (7, 8).

Although the exact etiopathogenesis of AAV remains unclear,
studies have demonstrated that some factors, such as T and B cells,
ANCA, the complement alternative pathway (cAP), and neutrophil
extracellular traps (NETs), might play various important roles in
the pathogenesis (Figure 1). On the genetic background, the
interaction of infections, environmental and other factors might
activate T cells, which could help B cells develop into plasma cells.
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Meanwhile, neutrophils could also be activated and express PR3
and MPO to combine with the ANCA secreted by plasma cells (9-
11). The fragment a of fifth complement (C5a) produced by
activating cAP could connect with the C5a receptor on
neutrophils (12, 13). The combinations of these factors on
neutrophils could activate the neutrophils further to promote
their degranulation and NETs production, intensify respiratory
burst, injury the vascular endothelium, accelerate the
inflammatory response, and ultimately lead to clinical damages of
AAV (11, 13-15).

T cells play essential and pivotal roles in autoimmunity. Studies
have revealed that subgroups of T cells, including regulatory T cells
(Treg) and helper T cells (Th), especially follicular Th cells (Tth),
Th2 and Th17, were involved in the pathogenesis of AAV (16-19).
The exhaustion of T cells could predict the favorable prognosis of
AAV (20). Notably, the activation of T cells requires two signals.
The first signal is traditional T cell receptor (TCR) signaling
triggered by the recognition between TCR and specific peptides
from the major histocompatibility complex (MHC) on the surface
of antigen-presenting cells (APC). Immune checkpoint (IC)
molecules transmit the second signal. ICs are a class of surface
proteins to provide co-stimulatory or co-inhibitory signals by
combining with the corresponding receptors or ligands on the
surface of APCs (21, 22). Currently, immune checkpoint
inhibitors (ICIs) have been used in treating various malignant
tumors (23-26). However, 3.5% of patients treated with ICIs
occurred rheumatic disease (27), suggesting that targeting ICs
might have potential values in the treatment of rheumatic
diseases. In this review, we summarized the association between
ICIs and AAYV, focused on the characteristics of ICs, and explored
the potential therapeutic prospect of targeting ICs in AAV.
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Pathogenesis of ANCA associated vasculitis. T cells, B cells, and neutrophils were activated by multiple stimulations in the background of genetic
susceptibility. Th and Treg cells differentiated from T cells synergistically promote B cells to develop into plasma cells, and produce ANCA. ANCA
then combined with PR3 or MPO expressed on neutrophils pre-activated by inflammatory cytokines. Also, C5a derived from activated cAP might
combine with the C5a receptor on neutrophils. Neutrophils activated by ANCA, C5a and various cytokines might produce more NETs conducive for
the inflammatory response and adaptive immunity, ultimately leading to clinical damages. Abbreviations: ANCA, anti-neutrophil cytoplasmic
autoantibodies; C5a, fragment a of the fifth complement; cAP, complement alternative pathway; MPO, myeloperoxidase; NETs, neutrophil

extracellular traps; PR3, proteinase-3; Th, helper T; Treg, regulatory T.
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2 The association between
ICls and AAV

Currently, there are three types of ICIs in blocking co-inhibitory
pathways, targeting programmed cell death 1 (PD-1) (nivolumab,
pembrolizumab and cemiplimab), programmed death ligand 1
(PD-L1) (avelumab, atezolizumab and durvalumab), and
cytotoxic T lymphocyte-associated molecule 4 (CTLA-4)
(ipilimumab and tremelimumab). As the signal transductions of
co-inhibitory were blocked, T cells could be activated, and then the
tumor immunity could be enhanced (28, 29). Consequently, the
inflammatory response might also be increased due to the activation
of T cells, resulting in most patients developing immune-related
adverse events (irAEs). The damages of irAEs could involve
multiple organs, including but not limited to the skin, the
gastrointestinal tract, the lung, and the kidney (29, 30). It is
shown that CTLA-4 inhibitors may induce more irAEs than PD-1
inhibitors, and the combination of these two kinds of inhibitors can
further increase the incidence of irAEs (31, 32).

Despite the rheumatic irAEs (Rh-irAEs) are not common in all
irAEs, rheumatologists are still concerned about these Rh-irAEs. It
was reported that the frequent Rh-irAEs were inflammatory
arthritis and inflammatory myopathy. ICIs-induced vasculitis is
less common than other rheumatic diseases and mainly affects the

10.3389/fimmu.2023.1156212

medium and large arteries (27, 29, 33). In Table 1, we summarized
the cases of ICIs-induced AAV reported to date (23-25, 34-40).
Interestingly, even with ICIs treatment, some AAV patients in
remission did not relapse (41-43). Therefore, we speculated that
the ICs molecules might be involved in the pathogenesis of AAV.
What is more, different ICs might dominate in various stages.

3 Co- stimulatory signal pathways

The co-stimulatory molecules expressed on the surface of T cells
contained CD28, inducible T-cell co-stimulator (ICOS), OX40, and
others (Figure 2). They will be discussed in detail below.

3.1 CD28 signal pathway

CD28 is a member of the immunoglobulin (Ig) superfamily
(IgSF) with typical Ig variable (IgV) domains. This transmembrane
protein of 44 kDa is composed of a disulfide-linked homodimer. It
was involved in the formation of immunologic synapses, the
phosphorylation of proteins, and the remodeling of actin in T
cells. Consequently, T cells were activated and produced cytokines
(44-46). CD28 signal transduction is relied on two motifs in its

TABLE 1 Demographic characteristics and clinical data of patients with ICls-induced AAV.

Age/ . -
9 Target  irAEs Clinical Features Treatments Outcome
Gender
Kato, et al. .
N nivolumab PD-1 AAV | - - -
(349
il . Lo e chronic
Hung, et al. ipilimumab and CTLA-4 headache, polyarthralgia, proteinuria, and glucocorticoid, rituximab .
66/female . GPA . o kidney
(35) nivolumab and PD-1 hemoptysis and one dose of infliximab .
disease
. . L . . . chronic
Uner, et al. i diarrhea, increased creatinine, microscopic glucocorticoid and R
65/male pembrolizumab PD-1 AAV R L . kidney
(36) hematuria, and proteinuria rituximab R
disease
Harada, thma, eosinophilia, d tion, - .
araca 65/male nivolumab PD-1 EGPA | ° ma cosinophilia, dysprea on exertion glucocorticoid remission
et al. (37) arthritis.
glucocorticoid, chronic
Mamlouk, . . . . . - . .
¢ al. (38) 70/male tremelimumab CTLA-4 MPA | microscopic hematuria, pyuria, and proteinuria plasmapheresis, and kidney
et al.
rituximab disease
Roger, et al. . . a0 - S o
(23) 34/female nivolumab PD-1 EGPA asthma, eosinophilia, arthritis, and pansinusitis glucocorticoid -
Nabel, et al. 56/male pembrolizumab PD-1 GPA arthritis, -cough, Fmesis, and diffuse expiratory giluco‘corticoid and remission
(25) wheezes in the right lung rituximab
Sibille, et al. . o . L -
(39) 64/male pembrolizumab PD-1 GPA myositis, dyspnea, and arthritis glucocorticoid remission
Heo, et al. . rash,'fe.ver, ar'thralgia,. myalgia, iflcreased glucocorticoid and o
56/male pembrolizumab PD-1 GPA creatinine, microscopic hematuria, and K K remission
(24) o hemodialysis
proteinuria
van den ipilimumab and fever, arthritis, cutaneous vasculitis, and lucocorticoid and
Brom, et al. 56/female P i CTLA-4 GPA ven ? v > s X remission
(40) pembrolizumab pulmonary nodules cyclophosphamide

AAV, anti-neutrophil cytoplasmic autoantibodies associated vasculitis; CTLA-4, cytotoxic T lymphocyte-associated molecule 4; EGPA, eosinophilic granulomatosis with polyangiitis; GPA,
granulomatosis with polyangiitis; ICIs, immune checkpoint inhibitors; MPA, microscopic polyangiitis; PD-1, programmed cell death 1.
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Co-stimulatory signal pathways in T cells. The activation and proliferation of T cells at least need two signals. The first signal is provided by the
binding of TCR to MHC with antigenic polypeptide processed by APC. Co-stimulatory molecules bind to the ligand or receptor presented by APCs,
transmitting the second signal. The molecules in the left box are members of IgSF, activating the signal pathways downstream by different motifs in
the cytoplasmic tail. The members of TNFRSF are represented in the right box. They bind to TRAF to activate the signal pathways downstream.
Abbreviations: APC, antigen-presenting cell; GITR, glucocorticoid induced tumor necrosis factor receptor; ICOS, inducible T-cell co-stimulator; IgSF,
immunoglobulin superfamily; MHC, major histocompatibility complex; TCR, T cell receptor; TNFRSF, tumor necrosis factor receptor superfamily;

TRAF, tumor necrosis factor receptor-associated factor.

cytoplasmic tail: YMNM and PYAP. The phosphorylated Src
homology-2 (SH2) domain in the proximal YMNM motif binds
the p85 subunit of phosphatidylinositol 3-kinase (PI3K), the growth
factor receptor-bound protein 2 (GRB2), and the GRB2-related
adapter protein 2. The distal PYAP motif combines with the
lymphocyte cell-specific protein-tyrosine kinase (LCK) and GRB2.
Their bindings could activate the downstream targets, including
nuclear factor-kB (NF-kB), nuclear factor of activated T cells
(NFAT), mammalian target of rapamycin (mTOR), and mitogen-
activated protein kinase to affect cell cycle progression, apoptosis,
and especially interleukin (IL)-2 transcription (47).

CD80 and CD86 are cognate ligands of CD28, which are mainly
expressed on the surface of APCs, such as B cells, dendritic cells
(DCs), and monocytes (17, 22, 48). However, there are some
differences between their features and functions. CD80, which is
existed as a dimer, is expressed rarely on resting B cells whereas the
expression of CD86, which is in the form of a monomer, is higher
than CD80. When B cells were activated, the density of CD86 on its
surface increased early and even more compared with CD80 (49,
50). In animal experiments, it is demonstrated that in CD86-
deficient mice, neither the antibody isotypes were switched nor
germinal centers (GCs) were formed, whereas it is contrary in
CD80-deficient mice (51). Furthermore, because CTLA-4, a co-
stimulatory molecule with highly homologous to CD28, has a
higher affinity for CD80 and CD86, it competitively inhibits the
bindings of CD28 to CD80 and CD86, and actually restrains the
cellular immune responses (52).

CD28 signal pathway plays a vital role in vasculitis. Zhang et al.
constructed human artery-severe combined immunodeficiency
mice chimeras with peripheral blood mononuclear cells from
patients with giant cell arteritis (GCA) to induce vasculitis.

Frontiers in Immunology

Blocking the CD28 signal pathway significantly disrupted T-cell
metabolic fitness and inhibited the remodeling of the vessel wall
(53). In Takayasu’s arteritis (TAK), another large vasculitis, the
active patients had higher mRNA levels of CD28 than the inactive
patients (54). In patients with active GPA, T cells had a higher
proliferative response to the stimulation of CD2/CD28 than healthy
controls (HCs) (55). In addition, the expressions of CD80 and
CD86 were also significantly increased in CD19" B cells from
patients with frequently relapsing EGPA (17). Besides ICs in cell
membranes, soluble ICs have received attention gradually. Soluble
ICs were produced by the proteolytic cleavage of extracellular
regions, or by alternative splicing (56). Elevated soluble CD28
(sCD28) levels was observed in sera samples in patients with
active AAV. Such increase in was significantly positively
correlated with disease activity markers, such as the Birmingham
Vasculitis Activity Score, C-reactive protein, and erythrocyte
sedimentation rate (57). Noteworthy, sCD28 level decreased when
AAV patients from the active state became inactive after treatment
(57), suggesting that sCD28 might play a potential
immunopathological role in AAV and could be a novel
biomarker to evaluate disease activity. Therefore, targeting the
CD28 signal pathway may be effective for AAV. Abatacept, a
CTLA-4-Ig fusion protein composed of the ligand-binding
domain of CTLA-4 and the modified Fc portion of IgG, can
block CD28 signal transduction by bindings to CD80 and CD86
(58). An open-label trial reported that Abatacept had improved the
disease condition in patients with non-severe relapsing GPA (59).
We prefer to inhibit the CD28 signal transduction directly. FR104 is
a pegylated antigen-binding fragment (Fab) antibody. In the non-
human primate (NHP) graft-versus-host disease (GVHD) model,
the survival of GVHD-free was improved by FR104/sirolimus. Still,
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the overall survival was not improved because of the sepsis and a
paralyzed interferon (IFN)-y response in some patients without
GVHD (60). In conclusion, it has clinical significance for targeting
the CD28 signal pathway. Nevertheless, the challenge is to develop a
more effective anti-CD28 antibody with fewer side effects.

3.2 ICOS signal pathway

Even though ICOS and CD28 belong to the same family, they
still have several differences. Firstly, ICOS is expressed on the
surface of activated T cells. The activation of T cells by TCR and
CD28 signal is essential for the expression of ICOS. Then, ICOS can
promote the activation of T cells further (61). Secondly, there is only
one particular YMFM motif in the cytoplasmic tail of ICOS. YMFM
binds to the p50ct and p85 subunits of PI3K and tends to recruit the
former. Subsequently, the AKT signal enhances markedly. The
ICOS-PI3K-AKT pathway promotes the expression of cytokines
as well as induces the formation of Tth cells. Tth cells migrate into
the follicles, maintain in GCs, and promote the differentiation of B
cells into plasma cells to secrete ANCA (21, 62-64). Thirdly, ICOS
could combine with the ICOS ligand (ICOSL) instead of CD80 and
CDS86 (65).

ICOSL is expressed on the surface of B cells, macrophages,
fibroblasts, muscle cells, podocytes, and other cells (65-68).
Several factors regulated the expression of ICOSL on the surface
of B cells. B cell receptor (BCR) signal reduced the expression of
ICOSL on naive B cells, which affected the formation of Tth cells.
The BCR signal was more substantial, and the reduction of ICOSL
was more obvious. This inhibitory response could be reversed by
the CD40 signal (69, 70). Similarly, in both NF-xB-inducing
kinase (NIK) KO mice and B-cell activating factor belonging to
tumor necrosis factor (TNF) receptor (TNFR) family receptor-
deficient mice, Hu et al. revealed that the expression of ICOSL
decreased significantly. They discovered the recombinant ICOSL-
Fc fusion protein could increase the levels of Tfh cells in NIK KO
mice, suggesting ICOSL is a target of the noncanonical NF-xB
pathway (71).

Several studies focused on the differences of ICOS™ Tth cells in
vasculitis (19, 72, 73). Circulating CD4" CXCR5" ICOS" Tth cells
were elevated and correlated with disease activity in patients with
Henoch-Schoénlein purpura (HSP) (72). The same results were
observed in patients with active MPO-AAV (19) and Behcet’s
disease (73). In patients with active AAV, the serum
concentration of soluble ICOS was also higher than HCs (57). In
addition, the production of pro-inflammatory factors was decreased
by blocking the ICOS signal (73). AMG 557 is a fully human IgG2
monoclonal antibody (mAb) with a higher affinity to ICOSL that
prevents the binding of ICOS and ICOSL. The safety and
tolerability of AMG 557 are acceptable in patients with mild,
stable systemic lupus erythematosus (SLE) (74). In another phase
Ib, randomized, double-blind, placebo-controlled study, the
potential efficacy of AMG 557 was evaluated (75). Fewer patients
receiving AMG 577 (3 of 10 patients) or placebo (1 of 10 patients)
achieved the primary efficacy endpoints. On day 169, compared
with the placebo group, more patients in the AMG 557 group
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showed a >4-point improvement in the SLE disease activity index
(SLEDAI) (70.0% vs. 20.0%, p=0.07), indicating the potential
efficacy of AMG 557 (75). As mentioned above, ANCA is thought
to be the pathogenic antibody of AAV, and the secretion of ANCA
by plasma cells is regulated by Tth cells. Therefore, the
investigations on mAb targeting ICOS molecules on the surface
of Tth cells will be one of research directions of AAV treatment in
the future.

3.3 OX40 signal pathway

The costimulatory molecule OX40 belongs to the TNFR
superfamily (TNFRSF), also known as TNFRSF4 or CD134.
Similar to other members of TNFRSF, OX40 is a type I
transmembrane glycoprotein with four cysteine-rich domains in
the extracellular region (76). Different from ICOS, OX40 expressed
on CD4" T cells was driven by the TCR signal. After the activation
of T cells, the expression of OX40 is promoted by CD28 and CD40
signals (77). In the intracellular region, OX40 binds to TNF
receptor-associated factor (TRAF) 2, TRAF3, TRAF 5, and
TRAF6, which activates the NF-kB, PI3K-AKT, and NFAT signal
pathways downstream. It promotes the survival of T cells and the
secretion of cytokines (21, 78).

The only ligand of OX40 is OX40L (also known as TNFSF4,
CD252), which is expressed on the surface of DCs, B cells, T cells,
vascular endothelial cells (VECs), mast cells, Langerhans cells, and
other types of cells (79-84). There is a conserved extracellular TNF
homology domain on the OX40L for trimerization (76). OX40L
trimer combines with three OX40 molecules to polarize T cells to
Th cells, expand Treg cells, sustain the function of memory T cells,
and promote the adhesion of activated T cells to VECs (77, 85).

The OX40 signal pathway is vital in rheumatic diseases. In
patients with SLE or TAK, the expression of OX40L was enhanced
on VECs (82, 86). Besides the expression of OX40, the soluble
OX40L was increased in patients with HSP, and both of them were
associated with disease activity (87). It was observed in patients with
AAV that the expression of CD134 as well as the CD134" T cells
were increased. The majority of CD134" T cells mainly secreted
TNF-o (88, 89). The results were consistent with in vitro studies. So
far, several mAbs against OX40 (KHK 4083 and GBR 830) and
OX40L (KY 1005) have been developed. KHK 4083 demonstrated
the safety and tolerability in patients with mild to moderate plaque
psoriasis (90) and moderate to severe ulcerative colitis (UC) (91). In
the phase IT a study, GBR 830 showed the therapeutic potential for
patients with moderate to severe atopic dermatitis (AD) (92). The
pharmacological activity of KY 1005 in humans was evaluated. It is
considered that targeting OX40L might be effective (93). These
findings indicated that the OX40 signal pathway might be a
potential therapeutic target in patients with AAV. The problem is
that OX40 blockade might inhibit the function of Treg cells, which
then leads to disease relapse. In the NHP GVAD model, Tkachev
et al. reported that the combined administration with KY 1005 and
sirolimus could control the activation of effector T cells while
maintaining the reconstitution of Treg cells (94). It seems that
combination treatments may be more promising.
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3.4 Other co-stimulatory signal pathways

There are some other co-stimulatory molecules involving in the
activation of T cells as well. We focused on the possibility of
targeting CD40L, glucocorticoid induced TNF receptor (GITR),
and CD137 for therapy in AAV.

CDA40L (also known as TNFSF5 or CD154), mainly expressed
in activated T cells and platelets, is the ligand of CD40 (95, 96).
CD40, expressed in B cells, monocytes, DCs, and VECs, has
similar structures to the other members of TNFRSF (96-99).
The connection of CD40 and CD40L regulated Th cells
differentiation, maintained GCs response, activated the CD8"
cytotoxic T lymphocytes (CTL), and sustained memory CTLs
(100). Although the gene polymorphisms of CD40 were not
related to the susceptibility of AAV (101), the levels of CD40L
and soluble CD40L were raised in AAV patients, which was
correlated with disease activity (102). It was a pity that the anti-
CD40 mAb BI 655064 and the polyethylene glycol conjugated
anti-CD40L Fab’ fragment dapirolizumab pegol (DZP) both did
not achieve the expected clinical efficacy in the phase II studies
(103, 104). Furthermore, blocking CD40L could lead to severe
thromboembolic events. Because of the myocardial infarction and
thromboembolic events occurring in patients, the study of
BG9588 was terminated (105). In comparison, the CD40L
binding protein VIB4920, which lacks an Fc domain, may have
more therapeutic potential in AAV. By blocking the downstream
CD40 signal, VIB4920 could inhibit the differentiation of plasma
cells without platelet aggregation. The safety and efficacy of
VIB4920 have been preliminarily demonstrated in patients with
rheumatoid arthritis (RA) (106), and further exploration of the
clinical efficacy is needed.

GITR (also known as TNFRSF18) and CD137 (also known as 4-
1BB or TNFRSF9) are both members of TNFRSF (85). They are
expressed in different types of activated T cells, that is, GITR is
mainly expressed in Treg cells (107) while CD137 is primarily
expressed in CD8" T cells (108). The stimulations of the GITR
signal as well as the CD137 signal enhanced T cells proliferation,
raised the secretion of cytokines, and eliminated the suppressive
effect of Treg cells (109-111). Compared to HCs, the expression of
GITR was increased in patients with GPA and significantly
correlated with disease activity (88). Giscombe et al. reported
that, similar to animal tests, the expanded CD8" T cells expressed
more CD137 (89). The anti-GITR mAb exacerbated the disease
severity in the murine model of collagen-induced arthritis (CIA)
(112) and experimental autoimmune encephalomyelitis (EAE)
(113). In contrast, the agonistic anti-CD137 mAb improved the
CIA and EAE maybe by inducing expansion of CD11c¢" CD8" T
cells (114, 115). Among the members of TNFRSF, CD137 was
superior in increasing the secretion of cytokines by CD8" T cells
(116, 117). So far, the effects of inhibiting or stimulating GITR and
anti-CD137 in the treatment of AAV are unknown. There is no
doubt that this is a tempting field worthy of further exploration for
AAV treatment.
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4 Co-inhibitory signal pathways

The exhaustion of T cells in AAV and other autoimmune
diseases (AIDs) predicts advantageous clinical outcomes. The
expressions of co-inhibitory molecules restrain the differentiation
of non-exhausted T cells, indicating the importance of co-inhibitory
molecules in the exhaustion of T cells (20). At present, the research
on PD-1 and CTLA-4 signal pathways is reported widely, whose
blockers have been used in the treatment of many malignant
tumors. In the previous section, we summarized the association
between AAV and inhibitors of PD-1, PD-L1, and CTLA-4. In this
section, we described more details on the mechanisms and roles of
PD-1 and CTLA-4 signal pathways in AAV. We assessed the
therapeutic potential of other co-inhibitory molecules associated
with the exhaustion of T cells as well (Figure 3).

4.1 PD-1 signal pathway

PD-1 is a co-inhibitory receptor expressed in many types of
activated or exhausted immune cells (118). PD-1, a transmembrane
protein with 288 amino acids, consists of an extracellular domain, a
transmembrane domain, and an intracellular cytoplasmic tail.
Although PD-1 belongs to the CD28 family, it has unique
molecular characteristics. PD-1 has an IgV-like domain in the
extracellular domain whereas an immunoreceptor tyrosine-based
inhibition motif (ITIM) and an immunoreceptor tyrosine-based
switch motif (ITSM) in the cytoplasmic tail (119). ITIM and ITSM
mediated the inhibition signal of PD-1, while ITSM might be more
important. It has been reported that only the mutation of ITSM
affected the transduction of the PD-1 signal (120-122). With the
bindings of PD-1 and its ligand, ITSM was phosphorylated, the SH2-
containing protein tyrosine phosphatase 2 (SHP-2) was recruited, and
the PI3K/AKT signal pathway was inhibited, which suppressed the
activation of T cells and the production of pro-inflammatory cytokines
(119, 123). RAS/MEK/ERK signal pathway, which is responsible for
activating T cells, is another target of the PD-1 signal to suppress the
activity of T cells and concurrent inflammation (119).

PD-L1 and PD-L2 are the ligands of PD-1. Both of them are
members of B7 family, which are known as B7-H1 and B7-DC,
respectively. The expression of PD-L1 is detected on many types of
cells (T and B cells, DCs, VECs, placenta, eyes, and others) whereas
PD-L2 is mainly limited to express on the surface of macrophages,
DCs, and mast cells (119, 124). As PD-L1 and PD-L2 are close in the
distance on the same chromosome, they are regulated similarly by
inflammatory factors (IFN-1, IFN-2, TNF-o and ILs). In addition,
PD-L1 is regulated with post-translational regulation and
microRNAs, including but not limited to miR-513, miR-155,
miR-34a, miR-142-5p, and miR-93 (118, 125, 126). PD-1 is not
the only receptor for PD-L1 and PD-L2. PD-L1 can also bind to
CD80 to inhibit the immune response of T cells (127), while PD-L2
may combine with repulsive guidance molecule B (RGMB) to
impair respiratory tolerance (128). Therefore, targeting PD-L1 or
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FIGURE 3

Co-inhibitory signal pathways in T cells. The co-inhibitory signal pathways induced the exhaustion of T cells. HVEM is a member of TNFRSF. Other
molecules belong to IgSF. Except for LAG-3, VISTA, TIM-3, and CD200, all of them have inhibitory signal motifs in the cytoplasmic tail. LAG-3 has a
unique KIEELE motif whose role is unclear, while VISTA, TIM-3, and CD200 do not have any motifs in the cytoplasmic tail. Abbreviation: APC,
antigen-presenting cell; BTLA, B and T lymphocyte attenuator; CTLA-4, cytotoxic T lymphocyte-associated molecule 4; Gal-9, galactin-9; HVEM,
herpesvirus entry mediator; IgSF, immunoglobulin superfamily; LAG-3, lymphocyte activation gene 3; MHC, major histocompatibility complex; PD-1,
programmed cell death 1; PD-L1, programmed death ligand 1; TCR, T cell receptor; TIGIT, T-cell immunoglobulin and ITIM domain; TIM-3, T cell
immunoglobulin and mucin domain-containing protein 3; TNFRSF, tumor necrosis factor receptor superfamily; VISTA, V-domain immunoglobulin
suppressor of T cell activation; VSIG-3, V-set and immunoglobulin domain containing 3.

PD-L2 is also important immunotherapy, and actually, PD-L1
inhibitors have been developed to treat malignant tumors.

Zhang et al. demonstrated that, in contrast to patients with
GCA, PD-1" T cells were not enriched at renal lesions in patients
with GPA, suggesting that PD-1 might play a different role in
different diseases (129). Similarly, Zeisbrich et al. measured the
expression of PD-L1 in monocytes and found that the frequency of
PD-L1" monocytes was not related to renal involvement although
these monocytes tended to decrease in active patients with AAV
(130). A previous study revealed that the expression of PD-1 on Th
cells was lower in patients with localized GPA than that in patients
with systemic GPA (131). We then detected the expression of PD-1
in Tth cells. Compared to HCs, the expression intensity of PD-1 in
Tth cells was higher in patients with MPO-AAV. We also found
that the expression of ICOS/PD-1 instead of PD-1 was associated
with the levels of MPO-ANCA (19), indicating that co-stimulatory
and co-inhibitory molecules were involved in the activation of T
cells together. Although the fusion proteins containing an anti-PD-
1 single-chain variable fragment could improve symptoms of type 1
diabetes (TID) and EAE models (132), its effects in AAV have yet to
be explored. Soluble ICs in PD-1 signaling pathway also play an
important role in AAV. It was observed that although the serum
concentration of soluble PD-L2 in active AAV was lower than that
in HCs, its level was significantly increased after treatment (57). In
addition, the levels of serum soluble PD-1 (sPD-1) was higher in
MPO-AAV (133). Noting that sSPD-1 could restrain the exhaustion
of T cells by binding to PD-L1 in cell membranes (134), sPD-1 is
therefore likely an effective therapeutic target in MPO-AAV.
Significantly, Targeting the PD-1 signal pathway alone may be
less effective because of the poorer inhibitory impact on PD-1 of T
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cells (131). This may explain why PD-1 inhibitors induce fewer
irAEs than CTLA-4 inhibitors. Compared to PD-1, PD-L1 may be a
better target. The frequency of PD-L1¥ monocytes is negatively
correlated with the level of ANCA (130), so increasing the
expression of PD-L1 may reduce the level of ANCA and improve
disease activity. In lupus nephritis mice models, the recombinant
adenovirus containing the full-length PD-L1 gene improved the
renal lesions (135). In the same experiment, the anti-ICOSL mAb
was also added to reinforce this process (135). As the results we
found, targeting both ICOS and PD-1 in patients with AAV may be
more effective.

4.2 CTLA-4 signal pathway

CTLA-4 is transiently expressed in the activated T cells.
Beforehand, it localized in intracellular compartments of naive T
cells (136, 137). The gene expressing CTLA-4 is located in the same
chromosomal region (2q33-34) as the gene expressing CD28, so
CTLA-4 and CD28 exhibit a significant homology (138). CTLA-4
and CD28 bind to the same ligand but transduce an opposite signal.
CTLA-4 leads to co-inhibitory signaling whereas CD28 provides the
co-stimulatory signal. As a member of IgSF, CTLA-4 is also a
transmembrane protein that contains an IgV-like domain in the
extracellular domain and a YVKM motif in the intracellular
cytoplasmic tail (139, 140). The IgV-like domain is the site that
binding to CD80 and CD86 for CTLA-4, and the YVKM motif is
important for CTLA-4 signal transduction in T cells. The
interaction of the phosphorylated YVKM motif with SHP2 and
serine/threonine protein phosphatase 2A (PP2A) dephosphorylated
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the TCR-CD3{ complex so that the activated signal from TCR was
suppressive (21). On the other hand, the phosphorylation of the
YVKM motif inhibited the interaction with the clathrin-associated
adaptor complex AP-2, resulting in the internalization of CTLA-4
(141). CTLA-4 expressed on the surface of activated T cells captured
and degraded CD80 and CD86 by trans-endocytosis to inhibit the
co-stimulatory signal from CD28 (142). Ultimately, CTLA-4
suppressed the activation of T cells.

In patients with GPA, the expression of CTLA-4 in T cells was
found to be elevated, and to be related to disease severity. After
stimulating with phytohaemagglutinin (PHA), the expression of
CTLA-4in T cells in patients with GPA did not increase, suggesting
that the activation of T cells in patients with GPA was persistent
(143). As mentioned above, Abatacept bind to CD80 and CD86 to
inhibit the activation of T cells, and its efficacy in patients with GPA
has been reported (59). Although agonistic CTLA-4 antibodies have
not yet been successfully developed, directly targeting CTLA-4 may
be less effective because of the CTLA-4 endocytosis. It is probably
more effective to inhibit the bindings of CD28 to CD80 and CD86.
In addition, polymorphisms of the CTLA-4 gene were associated
with GPA (144-146), while they were not related to MPA in
Japanese patients (147), indicating that there were race differences
in CTLA-4 polymorphism. A meta-analysis showed that CTLA-4
(AT)gs and CTLA-4 (AT), 06 were significantly associated with AAV
in the Caucasian patients instead of the Asian patients (144).
Therefore, when targeting CTLA-4, genetic variation should be
considered to avoid invalid treatment.

4.3 Other co-inhibitory signal pathways

T cell Ig and mucin domain-containing protein 3 (TIM-3), as a
co-inhibitory receptor for Thl, was reported in 2002 to be
associated with the severity of EAE (148). After that, it was
shown that TIM-3 was expressed in Treg cells, DCs, natural killer
(NK) cells, and macrophages (149, 150). Similar to other members
of IgSF, TIM-3 contains an IgV domain, a mucin domain, a
transmembrane domain, and a cytoplasmic tail lacking inhibitory
signaling motifs (151). TIM-3 binds to ligands through the IgV
domain, and five conserved tyrosine residues at the cytoplasmic tails
trigger the signaling downstream (152). Galactin-9 (Gal-9),
phosphatidyl serine (PtdSer), high mobility group protein Bl
(HMGBI), and carcinoembryonic antigen cell adhesion molecule
1 (CEACAM-1) are known ligands of TIM-3. Gal-9 is the earliest
discovered as well as the most explored ligand. TIM-3-Gal-9 signal
pathway induced intracellular calcium flux, apoptosis, and the
suppression of Thl (153). PtdSer and HMGBI1 did not directly
suppress the activation of T cells, but rather affected the immune
responses of DCs (154, 155). CEACAM-1 promoted the exhaustion
of T cells through cis- and trans-interactions with TIM-3 (156). In
patients with AAV, the expression of TIM-3 was significantly
reduced on DCs, and blocking TIM-3 enhanced the expression of
DC cytokines. Also, there were no differences in the expression of
TIM-3 on the surface of different T cell subtypes (CD4" T cells and
CD8" T cells) between MPO-AAV and HCs (157). Further
explorations might be needed to assess the expression of TIM-3
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on Th and Treg cells. Studies have shown that the serum
concentrations of soluble TIM-3 correlated with the diseases state
of AAV (57, 133), i.e. it was increased in active AAV (57), and could
predict the relapse in PR3-AAV with rituximab treatment (133).
However, the specific mechanism of soluble TIM-3 in AAV remains
to be further examined before considering as a therapeutic target.
Yoon et al. demonstrated that the serum Gal-9 levels were
independently related to disease activity in patients with AAV
(158). In mice models of CIA and SLE, injection of Gal-9
improved symptoms (159, 160). Although targeting the TIM-3
signal pathway has a potential efficacy in AAV, the problem is the
need to clarify in which immune cells the TIM-3 signal pathway is
more dominant to confirm the effectiveness. Another problem is
that TIM-3 is not the only receptor for its ligand, so targeting the
ligands of TIM-3 may not completely enhance TIM-3 signaling.

B and T lymphocyte attenuator (BTLA, also known as CD272)
is mainly expressed in B and T cells, especially in naive B cells and
Th1 (161). BTLA is a co-inhibitory molecule with similar structures
to PD-1 and CTLA-4 (162). Similar to PD-1, ITSM and ITIM in the
cytoplasmic tail of BTLA inhibit the activation of T cells. However,
unlike PD-1, SHP-1 rather than SHP-2 is mainly recruited by BTLA
(163, 164). The third signal motif in the cytoplasmic tail of BTLA is
the GRB2 association motif, which binds to GRB2 and p85 subunits
of PI3K and induces the activation of T cells (165). Accordingly,
BTLA transmits bidirectional signaling. Herpesvirus entry mediator
(HVEM, also known as TNFRSF14) is a ligand of BTLA. HVEM is a
member of TNFRSF, which is expressed in T cells, B cells, NK cells,
monocytes, and neutrophils (166). There are two types of
interaction between HVEM and BTLA. When BTLA and HVEM
interacted in the same T lymphocyte, a cis complex was formed,
inhibiting HVEM-dependent NF-kB activation (167). When BTLA
or HVEM was expressed in APCs, trans interaction provided a co-
stimulatory signal (168). Therefore, the regulation of the BTLA-
HVEM signal pathway in AIDs is complex. In patients with
remission AAV, the expression of BTLA was decreased only on
double negative T-cells (CD3"CD4 CD8"). In vitro experiments, it
has been shown that agonistic anti-BTLA antibody inhibit the
activation and proliferation of T cells, especially Th17 (169),
suggesting that targeting BTLA to inhibit the activation of T cells
may be one of the future therapeutic directions of AAV.

V-domain Ig suppressor of T cell activation (VISTA), also known
as PD-1 homolog (PD-1H), is a member of IgSF first discovered in
2011 (170). Different from other members of IgSF, VISTA has four
additional invariant cysteines (170, 171). Subsequently, the same
laboratory confirmed that VISTA in humans is a co-inhibitory
molecule, which inhibits the proliferation of T cells and the
production of cytokines (172). VISTA is mainly expressed in
hematopoietic cells, especially in CD11b™ myeloid cells. Within the
T cell compartment, the expression of VISTA was highest in naive T
cells and FoxP3" Treg cells (171, 172). It is certain that VISTA is a
ligand for T cells (170, 172). Moreover, it may also be a receptor in T
cells to transmit inhibitory signals (173). Wang et al. demonstrated
that V-set and Ig domain containing 3 (VSIG-3) is a ligand of VISTA.
The binding between VISTA and VSIG-3 induced the inhibitory
effects (174). It is a pity that VSIG-3 is mainly expressed in tumor
cells but not in normal immune cells (174). Currently, targeting
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VISTA is explored in AIDs. It was reported that VISTA KO mice
developed SLE (175) and EAE (176). In mice models with SLE,
agonistic VISTA mAb improved symptoms (175). In patients with
AAV, VISTA was expressed in mononuclear phagocytes, CDh4" T
cells, and CD8" T cells. Compared to patients with a lower expression
of VISTA, patients with a higher expression of VISTA might have a
higher risk of renal progression (177). Therefore, targeting VISTA
may inhibit disease severity in patients with AAV, which needs more
experiments to confirm.

T-cell Ig and ITIM domain (TIGIT), CD200, and lymphocyte
activation gene 3 (LAG-3) are popular co-inhibitory molecules in
recent studies. CD155 and CD112 are ligands of TIGIT, binding to
CD226 as well (152). CD200 binds to CD200Rs, especially
CD200RI (178). Besides MHC-II, fibrinogen-like protein 1 (FGL-
1) was also discovered to be a ligand for LAG-3 (179, 180). These
signal pathways transmit inhibitory signals. As a result, their roles
in AIDs are noted. TIGIT-Ig fusion protein has revealed the
therapeutic effects in mice with SLE (181). In EAE mice models,
agonistic TIGIT mAb as well as CD200-Fc fusion protein improved
disease severity (182, 183). CD200-Fc fusion protein reduced the
disease severity of CIA at the clinical and histologic levels (184).
Remarkably, LAG-3-deficient mice do not induce AIDs. After
exposure to mercury (Hg), it not only had increased susceptibility
to AIDs but also did not respond to tolerance induction (185). In
AAV, there are no relevant reports about the influences of TIGIT,
CD200, and LAG-3, so it is unknown whether targeting these signal
pathways will improve disease severity.

5 Conclusion

The pathogenesis of AAV involves multiple aspects of innate
immunity and adaptive immunity in which the role of T cells is
pivotal and complex. With the understanding of the IC molecules,
its importance will be confirmed further in AAV. Firstly, some ICIs
used for malignant tumors induced the attack or relapse of AAV.
Secondly, inhibiting the co-stimulatory signal pathways or
enhancing the co-inhibitory signal pathways inhibited the
activation and proliferation of T cells so that AIDs could be
improved. In AAYV, although it is demonstrated that Abatacept is
effective in clinical trials, the efficacy of targeting other ICs has not
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Glossary
AAV ANCA associated vasculitis
AlDs autoimmune diseases
ANCA anti-neutrophil cytoplasmic antibody
APC antigen-presenting cells
BCR B cell receptor
BTLA B and T lymphocyte attenuator
C5a fragment a of fifth complement
cAP complement alternative pathway
CEACAM-1 carcinoembryonic antigen cell adhesion molecule 1
CIA collagen-induced arthritis
CTL cytotoxic T lymphocytes
CTLA-4 cytotoxic T lymphocyte-associated molecule 4
DCs dendritic cells
EAE experimental autoimmune encephalomyelitis
EGPA eosinophilic granulomatosis with polyangiitis
Gal-9 Galactin-9
GCA giant cell arteritis
GCs germinal centers
GITR glucocorticoid induced TNF receptor
GPA granulomatosis with polyangiitis
GRB2 growth factor receptor-bound protein 2
GVHD graft-versus-host disease
HCs healthy controls
HMGBI1 high mobility group protein Bl
HSP Henoch-Schénlein purpura
HVEM herpesvirus entry mediator
IC immune checkpoint
ICIs immune checkpoint inhibitors
ICOS inducible T-cell co-stimulator
ICOSL inducible T-cell co-stimulator (ICOS) ligand
IFN interferon
Ig immunoglobulin
IgSF immunoglobulin superfamily
IgVv Ig variable
IL interleukin
irAEs immune-related adverse events
LAG-3 lymphocyte activation gene 3
LCK lymphocyte cell-specific protein-tyrosine kinase
mAb monoclonal antibody
MHC major histocompatibility complex
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Continued
MNPs mononuclear phagocytes
MPA microscopic polyangiitis
MPO myeloperoxidase
mTOR mammalian target of rapamycin
NETs neutrophil extracellular traps
NFAT nuclear factor of activated T cells
NF-«B nuclear factor-xB
NHP non-human primate
NIK NF-kB-inducing kinase
NIKR tumor necrosis factor receptor
NK natural killer cell
OX40L 0X40 ligand
PD-1 programmed cell death 1
PD-L programmed death ligand
PI3K phosphatidylinositol 3-kinase
PR3 proteinase-3
PtdSer phosphatidyl serine
Rh-irAEs rheumatic immune-related adverse events
sCD28 soluble CD28
SH2 Src homology-2
SHP-2 SH2-containing protein tyrosine phosphatase 2
SLE systemic lupus erythematosus
SLEDAI SLE disease activity index
sPD-1 soluble PD-1
TAK Takayasu’s arteritis
TCR T cell receptor
Teff effector T
Tth follicular helper T cells
Th helper T cells
THD TNF homology domain
TIGIT T-cell Ig and ITIM domain
TIM-3 T cell Ig and mucin domain-containing protein 3
TNF tumor necrosis factor
TNFR tumor necrosis factor receptor
TNFRSF tumor necrosis factor receptor superfamily
TRAF tumor necrosis factor receptor-associated factor
Treg regulatory T cells
VECs vascular endothelial cells
VISTA V-domain Ig suppressor of T cell activation
VSIG-3 V-set and Ig domain containing 3
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PR1P, a VEGF-stabilizing peptide,
reduces injury and inflammation
in acute lung injury and
ulcerative colitis animal models
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Carla F. Kim*, Joseph Baron® and Benjamin D. Matthews™?

Vascular Biology Program, Children’s Hospital Boston and Harvard Medical School, Boston,

MA, United States, ?Department of Medicine, Boston Children’s Hospital, Boston, MA, United States,
sDepartment of Surgery, Boston Children’s Hospital, Boston, MA, United States, “Stem Cell Program
and Divisions of Hematology/Oncology, Boston Children’s Hospital, Boston, MA, United States,
*Janus Biotherapeutics, Inc, Wellesley, MA, United States

Acute Respiratory Distress Syndrome (ARDS) and Ulcerative Colitis (UC) are each
characterized by tissue damage and uncontrolled inflammation. Neutrophils and
other inflammatory cells play a primary role in disease progression by acutely
responding to direct and indirect insults to tissue injury and by promoting
inflammation through secretion of inflammatory cytokines and proteases.
Vascular Endothelial Growth Factor (VEGF) is a ubiquitous signaling molecule that
plays a key role in maintaining and promoting cell and tissue health, and is
dysregulated in both ARDS and UC. Recent evidence suggests a role for VEGF in
mediating inflammation, however, the molecular mechanism by which this occurs
is not well understood. We recently showed that PR1P, a 12-amino acid peptide that
binds to and upregulates VEGF, stabilizes VEGF from degradation by inflammatory
proteases such as elastase and plasmin thereby limiting the production of VEGF
degradation products (fragmented VEGF (fVEGF)). Here we show that fVEGF is a
neutrophil chemoattractant in vitro and that PR1P can be used to reduce neutrophil
migration in vitro by preventing the production of fVEGF during VEGF proteolysis. In
addition, inhaled PR1P reduced neutrophil migration into airways following injury in
three separate murine acute lung injury models including from lipopolysaccharide
(LPS), bleomycin and acid. Reduced presence of neutrophils in the airways was
associated with decreased pro-inflammatory cytokines (including TNF-o., IL-1f, IL-
6) and Myeloperoxidase (MPQ) in broncho-alveolar lavage fluid (BALF). Finally, PR1P
prevented weight loss and tissue injury and reduced plasma levels of key
infammatory cytokines IL-1 and IL-6 in a rat TNBS-induced colitis model. Taken
together, our data demonstrate that VEGF and fVEGF may each play separate and
pivotal roles in mediating inflammation in ARDS and UC, and that PR1P, by
preventing proteolytic degradation of VEGF and the production of fVEGF may
represent a novel therapeutic approach to preserve VEGF signaling and inhibit
inflammation in acute and chronic inflammatory diseases.
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Introduction

ARDS and UC are two common diseases characterized by tissue
injury, VEGF dysregulation and severe inflammation. ARDS is an
acute and fulminant form of respiratory failure characterized by lung
inflammation, hypoxemia and multi-organ failure requiring
mechanical ventilation and prolonged ICU hospitalization (1, 2).
There are no medical therapies to prevent or cure ARDS and
management of ARDS remains supportive (3). UC is similarly
characterized by chronic inflammation within the gastro-intestinal
tract, and is associated with weight loss, abdominal pain, recurrent
diarrhea, and bleeding (4). Treatments for UC include
immunomodulatory medicines that are often insufficient to control
disease. Proctocolectomy surgery remains the only curative option
and is utilized in 15% of all UC patients (5). Neutrophils are the most
abundant white blood cells in humans and are the first circulating
inflammatory cell to arrive at sites of tissue injury during acute
inflammation such as seen in ARDS and UC (6). Upon neutrophil
activation, neutrophil-derived proteases including elastase, plasmin,
MMP-8, MMP-9, and pro-inflammatory cytokines, including tumor
necrosis factor oo (TNF-ov), interleukin (IL)-1f3, and IL-6, are released
at the sites of inflammation leading to structural local tissue damage
and amplification of the inflammatory response. Further recruitment
of neutrophils and other inflammatory cells including lymphocytes
and macrophages during ARDS (7, 8) and UC (9, 10) ensues, which
in turn contributes to heightened inflammation, the production of
reactive oxygen species (ROS) (11) with disruption of cell membranes
and ongoing tissue damage. Curiously, neutrophils and other
inflammatory cells are also required to prevent invasion of
disrupted epithelial cell barriers by infectious pathogens, and so
anti-inflammation strategies envisioned to cure or treat ARDS and/
or UC must balance their effects on inflammatory cell function and
numbers. Also, as noted above, VEGF dysregulation is often
associated with tissue injury and inflammation, and a clear
understanding of how VEGF might simultaneously mediate
inflammation and restoration of tissue to health is not clear.

VEGFs are a family of endogenous growth factors with
angiogenic, survival and anti-apoptotic properties (12, 13).
VEGF-A is a highly conserved member of the VEGF family, and
VEGF 45 (a 165-amino acid isoform of VEGF-A, henceforth
referred to as VEGF) is an ubiquitous angiogenic and survival
factor that binds VEGF receptor 1 (VEGFR1) and 2 (VEGFR2), as
well as neuropilin-1 (NRP-1) (14). These receptors are on multiple
cell types and tissues throughout the body including lung
endothelial and epithelial cells, neutrophils and other
inflammatory cells that are resident in, or which infiltrate the
lungs and GI tract following injury (10, 15). VEGF signaling leads
to a wide variety of biological and functional outcomes that are
critical in maintenance of cell and tissue health and healing
following tissue insults (16-19). Neutrophil derived proteases
such as elastase and plasmin cleave VEGF (20-22) into a smaller
VEGF isomer (fragmented VEGF (fVEGF)) with altered VEGF
signaling (20), and so an important but underrecognized effect of
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increased neutrophil activity during acute and chronic
inflammation such as seen in ARDS (23, 24) and UC (25) is
VEGF dysregulation.

We recently developed a 12 amino-acid VEGF binding peptide
(PRIP (26)) that protects VEGF from degradation by the proteases
elastase and plasmin, and upregulates VEGF signaling (27). We and
others have identified potential therapeutic efficacy for PRIP in
multiple animal models all characterized by tissue injury with
subsequent inflammation and VEGF dysregulation, including in
emphysema (27), myocardial infarction (28), nerve degeneration
(29), hind-limb and cerebral ischemia (26, 30), ligament
regeneration (31), and chronic wounds (32). fVEGEF, the by-
product of VEGF degradation, was recently shown to be a
chemoattractant to macrophages (20, 21). We therefore
hypothesized that fVEGF is a chemoattractant to neutrophils, and
that by preventing fVEGF production via VEGF stabilization, PR1P
reduces neutrophil migration into sites of ongoing inflammation all
the while upregulating VEGF signaling by preserving local VEGF
levels and concentration gradients.

To test this hypothesis, we first designed an in vitro neutrophil
migration assay to characterize the ability of PR1P to mediate fVEGF
induced neutrophil chemoattraction, and then tested the potential of
PRIP to mitigate inflammation in lung injury and ulcerative colitis
animal models. Here we present data showing that fVEGF is
chemoattractant to neutrophils in vitro, and that by blocking the
production of fVEGF during VEGF proteolysis by elastase, PR1P can
mediate VEGF dependent neutrophil chemoattraction. Subsequently,
inhaled PR1P reduced neutrophil migration into the airways
following injury in three separate murine acute lung injury models
including from lipopolysaccharide (LPS), bleomycin and acid.
Reduced presence of neutrophils in the airways was associated with
decreased pro-inflammatory cytokines (including TNF-o., IL-1f3, IL-
6, and Myeloperoxiase (MPO)) in broncho-alveolar lavage fluid
(BALF). Finally, PR1P prevented weight loss and tissue injury and
reduced plasma levels of key inflammatory cytokines IL-1f and IL-6
in a TNBS-induced colitis model in the rat. Together these data
demonstrate that fVEGF may play a key role in mediating
inflammation in acute lung injury (ALI) and UC, and that PR1P
may represent a novel therapeutic approach to stabilize VEGF and
preserve VEGF signaling and inhibit inflammation to improve
outcome in acute and chronic inflammatory diseases.

Materials and methods
Mice

6-week-old female C57BL/6] mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and were kept in a
pathogen-controlled environment in standard cages and were fed
ad libitum. Protocols for the in vivo studies were approved by the
Institutional Animal Care and Use Committee (IACUC) at Boston
Children’s Hospital.
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Rats

Experiments with rats were performed by the CRO Washington
Biotechnology Inc. (Simpsonville, MD). Male Sprague-Dawley rats
were purchased from Envigo (Dublin, VA). The rats were cared for
per company protocol, were examined daily and found to be free of
any clinical signs of disease or distress.

Peptides

The 12-mer peptides PRIP (DRVQRQTTTVVA), scrambled
PRIP (VRQVVTARDTTQ) and fVEGF(ARQENPCGPCSE
RRKHLVQDPQTCKCSCKNTDSRCKARQLELNERT
CRCDKPRR) were all synthetized by Genscript (Piscataway, NJ).

Induction of ulcerative colitis in rats by tri-
nitrobenzene sulfonic acid

The tri-nitrobenzene sulfonic acid (TNBS) model is the most
commonly used model to investigate the pathogenesis of, and for
developing new anti-inflammatory strategies for ulcerative colitis
(UC) (33). Colonic damage is created by the intrarectal application
of a barrier disrupting ethanol and hapten mixture and since
ethanol splits the epithelial layer, it allows the lamina propria to
be exposed to bacterial components (34, 35). The rat model was
performed by the (CRO) Washington Biotechnology (Simpsonville,
MD). Sprague-Dawley male rats (210-230 grams) were randomly
divided into five experimental groups with eight rats in each group
including: (1) vehicle control, (2) TNBS-treated, (3) TNBS+PRIP
(0.5 mg/kg), (4) TNBS+PR1P (5mg/kg), and (5) TNBS+
prednisolone, (50 mg/kg). Rats were deprived of food for 24
hours, anesthetized with intraperitoneal ketamine (80 mg/kg) +
xylazine (10 mg/kg) and a polyurethane nutritional cannula was
inserted through the anus. To induce acute colitis, 48 mg/kg TNBS
dissolved in 0.25 mL 50% ethanol was instilled into the colon
through the cannula. Control animals were instilled with vehicle
(50% ethanol in saline). To evaluate the potential effects of PRIP in
TNBS-induced colitis, rats were treated daily for 7 days with either
PRIP, prednisolone or saline as noted above. Body weight, stool
consistency and quality (diarrhea, blood) were recorded daily. Rats
were sacrificed on day 7, weighed, and blood collected and stored
using pre-chilled EDTA-microtainer tubes (Becton-Dickinson),.
Blood samples were processed for plasma and stored at -80°C.
After a midline incision in the abdomen, the colon was scored for
adhesions and stricture. The colon was then removed from the
rectum to the ileo-caecal juncture and the colon length recorded.
After a longitudinal incision of the colon, the fecal material was
removed and the colon weight, colon wall thickness, ulcer length,
and ulcer width were recorded. A Colonic Score (maximum = 12)
was calculated as follows: Adhesion: (i) none = 0, ii) minimal = 1,
iii) involving several bowel loops = 2, Stricture: i) none = 0, ii)
minimal = 1, iii) mild = 2, iv) severe, proximal dilatation = 3, Ulcer:
i) none = 0, ii) focal hyperemia, no ulcers = 1, iii) ulcer without

Frontiers in Immunology

10.3389/fimmu.2023.1168676

significant inflammation (hyperemia and bowel wall thickening = 2,
iv) ulceration of 1 - % 3 cm = 3, v) ulceration > 3 - < 6 cm = 4, vi)
ulceration > 6 cm = 5, Wall thickness: i) less than 1 mm = 0,ii) 1 -3
mm = 1, iii) > 3 mm = 2. A section of the colon was preserved in 20
volume 10% neutral buffered formalin (Richard-Allan Scientific).
The carcasses were disposed of appropriately. The formalin-
preserved colon samples were submitted for histopathological
processing and evaluation. Each tissue was embedded
longitudinally in its own block. One slide per block was sectioned
at - 4pm and stained with hematoxylin and eosin (H&E). Slides
were evaluated with light microscopy by an ACVP board-certified
veterinary pathologist. Histologic findings were diagnosed and were
given a severity score of 0- 5 (0 = not present/normal, 1 = minimal,
2 = mild, 3 = moderate, 4 = marked, 5 = severe). Features were
scored according to extent as follows: Grade 0: Not present/within
normal limits, Grade 1: Minimal; <10% of sample affected, Grade 2:
Mild; 10-25% of sample affected, Grade 3: Moderate; 26-50% of
sample affected, Grade 4: Marked; 51-75% of tissue affected, Grade
5: Severe; >75% of tissue affected.

Murine LPS model of acute lung injury

Mice (22 + 2 g) were placed in a whole-animal nebulization
chamber (14x5x8cm) and allowed to spontaneously breathe
nebulized lipopolysaccharide LPS (salmonella enterica) (Sigma-
Aldrich, St. Louis, MO) (0.6mg/mice), followed by PRIP or
scrambled peptide (SP) (300 pg/ml in 3 ml of 0.9% normal
saline) for 20 minutes (Proneb Ultra II Nebulizer, Pari
Respiratory Equipment). Animals were sacrificed 24h after
inhalation experiments and lungs were harvested. The lung tissue
was minced using surgical scissors and suspended in 3 ml of serum-
free bronchial epithelial-cell growth basal medium containing
Liberase (2 mg/ml; Sigma-Aldrich), Dispase (5 U/ml; Stemcell
Technology), and DNase (50 U/ml; Sigma-Aldrich) for 30
minutes at 37 C. Digested tissue was filtered (70-mm mesh
Thermo Fisher Scientific), and filtered cells were washed twice
with FACS media (PBS containing 3% FCS) and centrifuged at
1,000 rotations/min for 5 minutes. Pelleted material was incubated
for 90 seconds in erythrocyte-lysis buffer (Sigma-Aldrich),
resuspended in FACS media, and prepared for FACS analysis.

Murine bleomycin model of ALI

Mice were anesthetized with ketamine/xylazine (ketamine (125
mg/kg; Sanofi Winthrop Pharmaceuticals, New York, NY), xylazine
(12.5 mg/kg; Phoenix Scientific, St. Joseph, MO) and injected
intratracheally using a 24-gauge angiocatheter with 100ul sterile
PBS or bleomycin (Cayman Chemicals, Arbor, MI, 0.75 mg/kg
dissolved in PBS). Four days later, animals were sacrificed and
bronchoalveolar lavage fluid (BALF) was collected by instilling 1
mL chilled PBS into the lungs via a 24-gauge angiocatheter (Becton
Dickinson) and collected. The procedure was repeated 5X each with
fresh PBS. The BALF was then centrifuged for 5 min at 300 g. as
analyzed for total cell count and leukocyte differential. Cells were
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characterized morphologically and counted by adhering them to
glass slides using the Cytospin system (Shandon, Southern
Sewickley, PA) and then staining them by Kwik-Diff (Fisher
Scientific, Boston MA). The adhered stained cells were air-dried
and counted in a blinded manner under a light microscope.

Murine HCL model of ALI

Mice were anesthetized with ketamine/xylazine (ketamine (125
mg/kg; Sanofi Winthrop Pharmaceuticals, New York, NY), xylazine
(12.5 mg/kg; Phoenix Scientific, St. Joseph, MO) and 50 pl of
hydrochloric acid (0.1 N HCl, pH 1.5, endotoxin free; Sigma-
Aldrich) was instilled selectively into the left mainstem bronchus
of anesthetized mice via a 24-gauge angiocatheter inserted
intratracheally. 24 hours after acid instillation, bronchoalveolar
lavage (BAL) was performed as described above and the BALF
analyzed for total cell count and leukocyte differential as
described above.

FACS and cytospin analysis of neutrophils
derived from bronchoalveolar lavage fluid
following HCL or bleomycin treatment

Three days after bleomycin and 24h after HCL and LPS
exposure, mice were anesthetized with an intraperitoneal injection
of ketamine (125 mg/kg; Sanofi Winthrop Pharmaceuticals, New
York, NY) and xylazine (12.5 mg/kg; Phoenix Scientific, St. Joseph,
MO). The trachea was cannulated using a (24 gauge angiocatheter
(Becton Dickinson), and BALF collected as described above.
Filtered BALF and red blood cell-lysed blood cells were
resuspended in FACS buffer (Mouse PBS, 2% fetal calf serum,
2mM EDTA). Cells were stained with the two monoclonal specific
monoclonal antibodies against neutrophils Anti-CD11B-PE and
Ly6G-FITC (BD Bioscience, Woburn, MA) (20 min, 4 °C on ice).
Cells were then washed and resuspended in 50 pul FACS buffer. All
studies were performed on a FACS Calibur (Becton Dickinson, San
Jose, CA), and data were analyzed with FlowJo software (Tree Star,
Ashland, OR). To confirm the presence of neutrophils within the
different flow cytometry samples, we separately characterized a
sample from each group by adhering the cells to glass slides using
the Cytospin system (Shandon, Southern Sewickley, PA) and then
staining them by Kwik-Diff (Fisher Scientific, Boston MA). The
adhered stained cells were air-dried and counted in a blinded
manner under a light microscope.

Cytokine analysis

Murine BALF

The Broncho-Alveolar Lavage fluid (BALF) supernatant from
mice was collected following centrifugation (4 min at 7000g) and
stored at -80°C. Inflammatory cytokine levels (IL1-B, IL-6 and
TNF-0) in the BALF were determined as per manufacturer
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instructions using Enzyme Linked Immunosorbent Assay (ELISA)
kits obtained from Biolegend, Inc, (San Diego, CA).

Rat plasma

Rats were anesthetized and bled into pre-chilled EDTA-
microtainer tubes (BectonDickinson). The blood samples were
processed to plasma which was stored in labeled 1.5-ml
Eppendorf tubes at -80°C. Plasma samples were thawed to room
temperature and assayed by ELISA for IL-6, IL-f and TNF-o
(R&D Systems).

Neutrophil migration assay

Neutrophil migration assays were performed using a
modification of the Boyden chamber technique (20) using 24-well
Transwell permeable supports (Corning, NY) with migration
inserts (3.5um pore size, 6.5 mm diameter). The bottom parts of
the 24-well plate were pre-incubated for 60 minutes in serum-free
DMEM containing 25 mM HEPES, pH 7.5 at 37°C (5% CO,,
humidified) with either fVEGF (50nM, Genscript (Piscataway, NJ)),
elastase (100 pg/ml, Fitzgerald, UK) + VEGF (10 ng/ml, Peprotech,
Israel), or elastase 1 ug/ml pg/ml + VEGF (10 vg/ml) + PR1P (100
ug/ml). At the end of the 60-minute (digestion period) human
neutrophils (IQ Biosciences, Alameda, CA) were plated onto the
upper Transwell inserts at a density of 100,000 cells/insert and
allowed to migrate towards the bottom chamber for two hours
(migration period). Upon conclusion of the migration period cells
that had migrated through the membrane were scraped and
collected and washed once in PBS without Ca** and Mg2+, fixed
with 100% pre-chilled methanol for 10 min, adhered to glass
coverslips and then stained by H&E. Images of migrated cells
were captured by light microscopy from six random regions of
interest (10X magnification) and counted.

Results

PR1P mediates neutrophil migration in vitro
by preventing VEGF degradation

fVEGF was recently shown to be chemoattractant to
macrophages (21) and so we hypothesized that it similarly
mediates neutrophil migration. Furthermore, we recently showed
that PR1P protects VEGF from neutrophil-derived protease
degradation by binding to the heparin binding domain (HBD)
(27) on VEGF and preventing the formation of fVEGF. We
therefore surmised that by binding to and stabilizing VEGF from
proteolytic degradation into fVEGF, PRIP indirectly mediates
neutrophil chemoattraction. To test this hypothesis, we modified
an inflammatory cell migration assay (20) to test the effect of fVEGF
and PRIP on neutrophil migration. As shown in Figure 1, both
commercially synthesized fVEGF, as well as the product of VEGF
pre-incubated with neutrophil derived elastase, induced migration
of human neutrophils. In contrast, when PR1P was present during
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PR1P attenuates neutrophil migration in vitro by preventing VEGF degradation. Bar graph showing the quantification of neutrophils (# Neutrophils/
Region of Interest (ROI)) during Transwell Plate Migration assay in which neutrophil migration (2h) was in response to indicated stimulants. ‘fVEGF'
was commercially synthesized based on a published amino acid sequence (20). 'VEGF + Elastase’ and 'VEGF + Elastase + PR1P" were products of 30
min incubation of VEGF and elastase in presence or absence of PR1P, respectively. (=6 repeated 3 times). Data are mean +/- SEM. *p<0.004.

elastase treatment of VEGF, the ensuing product failed to induce
neutrophil migration, indicating that PRIP prevents the generation
of fVEGF and subsequent induction of neutrophil migration. Thus,
PRIP indirectly influences neutrophil migration through its ability
to protect VEGF from proteolytic degradation.

PR1P limits neutrophil migration to sites of
tissue injury in lung and gastro-intestinal
injury models in vivo

Circulating neutrophils are often the first immune cells to arrive
at sites of tissue injury and are thought to initiate the necessary
inflammatory response required to restore tissue integrity (36). We
therefore next sought to determine whether PR1P could be used to
reduce neutrophil migration into injured lungs and/or GI tract
following tissue injury in established animal models. Lung injury
models were chosen to characterize the effect of PRIP on
inflammation from diverse insults and injury mechanisms, and
over different time courses. Specifically, lung injury was induced
either by inhalation of lipopolysaccharide (LPS, a component of the
bacterial cell wall and used as a potent trigger of acute lung
inflammation whereby neutrophils migrate into the lungs within
4-24 hours (37)) or by intra-tracheal administration of bleomycin
(38) (which induces acute inflammation and later fibrosis through a
multi-factorial mechanism), or HCL (39) (also multifactorial in
nature through damage to the alveolar-capillary membrane (40)
resulting in immediate polymorphonuclear neutrophil (PMN)
recruitment (41), pulmonary edema, and hypoxia (42)). In each
of the lung injury models, tissue injury was followed by daily
inhalation of PRIP or scrambled peptide (SP) until completion of
each of the experiments according to the injury model (i.e. LPS and
HCL for 24 hours, and bleomycin for 72 hours). FACS analyses of
BALF following HCL- and bleomycin-induced lung injury revealed
that inhaled PRIP significantly reduced toxin-induced neutrophil
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migration into the airways (i.e. BALF, HCI, Figure 2A, Bleomycin,
Figure 2C). Representative Diff-Quik® stained cells used in the
FACS analyses following acid injury are shown in Figure 2B.
Similarly, FACS analyses of cells from whole lung digests from
LPS injured lungs show that inhaled PR1P significantly reduced the
presence of migrated neutrophils into the lungs 24h after exposure
to LPS (Figures 2D-E).

To determine whether reduced neutrophil migration into lungs
correlates with reduced inflammation, we measured the levels of
pro-inflammatory cytokines in BALF following bleomycin injury
and found that inhaled PR1P significantly reduced levels of TNF-o,
IL-1B, and, IL-6 compared to scrambled peptide (see Figure 2F).
Furthermore, inhaled PRIP reduced myeloperoxidase (MPO)
activity in lung tissue following bleomycin injury (Figure 2F).
Together these data suggest that inhaled PR1P effectively reduces
neutrophil migration into the lungs, and in so doing PRIP
attenuates lung inflammation as determined by reduced cytokine
levels and MPO activity.

PR1P improves disease parameters in
TNBS-induced colitis in

We next characterized the anti-inflammatory and potential
therapeutic activity of PR1P in a TNBS-induced ulcerative colitis
model (33). In this model, animals treated with TNBS develop acute
colitis with bloody, mucus laden diarrhea and sustained weight loss
that lasts UP TO three weeks (33). Induction of TNBS colitis (on
Day 0) resulted in a decrease in body weight in all experimental
groups (Figure 3A). Treatment with PR1P (low and high doses) and
with prednisolone (which served as a positive control) significantly
improved weights as early as Day 3 (PR1P, both doses) and Day 2
(Prednisolone) following injury as indicated. Upon study
completion on Day 7, the colons of each animal were removed
and measured for length and weight and examined macroscopically
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FIGURE 2

PR1P inhalation reduces neutrophil migration into lungs and lung inflammation following bleomycin, LPS and HCL injury in mice. (A) Bar graph
showing percentage of neutrophils present (% of total cells in region of interest (ROI)) in BALF following IT administration of acid (HCl) and daily

inhalation of PR1P or scrambled peptide (SP). n=8 repeated 3 times.

*p<0.023 (B) Representative Diff-Quik stained cells from murine BALF described

in (A) showing reduced neutrophils (black arrows) following PR1P treatment (25%) compared to SP (9%). (C) Bar graph showing percentage of
neutrophils present (% of total cells in ROI) in BALF following IT administration of Bleomycin and daily inhalation of PR1P or scrambled peptide (SP).
n=7 repeated 3 times *p<0.02. (D) Representative FACS analysis of cells from whole lung digests from mice treated with PR1P or SP after LPS injury
showing reduced presence 24h after injury of neutrophils following PR1P inhalation. (E) Bar graph showing quantification of neutrophils (% of total
cells) in whole lung cell digests from FACS experiments described in (D) n=8, repeated 3 times *p<0.02. (F) Bar graph showing quantification (Optical
Density (OD) at 405 nm) of indicated cytokines or myeloperoxidase (MPO) activity in BALF following bleomycin injury in experiments described in

(A) All data are mean + SEM. n=5. *p<0.004, **p<0.05.

for ulcers. Both PRIP (high dose) and Prednisolone significantly
attenuated TNBS-induced gain in colon weight (Figure 3B) and
both low and high dose PR1P, and Prednisolone attenuated TNBS-
induced colon shortening and widening (Figure 3B). Also, high dose
PRIP and prednisolone each significantly reduced the TNBS-
induced drop in the Length/Weight index (Figure 3B).
Macroscopic examination of the colons also revealed that high-
dose PRIP and prednisolone significantly attenuated increases in
TNBS-induced ulcer length and colon wall thickness (Figure 3C)
(Note the grades of Ulcer Lengths and Colon Wall Thickness in the
control groups (i.e.-TNBS) are not visible in the graphs because
their values are 0). Further macroscopic analysis and grading of the
colons revealed that both high-dose PR1P and prednisolone
significantly reduced TNBS-induced effects on adhesions,
strictures, ulcers, and colon wall thickness (Figure 3D, note that
each condition is graded 0-2, see Methods). Importantly, both low-
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and high-dose PRI1P, and prednisolone significantly reduced the
overall Colonic Score (Sums of the above conditions, Maximum
score of 12, see Methods). These results suggest that PRIP
significantly reduces critical disease indices following exposure to
TNBS in rats.

PR1P reduces inflammation in
TNBS-induced rat colitis

To characterize the anti-inflammatory therapeutic potential of
PRI1P in TNBS-induced colitis, we quantified plasma levels of the
pro-inflammatory mediators IL-1f, IL-6 and TNF-o. on Day 7
following necropsy. As shown in Figures 4A-C, PR1P and
prednisolone significantly reduced the TNBS-induced increases in
plasma IL-1f and IL-6. Interestingly, high-dose PRIP treatment of
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Ulcer Wall thickness Colonic

PR1P improves disease outcome parameters in TNBS-induced colitis in rats. (A) Line graph showing average daily weights of rats treated with daily
low-dose PR1P (0.5 mg/kg IP, TNBS + PR1P LO) or high-dose PR1P (5 mg/kg IP, TNBS + PR1P HI) or prednisolone (10 mg/kg po, TNBS +
Prednisolone) following induction of colitis from administration of intra-rectal TNBS. Sham animals received intra-rectal 50% ethanol (vehicle) to
induce colitis and no treatments. TNBS group (+TNBS) received daily treatment with vehicles IP or po. *p<0.001 vs +TNBS group. (B-D) Bar graphs
showing average colon weight, colon length, length/weight ratio and colon wall thickness (B), *p<0.03, **p<0.004), ulcer length and colon wall
thickness (C, *p<0.005) and average scores for adhesions, strictures, ulcer, wall thickness and colonic score using scoring system described in
methods (D, *p<0.05, **p<0.009) from indicated treatment groups at the end of experiments described in (A). Data in (A-D) are mean + SEM. n=8

animals per group.

TNBS-exposed animals led to a significant increase in plasma TNF-
o (see Discussion). Together these results suggest that PRI1P
mediates the serum levels of critical pro-inflammatory cytokines
during disease progression in TNBS-induced colitis in rats.
Histopathologic findings in this study were consistent with the
TNBS-induced rat colitis model (33), and administration of TNBS
was associated with the highest mean histopathology scores for
most features, including sub/mucosal inflammation, necrosis,
erosion, hemorrhage, transmural inflammation, and serosal
granulation tissue (Figure 5A). As shown in Figure 5A, both the
low- and high dose PR1P, and prednisolone, significantly reduced
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the effects of TNBS in our model on many features scored including
inflammation, gland loss/necrosis, erosion/ulceration, sub-mucosal
hemorrhage, and granulation tissue. Representative images of H&E
stained colon sections (Day 7) from naive animals and those
exposed to TNBS and indicated treatment protocols are shown in
Figures 5B-E and illustrate the effect of PR1P on disease
development. It is known that neutrophil migration into the
colon begins immediately after injury, peaks at 24 hours, and
drops to approximately 50% and 20% of maximum by days 3 and
10, respectively (43). Representative H&E stained images of colonic
tissue sections from animals on Day 7 are shown in Figures 5B-E
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and illustrate the changes reported in Figure 5A showing PRIP
dose-associated reductions in histopathologic features that are
similar to prednisolone treated animals.

Discussion

Here we show that VEGF degradation products generated via
VEGF proteolysis by neutrophil elastase are chemoattractant to
neutrophils. We subsequently characterized the ability of a novel
VEGF binding and stabilizing peptide we developed to mediate
endogenous VEGF signaling and inflammation in three murine
models of acute lung injury and in a rat ulcerative colitis model in
which tissue injuries were induced by diverse mechanisms.
Importantly, by binding VEGF within the VEGF heparin-binding
domain where proteases are known to bind VEGF (44, 45), PR1P
prevents VEGF degradation (46). As we hypothesized, PR1P
reduced neutrophil migration into injured tissue and reduced
local inflammation following tissue injury. Our results underscore
the importance of VEGF in mediating inflammation following
tissue injury, and support its importance in maintaining and
restoring tissue to health. Furthermore, these studies support a
potential role for PRIP in treating diseases commonly caused by
tissue injury and characterized by inflammation and
VEGF dysregulation.

We chose ARDS and UC animal models to characterize the
ability of PR1P to improve outcome because both these diseases are
induced by tissue injury and are characterized by local
inflammation and VEGF dysregulation (2, 15, 19). Despite widely
disparate injury mechanisms, all four models we tested (LPS, acid,
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bleomycin and TNBS) are known to result in early neutrophil
migration into injured tissue and acute inflammation (47-49).
Neutrophils are central to innate immunity (50), and are
implicated in the onset and progression of many inflammatory
diseases, including ARDS (24) and UC (9, 51). Neutrophils are often
the first immune cells to arrive at sites of tissue injury and mediate
both the initiation and resolution of the inflammatory response that
is crucial in returning injured tissue to health (36). Production and
release of pro-inflammatory cytokines including tumor necrosis
factor (TNF)-0, interleukin (IL)-1f and interleukin (IL)-6 (52),
secreted by a variety of immune cells including neutrophils,
macrophages, T- and B- cells, dendritic cells, and vascular
endothelial cells (53) also follow tissue injury, and together with
the appearance of neutrophils in both ARDS and IBD, are central to
the initiation and maintenance of inflammation (53). VEGF
dysregulation following tissue injury is due to the release by
inflammatory cells, including neutrophils, of serine proteases
including elastase and plasmin (54, 55) which degrade VEGF into
smaller VEGF isomers (VEGF degradation products, fVEGF) with
altered VEGF receptor binding and signaling properties (20, 21).
Thus, it is not surprising that injury to most tissues, irrespective of
mechanism, results in acute inflammation and VEGF dysregulation.

Although it is well documented that VEGF levels and VEGF
signaling are dynamic during both ARDS and IBD: it is not clear
how this important growth and angiogenic factor mediates disease
outcome during illness (15, 18, 19). ARDS is an acute inflammatory
disease resulting from diverse direct and indirect insults to the lungs
(1) and is characterized by fulminant acute respiratory failure
requiring mechanical ventilation and prolonged ICU admission
(3). There are no medicines to cure ARDS, and mortality remains
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PR1P mediates inflammation in TNBS-induced colitis in rats. (A-C) Bar graphs showing quantification of IL-1f (A, *p<0.03, **p<0.003), IL-6
(B, *p<0.0001) and TNF-a (C, *p<0.04) in plasma on day 7 in rats treated with daily low-dose PR1P (0.5 mg/kg IP, PR1P-LO) or high-dose PR1P (5
mg/kg IP, PR1P-HI) or prednisolone (10 mg/kg) following induction of colitis from administration of intra-rectal TNBS. Control rats were treated with

vehicle only. Data are mean + SEM. n=8 animals per group.
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FIGURE 5

PR1P reduces disease and inflammation on histopathology in TNBS-induced colitis in rats. (A) Bar graphs showing Average Scores (Score) of
indicated lesions from histology sections of the colon of rats 7 days after intra-rectal administration of TNBS (or carrier) and daily treatment of PR1P
(0.5 or 5 mg/kg IP) or Prednisolone (10 mg/kg po) as indicated (See Methods), Data are mean + SEM. *p<0.04, **p<0.005. (n=8). (B-E)
Representative images of H&E stained colon sections (100X) obtained from rats on day 7 following experiments described in (A). (B) Representative
image from Naive animal. No histologic lesions observed in captured region. The mucosal glands (M) are within normal limits, as are the submucosa
(SM), tunica muscularis externa (TM), and the serosa (S). (C) Representative image from animal with TNBS-induced colitis treated with vehicle (TNBS
+ Vehicle). No normal mucosa remains in captured region; all mucosa exhibits coagulative necrosis (NM: necrotic mucosa), with complete loss of
the surface epithelium, consistent with erosion. A thick band of inflammatory cells (*) are visible at the mucosal-submucosal (SM) border. The
submucosa is edema-expanded and contains abundant hemorrhage and erythrophagocytic macrophages (black arrowheads). Inflammatory cells (*)
also extend transmurally through the tunica musuclaris (TM) and serosa (S) into the serosal granulation tissue visible at the bottom of the image. (D)
Representative image from animal with TNBS-induced colitis treated with high dose PR1P (5 mg/kg. TNBS + PR1P HI). The right side of the image
exhibits inflammatory cell infiltration and gland loss (**) with surface epithelial loss (erosion; black arrows). The adjacent mucosa (M) is hyperplastic,
with elongated colonic glands observed. The submucosa (SM) is expanded by edema and inflammatory cell infiltration (*). Very mild extension of
inflammation (*) is seen through the tunica muscularis (TM) and into the serosa (S). (E) Representative image from animal with TNBS-induced colitis
treated with Prednisolone (TNBS + Prednisolone). Inflammatory cell infiltration with gland loss (**) and erosion (black arrows) are mild; the adjacent
mucosa (M) exhibits reactive hyperplasia. There is expansion of the submucosa (SM) by edema (clear/pale pink area) and inflammatory cell infiltration
(*). Inflammatory cells are generally limited to the mucosal and submucosa with minimal involvement of the tunica muscularis externa (TM) and
serosa (S).
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high (56). VEGF is widely thought to play a protective role during
ARDS progression as VEGF has been shown to mediate the survival
of lung airway epithelial cells, and the repair of damaged alveolar
capillary membrane barriers thereby reducing pulmonary edema
(17, 18). Decreased VEGF levels in the lungs as measured in
broncho-alveolar lavage fluid and in exhaled breath condensate
(57) of critically ill patients with ARDS are associated with poor
prognosis (58, 59). The decline in VEGF levels in the lungs in
patients with ARDS is thought to be due to degradation of VEGF by
inflammatory cell derived proteases in the alveoli (20, 21).
Interestingly, serum concentrations of VEGF increase early in
ARDS and return to normal if patients recover (60, 61). This
dynamic is thought to be due to release of VEGF from the lungs
into the systemic circulation due to impaired epithelial and
endothelial barriers (61).

IBD occurs in two forms, ulcerative colitis (UC) and Crohn’s
disease, which are generally, but not always, distinguished by the
portion of the gastrointestinal tract affected by disease (62). IBD is
thought to be a consequence of inappropriate and unrelenting
activation of the mucosal immune system (63) whereby
inflammatory cells including neutrophils, secrete proteases which
impair mucosal repair through inhibition of epithelial cell
proliferation and through degradation of adhesion and signaling
molecules including adherens junction protein, E-cadherin, elastin,
collagen, and MMP inhibitors that participate in the maintenance of
the intestinal barrier (25, 64-68). In a similar fashion to ARDS,
systemic levels of VEGF may elevate during disease due to the release
of VEGF from the GI tract from vascular endothelial breakdown (69).
Chronic inflammation in IBD is due in part to ongoing production of
cytokines by inflammatory cells. There are several drugs available to
treat IBD that each target the inflammatory process via different
mechanisms and include amino-salicylates, corticosteroids,
immunomodulators, and anti-TNF-o antibodies. Despite these
multiple medical options, proctocolectomy to remove irreversibly
diseased intestine is performed in 30% of patients with IBD (9, 70,
71). Thus, the lack of a medical therapy to treat ARDS, and the fact
that one-third of patients with IBD do not respond to therapy (71)
highlight the need for the development of an alternative therapeutic
such as PRIP to treat these common and debilitating diseases that are
characterized by inflammation and VEGF dysregulation.

The mechanism of action of PRIP is through its binding to
VEGF within the VEGF Heparin Binding Domain (HBD) thereby
impeding the binding of VEGF by proteolytic enzymes. In so doing,
PRIP prevents degradation of VEGF into fVEGF, which we
demonstrate is a neutrophil chemoattractant, and which therefore
stimulates further inflammation. It is intriguing that PRIP had
opposite effects on TNF-o levels in the lung and GI tract,
respectively, at the different timepoints sampled in our models.
Cytokines play an important role in dysregulated immune
responses and an imbalance between pro- and anti-inflammatory
cytokines can have deleterious effects on disease outcome. Patterns
of pro- and anti-inflammatory cytokine levels are dynamic over the
course of specific diseases and cytokine levels reflect animal- and
organ- specific stages of illness. Also, TNF- o was recently shown to
have anti-inflammatory properties in a dextran sodium sulfate
(DSS)-induced colitis model (72). Regardless of mechanism,
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results of these studies support our own and point to a critical
role for PRIP in mediating inflammation. VEGF therapy involves
strategies to deliver VEGF (through direct delivery of VEGF or
modified VEGF), or via gene therapy to increase local tissue VEGF
concentrations (73). Although successful in animal models, VEGF
therapy has proven unsuccessful in human studies for many
reasons, including that the treatment of acute or chronically
inflamed tissue with VEGF likely leads to rapid VEGF
degradation and increased local concentrations of fVEGF due to
elevated concentration of proteases. This therapeutic approach fails
to upregulate VEGF signaling locally and instead likely stimulates
further inflammation. Thus, PR1P is fundamentally different than
conventional VEGF therapy as PRIP stabilizes endogenous VEGF
within local tissue microenvironments, preserves endogenous
VEGF signaling, and reduces the production of fVEGF.

As noted, PR1P binds VEGF within the VEGF HBD (46)
thereby competing with proteases for binding to VEGF. The HBD
is an important carboxy-terminal region on VEGF that plays a
critical role in VEGF signaling and therefore may serve as an
important target for drug development. Disparities in HBD
expression between alternate splice forms of different VEGF
isoforms result in subtle variations in downstream signaling (74,
75). For example, proteolytic degradation of the whole or parts of
the carboxy-terminal region of the VEGF HBD significantly
reduced VEGF-induced mitosis in human vascular endothelial
cells (22, 76). Furthermore, Kurtagic et al. showed that
neutrophil-derived elastase (NE) cleaved VEGF within internal
regions of the N-terminus of VEGF in addition to regions at the
C-terminus (20, 21). They subsequently showed that NE generated
VEGF fragments (fVEGF) demonstrated higher binding affinity to
VEGF Receptor 1 (VEGFR1) compared to VEGFR2 (20, 21) which
is significant because VEGFRI is expressed on neutrophils (77).
Thus, in addition to attracting neutrophils into sites of tissue injury,
fVEGF also likely upregulates neutrophil activity once present
within the inflamed tissue. Collectively, these findings provide key
evidence that the VEGF HBD may play a central role in mediating
VEGF signaling during both health and in disease. Keyt et al.
showed that chronic wounds are associated with a high
concentration of proteases, elevated levels of fVEGF, and
decreased VEGF activity (44). Treatment of chronic wounds with
a mutant VEGF containing a modified HBD that prevents plasmin
binding to VEGF resulted in increased VEGF stability within the
wound that resulted in increased angiogenesis (in surrounding
wound tissue) and improved wound healing (44). It is well
known that VEGF signaling controls a wide variety of biological
and functional outcomes (78, 79) that are important in maintenance
of tissue health and healing (12, 80). Although the signaling and
binding properties of fVEGF are not fully elucidated, our data and
those of others suggest that fVEGF may serve as a point of
convergence in VEGF signaling that may determine whether
tissues begin to heal and remodel or remain inflamed.

In summary, we investigated the potential link between
neutrophils, often the first immune cell to arrive at the site of tissue
injury from multiple disparate direct and indirect insults, and VEGF, a
ubiquitous signaling molecule implicated in mediating healing of
injured tissues. We discovered that fVEGF, a product of VEGF
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degradation by inflammatory cell derived proteases, is
chemoattractant to neutrophils. Furthermore, we showed that PR1P,
a VEGF binding and stabilizing peptide reduced neutrophil migration
into injured tissue and inflammation in animal models of ARDS and
UC. PRIP is a distinct alternative to conventional VEGF therapy. Our
studies underscore the importance of VEGF in mediating tissue during
both health and disease and also point to fVEGF serving as a point of
convergence in VEGF signaling that may determine whether tissues
begin to heal and remodel or remain inflamed. To date there has been
little work done in developing pharmaceuticals for ARDS and UC that
target VEGF. Our work suggests that drug development to support
PRIP or other molecules targeting fVEGF biology may prove
impactful in treating diseases like ARDS or UC that are
characterized by VEGF dysregulation and inflammation.
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Irit Adini® and Yuval Tal*
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Lautenberg Center for Immunology and Cancer Research, Institute of Medical Research Israel-
Canada, Faculty of Medicine, Hebrew University of Jerusalem, Jerusalem, Israel, °Department of
Surgery, Center for Engineering in Medicine and Surgery, Massachusetts General Hospital, Harvard
Medical School, Boston, MA, United States

Background: The drug reaction with eosinophilia and systemic symptoms
(DRESS) syndrome represents a severe hypersensitivity reaction. Up-to-date
treatment is based on withdrawal of medication, supportive care, and
immunosuppression using high-dose corticosteroid (CS) therapy. However,
evidence-based data are lacking regarding second-line therapy for steroid-
resistant or steroid-dependent patients.

Objectives: We hypothesize that the interleukin (IL)-5 axis plays a critical role in
the pathophysiology of DRESS; hence, inhibition of this signaling pathway could
offer a potential therapy for steroid-dependent and/or steroid-resistant cases,
and it may offer an alternative to CS therapy in certain patients more prone to CS
toxicity.

Methods: Herein, we collected worldwide data on DRESS cases treated with
biological agents targeting the IL-5 axis. We reviewed all cases indexed in
PubMed up to October 2022 and performed a total analysis including our
center experience with two additional novel cases.

Results: A review of the literature yielded 14 patients with DRESS who were
treated with biological agents targeting the IL-5 axis as well as our two new
cases. Reported patients are characterized by a female-to-male ratio of 1:1and a
mean age of 51.8 (17-87) years. The DRESS-inducing drugs, as expected from
the prospective RegiSCAR study, were mostly antibiotics (7/16), as follows:
vancomycin, trimethoprim-sulfamethoxazole, ciprofloxacin, piperacillin-
tazobactam, and cefepime. DRESS patients were treated with anti-IL-5 agents
(mepolizumab and reslizumab) or anti-IL-5 receptor (IL-5R) biologics
(benralizumab). All patients have clinically improved under anti-IL-5/IL-5R
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biologics. Multiple doses of mepolizumab were needed to achieve clinical
resolution, whereas a single dose of benralizumab was often sufficient. Relapse
was noted in one patient receiving benralizumab treatment. One patient
receiving benralizumab had a fatal outcome, although mortality was probably
related to massive bleeding and cardiac arrest due to coronavirus disease 2019
(COVID-19) infection.

Conclusion: Current treatment guidelines for DRESS are based on case reports
and expert opinion. Understanding the central role of eosinophils in DRESS
pathogenicity emphasizes the need for future implementation of IL-5 axis
blockade as steroid-sparing agents, potential therapy to steroid-resistant
cases, and perhaps an alternative to CS treatment in certain DRESS patients

more prone to CS toxicity.

KEYWORDS

drug reaction with eosinophilia and systemic symptoms (DRESS), interleukin (IL),
monoclonal antibodies (mAbs), IL-5 antibody, biotherapeutic agent

1 Introduction

Drug reaction with eosinophilia and systemic symptoms
(DRESS), also known as drug-induced hypersensitivity syndrome,
is a severe type of intravenous cutaneous drug-induced eruption
accompanied by visceral organ involvement, most commonly the
liver. The prognosis of patients with DRESS is linked to the severity
of visceral involvement, with an approximate mortality rate of 2%-
10% mainly due to liver failure (1).

The pathophysiology is multifactorial and associated with drug
metabolism, specific human leukocyte antigen (HLA), and viral
reactivation especially of the human Herpesviridae (HHV) family.
The immunological response directed against viral reactivation and/
or culprit drug precipitating the disease includes CD4" and CD8"
T-cell activation and hence the development of a cytokine cascade
with the production of interleukin (IL)-5, IL-4, IL-13, IL-17, IL-25,
and eotaxin-1 (2). In addition, dermal dendritic cells, endothelial
cells, and monomyelocytes secrete thymus activation-regulated
chemokine (TARC/CCL17), IL-33, transforming growth factor f3,
and thymic stromal lymphopoietin. These chemokines, in synergy
with IL-5, promote eosinophil chemoattraction, activation,
proliferation, and infiltration and hence result in eosinophilic
inflammation and tissue damage (3) (Figure 1).

Consequently, patients with DRESS present with increased
eosinophil levels in the blood, skin, and involved organs. The
diagnosis of DRESS is based on clinical and biological criteria as
calculated by the RegiSCAR score, such as fever >38°C, acute rash,
lymphadenopathy, internal organ involvement, and blood count

Abbreviations: CS, corticosteroid; DRESS, drug reaction with eosinophilia and
systemic symptoms; ECT, electroconvulsive therapy; ER, emergency room; IL,
interleukin; iv., intravenous; IVIG, intravenous immunoglobulin; LFT, liver
function test; mAbs, monoclonal antibodies; SC, subcutaneous; CT,

computerized tomography.
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abnormalities including atypical lymphocytes and eosinophilia,
found in 80% of patients (4). There are no randomized trials
evaluating treatments for DRESS following the withdrawal of the
culprit drug. The current mainstay of treatment is topical and
systemic corticosteroids (CSs) (5).

During the last 5 years, limited reports of DRESS patients who were
treated with immunotherapy inhibiting the IL-5 axis were presented.
Maverakis et al. (6) were the first to describe the potential advantages of
anti-IL-5/anti-IL-5 receptor (IL-5R) monoclonal antibodies (mAbs)
over current therapies to DRESS patients, emphasizing the rapid onset,
once-monthly dosing, and safety, with avoidance of the
immunosuppressive and metabolic adverse events of prolonged high-
dose systemic CSs. Recently, Gschwend et al. (7) reviewed 14 patients
with DRESS who were treated with mAbs inhibiting the IL-5 axis.
Patients were reported to have been successfully treated with the anti-
IL-5 agents mepolizumab (7-11) and reslizumab (12), as well as the
anti-IL-5R agent benralizumab (7, 13-15).

Herein, we aimed to present our experience with two new cases
and conduct a literature review as a proof of concept to the
hypothesis that IL-5 inhibition offers an efficient and safe
therapeutic strategy for specific cases of DRESS.

2 Methods
2.1 Study design and patients

This is a retrospective analysis of computerized medical records
of patients who were diagnosed with DRESS and treated with IL-5
modulation in the period of February to September 2022. Patients
were diagnosed and treated at the Division of Medicine, Hadassah
Medical Center, Jerusalem, Israel. Data regarding clinical
manifestations, treatments, and outcomes were retrieved from the
files and analyzed.
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FIGURE 1

Immunological pathways in DRESS pathogenesis and immunotherapy targeted inhibition of the IL-5 axis. IL, interleukin; IL-5R, interleukin-5 receptor;
mAb, monoclonal antibody; EBV, Epstein—Barr virus; HHV, Herpesviridae virus; ILC-2, Type 2 innate lymphoid cells; TSLP, thymic stromal
lymphopoietin; TARC, thymus- and activation-regulated chemokine; TGFB, transforming growth factor B; IFN-v, interferon y; TNFo, tumor necrosis

factor o.

2.2 Systematic review of the literature

In addition, we conducted a systematic review of the literature
concerning patients with DRESS who were treated with IL-5-
inhibiting mAbs. We used PubMed for data search. Keywords
included “DRESS” and (“IL-5” or “benralizumab” or

»

“mepolizumab” or “reslizumab”). Inclusion criteria consisted of
English-language reports of DRESS patients who were treated with
mAbs targeting the IL-5 axis and published in the period of May
2018 to October 2022. Only studies in which the DRESS diagnosis
was based on the RegiSCAR score were included (Supplementary
Table S1) (4). This score is available in Supplementary Table S1.
Studies with a misdiagnosis of DRESS or a limited availability of full
text were excluded. Data were analyzed for the clinical presentation,

course, and outcome.

2.3 Ethical considerations

The reported patients from our medical center have signed a
written informed consent for the publication of their clinical data.

Frontiers in Immunology

3 Results
3.1 Patient description

Our search yielded two female patients (17 and 59 years old)
who were admitted to our medical center within the study period. A
summary of their clinical characteristics is presented in Table 1.
Patient (P)1 presented with rash, hepatitis, fever, eosinophilia, and
lymphadenopathy induced by olanzapine. She was CS-resistant, and
subcutaneous (s.c.) mepolizumab was initiated as a single dose of
300 mg. P2 developed rash, eosinophilia, fever, hepatitis, and acute
kidney injury following treatment with vancomycin. She was
treated with s.c. benralizumab 30 mg. Both patients have
demonstrated clinical resolution of their symptoms following IL-5
inhibitory treatment without recurrence in a follow-up of 10-12
months. The trend of hepatocellular liver enzyme levels and
absolute eosinophil counts of P1 following treatments with CSs
and mepolizumab is presented in Figure 2. The clinical presentation
and skin histopathology of P1 and P2 are presented in Figure 3. The
full clinical and laboratory description of the two patients is
presented in the Supplementary Material.
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FIGURE 2
Hepatocellular liver enzymes and absolute eosinophil count. Trend of hepatocellular liver enzymes and absolute eosinophil counts following
treatments with prednisone and mepolizumab in patient 1.

FIGURE 3

Clinical description and skin histopathology of the patients. (A) Clinical presentation of DRESS in patient 2 consisting of diffuse erythematous rash
involving the lower limbs. (B) One week following benralizumab therapy, partial resolution of the skin rash. (C) Punch biopsy of skin consisting of
hematoxylin and eosin stain demonstrating changes compatible with the clinical diagnosis of DRESS, most notably an inflammatory infiltrate
composed of lymphocytes and numerous eosinophils stretching from the epidermis to the deep dermis in X10 magnification. The inset
demonstrates eosinophils present in the deep dermis in X100 magnification (arrows). (D) Secondary changes including parakeratosis and interstitial
edema with blister formation in the papillary dermis (arrowheads) in x40 magnification.
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TABLE 2 Clinical characterizations of the DRESS patients treated off-label with monoclonal antibodies of the IL-5 axis.

Biological

therapy/
mechanism

No. of
patients

Gender

Age
(yea

rs)

RegiSCAR
DRESS
score

Histopathology

Drug induc-
ing DRESS

IL-5 axis treat-
ment regimen
(Indication)

Initial dose

Additional com-
bined, adjunct treat-
ment

Outcome

Reslizumab/ K X
. 100 mg i.v. . Complete resolution of symptoms.
/anti-IL-5 Prednisolone, . .
. 2 weeks later, a second . i Reslizumab enabled desensitization to
IgG4x 1 F 62 3 NA Imatinib X antihistamine R (12)
dose of 200 mg i.v. safely maintain imatinib treatment for 2
monoclonal Dexamethasone &
. (CS-dependent, years.
antibody s
desensitization)
Mepoli b 1 lution of relapsing DRE
epo.lzuma o Single loading dose ' Complete resolution of rel apsu?g SS
/anti- IL-5 1 F 17 6 Skin Biopsy- Olanzapine 300 me s.c. Hydrocortisone followed syndrome and complete weaning from Current
1gGlk Suggestive of DRESS P g s by prednisone CSs; report
(CS-dependent)
monoclonal f/o- 6 months symptom-free
antibody
Skin biopsy-
a spongiotic reaction
pattern, spongiotic vesicles,
small pustules with Dexamethasone and Complete resolution of relapsing DRESS
. . 100 mg s.c., monthly, .
lymphocyte, and Trimethoprim- IVIG, followed by a syndrome and complete weaning from
1 F 56 6 ) . i for 3 months X (8)
eosinophil predominance; sulfamethoxazole reduced dose of prednisone CSs;
. (CS-dependent) B
Bone marrow biopsy- 6-month follow-up - no recurrence
reactive, hypercellular
marrow with marked
eosinophilia
Initial dose-
600 mg, s.c. split to Rapid effect on eosinophil count and
) 300 mg on .consecutive Methylpre dnisolone resoluti(')n of @lmonary symptoTn's in a
1 M 56 6 NA Pregabalin days; Maintenance X d patient with acute pneumonitis 9)
followed by prednisolone
dose-300 mg, s.c. every secondary to DRESS
4 weeks f/o- readmission due to fibrotic sequelae.
(CS-resistant)
Skin biopsy- urticarial The patient
pustular reaction pattern, . completed a 6-month course of
T Oral prednisolone, . .
minor interface change, 2 doses of 300 mg s.c. . cyclophosphamide without
R i . . methylprednisolone s K R
the presence of eosinophils . . with a 3-week interval complications and his prednisolone and
M 50s 5 ) ) Ciprofloxacin i 3 pulses, followed by i R (10)
Myocardium biopsy- (CS-resistant . cyclosporine have both been entirely
e . cyclophosphamide and . o
lymphohistiocytic and myocarditis) e weaned with complete clinical and
. e . cyclosporine
eosinophilic infiltrate with laboratory recovery and no features of
no necrosis cardiac dysfunction
300 iv. thl;
Myocardium biopsy- g Lv. montty Methylprednisolone, . . .
i bl for 3 months followed i Patient has remained asymptomatic and
dense eosinophilic mycophenolate mofetil, . .
. . by 500 mg monthly up oL . discontinued her mycophenolate,
F 45 NA infiltrates and Lamotrigine colchicine, cyclosporine, X (11)
. L to 1 year taper slowly prednisone.
myocardial necrosis with followed by a reduced dose
. (CS-dependent R £ f/o - 1 year symptom-free
few giant cell i of prednisone
myocarditis)
(Continued)
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TABLE 2 Continued

Biological RegiSCAR . IL-5 axis treat- Additional com-
No. of Age . Drug induc- . . :
therapy/ . Gender DRESS Histopathology . ment regimen bined, adjunct treat- Outcome
: patients (years) 5 ing DRESS .
mechanism score (Indication) ment
Three doses of 100 mg Rapid improvement, complete remission
id i Vi : remissi
M 62 7 NA Amoxicillin s.c. Systemic high-dose CSs* P P K P (7)
(CS-resistant) of DRESS and weaning from CSs
ingl f 1
Piperacillin/ el dosseco e Minor improvement, possibly because
. .C. . inor i Vi 8 ibly u;
M 70 6 NA Syst CSs* 7
‘:::zngfe’: (To avoid CS toxicity- ystemic o8 TEN/DRESS overlap @
P during sepsis)
Benralizumab Single loading dose 30 Hydrocortisone 100 m Complete resolution of relapsing DRESS
/anti-IL-5 F 59 . Skin Biopsy- Vancomycin mg s.c. folly; ed with pre dn'sofe syndrome and complete weaning from Current
i wed wi i
receptor Suggestive of DRESS Y (First-line treatment to 40 mp CSs; report
I1gGlx avoid CS toxicity) 8 f/o - 4 m symptom-free
monoclonal
antibody Skll:l Biopsy- Esomeprazole, Single dose N .
Perivascular, K L 30 mg s.c. . h Clinical and laboratory improvement
F 54 7 L piperacillin- _ Methylprednisolone .
lymphohistiocytic tazobactam (First-line treatment, over the following 18 days
infiltrate, and eosinophils. CS-resistant)
Cutaneous improvement, decline in liver
Skin Biops Sinale dose function tests and eosinophil levels; (3
Perivascfla}r’ 30gm . developed disseminated intravascular
M 58 8 o Midazolam o g sc Methylprednisolone * coagulation
lymphobhistiocytic (First-line treatment, secondary to COVID-19 and died from
infiltrate, and eosinophils. CS-resistant) R v i K
cardiac arrest after massive bleeding 17
days later.
Sinale dose Rapid and complete clinical recovery (15)
F & 5 Skin Biopsy-Suggestive of Allopurinol- 20 mg s (CS Methylprednisolone (defined as regression of cutaneous-
DRESS pregabalin resg'sg ;lt) followed by prednisone ’ systemic symptoms and eosinophilia)
istal
with concurrent tapering of low-dose GC
Single dq
Skin Biopsy-Suggestive of . ingle dose Methylprednisolone
M 74 6 Allopurinol 30 mg s.c. R i
DRESS 0 followed by prednisone ’
(CS-resistant)
Si dose 30 .C.
f;ﬁilee dols)e ¢ cl)ncfoss:s Long relapsing course of DRESS before
wed by twi . . .
1 , cli I rel
Skin Biopsy-Suggestive of Ibuprofen- of mepolizumab 100 Methylprednisolone starting l')enra fz.umab cHica’ relapse
F 67 7 R ; and eosinophilia 4 months after the
DRESS paracetamol mg s.c. (4-week followed by prednisone ’ . X .
interval) injection and mepolizumab was initiated.
(CS-resistant) f/o- symptom-free under treatment
-resistan
kin biopsy- tif
M 3 s Skin “:l;szd;z::a Horm Cefepime 2 doses of Topical CSs, Decreased eosinophilia within 2 days, (14)
Blood smear s’evere P 30 mg s.c. methylprednisolone and resolution of hemophagocytic
(Continued)
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TABLE 2 Continued

Biological
therapy/
mechanism

No. of

. Gender
patients

ars)

RegiSCAR

DRESS
score

Histopathology

hemophagocytic
lymphohistiocytosis with
profound
thrombocytopenia

Drug induc-
ing DRESS

IL-5 axis treat- Additional com-
ment regimen bined, adjunct treat-
(Indication) ment
with a 4-week interval IVIG followed by
(CS-resistant) prednisone Kk

Outcome

lymphobhistiocytosis, and improvement in
both organ dysfunction and skin lesions

39

Liver biopsy - eosinophilic
hepatitis

Metamizole

3 doses of 30 mg s.c.
at 4-week intervals Prednisone*
(CS-resistant)

Rapid suppression of eosinophils and
hepatitis improved. CS could be reduced
to under 10 mg prednisolone after 7

)

months.

M, male; F, female; CSs, corticosteroids; ANEM, acute necrotizing eosinophilic myocarditis; IVIG, intravenous immunoglobulin; s.c., subcutaneous injection; i.v., intravenous injection; NA, data are not available.

*According to RegiSCAR DRESS validation scoring system criteria; cutoff points include the following: suspected cases as definite (scores 6-8), probable (scores 4-5), possible (scores 2-3), and no DRESS (score <2).
®One patient in addition to benralizumab received two doses of mepolizumab 100 mg (4-week interval).
“Dexamethasone 10 mg four times a day and i.v. IgG 70 g (1 g/kg) for 2 days; after clinical improvement, she was started on prednisone 70 mg daily and then was weaned by 10 mg fortnightly; two and a half weeks later, prednisone was reduced to 60 mg daily; after DRESS
syndrome diagnosis, prednisone dose was increased to 110 mg per day for 2 days with good response; within 3 days of the first dose given together with mepolizumab, prednisone dose was reduced to 10 mg weekly, until 20 mg over the next 6 weeks, and thereafter it was

tapered at a slower rate until it was ceased completely in 3 months.

4Upon DRESS diagnosis i.v. methylprednisolone (1 g daily for 6 days), followed by prednisolone 60 mg daily due to progression of DRESS symptoms Mepolizumab was administered.
“Initially, 75 mg oral prednisolone 5 days and tapering down, following diagnosis of myocarditis a 3-day course of i.v. 250 mg methylprednisolone was administered, with transition to oral prednisolone 1 mg/kg. However, due to troponin elevation, another 3-day course of
500 mg methylprednisolone followed by a 3-day course of methylprednisolone 1 g combined treatment of mepolizumab with 6-month course of monthly intravenous 1,500 mg cyclophosphamide; 3 weeks following mepolizumab injection troponinemia-another dose of

mepolizumab and CS pulse.

"Methylprednisolone 500 mg two times per day and mycophenolate mofetil 1,000 mg two times per day in addition to colchicine 0.6 mg two times per day, followed by prednisone 60 mg daily, and cyclosporine 100 mg two times per day, upon tapering to 30 mg prednisone

relapse-with mepolizumab and slow taper of prednisone at 2.5 mg.

80ral prednisolone 15 mg was imitated prior to DRESS diagnosis, antihistamines were administered during desensitization and intravenous dexamethasone was given before, but not after reslizumab.
"Methylprednisolone 125 mg for 3 days, 70 mg for 4 days followed by benralizumab due to clinical deterioration.

*CS dose or type of agent not reported.

"Methylprednisolone 125 mg for 3 days followed by benralizumab due to clinical deterioration.
’Methylprednisolone 125 mg for 3-4 days followed by 40-60 mg prednisolone, a single administration of benralizumab and concurrent tapering of CS.
“Methylprednisolone i.v. 2 mg/kg/day, then 1 g/day for 3 days and IVIG 1 g/day for 2 days.
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4 Discussion

DRESS syndrome is a rare life-threatening hypersensitivity
reaction; hence, scarce data exist regarding treatment protocols.
Data presented in our study, including two unreported patients
from our medical center, support treatment of DRESS with mAbs
directed toward IL-5 or IL-5R, which are already Food and Drug
Administration (FDA)-approved for other eosinophilic disorders.

IL-5 plays a crucial role in eosinophilic pathophysiology and is
proposed as a novel therapeutic target for hypereosinophilic
syndrome and rare eosinophilic conditions (16, 17). This cytokine
is the major differentiation factor for eosinophils, playing a pivotal
role in innate and acquired immune responses and eosinophilia
(18). The IL-5R is a heterodimer comprising one alpha subunit (IL-
5Rar) and one beta subunit (IL-5RB) that, upon activation by IL-5
signals, stimulate the Janus kinase (JAK)-signal transducer and
activator of transcription proteins (STATs) pathway (19).
Therefore, the reduction of blood eosinophil levels by
antagonizing IL-5 and its receptor using mAbs recently becomes
an important immunotherapeutic strategy (Figure 1).

Second-line therapy for patients with DRESS and severe organ
involvement who do not respond to systemic CSs or for patients in
whom CSs are contraindicated includes cyclosporine, IVIG,
cyclophosphamide, and the JAK inhibitor tofacitinib, despite
evidence of high failure rates, relapse, and excess of adverse
events including serious infections (20-23).

With novel targeted biological agents and a better understanding
of the key role of the IL-5 axis in DRESS, there are case reports of
treatment with anti-IL-5 or anti-IL-5R mAbs, such as mepolizumab,
reslizumab, or benralizumab. Mepolizumab is an anti-IL-5 humanized
IgGlx antibody that is FDA-approved for the treatment of severe
eosinophilic asthma, hypereosinophilic syndrome, and eosinophilic
granulomatosis with polyangiitis (EGPA) (24). Reslizumab is an anti-
IL-5 humanized IgG4x antibody with FDA approval for severe
eosinophilic asthma (25), and benralizumab is a humanized
fucosylated IgGlx anti-IL-5Rol antibody approved by the FDA for
the treatment of severe eosinophilic asthma (26).

Two previously published studies involving large cohorts
reported treatment with anti-IL-5 agents in DRESS patients. In a
European international multicenter cohort, Kridin et al. (27)
identified four DRESS patients who were treated with anti-IL-5
biologics. DRESS patients treated with anti-IL-5/IL-5R agents were
mostly CS-refractory cases who had longer hospitalizations, increased
rates of intensive care unit admissions, and a higher risk of relapses
(27). Gschwend et al. (7) summarized 14 DRESS patients treated with
anti-IL-5 agents. While treatment with reslizumab or mepolizumab
appeared to require repeated doses to achieve clinical resolution in
most patients, a single dose of benralizumab was shown to be
sufficient, thus indicating that treatment with benralizumab is more
efficient than that with mepolizumab or reslizumab (7).

P1 in our report emphasizes the complexity in the initiation and
prolonged administration of CS therapy in the psychiatric patient due
to its adverse effects (28). This also stresses the role of therapy with an
IL-5-/IL-5R-targeting mAbs as a CS-sparing agent. Gschwend et al.
(7) recommended using anti-IL-5/TL-5R biologics in specific DRESS
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patients including those with a severe course, CS-resistant disease,
severe disease with concomitant infection, or severe end-organ
damage at presentation. P1 further expands these criteria, as her
psychiatric disorder indicated the need for a CS-sparing treatment.
This can be further implemented on DRESS patients with underlying
disorders that constitute relative or absolute contraindications for
prolonged CS treatment, such as uncontrolled diabetes. On the other
hand, P2 emphasizes the role of early initiation of therapy with an IL-
5-/TL-5R-targeting mAb to avoid CS toxicity, as the CS effect on bone
reabsorption is a secondary insult to a patient presenting with a
pathologic bone fracture from osteomyelitis (29).

Systemic CSs are still considered to be the mainstay of treatment
for DRESS. Early initiation of a steroid-sparing agent is vital to
reduce CS side effects. Cumulatively, as evident from our patients
and all others reviewed (Table 2) (7, 30), it is evident that therapy
with mAbs directed toward the IL-5/IL-5R axis combined with
adjunct treatments could offer an alternative to CS therapy in some
patients. DRESS patients eligible to receive anti-IL-5/IL-5R mAbs
include those recommended by Gschwend et al. (7) and other
patients with a high risk for CS toxicity including patients with
psychiatric disorders or comorbidities such as metabolic disorders,
immunocompromised patients, and the elderly.

This study presents several limitations, mainly its retrospective
design and small number of patients. Furthermore, the
characteristics of patients such as age and sex and drug
treatments differed among the different studies. A multicenter
study with a larger sample size is required for prolonged follow-
up and investigation of the proper dose regimen of anti-IL-5/IL-5R
treatment for DRESS. DRESS often shows severe symptoms in the
acute phase with serious disease sequelae in the chronic phase.
Therefore, careful follow-up is required. Since there is no definite
view on how to treat and which regimen to follow, the use of mAbs
directed toward the IL-5/IL-5R axis is an important emerging issue
in DRESS therapy deserving further clinical investigations.

In conclusion, future implementation of mAbs directed toward
the IL-5/IL-5R axis in DRESS cases presents a promising
therapeutic strategy in DRESS patients. Selected DRESS patients
eligible to receive anti-IL-5-/IL-R-blocking agents as first-line
treatment consist of patients with contraindications to CS
therapy, while the risk of relapse may still exist. IL-5-modulating
agents can also be used in DRESS patients with a CS-dependent or
-resistant clinical course. Thus, anti-IL-5/IL-5R biologics may offer
a novel therapeutic modality in these patients.
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Background: Myositis-specific autoantibodies (MSAs) are clinically used to
diagnose and define idiopathic inflammatory myopathy (lIM) subsets.
However, the underlying pathogenic mechanisms of patients with different
MSAs remain unclear.

Methods: A total of 158 Chinese patients with IIM and 167 gender- and age-
matched healthy controls (HCs) were enrolled. Transcriptome sequencing (RNA-
Seq) was performed with peripheral blood mononuclear cells (PBMCs), followed
by the identification of differentially expressed genes (DEGs) and analysis of gene
set enrichment analysis, immune cell infiltration, and WGCNA. Monocyte subsets
and related cytokines/chemokines were quantified. The expressions of
interferon (IFN)-related genes were validated using gRT-PCR and Western blot
in both PBMCs and monocytes. We also performed correlation analysis and ROC
analysis to explore the potential clinical significance of the IFN-related genes.

Results: There were 1,364 genes altered in patients with IIM, including 952
upregulated and 412 downregulated genes. The type | interferon (IFN-I1) pathway
was remarkably activated in patients with IIM. Compared with patients with other
MSAs, IFN-I signatures were significantly activated in patients with anti-melanoma
differentiation-associated gene 5 (MDA5) antibodies. In total, 1,288 hub genes
associated with [IM onset were identified using WGCNA, including 29 key DEGs
associated with IFN signaling. The patients had more CD14brightCD16- classical,
CD14brightCD16+ intermediate, and fewer CD14dimCD16+ non-classical
monocyte subsets. Plasma cytokines like IL-6 and TNF and chemokines
including CCL3 and MCPs increased. The validation of IFN-I-related gene
expressions was consistent with the findings from RNA-Seq. The IFN-related
genes were correlated with laboratory parameters and helpful for [IM diagnosis.
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Conclusion: Gene expressions were remarkably altered in the PBMCs of [IM
patients. Anti-MDA5+ |IM patients had a more pronounced activated IFN
signature than others. Monocytes exhibited a proinflammatory feature and
contributed to the IFN signature of IIM patients.

KEYWORDS

idiopathic inflammatory myopathy, anti-MDA5+ dermatomyositis, interferon,
monocytes, RNA-sequencing

1 Introduction

Idiopathic inflammatory myopathies (IIM) are a group of rare
autoimmune diseases mainly affecting the skeletal muscles and
other organs (1). Myositis-specific antibodies (MSAs), defined as
autoantibodies found specifically in IIM patients, have been found
to be strongly correlated with clinical manifestations and prognosis
(2). Autoantibody specificities correlate with clinical features, such
as the associations between anti-TIF1y antibodies and high
malignancy risk, and anti-melanoma differentiation-associated
gene 5 (MDAS) antibodies and rapidly progressive interstitial
lung disease (ILD) (3, 4). Muscle gene expression profiles,
metabolic signatures, and pathways in plasma and urine samples
were found different in MSA-typed IIM patients (5, 6). Compared
with conventional subgrouping based on clinical phenotypes,
autoantibody profiles perform better in knowing the immune
mechanisms in IIM (7). Nowadays, the pathogenesis of IIM is not
fully understood, so studies that are focused on different MSA-typed
patients may provide valuable clues.

Hypotheses on the pathogenesis of IIM have been proposed as
endoplasmic reticulum stress, vasculopathy, acquired
interferonopathy, and so on (8-10). In the blood, skin, and muscles
of IIM, upregulation of the IFN pathway has been verified and can
reflect disease activity (11-13). Previous studies have highlighted the
role of the adaptive immune system, especially T cells and B cells, in
the immunopathogenesis of IIM (7, 14, 15). There is also a few
evidence suggesting the involvement of monocyte/macrophage in
IIM. Macrophage infiltration has been found in the muscles of all
types of IIM, which is responsible for antigen presenting, necrotic
muscle fiber invasion and elimination, and cytokine and chemokine
production of IFN, IL-6, TNF-0, and so on (15-17). The activation
and distribution pattern of monocytes/macrophages differs in the
muscles of dermatomyositis (DM) and polymyositis (PM), and the
macrophage infiltration mode relates to the serological subtypes (15,
18, 19). Activated monocytes/macrophages might be responsible for
the cytokine storm in anti-MDA5-associated ILD (20). Aberrant
mitochondrial biology in juvenile dermatomyositis (JDM) monocytes
stimulates the expression of IFN-stimulated genes (ISGs) (21). Taken
together, monocyte/macrophage may play a role in IIM pathogenesis.

The transcriptomic profile of peripheral blood mononuclear
cells (PBMCs) of IIM patients needs to be further explored,
especially for patients with distinct serological features. Therefore,
we performed RNA-seq, bioinformatic analysis, and experimental
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validations in PBMCs to investigate immune cell and gene
expression alterations in patients with different MSAs.

2 Materials and methods
2.1 Patient enrollment

A total of 158 IIM patients were recruited between October
2021 and October 2022 in the First Affiliated Hospital of Zhengzhou
University (China). All patients were over 18 years old at the disease
onset and met the Bohan and Peter criteria (22). Patients with other
concurrent autoimmune diseases were excluded. This study was
authorized by the Ethics Committee of Zhengzhou University’s
First Affiliated Hospital (KY-2021-00805), and all participants
provided written informed consent.

Anti-MDAS5 and anti-TIF1y antibodies were assayed using
enzyme-linked immunosorbent assay (MBL, Japan). Anti-Jo-1,
anti-EJ, anti-PL-7, anti-PL-12, anti-SRP, anti-Ro52, anti-PM-Scl
75, anti-PM-Scl 100, anti-Ku, and anti-Mi-2 antibodies were
detected using line immunoassays (EUROIMMUN, Germany).
For RNA-seq, 23 IIM patients who were newly diagnosed or in
active disease status as well as eight gender- and age-matched
healthy controls (HCs) were enrolled. Among these 23 patients,
nine were anti-MDAS5+, four were anti-Jo-1+, five were anti-
TIF1y+, and five were MSAs-. For flow cytometry, PBMCs were
obtained from 40 IIM patients [anti-MDA5+ (n = 12), MSAs- (n =
10), anti-Jo-1+ (n = 7), anti-TIF1y+ (n = 5), anti-EJ+ (n = 3), anti-
PL-12+ (n = 2), and anti-PL-7+ (n = 1)] and 39 HCs. Plasma from
25 patients [anti-MDA5+ (n = 16), anti-TIF1y+ (n = 5), anti-Jo-1+
(n = 3), and MSAs- (n = 1)] and 29 HCs were used for cytokine/
chemokine quantification. For real-time quantitative polymerase
chain reaction (QRT-PCR), the PBMC cDNA was obtained from 93
IIM patients [anti-MDA5+ (n = 29) and anti-MDA5- (n = 64)] and
57 matched HCs. The monocyte cDNA was obtained from 14 IIM
patients [anti-Jo-1+ (n = 3), anti-Mi-2+ (n = 3), MSAs- (n = 3),
anti-MDA5+ (n = 2), anti-TIF1y+ (n = 2), and anti-PL-7+ (n = 1)]
and 18 matched HCs. For Western blot analysis, PBMCs were
obtained from five patients [anti-Jo-1+ (n = 2), MSAs- (n = 2), and
anti-MDA5+ (n = 1)] and eight HCs. Monocytes were obtained
from eight patients [anti-MDAS5+ (n = 2), anti-Jo-1+ (n = 2), anti-
TIF1y+ (n = 1), and MSAs- (n = 3)] and eight HCs. The patients’
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clinical characteristics, laboratory parameters, and MSAs detected

are shown in Table 1.

2.2 PBMC and monocyte isolation

10.3389/fimmu.2023.1169057

Medium (Dakewe, China). The monocytes were isolated from

PBMCs using CD14 MicroBeads (Miltenyi Biotec, Germany)
according to the manufacturer’s instructions.

2.3 RNA-seq analysis

Peripheral blood (5-10 ml) was collected into EDTA-

containing tubes (BD, UK). PBMCs were separated by density
gradient centrifugation using Human Lymphocyte Separation

TABLE 1 Baseline clinical characteristics of idiopathic inflammatory myopathy (IIM) patients in this study.

RNA sequencing
IIM (n = 23)

Following the manufacturer’s instructions, total RNA was
extracted using mirVana miRNA Isolation Kit (Ambion, USA).

Validation experiments

MDAS5 (n = 36)

Non-MDAS5 (n = 99)

Age at baseline, years, mean + SD 5491 + 13.99 51.06 + 9.43 53.35 + 12.48
Female, n (%) 19 (82.61) 21 (58.33) 78 (78.79)
Disease duration, months, median (interquartile range, IQR) 3(3-12) 3(1.17-9) 12 (3-24)
Clinical features, n (%)

Fever 7 (30.43) 15 (41.67) 26 (26.26)
Gottron papules 7 (30.43) 10 (27.78) 13 (13.13)
Gottron sign 2 (8.7) 10 (27.78) 11 (11.11)
Heliotrope rash 13 (56.52) 20 (55.56) 29 (29.29)
Shawl-sign rash 8 (34.78) 10 (27.78) 23 (23.23)
V-sign rash 6 (26.09) 9 (25) 24 (24.24)
Mechanic’s hands 2(8.7) 4 (11.11) 15 (15.15)
Myalgia 7 (30.43) 14 (38.89) 33 (33.33)
Muscle weakness 8 (34.78) 20 (55.56) 55 (55.56)
Dysphagia 3(13.04) 4 (11.11) 20 (20.2)
Arthralgia 8 (34.78) 17 (47.22) 33 (33.33)
Raynaud’s phenomenon 2(8.7) 1(2.78) 8 (8.08)
Weight loss 1(4.35) 8 (22.22) 10 (10.1)
Interstitial lung disease 6 (26.09) 22 (61.11) 55 (55.56)
Malignancy 1 (4.35) 0 1(1.01)
Laboratory features

WBC count (x10°/L), median (IQR) 5.4 (4.4-6.2) 5.41 (4.44-7.7) 6.6 (5.4-8.66) (n = 95)

PLT count (x10°/L), mean + SD

Lymphocyte count (x10%/L), median (IQR)

212.87 £72.12

1.15 (0.65-1.78)

219.64 + 78.45

0.89 (0.51-1.36)

232.91 +77.99 (n = 94)

1.33 (0.78-1.84) (n = 95)

Hgb (g/L), mean + SD
ALT (U/L), median (IQR)
AST (U/L), median (IQR)
CK (U/L), median (IQR)

LDH (U/L), median (IQR)

118.83 + 12.7
61 (13-119) (n = 21)
59 (19.5-136.5) (n = 21)
115 (27.5-914.25) (n = 22)

271 (225.75-479.5) (n = 22)

124.48 + 13.42
34.5 (17.5-50.5)
325 (20.25-49)
43 (28.25-98.25)

312.5 (219.25-362)

12533 + 15.11 (n = 95)
22 (12-45) (n = 91)
25.5 (15-52.25) (n = 90)
85 (41-599.5) (n = 93)

302.5 (223.75-419) (n = 94)

ESR (mm/h), median (IQR)

17 (13.5-32) (n = 21)

19 (10.25-32.75)

12 (6-22.75) (n = 88)

CRP (mg/L), median (IQR)

2.09 (1.25-13.43) (n = 21)

1.5 (1.5-9.84)

2.46 (1-11.86) (n = 87)
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TABLE 1 Continued

RNA sequencing

10.3389/fimmu.2023.1169057

Validation experiments

IIM (n = 23) MDAS5 (n = 36) Non-MDAS5 (n = 99)
C3 (g/L), mean + SD 1.02 (0.91-1.17) (n = 19) 1.07 £ 0.16 (n = 31) 1.02 £ 0.21 (n = 85)
C4 (g/L), mean + SD 0.28 £ 0.11 (n = 19) 0.3 (0.24-0.34) (n = 32) 0.26 £ 0.08 (n = 84)
IgA (g/L), mean + SD 3.03 £ 1.12 (n = 18) 2.87 £ 097 (n = 29) 2.16 £ 0.96 (n = 80)
IgG (g/L), median (IQR) 10.4 (8.65-14.1) (n = 18) 11.90 (10.05-13.35) (n = 29) 10.9 (8.83-13.5) (n = 80)
IgM (g/L), mean + SD 1 (0.68-1.65) (n = 18) 1.07 + 038 (n = 29) 1.1 (0.8-2) (n = 79)
Ferritin (ng/ml), median (IQR) 462.05 (212.33-734.5) (n = 18) 519.25 (305.93-1183.95) (n = 34) 228.5 (103.4-355) (n = 80)
KL-6 (U/ml), median (IQR) 566 (277-1314.5) (n = 21) 747.5 (559.75-1316.75) (n = 32) 563 (262-1367) (n = 71)
Anti-MDAS5 Abs (U/ml), mean + SD 141.8 £ 57.74 (n = 9) 140.7 + 62.21 0
Myositis autoantibodies, n (%)
MDAS5 9 (39.13) 36 (100) 0
Jo-1 4(17.39) 2 (5.56) 22 (22.22)
TIFly 5(21.74) 1(2.78) 15 (15.15)
EJ 0 0 10 (10.1)
PL-7 0 1(2.78) 9 (9.09)
PL-12 0 0 4 (4.04)
Mi-2 0 1(2.78) 6 (6.06)
NXP-2 0 0 2 (2.02)
SRP 0 1(2.78) 2 (2.02)
MSAs Neg 5 (21.74) 0 34 (34.34)
Ro52 2 (8.7) 10 (27.78) 42 (42.42)
PM-Scl 0 0 6 (6.06)
Ku 0 0 4 (4.04)
Treatment, n (%)
Prednisone 11 (47.83) 23 (63.89) 67 (67.68)
Immunosuppressive agents 10 (43.48) 16 (44.44) 40 (40.4)
IVIG 3 (13.04) 2 (5.56) 4 (4.04)
Without treatment 7 (30.43) 10 (27.78) 19 (19.19)

qRT-PCR, real-time quantitative polymerase chain reaction; WB, Western blotting; MDA5, anti-melanoma differentiation-associated gene 5 antibody; WBC, white blood cell count; PLT, platelet
count; Hgb, hemoglobin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; LDH, lactate dehydrogenase; ESR, erythrocyte sedimentation rate; CRP, C-
reactive protein; C3, complement 3; C4, complement 4; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; KL-6, Krebs von den Lungen-6; MSAs, myositis-specific
antibodies; Jo-1, anti-histidyl-tRNA synthetase antibody; TIF1-y, anti-transcription intermediary factor-1y antibody; PL-7, anti-threonyl-tRNA synthetase antibody; PL-12, anti-alanyl-tRNA
synthetase antibody; Ku, anti-Ku antibody; EJ, anti-glycyl-tRNA synthetase antibody; PM-Scl, anti-polymyositis scleroderma antibody; Mi-2, anti-Mi-2 antibody; NXP-2, anti-nuclear matrix
protein 2 antibody; SRP, anti-signal recognition particle antibody; Ro52, anti-Ro52 antibody; immunosuppressive agents, immunomodulatory drugs include CYC, MTX, AZA, and ciclosporin A;

IVIG, intravenous immunoglobulin.

Agilent 2100 Bioanalyzer (Agilent Technologies, USA) was
utilized to evaluate the RNA integrity. Samples with an RNA
integrity number greater than 7 were analyzed further. The
libraries were constructed, following the manufacturer’s
protocol, with TruSeq Stranded mRNA LTSample Prep Kit
(Illumina, USA). These libraries were then sequenced on the
Ilumina sequencing platform (HiSeqTM 2500 or Illumina HiSeq
X Ten), yielding 125/150 bp paired-end reads. Trimmomatic was
used to remove ploy N-containing and low-quality reads (23).

Frontiers in Immunology

The clean reads were then mapped to the reference genome with
hisat2 (24).

2.4 ldentification of differentially
expressed genes

The “DESeq2” package (version 1.36.0) was used to identify the
DEGs between 23 IIM patients and HCs, with the cutoff criteria of |
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log, fold change| >1 and p,q; <0.05. After rlog transformation,
principal component analysis (PCA) was performed using
“plotPCA” in “DESeq2” package to identify the clustering of
samples. The “ggplot2” and “ComplexHeatmap” packages were
used to show the DEGs compared between groups. The top 15
DEGs selected by |log; fold change| were visualized using Cytoscape
software (version 3.9.1).

2.5 Immune infiltration analysis

To quantify the relative abundance of 22 types of immune cells,
we run the CIBERSORT R script (version 1.03) with 1,000
permutations and no quantile normalization. The correlations of
immune cells in patients were calculated using Spearman
correlation analysis and were visualized with the “corrplot”
package (version 0.92). The Wilcoxon test was performed to
compare the fraction of immune cells.

2.6 Flow cytometry and plasma
protein detection

PBMC:s were incubated with Human TruStain FcX (BioLegend,
USA) and stained with the following antibodies: FITC anti-human
CD14 and Alexa Fluor 647 anti-human CD16 (BioLegend, USA).
The stained cells were assessed using the FACSCelesta (BD
Biosciences, USA). Data were analyzed using FlowJo software
(V10.6.2., Tree Star). Nine plasma proteins, including IL-6, IL-8,
CSF-1, CCL3, TNF, MCP-1, MCP-2, MCP-3, and MCP-4, were
targeted and quantified by Olink multiplex proximity extension
assay following the manufacturer’s instructions. The protein
abundance levels were reported as normalized protein expression
values on a log, scale.

2.7 Gene set enrichment analysis

To perform gene set enrichment analysis (GSEA), all genes
ranked by log, fold change were analyzed using the “clusterProfiler”
package (version 4.4.4), with the reference gene set C2-CP sub-
collection (c2.cp.v2022.1.Hs.entrez.gmt) from the Molecular
Signatures Database (MSigDB). All or core enriched genes in
selected pathways were extracted to calculate the mean value of
fragments per kilobase of transcript per million mapped reads
(FPKM) for each group and were visualized using the
“ComplexHeatmap” package (version 2.12.1) in the form of log,
(FPKM + 1).

2.8 Weighted gene co-expression
network analysis

To construct the co-expression network of weighted gene co-

expression network analysis (WGCNA), the genes whose counts
were less than 10 in more than 90% of the samples were removed.
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After being standardized by log,(FPKM + 1), the top 5,000 genes
ordered by median absolute deviation were chosen as input. All 31
samples were analyzed with the “WGCNA” package (version 1.71)
in R. The optimal soft-thresholding power was automatically picked
as 12 (scale-free R* = 0.8560). The adjacency matrix was used to
construct the topological overlap matrix (TOM) and the topological
difference matrix (dissTOM) by the dynamic cutting technique. The
minimum cluster size = 30, and deepSplit = 2 was set to construct
the primary modules. Then, cutHeight was set as 0.25 to merge the
modules. In total, 14 merged modules were finally found. The
relationships between module eigengenes and traits were assessed
by Pearson’s correlation. The traits included the presence or
absence of IIM, patient MSA types, clinical features of the disease,
and immune cell infiltration results. The top seven modules
correlated to the “IIM” trait were selected. After calculating the
gene significance (GS) and module membership (MM), the
WGCNA hub genes were identified with the criteria of MM >0.8
and GS >0.2. The key IFN genes were identified as the intersection
of WGNCA hub genes, DEGs (IIM/HCs), and genes from the
Reactome IFN signaling. The protein-protein interaction (PPI)
network of the 29 key IFN genes, constructed using the STRING
database, was visualized using Cytoscape software (version 3.9.1).

2.9 Quantitative real-time polymerase
chain reaction

Total RNA was extracted using TRIzol Reagent (Ambion, USA)
according to the manufacturer’s instructions. Then, cDNA was
obtained using PrimeScript RT Master Mix (Takara, Japan). RNA
concentration and quality were determined as measured by
NanoDrop One (Thermo Scientific, USA). Quantitative real-time
PCR proceeded using TB Green Premix Ex Taq II (Takara, Japan)
on Applied Biosystems QuantStudio 3 and 5 (Thermo Fisher
Scientific, USA). The GAPDH gene was used as an endogenous
control. The primer sequences used are listed in Supplementary
Table S1. The relative expression levels were determined by the
27241 method.

2.10 Western blot analysis

Total protein from PBMCs or monocytes was extracted using
Total Protein Extraction Kit for Animal Cultured Cells and Tissues
(Invent, USA). The protein concentration of each sample was
measured with Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, USA). Approximately 10-20 pg of proteins from each
sample was separated on FuturePAGE 4-12% 11 Wells (ACE,
China) and transferred to 0.45-pm polyvinylidine fluoride
(PVDF) membranes (Merck Millipore, Ireland). After being
blocked using Quick Block Western blocking solution (Beyotime,
China) for 20 min, the PVDF membranes were incubated with
primary antibodies (1:1,000 dilution) overnight at 4°C. Then, the
membranes were incubated with Goat Anti-Rabbit IgG (H&L)-
HRP Conjugated (EASYBIO, BE0101, 1:10,000) for 1 h at room
temperature. The membranes were then visualized with Pierce ECL
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Western Blotting Substrate (Thermo Scientific, USA). Densitometry
analysis was performed using Image-]J software (NIH). B-Actin was
used as an internal control. In the need for stripping and re-probing,
the Restore Western Blot Stripping Buffer was used (Thermo
Scientific, USA).

The primary antibodies used were Phospho-Statl (#9167),
Phospho-Stat2 (#88410), Phospho-IRF-7 (#12390), Phospho-
SHP-1 (#8849), B-actin (#4970), Statl(#14995), Stat2 (#72604),
IRF-7 (#13014), and SHP-1 (#3759). All primary antibodies used
in this study were purchased from Cell Signaling Technology (USA)
and used at 1:1,000 dilution.

2.11 Statistical analysis and ROC analysis

Statistical analysis and graphing were performed using
GraphPad Prism 9 (GraphPad Software, USA) or R (version 4.2.1;
https://www.R-project.org/). The data were presented as the average
+ standard deviation (SD), and test results are summarized as “ns”
for not significant, *p < 0.05, **p < 0.01, **p < 0.001, and ****p <
0.0001. Statistical significance was considered as p < 0.05.

The Wilcoxon test was used to compare the immune cell
fractions between groups. The Spearman correlation analysis was
performed to investigate the relationship between immune cells and
to calculate the correlations between gene expressions and clinical
laboratory indicators, including the level of anti-MDA5 Abs.
Comparisons between two groups were made using the Welch’s ¢-
test, unpaired t-test, or Mann Whitney test as appropriate. Kruskal-
Wallis test, followed by Dunn’s multiple-comparisons test, was used
to compare the three groups.

To assess the performance of distinguishing IIM from HCs,
anti-MDA5+ IIM from HCs, or anti-MDA5+ IIMs from anti-
MDAS5- IIMs, receiver operating characteristic (ROC) curve
analyses were performed for each validated gene. The area under
the curve (AUC) was calculated with a 95% confidence interval (CI).
The ROC analysis results were interpreted as: AUC <0.70, low
diagnostic accuracy; 0.70-0.90, moderate diagnostic accuracy; and
>0.90, high diagnostic accuracy. The ROC curves are shown with
p-value <0.05.

3 Results

3.1 Identification of DEGs between
IIM and HC

To characterize the gene expressions of IIM patients with
different MSA types, we identified the DEGs between HC and
IIM or MSA-typed samples (Figure 1). From the PCA plot
(Figure 1A), the transcriptomic profiling of patients with IIM was
significantly altered compared with HCs. However, the expression
of transcriptomic profiling was narrowed for patients with IIM of
different MSAs. A total of 1,364 DEGs were identified in patients
with IIM compared with HCs, including 952 upregulated and 412
downregulated genes (Figure 1B). The heat map shows the
expressions of these DEGs in each sample characterized by MSAs
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(Figure 1C). The Venn diagram shows the overlap of DEGs
identified between the HC group and IIM or MSA-typed patients
(Figure 1D), from which there were some DEGs expressed uniquely
in MSA-typed groups, and most of the DEGs were shared in
common. The top 15 DEGs identified in different MSA-typed
IIM patients are shown in Figure 1E.

3.2 Landscape of immune cells in the
PBMCs of patients with [IM

In order to evaluate the fractions of immune cells in the PBMCs
of patients with IIM, CIBERSORTx analysis was performed. By
using the CIBERSORT algorithm, the percentages of 22 types of
immune cells were quantified in all samples (Figure 2A). Compared
with HCs, elevated proportions of monocytes, macrophage M0, and
neutrophils, as well as decreased proportions of memory B cells,
CD8+ T cells, resting memory CD4+ T cells, and resting NK cells,
were shown in IIMs (Figure 2B). The correlation heat map showed
that the monocytes were negatively correlated with CD8+ T cells
(r=-0.7, p < 0.001), resting NK cells (r = —0.66, p < 0.001), and M1
macrophages (r = —0.49, p < 0.05) (Figure 2C). Immune cell
infiltration analysis was also performed in IIM patients with
different MSAs (Supplementary Figures SIA-D). From the above-
mentioned results, the monocyte fractions were significantly
increased in the PBMCs of patients with IIM as well as in anti-
MDA5+ DM patients, anti-Jo-1+ IIM patients, and MSA-
IIM patients.

To further investigate the potential role of monocytes, we
quantified the subsets and related plasma cytokines of monocytes
in IIM patients. Three monocyte subpopulations—
CD14brightCD16- (classical), CD14brightCD16+ (intermediate),
and CD14dimCD16+ (non-classical) monocytes—were quantified
within the broad monocyte gate defined by forward and side
scatter (Figure 3A). The proportion of broad monocytes also
increased in patients (25.92% * 10.78% vs. 15.82% * 4.43%, p <
0.0001) identified by flow cytometry, which supported our results in
the immune infiltration analysis (Figure 3B). At the same time,
elevated proportions of classical (69.87% + 17.58% vs. 62.61%
+ 9.41%, p = 0.0012) and intermediate (9.56% + 7.90% vs. 5.67% =+
3.30%, p = 0.0108) populations and decreased non-classical (6.84% +
7.08% vs. 9.41% + 5.12%, p = 0.0018) monocyte subpopulations were
identified in IIM patients (Figure 3C). Consistent with the monocyte
fraction changes analyzed according to MSA types (Supplementary
Figure S2), the fraction of broad monocytes increased in the PBMCs
of anti-MDA5+ (23.36% =+ 13.11% vs. 15.82% + 4.43%, p = 0.0009),
anti-Jo-1+ (29.79% * 9.82% vs. 15.82% * 4.43%, p = 0.0089), and
MSA- (21.17% + 5.08% vs. 15.82% + 4.43%, p = 0.0018) IIM patients
(Supplementary Figures S2A-D). From the monocyte
subpopulations quantified in MSA-typed patients (Supplementary
Figures S2E-H), the percentages of classical (70.21% + 11.24% vs.
62.61% * 9.41%, p = 0.0382) and intermediate (10.32% * 6.02% vs.
5.67% * 3.30%, p = 0.0040) monocyte subpopulations were also
elevated in anti-MDAS5+ patients; a decreased non-classical (5.12% +
4.67% vs. 9.41% * 5.12%, p = 0.0004) monocyte subpopulation
(Supplementary Figure S2E) was observed as well. As in Figure 3D,
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Identification of differentially expressed genes (DEGs) in patients with idiopathic inflammatory myopathies (IIM). (A) Principal component analysis
(PCA) of transcriptomic profiling in [IM patients with different myositis-specific autoantibodies (n = 23) and healthy controls (HCs; n = 8). (B) Volcano
plot showing DEGs between the IIM and HC groups (pag < 0.05, |log, fold change| >1). (C) Heat map of DEGs between the [IM and HC groups.

(D) Venn diagram showing the overlap of DEGs identified by comparing the HC group and patient groups (p.q; < 0.05, |log, fold change| >1). (E)
Topl5 DEGs identified by comparing the patient groups with HCs. The solid red and dashed green lines represent the up- and downregulated DEGs
separately. The increase of the line width means an increase of |log, fold change| from 4.35 to 22.54.

the expression levels of monocyte-related cytokines or chemokines
also increased in the plasma of patients with IIM, including IL-8
(5.72 £ 2.15 v5. 4.28 £ 0.96, p < 0.0001), CSF-1 (9.30 + 0.38 vs. 8.93 +
0.23, p =0.0001), IL-6 (3.78 + 1.53 vs. 2.31 £ 0.43, p < 0.0001), CCL3
(6.73 £ 0.88 vs. 5.49 £ 0.57, p < 0.0001), TNF (3.86 + 0.45 vs. 3.09
0.28, p < 0.0001), MCP-1 (13.06 + 0.84 vs. 11.45 + 0.48, p < 0.0001),
MCP-2 (11.43 + 1.10 vs. 9.67 £ 1.06, p < 0.0001), and MCP-3 (4.27 +
1.59 vs. 1.04 + 0.64, p < 0.0001).

3.3 Gene set enrichment analysis
identified interferon-related signaling
pathways in [IM

To reveal the potential pathogenic pathways involved in IIM, we
performed GSEA with all genes and visualized pathway gene
expression profiles according to MSAs. The top 15 pathways
enriched in patients with IIM are shown in Figure 4A. The IFN-I
and IFN-II signaling pathways were enriched in the top 15
pathways (Figure 4B). Remarkably, three IFN-related pathways
were enriched in anti-MDA5+ DM patients (Figure 4C), and
these three signaling pathways were significantly activated in anti-
MDAGS5+ patients (Figure 4D). A pathway enrichment analysis was
also performed in patients with IIM of different MSAs
(Supplementary Figures S3A-C). The results demonstrated that
the IFN-I and IFN-II signaling pathways were activated in patients
with anti-TTF1-y antibodies (Supplementary Figure S3D) and MSA-
negative patients (Supplementary Figure S3E). However, differently
from patients with other MSAs, only the IFN-I signaling pathway
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was activated in patients with anti-Jo-1 antibody (Supplementary
Figure S3F).

The genes in interferon-related pathways were extracted and
visualized in heat maps (Figures 4E, F). For all genes in these two
interferon-related pathways, the patients with different MSAs had
distinct expression profiles (Figure 4E). The reactome interferon
signaling was only enriched in the MDAS5 group, and based on the
core enriched genes, certain genes like ISG20, IFNA2, and IFNBI
were specifically highly expressed in anti-MDA5+ patients
(Figure 4F). Above all, in contrast with HCs, the activation of
interferon-related pathways and the upregulation of IFN-related
genes were demonstrated in PBMCs of patients with IIM. The
expression of IFN-I and IFN-II related genes was much more
prominent in anti-MDA5+ DM patients compared with patients
with other MSAs.

3.4 Weighted gene co-expression network
analysis identified key IFN genes

To investigate the potential key genes in IIM, we performed
WGCNA analysis to construct gene co-expression networks,
identified gene modules related to clinical features, and found out
the key DEGs involved in IIM interferon signaling. The optimal soft
threshold value was selected as 12 (scale-free R*=0.8560) to
establish a scale-free network (Figure 5A). A total of 14 merged
gene modules were obtained (Figure 5B). Traits including the
presence or absence of IIM, autoantibody type of patients, clinical
features of the disease, and immune infiltration of samples were
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Landscape of immune infiltration in patients with idiopathic inflammatory myopathies (IIM). (A) Relative percentage of immune cells identified in

patients with IIM (n = 23) and healthy controls (HCs; n =

8). (B) Violin plot showing the comparisons of immune cell fractions between patients with

[IM and HCs. ***P < 0.001; **P < 0.01; *P < 0.05; ns, no significance. (C) Correlation analyses of immune cells in all patients. ***P < 0.001;

**P < 0.01; *P < 0.05.

used to identify key gene modules. Based on the heat map, the
overall IIM trait had closer relationships with the modules than
each autoantibody-typed IIM trait (Figure 5C).

Thus, we selected seven modules based on their eigengene
correlations with the IIM trait for further analysis: magenta (r =
0.79, p = 1e-07), yellow-green (r = 0.78, p = 2e-07), dark orange
(r=-0.63, p = 1e-04), yellow (r = 0.61, p = 3e-04), dark red (r = 0.47,
p =0.007), light cyan (r = 0.43, p = 0.01), and dark green (r=-0.41, p
=0.02) modules. At the same time, these modules also showed close
relationships with other traits (Figure 5C). For the IIM trait, a total
of 1,288 hub genes were identified in the seven modules with the
following criteria: |GS| >0.2 and [MM] >0.8 (Figure 5D).

To further identify significant genes involved in interferon
signaling pathways, a conjoint analysis was performed with the
DEGs of IIM, hub genes identified in WCGNA, and 204 genes from
the reactome IFN signaling. A total of 29 genes were recognized as
overlapped genes (Figure 5E), and a PPI network of these genes was
constructed to demonstrate their relationships, which contained
TRIM25, DDX58, IRF7, STATI, STAT2, and so on (Figure 5F).
Moreover, IFIHI, ADAR, and, TBX21 were identified as hub genes,
which were also related to IFN pathways.
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3.5 Validation of IFN-related genes in the
PBMCs of patients with IIM

To validate our findings, we further evaluated the interested
IFN-related genes in IIM patients. TRIM25, DDX58, IRF7, STATI,
and STAT2 genes were chosen from among the 29 common genes.
IFIHI, ADAR, and TBX21 were selected from WGCNA hub genes,
in which IFIHI was also from IIM DEGs and ADAR belonged to the
reactome interferon signaling. We also validated MNDA from the
DEGs of patients with IIM.

As shown in Figure 6A, the upregulation of IRF7 (1.51 + 0.99 vs.
1.06 £ 0.36, p = 0.0044), STATI (1.27 + 0.58 vs. 1.06 + 0.39, p =
0.0126), and MNDA (1.27 + 0.44 vs. 1.02 = 0.17, p = 0.0008) and the
downregulation of ADAR (0.95 + 0.41 vs. 1.01 + 0.16, p = 0.0480)
and TBX21 (0.49 £ 0.38 vs. 1.07 + 0.44, p < 0.0001) were detected in
patients with IIM compared with HCs. We also detected the levels
of IRF7, STAT1, STAT2, and SHP-1 proteins. As shown in
Figure 6B, the increased protein expression of IRF7 (1.13 + 0.32
vs. 0.79 + 0.18, p = 0.0336), STAT1 (1.14 + 0.30 vs. 0.66 + 0.20, p =
0.0055), STAT2 (1.12 + 0.36 vs. 0.56 + 0.10, p = 0.0234), p-STAT1
(1.00 £ 0.27 vs. 0.57 £ 0.19, p = 0.0063), and p-STAT2 (1.03 + 1.16
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Monocyte subpopulations and plasma protein expressions quantified in idiopathic inflammatory myopathies (IIM). (A) Representative flow cytometry
gating scheme to identify CD14dimCD16+, CD14brightCD16+, and CD14brightCD16- monocyte subpopulations in peripheral blood mononuclear
cells (PBMCs) of IIM patients (n = 40) and healthy controls (HCs; n = 39). (B) Elevated monocyte fractions in PBMCs of IIM patients. (C) Changed
frequencies of monocyte subpopulations in patients with I[IM. (D) Expression levels of macrophage—monocyte-related proteins in the plasma of I1IM
patients (n = 25) and HCs (n = 29). ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, no significance.

vs. 0.64 + 0.09, p = 0.0001) was shown in the PBMCs of patients
with IIM, and this altered protein expression mode represents the
activation of IFN-I signaling and downstream JAK-STAT
pathways. To further investigate the clinical meaning of these
nine validated genes, we performed ROC analyses and calculated
correlations between their mRNA expression and clinical laboratory
data. As in Figure 6C, TBX21 (AUC = 0.8848, 95%CI = 0.8206-
0.9490) had a moderate value in IIM diagnosing, and ADAR
(AUC = 0.6180, 95%CI = 0.5135-0.7224), STAT1 (AUC = 0.639%4,
95%CI = 0.5346-0.7442), MNDA (AUC = 0.6880, 95%CI = 0.5889-
0.7872), and IRF7 (AUC = 0.6287, 95%CI = 0.5251-0.7323) had a
low diagnostic value. Their expressions were also related to some
clinical indicators, such as WBC, ESR, AST, and so on (Figure 6D).

To know the expressions of the validated genes in anti-MDA5+
patients, comparisons were also made within IIM patients.
Increased levels of IFIHI (1.55 + 0.59 vs. 1.01 £ 0.21, p = 0.0011),
IRF7(1.99 + 1.02 vs. 1.06 + 0.36, p < 0.0001), STAT1 (1.56 + 0.58 vs.
1.06 £ 0.39, p = 0.0001), and MNDA (1.43 + 0.53 vs. 1.02+ 0.17,p =
0.0003) as well as decreased levels of TBX21 (0.52 + 0.54 vs. 1.07 +
0.44, p < 0.0001) were shown in anti-MDA5+ IIM patients in
contrast with HCs (Figure 7A). Compared with patients without
anti-MDA5 antibodies, elevated expressions of DDX58 (1.19 + 0.49
vs. 0.81 + 0.44, p = 0.0056), IFIHI (1.55 + 0.59 vs. 0.84 + 0.41, p <
0.0001), IRF7 (1.99 + 1.02 vs. 1.11 + 0.79, p = 0.0001), STATI
(1.56 + 0.58 vs. 1.05 + 0.48, p = 0.0008), STAT2 (1.18 + 0.45 vs.
0.85 £ 0.46, p = 0.0008), ADAR (1.16 + 0.43 vs. 0.86 = 0.38, p =
0.0072), and TRIM25 (1.28 £ 0.48 vs. 0.99 £ 0.67, p = 0.0005) were
found in anti-MDA5+ IIM patients (Figure 7A). Moreover, for anti-
MDA5+ IIM patients, correlation analyses of the levels of
anti-MDAS5 Abs with IFN-I genes were performed. The levels of
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anti-MDAS5 Abs correlated positively with IRF7 (r = 0.4837, 95%CI
=0.1314-0.7276, p = 0.0078), IFIHI (r = 0.4739, 95%CI = 0.1188-
0.7215, p = 0.0094), and STATI (r = 0.3754, 95%CI = -0.0011-
0.6586, p = 0.0448) (Figure 7B), while there was no correlation
between the levels of anti-MDAS5 Abs with DDX58, STAT2, ADAR,
MNDA, TBX21, and TRIM25. For anti-MDA5+ IIM diagnosis,
IFIHI (AUC = 0.8028, 95%CI = 0.6944-0.9113), IRF7 (AUC =
0.8100, 95%CI = 0.7053-0.9146), MNDA (AUC = 0.7586, 95%CI =
0.6317-0.8855), STATI (AUC = 0.7923, 95%CI = 0.6860-0.8987),
and TBX21 (AUC = 0.8333, 95%CI = 0.6870-0.9796) had a
moderate potential, and TRIM25 (AUC = 0.6627, 95%CI =
0.5220-0.8033) had a low potential (Figure 7C). Eight of the nine
validated genes could distinguish anti-MDAS5+ IIM patients from
anti-MDAS5- patients, and most of them showed a moderately
distinguished value (Figure 7C).

From the discussion above, genes related to IFN pathway were
highly expressed in patients with IIM, at both mRNA and protein
levels. These IFN-related genes also had the potential in disease
diagnosis and were correlated with multiple laboratory parameters,
indicating their clinical significance for IIM. Moreover, compared
with anti-MDAS5- patients with IIM, a more predominant IFN gene
signature was shown in anti-MDAS5+ IIM patients, indicating the
pathogenetic difference of patients with different MSAs.

3.6 Expression of IFN-related genes in
monocytes of patients with [IM

As we have demonstrated above, monocytes and monocyte
subpopulations were remarkably altered in the PBMCs of patients
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Gene set enrichment analysis of patients with idiopathic inflammatory myopathies (IIM) and anti-MDA5+ dermatomyositis (DM) patients. (A) Top 15
significantly enriched pathways in patients with [IM (n = 23) compared with healthy controls (HCs; n = 8). (B) Two interferon (IFN)-related pathways
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in the reactome interferon signaling enriched in anti-MDA5+ DM patients.

with IIM. The levels of monocyte related cytokines were increased
as well (Figure 3). Next, IFN-related gene expression was then
quantified in monocytes. The results revealed that DDX58 (1.66 +
0.80 vs. 1.09 + 0.48, p = 0.0294), IFIHI (1.56 + 0.63 vs. 1.06 + 0.41,
p =0.0304), IRF7 (2.78 + 1.25 vs. 1.05 + 0.37, p < 0.0001), STATI
(1.67 + 0.70 vs. 1.06 + 0.39, p = 0.0116), STAT2 (1.91 + 0.80 vs.
1.03 + 0.26, p = 0.0013), ADAR (1.44 + 0.47 vs. 1.03 + 0.25, p =
0.0027), and TRIM25 (1.53 £ 0.41 vs. 1.02 £ 0.20, p = 0.0005) were
elevated in the monocytes of patients with IIM (Figure 8A).
Increased protein levels of IRF7 (0.87 + 0.30 vs. 0.48 + 0.15, p =
0.0058) and p-STAT2 (0.82 + 0.30 vs. 0.49 + 0.20, p = 0.0198) and
decreased SHP1 (0.28 + 0.10 vs. 0.54 + 0.18, p = 0.0029) levels were
also shown (Figure 8B). The ROC analysis indicated that IRF7
(AUC = 0.9145, 95%CI = 0.8001-1.0000) expressed by monocytes
had a high accuracy in the diagnosis of IIM (Figure 8C), and
monocyte-expressed STATI (AUC = 0.7650, 95%CI = 0.5672-
0.9627), STAT2 (AUC = 0.8611, 95%CI = 0.7115-1.0000), IFIHI
(AUC = 0.7262, 95%CI = 0.5314-0.9209), DDX58 (AUC = 0.7183,
95%CI = 0.5348-0.9017), ADAR (AUC = 0.8056, 95%CI = 0.6510-
0.9601), and TRIM25 (AUC = 0.8968, 95%CI = 0.7895-1.0000)
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demonstrated a moderate value in the diagnosis of patients with
IIM (Figure 8C).

From these results, IFN-related genes were highly expressed by
monocytes of IIM patients. Combined with its elevated
subpopulations and related cytokine levels, monocytes may play

an important role in IIM disease.

4 Discussion

Our study shows that gene expression profiles are significantly
altered in patients with IIM, including the activation of IFN
signaling. IFN-related genes were more prominently expressed in
anti-MDA5+ IIM patients compared with patients with other
MSAs. Monocytes rose in patients, exhibited a proinflammatory
feature, and contributed to IFN signature.

Interferons are cytokines that can be widely produced by cells to
induce antiviral states and regulate immune responses when the
human body is invaded by pathogens (25). Type I interferon (IFN-
I), type Il interferon (IFN-II), and type III interferon (IFN-III) share

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1169057
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

10.3389/fimmu.2023.1169057

o Gene dendrogram and module colors P
& ) pesziA]
3 Scale independence Mean connectivity -
g
5~ 182 s i
@ T 1416 34 @ |
P 89 - =3
[ 7 2 £
3 6 3 =3
B 3 B g @ 8
= s 2 g T
> [
g |« § 1, -
3 c S
8ol 3 &
[ 234
9 el s ]
2 o
[ 4
32 ®6; Dynarmic Tree Cut H |III I[I “H ”I
geh o 84101214 16 182
— T i
5 b 2D 5 fo 5 Jo Merged dynamic I
Soft Threshold (power) Soft Threshold (power)
Cc Module-trait relationship
MElightgreen 025 025 019 -017 012 022 02 02 -027 02 0070 02 012 0031 0061 0037 0057 [OM| 022 0019 -001 =026 007 015 025 |S0M 016 022 024
'ghtg! ©2 02 ©3 03 05 ©2 O 02 O 02 ©7 @1 05 ©n 05 08 03 |00 02 O o 02 05 09 02 @6 69 05 0 1
MEdarkgre: 011 011 0081 002 015 -013 0068 -00S1 0062 0063 019 022 02 -0061 -013 015 013 0056 -025 |03 -0072 -021 005 0071 -005 031 -0076 D23 -0088 019
grey 09 ©8 07 09 @4 ©5 07 07 ) 08 03 02 O 07 05 ©4) 05 05 02 8 O0) 03 09 O ©8 O 0H 02 08 ©3
i 027 025 ~ - 27 015 026 015 JlokB] 0o 015 022 037 032 011 016 0019 <03
MEdarkturquoise ©) @) 02 09 04 03 02 02 ©2 03 08 O3 O 04 02 04 05 05 04 ©2 04 mn.mm ©4) ©9) O ©3 ©8 ©3)
MEmidnightblue 031 031 -0095 025 028 -002 011 0064-00083 0.5 012 027 -0037 -013 -027 021 018 0078 017 026 0059 |S0AT-0.00190.063 014 017 -009 0035 0082 021
g 009 009 06 ©2 01 09 09 07 O 0 05 09 05 G5 @y 69 05 07 64 65 09 008 @ ©5 05 09 05 05 G5 60 05
MEtan 011 011 023 00M4 0067 0074 014 -0039 -017 -01 -07 -013 038 0079 036 -0050 022 -0011 034 034 027 -010 [EGH| 016 031 -029 -011 038 0018 -022
09 05 02 09 07 ©) 0§ 08 4§ 05 (04 ©5 0 O7) 00 05 ©2 O (©06) ©F ) 03 0 04 €01 O ©5 08 09 ©2
MEdarkgreen 041 041 =037 0054 0059 015 -02 025 -0073/=038 00084 015 03 011 03 023 015 014 —00ooliSEE 010 029 012 -013 -021 038l 0006
9 (002 002 04 0B ©7 ©4 03 (2 ©7 08 M ©4 O ©o e 02 ©4 03 08 03 ©) 05 ©5 ©3 8 0
MEdarkorange 025 010 0059 -02 <038 “557 041 015 004 [082| 016 o079 01 005 0084 041 011 029 0065 -022 034 034 014|043
orang ©2) ©3 ©8 (©3) 004 ©04) 002) (03) (©5) (0003) (0.4) ©7) ©8) (08 (07) 002 ©5) ©1) ©8 (02 (00) (0.08) (©5) (001 0
MEdarkred 15 015 -0085 032 031 032 0062 021 017 0070 020 -022 [BOGM -0077 -021 -03 015 -021 003 04 018 003 033
©4 ©6) (008 009 (008 ©7 ©3 ©4 ©7 O 02 on @a ©n 6o 09 04 03 ©8 (002 03 ©9 ©on
4 om -0t 02 018 023 011 -00048 0083 00031 008 021 034 038 -012| 082
5 o0z o0z ooz 018 020 0025 0051 011|044 0. 02 005 017 025 03 o015
MEmagenta o5 G 05 06 6o 65 6o 65 ©0 09 @5 @ 05 b5 06 @6 0a ©2 09 03 02 O 04
MEblack 013 013 018 0004 00024 016 0085 021 039 0041-00015 024 016 lGUG 016 -0057 033 022 015 0043 019 0020 -D26 021 018 00 012 0019 017 0001 -05
©5 05 03 05 () ©4 09 03 ) 05 ) ©2 O 005 03 07 ©0) ©2 © 08 ©I 09 02 ©2 03 O 05 09 04 O
MElighteyan 01 -0007g42] 0012 013 0.1 011 01 =028 o0t 061 -0.15 0074 021 0,088/ 074 0013 011 013 | 04 WoA7
Ightcy: @0 0 06 05 ©9 09 02 008 05 ©9 05 05 (0004) 05 (©7) (©2) (6 (0%8) (04) (05 ©7) ©9) ©8 ©5 (©03) (0008)
MEyellow 0019 017 =042 J688) -0 0027 028 [=042 004 003 -017 04 00s 017 018 021 038
Y¢ ©5 ©n 6oy 67 ©a Gon ©O 09 ©4) ma) W e mm ©0) 05 09 06 63 09 ] ©03) ©5) (04 (03 ©3 (003
MEgre 0038 0050 0081 004 -0048 0,081 0,021 021 024 028 0081 017 03 -1
grey 4n!J mw\ ©8 ©8 @7 ms) mm ma» m?) ms} Anz) AM mnm ©8) 07 ©9) ms) mAy MJ 03 (02 ©H 07 ©4 ©1
@ 3 @ <} D & D I
S EFET PSS SO 2809 P %0 P B E g T TS S (O
\&&\ & & @ 5@ & S E @ e@@\«c@
vi”‘v NS TN P e S PP P o S
e SPFEE F T F F L 0 P
2 S & & & S
P& 5 <~ R &
CPE @ @ T F W
P FUE $
NS N
& o
A
D vs. i Module ipvs. igni Module membership vs. gene significance
cor=05.pes se-36 cor=0.72, p=2.5-171 N <0r=0.53, p=0.4e-28
ES s N
5 ° 5 o
5, 3o &
ge g° g
5o - g 5
£°] .,° g 83
gy ° 8° 5 o
Eol . s £
8 3° 8
alo®o
05 06 07 08 09 10 “0d3 04 05 06 07 08 0Os 04 06 08 4 06 07 08 09
Hodl arcer ngreenyolow o Mode Membership in magenta moduie Module Membership in yellow module Module Membership in darkorange module
Module ip vs. gene signi
Corm03, poi 30-05 cor=0.44, p=1.50-22 cor=0.25, p=2e-06 E IMDEGs  WGCNA hub
2 3 O
H] ERR
53 &°
8 8
g3 i3
£° £°
£s g3
3 3
° °

10
Module Membership n ightcyan module

2
Module Membership in darkred module

FIGURE 5

02 08
Module Membership in darkgreen module

INTERFERON SIGNALING
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of the 29 key interferon-related DEGs.

overlapping downstream pathways like the JAK-STAT signaling
pathway (26). Aberrant IFN signatures, especially IFN-I, have been
reported in IIM. As described before, an activated IFN signature has
been verified in diverse tissue types (11-13). The IFN signature also
differs in clinical phenotypic IIM subsets, such as activated IFN
pathways in the muscles of adult DM patients, instead of in others
like PM (10, 27). Moreover, distinct expressions of IFN1-inducible
and IFN2-inducible genes were also observed in the muscles of
patients (27). In DEG identification of this study, MSA-typed IIM
patients shared most of the overlapped DEGs, with some being
uniquely expressed, where IF127 (ISG12), identified as a commonly
upregulated topmost DEG in patients, was reported to be
transcriptionally upregulated in response to IFN-I (28). Pathway
enrichment analysis revealed the consistent activation of IFN-
related pathways. More topmost IFN-related genes were enriched
in anti-MDAS5+ patients, while anti-Jo-1+ patients had fewer

Frontiers in Immunology

enriched IFN-related pathways. Just as in a study by Iago Pinal-
Fernandez et al., IFN-I inducible genes were highly expressed in
DM and moderately expressed in anti-synthetase syndrome (27).
We verified nine IFN-related genes in an expanded patient
cohort. At both mRNA and protein levels, our validation confirms
the IFN signaling activation in IIM PBMCs, and the genes involved
are helpful in disease diagnosis. Anti-MDA5+ patients had a more
pronounced degree of IFN-related gene deregulation than anti-
MDAG5- patients. Previous studies have pointed out the key role of
IFN pathways in IIM pathophysiology (10)—for instance, IFN-I
disrupts myoblast differentiation and induces myotube atrophy in
vitro as well as undermines vascular network organization (29).
Mitochondrial dysfunctions mediated by IFN-B-induced ROS lead
to muscle inflammation and thus can cause a disease to be self-
sustaining (28). Accumulating evidence indicates the possible
correlation of MSAs and IFN in IIM. In an experimental myositis

135 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1169057
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

10.3389/fimmu.2023.1169057

A IRF7 STAT1 e et
DDXs8 o TFH - *x . * ADAR N 5 TRIM25
25 - - - _ _ A : 5 -
5 z z | - z 3z z z z z
Tz HEE 3 £3, H HERE HAN 3 HE
<3 38 | ... 384 ¢ s | " . 38 587 ... $8% .4, 387 34
g9 Zo,f it e | ... 22] sos 1 B2 Ee | W Ee 3? e E2 Ee :
Ze Y . .
§3 10 £ | s one 23,00 L g3 % sin 23 $3, 5 23, - £3, s3] o ..
i sigw il It B gi N HlEg
gRos 27 | N2 2% § i s g% g7 | 5% 2% . 23 EER -
00 [ — — — — o ol
wone W He ™ He W He W He ™ He W He
B p-IRF7 p-STAT2 p-STAT1
R cR—— ] = 157 15w
130kDa  ZE 2z wxx o
= ——— T 130kDa g £ 109 £ 10 ——r T L
R i Ly, eEE=sss
. 3 5% H
LT TP R | i i
220l 22 22 BActn 40kDa
00 00
p-RF7 il e s = o o 55 kDa M HC M HC m  Hc
B-Actin 40 kDa 204 209 204 1.5 P 2.0-
ZE * £E * 2T *x ZE 2T
HC 117 55159 5§15 58 1e 55, §31s
£ 104 53 104 £ 1.04 53T £33 10
P-STAT1 2 £ 054 2 £ 054 2 £ 054 ZE ZEos
25 25 EH g5 25
oactn wwa £2 i &2 2¢ tH
004 00 00 00 00
L HC ™ HC m HC I~ HC ™M HC
> FoA QBN e &
S 4 F e LT AP R RN R R AL
D Fo ¢ SIS ITFELIT TS P FSe 0 S
TBX21 023 0.05 0.06 ~0.16 0.39 0.08 ~0.15-0.120.27 0.2 0.39 0.23 0.26 0,51 0.7 0.09 -0220.08 0.1 -0.180.12 0 -0.27-0.27-0.15
Cc3 03 023 0.22 0.47 0.27 0.13 -0.18 -0.2 -0.22-0.19-0.16-0.17-0.17-0.15-0.03 0.11 ~0.09 0.24 0.18 0.19 0.04 0.41-0.01 0.07
C ca 05 0.1 -0.04 047 -0.07 022 0.06 0.13 003 0.5 0.18 0.13 0.12 0.09 008 -0.07029 025 0.11-0.18037 007 014
PLT 04 028 0.08 0.08 -0.1-0.19-0.18-0.21-0.17-0.17-0.02 0.1 0.09 0.19 0.17 02 0.1 0.11 0.14-0.09 0.08 0.07
wec 19 016 007 027
Lym 5 11007 002 03-002-018
Hgb .24 -0.08-0.19-0.13-0.12 0,03 -0.44-0.18-0.47 0,07 01 ~0.07 0.3 -0.02 0.4 ~0.1 0.06 ~0,03-0.01 05
KL-6 0.07-0.08-0.06 ~0.2 -0.04-0.07-0.18-0.13-0.13 0.22 0.16 0.1 0.01 029 0.16 0.07 0.1 0.1
MNDA 057 0.43 0.30 045 0.23 0.06 0.1 016 0 0.03-0.130.06 031 026
R STATY - 011007014 001 0260.16 025005008 011
E IRF7 B3 035 0.16 0.13 026 0.06 0.25 033 0.18 0.24 04
2 sTAT2 B = 02 007004 003007013 020-038007 0.13
2 DDX58 - 021-005 001 -0.02-0.05 018 015 042 0.7 0.45 o
3 R IFIH1 ] 018 007 017 023-009 04 033 015 011 028
_ ADAR (AUC = 0,6180) ADAR . 016 01 0,08 0.07 -0.18 0.12-0.06-0.02 007 0.14
207 _ TBX21 (AUC = 0.8848) TRIM25 = 021006003 031 01 013 018 017 015 025
1 — STAT1 (AUC = 0.6394) oK
MNDA (AUC = 0.6880) Lo
IRF7 (AUC = 0.6287)
04 g
20 40 60 80 100 ESR -05

CRP
10A
1gG

100% - Specificity%

Ferritin | [«
AT &

AST

FIGURE 6

Validation of interferon-related genes in the peripheral blood mononuclear cells of patients with idiopathic infammatory myopathies (IIM). (A)
Expression levels of DDX58, IFIH1, IRF7, STAT1, STAT2, ADAR, MNDA, TBX21, and TRIM25 detected in patients with IIM (n = 93) and heathy controls
(HCs; n = 57) by qRT-PCR. (B) Expression of IRF7, p-IRF7, STATL, p-STAT1, STAT2, p- STAT2, SHP1, and p-SHP1 detected in patients with [IM (n = 5)
and HCs (n = 8) by Western blotting. (C) Receiver operating characteristic analyses of the validated genes in the diagnosis of [IM. (D) Heat map of
the correlation between laboratory parameters and gene expressions in patients with IIM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

model induced with TIF1y, IFN-I is essential (30). The TRIM33/
TIF1y deficiency results in a high and sustained expression of
interferon-f3 gene in macrophages (31). Immune complexes (ICs)
containing anti-Jo-1 and RNA may act as endogenous inducers to
activate IFN-a production (32). In muscle tissues from anti-Jo-1+
IIM patients, the B-cell-activating factor of the tumor necrosis
factor family (BAFF) is involved in autoantibody production, of
which the levels may be influenced by IFN-I (33). Our work
complements the previous studies by characterizing the gene
expression profiles of PBMCs in IIM patients with different
MSAs. Our finding supports the clinical treatment consideration
targeted by the IFN pathway, including the use of anti-IFN-o
antibody sifalimumab and the use of JAK inhibitors like
ruxolitinib and tofacitinib (29, 34, 35).

Upregulated IFN signatures in anti-MDA5+ IIM patients have
been reported, especially when compared with anti-MDA5-
patients. The serum IFN-o of anti-MDAS5+ patients can be used
as a biomarker and may reflect the existence of a rapidly progressive
interstitial lung disease (36). A stronger IFN-I signature was found
in the skin tissue of anti-MDAS5+ than anti-MDA5- DM, and IFN-
K, mainly secreted by keratinocytes, possibly participates in skin
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pathophysiology (37). The expressions of ISGs were also
upregulated in a muscle biopsy of anti-MDA5+ DM; however, the
IFN score was lower than in classic DM patients (38). Our research
shows that the PBMCs of anti-MDAS5+ IIM patients have a more
pronounced IFN signature, which is correlated positively with the
level of anti-MDAS5 Abs. This observation may be explained by
many findings that highlighted the correlations of anti-MDAS5
antibodies (Abs) and IFN. The MDAS5 protein is a viral dsRNA
sensor which can induce antiviral gene transcription like IFN-I
genes and promote proinflammatory cytokine production (39). Abs
may bind to MDA5+ cells to induce the aberrant activation of IFN
pathway (39). ICs formed by MDA5 and Abs induce IFN-o
production in vitro, and other monoclonal autoantibodies that
existed in anti-MDA5+ DM patients could trigger IFN-y
production directly (40, 41). Combined with previous evidence,
our findings strongly support the anti-IFN treatment choice for IIM
patients with anti-MDAS5 antibody. Additionally, pathways like
neutrophil granulation and DNA methylation were also highly
activated in anti-MDAS5+ patients. Methylation alterations have
been found out in affected muscles of JDM, which relate to a self-
renewal capacity (42). The aberrant DNA methylation in CD4+ T
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FIGURE 7

Expression of interferon-related genes in the peripheral blood mononuclear cells of anti-MDA5+ idiopathic inflammatory myopathy (IIM) patients.

(A) The expression levels of the nine validated genes were compared among anti-MDA5+ |IM patients (n = 29), anti-MDA5- |IM patients (n = 64), and
healthy controls (n = 57). (B) Correlation analyses of anti-MDA5 antibody levels with the expressions of IFIH1, IRF7, and STAT1 genes in anti-MDA5+
[IM patients, with the correlation coefficient r values, p values, and 95% confidence intervals indicated. (C) Receiver operating characteristic analyses
of the validated genes in distinguishing anti-MDA5+ patients. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

cells was also found to be associated with systemic lupus
erythematosus (SLE) and systemic sclerosis (43).

The monocytes in our study fill a gap of previous studies showing
the proinflammatory role of monocytes in IIM. Both from immune
cell infiltration and flow cytometry results, the monocytes increased.
Patients with IIM had more classical and intermediate monocyte
subpopulations and also fewer non-classical subpopulations. This
change was also manifested by anti-MDA5+ patients. The plasma
levels of monocyte-related proinflammatory cytokines and
chemokines increased, and the monocytes in patients had
upregulated IFN-related gene expressions. Consistent with a
previous research, patients with IIM had increased monocytes (44).
Active IIM patients were found with decreased classical and increased
intermediate monocyte subsets, and intermediate monocytes
increased in treatment-responsive patients, while it decreased in
non-responders (45, 46). Our data showed elevated classical and
intermediate as well as reduced non-classical subset fractions of
monocytes, representing more proinflammatory and fewer anti-
inflammatory phenotypic monocytes in IIM. Monocytes/
macrophages have been verified as the major producer of
inflammatory cytokines in the arthritic lesions of rheumatoid
arthritis (47). We also found the plasma level of proinflammatory
cytokines like IL-6 and TNF as well as chemokines like CCL3 and
MCPs to have been increased, suggesting the possibly promoted
proinflammatory cytokine secretion by monocytes and enhanced

Frontiers in Immunology

chemotaxis to damaged sites. The monocytes in patients also
expressed upregulated IFN-related genes, which, with its increased
amount, may be a potentially significant cell source of IFN signatures.
The monocytes/macrophages have been found to be associated with
the IFN signature of PBMCs of SLE, in which the classical subset is the
primary IFN-I responder (48). Here in this research, we find that the
monocytes of IIM patients exhibited a proinflammatory characteristic,
including increase to a broad population and altered subset fractions,
and possibly promoted cytokine/chemokine production, which also
contribute to the IFN signature. In the study of Ye et al., the immune
signatures of peripheral B and T cells were demonstrated, revealing the
IFN-I signature in anti-MDA5+ DM patients (14). We investigated
the transcriptomic profiling of IIM patients with different MSAs in our
study. The IFN-I and IFN-II signatures were prominent in anti-
MDAS5+ IIM patients compared with patients with other MSAs. In
addition, we emphasized the pivotal role of monocytes in patients with
ITM. Monocytes exhibited a proinflammatory feature and contributed
to the IFN signature of IIM patients in our study.

5 Limitations

This study had several limitations. Firstly, patients with IIM of
all kinds of MSAs were not enrolled. Secondly, this was a single-
center study. Thirdly, absolute count beads were not added in

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1169057
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

10.3389/fimmu.2023.1169057

IRF7 B
DDX58 IFIH1 ___HC M HC m
P —_—
S * EF S o
8sl 2 EX ! 284 -STAT2 130kDa  p-STAT :'_100 kDa
53 A < < 2 << P Acti
£38 . 33 £35 ) phctin[= = = % = = = =|_400a
$3 i 53 £z, 55 kDa He m
83514 |2 53 s3] p
%7 [7] [ #% ¥ - - S TTET
W e prcin[= = == = = = =| 40k0a
4 STATM . - p-IRF7 p-STAT2 p-STAT1 p-SHP1
* 1.59 1.59 54 2.0
sz Tz Tz ZE 2E * 2E zg
883 88 3 8 23 23 23 23 |
<< << << 24 9 893 89 8315
Z0 Z0 20 E 1.0 E2 1.0 £ & 1.0 Ea
Zg,l Zg,] Zg se ) ) 52
Eg EZ ES ST ST . 5T £ 104
g8 g8 22, | L 28 23 S8
2. £24 52 25 05 £ 05 25 05 g
3T 3% ST FE FE FE g E 05
we e we e 22 22 e
0.0+ 0.0+ 0.0+ 0.0+
m HC m HC I HC ™ HC
MNDA - - IRF7 STAT2 STAT1 S::'N
25 - - > 1.59 ok > 159 > 1.59 > 0.89
I ST 5 z z £
T 320 30 - k- k- k-
§g20 2, 22, ] 5§38 £3 55 osd
<< Z0 Z0 E 1.0+ E@ 1.0 £ 1.0 Ea
2918 ) xo ze T8 T8 T8
E2 ES ES 5% 5% §% §3 049
2810 22 28 aN aN aN SR
28 52" £2" 25 05 25 05 25 05 23
3508 % 2% 5t st BE FE 0%
€ &s we e 2e 2E S
0.0+ 0.0+ 0.0+ 0.0-
m HC m HC M HC M HC

Sensitivity%

STAT2 (AUC = 0.8611)
STAT1 (AUC =0.765)
(AUC =0.9145)

— IRF7 (AUC = 0.

— IFIH1 (AUC = 0.7262)
— ADAR (AUC = 0.8056)
— TRIM25 (AUC = 0.8968)

FIGURE 8

2 a0 60 80
100% - Specificity%

100

Validation of interferon-related genes in the monocytes of patients with idiopathic inflammatory myopathies (IIM). (A) Expression levels of DDX58,
IFIH1, IRF7, STAT1, STAT2, ADAR, MNDA, TBX21, and TRIM25 detected in the monocytes of patients with IIM (n = 14) and healthy controls (HCs;

n = 18) by qRT-PCR. (B) Expression of IRF7, p-IRF7, STAT1, p-STAT1, STAT2, p-STAT2, SHP1, and p-SHP1 detected in the monocytes of patients with
[IM (n = 8) and HCs (n = 8) by Western blotting. (C) Receiver operating characteristic analyses of the genes expressed by monocytes in the diagnosis

of M. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

performing the flow cytometry experiment, so it was not able to
calculate the absolute counts of monocytes in our study. Fourthly,
the mechanisms and factors influencing the activation of the IFN
pathway in patients with anti-MDA5+ IIM need to be further
explored. Furthermore, the proinflammatory role of monocytes
with IFN-I activation in the pathogenesis of anti-MDA5+ IIM
patients is worth exploring.

6 Conclusions

In conclusion, our study demonstrated that the genes in patients
with IIM were remarkably altered compared with HCs. IFN
signatures were found in IIM patients with different MSAs. IFN
expression profiling was more prominent in anti-MDA5+ DM
patients. The monocytes showed a proinflammatory characteristic
and contributed to the IFN signature of PBMCs of IIM patients.
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Systemic sclerosis (SSc) is an intricate systemic autoimmune disease with
pathological features such as vascular injury, immune dysregulation, and
extensive fibrosis of the skin and multiple organs. Treatment options are
limited; however, recently, mesenchymal stem cell-derived extracellular
vesicles (MSC-EVs) have been acknowledged in preclinical and clinical trials as
being useful in treating autoimmune diseases and are likely superior to MSCs
alone. Recent research has also shown that MSC-EVs can ameliorate SSc and the
pathological changes in vasculopathy, immune dysfunction, and fibrosis. This
review summarizes the therapeutic effects of MSC-EVs on SSc and the
mechanisms that have been discovered to provide a theoretical basis for
future studies on the role of MSC-EVs in treating SSc.

KEYWORDS

systemic sclerosis, fibrosis, mesenchymal stem cell, extracellular vesicle, vascular injury

1 Introduction

Systemic sclerosis (SSc) is a complex and chronic connective tissue disorder with an
incidence of 17.6 per 10,000 (1). The pathogenesis of SSc is dominated by disorders in three
major areas of pathophysiology: vasculopathy, immune dysfunction, and fibrosis. The
disease progression is cumulative with amplified effects that primarily involve endothelial
cell (EC) activation and the recruitment of inflammatory cells, followed by the release of
various factors. This results in fibroblast activation and the deposition of extracellular
matrix (ECM) proteins (2).
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However, the etiology of SSc is complex and unclear since
epigenetics, environmental factors, and a history of infection and
drugs may all contribute to SSc. Genetics is the primary factor, and a
survey has shown the percentage of relatives of patients with SSc
suffering from the disease is higher than that of the general
population (3). In addition, genetic factor studies at different
levels of genetic information have advanced considerably with the
development of technology and lower costs. There is a close
relationship between human leukocyte antigen (HLA) locus genes
and SSc, and 32 non-HLA loci have been identified (4). This opens
up promising possibilities for the use of precision medicine for SSc
patients. It has been shown that viruses could trigger SSc, in
particular parvovirus B19 (5), cytomegalovirus, Epstein-Barr
virus, and retroviruses (6). Intriguingly, recent findings that
SARS-CoV-2 may be involved in the occurrence of SSc have been
disputed. Although COVID-19 in patients only affects the incidence
of SSc minimally (7), both diseases have manifestations of
endothelial damage, making it possible for them to correlate (8).

Clinically, SSc is primarily characterized by skin fibrosis and the
accelerated progression of organ-associated complications, which
include the early appearance of arthropathy, gastrointestinal
dysmotility, myositis, and Raynaud’s phenomenon (9), and late
stages of severe pulmonary or cardiac complications with significant
morbidity and mortality rates (10). Further characteristics of SSc
include a prevalence rate that is approximately four times higher in
women than that in men, an age of onset between 30 and 60 years
(1), an incidence rate higher in North America than that in
northern Europe (11), and a more rapid and severe disease
progression in African-American patients (12).

Faced with cumulative and persistent multi-organ symptoms,
no single approach to the treatment of SSc has proven uniformly
effective. Current clinical treatments are mainly palliative, and
current management strategies focus on treating the symptoms,
accompanied by systemic immunotherapy (13). Early intervention
with drugs for vascular modulation, especially during the early
symptoms of vascular injury, substantially mitigates sclerosis
associated with pulmonary hypertension and reduces the risk of
mortality associated with scleroderma renal crisis (14, 15).
Immunosuppressive drugs are typically used during the active
and diffuse phases of the disease and may result in a poor
prognosis for patients with SSc (13). In addition, hematopoietic
stem cell transplantation and several agents targeting potential
drivers of disease pathogenesis, such as T cells, B cells,
transforming germinal factor (TGF) B, and interleukin (IL)-6, are
under evaluation as possible therapeutic agents in clinical trials
(16-18).

Mesenchymal stem cells (MSCs) have the capacity to not only
modulate immune cell activity but also stimulate tissue
regeneration, mainly by secreting extracellular vesicles (EVs),
which in turn play a role in the functional treatment of diseases
(19). EVs secreted by MSCs contain a variety of bioactive substances
such as DNA, mRNA, long non-coding RNA (IncRNA), proteins,
and lipids and may be classified into three subtypes based on their
size: exosomes (Exos; 30-100 nm), microvesicles (50-2,000 nm),
and apoptotic bodies (50-5,000 nm) (20). Exos have the highest
degree of homogeneity and are the most complex and versatile of
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the three types. Therefore, due to the highest value of theory and
application, Exos receive the most attention in academic papers on
EV. MSC-EVs can be classified as adipose tissue-derived MSCs
(ASCs), bone marrow MSCs (BM-MSCs), umbilical cord MSCs
(UC-MSCs), menstrual fluid MSCs (MenSCs), human-induced
pluripotent stem cell MSCs, and human amniotic fluid MSCs
(AF-MSCs) (21). EVs from ASCs, UC-MSCs, and BM-MSCs
exhibit a capacity for wound healing; however, BM-MSC-EVs
have stronger induction effects on fibroblasts, and the greatest
induction of keratinocytes belongs to UC-MSC-EVs (22). Thus,
when considering their use, it should be noted that EVs from
different sources of MSCs can differ in efficacy.

There are still some challenges in the clinical application of
MSC-EVs, for instance, high and sustained production, prolonged
in vivo action, and avoidance of macrophage clearance (23, 24).
However, compared to MSC transplantation, MSC-EVs possess a
number of advantageous characteristics, including smaller size,
singularity, long circulatory half-life, low immunogenicity, easy
coating of therapeutic substances, easy crossing of the blood-
brain barrier, easy production and storage, and no tumorigenicity
(25). Therefore, various clinical studies are currently underway
regarding the therapeutic applications of MSC-derived EVs
(MSC-EVs) in autoimmune diseases (ADs) (26), including SSc.
This review summarizes the possible pathogenesis of SSc and
explores the potential use of MSC-EVs in SSc treatment. MSC-
EVs may contribute to the treatment of SSc by improving vascular
lesions, regulating immune dysfunction, and inhibiting fibrosis.

2 Pathophysiology of
systemic sclerosis

Despite the fact that the exact causes of SSc are not well
understood, numerous studies have shown that endogenous and
exogenous environmental factors or risk factors trigger gene
activation. The subsequent onset of SSc is associated with
endothelial damage, microvascular injury, inflammation, and
autoimmune activation (27, 28). These factors inevitably cause
abnormal differentiation of fibroblasts and the accumulation of
collagen and ECM proteins in tissues. SSc progression is discussed
below in three parts: vascular injury, the immune response,
and fibrosis.

2.1 Vascular injury and microangiopathy

EC activation is the main event at the beginning of SSc (29),
wherein the enhanced expression of adhesion molecules, such as
vascular cell adhesion protein 1, intercellular adhesion molecule,
and E-selectin, lead to activation of the abnormal secretion of
vasoactive factors (30). The adhesion molecules with adhesion
mainly recruit inflammatory cells, while the disturbed vasoactive
factors lead to frequent and constant fluctuations in microvascular
tone (31). Platelet activation, which is caused by vascular changes,
increases microvessel permeability; therefore, microvascular leaks
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can develop (32). Moreover, platelet activation enhances the
proliferation of vascular smooth muscle cells (VSMCs) and
pericytes, leading to a thickening of the vessel wall and luminal
narrowing (31). These events then cause microvascular damage,
tissue hypoxia, and oxidative stress (33).

2.2 Inflammation and the
immune response

In the early inflammatory phase of SSc, Toll-like receptor (TLR)
signaling, which acts as a significant indicator of inflammation, can
be provoked by non-specific or pathogenic injury, which may result
in inflammation induction and the activation of innate immune
cells (monocytes/macrophages, plasmacytoid dendritic cells
(pDCs), and others). The upregulated production of CXCL4 in
plasmacytoid DCs can lead to the differentiation of monocytes into
pro-inflammatory DCs that enhance TLR-mediated cytokine
expression and impact T cells (34, 35). In addition, monocytes
participate in fibrosis through the inflammatory response and
differentiate into macrophages or fibroblast-like cells.
Macrophages are also engaged in the inflammatory and fibrotic
aspects of SSc. Macrophages can generate classically activated (M1)
and/or alternatively activated (M2) macrophages that are
distinguishable based on their different surface markers. M1
macrophages are effector phagocytes that increase significantly in
the early stage of SSc inflammation and generate pro-inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-o), IL-6, and
IL-1 (36). M2 macrophages restrain M1 responses by releasing anti-
inflammatory cytokines, including IL-4, IL-13, and IL-10 when the
repair mechanism is initiated after sustained damage. In addition,
they facilitate the production of ECM proteins and pro-fibrotic
cytokines and reinforce the anti-inflammatory response by
triggering Th2 effector activity (36). Thus, M2 macrophages are
considered to be important pathogenic factors in SSc.

Among the various adaptive immune responses, T cells
participate significantly in the pathophysiology of SSC and
markedly affect the synthesis of autoantibodies (37). CD4+ and
CD8+ T cells have been confirmed in the skin (38, 39) and lungs
(40, 41) of patients with SSc. Initial CD4+ T cells (ThO) can
differentiate into Thl, Th2, and Thl17, as well as Treg (T-
regulatory) and Tth (T-follicular helper) cells (42-44). Th2 cells,
characterized by the secretion of anti-inflammatory cytokines IL-4
and IL-13, predominate over Thl cells (45). Moreover, both Th17
cells and IL-17 production have been recognized as being elevated
in patients with SSc, and they aggravate early inflammatory
responses (46, 47). Treg cells could result in the advancement of
SSc by transforming into pathogenic effector T cells, and their
number can be reduced (48, 49) to inhibit immune activation (50).
Therefore, an imbalance of Th1/Th2/Th17/Treg cytokines is a
crucial causal factor for SSc. B cells also play a role in SSc, and
their efficacy is linked to antigen presentation, DC maturation, and
autoantibody production, varying across phenotypes (51). Different
phenotypes exhibit different CD antigens on the cell surface, such as
memory B cells with increased expression of CD95, CD80, and
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CD86, and peripheral blood B cells with a higher expression of
CD19 (52-55).

2.3 Fibrosis

Due to persistent tissue damage, inflammation, and immune
cell activation, SSc comprises a gradual fibrotic condition affecting
tissues and organs (56). Clinical and pathological SSc is
characterized by fibrosis accompanied by massive o.-SMA-positive
myofibroblasts, accumulation of ECM proteins (collagens, elastin,
glycosaminoglycans, tenascin, and fibronectin) in tissue, and
regulation of growth factor (TGF)-B and other profibrotic
mediators (57). Circulating CD14 monocyte precursor pericytes
and ECs have been suggested as potential sources of myofibroblast
overproduction through epithelial-mesenchymal transition and
endothelial-mesenchymal transition (58). The subsequent steady
accumulation of ECM proteins stiffens the skin and organs while
decreasing elasticity, thereby leading to mechanical stress.
Mechanical stress further maintains fibroblast activation and
intensifies the progression of the fibrotic process in tissues (59).
This may be due to fibroblasts in patients with SSc exhibiting
structural focal adhesion kinase activation, which integrates TGF-3
signaling and integrin-mediated mechanical transduction so as to
promote continuous myofibroblast differentiation and reactive
oxygen species production (59).

The soluble mediators related to fibrosis in SSc are TGE-f,
connective tissue growth factor (CTGF), and platelet-derived
growth factor (PDGF). TGF-B, a pleiotropic factor secreted by
macrophages and other cells or stored in the ECM, is believed to
be the master regulator of fibrosis. As an inactive precursor, TGF-[3-
associated signaling cascades are consistently activated in fibrotic
tissues (60). CTGF, a cysteine-rich matricellular protein, has a
synergistic effect together with TGF-f, endothelin-1, and
angiotensin II in inducing fibrosis (61). CTGF levels are
significantly higher in the sera of SSc patients than those in the
sera of healthy individuals and are positively correlated with the
degree of fibrosis (62). PDGFs, which are heterodimeric peptides
produced by platelets, macrophages, ECs, and fibroblasts, play an
important role in fibrosis as well. PDGFs act as powerful mitogens
and chemoattractants and convert mesenchymal cells into
profibrotic cell types (63).

3 Potential therapeutic effects of
MSC-EVs in SSc

MSC-EV transplantation, which is an emerging and novel
therapy, has been confirmed to be beneficial for SSc in bleomycin
or hypochlorous acid (HOCI)-induced, or chronic graft-versus-host
disease (cGVHD) mouse models, and TGF-B1-induced model of
human myofibroblast (Table 1). These preclinical studies are mainly
focused on the antifibrotic effect of MSC-EVs in SSc and the
mechanisms involved (64, 65). The discovery of effective
improvements of MSC-EVs in SSc in vitro and in vivo is a
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TABLE 1 Effect of MSC-EVs on SSc.

10.3389/fimmu.2023.1125257

Source Experiment Properties of Mechanisms
models MSC-EVs References
1 Human Bleomycin-induced Antifibrosis Reduction of deposition of extracellular matrix and inhibition of the epithelial-
umbilical mouse model mesenchymal
cord transition process (64)
Immunomodulation | Facilitating M1 macrophage polarization and suppressing M2 macrophage
polarization, leading to the restoration of the balance of M1/M2 macrophages
2 Adipose TGF-B1-induced Antifibrosis ASC-EVs can better improve anti-fibrotic and pro-remodeling functions than ASCs
tissue model of human in vitro (65)
myofibroblasts
3 Bone HOCI-induced Antifibrosis IFN-y-pre-activation improved the therapeutic effects of MSC-EV in the SSc model.
marrow murine model Low doses of IFN-y decreased the expression of fibrotic markers, while high doses
improved remodeling markers in vivo (66)
Immunomodulation | High dose of IFN-y-pre-activation upregulated anti-inflammatory markers in MSC-
EV, including iNos, IL1ra, and IL-6 in vivo
4 | Bone Bleomycin-induced Antifibrosis Inhibition of collagen type I expression by miR-196b-5p in exosomes might be one
marrow dermal fibrosis in of the mechanisms by which MSCs suppress skin fibrosis in vivo (67)
mice
5 | Bone Bleomycin-induced Antifibrosis The intervention of fibrosis of the SSC model by miRNAs they carry and regulate the
marrow dermal fibrosis in WNT and TGF-P signaling pathways
mice (68)
Immunomodulation | Reduction of the numbers of mast cells and infiltrating macrophages and
lymphocytes, and the levels of the inflammatory cytokines IL-6, IL-10, and Tnf-o in
BLM-treated mice
6  Human Bleomycin-induced Antifibrosis Attenuating myofibroblast activation and collagen deposition in dermal fibrosis by
umbilical dermal fibrosis in downregulating the TGF-f/Smad signaling pathway in vivo (64)
cord mice
7 | Human HOCI-induced SSc Antifibrosis Alleviating SSc and regulating methylation and apoptosis via miR-29a-3p
adipose model (69)
tissue
8  Human c¢GVHD mouse Immunomodulation | Suppressing the activation of macrophages and B-cell immune response
umbilical model (70)
cord

MSC-EVs, mesenchymal stem cell-derived extracellular vesicles; SSc, systemic sclerosis; MSCs, mesenchymal stem cells; ASCs, adipose tissue-derived mesenchymal stem cells; HOCI,

hypochlorous acid; BLM, bleomycin; cGVHD, chronic graft-versus-host disease.

breakthrough in the field of SSc therapeutic approaches. Recent
advances have been made in the exploration of the biogenesis,
cargo, and biological potential of MSC-EVs and in understanding
their molecular mechanisms in angiogenesis and
immunomodulation, which is the key to SSc treatment. These
advances have led to promising improvements being observed in
other diseases through MSC-EV treatment (71, 72). In view of the
heterogeneity of pathways involved in SSc pathogenesis and
progression, as well as the existence of crosstalk among vascular
injury, the immune response, and fibrosis in SSc, long-term single-
target treatment could lead to adverse reactions (73, 74). Thus, for
SSc, MSC-EVs enriched with multiple efficacious biokines perhaps
improve through various pathways, which may include
angiogenesis and the modulation of inflammation and fibrosis
(Figure 1). This evidence points out that MSC-EVs may become a
potential tool for SSc. The effects of MSC-EVs on vascular injury,
immune imbalance, and fibrosis in different disease models are
described below.

Frontiers in Immunology

3.1 Pro-angiogenic effects

Vascular injury and the thickening of the vessel wall are key
components of SSc. In the early stage of SSc, if the extent of the
vascular injury can be reduced, subsequent fibrosis can be
considerably inhibited (75). Recent studies have demonstrated the
MSC-EV-mediated delivery of cytokines, proteins, microRNA
(miRNA), mRNA, and IncRNA as a significant component of the
angiogenic process (72, 76). MSC-EVs have been shown to have
pro-angiogenic properties in wound-healing models and ischemic
conditions such as diabetic foot ulcers (DFUs), full-thickness
wounds, myocardial infarction (MI), and acute kidney injury.

3.1.1 Angiogenic function of MSC-EVs

ECs boost angiogenesis (the formation of fresh blood vessels
from existing ones) and the secretion of several factors, including
nitric oxide, endothelin, and prostacyclin (77). Therefore, they are
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Role of MSC-EVs in the modulation of SSc. In the stage of vasculopathy in SSc, endothelial cells are activated and even destroyed. Vascular smooth
muscle cells and pericytes proliferate abnormally. A large number of immune cells also participate in the process of SSc. Likewise, there are large
numbers of a-SMA-positive myofibroblasts, which produce excessive amounts of extracellular matrix (ECM), in particular Collagen | and IlI, resulting
in fibrosis. MSC-EVs promote angiogenesis by regulating vasoactive factors and signaling pathways and carrying miRNA. MiRNA/key factors and
signaling pathways are involved in the modulation of inflammation and fibrosis by MSC-EVs. Text in blue indicates mechanisms involved in SSc.
MSC-EVs, mesenchymal stem cell-derived extracellular vesicles; SSc, systemic sclerosis.

valuable targets under ischemic conditions and require vascular
regeneration. Studies have indicated that MSC-EVs enhance the
migration of human umbilical vein endothelial cells (HUVECs) and
promote proliferation and vessel-like structure formation in a dose-
dependent manner in human microvascular endothelial cells
(HMECs) in vivo and in vitro (78, 79). Another research has
shown that MSC-Exos are internalized by HUVECs and
accumulate around the nucleus (80). The characteristics of MSC-
EVs can influence pathological changes in vascular-rich tissue,
similar to Raynaud’s phenomenon, which affects over 95% of SSc
patients and comprises occasional color changes in the extremities
in cold environments (81). SSc-associated interstitial lung disease
(SSc-ILD), one of the causes of death, is chiefly caused by damage to
the alveolar epithelium and blood vessels in the lung region (82).
Similarly, MSC-EVs are effective against other structural cells that
are associated with blood vessels. Studies on abnormal proliferation
and the migration of smooth muscle cells have demonstrated that
MSC-EVs can alleviate asthma or pulmonary arterial hypertension
in vivo and/or in vitro (83, 84). On this basis, MSC-EVs are
promising as prospective therapeutic targets for SSc-
related vasculopathy.

3.1.2 Angiogenic molecular mechanisms
of MSC-EVs

MSC-EVs most likely promote angiogenesis by upregulating
vasoactive factors such as vascular endothelial-derived growth
factor (VEGF), VEGF receptor (R)2, PDGF-A, and fibroblast
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growth factor (FGF)-2 in HUVECs in vitro and in vivo skin
injury models (85). Studies conducted on primary MSCs
originating from BM, ASCs, and UCs have revealed that all of the
aforementioned cell-derived Exos promote angiogenesis by
secreting angiogenesis-mediated factors such as VEGF-A, FGF-2,
hepatocyte growth factor, and PDGF-BB during wound healing
(22). In addition, exposure to vasoactive factors can strengthen the
therapeutic effect of MSC-EVs and encourage better angiogenesis.
Lopatina et al. previously showed that PDGF pretreatment of
human ASC-EVs reinforces pro-angiogenic capacity by elevating
the levels of secreted pro-angiogenic proteins. Conditioned media
derived from AF-MSCs incorporating VEGF and TGF-f1 have
been found to improve proliferation, the migration of human skin
fibroblasts in vitro, and wound healing in vivo (86). As for the
angiogenic effects of MSC-EVs, vasoactive factors may be targeted
by MSC-EVs, which would influence the properties of MSC-EVs.
Other angiogenic mechanisms that warrant further study are
the signaling pathways that involve MSC-derived proteins. A
comprehensive analysis previously showed that ASC-EVs contain
proteins that are linked to signal transduction pathways. A total of
277 proteins associated with the ECM, glycoproteins, angiogenesis,
TGF-B signaling, the inflammatory response, and blood coagulation
have been found to be enriched in EVs. It has been found that ASC-
EVs facilitate angiogenesis through increased expression of Ang-1
and Flk-1 in HUVECs, involving the let-7/argonaut 1/VEGF
signaling pathway in a fat grafting nude mouse model (87).
Additionally, ASC-MVs have been found to be readily
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internalized by HUVECs. ASC-MV proliferation, migration, and
angiogenesis are promoted through the AKT and ERK signaling
pathways in vitro and in an in vivo skin injury model (85). The
activation of these signaling pathways often involves not only
proteins but also genetic materials such as miRNA, mRNA,
and IncRNA.

It has been found that although MSC-EVs carry different genes
than their parent cells, they can still regulate angiogenesis. Eirin et al.
found that 386 miRNAs were enriched in ASC-EVs compared to
parental cells. MicroRNA-148, one of these detected miRNAs,
regulates angiogenesis aimed at transcription factors, inhibits tumor
angiogenesis, and suppresses the sprouting of ECs from vessels in vivo
and/or in vitro (88-90). Other miRNAs and even genes in their
families also act independently from the key factors related to
regulatory angiogenesis (91-94). Additionally, miR-221 was found
to impact vasoactivity by exerting effects on VSMCs and ECs (95).
Meanwhile, EVs obtained from MSCs have been known to exhibit a
high level of pro-angiogenic miRNA-21-5p. The pro-angiogenic
function of miRNA-21-5p in MSC-EVs was verified in DFU
models by knockdown and overexpression of the gene, and it was
also further determined that miRNA-21-5p may promote
angiogenesis and improve ischemic tissue by stimulating VEGFR
and by activating serine/threonine kinase AKT and mitogen-
activated protein kinase in receptor cells such as ECs (96).
Furthermore, for ischemic diseases, studies revealed that miR-31
was rich in ASC-MVs, especially in endothelial differentiation
medium-pretreated ASC-MVs, and that miR-31 has been strongly
implicated in angiogenesis in HUVECs and endothelial progenitor
cells (97) in promoting migration and tube formation in vitro and in
vivo. Moreover, both the miR-31-miR-720 and the VEGF-miR-31

10.3389/fimmu.2023.1125257

pathways may be involved (98, 99). In addition, factor-inhibiting
HIF-1, an anti-angiogenic gene, has been identified as a target of miR-
31 in HUVECs, and together they may mediate angiogenesis (79).
Additional studies have shown that MSC-Exos and its Exo-
transmitted miR-125a can promote endothelial tip cell generation
for EC, resulting in vascular sprouting by inhibiting the expression of
DLL4, an angiogenesis inhibitor in vivo and in vitro (100). ASC-Exos
promote the mobility and angiogenesis of brain microvascular
endothelial cells after oxygen-glucose deprivation via the
microRNA-181b/TRPM7 axis in vitro (101). Significant progress
has been made in the study of miRNA in MSC-EVs. These
miRNAs are not only involved in MSC-EVs promoting
angiogenesis but also have immunomodulatory and antifibrosis
effects (Table 2). MSC-EV delivery can protect miRNAs from
degradation by ribonucleases, thereby ensuring that the miRNAs
are able to perform their crucial roles in recipient cells. Interestingly,
another study showed that proteins in EVs do not originate from the
transcription of miRNAs.

3.2 Immunomodulatory effects

Abnormal immune cells were exhibited in SSc focusing on the
dysregulation of the Th1/Th2/Th17/Treg and M1/M2 cytokine (2).
MSC-EVs have an auto-immunosuppressive property that
attenuates inflammation and immune responses in inflammatory
and autoimmune diseases (119). MSCs act as immunomodulators
by delivering EVs that modulate the generation, differentiation,
efficacy, and interactions of adaptive and innate immune cells, such
as T cells, B cells, macrophages, natural killer (NK) cells, and DCs in

TABLE 2 The miRNA of MSC-EVs is involved in angiogenesis, immunomodulation, and antifibrosis.

Properties of MSC-EVs
Angiogenesis Porcine ASC-EV's
Human MSC-Exos
ASC-MVs
MSC-Exos
ASC-Exos
Immunomodulation MSC-Exos
BM-MSC-Exos
MSC-Exos
ASC-Exos
MSC-Exos
BM-MSC-Exos
Antifibrosis MSC-EVs
MSC-EVs
BM-MSC-EVs

MSC-Exos
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MiRNA References
MicroRNA-148 (88, 90)
MiRNA-21-5p (96)
MiRNA-31 (79)
MiRNA-125a (100)
MicroRNA-181b (101)
MiRNA-23a-3p (102)
MiRNA-146a-5p (103)
MiRNA-125a and miRNA-125b (104)
MiRNA-10a (105)
MiRNA-182 (106)
MiRNA-34c-5p (107)
MiRNA-29a-3p (69)
MicroRNA-29b-3p (108)
MicroRNA-186 (109)
MiRNA-196b-5p (67)
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TABLE 3 The fibrotic target tissues of MSC-EVs.

10.3389/fimmu.2023.1125257

Target Target cells Results Key mechanisms References
tissues
1 | Skin Fibroblasts Promotion of proliferation and migration in SSc MiR-29b-3p/PI3K-Akt, Erk1-2, and Smad3- (110)
TGE-B1
Myofibroblasts Suppressing myofibroblasts differentiation MicroRNAs (miR-21, miR-23a, miR-125b, (111)
and miR-145)/TGF-B-SMAD2
2 | Lung Lung epithelial cells Better proliferative capacity of alveolar epithelial cell line Activation of FGF2 signaling (112)
Pulmonary vascular Reduction of tissue fibrosis and vascular endothelial Umbilical cord MSC-exosomal TNF- (113)
endothelial cells remodeling stimulated gene 6
Alveolar macrophages = Alleviating lung inflammation and fibrosis Polarization of macrophages to m2 anti- (114)
inflammatory phenotype
3 Heart Cardiomyocytes Improving cardiac function and alleviating fibrosis MiR-22/methyl CpG binding protein 2 (115)
4 | Kidney Tubular epithelial Attenuating tubular epithelial-myofibroblast MiR-335-5p/ADAMI19 (116)
cells transdifferentiation of renal tubular epithelial cells
5 Colon Intestinal epithelial Inhibition of EMT MiR-200b/ZEB1, ZEB2 (117)
cells
Macrophage Reduction of inflammatory cytokines MiR-146a/TRAF6, IRAK1 (118)

MSC-EVs, mesenchymal stem cell-derived extracellular vesicles; MSC, mesenchymal stem cell; EMT, epithelial-to-mesenchymal transition.

inflammatory diseases (120). Likewise, the anti-inflammatory and
immunomodulatory properties of MSC-EVs are probably of great
significance in the treatment of SSc.

3.2.1T cells

In the early stages of SSc, the inhibition of inflammation is an
important goal of therapy. At this stage, M1 macrophages and Th1
cells are the main cells involved in the upregulation of type I
interferon (IFN) (121). In tissues, M1 macrophages with IFNs are
transformed into M2 macrophages to promote fibrosis, after
synergistic involvement with the responses of Th2 to exposure to
IL-6 and IL-13 (122). Increased numbers of Treg cells facilitate the
inhibition of immune activation and prevent themselves from
transferring to Th2- and Th17-like cells for antifibrotic progress
in skin tissues (123). As MSC-EVs activate different effector
substances depending on different biological environments, the
disorder in SSc could be regulated by them.

3.21.1Thcells

MSC-EVs modulate the functions and activities of Th cells. It
has been demonstrated that MSC-EV's regulate CD4 T cells in the
conversion between Thl and Th2 and decrease the Thl17
differentiation of peripheral blood mononuclear cells in asthmatic
mice (124). In dextran sulfate sodium-induced colitis models,
olfactory ecto-derived MSC-EVs have been found to remarkably
reduce Th1/Th17 subpopulations, accompanied by reduced serum
levels of IL-17, IL-6, and IFN-y and elevated levels of TGF-f3 and IL-
10 secreted by T cells (125). Interestingly, pro-inflammatory
cytokines, such as IL-10 (126) and IFN preconditioned MSC,
could enhance CD4 T-cell inhibition while inducing Treg cells
and Th17. In addition, the molecular mechanisms of the MSC-EV-
mediated regulation of Th cells focus on cargoes in EV, for example,
by transferring miR-23a-3p to regulate the Treg/Th17 balance in
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aplastic anemia (102), miR-146a-5p/IRAK1 axis to regulate the
Th17/Treg imbalance in immune thrombocytopenia (103), miR-
125a and miR-125b to inhibit Th17 cell differentiation in colitis
(104), and miR-10a loading to promote Th17 and Treg responses
while decreasing Th1 responses (105).

3.2.1.2 Treg cells

MSC-EVs substantially promote the conversion of monocytes
to Treg cells and the immune-suppression capacity of Treg cells
(127, 128), which is possibly triggered by TGF-B from MSC-EVs
exposed to IFN-y (129). Meanwhile, MSC-EVs could lead to the
differentiation of Treg cells to reverse the imbalance between T-
effector and Treg cells, which has been confirmed regarding the
imbalance of Th1/Th4/Th17/Treg cells (105). It has been noted that
Treg regulation occurs mainly through antigen-presenting cells
(APCs) and is not dependent on CD4+ T cells in asthmatic mice
(124). Subsequent studies have also confirmed that the
differentiation of Treg cells is mediated by activated APCs, which
are induced by MSC-EVs in a myeloid differentiation primary
response-dependent manner (128). Treg differentiation can also
suppress the proliferation of T cells indirectly, which is a property of
MSC-Exos, but not of MSCs (130). The ability of MSC-EVs to
regulate the function, homing, and phenotype of immune cells may
result in the development of novel therapies for inflammatory
diseases and ADs (26, 120). Nevertheless, further research is
needed to elucidate the molecular mechanisms of the MSC-EV-
mediated regulation of immune cell activities.

3.2.2 B lymphocytes

B lymphocytes play a major role in the adaptive immune
response and MSC-EVs have been shown to regulate the
proliferation and function of B cells. Khare et al. (131) sequenced
MSC-EV co-cultured with B cells and identified upregulated genes
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related to B-cell proliferation and Ca®" mobilization via B-cell
receptors in vitro. Guo et al. earlier revealed that MSC-EVs
suppressed fibrosis in a mouse model of sclerodermatous chronic
graft-versus-host disease by inhibiting Tth/germinal center B-cell
interactions and reducing the frequency of B cell-activating factor
(BAFF)-expressing B cells (70). Furthermore, MSC-EV's have been
found to regulate Breg cells through the PI3K-AKT signaling
pathway in vitro, but the role of MSCs in regulating Breg cells
still needs to be explored (132).

3.2.3 Macrophages

Macrophages orchestrate both the initiation and resolution of
inflammation. An imbalance in the phenotypes and activation of
macrophages has been considered critical in the development of
inflammatory, autoimmune, and fibrotic diseases. Accumulating
evidence has suggested that MSC-EVs promote macrophage
polarization and phagocytic capacity (133). The regulation of EVs
in the conversion between M1 and M2 macrophages has also been
found in some cases of SSc (134). Meanwhile, MSC-EVs reduce
macrophage infiltration in tissues by carrying miRNAs in SSc (68).
Interestingly, in renal interstitial fibrosis, Hu et al. (107) showed
that MSC-Exos may inhibit macrophage activation by delivering
miR-34c¢-5p in Exos to macrophages via CD81-epidermal growth
factor receptor (EGFR) complex aids. In another context, it was
noted that MSC-EVs could reverse the polarization of M1 to M2
macrophages; further, it was found that miR-182 from MSC-EV's
can suppress TLR4, as part of its underlying mechanism of action in
myocardial ischemia-reperfusion injury (106).

3.2.4 DCs and NK cells

DCs and NK cells are essential for the innate immune response,
and the effect of MSC-EVs on both cells has been explored in some
studies in vitro. Several reports have shown that MSC-EVs could
suppress the proliferation and maturation of DCs, thus regulating
the immune response. The coincubation of DCs derived from BM
with MSC-EVs has been found to reduce IL-6 release, increase IL-10
and TGF-B levels, and downregulate lymphocyte proliferation
(135). MSC-EVs loaded with miR-21-5p are able to depress the
target gene C-C chemokine receptor type 7 (CCR7) and reduce the
migratory capacity of the CCR7-ligand CCL21, thereby suppressing
the secretion of inflammatory cytokines (136). Previous studies
have demonstrated that MSC-EV's could suppress the proliferation
of NK cells in a manner similar to DCs (130). In recent research, an
analogous study showed that human fetal liver-derived MSC-Exos
not only inhibited NK-cell proliferation but also suppressed NK-cell
activation and cytotoxicity via latency-associated peptides and
TGF-PB and thrombospondin 1 and induced downstream TGF-f3/
Smad2/3 signaling. Nevertheless, research on the topic remains
limited. Despite the growing research on MSC-EVs and immune
cells, the precise molecular mechanisms underlying their
interactions needs additional study (137). Innate immune
responses also occur in the course of SSc. Regulation of DCs and
NK cells by MSC-EVs should play a role in SSc.
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3.3 Antifibrotic effects

MSC-EV treatment can ameliorate fibrosis of the skin and
lungs, which is a clear sign of SSc. Furthermore, the clinical
fibrotic manifestations of SSc involve alterations in the heart,
kidney, and colon, and several experimental studies have
examined the antifibrotic effect of MSC-EVs in other diseases
(Table 3). Presently, investigations of fibrosis are restricted to the
preclinical phase. Many preclinical trials have been conducted to set
up various SSc models. There are many methods to induce SSc
given the various underlying causes of fibrosis (Supplementary
Table 1); however, no experimental models have been able to
perfectly reproduce the pathophysiological spectrum of SSc.

3.3.1 Antifibrotic function of MSC-EVs

MSC-EVs have been confirmed to be beneficial for SSc due to their
antifibrotic effects. Rozier et al. evaluated the antifibrotic function of
ASCs and their EVs by co-culturing them with TGF-B1-induced
myofibroblasts (65). However, the underlying therapeutic
mechanisms remain unclear. Several studies have investigated the
potential antifibrotic properties of MSC-EVs in bleomycin-induced
mouse models of scleroderma (64, 134). These effects were exhibited in
the amelioration of the following aspects. MSC-EVs can suppress
myofibroblast differentiation and inhibit the expression of collagen
types I and III in a skin-defect mouse model (111). Studies on the
molecular markers of fibrosis and remodeling have shown that MSC-
EVs might diminish scar formation by decreasing the ratios between
collagen types I and III in a diabetic mouse model (138). In addition,
ASC-EVs decrease scar formation via modulating the ratios of type I
and III collagen, TGF-P1 and TGF-33, matrix metalloproteinase-3 and
tissue inhibitor of metalloproteinases 1, and abnormal activation of
fibroblasts in vivo (139). These effects have been noted in many fibrotic
diseases (140).

3.3.2 Antifibrotic molecular mechanisms of MSC-
EVs

Many studies have confirmed that MSC-EVs, typified by Exos,
can act as antifibrotic agents through various mechanisms of action
in the treatment of fibrotic diseases. Among the signaling pathways
involved, TGF-B and Wnt signaling are regarded as the core
pathways involved in fibrosis in SSc (141, 142). In addition, the
effects of Exos on reducing fibrotic markers through the TGF
pathway have also been confirmed in SSc (64). The
phosphorylation levels of o-SMA, Smad2/3, and collagen I and
III in fibroblasts treated with Exos have been found to be markedly
decreased. Furthermore, MSC-derived Exos have been found to
suppress the transition of dermal fibroblasts to myofibroblasts by
inhibiting the NF-xB, Hedgehog, Wnt/f-catenin, PI3K/Akt, Erk1/2,
and TGF-PB1/Smad2/3 signaling pathways (140). Moreover, it has
been shown that EV alleviates fibrosis by carrying cargo, such as
RNA, through activation of the aforementioned signaling pathways.
Results of high-throughput RNA sequencing and functional
analysis of MSC-EVs suggest that a group of specific microRNAs
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can prevent excessive myofibroblast revitalization by blocking the
TGF-B/Smad2 signaling pathways in vivo (111). MiR-29b-3p,
carried by BM-MSC-EVs in bilayered thiolated alginate/PEG
diacrylate hydrogels, inhibits the proliferation and migration of
ECs and fibroblasts by curbing the PI3K/Akt, Erk1/2, and TGF-B1/
Smad3 signaling pathways in a full-thickness skin defect model of
rats and rabbit ears, thereby allowing for scar-free wound healing
(110). In a study on BMSC-EV-based treatment, the gene activity in
the Wnt signaling pathway that was hyperactivated by bleomycin
stimulation was significantly lowered or related to ECM-receptor
interactions and the cell cycle (68).

Several investigations have explored the role of MSC-EV-carried
miRNAs in fibrosis. In SSc, miR-29a-3p from MSCs and ASCs has
been confirmed to be beneficial for fibrosis in HOCl-induced mice
(69). In other fibrotic diseases, a group of uMSC-EVs composed of
miR-21, miR-23a, miR-imno125b, and miR-145, whose expression is
changed, was thought to be related to the modulation of pro-fibrotic
genes (110, 111). Among the various features of fibrosis, MSC-EV's
also display efficacy in the inhibition of fibroblast proliferation. MiR-
29b-3p and miR-186, both secreted by BMMSC-EVs, have been
reported to downregulate FZD6, SOX4, and DKKI1 expression to
inhibit fibroblast activation and proliferation in idiopathic pulmonary
fibrosis, respectively (108, 109). Likewise, elevated collagen levels are
one of the main factors contributing to ECM deposition in fibrosis.
MiR-212-5p, miR-133b (143), miR-192-5p (144), miR-196b-5p (67),
and let-7a (145) have been found to reduce the levels of type I and/or
type III collagens, and miR-212-5p downstream may inhibit the
NLRC5/VEGF/TGF-B1/SMAD axis, while miR-192-5p targets IL-
17RA. Similarly, fibrosis and remodeling factors are targets of
miRNAs from MSC-EVs. EVs from MSCs and ASCs exhibit a
mechanism of action that comprises the secretion of miR-29a-3p,
which could diminish the levels of several profibrotic, remodeling, and
anti-apoptotic factors and methylases in HOCl-induced mice (69). In
the aforementioned studies, MSC-EVs further exerted a positive effect
on fibrosis. Despite the progress that has been made in recent studies,
ameliorating fibrosis with MSC-EVs remains in the preclinical stage.

4 Conclusions and prospects

It is possible that MSC-EVs could ameliorate SSc and the
pathological changes in vasculopathy, immune dysfunction, and
fibrosis by regulating key factors and signaling pathways. Despite
the positive effects of MSC-EVs in SSc, further extensive clinical
studies are required to establish the applicability of EVs in treating
SSc. A focus area is modification and engineering, which could
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Glossary
AD autoimmune disease
AF-MSC amniotic fluid-derived mesenchymal stem cell
APC antigen-presenting cell
ASC adipose tissue-derived mesenchymal stem cell
BAFF B-cell activating factor
BM-MSC bone marrow-derived mesenchymal stem cell
Breg B-regulatory cell
CTGF connective tissue growth factor
CCR7 C-C chemokine receptor type 7
DFU diabetic foot ulcer
EC endothelial cell
ECM extracellular matrix
EMT epithelial-to-mesenchymal transition
EV extracellular vesicle
Exos Exosomes
FGF fibroblast growth factor
HLA human leukocyte antigen
HMEC human microvascular endothelial cell
HOCI hypochlorous acid
HUVEC human umbilical vein endothelial cell
IFN interferon
IL interleukin
IncRNA long non-coding RNA
IPF idiopathic pulmonary fibrosis
MAPK mitogen-activated protein kinase
MenSC menstrual fluid-derived mesenchymal stem cell
MI myocardial infarction
miRNA microRNA
MsC mesenchymal stem cell
MSC-EV mesenchymal stem cell-derived extracellular vesicle
NK natural killer
pDC plasmacytoid dendritic cell
PDGF platelet-derived growth factor
SSc systemic sclerosis
SSc-Fb fibroblasts from patients with systemic sclerosis
SSc-ILD SSc-associated interstitial lung disease
Tth T-follicular helper cell
TGF transforming germinal factor
TB-Fb TGF-B1-induced myofibroblasts
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TLR Toll-like receptor
TNF tumor necrosis factor
Treg T-regulatory
UC-MSC umbilical cord-derived mesenchymal stem cell
VEGF vascular endothelial-derived growth factor
VSMC vascular smooth muscle cell
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Administration of BNT162b2
MRNA COVID-19 vaccine
to subjects with various
allergic backgrounds

Yaarit Ribak®, Limor Rubin®, Aviv Talmon', Zvi Dranitzki,
Oded Shamriz, Isca Hershkowitz, Yuval Tal*
and Alon Y. Hershko**

Allergy and Clinical Immunology Unit, Department of Medicine, Hadassah Medical Organization,
Faculty of Medicine, Hebrew University of Jerusalem, Jerusalem, Israel

Background: The mRNA-based COVID-19 vaccine was introduced to the
general public in December 2020. Shortly thereafter, safety concerns were
raised due to the reporting of allergic reactions. Allergy-related disorders were
suspected to be significant risk factors and the excipient polyethylene glycol was
suggested to be a robust allergen.

Methods: This is a retrospective study analysis. Subjects with putative risk factors
for severe allergic reactions to the Pfizer-BioNTech BNT162b2 vaccine were
referred for vaccination under observation at the Unit of Allergy and Clinical
Immunology. Data was collected for each subject, including demographic
details, medical history and previous reactions to any allergen. When
appropriate, skin tests were done prior to vaccination.

Results: A total of 346 subjects received 623 vaccine doses under observation.
The study included patients with various allergy-related disorders (n=290) and
those with allergy to a previous COVID-19 vaccine dose (n=56). Both groups
showed female predominance (78% and 88%, p=NS). Patients without reactions
to previous doses reported more drug allergy (80% vs. 39%, p<0.001) and
previous anaphylaxis (64% vs. 14%, p<0.001). There was no difference in
sensitivity to other allergens, including polyethylene glycol. Under observation,
mild allergic reactions were noted in 13 individuals characterized by female
gender (100%), a history of anaphylaxis (69%) and drug allergy (62%). In 7 subjects,
allergy was treated with antihistamines while others recovered spontaneously.

Conclusion: Our study demonstrates that vaccination under specialist-
supervision is a powerful tool for reducing over-diagnosis of systemic

reactions and for rapid and reliable collection of vaccine safety data.
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Introduction

The rollout of COVID-19 vaccination in December 2020 was
accompanied by concerns that the vaccine may be highly allergenic.
This fear was prompted by several reports in the public media of
individuals with a history of allergy who developed anaphylaxis
immediately following injection. A high rate of allergic reactions to
the mRNA-based vaccine was also suggested by clinical data (1) and
polyethylene glycol (PEG) was suspected as a major culprit allergen
(2, 3). PEG is present in a large variety of medications, cosmetic
products and detergents and induces allergic reactions. A previous
case series presented subjects who developed anaphylaxis to
medications with excipients containing this compound (4).
Therefore, it was suggested that, following vaccine injection,
preexisting PEG-specific IgE activates mast cells and stimulates
anaphylactic responses (5).

The uncertainty that accompanied the vaccination campaign
rollout prompted the UK authorities to issue a statement that any
individual with a medical history of anaphylactic responses to food,
medications, or vaccines should not be vaccinated (6, 7). It was
estimated that this decision would exclude 3-5% of the general
population from the campaign due to self-reported severe allergic
reactions to any allergen (7). This directive was revised three weeks
later leaving only allergic reactions to vaccine components as the
major contraindication (7). Concomitantly, experts suggested the
existence of several risk factors including allergic sensitization to
other vaccines, mastocytosis and severe asthma (8).

Consequently, frequent recommendation changes led to
uncertainty regarding vaccine safety and to excessive reporting of
allergic reactions (9) accompanied by both patient and physician
hesitancy. The need for rapid collection of data regarding the risk
for allergic reactions to the COVID-19 vaccine prompted the
assembly of an intervention team at our hospital. This team
constituted a framework for individuals whose putative risk
factors would otherwise not allow them to be vaccinated.

Methods
Protocol for vaccination under observation

This retrospective study presents the outcomes of a program for
the vaccination of individuals with a history of allergy or related
conditions that were considered as risk factors for anaphylaxis
(Figure 1). These patients were referred from various regions of the
country by their primary-care physicians to the Unit of Allergy and
Clinical Immunology (UACI) from January to December 2021.
Subjects were interviewed by the medical team for demographic
data, medical history and details related to previous reactions to any
allergen. Skin tests for the Pfizer-BioNTech BNTT162B2 and
polyethylene glycol (PEG) were done for patients who had
reported the following: immediate allergy to a previous COVID-
19 vaccine dose; reactions to PEG-based laxatives; multi-drug
allergies; sensitivity to relevant substances (e.g., detergents).
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Testing was also done in response to specific requests from the
treating-clinician. Selected subjects received anti-histamines prior
to vaccine injection and could receive injections in a graded
manner. Premedication was administered to patients who
reported an immediate reaction to a previous vaccine dose,
subjects carrying an epinephrine autoinjector, and those with
chronic spontaneous urticaria and angioedema or mastocytosis.
Premedication was occasionally withheld despite these indications
based on clinical judgement. All patients received Pfizer-BioNTech
BNTT162B2, were observed for 1 hr and treated for reactions
as needed.

Statistical analysis

Continuous variables were compared by using student’s t-test.
The comparison of proportions was performed by using Fisher’s
exact test. Categorical variables with less than 5 observations in both
groups were excluded from the analysis. The Bonferroni method
was used for calculating adjusted p-value. Adjusted p-values<0.05
were considered significant.

The statistical analysis was performed with R (v. 4.0.2).

Ethical considerations

Access to medical records for the purpose of this study was
approved by the local Institutional Ethics Committee of Hadassah
Medical Center in keeping with the principles of the Declaration of
Helsinki (application number 0279-21-HMO). Due to the
retrospective design of this study, no consent procedures
were required.

Results
Characterization of study population

The study includes 346 subjects who were given 623 doses of
COVID-19 vaccine under supervision (Table 1). Of these, 290
reported various allergy-related disorders while 56 had a history
of allergy to a previous COVID-19 vaccine dose. The two categories
showed a different mean age (57 + 18 vs. 47 + 17 years, respectively,
p=0.005). Interestingly, both groups presented a robust female
predominance (78% and 88%, respectively, p=NS). Each category
was administered different proportions of vaccine doses 1, 2 and 3.
Patients who did not have a history of reactions to previous doses
had a higher rate of allergy to other drugs (80% vs. 39%, p<0.001)
and previous episodes of anaphylaxis (64% vs. 14%, p<0.001). No
difference was noted between the two groups with regards to
previous allergic reactions to other specific allergens, including
polyethylene glycol as well as other associated disorders, such as
chronic urticaria or mastocytosis. However, patients with a putative
COVID-19 vaccine allergy patients were more likely to receive anti-
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Patient referral by
primary care physician

Patient interview:
Demographic data

General medical history
Allergic and related disorders

When appropriate:
Skin Testing
Premedication

Vaccination under

observation (1 hr)

Treatment of allergic
reactions as needed

FIGURE 1
Vaccination under observation of subjects deemed to be at high risk for allergic reactions to the mRNA-based COVID-19 vaccine: algorithm of
patient management.

TABLE 1 Characterization of study population.

Characteristic History of allergy to COVID-19 vaccine

No (n=290) Yes (n=56) Adjusted p-value (Bonferroni)
Age, yrs; mean + S.D., range 57 + 18, 14-89 47 + 17, 7-84 0.005
Female gender; n (%) 226 (78) 49 (88) NS

Vaccine dose administered during
study; n (%)

st 282 (98) 2% (5) <0.001
2nd 232 (80) 46 (80) NS
3rd 38 (13) 22 (39) <0.001

History of allergy and related disorders; n (%)

Allergic reactions

Drug hypersensitivity 230 (80) 22 (39) <0.001
Food allergy 42 (15) 2 (4) NS
Insect venom allergy 18 (6) 2 (4) NS

Contrast media

gadolinium 5(2) 0 (0) NS
Todinated 12 (4) 1(2) NS
Suspected PEG hypersensitivity** 10 (3) 4(7) NS
Latex 8 (3) 1(2) NS
Blood transfusion 2 (1) 0 (0) NS

(Continued)
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TABLE 1 Continued

Characteristic

10.3389/fimmu.2023.1172896

History of allergy to COVID-19 vaccine
No (n=290)

Yes (n=56)

Related conditions

Previous anaphylaxis 184 (64)

Epipen carrier 37 (13)

Chronic spontaneous urticaria or 29 (10)

angioedema

Mastocytosis 6(2)
Antihistamine pre- medication, n (%) 46 (16)

histamine premedication when vaccinated under observation (16%
vs. 73%, p<0.001).

Evaluation of reactions to prior COVID
vaccine doses

In most cases, reactions to a previous vaccine dose occurred
within 1 hour (59%) and were treated with antihistamines (n=14,
25%) followed by corticosteroids (n=10, 18%) and epinephrine
(n=7, 13%) (Table 2). We evaluated the validity of these events as
allergic reactions. Consequently, 1% of the events (n=2) was ruled
out due to an onset time that exceeded 1 hour after injection.
Conversely, 18% of the cases (n=10) were judged to be likely based
on an immediate onset, involvement of more than 1 organ-system
and at least one supporting objective finding. The remaining 80%

TABLE 2 Characteristics of previously reported allergic reactions to
COVID-19 vaccine.

Parameter

Time of onset
< 30 min 24 (43)
30 min - 1 hr 9 (16)
N/A 23 (41)
Treatment; n (%)
Epinephrin 7 (13)
Antihistamines 14 (25)
Corticosteroids 10 (18)
Validation of allergic reactions; n (%)
Ruled-out 1(2)
Unlikely 45 (80)
Likely 10 (18)

N/A, not available.

Frontiers in Immunology

Adjusted p-value (Bonferroni)

8 (14) <0.001
1(2) NS
4(7) NS
0 (0) NS

41 (73) <0.001

(n=45) were immediate responses that were classified as unlikely
since they did not meet the criteria for probable allergy.

Allergic reactions to vaccination under
observation at the Allergy Unit

Thirteen individuals reported an immediate response following
the administration of COVID-19 vaccine under supervision during
the study period (Table 3). Their mean age was 48 + 13.6 (range 27-
69) and, strikingly, they were all females. Most of these patients
reported hypersensitivity to one or more drug (8/13, 62%) and a
previous episode of anaphylaxis (9/13, 69%). The majority of this
group had been administered anti-histamine premedication prior to
vaccination (10/13, 77%). All allergic reactions were mild and 7 were
treated with antihistamines. Objective findings were found in only 5
individuals (rash, local reaction, cough, rhinitis). The 3 patients who
were suspected of having PEG allergy had mild rash and subjective
sensations of tingling and swelling (patients 2, 4 and 8, respectively).

Discussion

This communication summarizes our experience in
administering the Pfizer-BioNTech BNT162b2 to patients who
were deemed to be at high risk for anaphylaxis. Several insights
can be drawn from this study, which may be useful in clinical
practice and in the understanding of challenges associated with
future vaccination campaigns.

In line with previous studies, our work supports the conclusion
that the Pfizer-BioNTech BNT162b2 is safe, and that PEG does not
appear to be a significant allergen (9). It should be stressed that
proven allergic sensitization to a specific component of a vaccine
does not necessarily constitute a contra indication for vaccine
administration. For example, it has been shown that children with
egg allergy who receive egg-based influenza vaccine do not
experience an increased rate of anaphylaxis (10). The Pfizer-
BioNTech vaccine contains the putative allergen PEG whose
capacity to induce sensitization corresponds to its molecular

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1172896
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ribak et al.

TABLE 3 Patients who reported allergic reactions under observation.

History of allergy and related disorders

10.3389/fimmu.2023.1172896

Vaccination under observation

Previous
Age/ COVID-19 Antihistamine Reaction under
Patient = Gender vaccine PEG Other Anaphylaxis = Autoinjector premedication observation
1 27/F none - - - Yes Yes Yes Throat tingling §
Redness and
2 30/F none Yes Yes - - - Yes pruritus on chest
Chronic
3 34/F none - - urticaria - - Yes Arm pruritus
Chronic
4 39/F >1 - Yes urticaria Yes - Yes Lip tingling
5 41/F none Yes - - - - Yes General tingling §
Chronic
6 45/F >1 - - urticaria Yes - Yes Local reaction §
Multiple symptoms*
7 49/F >1 - - - - - - §
8 49/F >1 Yes Yes - Yes - Yes Swelling of face**
9 56/F 1 Yes - Insect Yes Yes Yes Cough
Pruritus, tongue
10 56/F 1 Yes - Insect Yes - Yes swelling*™* §
11 62/F >1 - - - Yes - - Rhinitis
Lip angioedema
12 67/F none - - - Yes Yes Yes (late)
13 69/F >1 - - - Yes - - Mouth tingling

*, Rash, dyspnea, shivering, elevated blood pressure and tachycardia, clear lungs; clinical impression of anxiety; **, no objective finding; §, treated with antihistamines.

weight. Therefore, a reaction to a specific formulation of PEG does
not necessarily predict sensitization to others (2). In our study,
patients with a history of PEG allergy did not experience significant
adverse events to the vaccine, and this may be attributed to its low
molecular weight as an excipient, low injection volume and route of
administration. Additionally, we have recently conducted a study
on blood samples from 79 volunteers demonstrating an increase in
PEG-specific IgG but not IgE, which was undetectable both before
or after vaccine administration (11).

Furthermore, it has previously been shown that in subjects who
report a reaction to the vaccine, subsequent doses are well-tolerated
(12). Accordingly, we have previously demonstrated that the vast
majority of reactions to the COVID-19 vaccine could not be
validated as allergic, even when reporting had been done by
healthcare workers (4). It has also been shown that reporting of
allergy events was characterized by female gender and a self-
reported history of allergy to other drugs (4). Interestingly, these
two features were predominant in the present study as well, in
which most subjects were referred due to anticipation of an allergic
reaction while only a minority had already experienced a response
to the vaccine. Intriguingly, subjects who were referred to our Unit
following a previous response to the vaccine had a considerably low
rate of reported allergy to other drugs, compared to the rest of the
study population. Although this finding is not entirely understood,
it could be at least partially explained by their younger age.
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Analysis of immediate reactions that were observed during this
study under our supervision may shed light on possible
precipitating factors. All reactions were reported by female
subjects and most of them had a history of allergy to other drugs
and previous anaphylaxis. Although this may be partially explained
by subjective complaints, it also raises the possibility of gender
variances in response to drugs. These findings may be useful in
predicting patients who are likely to develop immediate symptoms
following vaccination.

This study has several limitations. First, the work was
conducted in single center. However, this limitation is alleviated
by the fact that patients were referred from various parts of the
country and therefore the data was collected on a national level.
Second, the retrospective design may entail an inherent bias.
Nevertheless, data was collected by structured forms and we
propose that this method of acquisition reduces the potential bias.
Third, the number of patients who were recruited and the rate of
allergic events compromise its statistical power. However, to the
best of our knowledge, we present here the largest series of subjects
thus far who were vaccinated safely despite guideline warnings. A
related publication that was previously published (12) assessed the
safety of vaccine administration to 18 subjects who had reacted to
the first dose. In comparison, we report safety in 346 patients with a
variety of putative risk factors and we show complete absence of
significant systemic reactions. Consequently, we provide here
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comprehensive evidence to refute contraindications that were
issued by leading health organizations.

In conclusion, our study highlights vaccination under specialist-
observation as a powerful tool for allowing the administration of vaccine
despite official contra-indications. This method can provide rapid
support to hesitant individuals and their treating physicians as well as
reliable data to policy leaders in crises such as an outbreak of a pandemic.
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