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Abstract: In this work, we present a comprehensive overview of the genetic and non-genetic complex-
ity of eosinophilic granulomatosis with polyangiitis (EGPA). EGPA is a rare complex systemic disease
that occurs in people presenting with severe asthma and high eosinophilia. After briefly introducing
EGPA and its relationship with the anti-neutrophil cytoplasmic autoantibodies (ANCA)-associated
vasculitis (AAVs), we delve into the complexity of this disease. At first, the two main biological actors,
ANCA and eosinophils, are presented. Biological and clinical phenotypes related to ANCA positivity
or negativity are explained, as well as the role of eosinophils and their pathological subtypes, point-
ing out their intricate relations with EGPA. Then, the genetics of EGPA are described, providing an
overview of the research effort to unravel them. Candidate gene studies have investigated biologically
relevant candidate genes; the more recent genome-wide association studies and meta-analyses, able
to analyze the whole genome, have confirmed previous associations and discovered novel risk loci; in
the end, family-based studies have dissected the contribution of rare variants and the heritability of
EGPA. Then, we briefly present the environmental contribution to EGPA, reporting seasonal events
and pollutants as triggering factors. In the end, the latest omic research is discussed and the most
recent epigenomic, transcriptomic and microbiome studies are presented, highlighting the current
challenges, open questions and suggesting approaches to unraveling this complex disease.
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1. Introduction

Eosinophilic granulomatosis with polyangiitis (EGPA), firstly described by Churg
and Strauss and formerly known as Churg–Strauss syndrome, is a rare complex systemic
disease [1,2]. Together with granulomatosis with polyangiitis (GPA) and microscopic
polyangiitis (MPA), EGPA is considered one of the anti-neutrophil cytoplasmic autoanti-
body (ANCA)-associated vasculitides (AAVs), a group of diseases characterized by the
inflammation of blood vessels, tissue damage, loss of tolerance to neutrophil primary gran-
ule proteins and the consequent development of autoantibodies—the so-called ANCAs [3].
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EGPA fulfills the definition of rare disease (fewer than 1 in 2000 individuals in any WHO
region), equally affecting both males and females with a median age of onset of about
55 years old and with an estimated prevalence ranging between 2.0 and 22.3 cases per
million people [4,5].

EGPA is known to occur in people presenting with severe asthma and high eosinophilia,
and it typically develops through three different phases. The initial phase is characterized
by an allergic state, presenting asthma and atopy. The second phase represents the typical
eosinophilic signature of EGPA, showing high eosinophil levels in different tissues. The
third and last phase has more a vasculitis-like aspect, consisting of the necrotizing granu-
lomatous inflammation of small-to-medium-sized vessels in various organs (such as the
lungs, the skin, and the kidneys), which can be in different combinations [3,6]. The time
span between asthma onset and EGPA diagnosis ranges between 5 to 9 years [7–10]. A
general overview is provided in Figure 1.
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Figure 1. Graphical overview of the risk factors and organ involvement in eosinophilic granulomatosis
with polyangiitis (EGPA). The figure illustrates the complex nature of EGPA, highlighting the most
important biological factors, genetic and environmental influences, and the various affected organs
described in this review.

As per their name, AAVs are characterized by the presence of anti-neutrophil cytoplas-
mic autoantibodies directed against two neutrophil primary granule proteins, proteinase 3
(PR3, also called myeloblastin) and myeloperoxidase (MPO), which are exposed during
inflammation on the neutrophil cell surface [11]. AAVs vary significantly depending on the
type and prevalence of ANCA: GPA predominantly presents with PR3-ANCA in 65–75%
of cases, while MPA more frequently exhibits MPO-ANCA in 55–65% of cases. Both GPA
and MPA have a low percentage of individuals who do not develop any autoantibodies
(ANCA-negative).

Regarding EGPA, ANCA prevalence is estimated to be 30–40%, almost completely
specific for MPO, thus causing MPO-ANCA-positive EGPA. Hence, the majority of EGPA-
affected individuals are reported to be ANCA-negative [12]. Despite having a common
core of high eosinophil levels and severe asthma, MPO-ANCA-positive patients show a
more prominent autoimmune feature, being closer to a vasculitis; instead, ANCA-negative
patients present dysfunctions in the mucosal barrier, leading to more eosinophilic infil-
tration and pointing at a more eosinophil-driven disease, hence showing a more allergic
phenotype [13].

Eosinophils play a fundamental role in the onset and development of EGPA, and their
presence represents a criterion for the definition of the disease, in accordance with the
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American College of Rheumatology [14,15]. Recent studies have suggested the existence of
two different eosinophil-related facets of EGPA, named systemic and respiratory-limited
phenotypes [16,17]. As reported by Matucci and colleagues, these two phenotypes have
been identified using the blood eosinophil count as a disease biomarker. Both these
subtypes showed the involvement of upper and lower airways together with the presence
of asthma and chronic rhinosinusitis. However, the systemic phenotype presents the
highest level of eosinophils and was reported to be associated with extra-pulmonary
disease, involving other organ systems, such as the kidneys and the nervous system;
instead, the respiratory-limited phenotype shows a lower level of blood eosinophils and
the almost exclusive involvement of the lungs, leading to the development of eosinophilic
alveolitis.

An overview of the EGPA subsets is reported in Table 1.

Table 1. Differences among EGPA subtypes. The table reports the currently known differences of
the two EGPA subtypes in term of percentage of affected individuals, clinical phenotype, biological
pathways, and genetics. Reported genes have been associated with the MPO-ANCA-positive or
ANCA-negative phenotypes. All the associated genes are reported in Table 2.

Features MPO-ANCA-Positive ANCA-Negative

Affected individuals 30–40% 60–70%
Phenotype Vasculitis-like Allergy-like

Biological pathways Autoimmunity Mucosal dysfunction
Biological actors ANCA and neutrophils Eosinophils

Associated genes HLA-DQA2, TERT BACH2, CDK6, GATA3,
GPA33, IRF1/IL5

Table 2. List of the genes (carrying variants or closest to intergenic variants) reported to be
associated at genome-wide or suggestive significance with EGPA or ANCA status (in green).
Chrom = Chromosome; EGPA = Eosinophilic granulomatosis with polyangiitis; PR3+ = PR3-ANCA-
positive; MPO+ = MPO-ANCA-positive; ANCA- = ANCA-negative.

Gene Chrom EGPA PR3+ MPO+ ANCA-
FCGR3B 1
GPA33 1

BCL2L11 2
MIR4435-

2HG 2

LPP 3
IRF1 5
TERT 5
TSLP 5

ARHGAP18 6
BACH2 6

HLA-DPB1 6
HLA-DQA1 6
HLA-DQA2 6
HLA-DRB1 6
HLA-DRB4 6

CDK6 7
GATA3 10
ETS1 11

PRTN3 19

Currently, the determinants of EGPA are unknown. In the last decade, a growing
number of studies have identified multiple genetic and environmental factors that may
contribute to an increased risk of development of this disease, either in terms of genetic
and environmental predispositions or as a trigger of immune dysregulation [11,18,19].
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In this review, we delve into the genetics of EGPA. Starting from a general overview, we
provide a comprehensive description of the research efforts, spanning from candidate gene
studies to genome-wide association studies (GWASs), including familial cases. Additionally,
we briefly discuss the environmental triggers of EGPA, offering glimpses into the non-
genetic components of this disease. Finally, we summarize the latest omic findings, offering
new insights and perspectives on future approaches to understand the genetic causes
of EGPA.

2. The Genetics of EGPA: From Candidate-Gene to Whole-Genome Association Analyses

To date, two main genomic approaches have been used to investigate the genetic
factors underlying EGPA and AAVs. At first, candidate-gene association studies were
applied to investigate loci that were likely to be associated with these diseases, according
to knowledge-based hypotheses. Then, with the advent of next-generation sequencing
technologies, GWASs took over, allowing for the scanning of the entire genome to identify
associated signals [20–22].

These studies pointed out different candidate genes distributed along the genome,
with particular regard but not limited to the major histocompatibility complex (MHC)
region. Among the three AAVs, GPA is the most studied, and together with MPA, shows
the clearest evidence of a genetic contribution and predisposition; instead, the genetics of
EGPA remain largely unknown, mostly due to its rarity and complexity. An overview of all
the genetic associations with all the three AAVs is provided in Figure 2.

Initially, candidate-gene studies were employed to dissect the genetic components
of AAVs. Several genes were individually investigated on the basis of their biological
functions, mostly related to inflammation and immunity.

One of the first candidate-gene studies focused on protein tyrosine phosphatase non-
receptor type 22 (PTPN22), a gene which is involved in T-cell receptor signaling that
showed associations in families affected by multiple autoimmune disorders [24]. Jagiello
and colleagues identified an increased frequency in GPA-affected individuals compared
to controls. This association was consequently confirmed by a second study [25], where
cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) was found to be associated with AAV,
harboring susceptibility loci together with PTPN22; both these genes participate in T-cell
signaling and regulation. Further immunoregulatory genes were investigated and were
found to be associated with AAV syndromes. The ETS proto-oncogene 1 (ETS1), which is
involved in the development of regulatory T cells, was found to be associated with both
GPA and PR3-ANCA-positive AAV in the Japanese population [26]. Telomerase reverse
transcriptase (TERT), which is involved in leukocyte telomere length and apoptosis, and
desmoplakin (DSP), involved in immune response and carcinogenesis, showed increased-
risk allele frequency and thus were reported to be associated with MPA and MPO-ANCA-
positive AAV [27].

Other studies identified associations by not just investigating single nucleotide poly-
morphisms (SNPs) but focusing on copy number variations (CNVs). Defensin beta 4
(DEFB4) was reported to be associated with AAV in a Chinese cohort, showing an average
increase in the genomic copy number compared to controls [28]. CNVs were also identified
in Fc gamma receptor 3B (FCGR3B): a strong significant association was identified in both
GPA and MPA, where individuals carrying a low copy number showed an increased risk
of developing the diseases [29]. A similar trend was observed also in EGPA, where a low
copy number was shown to predispose to EGPA [30] and was subsequently confirmed to
increase the relapse risk [31].
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Given the well-known role of the MHC region in immunity and antigen presentation,
the first genetic studies investigated the impact of this region and its human leukocyte
antigen (HLA) complex in AAVs [32–34], trying to assess the genetic contribution of the
HLA genes to AAV susceptibility. Associations with HLA class II were identified in both
EGPA and GPA: Vaglio and colleagues [35] found variants in HLA-DRB1 and HLA-DRB4
genes to be associated with EGPA, with increased frequencies compared to controls, and
Heckmann and colleagues [36] identified that variants in the HLA-DPB1 gene and the
ring finger protein 1 (RING1)—a gene in close proximity to the HLA class II region—were
associated with GPA.

Moreover, genes associated with AAV resulted from meta-analyses, which empowered
signals with low significance or those unseen in single studies. Jung and colleagues [37]
dissected the association between interleukin 10 (IL10) and vasculitis: the comparison of
21 studies led to the identification of SNPs that increased the susceptibility risk of AAV
and specifically GPA. Consequently, Rahmattulla and colleagues [38] performed a genomic
meta-analysis, investigating several genetic variants across multiple genes from 62 studies.
This approach resulted in the identification of 33 variants associated with GPA and MPA
that were located in or in close to candidate genes, such as PTPN22, CTLA4, RING1, and
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the HLA-DP locus, or were carried by previously not-significant genes taking part in either
immune or inflammatory responses, such as the retinoid X receptor beta (RXRB), serpin
family A member 1 (SERPINA1), toll-like receptor 9 (TLR9), and the HLA-DQ locus.

With the advent of new large-scale genotyping technologies, researchers started in-
vestigating variants alongside the whole genome and virtually covering all the human
genes, shifting from candidate-gene to genome-wide approaches, increasingly combined
with and empowered by genotype imputation [22]. To date, four GWASs have been
performed on AAV syndromes, all investigating individuals of European descent—two
focus on both GPA and MPA, one focuses on GPA only, and the most recent focuses ex-
clusively on EGPA [11,18,39,40]. These GWASs confirmed some associations previously
reported in candidate-gene studies, suggesting novel risk loci and allowing us to fine-map
causative variants.

The first GWAS ever performed on ANCA-associated vasculitis comprised a combined
cohort of GPA- and MPA-affected individuals, divided into 1233 and 1454 cases and
5884 and 1666 controls in the discovery and replication cohorts, respectively [11]. In
this study, Lyons and colleagues found associations in both the MHC and the non-MHC
genomic regions. The GWAS confirmed the association (p < 5 × 10−8) of the HLA-DP
locus, which was previously identified by Heckmann and colleagues with a gene-candidate
approach [36]. Moreover, this study showed the association of two more genome-wide
significant signals, one from the HLA-DQ locus, as previously identified by Rahmattulla
and colleagues [38], and one from SERPINA1, encoding for alpha-1-antitrypsin, which is
the main inhibitor of PR3. These genes turned out to be significant in AAV-affected patients
as well as in GPA and PR3-ANCA-positive individuals. Moreover, genes at suggestive
significance (p < 5 × 10−5) were also identified, confirming the association of CTLA4, as
previously reported [25], and providing hints about novel associations, such as proteinase 3
(PRTN3), coding for PR3, and the Rho GTPase-activating protein 18 (ARHGAP18), involved
in cell signaling.

A second GWAS comprising both GPA- and MPA-affected individuals was performed
by Merkel and colleagues [39]. They analyzed 1986 AAV-affected individuals against
4273 healthy controls, focusing on the identification of functional and expression polymor-
phisms. This GWAS confirmed several genes that were previously reported to be associated
at any significance level, such as the HLA-DP and the HLA-DQ loci in the MHC region and
SERPINA1, PTPN22 and PRTN3 in the non-MHC region. Moreover, the study fine-mapped
specific alleles of two HLA loci associated with AAV: HLA-DPA1 and HLA-DPB1 of the
HLA-DP locus, and HLA-DQA1, HLA-DQA2 and HLA-DQB1 of the HLA-DQ locus.

A third GWAS aimed at dissecting the genetic basis of GPA, investigating a cohort of
about 492 cases and 1506 controls and replicating the results on a cohort of comparable size
(528 cases and 1228 controls) [40]. Xie and colleagues identified 32 genome-wide significant
associated signals, which were almost completely located in the MHC region. Both the
alpha and beta chains of HLA-DP gene were found to be associated with GPA, as well as
genes in close proximity to them, such as RING1 and RXRB.

The fourth and last GWAS on AAV aimed to dissect the genetics of EGPA [18]. To date,
this is the only GWAS focusing on this disease; due to its rarity, the recruitment of large
cohorts of EGPA-affected individuals is difficult, making statistical analyses challenging.
Lyons and colleagues enrolled 676 EGPA cases and 6809 controls, gaining insights not only
into EGPA but also into MPO-ANCA-positive and ANCA-negative EGPA. They analyzed
more than 9 million genetic variants, which resulted in three genome-wide significant
associations with EGPA; the most significant signal was in the HLA-DQ locus, while the
other two signals were in close proximity to gene regions—one on chromosome 2 within the
BCL2 like 11 (BCL2L11) and the MIR4435-2 host gene (MIR4435-2HG), and on chromosome
5 near the thymic stromal lymphopoietin (TSLP) gene. Despite the difficulties in mapping
causal variants lying outside the gene, Lyons and colleagues were able to provide biological
meanings to the associations of BCL2L11/MIR4435-2HG and TSLP with EGPA. BCL2L11
encodes for BCL2 interacting mediator of cell death (BIM) proteins, involved in apoptosis



Curr. Issues Mol. Biol. 2024, 46 7522

and immunity [41]; in addition, MIR4435-2HG encodes for a long non-coding RNA that
regulates for BIM transcription and is involved in eosinophil apoptosis [42]. TSLP is
instead involved in inflammation and drives eosinophilia; it has already been reported to
be associated with asthma, eosinophils and allergic traits [43,44]. Moreover, some variants
were also observed at suggestive significance and were consequently fine-mapped to
identify the respective candidate genes: on chromosome 1 on the glycoprotein A33 (GPA33),
responsible for barrier function in the lungs and in the intestine [45]; on chromosome
5 close to the Interferon regulatory factor 1 (IRF1) locus, involved in both innate and
acquired immunity, and to the interleukin 5 (IL5) locus, involved in inflammation and
in the growth and differentiation of eosinophils; on chromosome 6 on the BTB domain
and CNC homolog 2 (BACH2), which plays a key role in regulating the maturation and
differentiation of B and T cells; on chromosome 7 on the LIM domain-containing preferred
translocation partner in lipoma (LPP), already reported to be associated with asthma and
allergies [46,47], and with the cyclin-dependent kinase 6 (CDK6), involved in cell cycle
regulation; in an intergenic region on chromosome 10 close to GATA binding protein 3
(GATA3), which is an important transcription factor expressed by several immune cells [48].

Lyons and colleagues focused not only on EGPA but also on its ANCA subsets, analyz-
ing MPO-ANCA-positive and ANCA-negative EGPA. The clinical differences between the
ANCA phenotypes were reflected in their genetics: on the one hand, MPO-ANCA-positive
EGPA was strongly associated with the HLA-DQ locus; on the other hand, ANCA-negative
EGPA was found to be associated with BACH2, CDK6, GATA3, GPA33 and the IRF1/IL5 lo-
cus. Thus, the associations with BCL2L11, TSLP, and LPP we found to be independent from
the ANCA status. Hence, the genetic association resembled the specific ANCA features,
proposing a more autoimmune profile in MPO-ANCA-positive EGPA, almost completely
driven by the HLA complex, compared to a more eosinophilic and mucosal signature in
ANCA-negative EGPA, characterized by the impact of non-MHC genes.

A complete overview of all the genetic associations with EGPA is provided in Table 2;
an extended version of the table is available in Table S1.

Despite the number of genetic associations identified for EGPA, heritability and genetic
predisposition remain largely unexplained, possibly due to the small effect as well as the
rarity of the associated variants on the overall disease risk [49]. To answer these unsolved
questions, family-based studies are needed. Following inheritance patterns and allele
segregation, related people are more likely to be enriched for rare variants and thus
could help in better explaining the genetic predisposition to complex diseases [50–52].
To date, only one family-based genetic study has been performed on EGPA, mostly due
to the rarity of this disease and thus of familial cases. David and colleagues [53] took
advantage of a well-characterized family that underwent whole-exome sequencing to
identify causative genetic variants. The family presented four individuals, comprising a
father and a son affected by EGPA and a mother and a daughter not presenting EGPA or
any allergic symptoms. The study focused on variants that were transmitted following
an autosomal dominant pattern and were likely to cause a loss of function or to have
a pathogenic effect. A total of 65 rare variants, present only in the affected individuals,
were identified; among them, only three were confirmed by both in silico predictions
and in vitro experiments. These variants belonged to eosinophil peroxidase (EPX), the
lipocalin 2 (LCN2), and Fms-related receptor tyrosine kinase 3 (FLT3). These genes were
further investigated in 119 sporadic affected individuals, resulting in the identification of
24 different variants in EPX among 31 individuals. Thus, David and colleagues proposed
EPX as a putative novel candidate gene, given its role in eosinophils homeostasis and its
previous association with eosinophilic diseases [54–56].

At the current state of knowledge, EGPA is deemed to have a polygenic nature. Due
to its rarity, it is likely that additional genetic factors still need to be identified, in order to
explain its pathogenesis as well as to identify novel therapeutic targets.
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3. Environmental Determinants of AAV and EGPA

As for other complex diseases, EGPA and in general AAVs have shown both genetic
and environmental components, which are involved in their onset and development. To
address the non-genetic causes, different studies have been carried out, mostly focusing on,
but not limited to, GPA [57].

Seasonal variations in AAVs were investigated to assess a possible correlation between
their onset and seasonal events, such as infectious diseases. Some studies identified a direct
correlation between GPA and seasonal infections, with particular regards to the winter
months, proposing the infectious event as one trigger for AAV. However, other studies
identified this correlation in the summer months, proposing an allergic mechanism [58–62].
Thus, the correlation between AAV and seasonal events is still largely debated and needs
to be further clarified.

In addition to seasonal events, the role of infections as a trigger for autoimmune
diseases represents a research question in AAVs too. Infections from Epstein–Barr virus
have been proposed as possible causative factors, particularly for MPO-ANCA-positive
AAVs and EGPA [63,64]. Moreover, few case studies have reported the development of
ANCA after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, thus
suggesting SARS-CoV-2 infection as a trigger for autoimmunity, leading to the onset of
AAVs [65–69]. Triggering infections have been identified also in bacteria, specifically in
Staphylococcus aureus [70–72]. The presence of S. aureus has been associated with AAVs:
some studies have reported that the colonization of the respiratory tract increases the
susceptibility to GPA as well as the risk of relapses, probably due to the activation of the
immune system as a response to the infection [70].

Pollutants have also been reported as potential determinants of AAVs [57]. A small
number of studies have investigated different environmental compounds that may lead to
the onset of these syndromes. Among them, Beaudreuil and colleagues [73] and Rihova
and colleagues [74] identified a correlation with dust exposure, with particular regards to
silica, which was subsequently confirmed in a meta-analysis by Scott and colleagues [75].
Other environmental risk factors have been identified in both rural and urban areas, despite
the lack of strong evidence—in the former, this was due to the exposure to fertilizer and
pesticides, and in the latter, this was due to the presence of high carbon monoxide levels
and pollution [76,77].

Similar to its genetics, the environmental factors increasing the risk for AAVs are not
fully understood and not yet completely identified. Hence, AAVs and EGPA etiology re-
main largely unclear. Given the nature of EGPA, environmental factors cannot be excluded
from the triggering causes of this disease. While seasonal peaks and cyclical occurrences
can be currently excluded, infections and exposures must be definitely taken into considera-
tion [78]. Further research should focus on the role and impact of environmental triggers as
well as their interaction with the genetic profile of affected people, to gain novel knowledge
of the disease mechanisms.

4. Latest Research on EGPA

At the current state of knowledge, EGPA displays features of both vasculitis and
eosinophilic disease. The advent of next-generation sequencing technologies and the rise
of different omic approaches has made novel opportunities to dissect this disease available.
Genomic association analyses were the first approaches put in place; however, epigenomic,
transcriptomic and microbiome studies have been carried out in recent years to try to
differentiate AAV syndromes.

Two epigenetic studies have investigated the genes encoding for PR3-ANCA and
MPO-ANCA, showing expression changes of PRTN3 and MPO genes [79,80]. They focused
on differentially expressed genes in AAV-affected individuals compared to healthy indi-
viduals that were correlated to MPO and PRTN3 expression. Ciavatta and colleagues [79]
identified an increased DNA methylation in ANCA patients, causing gene silencing and
the dysregulated expression of MPO and PRTN3. Similarly, Yang and colleagues [80] iden-
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tified a different histone modification pattern when comparing AAV patients and healthy
controls, suggesting the involvement of epigenetic changes in AAV pathogenesis.

A transcriptomic study focused on AAV to identify a specific transcriptional signature
able to predict its onset [81]. McKinney and colleagues recruited 95 AAV-affected individu-
als and investigated the transcriptional profile of CD8 T cells. They identified differentially
expressed genes linked to T-cell exhaustion and loss of function that were involved in the
interleukin-7 receptor (IL7R) pathway and the T-cell receptor (TCR) signaling. Thus, they
proposed CD8 T cells as possible prognostic biomarkers for AAVs.

More recently, Niccolai and colleagues [82] investigated the human gut microbiome
in 29 EGPA-affected individuals. The analyses did not show any significant difference in
the gut microbiome profiles of patients and controls. However, they showed an increase
in bacterial species belonging to the Enterobacteriaceae, Lactobacillaceae, and Streptococcaceae
families, which is likely to trigger intestinal inflammatory and immune responses in
EGPA patients.

5. Conclusions and Future Perspectives

At the present time, EGPA largely remains an enigmatic disease. Despite technological
and methodological advancements, which have allowed us to investigate and unravel the
complexity of different human diseases and traits, the genetic and environmental factors
triggering EGPA as well as its pathophysiological dynamics are poorly understood.

The environmental factors remain largely unexplained. Currently, only some evidence
is available, but a consistent gap in the identification of all the possible triggering sources
exists. Dissecting the non-genetic component of EGPA might help in our understanding of
disease susceptibility. For example, the identification of the pathogens whose infections
are likely to trigger AAVs could partially elucidate pathological mechanisms and related
pathways. This might benefit from the investigation of the interaction between internal
(i.e., genetics) and external (i.e., environmental) triggers, which will partially explain the
complexity of this disease.

From the genetic perspective, multiple studies have shown the polygenic nature of
EGPA. The GWAS on EGPA by Lyons and colleagues [18] proved that this disease is not only
limited to the HLA locus, though representing the most significant signal, but also involves
different genes outside the MHC genomic region. Hence, the validation of previously
reported associations turns out to be an urgent need. The current genetic knowledge of
EGPA can largely benefit from a second GWAS, and a subsequent meta-analysis of the
resulting signals could confirm the true associations and clearly identify driver genes.
Moreover, this will help to delineate the different genetic profile of MPO-ANCA-positive
EGPA, which seems to be mostly related to the HLA contribution, and ANCA-negative
EGPA, which seems impacted by non-MHC genes. However, the rarity of this disease and
the consequent small number of affected individuals might make its realization challenging.
Thus, despite not having a statistically powerful sample size, smaller studies can be of
help in several ways. As suggested by David and colleagues [53], the analysis of families
with EGPA-affected individuals will assist in the identification of rare variants. Although
these variants are generally undetected in GWASs, tailored studies should be designed
and performed, since they can explain a small fraction of the genetics of EGPA and thus
provide an estimation of its heritability. Moreover, investigating families will prove the
existence of a familial form of EGPA and eventually propose candidate genes that are likely
to be associated with the familial form rather than with a sporadic form, as investigated by
GWASs. However, given the polygenicity of EGPA, if a familial form of this disease exists,
it is likely to have a genetic core shared with the sporadic form.

Going beyond classical genetics and genomics, different omic approaches can provide
novel insights to address the current open questions in the pathophysiology of EGPA. As for
the other AAVs (GPA and MPA), epigenomics and transcriptomics offer novel perspectives
and are helping in dissecting these diseases. Despite the recent advancements in genomics,
epigenomics, and transcriptomics, these approaches have not been yet applied in investigat-
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ing EGPA. Additionally, some basic research questions remain unsolved. The identification
of all the genes associated with EGPA and harboring disease-causing variants is crucial. In
addition to association studies and the consequent fine-mapping of pathogenic variants,
the investigation of non-coding and regulatory regions might increase our understanding
of this disease, shifting the focus from driver genes to their regulatory counterparts [83].
For example, the exploration of differentially expressed genes in EGPA-affected individuals
compared to healthy controls could improve our understanding of the regulatory mecha-
nisms taking place. Furthermore, the use of single-cell RNA sequencing [84,85] could help
us to dissect the composition of the main biological actors of EGPA: ANCA and eosinophils.
On the one hand, this could unravel the relationship between ANCA and EGPA; on the
other hand, it could elucidate and validate eosinophils as novel clinical biomarkers.

Research carried out on similar inflammatory and autoimmune diseases can provide
useful information on EGPA. The current knowledge of the other two AAVs (GPA and MPA),
as well as on other eosinophilic diseases, such as asthma, allergies and hypereosinophilic
syndrome, can be beneficial to advance our understanding of EGPA. For example, the
investigation of genes belonging to the same pathway as well as those involved in similar
functions across multiple diseases could help in dissecting the mechanisms triggering
EGPA as well as suggesting novel targets. Moreover, the identification of these candidates
could pave the way to drug repurposing [86]. The usage of drugs that have already been
tested for similar diseases will dramatically decrease the cost related to drug discovery
and development as well as confirm the identified targets, as proposed for systemic lupus
erythematosus and AAVs [87].

Overall, the identification of novel candidate genes as well as the validation of already
reported associations will further confirm the polygenic nature of EGPA, not only limited
to the MHC region. The associated genetic signals coming from different omic studies
might shift towards genetic scores [88,89]. The development of polygenic scores will help
in estimating the individual susceptibility to diseases or traits according to genetic profiles.
To date, there are several technical issues related to the development of a polygenic risk
score tailored for EGPA, such as an adequate sample size for model training, testing and
validation [90]. However, the combination of the associated genetic and environmental
factors will help not only in the estimation of the susceptibility to EGPA but also in the
development of personalized treatments and therapies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb46070446/s1, Table S1: Extended list of the genes reported
to be associated with one or more ANCA-associated vasculitis or subtypes.

Author Contributions: Conceptualization, M.T., G.M. and D.M.; writing—original draft preparation,
M.T.; writing—review and editing, L.V., C.P., G.M., A.V. and D.M.; visualization, M.T. and A.V.;
supervision, G.M. and D.M.; project administration, G.M. and A.V. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Churg, J.; Strauss, L. Allergic Granulomatosis, Allergic Angiitis, and Periarteritis Nodosa. Am. J. Pathol. 1951, 27, 277–301.

[PubMed]
2. White, J.; Dubey, S. Eosinophilic Granulomatosis with Polyangiitis: A Review. Autoimmun. Rev. 2023, 22, 103219. [CrossRef]

[PubMed]
3. Hunter, R.W.; Welsh, N.; Farrah, T.E.; Gallacher, P.J.; Dhaun, N. ANCA Associated Vasculitis. BMJ 2020, 369, m1070. [CrossRef]
4. Watts, R.A.; Mahr, A.; Mohammad, A.J.; Gatenby, P.; Basu, N.; Flores-Suárez, L.F. Classification, Epidemiology and Clinical

Subgrouping of Antineutrophil Cytoplasmic Antibody (ANCA)-Associated Vasculitis. Nephrol. Dial. Transplant. 2015, 30, i14–i22.
[CrossRef]

https://www.mdpi.com/article/10.3390/cimb46070446/s1
https://www.mdpi.com/article/10.3390/cimb46070446/s1
https://www.ncbi.nlm.nih.gov/pubmed/14819261
https://doi.org/10.1016/j.autrev.2022.103219
https://www.ncbi.nlm.nih.gov/pubmed/36283646
https://doi.org/10.1136/bmj.m1070
https://doi.org/10.1093/ndt/gfv022


Curr. Issues Mol. Biol. 2024, 46 7526

5. Berti, A.; Cornec, D.; Crowson, C.S.; Specks, U.; Matteson, E.L. The Epidemiology of Antineutrophil Cytoplasmic
Autoantibody–Associated Vasculitis in Olmsted County, Minnesota: A Twenty-Year US Population–Based Study. Arthri-
tis Rheumatol. 2017, 69, 2338–2350. [CrossRef] [PubMed]

6. Baldini, C.; Talarico, R.; Della Rossa, A.; Bombardieri, S. Clinical Manifestations and Treatment of Churg-Strauss Syndrome.
Rheum. Dis. Clin. North Am. 2010, 36, 527–543. [CrossRef]

7. Vaglio, A.; Casazza, I.; Grasselli, C.; Corradi, D.; Sinico, R.A.; Buzio, C. Churg–Strauss Syndrome. Kidney Int. 2009, 76, 1006–1011.
[CrossRef]

8. Chung, S.A.; Seo, P. Microscopic Polyangiitis. Rheum. Dis. Clin. North Am. 2010, 36, 545–558. [CrossRef]
9. Nguyen, Y.; Guillevin, L. Eosinophilic Granulomatosis with Polyangiitis (Churg–Strauss). Semin. Respir. Crit. Care Med. 2018, 39,

471–481. [CrossRef]
10. Puéchal, X. Granulomatosis with Polyangiitis (Wegener’s). Jt. Bone Spine 2020, 87, 572–578. [CrossRef]
11. Lyons, P.A.; Rayner, T.F.; Trivedi, S.; Holle, J.U.; Watts, R.A.; Jayne, D.R.W.; Baslund, B.; Brenchley, P.; Bruchfeld, A.; Chaudhry,

A.N.; et al. Genetically Distinct Subsets within ANCA-Associated Vasculitis. N. Engl. J. Med. 2012, 367, 214–223. [CrossRef]
12. Kitching, A.R.; Anders, H.-J.; Basu, N.; Brouwer, E.; Gordon, J.; Jayne, D.R.; Kullman, J.; Lyons, P.A.; Merkel, P.A.; Savage, C.O.S.;

et al. ANCA-Associated Vasculitis. Nat. Rev. Dis. Primers 2020, 6, 71. [CrossRef] [PubMed]
13. Trivioli, G.; Marquez, A.; Martorana, D.; Tesi, M.; Kronbichler, A.; Lyons, P.A.; Vaglio, A. Genetics of ANCA-Associated Vasculitis:

Role in Pathogenesis, Classification and Management. Nat. Rev. Rheumatol. 2022, 18, 559–574. [CrossRef] [PubMed]
14. Masi, A.T.; Hunder, G.G.; Lie, J.T.; Michel, B.A.; Bloch, D.A.; Arend, W.P.; Calabrese, L.H.; Edworthy, S.M.; Fauci, A.S.; Leavitt, R.Y.

The American College of Rheumatology 1990 Criteria for the Classification of Churg-Strauss Syndrome (Allergic Granulomatosis
and Angiitis). Arthritis Rheum. 1990, 33, 1094–1100. [CrossRef]

15. Grayson, P.C.; Ponte, C.; Suppiah, R.; Robson, J.C.; Craven, A.; Judge, A.; Khalid, S.; Hutchings, A.; Luqmani, R.A.; Watts, R.A.;
et al. 2022 American College of Rheumatology/European Alliance of Associations for Rheumatology Classification Criteria for
Eosinophilic Granulomatosis with Polyangiitis. Ann. Rheum. Dis. 2022, 81, 309–314. [CrossRef]

16. Matucci, A.; Vivarelli, E.; Perlato, M.; Mecheri, V.; Accinno, M.; Cosmi, L.; Parronchi, P.; Rossi, O.; Vultaggio, A. Baseline
Eosinophil Count as a Potential Clinical Biomarker for Clinical Complexity in EGPA: A Real-Life Experience. Biomedicines 2022,
10, 2688. [CrossRef]

17. Matucci, A.; Vivarelli, E.; Perlato, M.; Mecheri, V.; Accinno, M.; Cosmi, L.; Parronchi, P.; Rossi, O.; Vultaggio, A. EGPA Phenotyping:
Not Only ANCA, but Also Eosinophils. Biomedicines 2023, 11, 776. [CrossRef] [PubMed]

18. Lyons, P.A.; Peters, J.E.; Alberici, F.; Liley, J.; Coulson, R.M.R.; Astle, W.; Baldini, C.; Bonatti, F.; Cid, M.C.; Elding, H.; et al.
Genome-Wide Association Study of Eosinophilic Granulomatosis with Polyangiitis Reveals Genomic Loci Stratified by ANCA
Status. Nat. Commun. 2019, 10, 5120. [CrossRef]

19. Maritati, F.; Peyronel, F.; Fenaroli, P.; Pegoraro, F.; Lastrucci, V.; Benigno, G.D.; Palmisano, A.; Rossi, G.M.; Urban, M.L.; Alberici,
F.; et al. Occupational Exposures and Smoking in Eosinophilic Granulomatosis With Polyangiitis: A Case–Control Study. Arthritis
Rheumatol. 2021, 73, 1694–1702. [CrossRef]

20. Pareek, C.S.; Smoczynski, R.; Tretyn, A. Sequencing Technologies and Genome Sequencing. J. Appl. Genet. 2011, 52, 413–435.
[CrossRef]

21. Cui, H.; Dhroso, A.; Johnson, N.; Korkin, D. The Variation Game: Cracking Complex Genetic Disorders with NGS and Omics
Data. Methods 2015, 79–80, 18–31. [CrossRef] [PubMed]

22. Treccani, M.; Locatelli, E.; Patuzzo, C.; Malerba, G. A Broad Overview of Genotype Imputation: Standard Guidelines, Approaches,
and Future Investigations in Genomic Association Studies. BIOCELL 2023, 47, 1225–1241. [CrossRef]

23. Snel, B. STRING: A Web-Server to Retrieve and Display the Repeatedly Occurring Neighbourhood of a Gene. Nucleic Acids Res.
2000, 28, 3442–3444. [CrossRef] [PubMed]

24. Jagiello, P.; Aries, P.; Arning, L.; Wagenleiter, S.E.N.; Csernok, E.; Hellmich, B.; Gross, W.L.; Epplen, J.T. The PTPN22 620W Allele
Is a Risk Factor for Wegener’s Granulomatosis. Arthritis Rheum. 2005, 52, 4039–4043. [CrossRef] [PubMed]

25. Carr, E.J.; Niederer, H.A.; Williams, J.; Harper, L.; Watts, R.A.; Lyons, P.A.; Smith, K.G. Confirmation of the Genetic Association of
CTLA4 and PTPN22 with ANCA-Associated Vasculitis. BMC Med. Genet. 2009, 10, 121. [CrossRef] [PubMed]

26. Kawasaki, A.; Yamashita, K.; Hirano, F.; Sada, K.; Tsukui, D.; Kondo, Y.; Kimura, Y.; Asako, K.; Kobayashi, S.; Yamada, H.;
et al. Association of ETS1 Polymorphism with Granulomatosis with Polyangiitis and Proteinase 3-Anti-Neutrophil Cytoplasmic
Antibody Positive Vasculitis in a Japanese Population. J. Hum. Genet. 2018, 63, 55–62. [CrossRef] [PubMed]

27. Kawasaki, A.; Namba, N.; Sada, K.; Hirano, F.; Kobayashi, S.; Nagasaka, K.; Sugihara, T.; Ono, N.; Fujimoto, T.; Kusaoi, M.;
et al. Association of TERT and DSP Variants with Microscopic Polyangiitis and Myeloperoxidase-ANCA Positive Vasculitis in a
Japanese Population: A Genetic Association Study. Arthritis Res. Ther. 2020, 22, 246. [CrossRef] [PubMed]

28. Zhou, X.-J.; Cheng, F.-J.; Lv, J.-C.; Luo, H.; Yu, F.; Chen, M.; Zhao, M.-H.; Zhang, H. Higher DEFB4 Genomic Copy Number in SLE
and ANCA-Associated Small Vasculitis. Rheumatology 2012, 51, 992–995. [CrossRef] [PubMed]

29. Fanciulli, M.; Norsworthy, P.J.; Petretto, E.; Dong, R.; Harper, L.; Kamesh, L.; Heward, J.M.; Gough, S.C.L.; De Smith, A.;
Blakemore, A.I.F.; et al. FCGR3B Copy Number Variation Is Associated with Susceptibility to Systemic, but Not Organ-Specific,
Autoimmunity. Nat. Genet. 2007, 39, 721–723. [CrossRef]

https://doi.org/10.1002/art.40313
https://www.ncbi.nlm.nih.gov/pubmed/28881446
https://doi.org/10.1016/j.rdc.2010.05.003
https://doi.org/10.1038/ki.2009.210
https://doi.org/10.1016/j.rdc.2010.04.003
https://doi.org/10.1055/s-0038-1669454
https://doi.org/10.1016/j.jbspin.2020.06.005
https://doi.org/10.1056/NEJMoa1108735
https://doi.org/10.1038/s41572-020-0204-y
https://www.ncbi.nlm.nih.gov/pubmed/32855422
https://doi.org/10.1038/s41584-022-00819-y
https://www.ncbi.nlm.nih.gov/pubmed/36109667
https://doi.org/10.1002/art.1780330806
https://doi.org/10.1136/annrheumdis-2021-221794
https://doi.org/10.3390/biomedicines10112688
https://doi.org/10.3390/biomedicines11030776
https://www.ncbi.nlm.nih.gov/pubmed/36979755
https://doi.org/10.1038/s41467-019-12515-9
https://doi.org/10.1002/art.41722
https://doi.org/10.1007/s13353-011-0057-x
https://doi.org/10.1016/j.ymeth.2015.04.018
https://www.ncbi.nlm.nih.gov/pubmed/25944472
https://doi.org/10.32604/biocell.2023.027884
https://doi.org/10.1093/nar/28.18.3442
https://www.ncbi.nlm.nih.gov/pubmed/10982861
https://doi.org/10.1002/art.21487
https://www.ncbi.nlm.nih.gov/pubmed/16320352
https://doi.org/10.1186/1471-2350-10-121
https://www.ncbi.nlm.nih.gov/pubmed/19951419
https://doi.org/10.1038/s10038-017-0362-2
https://www.ncbi.nlm.nih.gov/pubmed/29167552
https://doi.org/10.1186/s13075-020-02347-0
https://www.ncbi.nlm.nih.gov/pubmed/33076992
https://doi.org/10.1093/rheumatology/ker419
https://www.ncbi.nlm.nih.gov/pubmed/22302058
https://doi.org/10.1038/ng2046


Curr. Issues Mol. Biol. 2024, 46 7527

30. Martorana, D.; Bonatti, F.; Alberici, F.; Gioffredi, A.; Reina, M.; Urban, M.L.; Maritati, F.; Adorni, A.; Radice, A.; Pizzolato, S.; et al.
Fcγ-Receptor 3B ( FCGR3B ) Copy Number Variations in Patients with Eosinophilic Granulomatosis with Polyangiitis. J. Allergy
Clin. Immunol. 2016, 137, 1597–1599.e8. [CrossRef]

31. Alberici, F.; Bonatti, F.; Adorni, A.; Daminelli, G.; Sinico, R.A.; Gregorini, G.; Marvisi, C.; Fenaroli, P.; Peyronel, F.; Maritati, F.;
et al. FCGR3B Polymorphism Predicts Relapse Risk in Eosinophilic Granulomatosis with Polyangiitis. Rheumatology 2020, 59,
3563–3566. [CrossRef]

32. Campbell, R.D.; Milner, C.M. MHC Genes in Autoimmunity. Curr. Opin. Immunol. 1993, 5, 887–893. [CrossRef] [PubMed]
33. Jiang, J.; Natarajan, K.; Margulies, D.H. MHC Molecules, T Cell Receptors, Natural Killer Cell Receptors, and Viral Immunoevasins-

Key Elements of Adaptive and Innate Immunity. Adv. Exp. Med. Biol. 2019, 1172, 21–62. [CrossRef] [PubMed]
34. Ishina, I.A.; Zakharova, M.Y.; Kurbatskaia, I.N.; Mamedov, A.E.; Belogurov, A.A.; Gabibov, A.G. MHC Class II Presentation in

Autoimmunity. Cells 2023, 12, 314. [CrossRef]
35. Vaglio, A.; Martorana, D.; Maggiore, U.; Grasselli, C.; Zanetti, A.; Pesci, A.; Garini, G.; Manganelli, P.; Bottero, P.; Tumiati, B.; et al.

HLA–DRB4 as a Genetic Risk Factor for Churg-Strauss Syndrome. Arthritis Rheum. 2007, 56, 3159–3166. [CrossRef] [PubMed]
36. Heckmann, M.; Holle, J.U.; Arning, L.; Knaup, S.; Hellmich, B.; Nothnagel, M.; Jagiello, P.; Gross, W.L.; Epplen, J.T.; Wieczorek, S.

The Wegener’s Granulomatosis Quantitative Trait Locus on Chromosome 6p21.3 as Characterised by tagSNP Genotyping. Ann.
Rheum. Dis. 2008, 67, 972–979. [CrossRef]

37. Jung, J.H.; Song, G.G.; Lee, Y.H. Meta-Analysis of Associations Between Interleukin-10 Polymorphisms and Susceptibility to
Vasculitis. Immunol. Investig. 2015, 44, 553–565. [CrossRef]

38. Rahmattulla, C.; Mooyaart, A.L.; Van Hooven, D.; Schoones, J.W.; Bruijn, J.A.; Dekkers, O.M.; European Vasculitis Genetics
Consortium; Bajema, I.M. Genetic Variants in ANCA-Associated Vasculitis: A Meta-Analysis. Ann. Rheum. Dis. 2016, 75,
1687–1692. [CrossRef]

39. Merkel, P.A.; Xie, G.; Monach, P.A.; Ji, X.; Ciavatta, D.J.; Byun, J.; Pinder, B.D.; Zhao, A.; Zhang, J.; Tadesse, Y.; et al. Identification
of Functional and Expression Polymorphisms Associated With Risk for Antineutrophil Cytoplasmic Autoantibody–Associated
Vasculitis. Arthritis Rheumatol. 2017, 69, 1054–1066. [CrossRef]

40. Xie, G.; Roshandel, D.; Sherva, R.; Monach, P.A.; Lu, E.Y.; Kung, T.; Carrington, K.; Zhang, S.S.; Pulit, S.L.; Ripke, S.; et al.
Association of Granulomatosis With Polyangiitis (Wegener’s) With HLA–DPB1*04 and SEMA6A Gene Variants: Evidence From
Genome-Wide Analysis. Arthritis Rheum. 2013, 65, 2457–2468. [CrossRef]

41. Luo, S.; Rubinsztein, D.C. BCL2L11/BIM: A Novel Molecular Link between Autophagy and Apoptosis. Autophagy 2013, 9,
104–105. [CrossRef] [PubMed]

42. Kotzin, J.J.; Spencer, S.P.; McCright, S.J.; Kumar, D.B.U.; Collet, M.A.; Mowel, W.K.; Elliott, E.N.; Uyar, A.; Makiya, M.A.; Dunagin,
M.C.; et al. The Long Non-Coding RNA Morrbid Regulates Bim and Short-Lived Myeloid Cell Lifespan. Nature 2016, 537,
239–243. [CrossRef] [PubMed]

43. Ntontsi, P.; Photiades, A.; Zervas, E.; Xanthou, G.; Samitas, K. Genetics and Epigenetics in Asthma. Int. J. Mol. Sci. 2021, 22, 2412.
[CrossRef]

44. Murrison, L.B.; Ren, X.; Preusse, K.; He, H.; Kroner, J.; Chen, X.; Jenkins, S.; Johansson, E.; Biagini, J.M.; Weirauch, M.T.; et al.
TSLP Disease-Associated Genetic Variants Combined with Airway TSLP Expression Influence Asthma Risk. J. Allergy Clin.
Immunol. 2022, 149, 79–88. [CrossRef] [PubMed]

45. Williams, B.B.; Tebbutt, N.C.; Buchert, M.; Putoczki, T.L.; Doggett, K.; Bao, S.; Johnstone, C.N.; Masson, F.; Hollande, F.;
Burgess, A.W.; et al. Glycoprotein A33 Deficiency: A New Mouse Model of Impaired Intestinal Epithelial Barrier Function and
Inflammatory Disease. Dis. Model. Mech. 2015, 8, 805–815. [CrossRef]

46. Johansson, Å.; Rask-Andersen, M.; Karlsson, T.; Ek, W.E. Genome-Wide Association Analysis of 350 000 Caucasians from the UK
Biobank Identifies Novel Loci for Asthma, Hay Fever and Eczema. Human. Mol. Genet. 2019, 28, 4022–4041. [CrossRef] [PubMed]

47. Olafsdottir, T.A.; Theodors, F.; Bjarnadottir, K.; Bjornsdottir, U.S.; Agustsdottir, A.B.; Stefansson, O.A.; Ivarsdottir, E.V.; Sigurdsson,
J.K.; Benonisdottir, S.; Eyjolfsson, G.I.; et al. Eighty-Eight Variants Highlight the Role of T Cell Regulation and Airway Remodeling
in Asthma Pathogenesis. Nat. Commun. 2020, 11, 393. [CrossRef]

48. Wan, Y.Y. GATA3: A Master of Many Trades in Immune Regulation. Trends Immunol. 2014, 35, 233–242. [CrossRef]
49. Manolio, T.A.; Collins, F.S.; Cox, N.J.; Goldstein, D.B.; Hindorff, L.A.; Hunter, D.J.; McCarthy, M.I.; Ramos, E.M.; Cardon, L.R.;

Chakravarti, A.; et al. Finding the Missing Heritability of Complex Diseases. Nature 2009, 461, 747–753. [CrossRef]
50. Ott, J.; Kamatani, Y.; Lathrop, M. Family-Based Designs for Genome-Wide Association Studies. Nat. Rev. Genet. 2011, 12, 465–474.

[CrossRef]
51. Auer, P.L.; Lettre, G. Rare Variant Association Studies: Considerations, Challenges and Opportunities. Genome Med. 2015, 7, 16.

[CrossRef] [PubMed]
52. Dossa, H.R.G.; Bureau, A.; Maziade, M.; Lakhal-Chaieb, L.; Oualkacha, K. A Novel Rare Variants Association Test for Binary

Traits in Family-Based Designs via Copulas. Stat. Methods Med. Res. 2023, 32, 2096–2122. [CrossRef]
53. David, C.; Hamel, Y.; Smahi, A.; Diot, E.; Benhamou, Y.; Girszyn, N.; Le Gallou, T.; Lifermann, F.; Godmer, P.; Maurier, F.; et al.

Identification of EPX Variants in Human Eosinophilic Granulomatosis with Polyangiitis (Churg-Strauss). J. Allergy Clin. Immunol.
Pract. 2023, 11, 1960–1963.e3. [CrossRef] [PubMed]

54. Nielsen, L.P.; Peterson, C.G.B.; Dahl, R. Serum Eosinophil Granule Proteins Predict Asthma Risk in Allergic Rhinitis. Allergy 2009,
64, 733–737. [CrossRef]

https://doi.org/10.1016/j.jaci.2015.09.053
https://doi.org/10.1093/rheumatology/keaa134
https://doi.org/10.1016/0952-7915(93)90101-W
https://www.ncbi.nlm.nih.gov/pubmed/8297520
https://doi.org/10.1007/978-981-13-9367-9_2
https://www.ncbi.nlm.nih.gov/pubmed/31628650
https://doi.org/10.3390/cells12020314
https://doi.org/10.1002/art.22834
https://www.ncbi.nlm.nih.gov/pubmed/17763415
https://doi.org/10.1136/ard.2007.077693
https://doi.org/10.3109/08820139.2015.1043670
https://doi.org/10.1136/annrheumdis-2015-207601
https://doi.org/10.1002/art.40034
https://doi.org/10.1002/art.38036
https://doi.org/10.4161/auto.22399
https://www.ncbi.nlm.nih.gov/pubmed/23064249
https://doi.org/10.1038/nature19346
https://www.ncbi.nlm.nih.gov/pubmed/27525555
https://doi.org/10.3390/ijms22052412
https://doi.org/10.1016/j.jaci.2021.05.033
https://www.ncbi.nlm.nih.gov/pubmed/34111451
https://doi.org/10.1242/dmm.019935
https://doi.org/10.1093/hmg/ddz175
https://www.ncbi.nlm.nih.gov/pubmed/31361310
https://doi.org/10.1038/s41467-019-14144-8
https://doi.org/10.1016/j.it.2014.04.002
https://doi.org/10.1038/nature08494
https://doi.org/10.1038/nrg2989
https://doi.org/10.1186/s13073-015-0138-2
https://www.ncbi.nlm.nih.gov/pubmed/25709717
https://doi.org/10.1177/09622802231197977
https://doi.org/10.1016/j.jaip.2023.02.019
https://www.ncbi.nlm.nih.gov/pubmed/36868475
https://doi.org/10.1111/j.1398-9995.2008.01869.x


Curr. Issues Mol. Biol. 2024, 46 7528

55. Winther, L.; Moseholm, L.; Reimert, C.M.; Stahl Skov, P.; Kaergaard Poulsen, L. Basophil Histamine Release, IgE, Eosinophil
Counts, ECP, and EPX Are Related to the Severity of Symptoms in Seasonal Allergic Rhinitis. Allergy 1999, 54, 436–445. [CrossRef]
[PubMed]

56. Bobbio-Pallavicini, E.; Confalonieri, M.; Tacconi, F.; Mainardi, E.; Della Porta, R.; Ceccato, D.; Maccario, R.; De Amici, M. Study of
Release of Eosinophil Cationic Proteins (ECP and EPX) in the Hypereosinophilic Syndrome (HES) and Other Hypereosinophilic
Conditions. Panminerva Med. 1998, 40, 186–190.

57. Zhao, W.-M.; Wang, Z.-J.; Shi, R.; Zhu, Y.-Y.; Zhang, S.; Wang, R.-F.; Wang, D.-G. Environmental Factors Influencing the Risk of
ANCA-Associated Vasculitis. Front. Immunol. 2022, 13, 991256. [CrossRef]

58. Draibe, J.; Rodó, X.; Fulladosa, X.; Martínez-Valenzuela, L.; Diaz-Encarnación, M.; Santos, L.; Marco, H.; Quintana, L.; Rodriguez,
E.; Barros, X.; et al. Seasonal Variations in the Onset of Positive and Negative Renal ANCA-Associated Vasculitis in Spain. Clin.
Kidney J. 2018, 11, 468–473. [CrossRef] [PubMed]

59. Ooi, J.D.; Jiang, J.-H.; Eggenhuizen, P.J.; Chua, L.L.; Van Timmeren, M.; Loh, K.L.; O’Sullivan, K.M.; Gan, P.Y.; Zhong, Y.; Tsyganov,
K.; et al. A Plasmid-Encoded Peptide from Staphylococcus Aureus Induces Anti-Myeloperoxidase Nephritogenic Autoimmunity.
Nat. Commun. 2019, 10, 3392. [CrossRef]

60. Watts, R.A.; Mooney, J.; Skinner, J.; Scott, D.G.I.; MacGregor, A.J. The Contrasting Epidemiology of Granulomatosis with
Polyangiitis (Wegener’s) and Microscopic Polyangiitis. Rheumatology 2012, 51, 926–931. [CrossRef]

61. Aries, P.M.; Herlyn, K.; Reinhold-Keller, E.; Latza, U. No Seasonal Variation in the Onset of Symptoms of 445 Patients with
Wegener’s Granulomatosis. Arthritis Rheum. 2008, 59, 904. [CrossRef]

62. Mahr, A.; Artigues, N.; Coste, J.; Aouba, A.; Pagnoux, C.; Guillevin, L.; French Vasculitis Study Group. Seasonal Variations in
Onset of Wegener’s Granulomatosis: Increased in Summer? J. Rheumatol. 2006, 33, 1615–1622.

63. Kanai, K.; Kuwabara, S.; Mori, M.; Arai, K.; Yamamoto, T.; Hattori, T. Leukocytoclastic-vasculitic Neuropathy Associated with
Chronic Epstein–Barr Virus Infection. Muscle Nerve 2003, 27, 113–116. [CrossRef] [PubMed]

64. Yamaguchi, M.; Yoshioka, T.; Yamakawa, T.; Maeda, M.; Shimizu, H.; Fujita, Y.; Maruyama, S.; Ito, Y.; Matsuo, S. Anti-Neutrophil
Cytoplasmic Antibody-Associated Vasculitis Associated with Infectious Mononucleosis Due to Primary Epstein-Barr Virus
Infection: Report of Three Cases. Clin. Kidney J. 2014, 7, 45–48. [CrossRef] [PubMed]

65. Schramm, M.A.; Venhoff, N.; Wagner, D.; Thiel, J.; Huzly, D.; Craig-Mueller, N.; Panning, M.; Hengel, H.; Kern, W.V.; Voll, R.E.
COVID-19 in a Severely Immunosuppressed Patient With Life-Threatening Eosinophilic Granulomatosis With Polyangiitis. Front.
Immunol. 2020, 11, 2086. [CrossRef] [PubMed]

66. Morris, D.; Patel, K.; Rahimi, O.; Sanyurah, O.; Iardino, A.; Khan, N. ANCA Vasculitis: A Manifestation of Post-Covid-19
Syndrome. Respir. Med. Case Rep. 2021, 34, 101549. [CrossRef] [PubMed]

67. Maritati, F.; Moretti, M.I.; Nastasi, V.; Mazzucchelli, R.; Morroni, M.; Bagnarelli, P.; Rupoli, S.; Tavio, M.; Galiotta, P.; Bisello, W.;
et al. ANCA-Associated Glomerulonephritis and Anti-Phospholipid Syndrome in a Patient with SARS-CoV-2 Infection: Just a
Coincidence? Case Rep. Nephrol. Dial. 2021, 11, 214–220. [CrossRef] [PubMed]

68. Reiff, D.D.; Meyer, C.G.; Marlin, B.; Mannion, M.L. New Onset ANCA-Associated Vasculitis in an Adolescent during an Acute
COVID-19 Infection: A Case Report. BMC Pediatr. 2021, 21, 333. [CrossRef]

69. Mueller, M.; Poller, W.; Klingel, K.; Neumann, T.; Landmesser, U.; Heidecker, B. Eosinophilic Granulomatosis with Polyangiitis
(EGPA) with Low Activity EBV Replication during the COVID 19 Pandemic. IJC Heart Vasc. 2022, 39, 100968. [CrossRef]

70. Popa, E.R.; Stegeman, C.A.; Abdulahad, W.H.; Van Der Meer, B.; Arends, J.; Manson, W.M.; Bos, N.A.; Kallenberg, C.G.M.; Cohen
Tervaert, J.-W. Staphylococcal Toxic-Shock-Syndrome-Toxin-1 as a Risk Factor for Disease Relapse in Wegener’s Granulomatosis.
Rheumatology 2007, 46, 1029–1033. [CrossRef]

71. Kronbichler, A.; Kerschbaum, J.; Mayer, G. The Influence and Role of Microbial Factors in Autoimmune Kidney Diseases: A
Systematic Review. J. Immunol. Res. 2015, 2015, 858027. [CrossRef] [PubMed]

72. van Timmeren, M.M.; Heeringa, P.; Kallenberg, C.G.M. Infectious Triggers for Vasculitis. Curr. Opin. Rheumatol. 2014, 26, 416–423.
[CrossRef] [PubMed]

73. Beaudreuil, S.; Lasfargues, G.; Lauériere, L.; El Ghoul, Z.; Fourquet, F.; Longuet, C.; Halimi, J.-M.; Nivet, H.; Büchler, M.
Occupational Exposure in ANCA-Positive Patients: A Case-Control Study. Kidney Int. 2005, 67, 1961–1966. [CrossRef] [PubMed]

74. Rihova, Z.; Maixnerova, D.; Jancova, E.; Pelclova, D.; Bartunkova, J.; Fenclova, Z.; Vankova, Z.; Reiterova, J.; Merta, M.; Rysava,
R.; et al. Silica and Asbestos Exposure in ANCA-Associated Vasculitis with Pulmonary Involvement. Ren. Fail. 2005, 27, 605–608.
[CrossRef]

75. Scott, J.; Hartnett, J.; Mockler, D.; Little, M.A. Environmental Risk Factors Associated with ANCA Associated Vasculitis:
A Systematic Mapping Review. Autoimmun. Rev. 2020, 19, 102660. [CrossRef] [PubMed]

76. Lane, S.E.; Watts, R.A.; Bentham, G.; Innes, N.J.; Scott, D.G.I. Are Environmental Factors Important in Primary Systemic Vasculitis?:
A Case–Control Study. Arthritis Rheum. 2003, 48, 814–823. [CrossRef] [PubMed]

77. Li, J.; Cui, Z.; Long, J.; Huang, W.; Wang, J.; Wang, H.; Zhang, L.; Chen, M.; Zhao, M. The Frequency of ANCA-Associated
Vasculitis in a National Database of Hospitalized Patients in China. Arthritis Res. Ther. 2018, 20, 226. [CrossRef]

78. Trivioli, G.; Terrier, B.; Vaglio, A. Eosinophilic Granulomatosis with Polyangiitis: Understanding the Disease and Its Management.
Rheumatology 2020, 59, iii84–iii94. [CrossRef] [PubMed]

https://doi.org/10.1034/j.1398-9995.1999.00910.x
https://www.ncbi.nlm.nih.gov/pubmed/10380774
https://doi.org/10.3389/fimmu.2022.991256
https://doi.org/10.1093/ckj/sfx127
https://www.ncbi.nlm.nih.gov/pubmed/30094010
https://doi.org/10.1038/s41467-019-11255-0
https://doi.org/10.1093/rheumatology/ker454
https://doi.org/10.1002/art.23722
https://doi.org/10.1002/mus.10287
https://www.ncbi.nlm.nih.gov/pubmed/12508305
https://doi.org/10.1093/ckj/sft140
https://www.ncbi.nlm.nih.gov/pubmed/25859349
https://doi.org/10.3389/fimmu.2020.02086
https://www.ncbi.nlm.nih.gov/pubmed/32983161
https://doi.org/10.1016/j.rmcr.2021.101549
https://www.ncbi.nlm.nih.gov/pubmed/34786334
https://doi.org/10.1159/000517513
https://www.ncbi.nlm.nih.gov/pubmed/34373831
https://doi.org/10.1186/s12887-021-02812-y
https://doi.org/10.1016/j.ijcha.2022.100968
https://doi.org/10.1093/rheumatology/kem022
https://doi.org/10.1155/2015/858027
https://www.ncbi.nlm.nih.gov/pubmed/26078982
https://doi.org/10.1097/BOR.0000000000000068
https://www.ncbi.nlm.nih.gov/pubmed/24827750
https://doi.org/10.1111/j.1523-1755.2005.00295.x
https://www.ncbi.nlm.nih.gov/pubmed/15840044
https://doi.org/10.1080/08860220500200395
https://doi.org/10.1016/j.autrev.2020.102660
https://www.ncbi.nlm.nih.gov/pubmed/32947040
https://doi.org/10.1002/art.10830
https://www.ncbi.nlm.nih.gov/pubmed/12632437
https://doi.org/10.1186/s13075-018-1708-7
https://doi.org/10.1093/rheumatology/kez570
https://www.ncbi.nlm.nih.gov/pubmed/32348510


Curr. Issues Mol. Biol. 2024, 46 7529

79. Ciavatta, D.J.; Yang, J.; Preston, G.A.; Badhwar, A.K.; Xiao, H.; Hewins, P.; Nester, C.M.; Pendergraft, W.F.; Magnuson, T.R.;
Jennette, J.C.; et al. Epigenetic Basis for Aberrant Upregulation of Autoantigen Genes in Humans with ANCA Vasculitis. J. Clin.
Investig. 2010, 120, 3209–3219. [CrossRef]

80. Yang, J.; Ge, H.; Poulton, C.J.; Hogan, S.L.; Hu, Y.; Jones, B.E.; Henderson, C.D.; McInnis, E.A.; Pendergraft, W.F.; Jennette,
J.C.; et al. Histone Modification Signature at Myeloperoxidase and Proteinase 3 in Patients with Anti-Neutrophil Cytoplasmic
Autoantibody-Associated Vasculitis. Clin. Epigenet 2016, 8, 85. [CrossRef]

81. McKinney, E.F.; Lyons, P.A.; Carr, E.J.; Hollis, J.L.; Jayne, D.R.W.; Willcocks, L.C.; Koukoulaki, M.; Brazma, A.; Jovanovic, V.;
Kemeny, D.M.; et al. A CD8+ T Cell Transcription Signature Predicts Prognosis in Autoimmune Disease. Nat. Med. 2010, 16,
586–591. [CrossRef] [PubMed]

82. Niccolai, E.; Bettiol, A.; Baldi, S.; Silvestri, E.; Di Gloria, L.; Bello, F.; Nannini, G.; Ricci, F.; Nicastro, M.; Ramazzotti, M.; et al. Gut
Microbiota and Associated Mucosal Immune Response in Eosinophilic Granulomatosis with Polyangiitis (EGPA). Biomedicines
2022, 10, 1227. [CrossRef]

83. Visscher, P.M.; Yengo, L.; Cox, N.J.; Wray, N.R. Discovery and Implications of Polygenicity of Common Diseases. Science 2021, 373,
1468–1473. [CrossRef] [PubMed]

84. Papalexi, E.; Satija, R. Single-Cell RNA Sequencing to Explore Immune Cell Heterogeneity. Nat. Rev. Immunol. 2018, 18, 35–45.
[CrossRef] [PubMed]

85. Jovic, D.; Liang, X.; Zeng, H.; Lin, L.; Xu, F.; Luo, Y. Single-Cell RNA Sequencing Technologies and Applications: A Brief Overview.
Clin. Transl. Med. 2022, 12, e694. [CrossRef] [PubMed]

86. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug Repurposing: Progress, Challenges and Recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [CrossRef]

87. Frangou, E.; Vassilopoulos, D.; Boletis, J.; Boumpas, D.T. An Emerging Role of Neutrophils and NETosis in Chronic Inflammation
and Fibrosis in Systemic Lupus Erythematosus (SLE) and ANCA-Associated Vasculitides (AAV): Implications for the Pathogenesis
and Treatment. Autoimmun. Rev. 2019, 18, 751–760. [CrossRef]

88. Lewis, C.M.; Vassos, E. Polygenic Risk Scores: From Research Tools to Clinical Instruments. Genome Med. 2020, 12, 44. [CrossRef]
[PubMed]

89. Igo, R.P.; Kinzy, T.G.; Cooke Bailey, J.N. Genetic Risk Scores. CP Human. Genet. 2019, 104, e95. [CrossRef]
90. Khunsriraksakul, C.; Markus, H.; Olsen, N.J.; Carrel, L.; Jiang, B.; Liu, D.J. Construction and Application of Polygenic Risk Scores

in Autoimmune Diseases. Front. Immunol. 2022, 13, 889296. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1172/JCI40034
https://doi.org/10.1186/s13148-016-0251-0
https://doi.org/10.1038/nm.2130
https://www.ncbi.nlm.nih.gov/pubmed/20400961
https://doi.org/10.3390/biomedicines10061227
https://doi.org/10.1126/science.abi8206
https://www.ncbi.nlm.nih.gov/pubmed/34554790
https://doi.org/10.1038/nri.2017.76
https://www.ncbi.nlm.nih.gov/pubmed/28787399
https://doi.org/10.1002/ctm2.694
https://www.ncbi.nlm.nih.gov/pubmed/35352511
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1016/j.autrev.2019.06.011
https://doi.org/10.1186/s13073-020-00742-5
https://www.ncbi.nlm.nih.gov/pubmed/32423490
https://doi.org/10.1002/cphg.95
https://doi.org/10.3389/fimmu.2022.889296

	Introduction 
	The Genetics of EGPA: From Candidate-Gene to Whole-Genome Association Analyses 
	Environmental Determinants of AAV and EGPA 
	Latest Research on EGPA 
	Conclusions and Future Perspectives 
	References

