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Christian Ganoza-Gallardo, Marı́a Aguilera-Franco, Antonio Sampedro, et al.

Common Variable Immunodeficiency Associated with a De Novo IKZF1 Variant and a Low
Humoral Immune Response to the SARS-CoV-2 Vaccine
Reprinted from: J. Clin. Med. 2022, 11, 2303, doi:10.3390/jcm11092303 . . . . . . . . . . . . . . . . 75

Antonino Maria Quintilio Alberio, Annalisa Legitimo, Veronica Bertini,

Giampiero I. Baroncelli, Giorgio Costagliola, Angelo Valetto and Rita Consolini

Clinical, Immunological, and Genetic Findings in a Cohort of Patients with the DiGeorge
Phenotype without 22q11.2 Deletion
Reprinted from: J. Clin. Med. 2022, 11, 2025, doi:10.3390/jcm11072025 . . . . . . . . . . . . . . . . 87

Roberta Romano, Francesca Cillo, Cristina Moracas, Laura Pignata, Chiara Nannola,

Elisabetta Toriello, et al.

Epigenetic Alterations in Inborn Errors of Immunity
Reprinted from: J. Clin. Med. 2022, 11, 1261, doi:10.3390/jcm11051261 . . . . . . . . . . . . . . . . 103

Paulina Mertowska, Sebastian Mertowski, Martyna Podgajna and Ewelina Grywalska

The Importance of the Transcription Factor Foxp3 in the Development of Primary
Immunodeficiencies
Reprinted from: J. Clin. Med. 2022, 11, 947, doi:10.3390/jcm11040947 . . . . . . . . . . . . . . . . 117
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The field of immunology is rapidly progressing, with new monogenic disorders
being discovered every year. The heterogeneity of clinical manifestations and the genetic
background of immunodeficiencies brought about the new definition of inborn errors of
immunity (IEI), which was adopted by the International Union of Immunological Societies
(IUIS) in 2019. This term reflects a considerable change in the viewpoint of immunologists,
with a deeper recognition of the non-infectious manifestations of IEI and their atypical
presentations. In this current intriguing context, this Special Issue offers an overview of
some of the most updated concepts in immunology, ranging from the discussion of some
peculiar aspects of well-known entities to the presentation of recently discovered diseases.
The Special Issue includes six original research papers and seven review papers submitted
from different countries.

As the first contribution to this Special Issue, we provided a review on the autoimmune
manifestations of IEI, with a specific focus on the various molecular mechanisms involved
in autoimmunity and potential targeted therapeutic strategies [1]. This work analyzes
the most common autoimmune manifestations in patients with antibody deficiencies,
combined immunodeficiencies, and immune dysregulation disorders, and also introduces
some specific monogenic entities that are used as a paradigm of “druggable” IEI.

Following this, other interesting elements can be derived from the review paper by
Pieniawska-Śmiech et al., in which some of the most relevant non-infectious presentations
of IEI are discussed [2]. Specifically, the authors focus on the role of allergic manifesta-
tions, autoimmunity, lymphoproliferation, and malignancies as the first sign of IEI, deeply
discussing the role of immune dysregulation.

The atypical presentation of IEI is also the main focus of the paper by Morawska
et al., which explores the spectrum of atopic manifestations in patients with selective
IgA deficiency (sIgAD). This review gives specific attention to the epidemiological and
clinical features of the atopic diseases associated with sIgAD and discusses the most
relevant diagnostic aspects [3]. Similarly, selective IgE deficiency is comprehensively
discussed in the work by Picado et al. [4], which presents the spectrum of infectious,
allergic, autoimmune, and neoplastic manifestations in a large cohort of patients diagnosed
with this largely unknown condition.

The other papers in this Special Issue have a major focus on the molecular mechanisms
responsible for IEI. Concerning this, the review paper by Romano et al. discusses the
role of epigenetic alterations associated with IEI [5]. This paper offers an overview of the
epigenetic mechanisms implicated in the regulation of the immune response and the most
relevant known epigenetic alterations in IEI.

The review paper by Mertowska et al. [6] deeply discusses the molecular structure and
function of the Foxp3 transcription factor and its role in the immune response and in the de-
velopment of IEI. The work has a specific focus on the pathogenesis of IPEX syndrome, but
also presents the intriguing role of FOXP3 in common variable immunodeficiency (CVID).
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The paper by Votto et al. [7] deals with the role of gastrointestinal eosinophilic mani-
festations in patients with IEI. As these manifestations are still underdiagnosed, the article
offers an interesting view on when to suspect gastrointestinal eosinophilic manifestations
in individuals diagnosed with IEI, as well as when to suspect an IEI in those presenting
with isolated gastrointestinal eosinophilic involvement.

Another paper analyzing a rare and poorly recognized entity is the cohort study by
Alberio et al. [8], in which the clinical and laboratory features of patients with the DiGeorge-
like clinical phenotype in the absence of the classical 22q11.2 deletion are described. This
study evidences some new copy number variants associated with the Di George-like
phenotype, strongly suggesting the use of array CGH in patients presenting with this
phenotype to better identify the genotype-to-phenotype correlations.

Finally, the wide spectrum of antibody deficiencies is the main focus of four research
papers and a review paper. The study by Więsik-Szewczyk et al. [9] analyzes a cohort
of adult patients with CVID associated with autoimmunity or isolated infectious man-
ifestations, reporting some peculiarities in the immunophenotype of those affected by
autoimmune diseases. Indeed, the authors describe a tendency for lymphopenia, reduced
NK cells, and low levels of regulatory T cells and Th17 cells in patients with autoimmunity,
thus contributing to the elucidation of the immunological heterogeneity of the disease.
Two papers published in this Special Issue were by the research group of Diaz Alberola
et al. [10,11]. In the first paper [10], the epidemiologic, clinical, and immunological features
of CVID-associated giardiasis are reviewed, evidencing that patients with giardiasis more
commonly have reduced IgA levels and lower levels of switched memory B cells. The
second paper published by this group [11] is original research describing a patient with
CVID associated with a de novo IKZF1 variant, in which a reduced humoral response
against the SARS-CoV-2 vaccine was demonstrated in the presence of an adequate T-cell
response against the pathogen. Another study investigating the relationship between IEI
and SARS-CoV-2 is the original research by Pieniawska-Śmiech et al. [12]. In this study, the
incidence of COVID-19, its clinical course, and the anti-SARS-CoV-2 serologic response in a
cohort of patients with IEI are analyzed, demonstrating a low rate of severe infections in
the study cohort.

Finally, the paper by Sgrulletti et al. [13] focuses on the clinical evolution of pediatric
patients with unclassified primary antibody deficiencies, highlighting the need for an
appropriate follow-up to promptly identify those who will progress to definite IEI.

To conclude, the present Special Issue represents an overview of the current immuno-
logical scenario, and deals with different innovative concepts and clinical and research
approaches. Indeed, the expanding availability of immunological and genetic testing offers
the opportunity to identify new disease entities and elucidate the function of new genes
involved in the development and regulation of the immune response. In this continuously
evolving field, both researchers and clinicians need to be constantly updated on the most
relevant innovations, and with this Special Issue we hope to have contributed to this
extremely relevant topic.
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Abstract: During the last years, studies investigating the intriguing association between immunode-
ficiency and autoimmunity led to the discovery of new monogenic disorders, the improvement in
the knowledge of the pathogenesis of autoimmunity, and the introduction of targeted treatments.
Autoimmunity is observed with particular frequency in patients with primary antibody deficiencies,
such as common variable immunodeficiency (CVID) and selective IgA deficiency, but combined
immunodeficiency disorders (CIDs) and disorders of innate immunity have also been associated
with autoimmunity. Among CIDs, the highest incidence of autoimmunity is described in patients
with autoimmune polyendocrine syndrome 1, LRBA, and CTLA-4 deficiency, and in patients with
STAT-related disorders. The pathogenesis of autoimmunity in patients with immunodeficiency is
far to be fully elucidated. However, altered germ center reactions, impaired central and peripheral
lymphocyte negative selection, uncontrolled lymphocyte proliferation, ineffective cytoskeletal func-
tion, innate immune defects, and defective clearance of the infectious agents play an important role.
In this paper, we review the main immunodeficiencies associated with autoimmunity, focusing on
the pathogenic mechanisms responsible for autoimmunity in each condition and on the therapeu-
tic strategies. Moreover, we provide a diagnostic algorithm for the diagnosis of PIDs in patients
with autoimmunity.

Keywords: 22q11.2 deletion syndrome; activated phosphoinositide 3-kinase d syndrome; common
variable immunodeficiency; complement deficiency; CTLA-4; Immune dysregulation; LRBA; selective
IgA deficiency; severe combined immunodeficiency; X-linked agammaglobulinemia

1. Introduction

In recent years, the association between primary immunodeficiency disorders (PIDs)
and autoimmunity has been extensively studied. Patients with PIDs can develop an im-
mune dysregulation of variable degree, which is responsible for a clinical picture featured
by infectious complications and autoimmunity [1,2]. Autoimmune manifestations are
observed with considerable frequency in patients with primary antibody deficiencies, in-
cluding common variable immunodeficiency (CVID) and selective IgA deficiency (sIgAD),
but can also be evidenced in patients with combined immunodeficiency disorders (CID) [3].
Notably, autoimmunity can represent the presentation sign of PIDs in a significant number
of patients [1]. The molecular mechanisms responsible for the immune dysregulation in pa-
tients with PIDs are multiple and not completely elucidated; impaired B cell differentiation
and germ-center reactions, altered T cell central or peripheral tolerance, uncontrolled lym-
phocyte proliferation and differentiation, dysfunctional complement, and innate immune
activation can participate in the complex pathogenic process leading to autoimmunity.
In patients with PIDs, the association with autoimmunity leads to a significant impact
on the quality of life, higher medicalization, and increased mortality [2]. Furthermore,
the increasing use of new sequencing techniques allowed the identification of different

J. Clin. Med. 2021, 10, 4729. https://doi.org/10.3390/jcm10204729 https://www.mdpi.com/journal/jcm
5



J. Clin. Med. 2021, 10, 4729

monogenic causes of PID, the better understanding of genotype-phenotype correlations,
and the improvement of the therapeutic strategies targeting the immune dysregulation in
PIDs [4,5].

In this paper, we review the main autoimmune manifestations observed in patients
with PIDs, focusing on the molecular mechanisms implicated in the pathogenesis of the
immune imbalance in each condition. Furthermore, we provide some key issues for the
diagnostic and therapeutic approach to autoimmunity in patients suffering from PIDs.

2. Autoimmunity in Primary Antibody Deficiency Disorders

Among primary antibody deficiencies, autoimmunity has been described with consid-
erable frequency in patients with CVID, sIgAD, and hyper-IgM syndrome (HIGM), with
the clinical phenotype being significantly associated with the variability of the genetic
background (Table 1).

Table 1. Autoimmune/inflammatory manifestations in primary antibody deficiencies.

Disease
% of Patients with

Autoimmunity
Autoimmune/Inflammatory

Manifestations

CVID
Specific genetic associations

TACI defect
BAFF-R defect

ICOS deficiency
NF-kB1 deficiency
NF-kB2 deficiency

20–30%

Autoimmune cytopenias (ITP,
AIHA, neutropenia), organ

specific autoimmune diseases
(e.g., thyroiditis, T1D, ILD, IBD),
systemic autoimmune diseases
(RA, SLE), lymphoproliferation,

lymphoma
Variable autoimmune

manifestations
Variable autoimmune

manifestations
Autoimmune cytopenias,

enteropathy, RA, SLE
Autoimmune cytopenias,

enteropathy, lymphoproliferation,
lymphoma

Autoimmunity affecting skin, hair
and nails, pituitary hormone

deficiencies, autoimmune
cytopenias

sIgAD 5–30%

Celiac disease, autoimmune
cytopenias (ITP, AIHA),

hypothyroidism, Graves’ disease,
T1D, RA, SLE.

Hyper IgM syndromes
XHIM

AID deficiency
NEMO

10–20%
21%

AIHA, ITP, autoimmune hepatitis,
T1D, Chron’s disease and uveitis,

seronegative arthritis,
hypothyroidism, SLE, sclerosing

cholangitis
AIHA, ITP, autoimmune hepatitis,
T1D, Chron’s disease and uveitis,

lymphoproliferation
IBD, arthritis, AIHA

X-linked agammaglobulinemia 15%
Arthritis, DM, IBD, AIHA,
scleroderma, alopecia, T1D,

glomerulonephritis
ITP, Immune thrombocytopenic purpura; AIHA, autoimmune hemolytic anemia; T1D, Type 1 Diabetes; ILD,
interstitial lung disease; IBD, inflammatory bowel disease; RA, rheumatoid arthritis; SLE, systemic lupus erythe-
matosus; NF-kB1, Nuclear factor kappa-light chain enhancer; LRBA, LPS, responsive beige-like anchor protein;
CTLA-4, cytotoxic lymphocyte antigen 4; PI3Kδ, Phosphoinositide 3-kinase δ; STAT3, signal transducer and
activator of transcription; sIgA, selective immunoglobulin A deficiency; XHIM, X linked variant of hyper-IgM
syndrome; AID, activation induce cytidine deaminase; DM: dermatomyositis.

2.1. Common Variable Immunodeficiency

CVID is characterized by a reduction in serum immunoglobulin (Ig) G and IgA, by at
least two standard deviations below age-appropriate reference levels, with or without low
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Ig M levels, accompanied by poor antibody response to vaccines or low switched-memory
B cells. Clinical diagnosis of CVID requires at least one between increased susceptibility to
infections, autoimmune manifestations, granulomatous disease, lymphoproliferation, or an
affected family member with antibody deficiency [6]. A total of 30–50% of CVID patients
have non-infectious manifestations, including autoimmune, gastrointestinal, pulmonary,
lymphoproliferative, and malignant complications [7–9], which strongly contribute to
morbidity and mortality [7,10]. Autoimmune diseases occur in 20–30% of CVID patients.
Autoimmune cytopenias, and in particular immune thrombocytopenic purpura (ITP), au-
toimmune hemolytic anemia (AIHA), and Evans syndrome [9,11], are the most commonly
reported, but organ-specific and systemic autoimmune diseases are also described. Inter-
estingly, cytopenia may be the first manifestation of the immune defect, in patients without
a typical history of infections [12]. Concerning systemic autoimmune diseases, in a recent
study of 870 CVID patients from the United States Immunodeficiency Network (USIDNET)
registry, 5% were found to have a rheumatologic disease [13]. The most common rheuma-
tologic manifestation reported in CVID is inflammatory arthritis, occurring in about 3%
of patients, but systemic lupus erythematosus (SLE), Sjögren’s disease, Behçet disease,
and psoriasis have also been described [10,13–15]. Among organ-specific autoimmune
diseases, in a European Society of Immune Deficiencies (ESID) registry of 2700 CVID
patients, hypothyroidism was the most prevalent at 3.5%, followed by alopecia areata,
vitiligo, and type I diabetes (T1D) [9]. Among autoimmune manifestations, only cytope-
nias have been associated with decreased survival and CVID-associated noninfectious
complications, including lymphoproliferation, granulomatous disease, lymphoma, hepatic
disease, pulmonary involvement (granulomatous lymphocytic interstitial lung disease
(GLILD)), and enteropathy [7].

Different studies suggested that both genetic background and immunological abnor-
malities play a significant role in explaining the link between CVID and autoimmunity.
CVID patients can show deregulated immune responses at different levels, involving
altered germ center reactions, class switch, and B cell proliferation [11]. Additionally, an
impaired suppressive function of Bregs on activated T cells leading to excessive T cell
activation has been described [16]. T cell dysfunction is a contributing factor in the devel-
opment of autoimmunity in CVID [17]. Hyperactivated T cell phenotype [18], reduced
number and function of regulatory T cells (Tregs) [19], and an increase in T helper type 1
(TH1), type 17 (TH17), and T helper follicular cells have been observed in CVID patients
with autoimmunity [11,20,21]. Moreover, autoimmunity may be caused not only by a
break in tolerance to self-antigens but also by the inability of CVID patients to completely
eradicate microbial antigens, resulting in compensatory, often exaggerated, and chronic
inflammatory responses [2].

Even if many CVID patients may have a polygenic disease, in about 15–30% of CVID
cases, a monogenic cause has been found [22]. CVID patients with TNFRSF13B mutation
(encoding for the B cell-activating factor (BAFF) and APRIL receptor, TACI), especially if
heterozygous, have a propensity to autoimmune manifestations and lymphoid hyperplasia
potentially due to lack of normal mechanisms required to establish tolerance [23]. BAFF-R
mutations, which may impair B-cell maturation, have also been described in association
with autoimmunity [24,25]. Autoimmunity and other clinical manifestations (including
lymphoproliferation) have been associated with the deficiency of NF-kB1 and NF-kB2,
which are transcription factors that are crucial for B-cell maturation, survival, differen-
tiation, class switching, and self-tolerance. Additionally, it is described in patients with
mutations affecting the inducible T-cell co-stimulator (ICOS), a T cell surface receptor that is
closely related to NF-kB activation and is essential for terminal B cell differentiation and im-
mune tolerance [25]. Finally, autoimmunity has been described in patients with mutations
in other genes implicated in B cell activation and proliferation, including PLCγ2, which
is responsible for the PLCγ2-associated antibody deficiency and immune dysregulation
(PLAID) [25,26].
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2.2. Selective IgA Deficiency

sIgAD is defined, according to ESID and the International Union of Immunological
Societies (IUIS), as serum levels of <7 mg/dL in individuals older than 4 years in the pres-
ence of normal levels of both IgG and IgM, normal IgG antibody response to vaccinations
and exclusion of other causes of hypogammaglobulinemia and T-cell defects [6]. Although
most of the patients with sIgAD are asymptomatic, some patients develop various clinical
manifestations, such as minor recurrent sinopulmonary infections, allergies, and autoim-
mune manifestations [27]. A variety of autoimmune diseases may be overrepresented
in patients with sIgAD than the normal population and sometimes autoimmunity could
be the only clinical manifestation in these patients [27]. The prevalence of autoimmune
disorders in patients with sIgAD varies from 5 to 30% [28–80], with celiac disease, ITP,
AIHA, autoimmune thyroiditis, T1D, RA, and SLE being the most frequently observed
manifestations [28,29,31,32].

Several mechanisms have been suggested in the development of autoimmunity in
sIgAD [32], including the association with specific HLA haplotypes (particularly, the hap-
lotype 8.1) [33], T and B cells or cytokine abnormalities, shared genetic susceptibility, or
ineffective antigen clearance with molecular mimicry. Concerning immune dysfunction,
Tregs deficiency is observed in 64% of the patients [34], and a lower number of CD4 +
lymphocytes and switched memory B cells have been described in patients with sIgA [35].
Additionally, it has been observed that sIgAD patients with a lower number of switched
memory B cells are more prone to infections and autoimmunity [30]. The monogenic
hypothesis suggests that certain monogenic mutations predispose both to the development
of sIgAD and autoimmune diseases. Interestingly, similar variants of CTLA4-ICOS have
been found in celiac disease, sIgAD, and CVID [36]. Functionally, as IgA protect mucosal
barriers from the entry of foreign antigens, in patients with sIgAD, pathogens can easily
penetrate the mucosa and through a mechanism of molecular mimicry and cross-reaction
with self-antigens might cause the formation of self-reactive antibodies [29,37]. Addition-
ally, the lack of IgA may cause defective removal of immune complexes, thus propagating
a state of persistent local and systemic inflammation, which may predispose to the sensiti-
zation of immune cells to self-antigen s [29]. Finally, IgA interact with cell receptors (as
FcαRI) to downregulate immune pathways and protect against autoimmunity, and this
function is impaired in patients with sIgAD [29].

2.3. Hyper IgM Syndrome

The HIGM syndromes are a group of primary immunodeficiency disorders in which
defective Ig class switch recombination, with or without defects of somatic hypermutation,
leads to deficiency of IgG, IgA, and IgE with preserved or elevated levels of IgM [38].
Among HIGM syndromes, there is a genetic heterogeneity supported by the existence of
X-linked, autosomal recessive, and autosomal dominant inheritance. Among X-linked
HIGM (XHIM), the most common form is caused by mutations in the gene encoding
CD40 ligand (CD40L) a molecule transiently expressed on the surface of activated T
cells [39]. Mutations of NEMO/IKKγ genes are implicated in the X-linked Anhidrotic
Ectodermal Dysplasia with Immunodeficiency (EDA-ID), a syndrome associated with
HIGM. Mutations of NEMO lead to an abnormal expression of multiple enzymes required
for antibody switching, such as activation-induced cytidine deaminase (AIG) and uracil
DNA glycosylase (UNG), while mutations in IKKγ gene result in blockage of NF-kB
release into the nucleus interfering with NF-kB and downstream CD40 signaling [40].
Concerning autosomal recessive HIGM, mutations in the AID and UNG genes result
in HIGM syndrome with pure humoral immunodeficiency associated with lymphoid
hypertrophy [41,42]. The natural receptor of CD40L is CD40, which is expressed on antigen-
presenting cells, including B cells (APCs), dendritic cells, and macrophages. Additionally,
mutations in the CD40 gene have been described in patients with HIGM, who present
a very similar clinical picture to boys with XHIM [43]. In addition to susceptibility to
infections, HIGM patients are prone to develop autoimmune diseases, in particular those
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with mutations in CD40L, CD40, AID, and NEMO [44]. The prevalence of autoimmune
manifestations in X-linked HIGM has been reported to be 10–20% without considering
neutropenia, whose etiology is not well understood, with seronegative arthritis, thyroiditis,
and SLE being the most commonly observed manifestations [45,46]. Regarding recessive
HIGM, autoimmunity is described in about 20% of the patients with AID deficiency, and the
manifestations consist of AIHA, ITP, hepatitis, T1D, Chron’s disease, and uveitis [47]. The
mechanisms responsible for autoimmunity in HIGM are heterogeneous and depend on the
genetic background. In the XHIM form, the defective CD40-CD40L-mediated interaction
results in the failure of elimination of self-reactive B cells, reduction of Tregs [48], and
altered cytokine secretion [49], while in the recessive form, AID deficiency could result in
defective regulation of self-reactive B cells [50].

2.4. X-Linked Agammaglobulinemia

X-linked agammaglobulinemia (XLA) is caused by a B lymphocyte differentiation
arrest caused by mutations in the BTK gene, and is predominantly featured by recurrent
infections (especially with encapsulated bacterial pathogens) caused by antibody deficiency
with nearly undetectable levels of peripheral B cells [51]. XLA patients appear to be at an
increased risk of developing autoimmune diseases, which can be found in up to 15% of
patients [52]. Arthritis is the most frequent autoimmune presentation of XLA patients [52]
but dermatomyositis, inflammatory bowel diseases (IBD), AIHA, scleroderma, alopecia,
T1D, and glomerulonephritis have also been described [53–55]. Chronic inflammation due
to subclinical infections significantly contributes to immune dysregulation in XLA patients.
Evidence supports the notion that BKT-dependent, but antibody-independent, mechanisms
may be involved in the pathophysiology of autoimmunity in XLA [56]. Excessive stim-
ulation by pathogen molecules of Toll-like receptors (TLRs) may contribute to inducing
autoimmunity. Indeed, by certain mutations of BTK and recurrent infections, in XLA
patients, overstimulation of TLR9 and its secondary messengers, NF-kB, may occur [57],
thus causing enhanced production of autoantibodies from innate B-1 cells [58].

2.5. Therapeutic Approach to Autoimmunity in Primary Antibody Deficiencies

The treatment strategies of autoimmune manifestations in patients with PADS are
generally the same as in immune-competent patients and include the use of high dose
intravenous immunoglobulins (IVIg) and immunosuppressive agents, such as corticos-
teroids, methotrexate, and azathioprine (resulting in an increased risk of infections). As
a second-line therapy, rituximab appears to be highly effective and relatively safe for the
management of severe immune cytopenias [59]. On the other hand, splenectomy is re-
served as a last resource in patients who have failed all other therapies [60] and is generally
disfavored because of the risk of subsequent infections.

3. Autoimmunity in Severe Combined Immunodeficiency and Related Disorders

The genetic and clinical variability among severe combined immunodeficiency (SCID)
is remarkable and in some patients, the phenotype of early-onset severe infections can be
associated with autoimmunity [61]. The case of Omenn syndrome (OS) is of particular
interest, since in this condition the immune impairment coexists with a marked tendency
towards lymphoproliferation and autoimmunity [62]. Children with OS develop severe
invasive infections in the first months of life, and commonly show hepatosplenomegaly,
diffuse lymphadenopathy, severe eczema, and alopecia [63]. Laboratory testing evidence
peripheral eosinophilia, lymphopenia, and reduced serum immunoglobulin levels, asso-
ciated with the peripheral expansion of self-reactive T cells, which represents the most
peculiar aspect of OS [64].

The molecular basis underlying this clinical phenotype relies in most of the patients
on a mutation of the recombinase activating genes (RAG) 1 and 2, which are central in
the V(D)J recombination during T and B cell development. However, defects in other
proteins (such as IL-7Ra, ZAP70, ARTEMIS, AK2, JAK3, and others) can be responsible
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for OS [61]. The pathogenesis of the autoimmune phenotype is not completely eluci-
dated, but defects in central negative selection secondary to reduced AIRE expression
and altered peripheral tolerance are implicated [65]. The prognosis of children with OS
is severe [64], with death occurring in the first years of life unless they receive definitive
treatment with HSCT [66]. The clinical expression of RAG mutations is not limited to OS.
Mutations causing a partial loss of function of RAG cause an extremely variable clinical
phenotype, with a wide spectrum of severity and clinical features of combined immunode-
ficiency, immune dysregulation with autoimmunity (mainly autoimmune cytopenia), and
lymphoproliferation [62,67,68].

Among the non-OS phenotypic variants of SCID, patients with ARTEMIS deficiency
show an ineffective DNA repair with genomic instability, with a consequent clinical picture
of SCID associated with radiosensitivity and immune dysregulation with autoimmunity.
Autoimmunity has also been described in a few cases of SCID carrying other molecular
defects (i.e., IL-7Ra, ZAP70, ADA, and PNP deficiency) as the result of an altered central
negative selection of T-cells [61]. Finally, mutations in the ORAI1 and STIM1 genes, encod-
ing for calcium channels implicated in multiple cell functions (including B-cell receptor
(BCR) and T-cell receptor (TCR) signaling), are responsible for a clinical phenotype featured
by SCID-like manifestations, autoimmunity, hypotonia, and ectodermal dysplasia [65].
In all these conditions, HSCT represents the only curative therapeutic strategy.

4. Autoimmunity in Disorders of T-Cell Central Tolerance

The immunologic tolerance for T cells is reached through the process of central
negative selection of self-reactive T cell progenitors, the peripheral induction of anergy of
cells escaping central tolerance, and the action of Tregs [69]. Autoimmune polyendocrine
syndrome (APS-1) and 22q11.2 deletion syndrome (22q11.2DS) represent two paradigmatic
examples of autoimmunity caused by impaired central negative selection of T cells.

4.1. Autoimmune Polyendocrine Syndrome 1

APS-1 is a rare monogenic disorder with autosomal recessive inheritance caused by
mutations altering the function of the AIRE gene, expressed by thymic medullary cells and
thymic dendritic cells (DCs) [70]. AIRE promotes the production of a wide range of proteins
expressed in other tissues, thus causing their presentation to immature thymocytes and
driving the process of central negative selection. Moreover, AIRE induces the production
of Tregs, contributing to the elimination of self-reactive T cells [71]. As a consequence, de-
fective AIRE function is associated with an expansion of self-reactive lymphocytes and the
production of different specificities of autoantibodies, with high variability among APS-1
patients. Although there are no specific autoantibodies allowing the diagnosis of APS-1, a
significant percentage of patients exhibit antibodies directed against cytokines implicated
in the immune and inflammatory response, such as interferon (IFN), IL-17, and IL-22,
contributing to the immune impairment and dysregulation observed in this disease [71].
The main clinical features of APS-1 are represented by chronic mucocutaneous candidia-
sis, Addison’s disease, and primary hypoparathyroidism, but the phenotypic spectrum
comprehends autoimmune enteropathy, hepatitis, pancreatitis, nephritis, and other clinical
manifestations [70,71]. Treatment strategies are not uniformed, since they are strongly
influenced by the prominent clinical manifestations observed in the individual patient [72].
Indeed, while endocrine complications are treated with hormonal replacement therapy,
autoimmune organ involvement often requires the use of steroids, immunosuppressive
agents (such as azathioprine), or rituximab [70].

4.2. 22q11.2 Deletion Syndrome

The wide clinical spectrum of 22q11.2DS, also known as DiGeorge syndrome (DGS),
comprehends both congenital abnormalities (cardiac malformation, velo/palatal dys-
function, parathyroid insufficiency) and immunological alterations [73]. Children with
22q11.2DS show variable severity of immune impairment, ranging from complete athymia
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to different degrees of combined immunodeficiency with reduced thymic function (low lev-
els of naïve T cells and recent emigrants T (RTE) cells) and increased risk of autoimmunity,
which is observed in about 10% of the patients [74,75]. The autoimmune manifestations
more commonly evidenced in 22q11.2DS are ITP, juvenile idiopathic arthritis (JIA), and
thyroiditis. Additionally, enteropathy and cutaneous autoimmunity (alopecia, psoriasis,
vitiligo) have been described [76].

In 22q11.2DS, the pathogenesis of autoimmunity involves multiple mechanisms. The ab-
normal thymic environment [77] is associated with reduced expression of AIRE (Figure 1), thus
impairing T cell negative selection, and reduced generation of Tregs [65,74,75,78]. Moreover,
the ineffective immune response, with consequent persistence of microbial antigens, could lead
to the phenomenon of molecular mimicry [2]. Recently, alterations in DCs subpopulations
have also been described in 22q11.2DS, with reduced circulating numbers of both myeloid DCs
(mDCs) and plasmacytoid DCs [79]. This could contribute to the development of autoimmunity,
since pDCs have an important role in maintaining peripheral immune tolerance [79]. Interest-
ingly, while the infectious phenotype is prevalent during early childhood, autoimmunity is
commonly observed at a higher age. This partly reflects an evolution of the immunological phe-
notype of 22q11.2DS patients, with progressive reduction of Tregs and expansion of self-reactive
T cells [79,80].

Figure 1. Pathogenesis of autoimmunity in immunodeficiency disorders. Figure legend: 22q11.2DS: chromosome 22q11.2
deletion syndrome; APC: antigen-presenting cells; APDS: Activated phosphoinositide 3-kinase d syndrome; APS-1: Autoim-
mune polyendocrine syndrome 1; CTLA-4: Cytotoxic lymphocyte antigen 4; CVID: Common variable immunodeficiency;
LRBA: LPS-responsive beige-like anchor protein; PI3K: Phosphoinositide 3-kinase; PKCD: protein kinase C δ deficiency;
PKCδ: protein kinase C δ; RAG: Recombinase activating genes; SCID: severe combined immunodeficiency; STAT: Signal
Transducers and Activator of Transcription; WAS: Wiskott-Aldrich syndrome; XLA: X-linked agammaglobulinemia.

When the immune function is preserved and patients experience a low rate of infec-
tions, the use of corticosteroids and conventional immunosuppressive agents represents
the initial therapeutic strategy to treat autoimmunity, while the therapeutic approach is
more blurred in patients with severe infectious complications [73].

5. Autoimmunity in Disorders of T-Cell Peripheral Tolerance

Among disorders of peripheral tolerance, conditions affecting Treg function (also
called “Tregopathies”) have a prominent relevance [3]. The most frequent disorder of
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Tregs is the immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)
syndrome, which is featured by a classic clinical triad of eczema, enteropathy, and endocrine
autoimmunity, without a significant increase in infectious morbidity [81]. Recent genetic
advances allowed the identification of different monogenic disorders featured by an IPEX-
like clinical phenotype accompanied with increased susceptibility to infections, placing
them at a molecular, pathogenic, and clinical crossroad between immunodeficiency and
autoimmunity [81,82].

5.1. CTLA-4 Deficiency

Cytotoxic lymphocyte antigen 4 (CTLA-4) is a molecule expressed by Treg cells that
has a central role in the induction of peripheral immune tolerance. Indeed, CTLA-4
reduces the expression of CD80 and CD86 on the surface of antigen-presenting cells. As
CD80 and CD86 are essential proteins for the costimulatory signal in the immunologic
synapsis between APC and T cells, their depletion causes a reduced activation of T cells
and differentiation in effector cells [83].

Patients with CTLA-4 deficiency show a picture of combined immunodeficiency with
lymphopenia (reduced naïve T cells, Tregs, CD19 cells), hypogammaglobulinemia, and
susceptibility to viral and bacterial infections accompanied by a high rate of autoimmune
and lymphoproliferative manifestations [2,83]. The autoimmune spectrum observed in
CTLA-4 deficiency is variable, comprehending autoimmune cytopenia, arthritis, uveitis,
endocrinopathies, and enteropathy. In this condition, lymphoproliferation is observed in
about 50% of the patients and presenting with lymphadenopathy, hepatosplenomegaly, and,
although in a reduced percentage of patients, with pulmonary involvement, in the form of
GLILD [62,84]. In patients with CTLA-4 deficiency, surveillance for the risk of lymphomas
is essential, and treatment of autoimmunity and lymphoproliferation comprehends the use
of sirolimus and the biologic agent abatacept, a fusion molecule containing the extracellular
domain of CTLA-4 [85].

5.2. LRBA Deficiency

LPS-responsive beige-like anchor protein (LRBA) is a protein implicated in intra-
cellular trafficking, which acts by inhibiting the lysosome degradation of CTLA-4 [86].
Therefore, it is essential for maintaining adequate expression of CTLA-4 on the cellular
surface, and its deficiency shares several common features with CTLA-4 deficiency. Indeed,
patients with LRBA deficiency often present with recurrent sinopulmonary infections,
hepatosplenomegaly, lymphadenopathy, and autoimmune cytopenia [87,88]. Among the
other autoimmune manifestations observed in this condition, there are enteropathy, en-
docrinopathies (thyroiditis, T1D), hepatitis, and uveitis [89]. Therefore, patients can present
with both an IPEX-like and a CVID-like clinical phenotype, and the immunological as-
sessment commonly shows hypogammaglobulinemia and lymphopenia, with a reduced
absolute number of Tregs and memory B cells [87]. Among classic immunosuppressive
strategies, there is interest in the role of sirolimus and hydroxychloroquine, as this drug
can potentially reduce CTLA-4 degradation. Although it has shown promising results on
autoimmune manifestations and immune abnormalities, there are only a few reports of
patients treated with abatacept and, similarly, the experience with HSCT in this condition
is still limited [85,90,91].

5.3. STAT-Related Disorders

The family of Signal Transducers and Activator of Transcription (STAT) molecules
is involved in multiple signaling pathways activated by different cytokines and controls
the transcription of genes implicated in the immune and inflammatory response [92]. In
particular, the activation of STAT-1 is mostly mediated by IFN-α and IL-2, while STAT-3
is also influenced by IL-6. The molecular mechanism leading to STAT phosphorylation
requires the presence of Janus kinase (JAK) molecules [92]. Impaired or enhanced func-
tion of the JAK/STAT-dependent molecular pathways can result in a wide spectrum of
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immunological and clinical alterations, with immune dysregulation and susceptibility to
infections being the most relevant features.

In STAT1 gain of function (GOF), patients show reduced proliferation of TH17 cells,
causing increased susceptibility to different infections, and typically present with chronic
mucocutaneous candidiasis [93]. Moreover, up to a third of the patients develop au-
toimmune manifestations, that are mainly represented by endocrinopathies, autoimmune
cytopenia, and enteropathy [81].

STAT-3 GOF is also featured by an increased risk of severe infections, deriving from a
combined immune defect, associated with a high incidence of autoimmunity (cytopenia,
enteropathy, endocrinopathy, arthritis). In this condition, patients also frequently display
lymphoproliferation with hepato-splenomegaly [94]. The molecular defect underlying this
phenotype involves reduced Tregs and Th17 proliferation [95].

Finally, STAT5b deficiency causes impaired IL-2 signaling, with consequently reduced
proliferation of Tregs. The disease presents with a picture of combined immunodeficiency,
growth hormone insensitivity, and IPEX-like immune dysregulation [81,96].

Although the definitive treatment for STAT-related disorders is currently represented
by HSCT, the use of JAK inhibitors has demonstrated promising responses in the man-
agement of autoimmunity, infections, and lymphoproliferation in STAT1 GOF and STAT3
GOF [85]. Additionally, given the role of IL-6 in the activation of STAT-3, the anti-IL-6
antibody tocilizumab is a promising alternative for this condition [85,97] (Figure 2).

Figure 2. Therapeutic strategies for autoimmunity in patients with PIDs. The figure shows the current
therapeutic options for specific PIDs. The choice of the therapeutic strategy (immunosuppressive agents,
biologic drugs, HSCT, gene therapy) depends on the clinical severity, comorbidities and also on the
availability and physician’s experience. * In patients with refractory autoimmune cytopenia. APDS: Acti-
vated phosphoinositide 3-kinase d syndrome; APS-1: Autoimmune polyendocrine syndrome 1; CTLA-4:
Cytotoxic lymphocyte antigen 4; CVID: Common variable immunodeficiency; HCQ: Hydroxychloroquine;
HIGM: Hyper-IgM syndromes; HSCT: hematopoietic stem cell transplantation; JAK: Janus kinase; LRBA:
LPS-responsive beige-like anchor protein; MMF: mycophenolate mofetil; PI3K: Phosphoinositide 3-kinase;
PKCD: protein kinase C δ deficiency; SCID: severe combined immunodeficiency; sIgAD: selective IgA
deficiency; STAT: Signal Transducers and Activator of Transcription; Tregs: regulatory T cells; WAS:
Wiskott-Aldrich syndrome; XLA: X-linked agammaglobulinemia.

5.4. Other Disorders of Regulatory T Cells

Recently, other molecular defects impairing Treg function have been described, each
in a reduced number of patients. In CD25 (IL-2RA) deficiency, IL-2 signaling is significantly
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impaired, thus resulting in an IPEX-like clinical picture associated with infections, and
lymphoproliferation [81]. The haploinsufficiency of the BACH2 transcription factor causes
altered gem center reactions, reduced Tregs levels, and increased Th1 cell proliferation,
finally causing hypogammaglobulinemia, sinopulmonary infections, enteropathy, and
lymphoproliferation [98].

6. Autoimmunity in Disorders of Lymphocyte Differentiation and Proliferation

Altered lymphocyte proliferation and differentiation can be responsible for a heteroge-
neous range of clinical manifestations, ranging from severe infectious diseases to increased
susceptibility to autoimmunity and lymphoproliferation. This pathogenic aspect has par-
ticular relevance in determining the clinical phenotype of the activated phosphoinositide
3-kinase d syndrome (APDS) and protein kinase C δ deficiency (PKCD).

6.1. Activated Phosphoinositide 3-Kinase d Syndrome

APDS is a combined immunodeficiency disorder associated with an increased risk of
sinusitis, respiratory infections, severe herpesvirus infections, and a high rate of autoim-
munity and lymphoproliferation. Indeed, autoimmune and lymphoproliferative manifes-
tations (diffuse lymphadenopathy, hepatomegaly, splenomegaly) are the presenting sign
in more than half of the patients diagnosed with APDS [99,100]. Autoimmunity occurs in
about two-thirds of the patients with APDS, and the clinical expression of autoimmunity
consists mostly of the finding of autoimmune cytopenia, arthritis, and enteropathy [101].
The disease is caused by mutations affecting the phosphoinositide 3-kinase (PI3K) molecu-
lar complex, which is involved in numerous signaling pathways activated after the binding
of TCR and BCR with their ligands and influences cellular metabolism, proliferation, and
differentiation of B and T lymphocytes [102] (Figure 1). Patients with GOF mutations in
the phosphatidylinositol-4,5-bisphosphate 3-kinase Catalytic Subunit δ (PIK3CD) gene are
classified as affected by APDS1, while loss of function mutation in the Phosphoinositide-3-
Kinase Regulatory Subunit 1 (PIK3R1) is diagnostic for APDS2 [101]. These two molecular
defects are responsible for the uncontrolled activation of the PI3K-dependent molecular
pathways, including the intracellular events linked to the activation of mTOR. In APDS,
a shift in cellular metabolic and proliferative activity is observed, and patients usually
display a peculiar immunological phenotype, featured by high levels of senescent T lym-
phocytes, effector memory T cells, progressive B lymphocytopenia, and reduced absolute
numbers of naïve T cells [101]. The serum levels of immunoglobulin are extremely variable,
since patients can present with a CVID-like phenotype, an HIGM picture, or in some cases,
hypergammaglobulinemia [99].

A correct diagnosis of APDS is mandatory since it significantly influences the ther-
apeutic approach and the follow-up. Concerning follow-up, the surveillance against
the development of lymphoid neoplasms is a central feature, since patients with APDS
have an increased risk of developing lymphomas and, particularly, non-Hodgkin’s lym-
phomas [62,101]. Treatment of APDS comprehends the immunoglobulin replacement
therapy, when necessary, and the measures to control autoimmunity and lymphoprolif-
eration. To this point, sirolimus, an mTOR inhibitor, is commonly used as a first-line
strategy, while selective PI3K inhibitors (leniolisib, nemiralisib) are given in refractory
cases [101]. Finally, patients with APDS could benefit from HSCT, although there is no
uniform consensus on the timing of the transplantation and the conditioning regimen [103].

6.2. Protein Kinase C δ Deficiency

Mutation impairing the protein kinase C δ (PKCδ) structure or function leads to a
clinical phenotype featured by an increased risk of infections with hypogammaglobuline-
mia, autoimmunity, and lymphoproliferation [104]. PKCδ is implicated in the activation
of different transcriptional factors with a central role in the immune homeostasis of B
lymphocytes [105]. It is activated in the context of a wide number of molecular pathways,
including mTOR, PI3K, and mediates the transcription of STAT1 (leading to enhanced
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IFN-stimulated transcription), ERK1, and other factors. PKCδ induces also the transcrip-
tion of the IL-10 gene and reduces the production of IL-6. Finally, it promotes apoptosis
through the interaction with caspase 3, thus limiting lymphocyte proliferation [104,106].
In PKCD, autoimmunity depends on the accumulation of self-reactive lymphocytes, the
production of different autoantibodies, and defects in the process of lymphocyte negative
selection [105]. The most common manifestations of autoimmunity are represented by
arthritis, cytopenia, and SLE-like manifestations, such as glomerulonephritis and photosen-
sitive rash [104]. Moreover, the ineffective control of apoptosis causes lymphoproliferation,
and some patients presented with a clinical phenotype mimicking autoimmune lympho-
proliferative syndrome (ALPS) [107]. As literature reports only a small number of cases of
patients diagnosed with PKCD, the therapeutic approach has yet to be defined. However,
available data suggest the use of conventional immunosuppressive strategies approved for
SLE, including hydroxychloroquine, mycophenolate mofetil, and rituximab, and, when
the lymphoproliferative aspect is prominent, the adoption of anti-mTOR drugs, such as
sirolimus [104]. The administration of tocilizumab in patients with high IL-6 serum levels
and the use of HSCT represent promising therapeutic strategies [104].

Interestingly, a similar clinical picture can be observed in the RAS-associated au-
toimmune leukoproliferative disease (RALD), a disease caused by mutations in the RAS
signaling pathway (often NRAS or KRAS), which is currently classified among the pheno-
copies of PIDs. In RALD, uncontrolled activation of RAS-dependent molecular signaling is
responsible for the development of hepatosplenomegaly, lymphadenopathy, autoimmune
cytopenia, and SLE-like manifestations [108].

7. Autoimmunity in Disorders of Cytoskeletal Function

Cytoskeletal proteins are essential for multiple cellular functions, including the immuno-
logic synapsis between T cells and APCs, and the regulation of lymphocyte proliferation.

Wiskott-Aldrich syndrome (WAS) is an inherited condition caused by mutations in
the WASP gene on the X chromosome, which encodes the WAS protein, an actin-nucleation
promoting factor expressed in hematopoietic stem cells [109]. WAS is clinically featured by
a classic triad of thrombocytopenia with small-size platelets, eczema, and lymphopenia,
mainly affecting T cells [110]. The molecular defect influences multiple cellular lineages
and causes complex implications on the immune function, including ineffective T cell
proliferation and function, reduced Treg activity (with preserved absolute Treg values),
and hyperproliferation of B cells, which show enhanced production of autoantibodies [110].
The disease severity of WAS patients is variable, and the more commonly reported au-
toimmune manifestations are AIHA, autoimmune neutropenia, peripheral vasculitis, and
arthritis [111]. Although patients with a clinical picture dominated by thrombocytopenia
could benefit from splenectomy, this intervention does not reduce the risk of autoimmunity.
Consequently, the definitive treatment of patients with WAS is currently represented by
HSCT or gene therapy [111].

Another disease featured by altered cytoskeletal structure and function is DOCK8
deficiency, which shares some common clinical features with WAS. In this condition, the
molecular defect is responsible for an altered cytoskeletal actin regulation, which causes
reduced proliferation, migration, and function of innate and adaptive immune cells, and
impaired Treg activity [112].

Clinically, patients with DOCK8 deficiency show a picture of combined immunodefi-
ciency featured by recurrent cutaneous and respiratory infections, eczema, increased risk
of malignancies, and predisposition to the development of atopy (with high IgE levels),
and autoimmunity (cytopenia, thyroiditis, vasculitis, uveitis). In absence of specific gene
therapy, the only curative treatment for DOCK8 deficiency is HSCT [111,112].

8. Autoimmunity in Complement Deficiencies and Disorders of Innate Immunity

Genetic defects causing deficiency of components of the complement cascade are asso-
ciated with an increased risk of bacterial infections caused by capsulate agents. This derives
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from the pivotal role of the classic and alternate complement pathways in determining
bacterial lysis. However, deficiencies of specific complement proteins (C1q, C1r/s, C2, C4a,
C4b) also represent a risk factor for the development of different autoimmune manifesta-
tions, such as SLE-like features, glomerulonephritis, JIA, and dermatomyositis [2,113,114].
The pathogenic mechanism linking complement deficiencies with autoimmunity is mostly
dependent on a reduced clearance of apoptotic cells and immune complexes. This causes
an enhanced availability of auto-antigens, which are chronically exposed to the immune
system, thus triggering a self-reactive immune response [114,115]. Moreover, complement
deficiency can impair B-cell negative selection, thus allowing the expansion of self-reactive
B-lymphocytes, and can contribute to the development of autoimmunity [113]. Since
in patients with complement deficiency the immunization against capsulated bacteria
significantly improves the outcome, recognizing a patient with this condition and charac-
terizing the specific defect is essential to improve the long-term management, including
the anti-infectious prophylaxis.

Concerning disorders of innate immunity, the incidence of autoimmune manifesta-
tions is lower compared to PIDs affecting the adaptive response. However, in patients
with chronic granulomatous disease (CGD), a higher incidence of SLE-like clinical features,
arthritis, and other autoimmune conditions (hepatitis, nephritis) is observed [116]. Al-
though the pathogenesis of these manifestations is not completely elucidated, it is accepted
that the process involves the persistence of infectious antigens, inflammasome overactiva-
tion, altered production of neutrophil extracellular traps, and defective apoptosis [2,117].
The treatment of autoimmunity in CGD is challenging, since the need to use steroids and
immunosuppressive agents should be balanced with the high infectious risk observed in
this population. Currently, HSCT and gene therapy are the only curative treatments for
CGD [116,117].

9. From Theory to Bedside

The above-discussed pathogenic and clinical associations carry different significant
implications for the approach to children with autoimmunity, highlighting that it should
represent a warning sign for the presence of a PID, particularly in pediatric age. Identifying
a condition of PID in children presenting with autoimmunity offers the opportunity to
provide an adequate treatment of the underlying disease (Ig replacement therapy, targeted
treatments, HSCT, gene therapy), to offer supplementary immunization if needed, and
optimize the management of autoimmunity itself (Figure 2). On the other hand, as different
studies have demonstrated a reduced survival in the subgroup of patients with PIDs
showing autoimmunity, its finding in patients with already diagnosed PID could lead to
significant changes in the follow-up strategy and therapeutic approach [118,119].

9.1. Diagnosing PIDs in Children Presenting with Autoimmunity

The diagnostic approach to a child with autoimmune manifestations should include
the detailed analysis of the clinical history to evidence the occurrence of infections, quantify
their impact, and point out the associated clinical features suggestive for a PID (growth
delay, high frequency of infections, need of hospitalization for infections, prolonged use
of antibiotics, infections by unusual pathogens, and others). Additionally, a baseline im-
munological assessment including the determination of serum Ig levels and lymphocyte
subpopulations should be performed in all the children with autoimmune manifestations.
The need for other specific investigations (Figure 3) varies depending on the specific au-
toimmune phenotype. The approach to children with immune cytopenia is of particular
interest, since it can represent the presentation sign of a wide spectrum of PIDs, but also
the first manifestation of a systemic connective tissue disease, such as SLE [120]. As a
consequence, the clinical and laboratory assessment of a child with suspected immune
cytopenia should comprehend both the analysis of the immune response and the determi-
nation of the most relevant autoantibody subclasses, including antinucleous antibodies
and antithyroid antibodies [121]. Interestingly, patients with PID have a 120-fold high
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risk of developing autoimmune cytopenia compared to the general population, with a
higher increase in risk observed for AIHA [122]. The case of children presenting with
multiple cytopenias is of significant interest. Indeed, studies on Evans syndromes showed
that almost half of the children with this condition have e positive genetic testing for
PID and that in this cohort of patients the incidence of systemic autoimmune diseases
is also considerable [123,124]. In patients with autoimmune endocrinopathy, the suspect
of PID should be posed when the disease onset is earlier than usual, when there is an
association of two or more endocrine disorders, and when other signs suggestive for PID
are present. In this subset of patients, the finding of eczema, elevated serum IgE levels, and
peripheral eosinophilia should induce the suspect of a Treg-mediated disorder [125], while
the association with chronic mucocutaneous candidiasis is observed in patients with APS-1
and STAT1 GOF [126]. Finally, in the case of SLE-like manifestations, the serum levels of
the complement fractions need to be determined [127]. Specific investigations to allow a
definitive diagnosis, including the analysis of the immune response to vaccines (for the
clinical diagnosis of CVID), extended determination of the lymphocyte subpopulations
(including memory B and T cells), functional analysis, and cytogenetic and genetic testing,
should be performed based on the clinical suspect.

Figure 3. Diagnostic approach to autoimmunity in patients with suspect immunodeficiency. Figure legend: APDS: Activated
phosphoinositide 3-kinase d syndrome; APS-1: Autoimmune polyendocrine syndrome 1; CTLA-4: Cytotoxic lymphocyte
antigen 4; CVID: Common variable immunodeficiency; HIGM: Hyper-IgM syndrome; LRBA: LPS-responsive beige-like
anchor protein; PKCD: protein kinase C δ deficiency; RALD: Ras-associated leukoproliferative disorder; SCID: severe
combined immunodeficiency; sIgAD: Selective IgA deficiency; SLE: systemic lupus erythematosus; STAT: Signal Transducers
and Activator of Transcription; WAS: Wiskott-Aldrich syndrome; XLA: X-linked agammaglobulinemia.

9.2. Diagnosing Autoimmunity in Children with PIDs

Periodic surveillance for autoimmune manifestations is mandatory in all patients with
PIDs. This is particularly relevant for children carrying genetic mutations with a well-defined
association with autoimmunity (i.e., CTLA-4, LRBA, PI3K mutations). Moreover, there is
increasing interest in the identification of potential immunological predictors of autoimmunity
in patients with PIDs. Although there are no specific immunological markers with high
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predictive value for the development of autoimmunity, literature data from patients with
primary antibody deficiencies and CID have identified several potential candidates.

A large cohort study on CVID patients with immune cytopenia demonstrated higher
levels of serum immunoglobulin, CD19hi B cells, and T CD4 effector T cells, accompanied
by reduced naïve T cells [128]. Absence or reduced switched memory B cells have been
associated with autoimmune cytopenias, systemic autoimmune diseases, splenomegaly,
granulomatous diseases, and lymphadenopathy [129,130]. An expansion of CD21low B cells
has been described in association with reduced Tregs in CVID patients with autoimmu-
nity [131]. It has been found that CD21low B cells produce significantly more IgM than naïve
B cells after stimulation with CD40L, IL-2, and IL-10 and that CVID patients with autoim-
munity have higher levels of IgM compared with non-autoimmune phenotypes [15,132],
thus suggesting that increased IgM levels may be a marker of autoimmunity and they may
have a pathogenic role. Additionally, lower naïve CD4+ and CD8+ T cells and increased
differentiated T cells have been described in CVID patients with autoimmunity [18].

Concerning combined immunodeficiencies, a recent study by Montin et al. in patients
with 22q11.2DS highlighted that some immunological features, including a reduced number
of naïve T cells, reduced RTE, and elevation of naïve B cells are associated with the
development of hematologic autoimmunity and can be evidenced significantly before
the onset of autoimmunity [133]. Moreover, the degree of T-cell lymphopenia has been
suggested as a contributing factor for the development of autoimmunity in this disease [75].

10. Conclusions

It is well recognized that autoimmune manifestations are observed in a significant
percentage of patients with PIDs, often representing the first sign of these conditions.
Patients with early-onset autoimmunity, an association between two or more autoimmune
manifestations, or increased susceptibility to infections should be promptly screened for
PIDs. Although the intriguing mechanisms underlying the development of autoimmunity
in patients with PIDs are far to be completely elucidated, the rapidly evolving knowl-
edge in the genetic background of PIDs will hopefully help to characterize the defects
linking immunodeficiency and autoimmunity, thus providing interesting diagnostic and
therapeutic implications.
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Abstract: Inborn errors of immunity (IEI) are disorders mostly caused by mutations in genes involved
in host defense and immune regulation. Different degrees of gastrointestinal (GI) involvement have
been described in IEI, and for some IEI the GI manifestations represent the main and characteristic
clinical feature. IEI also carry an increased risk for atopic manifestations. Eosinophilic gastrointesti-
nal diseases (EGIDs) are emerging disorders characterized by a chronic/remittent and prevalent
eosinophilic inflammation affecting the GI tract from the esophagus to the anus in the absence of
secondary causes of intestinal eosinophilia. Data from the U.S. Immunodeficiency Network (USID-
NET) reported that EGIDs are more commonly found in patients with IEI. Considering this element,
it is reasonable to highlight the importance of an accurate differential diagnosis in patients with IEI
associated with mucosal eosinophilia to avoid potential misdiagnosis. For this reason, we provide a
potential algorithm to suspect an EGID in patients with IEI or an IEI in individuals with a diagnosis
of primary EGID. The early diagnosis and detection of suspicious symptoms of both conditions are
fundamental to prevent clinically relevant complications.

Keywords: eosinophilic gastrointestinal disorders; eosinophilic esophagitis; inborn errors of immu-
nity; immunodeficiency

1. Inborn Errors of Immunity and Gastrointestinal Manifestations

Inborn errors of immunity (IEI) are disorders mostly caused by mutations in genes
involved in immune host defense and regulation [1–3]. These conditions are characterized
by various combinations of increased susceptibility to infections, autoimmunity, autoin-
flammatory manifestations, lymphoproliferation, allergy, bone marrow failure, and/or
malignancy [1]. The recently updated IEI classification from the International Union of
Immunological Societies (IUIS) Expert Committee has increased the number of known
genetic defects identified as causing IEI to 485 [4]. According to the IUIS classification, IEI
are categorized into ten groups based on the specific clinical and immunological pheno-
type: combined immunodeficiencies (I); combined immunodeficiencies with syndromic
features (II); predominantly antibody deficiencies (III); diseases of immune dysregulation
(IV); congenital defects of phagocytes (V); defects in intrinsic and innate immunity (VI);
autoinflammatory diseases (VII); complement deficiencies (VIII); bone marrow failure (IX);
and phenocopies of inborn errors of immunity (X) [5]. Although IEI present with a broad
spectrum of clinical features, in about one-third of them, various degrees of gastrointestinal
(GI) involvement have been described, and for some IEI, the GI manifestations represent the
characteristic clinical feature [6,7]. In addition, there has been an increasing understanding
of which IEI carry an increased risk for specific atopic manifestations, with most studies fo-
cusing on atopic dermatitis, allergic rhinitis, asthma, and immunoglobulin E (IgE)-mediated
food allergy [8]. Although eosinophilic esophagitis (EoE) is thought to co-occur with these
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atopic disorders following a common atopic pathophysiology, eosinophilic gastrointestinal
diseases (EGIDs) and their association with IEI are relatively poorly understood.

2. Eosinophilic Gastrointestinal Diseases

EGIDs are emerging disorders characterized by chronic/remittent and prevalent
eosinophilic inflammation affecting the GI tract from the esophagus to the anus in the
absence of secondary causes of intestinal eosinophilia [9,10]. Based on the site of the in-
flammation, EGIDs have been recently classified into EoE and non-EoE EGIDs (Table 1).
EoE affects approximately 1 in 1–2000 persons; however, it is currently considered one
of the major causes of upper gastrointestinal morbidity [11]. EoE is found in 12–23% of
patients with dysphagia and 50% in those with esophageal food impaction [12,13]. Ac-
cording to current guidelines, diagnosis of EoE requires (1) suggestive clinical symptoms;
(2) an esophageal eosinophilic infiltrate greater than 15 eosinophils per high-powered
field (HPF) (~60 eos/mm2) in endoscopically obtained biopsies; and (3) the exclusion of
secondary causes of esophageal eosinophilia (gastroesophageal reflux disease [GERD],
hypereosinophilic syndrome, inflammatory bowel diseases, autoimmune disorders, vas-
culitis, hyper-IgE syndrome, drug hypersensitivity, infections, pill esophagitis, and graft
versus host disease). EoE symptoms are non-specific and vary with age. Feeding issues,
failure to thrive, and recurrent vomiting generally prevail in infants and toddlers, whereas
school-aged children present epigastric pain or GERD-like symptoms. Dysphagia and
esophageal food impaction are typically prevalent symptoms in adolescents and adults.

Table 1. Clinical features of EGIDs.

Symptoms Diagnosis Treatments

Eosinophilic esophagitis (EoE)

Symptoms mainly depend on the
patient’s age

- Infants and toddlers: food
refusal, feeding issues,
recurrent vomiting, failure to
thrive

- Children: esophageal reflux
not responding to conventional
therapy, epigastric pain,
vomiting

- Adolescents and adults:
dysphagia, esophageal food
impaction.

Change in eating behaviors

(1) Suggestive clinical
symptoms

(2) ≥15 eos/HPF in
esophageal biopsies

(3) Exclusion of secondary
causes of intestinal
eosinophilia

- Medical therapies

� Topical steroids
Slurry budesonide
Oral fluticasone
Budesonide tablets (EMA
approved)

� Biological therapy:
dupilumab (anti-IL-4R, FDA
approved)

- Food elimination diets

� Empirical food elimination
diet

� Elemental diet

- Esophageal dilatation

Non-EoE EGIDs

• Eosinophilic Gastritis (EoG)
• Eosinophilic Enteritis (EoN)

� Eosinophilic
Duodenitis (EoD)� Eosinophilic Jejunitis
(EoJ)� Eosinophilic Ileitis
(EoI)

• Eosinophilic Colitis (EoC)

Symptoms mainly depend on the site
and the depth of intestinal
inflammation

- Mucosal form: abdominal pain,
diarrhea, vomiting, weight loss,
protein-losing enteropathy, GI
bleeding

- Muscle form: intestinal
obstruction

- Serosal form: eosinophilic
ascites

Stomach ≥ 30 eos/HPF
Small intestine ≥ 52 eos/HPF
Right colon ≥ 100 eos/HPF
Transverse and descending colon ≥
84 eos/HPF
Rectosigmoid ≥ 64 eos/HPF

- Medical therapies

� Systemic steroids (oral
budesonide or prednisolone;
IV corticosteroids)

� Immunosuppressants
� Biological therapies:

infliximab, adalimumab
(anti-TNF), mepolizumab,
reslizumab and benralizumab
(anti-IL-5 and anti-IL5R),
dupilumab (anti-IL-4R)

- Food elimination diets

� Empirical food elimination
diet

� Elemental diet
- Surgery

HPF: high power field; IV: intravenous.

In contrast, non-EoE EGIDs are still less understood disorders. Epidemiology of
non-EoE EGIDs is limited to a few observational studies; however, in the general popula-
tion, prevalence is estimated at 3–8/100,000 cases, although it was approximately 2% in
patients with gastrointestinal symptoms [14]. Symptoms of non-EoE EGIDs depend on the
site (stomach, intestine, or colon) and the depth (mucosal, muscular, or serosal layer) of
the eosinophilic inflammation and are generally represented by abdominal pain, nausea,
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vomiting, and diarrhea [10]. In rare cases, patients with non-EoE EGIDs may develop
GI complications, such as intestinal obstruction or eosinophilic ascites. However, they
may commonly experience malnutrition or weight loss [15]. Diagnosis of the non-EoE
EGIDs is challenging and often requires more endoscopies with potential misdiagnosis
and diagnostic delays. The diagnostic cut-offs of tissue eosinophils vary according to the
specific site of the GI tract (Table 1).

Allergic comorbidities are prevalent in patients with EGIDs. However, several non-
allergic diseases have also been associated with EoE, including autism spectrum disorders,
coeliac disease, esophageal malformation, and inflammatory bowel disorders [16–18]. EoE
is now considered a type 2-mediated disease, developing from a genetic predisposition
and impaired esophageal barrier functioning [19]. In this context, the esophageal exposure
to allergens (mostly foods) elicits the local production of alarmins (interleukin [IL]-25,
IL-33, and thymic stromal lymphopoietin) and the typical type 2 (Th2)-driven eosinophilic
inflammation [20]. IL-4 has been characterized as one of the critical drivers of inflammation
in EoE since it is upregulated in the esophageal mucosa and blood of affected patients [21].
While eosinophilic gastritis and enteritis show the same pathogenetic mechanisms of EoE,
the pathogenesis of eosinophilic colitis is different from that of other non-EoE EGIDs and
is mainly related to apoptosis gene expression, reduced epithelial cell proliferation, and
minimal evidence of Th2 inflammation.

EGIDs are clinically heterogeneous diseases with symptoms depending on the age at
onset, the site of inflammation, response to treatments, and related comorbidities (allergic
and not allergic), thus, defining a spectrum of different diseases [22]. Recently, data from
the USIDNET reported that EGIDs are more commonly found in patients with different
IEI, such as common variable immunodeficiency (CVID) (43.2%), chronic granulomatous
disease (CGD) (8.1%), hyper-IgE syndrome (6.8%), and autoimmune lymphoproliferative
syndrome (6.8%) [23]. Nevertheless, more research is needed to confirm these findings and
understand if patients with EGIDs and IEI may have distinct clinical features, responses
to therapies, and disease endotype. Therefore, this study aims to analyze the potential
relationship between these two entities, reviewing current evidence and proposing a
potential diagnostic algorithm to help clinicians suspect IEI in EGID patients and vice-
versa.

3. Material and Methods

The literature review was performed in November 2022, including all publication
years. All studies that met the following criteria were included: (i) articles published
in English in peer-reviewed journals, and (ii) participants were children and adult IEI
patients diagnosed with EGIDs. Potentially eligible publications were manually screened
and reviewed, and non-relevant publications were excluded.

The literature search was performed via the online database PubMed, combining the
terms “eosinophilic gastrointestinal diseases AND primary immunodeficiency”, “eosinophilic
gastrointestinal diseases AND inborn errors of immunity”, “eosinophilic esophagitis AND
inborn errors of immunity”, “eosinophilic esophagitis AND primary immunodeficiency”,
and “eosinophilic esophagitis AND immunodeficiency”.

4. Results

The database search found 58 articles. Based on the title and abstract, fifteen articles
met the inclusion criteria. After removing duplicates, seven articles were analysed for the
review (Figure 1).

In 2016, Yamazaki et al. reported the case of a 30-year-old man with a diagnosis of X-
linked agammaglobulinemia, who suffered from chronic diarrhea and persistent low serum
IgG, despite the intravenous immunoglobulin replacement (Table 2) [24]. He underwent a
colonoscopy with biopsies that detected eosinophilic infiltrate >20 eos/HPF, supporting
the diagnosis of eosinophilic gastroenteritis. Treatment with prednisolone was started and
led to a significant improvement in diarrhea.
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Records identified through the 
database searching 

n= 58

Records selected, matching the 
inclusion criteria

n = 15

Records included after duplicates 
removed 

n = 7

Figure 1. Search strategy.

Table 2. Summary of reviewed articles.

Author, Year
[Ref]

Type of
Study

IEI EGID
Age at EGID

Diagnosis
Family
History

EGID
Symptoms

Other
Comorbidities

EGID
Diagnosis

Complications
EGID

Treatment

Yamakazi
et al., 2016

[24]
Case report XLA EoC 27 years n.a.

Chronic
diarrhea,

emaciation
Recurrent
infections >20 eos/HPF n.a. Prednisolone

Chen et al.,
2016
[25]

Case report CVID EoE 28 years n.a.

Dysphagia,
recurrent

episodes of
esophageal

food
impaction

Recurrent
sinopulmonary

infections
n.a. Esophageal

stenosis

Esophageal
dilatation,

PPI,
FED, Oral
fluticasone

Hannouch
et al., 2016

[26]
Case report CVID EoE n.a. n.a.

Weight loss,
food

impaction

Burkitt’s
lymphoma n.a. n.a.

Oral inhaled
corticos-
teroids

Dixit et al.,
2021
[27]

Case report STAT3-HIES EoE n.a. n.a.
Abdominal

pain,
dysphagia

Eczema,
recurrent

respiratory tract
infections,

cutaneous and
retropharyngeal
abscesses, and

mycosis.

n.a. n.a. Dupilumab

Scott et al.,
2022
[28]

Case report STAT1-GOF EoE Late
adolescence

Mother with
choking

episodes and
CMCC; a

daughter with
CMCC and
recurrent

AOM.

Choking
episodes,
solid and

liquid
dysphagia

Vaginal
candidiasis,
scalp fungal

infection,
Candida

esophagitis

22 eos/HPF Esophageal
stenosis

Balloon
dilatation

FED
Montelukast

PPI
Slurry

budesonide

Tang et al.,
2020
[29]

Case report XIAP-deficiency EoC Infancy
Mother and

sister had the
mutation

Abdominal
distension,

perianal
abscess.

Anemia,
respiratory tract

infections,
impaired
growth

n.a. n.a. n.a.

Tran et al.,
2022
[23]

Retrospective
cohort study

CVID (43.2%),
combined im-

munodeficiencies
(21.6%), CGD
(8.1%), HIES

(6.8%), and ALPS
(6.8%).

61/74 (82,5%)
patients with

EoE and
13/74 (17.5%)

with
EoG, EoN,
and EoC.

n.a. n.a. n.a. n.a. n.a. n.a. n.a.

ALPS: autoimmune lymphoproliferative syndrome; AOM: acute otitis media; CGD: chronic granulomatous dis-
ease; CMCC: chronic mucocutaneous candidiasis; CVID: common variable immunodeficiency; EGID: eosinophilic
gastrointestinal disease; EoC: eosinophilic colitis; EoE: eosinophilic esophagitis; EoG: eosinophilic gastritis; EoN:
eosinophilic enteritis; FED: food elimination diet; GOF: gain of function; HIES: hyper-IgE syndromes; HPF:
high power field; IEI: inborn error of immunity; N.A: not available; PPI: proton pump inhibitor; XIAP: X-linked
inhibitor of apoptosis; XLA: X-linked agammaglobulinemia.
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A few cases reported the association between common variable immunodeficiency
(CVID) and EoE [25,26]. Chen et al. described a 34-year-old woman affected by CVID
who was referred to a gastroenterologist for dysphagia, recurrent mild esophageal food
impactions, and hard-textured foods that worsened in the previous 5–6 years [25]. She un-
derwent an upper GI endoscopy that showed macro- and microscopic findings compatible
with EoE. The patient partially achieved control of their symptoms with oral fluticasone.
Hannouch et al. described the case of Burkitt’s lymphoma development in a patient affected
by CVID and EoE [26].

STAT3-hyper-IgE syndrome (HIES) has been primarily associated with GI manifes-
tations, including gastroesophageal reflux disease, dysphagia, and abdominal pain. A
recent cohort study enrolling STAT3-HIES patients investigated the GI manifestations
unexpectedly observing that EoE occurred in 65% (11/17) of patients who underwent
esophagogastroduodenoscopy [30]. Dixit et al. published the case of a 14-year-old boy
affected by STAT3-HIES with severe atopic dermatitis and EoE, clinically characterized
by dysphagia and abdominal pain. The patient was treated with dupilumab, effectively
controlling skin manifestations and resolving EoE symptoms [27].

Scott et al. reported the case of a 39-year-old woman with EoE refractory on a six-food
elimination diet, fluticasone, montelukast, and proton pump inhibitor, but responsive to
subsequent therapy with slurry budesonide [28]. She probably developed the first GI
symptoms in late adolescence, but she was not formally investigated until she was 31.
The patient’s family history revealed that her 70-year-old mother suffered from chronic
mucocutaneous candidiasis (CMCC) and had a 50-year history of dysphagia and choking
episodes, endoscopically evaluated at the age of 66 with biopsies demonstrating extensive
tissue fibrosis and rare eosinophils. Even her daughter had a history compatible with
CMCC but no symptoms suggestive of EoE. All three underwent a genetic evaluation,
demonstrating a novel heterozygous missense variant in the N-terminal domain of STAT1
(c.194A > C; p.D65A). Through immunoblotting studies, a gain of function STAT1 pheno-
type was demonstrated in all family members investigated. This report first described a
STAT1 gain of function mutation characterized by severe and refractory EoE as presenting
clinical manifestation.

In 2020, Tang et al. reported the case of a 22-month-old boy with abdominal distension,
anemia, and recurrent respiratory tract infections diagnosed with an X-linked inhibitor of
apoptosis (XIAP) deficiency. He underwent a GI endoscopy that showed chronic active
enteritis with different degrees of eosinophil infiltration compatible with eosinophilic
colitis. XIAP deficiency is associated with inflammatory bowel diseases (IBD); however,
this case report may extend the spectrum of chronic GI diseases associated with this
immunodeficiency [29].

5. Discussion

Recently, Tran et al. reviewed the U.S. immunodeficiency Network (USIDNET), finding
that 74 IEI patients had a concomitant diagnosis of EGID [23]. In this study, 61 patients were
affected by EoE, and 27 (44.2%) had CVID. In 34.4% of patients, a specific immunodeficiency
was identified, including HIES and chronic granulomatous disease (CGD). Thirteen (17.5%)
patients were affected by non-EoE EGIDs (eosinophilic gastritis, enteritis, and colitis). A
total of 38.4% had CVID, 46% had a combined immunodeficiency, 15.3% had CGD, and one
patient had FOXP3-deficient immune dysregulation, polyendocrinopathy, and enteropathy
X-linked (IPEX) syndrome. These data suggest that EGIDs may be coexisting comorbidities
of patients with specific IEI and seem more common than expected. According to these
results, CVID is the IEI most likely complicated by an EGID.

The potential link between IEI and EGIDs has not been elucidated yet. IEI are caused by
monogenic germline mutations associated with immune function. These diseases are rare,
but the prevalence is likely to be at least 1/1000–5000 [4]. Different IEI can manifest with
elevated serum IgE or eosinophilia and increased Th-2 cytokine production, such as IL-5,
which is an essential promoter of eosinophil differentiation, maturation, and survival [4,10].
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Eosinophils are multifunctional leukocytes that play an essential role against helminth infec-
tions and are considered pro-inflammatory cells because they release pleiotropic cytokines,
chemokines, lipid mediators, and cytoplasmic granule constituents [31]. Eosinophils are
considered the key effector cells in EoE, since, in the absence of eosinophils, disease features
(tissue remodeling, collagen accumulation, and gastric motility) are attenuated in animal
models [32]. Eosinophils are also involved in the pathogenesis of allergic disorders and
are implicated in EGIDs and IBD pathogenesis. Intestinal eosinophilia is not the hallmark
of EGIDs, because it has been described even in IBD and celiac disease [33]. Eosinophils
are also implicated in IBD pathogenesis, probably playing a significant role in the chronic
inflammatory process. In recent years, a growing number of IEI manifesting with IBD
have been described [7]. XIAP deficiency is considered one of the mendelian causes of
inherited IBD in infancy [34]. When a XIAP deficiency patient shows recurrent and severe
abdominal pain, failure to thrive, GI bleeding, and diarrhea, it is reasonable to suspect
an IBD and perform a GI endoscopy. Despite this robust evidence, Tang et al. reported
the case of a patient with XIAP deficiency and eosinophilic colitis, thus extending the
spectrum of GI manifestations potentially related to this immunodeficiency [29]. However,
the authors did not report data on long-term follow-up or the diagnostic cut-off used for
EoC diagnosis [29]. Standardized international guidelines for EGID diagnosis are still
lacking. Most experts agreed that a definitive diagnosis requires recurrent/chronic GI
symptoms and increased intestinal eosinophilia, excluding secondary causes of EGIDs
(Table 1) [10]. Considering this element, it is reasonable to highlight the importance of an
accurate differential diagnosis in patients with IEI associated with mucosal eosinophilia
to avoid potential misdiagnosis. We provide a potential algorithm to suspect an EGID in
patients with IEI or an IEI in individuals with a diagnosis of primary EGID (Figure 2). The
early diagnosis and detection of suspicious symptoms of both conditions are fundamental
to prevent clinically relevant complications (severe or fatal infections, esophageal stenosis,
intestinal obstruction). Of note, it is still unclear if IEI patients experience a more severe
EGID phenotype than those without immunodeficiency.
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Figure 2. Proposed diagnostic algorithm. The figure can be read from the top to the bottom and vice
versa. EGID: eosinophilic gastrointestinal disease; EoE: eosinophilic esophagitis; IEI: inborn errors
of immunity.

6. Conclusions

This review first analyzed current evidence of a potential relationship between EGIDs
and IEI. According to recent data, EGIDs seem more common in IEI patients than was
already reported in the literature. It is reasonable to speculate that EGID can worsen
the course of IEI, and vice versa. For this reason, early diagnosis is crucial to prevent
complications and define the best personalized treatment. In this context, several unmet
needs are still to be clarified. The literature data are still limited, and more research
is needed to understand the pathogenetic relationship between these two chronic and
invalidating clinical entities. Multicentric prospective studies should be performed to
establish the real epidemiology of EGID in IEI patients, the disease-course phenotype, and
the response to available treatments.
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Abstract: Common variable immunodeficiency (CVID) is an antibody immunodeficiency with a
wide variety of clinical and immunological manifestations, and whose genetic cause is found in
about 25% of diagnosed cases. Giardia lamblia is one of the main causes of gastrointestinal infections
in CVID. 5-Nitroimidazoles are the most used first-line treatment, but nitroimidazole-refractory
giardiasis is increasing. Nevertheless, only a few cases of refractory giardiasis in CVID have been
reported. This study aimed to determine the incidence of Giardia infection in our CVID cohort, shows
our management experience and describes patients’ phenotypic features. Clinical data collection,
immunological, immunogenetics and microbiology assays were performed, and previous cases
of giardiasis in CVID were reviewed. The incidence of symptomatic giardiasis was 12.9%. The
main immunological features were undetectable or decreased IgA levels and reduced switched
memory B cells. A probable PTEN pathogenic variant was detected in one. Three patients responded
to metronidazole but suffered reinfections, and one was a refractory giardiasis eradicated with
innovative quinacrine plus paromomycin combination. This work could contribute to the decision-
making and therapeutic management of future patients with CVID and giardiasis, highlighting the
importance of the early detection and treatment of infections in patients with CVID to ensure a good
quality of life.

Keywords: CVID; immunodeficiency; gastrointestinal infections; Giardia; giardiasis; refractory;
treatment; immunology; immunogenetic

1. Introduction

Common variable immunodeficiency (CVID) is the most prevalent symptomatic pri-
mary immunodeficiency (PID) in humans [1] and is included in the antibody predominant
immunodeficiency category according to the International Union of Immunological Soci-
eties (IUIS) classification [2].

CVID is considered a complex group of PID due to its clinical and immunological
heterogeneity, and the underlying genetic cause is mostly unknown. Genetic defects are
detected in approximately 25% of the cases, involving defects in humoral and cell-mediated
immunity [3,4]. Diagnostic criteria for CVID, according to the European Society for Immun-
odeficiencies (ESID), include a decrease in IgG (at least two standard deviations below the
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mean for age) and a marked decrease in at least one of the isotypes IgM or IgA, an impaired
antibody production to vaccination or low percentage of switched memory B cells (<70%
of age-related normal value), clinical manifestations of recurrent infections, autoimmune
diseases or lymphoproliferation, the onset of clinical immunodeficiency at more than two
years of age and the exclusion of other causes of hypogammaglobulinemia [5]. The defect
in plasma cell differentiation causes hypogammaglobulinemia and abnormalities of circu-
lating B cell subsets, with a normal or low absolute count of B cells [6]. Although profound
T cell defects are not detected, alterations in their frequency and function can be found [7].

Severe and recurrent infections are the clinical hallmark in CVID patients. Giardia
lamblia is the most commonly identified gastrointestinal pathogen in CVID, followed by
Campylobacter jejuni and Salmonella species [8]. Giardia lamblia (also termed G. duodenalis
or G. intestinalis) is a flagellated parasitic protozoan with a lifecycle divided into two
phases: the dormant infectious cyst and the proliferating trophozoite [9] (Figure 1). Clinical
manifestations of Giardia infection are diverse, ranging from asymptomatic cases to diarrhea,
abdominal pain, nausea, anemia, malabsorption, or weight loss. Classic diagnosis is
performed by microscopic detection of trophozoites or cysts in stool samples, but in
recent years, rapid immunochromatographic antigen tests and more sensitive real-time
polymerase chain reaction (PCR) panels have appeared [10].

Figure 1. Lifecycle of Giardia lamblia. Infectious cysts are ingested via contaminated food or water, or
by direct ingestion. In the human gastrointestinal tract, cysts excyst to release trophozoites, which
cause disease, in part, by promoting the disruption of the intestinal epithelial barrier. Both the cysts
and trophozoites can be detected in the stool, although the trophozoites released do not survive long.

5-Nitroimidazole compounds, such as tinidazole or metronidazole, are the most com-
mon first-line treatment for Giardia infection [11]. Nitroimidazoles are usually also effective
in CVID patients. However, CVID patients have a higher risk of chronification, reinfection
and relapse rate due to their immunodeficiency status or malabsorption syndrome, and
often require prolonged treatment [12,13].

Nitroimidazole-refractory giardiasis is increasing in the general population, linked
with parasite drug resistance and host factors [14–16]. Nevertheless, few cases of refractory
giardiasis in CVID patients have been published to date [17]. Currently, resistance Giardia
detection is not possible to perform in most laboratories, and there is no standard treatment
for refractory giardiasis. Empirical treatments are currently used, highlighting the use of a
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nitroimidazole other than metronidazole in monotherapy or with another drug, or other
agents such as quinacrine or paromomycin [18].

The aim of this study was to determine the incidence of Giardia infection in patients
diagnosed with CVID at our hospital center, describing our management experience and
their demographic, clinical, immunogenetic, and immunological characteristics. In ad-
dition, we have performed a literature review of previous reports of Giardia infection in
CVID patients.

2. Materials and Methods

2.1. Subjects of Study

Patients diagnosed with CVID and Giardia lamblia infection in the University Hospital
Virgen de las Nieves between 2000 and 2021 were recruited for this study. The diagnosis of
CVID was established based on the ESID criteria [5], excluding patients with other types of
antibody immunodeficiencies, secondary antibody deficiencies, and T-cell deficiency.

Giardia infection was determined by stool Giardia antigen detection test, microscopy
observation, molecular technique, or a combination of these, in patients with suggestive
symptoms as described below. Refractory giardiasis was considered when Giardia persisted
after one or more strategic treatments. We collected demographic and clinical data, family
and personal history, and immunoglobulin levels at CVID diagnosis. Furthermore, we per-
formed other immunological and immunogenetics assays during subsequent follow-ups of
each patient. This study was reviewed and approved by the regional ethics committee (Por-
tal de Ética de la Investigación Biomédica de Andalucía, PEIBA, code: 1206-N-22). Patients
or their legal representatives provided their written informed consent to participate.

2.2. Immunological Evaluation

Serum immunoglobulins (Ig) levels (IgG, IgA and IgM) were measured by immuno-
turbidimetry using the automatic analyzer Alinity c system (Abbott Laboratories, Chicago,
IL, USA). For cellular evaluation, EDTA whole blood samples were collected. Lymphocyte
subpopulations (CD4+ T, CD8+ T, B and NK cells) were performed using BD Trucount
tubes and the BD Multitest 6 Color BTNK kit (BD Biosciences, San Diego, CA, USA),
which included the following mixtures of fluorophore-conjugated monoclonal antibodies
(mAb): anti-CD45-PerCP-Cy5.5, anti-CD3-FITC, anti-CD8-APC-Cy7, anti-CD4-PE-Cy7,
anti-CD19-APC, and anti-CD16+CD56-PE. B cell phenotype was performed with an eight-
color panel of the following mAb: anti-CD45-APC-H7, anti-CD19-V500, anti-CD10-V450,
anti-CD38-PE-Cy7, anti-CD21-PE, anti-CD27-PerCP-Cy5, anti-IgD-FITC, and anti-IgM-APC
(BD Biosciences, San Diego, CA, USA), following EURO-Class classification. Cells were
acquired on a BD FACSCanto II Flow Cytometer (BD Biosciences, San Diego, CA, USA), and
the InfinicytTM22.0 software was employed for multiparametric analysis (Cytognos SL,
Salamanca, Spain).

2.3. Immunogenetics

High-resolution genotyping of Human Leukocyte Antigen (HLA) class I (A, B and
C) and II (DRB1 and DQB1) loci was performed using the LABType sequence-specific
oligonucleotide typing test (One Lambda, Canoga Park, CA, USA). DNA whole blood
isolation was carried out with the QIAMP DNA Blood Mini Kit, following the manufac-
turer’s instructions (Qiagen, Hilden, Germany). Target DNA was amplified by PCR using
sequence-specific primers, followed by hybridization with allele-specific oligodeoxynu-
cleotides coupled with fluorescent phycoerythrin-labelled microspheres. Fluorescence
intensity was determined using a LABScan 100 system (Luminex xMAP, Austin, TX, USA).
HLA alleles were assigned using the HLA-Fusion software (One Lambda, Canoga Park,
CA, USA).

We also performed a clinical exome analysis based on Next-Generation Sequencing
(NGS) that covers the coding regions of 4490 genes with clinical significance (SOPHiA
Clinical Exome Solution, Lausanne, Switzerland), and analyzed 237 genes associated with
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primary immunodeficiencies (Supplementary Material S1). Sequencing was carried out on
the NextSeq 1000 platform (Illumina, San Diego, CA, USA), and the results were analyzed
with DDM v.5.8.0.3 program of Sophia Genetics and the IGV informatic application (Inte-
grative Genomics Viewer). The reference genome sequence used in the alignment phase
corresponds to the GRCh37/hg19 (UCSC) version. Bioinformatic predictors (Mutation-
Taster and CADD) were used to evaluate the pathogenicity of the variants found. Genetic
variants found were confirmed by Sanger sequencing.

2.4. Microbiology Giardia Infection Diagnosis

Giardia infection was diagnosed using antigen detection by immunochromatography
(Rida Quick Cryptosporidium/Giardia/Entamoeba, R-Biopharm AG, Darmstadt, Ger-
many), by microscopic observation of cysts in stool samples or by molecular diagnosis
(FilmArray Gastrointestinal Panel, bioMérieux, Marcy l’Étoile, France).

2.5. Systematic Literature Review

A search was performed on the PubMed database up to 2022. Search terms used
were: “giardia” OR “giardiasis”, AND “common variable immunodeficiency” (37 results).
Articles available in English and Spanish were included, and articles that were not related
to the subject of the study or did not provide sufficient data on treatment for giardiasis,
microbiological and immunological diagnosis were excluded. Finally, 16 articles were
included (Figure 2).

Figure 2. Flowchart of study selection for the narrative review.

3. Results

3.1. Demographic Data and Clinical Manifestations

Thirty-one patients were diagnosed with CVID and treated with immunoglobulin
replacement in our hospital center between 2000 and 2021. Four CVID patients (12.9%)
suffered from Giardia infection during their clinical course. The median age of CVID
patients with Giardia infection was 44 years old (28–55), two were male (50%) and two were
female (50%). The median age at the time of CVID diagnosis was 33 (19–49) years. Giardia
infection was detected between the first and the fourth year after beginning intravenous
immunoglobulin (IVIG) treatment. CVID patients with Giardia infection had variable
gastrointestinal symptoms and others such as asthenia or febricula. Three of them had
Giardia reinfections (Cases 1, 2 and 4) and one was a refractory giardiasis (Case 3). In the two
females, nodular intestinal lymphoid hyperplasia (NILH) was detected by endoscopy after
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the first Giardia infection, and Case 4 developed a Crohn’s disease-like. During the evolution
of the CVID, without overlapping with the Giardia infection, patients also suffered from
other clinical conditions, infections and comorbidities, which are summarized in Table 1.

Currently, Cases 1, 2 and 3 are clinically stable. Case 4 continues with gastrointestinal
symptoms, arthritis, asthenia, anorexia and intense migraines, numbness in the face and
loss of vision, probably associated with her Crohn-like disease. All CVID patients are with
IVIG treatment. They receive 0,4 g/kg/day every 21 days except Case 4, which received
0,6 g/kg/day every 21 days because of her clinical condition.

3.2. Immunological Evaluation

The four CVID patients had undetectable or very low IgM and IgA levels from diag-
nosis. After IVIG treatment, all patients reached a normal IgG level, which is currently
maintained. The analysis of lymphocyte subsets showed CD4+ T cell lymphopenia in
Cases 3 and 4, a remarkable reduction of NK cells in Cases 1 and 4, and a very low B cell
count in Case 1. B cell immunophenotype highlighted the reduction in switched memory
B cells in all cases except in Case 3, in which they were absent. CD21low B cells were in-
creased in Case 1 and transitional B cells were remarkably increased in Case 3. EURO-Class
classification group and immunological data are indicated in Table 1.

3.3. Immunogenetics

HLA class I and II alleles genomic typing were performed and are shown in Supple-
mentary Tables, along with HLA allele frequencies in the Spanish Caucasian population [19].
Case 3 had homozygosity in HLA-DQB1 alleles and Case 1 in HLA-DRB1. Case 1 had the
ancestral haplotype 44.3.

The exome analysis performed was negative for Cases 1 and 3. Case 2 showed the
heterozygous c.1555A>G (Lys519Glu) variant in the exon 17 of TCF3 or E2A gen, which
affects a region not associated with any of the major domains of the transcription factor it
encodes. In silico and phylogenetic studies suggested that the affected residue is highly
conserved and bioinformatic predictors did not give conclusive results on its pathogenicity.
The amino acid substitution slightly modifies the physical–chemical properties of the pro-
tein. Databases consulted showed that there are asymptomatic heterozygous carriers in the
general population as well as in asymptomatic carriers in families with severe agamma-
globulinemia caused by biallelic variants (gnomAD frequency of 0.016%). Case 4 had the
heterozygous c.1093G>A (Val365Ile) variant in exon 9 of phosphatase and tensin homolog
(PTEN) gene, which affected the C-terminal domain of the mature protein phosphatase.
In silico and phylogenetic studies suggest that the affected residue is highly conserved
among vertebrate species and bioinformatic predictors showed that could be a pathogenic
variant (MutationTaster score: 1, DANN score: 0.969). The amino acid substitution slightly
modifies the physical–chemical properties of the protein. The database consulted points
to a rare variant (gnomAD frequency < 0.01%), only present in two heterozygous carriers
from the European population (Supplementary Material S2).

3.4. Giardia Infection Diagnosis and Treatment

The first Giardia infection was diagnosed by the Giardia/Cryptosporidium antigen test
in Cases 1 and 2. Case 3 was diagnosed by an antigen test and multiplex PCR and Case 4
by cysts stool detection. The detection of reinfection, treatment failure and eradication of
Giardia were performed by (a) stool cultures and/or the antigen test repetition in Case 2,
(b) an antigen test and a multiplex PCR with symptom remission in Case 3, and (c) the
remission of symptoms and negative antigen test in Case 4. In Case 1, it was not possible to
assure Giardia eradication after the first infection because microbiological tests were not
performed and the diagnosis was based on the remission of symptoms. In the reinfection,
a stool examination was performed and Giardia cysts were not detected, confirming its
eradication. None of the patients currently have evidence of Giardia infection, with antigen
test negative.

39



J. Clin. Med. 2022, 11, 7007

T
a

b
le

1
.

Ep
id

em
io

lo
gi

ca
l,

cl
in

ic
al

an
d

im
m

un
ol

og
ic

al
ch

ar
ac

te
ri

st
ic

s
of

pa
ti

en
ts

w
it

h
G

ia
rd

ia
in

fe
ct

io
n

an
d

C
V

ID
.

C
a

se
1

C
a

se
2

C
a

se
3

C
a

se
4

R
e

fe
re

n
ce

V
a

lu
e

s

Se
x

M
al

e
M

al
e

Fe
m

al
e

Fe
m

al
e

A
ge

(y
ea

rs
)

28
55

47
41

A
ge

at
C

V
ID

di
ag

no
si

s
(y

ea
rs

)
26

49
38

19

M
an

if
es

ta
ti

on
of

G
ia

rd
ia

in
fe

ct
io

n
D

ia
rr

he
a,

w
ei

gh
tl

os
s

D
ia

rr
he

a,
w

ei
gh

tl
os

s,
ab

do
m

in
al

pa
in

,m
al

ab
so

rp
ti

on
,r

ec
ta

l
te

ne
sm

us
,a

na
li

tc
hi

ng
,a

st
he

ni
a,

fe
br

ic
ul

a

D
ia

rr
he

a,
w

ei
gh

tl
os

s,
ab

do
m

in
al

pa
in

,r
ec

ta
lt

en
es

m
us

,i
ro

n
de

fic
ie

nc
y,

an
em

ia

D
ia

rr
he

a,
w

ei
gh

tl
os

s,
ab

do
m

in
al

pa
in

,m
al

ab
so

rp
ti

on
,a

st
he

ni
a,

ir
on

de
fic

ie
nc

y

C
lin

ic
al

an
d

co
m

or
bi

d
co

nd
it

io
ns

R
ec

ur
re

nt
re

sp
ir

at
or

y
in

fe
ct

io
ns

,
SA

R
S-

C
oV

-2
in

fe
ct

io
n,

ps
or

ia
si

s

R
ec

ur
re

nt
re

sp
ir

at
or

y
in

fe
ct

io
n,

ot
it

is
,C

am
py

lo
ba

ct
er

je
ju

ni
in

fe
ct

io
n,

la
te

nt
tu

be
rc

ul
os

is
,

ve
rr

uc
ou

s
cu

ta
ne

ou
s

sq
ua

m
ou

s
ce

ll
ca

rc
in

om
a

R
ec

ur
re

nt
re

sp
ir

at
or

y
in

fe
ct

io
ns

,
N

IL
H

,u
lc

er
at

iv
e

co
lit

is
,p

ri
m

ar
y

hy
po

th
yr

oi
di

sm
,c

hr
on

ic
he

pa
to

pa
th

y,
sp

le
no

m
eg

al
y

R
ec

ur
re

nt
re

sp
ir

at
or

y
in

fe
ct

io
ns

,
br

on
ch

ie
ct

as
is

,H
BV

,
SA

R
S-

C
oV

-2
in

fe
ct

io
n,

N
IL

H
,

C
ro

hn
-li

ke
di

se
as

e,
ar

th
ra

lg
ia

s
an

d
ar

th
ri

ti
s

Im
m

un
og

lo
bu

lin
s

(I
g)

at
di

ag
no

si
s

Ig
G

(m
g/

dL
)

16
4

44
4

46
1

20
0

54
0–

18
22

Ig
M

(m
g/

dL
)

<5
19

9
<5

22
–2

40
Ig

A
(m

g/
dL

)
<5

10
<5

<5
70

–4
00

Im
m

un
og

lo
bu

lin
s

(I
g)

af
te

r
IV

IG
tr

ea
tm

en
t

Ig
G

(m
g/

dL
)

10
72

92
6

82
4

98
1

54
0–

18
22

Ig
M

(m
g/

dL
)

<5
19

<5
<5

22
–2

40
Ig

A
(m

g/
dL

)
<5

<5
<5

<5
70

–4
00

Ly
m

ph
oc

yt
e

su
bs

et
s

(c
el

ls
/μ

L/
%

)
C

D
3+

14
41

(9
2)

13
74

(6
9)

97
9

(6
0)

93
6

(8
1)

96
0–

26
00

/6
1–

84
C

D
3+

C
D

4+
63

1
(4

0)
72

5
(3

6)
52

6
(3

2)
44

9
(3

9)
54

0–
16

60
/3

2–
60

C
D

3+
C

D
8+

67
5

(4
3)

62
5

(3
1)

39
6

(2
4)

43
6

(3
8)

27
0–

93
0/

13
–4

0
C

D
19

+
28

(2
)

35
6

(1
8)

11
5

(7
)

12
7

(1
1)

12
2–

63
2/

6–
27

C
D

3-
C

D
56

+C
D

16
+

75
(4

.8
)

24
2

(1
2.

1)
52

2
(3

2)
79

(6
.9

)
12

7–
50

9/
10

.1
–2

0.
9

R
at

io
C

D
4/

C
D

8
0.

93
1.

16
1.

33
1.

03
0.

9–
4.

5
B

ce
ll

su
bs

et
s

(%
)

C
D

19
+

na
iv

e
(I

gD
+C

D
27

-)
46

.2
78

.3
24

75
53

–8
6

C
D

19
+

pr
e-

sw
it

ch
ed

m
em

or
y

(I
gD

+C
D

27
+)

36
.4

6.
7

33
.3

13
.1

3.
3–

12
.8

C
D

19
+

sw
it

ch
ed

m
em

or
y

(I
gD

-C
D

27
+)

1.
8

3.
2

0
0.

9
4–

22

C
D

19
+

C
D

21
lo

w
(C

D
38

lo
w

,
Ig

M
+)

10
.2

2.
2

0.
3

1.
5

0.
4–

4.
5

C
D

19
+

tr
an

si
ti

on
al

(C
D

38
hi

gh
,

Ig
M

+)
0.

4
0.

7
34

.5
0.

6
0.

9–
6.

3

EU
R

O
-C

la
ss

cl
as

si
fic

at
io

n
gr

ou
p

sm
B-

Tr
no

rm

sm
B-

21
lo

sm
B+

21
no

rm
sm

B-
Tr

hi

sm
B-

21
no

rm
sm

B-
Tr

no
rm

sm
B-

21
no

rm

N
IL

H
:n

od
ul

ar
in

te
st

in
al

ly
m

ph
oi

d
hy

pe
rp

la
si

a;
H

BV
:h

ep
at

it
is

B
vi

ru
s;

Ig
:i

m
m

un
og

lo
bu

lin
;I

V
IG

:i
nt

ra
ve

no
us

im
m

un
og

lo
bu

lin
.

40



J. Clin. Med. 2022, 11, 7007

First-line Giardia infection treatment was metronidazole, which successfully cured
infection in Cases 1, 2 and 4. Quinacrine plus paromomycin was the successful treatment
used for refractory giardiasis in Case 3 (Table 2).

Table 2. Giardia infection treatments in each patient.

Case 1 Case 2 Case 3 Case 4

First-line treatment Metronidazole 250 mg/8 h
for 7 days

Metronidazole 250 mg/8 h
every 5 days

Metronidazole 500 mg every 8 h for
7 days

Metronidazole 250 mg every
8 h for 8 days

Other treatments Reinfection: Metronidazole
250 mg/8 h for 20 days

Reinfection: Metronidazole
500 mg every 8 h for 10 days

1st failure: Metronidazole 500 mg
every 8 h for 14 days.
2nd failure: Tinidazole 2 g spread
over two consecutive days.
3rd failure:
Metronidazole plus Albendazole
(400 mg/12 h) for 10 days.
4th treatment: Quinacrine 100 mg
plus paromomycin 400 mg every 8 h

Reinfection: Metronidazole
500 mg every 8 h for 7 days

Successful Giardia
infection drug Metronidazole Metronidazole Quinacrine + Paromomycin Metronidazole

mg: milligrams; g: grams; h: hours.

3.5. Database Review Results

We found 17 published cases of giardiasis in CVID. The median age was 39 years
old (15–62), eleven were male (64.7%) and six were female (35.3%). Six were refractory
giardiasis (35.3%). The main clinical manifestations were diarrhea (14/17; 82.3%), weight
loss and abdominal symptoms (9/17; 52.9%), and three patients had splenomegaly (3/17;
17.6%). All CVID patients showed undetectable or decreased IgA levels. All summarized
data are collected in Table 3.
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4. Discussion

The incidence of symptomatic giardiasis in our CVID cohort was 12.9%. The main
clinical manifestations of Giardia infection were diarrhea, weight loss and abdominal pain,
both in our patients and in review patients. It is important to make a correct differential
diagnosis with other entities such as celiac disease and inflammatory bowel disease (IBD),
which was performed in our patients, because gastrointestinal symptoms are very common
in CVID, especially transient or persistent diarrhea [35]. Gastrointestinal Giardia symptoms
in Cases 2 and 4 produced protein loss and malabsorption, which made it difficult to
maintain their IgG levels in the normal range despite IVIG treatment. Immunoglobulin
replacement therapy is the basic treatment of these patients, which improve their symptoms
and their quality of life, but also prophylactic and therapeutic antibiotics for their recurrent
infections [8]. Antibiotics stimulate intestinal dysbiosis, producing digestive alterations
and favoring chronic or refractory infections by gastrointestinal pathogens such as Giardia.
The gut microbiome has been shown to play a key role in determining susceptibility or
resistance to Giardia colonization by modulating immune responses, while the parasite
itself can influence the immune response to the host [36]. Recent research has recognized
giardiasis as an important risk factor for developing long-term postinfectious syndromes,
such as IBD, chronic fatigue syndrome, and extraintestinal consequences such as arthritis
or allergies, even months or years after parasite clearance [16,37], which could be one of
the reasons for the Crohn’s disease-like symptomatology in Case 4.

It should be noted that Cases 3 and 4 had nodular intestinal lymphoid hyperplasia
(NILH), which is also found in CVID patients evaluated in the literature review (6/17;
35.3%). NILH is a rare condition that can occur as a form of compensation for the func-
tionally inadequate intestinal lymphoid tissue found in patients with immunodeficiencies.
However, NILH has also been associated with Giardia lamblia infection, and in some cases,
its eradication has resulted in NILH reduction [23], or with an overregulation of the re-
sponse mechanisms of the lymphoid tissue associated with the digestive tract [29]. In
Cases 3 and 4, neither possibility can be ruled out, but it would be interesting to monitor
its evolution because NILH could represent an intermediate stage and a risk factor for the
development of lymphoma [38].

IgA, Th17 and CD4+ T cells are key in the immune response against Giardia [39].
Undetectable or very low levels of IgA are a characteristic in our four patients and in all
available review patients, an immunoglobulin that is not replaced with IVIG treatment
and that is key in the defense of the intestinal mucosa. Various studies have associated
its deficiency with a greater capacity for binding and proliferation of foreign pathogens
such as Giardia to the intestinal epithelium [12]. T CD4+ lymphopenia found in Case 3
could be another immunological factor resulting in refractory giardiasis. The remarkable
reduction of B cells in Case 1 led us to suspect Bruton’s disease but it was ruled out by
the NGS study. A remarkable NK cell lymphopenia was detected in Cases 1 and 4. These
cells are important in the antiviral and antitumor defense. However, in CVID patients,
NK cells have been associated with high frequencies of severe bacterial infections and
non-infectious complications, suggesting that NK cells also have a role in controlling
bacterial infections [40].

The EURO-Class classification was a multicenter European effort that allowed defining
different subgroups of patients with CVID based on their B cell phenotype and some
clinical features [6]. In our study, all cases had a reduction in switched memory B cells. The
increase in CD21low cells is the strongest marker associated with splenomegaly. Case 3 had
splenomegaly, but CD21low B cells were not altered, and she had also a remarkable increase
of transitional B cells, without lymphadenopathy. In one literature case with refractory
giardiasis, lymphadenopathy and splenomegaly were detected, but both regressed after
Giardia eradication [26].

Different genetic variants have been involved in the pathogenesis of CVID, but most
patients do not have a specific genetic defect background [41]. The NGS analysis detected
possible CVID-associated variants in two of our patients. In Case 2, a heterozygous
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variant in TCF3 gene (p.Lys519Glu) was detected. This gene is located on chromosome
19p13.3 and codes for transcription factors that promote the expression of genes involved
in lymphopoiesis, differentiation and maturation of B and T cells. This variant has not been
previously described but its presence in the control population and in the asymptomatic
carriers of families with severe agammaglobulinemia caused by biallelic variants, as well
as the contradictory results of in silico predictors, point to a benign variant [42,43]. In Case
4, a heterozygous variant in PTEN gene (p.Val365Ile) was detected. This gene is located
on chromosome 10q23.31 and codes for a phosphatase that acts as a tumor suppressor
gene. This enzyme also participates in the PI3K/Akt signaling pathway and, thus, in the
differentiation and homeostasis of T and B cells. It has previously been considered a variant
of uncertain significance (VUS) according to human databases in patients with Cowden
syndrome type 1, a condition within the group of syndromes related to the development of
hamartomas (PHTS) following an autosomal dominant pattern of inheritance [44]. These
patients had heterogeneous phenotypes, some of whom had PHTS with a CVID phenotype,
exhibiting a decrease in switched memory B cells and a reduction in functional and mature
NK cells, immunological alterations that are present in our Case 4 patient. Likewise, loss-
of-function mutations in PTEN have also been described as being associated with activated
phosphoinositide-3-kinase delta syndrome-like (APDS-like) because it acts as an antagonist
in the PI3K-delta signaling pathway [45,46]. Cosegregation and functional studies will be
necessary to confirm the pathogenicity of this variant in the context of CVID, which will be
a future objective of our group.

The HLA class I and II genes code for cell surface molecules specialized in antigen
presentation to T cells and play a key role in the immune response. Previous studies have
reported a positive association between certain HLA alleles and different diseases, including
susceptibility to CVID [47]. It has been described that the extended haplotype HLA-A1,
-B8, -DR3 is more frequent in these patients [48] and that homozygosity in the HLA class II
region, specially HLA-DQ, is associated with greater susceptibility to CVID [49]. Curiously,
Case 3 patient has homozygosity in HLA class II, our giardiasis refractory case. This
homozygosity could result in a lower repertoire of HLA class II molecules on the cell
surface, resulting in a lower capacity to respond to foreign or pathogenic antigens and
contributed to CVID susceptibility to specific environmental conditions. Moreover, Case 4
has the HLA-DRB1*13:01 allele, which has been previously associated with susceptibility
to Giardia infection [50]. On the other hand, Case 1 patient has the C*06:02 allele, which is
one of the most strongly HLA alleles associated with psoriasis susceptibility [51]. None of
the four patients presented the ancestral haplotype 8.1 (HLA-A1, -B8, -DR3), although Case
1 had the ancestral haplotype 44.3 (A*29:02; B*44:03; C*16:01; DRB1*07:01; DQB1*02:02). It
would be advisable to extend the study to a bigger CVID cohort to have more precise data
on this evidence.

First-line giardiasis treatment is based on the use of nitroimidazoles [11]. In our cohort,
75% (3/4) responded to metronidazole, evidenced by negative microbiological tests and
remission of symptoms. This is similar to the case reports included in the literature review,
although reinfections occurred in all of our cases. However, one of the highlights of this
work is the first refractory giardiasis case diagnosis in our hospital in a CVID patient (Case 4)
and, to our knowledge, the first time that the combination of quinacrine plus paromomycin
has been described and has been effective. We consider the treatment successful because
stool examination has remained negative to date. So far, only six refractory giardiasis
cases in CVID patients have been published, and different curative treatments have been
applied [20,22,26,30,31,33]. Currently, there is no standard therapy for refractory giardiasis,
and multiple drugs have been tried [15]. Tinidazole, a derivative of metronidazole, has
been shown to be more effective than metronidazole [11,39] but was not effective in Case 3.
The combination of metronidazole and albendazole, the latter a benzimidazole, is more
effective in treating refractory disease than albendazole alone [15], but again no response
was obtained as a third-line treatment. On the other hand, the efficacy and safety of
the use of quinacrine in refractory giardiasis have been demonstrated in various studies,
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mainly in monotherapy or combined with metronidazole [22,52,53]. Quinacrine, also
known as mepacrine, was the first antimalarial drug used to treat giardiasis, but its use
was limited by detecting possible adverse effects of psychosis. Despite everything, it is
usually well-tolerated and has a clinical efficacy of >90% [54]. In the case of paromomycin,
its activity is variable against Giardia (55–90%) and is rarely used. It can be employed in
cases of resistance or pregnancy because it has a low absorption spectrum and does not
have systemic effects [14]. It is usually well-tolerated, although being an aminoglycoside,
it can cause nephrotoxicity and ototoxicity [15,54]. The quinacrine and paromomycin
combination therapy should be used in a larger patient cohort to confirm its efficacy and
safety, and more clinical trials are needed to establish the optimal therapy for patients with
refractory giardiasis.

Giardia drug resistance is currently undetectable in most microbiology laboratories.
This is due, on the one hand, because the parasite culture is difficult and takes a long
time, and success rates are relatively low [15] and, on the other hand, because resistance
depends more on epigenetic factors and post-translational modifications than on genetic
variants in the parasite genome. For these reasons, it is not yet possible to develop a routine
microbiology technique to detect Giardia susceptibility [14]. Moreover, since there are few
cases of refractory giardiasis, multicenter studies are required to define the best therapeutic
alternatives. At the diagnostic level, it would be interesting to develop a strategy that
combines the culture of the parasite with sequencing and comparative proteomics [55],
which may allow moving from empirical treatment to targeted treatment in the future.

The early detection and treatment of infections in patients with CVID are crucial to
ensure a good quality of life. Moreover, the immunological and genetic characterization of
these patients is necessary to improve their clinical follow-up and to better understand the
pathogenesis of CVID. One limitation of this work was that the cohort of CVID patients who
suffered from symptomatic Giardia infection was small. Still, to our knowledge, we present
a probably pathogenic PTEN variant associated with the CVID phenotype, and, for the first
time, a case of refractory giardiasis in CVID that was successfully treated with quinacrine
plus paromomycin combination. These data could contribute to the decision-making
and therapeutic management of future patients with CVID and giardiasis, especially in
refractory giardiasis cases.
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Abstract: Inborn errors of immunity (IEI), formerly known as primary immunodeficiency disorders
(PIDs), are inherited disorders caused by damaging germline variants in single genes, which result in
increased susceptibility to infections and in allergic, autoimmune, autoinflammatory, nonmalignant
lymphoproliferative, and neoplastic conditions. Along with well-known warning signs of PID,
attention should be paid to signs of immune dysregulation, which seem to be equally important to
susceptibility to infection in defining IEI. The modern diagnostics of IEI offer a variety of approaches
but with some problems. The aim of this review is to discuss the diagnostic challenges in IEI patients
in the context of an immune dysregulation background.

Keywords: allergy; autoimmunity; autoimmune lymphoproliferative syndrome; inborn errors of
immunity; lymphoproliferation; malignancy; primary immunodeficiency

1. Introduction

Inborn errors of immunity (IEI), formerly known as primary immunodeficiency disor-
ders (PIDs), are inherited disorders caused by damaging germline variants in single genes,
resulting not only in increased susceptibility to infections but also in allergic, autoimmune,
autoinflammatory, nonmalignant lymphoproliferative, and malignant manifestations. Ac-
cording to the most recent report by the International Union of Immunological Societies
(IUIS), the identified IEI were classified in 10 tables with subtables segregating groups
of disorders into overlapping phenotypes: (1) immunodeficiencies affecting cellular and
humoral immunity (combined immunodeficiencies); (2) combined immunodeficiencies with
associated or syndromic features; (3) predominantly antibody deficiencies; (4) diseases of im-
mune dysregulation; (5) congenital defects of phagocyte number or function; (6) defects in
intrinsic and innate immunity; (7) autoinflammatory diseases; (8) complement deficiencies;
(9) bone marrow failure disorders; and (10) phenocopies of IEI. The 55 novel monogenic
gene defects positioned in the last IEI update enhanced the total number of IEI to 485 [1,2].

The COVID-19 pandemic had an impact on various fields of medicine. In the context
of clinical immunology and IEI, it has uncovered several new IEI [1]. Each time, the
appearance of new pathogens is a potential challenge for the general population and
also healthcare systems because of the lack of significant pre-existing immune memory.
Similarly, in the case of pathogens learned about so far, patients with specific germline
genetic variants (causing known and unknown IEI) may be more exposed to severe disease
than the general population. Research on the COVID-19 pandemic course led to the
detection of genes and mechanisms necessary for anti-SARS-CoV-2 immunity. About 2–3%
of cases of severe SARS-CoV2 infection resulted from germline LOF/LOE variants in the
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type 1 IFN signaling pathway: TLR3, UNC93B1, TICAM1, TBK1, IRF3, IRF7, IFNAR1, and
IFNAR2 [1]. According to Asano et al., X-linked recessive TLR7 deficiency is a highly
penetrant genetic etiology of severe COVID-19 among 1.8% of males below the age of
60 years [3].

The defects of the number or the function of immune system elements determine the
clinical presentation of an IEI. Family history, as well as personal and clinical data, are
considered a core element of patient initial management. Extensive anamnesis and clinical
evaluation are the main tools for a suspected diagnosis of IEI [4]. The early diagnosis of IEI
can be life-saving but remains challenging due to the low prevalence of these pathologies.
This can result in the delay of diagnosis and consequently in a worse prognosis [5].

Disease manifestation appearance (i.e., Nijmegen breakage syndrome (NBS), Shwachman-
Diamond syndrome, and DiGeorge syndrome), as well as subject growth during both in
utero life and later, may suggest the diagnosis of IEI and provide an important diagnostic
clue [6]. Severe and/or recurrent infections, consanguinity, or an unexplained death in
one’s family are well-known signs of IEI; however, more attention should be paid to signs of
immune dysregulation. Immune dysregulation is defined as a breakdown or malfunction
of molecular control of immune system processes, and it is used to characterize an array
of autoimmune and inflammatory conditions [7]. According to IUIS classification, there
are 10 IEI categories based on their underlying molecular defect. One of them is called
‘diseases of immune dysregulation’. Moreover, it has been established that other patients
with humoral, cellular, or innate immune system deficiencies are also at risk of autoimmune
or inflammatory conditions [8]. Currently, signs of immune dysregulation are of great
importance in defining IEI, as well as an increased tendency to infection.

The modern diagnostics of IEI include various diagnostic measures, such as a simple
blood count with particular attention paid to the total absolute lymphocyte count, the
serum immunoglobulin levels, and the complete sequencing of the exome or genome [9].
However, during the clinical evaluation of a patient with suspected or confirmed IEI, we
should be aware of the possible problems and finer points that may restrict diagnosis in
patients with IEI. The aim of this review is to summarize these diagnostic challenges, in
particular, in the context of immune dysregulation in IEI patients.

2. Allergic Disease

Allergy develops on account of disturbed function of the immune system. The immune
system depends on a complex balance of activation, to defend against invasive, foreign
pathogens, and control, to differentiate between self and foreign matter. Allergic reactions
are exaggerated immune responses against specific allergens [10,11]. The comorbidity of IEI
and allergy appears because of the impairment of the immune system, leading to infectious
susceptibility; however, it is still able to trigger an allergic response [8]. The mechanisms
underlying the relationship between atopy and immunodeficiency are better recognized,
thanks to the discovery and characterization of genetic variants, often showing “a new face
of old disorders” [8]. Several studies indicated the potential mechanisms leading to such
dysregulation, which include the failure of central thymic tolerance, an imbalance between
the effector and regulatory T-cell function, a failure in the production of counter regulating
interferon-gamma (IFN-γ), disturbed cytokine production, and possible differences in
microbial colonization and infection patterns [8,12,13].

Thanks to growing interest in the coexistence of allergy and IEI, the topic has been
investigated in a number of studies. However, the results are still inconsistent. For ex-
ample, in one Iranian study atopic dermatitis (AD) was present in 52% of patients with
selective IgA deficiency (sIgAD) [14], while among Brazilian patients with sIgAD, AD
was found in 2.3% [8,15]. In the USIDENT study, AD was most commonly reported in
patients with a deficiency of the nuclear factor κB (NFkB) essential modulator (62.5%),
the Wiskott–Aldrich syndrome (WAS: 41.5%), combined immunodeficiency (CID: 33.3%),
selective IgM deficiency (33.3%), and autosomal-dominant hyper-IgE syndrome (AD-HIES;
25%) [8,16]. A cohort study of patients with early onset severe combined immunodefi-
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ciency due to adenosine deaminase deficiency (ADA-SCID) demonstrated that atopy was
present in 56% of the patients, including mild AD in 11.1%. Severe AD was not a common
feature [17]. A possible explanation of the diverse results are ethnic and geographical
diversity and differences in methodological approaches.

Potential diagnostic difficulties may start even at the beginning in diagnosing IEI.
An underlying, sometimes severe immune deficiency can manifest as common allergic
symptoms, and IEI may masquerade allergic atopic patients [10]. In clinical practice, there
are few warning signs of an underlying IEI among atopic phenotypes, and these include
severe atopic disease, usually with a poor response to standard therapies, early-onset of the
disease, a positive family history for IEI and/or severe familial atopy, and immunological
abnormalities [11].

The standard screening tests for antibody deficiency include the measurement of
immunoglobulin, IgG, IgA, and IgM levels in serum and the interpretation according to
age-related reference values [18]. The routine measurement of serum IgE is not obliga-
tory in the management of patients with suspected antibody deficiency and a history of
recurrent infections. Previously, the level of total IgE was considered as a marker to catch
allergic patients, but because it is nonspecific, it cannot confirm the allergy status of a
patient [19,20]. Non-immunodeficient patients have variable IgE concentrations associated
with atopic disease such as allergic rhinitis (AR), asthma, food allergy (FA), and AD, as
well as other conditions, including parasitic disease [21]. However, in the context of PID,
IgE measurement plays a role, especially in patients with concomitant eczema. Elevated
IgE is common in a number of IEI, such as HIES, WAS, Netherton syndrome, immune
dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome, and Omenn
syndrome [22]. One phenotype of complete DiGeorge syndrome, which is known as atypi-
cal complete DiGeorge syndrome, has oligoclonal T cell expansion with elevated IgE levels
with concomitant generalized rash and lymphadenopathy [23]. The pathophysiological
role of increased IgE in these disorders was not clearly characterized; however, there are
few hypotheses [13]. Increased IgE production is associated not only with well-defined
genetic syndromes but also with humoral, cellular, innate, and combined immunodefi-
ciency disorders [5]. However, a high IgE (>180 IU/mL) is very rare in common variable
immunodeficiency (CVID) (0.3% of patients) [21].

There are particular PIDs associated with atopy, especially eczema and elevated
serum IgE, which can be confirmed by genetic tests and the identification of specific
mutations. Mutations in the WAS gene on the X chromosome, which encodes the WAS
protein (WASP), are a cause of Wiskott–Aldrich syndrome, characterized by recurrent
infections, thrombocytopenia with small platelets, and eczema [8]. The mechanism for
atopy in WAS is not fully described; however, impairment of regulatory T-cell (Treg)
function is a possible contributor [8,24–26]. In total, 33% of patients with WAS and 20%
of patients with X-linked thrombocytopenia (XLT) had positive food allergen-specific IgE
(sIgE), in a study conducted by Lexmond et al. [8,27]. Food sensitization was generally
detected with greater sensitivity using sIgE testing than by skin prick testing (SPT).

A dominant-negative heterozygous mutation in signal transduction and the activa-
tor of transcription 3 (STAT3) leads to autosomal-dominant hyper-IgE syndrome (AD-
HIES), previously known as Job syndrome, with characteristic features such as chronic
eczema, recurrent staphylococcal skin infections, pneumonia, increased serum IgE, and
eosinophilia [10]. Skin findings distinguishing it from AD include a distinctive thickened
texture of the facial skin, retroauricular fissures, and severe folliculitis of the axillae and
groin [5]. Serum IgE levels are often >2000 IU/mL, and eosinophilia levels are often
>700 cells/mL (eosinophilia does not correlate with the elevation in IgE), but patients usu-
ally do not suffer from symptomatic allergic disease such as AR, FA, or anaphylaxis [10,28].
Disturbances in the inflammatory process, and associated immune regulatory defects, are
present. In clinical practice, a lower limit of 2000 IU/mL is often considered as a cutoff
for AD-HIES. However, patients with HIES with lower IgE levels and STAT3 pathogenic
variants have been reported [29]. Moreover, the serum IgE level does not correlate with
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the severity and activity of the disease, and paradoxically patients with STAT3 loss-of-
function (LOF) mutations are rather protected from severe allergic reactions. A potential
explanation of this protection is disturbed mast cell degranulation, as well as vascular
reaction to histamine caused by the STAT3 mutation itself [8,30–32]. SPT results and clin-
ical symptoms of allergy are consistent with the specific IgE (sIgE) results in AD-HIES.
Both skin and blood test results are comparable between patients with AD-HIES and
healthy controls [32]. Defective neutrophil chemotaxis has been described among AD-HIES
patients, and variable specific antibody production is seen [5,33]. Patients may require
immunoglobulin replacement.

At the end of 20th century, the National Institutes of Health HIES scoring system was
originally presented where a score of 30 has a sensitivity of 87.5 percent and a specificity
of 80.6 percent [34]. It is noteworthy that some patients (e.g., some young children), may
not meet the scoring criteria. Thereupon, in cases of positive family history of HIES
and some distinctive features, according to experts, molecular screening should still be
performed even if the score is below 30. Other diagnostic guidelines takes into account five
cardinal clinical features (recurrent pneumonia, newborn rash, pathologic bone fractures,
characteristic facies, and high palate) with total IgE level and Th17 cell count [35]. Molecular
genetic testing is crucial to establish the diagnosis of the AD-HIES.

Autosomal-recessive-HIES (AR-HIES) is characterized by highly elevated serum levels
of IgE, eczema, recurrent staphylococcal abscesses, and hypereosinophilia. In contrast
to AD-HIES, where patients are usually free from allergic manifestations, 50% to 70%
of patients with AR-HIES suffer from severe allergies, i.e., eczema, anaphylaxis to food,
and environmental allergies, and 30% have asthma [10,32]. Pulmonary disease is usually
asthma-related as compared with AD-HIES, with pneumatocele and lung damage due to
prior infections [10].

Some patients with DOCK8 or TYK2 deficiency were previously classified as AR-
HIES with harmful allergic symptoms [36]. Now, we better recognize the differences in
the clinical features. DOCK8 deficiency is a combined immunodeficiency characterized
by allergic inflammation, severe atopy, high IgE, susceptibility towards cutaneous viral
infections, and malignancy [37]. TYK2 deficiency is also a combined immunodeficiency
with recurrent skin viral infections, while eczema and elevated IgE are variably found. A
study conducted by Boos et al. revealed that total serum IgE levels similarly increased
in STAT3-HIES, DOCK8 deficiency, and AD patients. The ratio of aeroallergen-specific
IgE to total IgE was the highest in AD, whereas patients with DOCK8 deficiency showed
the highest specific serum IgE against food allergens. Th2-cell numbers were significantly
increased in DOCK8 deficiency and AD patients compared to STAT3-HIES patients and
controls. The study showed that hyper-IgE syndromes and atopic dermatitis patients
showed a different sensitization pattern of serum IgE corresponding to the allergic disease
manifestations and Th-cell subset data, suggesting a key role of DOCK8 in the development
of FA [32]. Moreover, according to Wilkie et al., defective Treg function may contribute to
the increased skin inflammation and the eczema in DOCK8 deficient patients [38]. IEI with
elevated IgE are summarized in Table 1.
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On the other hand, low levels of IgE interest immunologists. Selective IgE deficiency
(defined as a significant decrease in the levels of IgE (<2.5 IU/mL) in patients whose other
immunoglobulin levels, including IgG, IgG subclasses, and IgA levels, are normal) has not
been included in international classification systems for IEI [1]. Low serum levels of IgE can
be associated with some well-defined IEI: common variable immunodeficiency (CVID), IgG
subclass deficiencies, sIgAD, ataxia-telangiectasia (A-T), and agammaglobulinemia [39–41].
According to studies, an undetectable serum IgE (<2 IU/mL) occurs in only 3.3% of the
general population [21]. In contrast, Lawrence et al. found that an undetectable IgE
occurs in 75.6% of patients with CVID [21]. Another finding was a significant correlation
between serum IgE with serum IgG, suggesting that lower IgE occurs in patients with
more severe hypogammaglobulinemia. Moreover, false-negative results may appear using
traditional methods of sIgE measurement, and allergen sIgE was not detectable in 96.5%
of patients with CVID. Many patients with CVID report symptoms of rhinitis, wheeze,
or adverse reactions to antibiotics, but it is difficult to detect allergic sensitization among
them, especially using SPT or serum sIgE [41–43]. In these cases, sensitization should
be confirmed using different methods, for example, an oral provocation challenge, and
bronchial provocation tests with allergens [41]. The interpretation of food-specific IgE
values and their usefulness in predicting symptomatic food allergies in the context of IEI
patients is a potential field for further studies.

While diagnostics among PID patients during Ig replacement therapy (IRT) are often
challenging, in the context of allergy, studies suggest that current Ig products are not a
significant source of IgE [21].

3. Autoimmunity

There is also a high degree of overlap between autoimmune diseases and IEI in the
context of genetic linkages and causes [44]. The molecular mechanisms responsible for the
immune dysregulation in patients with IEI still are not fully recognized [45]. The usage
of genetic analysis and a better understanding of the involved immune regulatory and
signaling mechanisms is revealing the complex relationships between IEI syndromes and
autoimmune diseases [44]. In the past, IEI and autoimmune diseases were considered
as opposites; now, we know that genetic mutations may affect multiple immune cells
and molecules, and in consequence IEI does not exclude autoimmunity. Furthermore,
autoimmune diseases often coexist with some IEI [46].

The potential mechanisms associated with the pathogenesis of autoimmunity include
impaired B cell differentiation and germ-center reactions, altered T cell central or periph-
eral tolerance, uncontrolled lymphocyte proliferation and differentiation, disturbances in
Treg/Th17 balance, dysfunctional complement and innate immune activation, and the
defective clearance of the infectious agents [45,46].

A French national study by Fischer et al. includes all types of IEI and autoimmune
manifestations. The study demonstrated that autoimmunity is a significant component of
clinical presentation of all types of IEI: one or more autoimmune and inflammatory mani-
festations were noted in 26.2% of 2183 retrospectively screened IEI patients, with a risk of
onset throughout the patient’s lifetime. The risk of autoimmune cytopenia (AIC) was at least
120 times higher than in the general population; among children the risk of inflammatory
bowel disease (IBD) was 80 times higher, while the risk of arthritis was 40 times higher. The
risk of other autoimmune complications was approximately 10 times higher. Autoimmune
manifestations occurred in patients with all types of IEI; however, patients with T-cell
defects or CVID had, statistically speaking, the highest risk for autoimmunity [47].

The signs and symptoms of most rheumatic diseases are classified in international
American College of Rheumatology (ACR) or European League Against Rheumatism (EU-
LAR) criteria. The management of autoimmunity in patients with IEI is often challenging
because immune dysregulation, as well as permanent inflammation, may influence the di-
agnostic process. Moreover, when assessing a patient with IEI for possible autoimmunity, it
is important to consider a broad differential diagnosis, because infectious diseases, adverse
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effects of medications, and malignancies can mimic autoimmune processes. Thereupon,
a complete diagnostic process is not effortless and requires a history, a complete physical
examination, wide laboratory testing, imaging, and even pathological investigations [48].
Clinicians must be aware of the characteristic clinical features of autoimmune diseases
among IEI patients. These include polyautoimmunity, which is defined as the presence of
more than one autoimmune disease in a single patient and early onset autoimmunity (the
presence of autoimmune disease at any age that is earlier than usual) [46]. Some IEI are
associated with specific autoimmune diseases, and the awareness of these patterns also
allows clinicians to monitor patients more effectively.

During evaluation of a patient with IEI and suspected autoimmunity, some laboratory
tests are needed. This includes a complete blood count with differential, acute phase
reactants, autoantibodies, serologies, flow cytometry, cytokine analysis, levels of com-
plement, human leukocyte antigen (HLA) typing, and comprehensive endocrine and/or
metabolic panels [48].

On the other hand, laboratory tests may help to catch patients with IEI among het-
erogenous group of patients with already diagnosed autoimmunity. Immune phenotyping
and immunoglobulin (Ig) levels are indispensable. The ratio of naïve and memory T cells
(CD45RA/CD45RO) may differentiate patients with late-onset or profound combined
immunodeficiency disorders [49–52].

In addition, specific subsets of T and B cells have been linked to IEI with autoim-
munity. These include the expansion of TCRαβ CD4−CD8− (double-negative) T cells in
autoimmune lymphoproliferative syndrome (ALPS), CD19hi21lo B cells in CVID with au-
toimmunity, an abnormal count of Treg in Tregopathies, Th17 cells in STAT1 GOF patients,
and expanding follicular helper T cells (Tfh) in CTLA4 and LRBA deficiency. Changes in
these subsets may also predict the progression of autoimmune complications or a response
to therapy [52,53].

Primary antibody deficiencies (PADs) are the most common inherited IEI in humans,
with recurrent infections as a predominant presenting complaint. However, various types
of PADs are also associated with inflammatory disorders, granulomatous lesions, lympho-
proliferative diseases, and cancer. Several studies have reported that PAD patients are
predisposed to autoimmune complications [47,54].

X-linked agammaglobulinemia (XLA), also known as Bruton agammaglobulinemia, is
the prototype antibody deficiency [55]. Function-loss mutations in Bruton’s tyrosine kinase
(BTK) lead to a block in B-cell maturation, a near total absence of B cells in the periphery, and
severe reductions in serum immunoglobulins. Surprisingly, most patients with XLA have a
small number of B cells, or “leaky B cells”, in the peripheral blood [54,56]. Patients with XLA
are rather at a low risk of autoimmune or inflammatory diseases compared with other IEI
patients, but several studies suggest that some XLA patients show symptoms with similar
diagnostic features to rheumatoid arthritis (RA), IBD, alopecia, enteropathy, autoimmune
hemolytic anemia (AIHA), immune thrombocytopenic purpura (ITP), neutropenia, and
Kawasaki disease [54,57–59]. These patients are not expected to produce autoantibodies;
however, surprisingly, the “leaky” production of autoantibodies and defects in B-cell central
tolerance has been reported [54,60,61].

Autoimmune diseases occur in 20–30% of CVID patients. The most reportable are
autoimmune cytopenias such as ITP, AIHA, and Evans syndrome; however, organ-specific
and systemic autoimmune diseases are also described [45,62–64].

It is worth mentioning that it is not uncommon that autoimmune complications are
the first or the only clinical manifestation of CVID during diagnostics [54,65].

A cohort study on CVID patients with immune cytopenia showed higher levels of
serum immunoglobulin, CD19hi B cells, and T CD4 effector T cells, accompanied by
reduced naïve T cells [45,66]. Moreover, according to several studies, Treg frequency and
their functional characteristics are disturbed in CVID patients [54,67–69], which may result
in elevated levels of activated T cells; autoimmunity; and chronic inflammation. Defects
in Tregs are also correlated with the expansion of CD21low B cells in CVID patients with
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autoimmunity [70–72]. In a study by Boileau et al., the serum IgG level in CVID patients
with autoimmunity (cytopenia and others) was greater than in CVID patients without
autoimmunity [66]. Other studies revealed that CVID patients with autoimmunity have
higher levels of IgM compared with non-autoimmune phenotypes [73,74]. On the other
hand, markedly depressed serum immunoglobulin levels have been reported in patients
with RA, Sjogren’s syndrome (SS), and systemic lupus erythematosus (SLE), prompting
suspicion of IEI [75,76].

Autoantibodies circulating in the serum and/or plasma, as well as the immune com-
plex deposits containing autoantibodies and complement, are essential diagnostic tools in
most autoimmune diseases. In patients with hypogammaglobulinemia (i.e., CVID, XLA
etc.) and some types of CIDs, diagnostic tests that are based on antibodies may be not useful
and provide false-negative results. For example, the diagnosis of definite autoimmune
hepatitis (AIH) in CVID patients is definitely challenging. According to the European
Association for the Study of the Liver (EASL), both histologic evidence of moderate to
severe interface hepatitis and the positivity of the typical autoantibodies are required to
make an AIH diagnosis [77,78]. It is not surprising that CVID patients generally may not
have autoantibodies, even in the case of noticeable autoimmune complications.

However, in a study by Tahiat et al. among 299 IEI patients with a dominance of
PAD (27.8%) and CID (26.1%), autoantibodies were found in 32.4% of all IEI patients,
compared with 15.8% of healthy subjects. Anti-nuclear antibodies (ANA) (10.0%), transg-
lutaminase antibody (TGA) (8.4%), RBC antibodies (6.7%), anti-smooth muscle antibody
(ASMA) (5.4%), and ASCA (5.0%) were the most common autoantibodies. The authors
have concluded that considering the association of some autoimmune diseases with certain
PIDs, screening for corresponding autoantibodies would be recommended. However, due
to the low positive predictive value of the autoantibodies, the results should be interpreted
with caution in patients with IEI [79].

Oppositely, the production of specific antibodies may by impaired even when the
level of main classes of immunoglobulins is normal in specific antibody deficiency (SAD).
Consequently, most autoantibodies are not found in these patients [48,80,81]. In sIgAD, as
well as in CVID with IgA deficiency, it is obvious that there is a lack of antibodies in this
immunoglobulin class (for example, tissue transglutaminase IgA–tTg IgA). On the other
hand, among patients during IRT, exogenous Ig may interfere with some of the special
immunologic tests. That is why it is worth considering if some screening tests such as
autoantibodies should be performed before the therapy is being initiated or the serum
should be frozen for future testing [48].

Some IEI patients are constantly negative for disease-specific autoantibodies, and in
the case of clinical suspicion of autoimmune disease, other diagnostic methods should
be considered. Medical imaging is often a part of the clinical evaluation of patients with
suspected autoimmune disorder. In the case of IEI patients, some difficulties may appear
at this point too. In particular types of IEI there is a problem with radiosensitivity, which
limits the use of medical radiation for the diagnosis of autoimmunity [82–84]. Genetic
instability, defective DNA repair, and a predisposition to malignancy are associated with
specific types of IEI. A-T and NBS are well-defined IEI connected with defective DNA
repair [85], where patients might be sensitive to radiation. X-ray exposure should be limited
to diagnostic purposes only when it is medically necessary because patients should be
protected from unnecessary medical techniques that incorporate radiation. Substitution
with magnetic resonance imaging (MRI) or ultrasound is desirable [48].

Histopathological examination is sometimes crucial and clinically indicated in a di-
agnostic process. Diagnostic challenges may occur here as well. In IEI patients, as an
effect of immunoglobulins and immune cells deficiency, affected tissue can have a different
histological appearance in comparison to healthy individuals [48,78,86–88].

Since autoimmune cytopenia (AIC) is a common finding in IEI patients, Westermann-
Clark et al. evaluated 154 pediatric patients with AIC in the context of IEI. Splenomegaly,
short stature, and recurrent or chronic infections were common clinical features among
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patients with AIC and IEI. IEI patients were more likely to have AIHA or Evans syndrome
than AIC-only patients. Patients with both IEI and AIC more often had low CD3 and CD8
cells; low IgA and IgG levels; and a higher prevalence of autoantibodies to red blood cells,
platelets, or neutrophils. AIC diagnosis preceded IEI diagnosis by 3 years on average,
except among those with partial DiGeorge syndrome [89]. The early detection of patients
with comorbid IEI and AIC may improve treatment outcomes.

The main molecular defects and common autoimmune complications among IEI are
summarized in Table 2.

Table 2. Common autoimmune presentation in inborn errors of immunity (IEI).

IUIS Classification Disease Main Molecular Defect Common Autoimmune Disease

Immunodeficiencies affecting
cellular and humoral immunity ICOS deficiency ICOS Arthritis, SLE, MS, and enteropathy

Combined immunodeficiencies with
associated syndromic features

22q11 deletion syndrome
(DiGeorge syndrome)

Large deletion typically in
chromosome 22 AIC, AIT, and arthritis

Wiskott–Aldrich syndrome WAS AIC, IBD, GN, arthritis, and vasculitis

Predominantly antibody
deficiencies

X-linked agammaglobulinemia Btk RA, JIA, IBD, AIC, AIT, PND, KD,
DM, T1D, SD, and alopecia

CVID Various AIC (ITP, AIHA, AN), RA, JIA, SLE,
IBD, AIT, PA, SS, and vitiligo

Selective IgA deficiency Unknown AIC (ITP, AIHA), IBD, CD, PV, MG,
SLE, RA, JIA, T1D, and AIT

P110 delta deficiency PIK3CD IBD, AIC

Hyper IgM syndrome CD40, CD40L AIT, IBD, RA, JIA, AIHA, and AGN

Diseases of immune dysregulation

LRBA deficiency LRBA AIC (AIHA, ITP, AN), IBD, RA, and JIA

APECED AIRE

T1D, AD, AIT, hypoparathyroidism,
enteropathy, adrenal corticotropic

hormone insufficiency, growth
hormone insufficiency, vitiligo,

alopecia, autoimmune hepatitis, and
ovarian/testicular failure

IPEX FOXP3 IBD, AIC, AIT, vitiligo, alopecia,
hepatitis, and early onset diabetes

CTLA4 haploinsufficiency CTLA4 IBD, AIC, SLE, and arthritis

XIAP deficiency XIAP IBD, AIC, and hepatitis

Early onset inflammatory bowel
disease syndromes various IBD, arthritis

STAT3 GOF STAT3 IBD, AIC, hepatitis, and early-onset T1D

ALPS various AIC, GN, endocrinopathies, and SLE

Congenital defects of phagocyte
number, function, or both Chronic granulomatous disease CYBB IBD, AIC, AIT, JIA, GN, SLE, APLA,

and autoimmune pulmonary disease

Defects in innate immunity STAT1 deficiency STAT1 GOF AIC, AIT, T1D, and SLE

Autoinflammatory disorders Type 1 interferonopathies various SLE, AIC, and vasculopathy

Complement deficiencies Complement deficiencies various SLE, vasculitis

Abbreviations: AD—Addison’s disease; AIC—autoimmune cytopenia; AIHA—autoimmune hemolytic
anemia; AIT—autoimmune thyroid disease; AN—autoimmune neutropenia; ALPS—autoimmune lym-
phoproliferative syndrome; APECED—autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy;
APLA—antiphospholipid antibodies; CD—celiac disease; CVID—common variable immunodeficiency;
GN—glomerulonephritis; GOF—gain-of-function; IBD—inflammatory bowel disease; IUIS—International Union
of Immunological Societies; JIA—juvenile idiopathic arthritis; IPEX—immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked syndrome; ITP—immune thrombocytopenia; MS – multiple sclerosis; RA—rheumatoid
arthritis; SLE—systemic lupus erythematosus; and T1D—type 1 diabetes.

4. Non-Malignant Lymphoproliferation

Ranging from reactive polyclonal hyperplasia (associated with immune disorders)
to true monoclonal disease (malignant process), lymphoproliferative disorders (LPDs)
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constitute a heterogeneous group of diseases in clinical and genetic terms. LPDs occur
when the physiological control of proliferation of both T and B cells collapses. Disturbances
in this control may occur in many conditions where immunity is compromised. This
creates difficulties (both in the clinical assessment of the patient and in the identification
of pathogenic mechanisms) to differentiate LPDs [90]. They are observed in patients with
immunodeficiency or immune dysregulation syndromes such as CVID, SCID, WAS, A-T,
Chediak-Higashi syndrome (CHS), and X-linked lymphoproliferative disorders [91]. Addi-
tionally, splenomegaly and/or generalized lymphadenopathy are described in disorders
such as CD27 deficiency, CD70, ITK deficiency, and XLP type 1. Autoimmune disorders,
hypersensitivity reactions, and viral infections, including human immunodeficiency virus
(HIV) infection, are also prone to developing lymphoproliferative disorders. Lymphoprolif-
eration as well as lymphomas (both Hodgkin’s and non-Hodgkin’s lymphomas) are often
associated with Epstein–Barr virus (EBV) infection. Moreover, both lymphadenopathy
and splenomegaly can be caused by nonspecific infections, in CVID but also in almost any
other PID, and they are not always primarily associated with immune dysregulation [92].
Transplant patients, as well as those taking immunosuppressants such as cyclosporine,
sirolimus, and tacrolimus, are also at risk of developing benign LPDs [93].

Autoimmune lymphoproliferative syndrome (ALPS) is an example of a disease result-
ing from impaired apoptosis of lymphocytes, mostly as a consequence of abnormalities
associated with programmed cell death mediated by Fas. Fas is a transmembrane receptor
located on the cell surface and is one of the tumor necrosis factor receptors (TNFR). It
is responsible for the induction of apoptosis, which is triggered after binding with the
appropriate ligand (FasL). When the FAS gene is mutated, there are defects in the external
pathway of programmed cell death [94]. Clinically, patients develop chronic lymphoprolif-
eration and an increased number of T cells, which are referred to as “double negative T
cells” (DNT) with CD4−/CD8−, CD3+, and TCRαβ+ phenotype [95].

ALPS usually presents in infancy or early childhood (the median age is 31–36 months),
most often in the form of nonmalignant lymphoid expansion with lymphadenopathy,
splenomegaly, and/or hepatomegaly and AIC, including hemolytic anemia and throm-
bocytopenia. In a minority of patients, clinical symptoms may appear later in life (18 to
35 years). In a French cohort, patients with later disease onset often presented autoimmune
manifestations rather than LPD [96,97]. Patients often do not present symptoms that would
suggest an infectious or neoplastic etiology. Most patients have an increased number of T
and B lymphocytes, as well as polyclonal hypergammaglobulinemia. Hypogammaglob-
ulinaemia, often not associated with increased susceptibility to infections, may occur in
approximately 10% of cases. Autoimmunity is a common feature of ALPS and can be the
first ALPS manifestation; however, it is not always present at the time of diagnosis. Autoan-
tibodies are detected in up to 80% of patients, most often anticardiolipin antibodies or direct
Coombs’ antibodies, but only half of them actually have an autoimmune disease, usually
AIHA, ITP, or autoimmune neutropenia (AIN). A pledge of hemolysis during examination
of blood smears, as well as the detection of autoantibodies and a degree of reticulocytosis,
are helpful in distinguishing AIC from the effects of coexistent hypersplenism. Another
helpful diagnostic tip is that AIC often manifests clinically. Autoantibodies typically have
high affinity and are IgG-derived, in contrast to naturally occurring autoantibodies of
the same specificity that are low-affinity and IgM-derived. Autoimmune diseases that
affect other systems than the haematopoietic system can also occur but are much rarer [98].
Regardless of the time since the disease onset, symptoms such as lymphadenopathy and/or
splenomegaly will ultimately be seen in 100% of ALPS patients and are required for diag-
nosis. The areas most commonly affected by lymphadenopathy are the neck, mediastinum,
armpits, groin, and pelvis, although virtually any lymph node can become enlarged. Lym-
phoproliferation tends to subside over time, and by the age of 20, as much as 66% of
patients achieve complete remission, while the rest of the patients experience a significant
improvement. Infections are sporadic but can also occur as a result of neutropenia and/or
nasopharyngeal obstruction due to lymphadenopathy [99]. Moreover, patients with ALPS
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are characterized by an increased risk of cancer (estimated at 10–20%); the most common
forms of cancer are Hodgkin’s lymphoma and non-Hodgkin’s lymphoma [100].

Lymphoma can develop at any age in ALPS–FAS but is rare as a presenting feature.
Distinguishing a benign node from a questionable node is a diagnostic challenge because of
the frequent concomitant presence of benign/typical lymphadenopathy and splenomegaly
seen with ALPS. Important clues for lymphoma are classic alarm symptoms (B symptoms),
including fever, night sweats, itching, and weight loss. Positron emission tomography
(PET)-based imaging may be helpful for distinguishing “good” from “bad” nodes on
the basis of the presumed higher metabolic activity of malignant lymphoid tissue [101].
The nonmalignant lymphadenopathy fluctuates, and PET scan results fluctuate similarly.
Lymphoma nodes more often are continuously chemically active (“hot”). Lymphoma
typically originates in the B cell lineage, but T cell lymphomas have also occurred.

The required criteria for the diagnosis of ALPS include chronic lymphoproliferation
lasting more than 6 months with the exclusion of neoplastic and infectious lymphopro-
liferation. In isolated lymphadenopathy, they must involve two distinct nodal regions.
The second of the required criteria includes elevated counts of double negative T cells in
peripheral blood that exceed 1.5% of the total number of lymphocytes or 2.5% in the case of
T lymphocytes [102]. In addition, the diagnostics include genetic, biochemical (increased
concentration of vitamin B12/IL-10/IL-18/sFASL/FAS), and histopathological tests.

5. Neoplastic Manifestations

Along with a predisposition to severe and recurrent infections and autoimmunity,
neoplasms form a triad that identifies the most common symptoms in a variety of IEI.
Despite this, there is a lack of systematic data on the cancer risk and type of neoplasms seen
in most IEI. The development of malignant neoplasms most often occurs in patients with
CVID, and in patients with defects in genes regulating DNA repair, cell cycle, apoptosis, or
bone marrow maturation. Available population cohort studies suggest that the increased
risk of developing cancer is limited to specific and rare forms of IEI and is mainly due
to an increased risk of developing lymphoma [103–106]. The highest risk of lymphomas
was reported in NBS (49%), X-linked lymphoproliferative syndrome (XLP; 24–30%), A-T
(15–19%), ALPS (7–15%), and the mentioned CVID (1.8–8.2%) [96,103,107,108]. Among
CVID patients, there is a 7- to 10-fold increase in gastric cancer incidence, which is related
to the lack of secretory IgA [109,110]. In patients with CVID, extra-nodal non-Hodgkin’s
B-cell lymphomas and mucosa-associated lymphomas are the most common [111]. Unlike
most IEI, lymphomas in CVID are more common in people in the 4th to 7th decade of
life and are usually EBV-negative [111,112]. In a study by Ludvigsson et al., individuals
with IgA deficiency were at a moderately increased risk of cancer, with excess risks of
gastrointestinal cancer. Children with IgA deficiency were at no increased risk of cancer,
but the statistical power was limited in subanalyses [113].

Common high-grade DNA strand repair defects with chromosomal instability are seen
in the A-T. Ruptures of dsDNA cause a high percentage of malignant tumors, chromosome
instability, and abnormal rearrangements of V (D) J genes; a recombination of class switches
and/or somatic hypermutations (the ATM gene in A-T, the NBN gene in NBS, the DCLRE1C
gene in severe combined deficiency immunodeficiency with sensitivity to ionizing radiation
and Omenn syndrome, the LIG4 gene in the LIG4 syndrome, and the LIG1 gene in DNA
ligase 1 deficiency) cause complex immunodeficiencies and malignant neoplasms, most
often lymphomas [114,115]. Patients with Bloom’s syndrome (BLM gene) age prematurely
and are susceptible to non-Hodgkin’s lymphoma (NHL). Patients with Schimke syndrome
(SMARCAL1 gene) show chromosomal instability and an increased risk of malignant
neoplasm, including NHL and osteosarcoma [116,117].

Malignancies associated with impaired telomere maintenance are observed in genet-
ically heterogeneous congenital dyskeratosis and its clinically severe variant of Hoyeraal
Hreidarsson syndrome, NBS and A-T. Disorders of telomerase lead to the defective function
of rapidly dividing cells and increased susceptibility to hematological and solid tumors [114].
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IEI, which inherently affect hematopoiesis, make it susceptible to malignant neoplasms.
In Fanconi anemia, a genetically heterogeneous disorder, pancytopenia, hematologic ma-
lignancies, solid tumors, and clinical immunodeficiency phenotypes are observed. Mu-
tations of the WAS gene coding for the WASP disrupt the connection between GTPases
and the actin cytoskeleton, thus disrupting the regulation of signaling in hematopoietic
cells. Myelodysplasia, leukemias, and lymphomas in patients with WAS are seen more
frequently [107,114,118]. The deficiency of the hematologic transcription factor GATA2
leads to phenotypically variable immunodeficiency, primary alveolar proteinosis, Emberger
syndrome with lymphedema and/or a predisposition to myelodysplastic syndrome, acute
myeloid leukemia (AML), chronic myelomonocytic leukemia (CMML), and EBV lym-
phoma [119]. The risk of leukemia is increased with some severe congenital neutropenia
(ELANE, HAX1, and WASP) but not increased with the ELANE mutation that causes cyclic
neutropenia. An increased risk of leukemia has not been reported in other PIDs associated
with neutropenia [120]. Mutations in the CD40L gene cause X-linked immunodeficiency
with hyperimmunoglobulin M. In the case of CD40L and CD40 ligand deficiencies, a Cryp-
tosporidium biliary tract infection may lead to sclerosing cholangitis, cirrhosis, and an
increased risk of hepatocellular carcinoma and biliary tract cancer [121–123].

Almost 20% of all human malignancies are associated with chronic infections with
such pathogens as HBV, HCV, HPV, EBV, HHV8/KSHV, HTLV-I, HIV-1, HIV-2, JCV, Merkel
cell carcinoma (MCV), Helicobacter pylori, schistosomes, or hepatic flukes [124,125]. Ad-
ditionally, in IEI patients, chronic infections are often associated with malignancies. They
were mostly described in connection with EBV, HPV, and HHV8 infections [107,126–128].
HPV can cause cancer of the cervix, vagina, vulva, anus, and penis, as well as squamous
cell carcinoma of the oral cavity. Patients with warts, hypogammaglobulinemia, infections,
and myelokathexis (WHIM) syndrome are particularly prone to HPV infection, resulting
in numerous warts, condylomata acuminate, and subsequent severe papillomatosis and
malignant transformation of the lesions [128].

EBV in patients with IEI may cause chronic EBV viremia, hemophagocytic lymphohis-
tiocytosis (HLH), dysgammaglobulinemia, atypical EBV-associated lymphoproliferative
disorders (polymorphic B-cell hyperplasia, plasmocytic hyperplasia), and EBV-associated
lymphomas [105,129,130]. In the rare heterogeneous KID syndrome (keratitis, ichthyosis,
and deafness), mainly caused by mutations in the connexin 26 (GJB2) gene, 15% of patients
develop squamous cell carcinoma, often in sun-exposed areas [131,132].

The estimated risk for developing cancer in patients with IEI ranges from 4 to
25 percent [133]. Furthermore, the diagnosis of the malignancy, both clinical and his-
tological, can be challenging in the presence of non-malignant lymphoproliferation or
bone marrow abnormalities. These states, as well as concomitant infections or complex
co-morbidities, all can mimic a developing malignancy clinically, radiologically, and even
histopathologically. Due to the statistically higher risk of the above-mentioned types of
neoplasms, patients with IEI should undergo periodic age-appropriate screening tests, just
like healthy people. However, the guidelines in this regard may differ depending on the
IEI type and national or international recommendations. Patients with epidermodysplasia
verruciformis (EV) should undergo regular dermatological check-ups due to an increased
risk of skin cancer. Patients with A-T and their female family members with heterozygous
mutant ATM should start the screening for breast cancer earlier than the general population,
and this age depends on the type of the mutation in the ATM gene [134,135].

It is also worth mentioning that both NHL and Hodgkin lymphoma are diagnosed at
younger ages in patients with IEI, and NHL is more common in males with IEI [136,137].
In patients with suspected lymphoma, medical management is the same as in immuno-
competent patients; however, diagnostic difficulties may appear. Diagnostic tests useful in
cancer screening include uric acid, lactate dehydrogenase (LDH), and erythrocyte sedimen-
tation rate (ESR). Even histopathology, which is a gold standard of diagnosing malignancy,
can be challenging in patients with IEI, particularly during the investigation of possible
lymphoid malignancy.
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If clinically indicated, a surgical biopsy providing sufficient material for the assess-
ment of tissue architecture and ancillary diagnostic techniques is a better diagnostic option
than needle core biopsy. Histological diagnosis may be difficult even when appropriate,
high-quality material is gained [137,138]. For example, non-malignant lymphoproliferative
lesions may precede, as well as co-exist with, lymphoid malignancies. Often, diagnostic
boundaries between non-neoplastic and neoplastic lesions are ill-defined and difficult to
apply. Lymphocyte clonality assessed by molecular techniques may help during diag-
nostics, but these alone cannot provide diagnostic certainty, and clonal B-cell and T-cell
proliferations falling short of malignancy are not uncommon in IEI [138,139].

Patients with specific immunodeficiencies, including A-T, NBS, and CVID, should
be informed about the increased risk of neoplasia associated with increased sensitivity
to ionizing radiation. Before performing tests or therapy with the use of radiation, they
should consult this fact with the attending immunologist. On the other hand, medical
personnel should consider the benefit–risk ratio in terms of interventions with the use of
ionizing radiation in the context of the underlying disease, taking into account the need to
perform the examination, and the possibility of replacing the examination with radiation
with alternative techniques without the use of ionizing radiation.

Advances in the diagnosis and treatment of patients with IEI contributed to a sig-
nificant extension of the life of those patients who previously had no chance to live to
adulthood. Patients with IEI require multidisciplinary care; therefore, physicians of vari-
ous specialties should be aware of the increased tendency to develop neoplasms in these
patients. Patients should be thoroughly informed about the alarm symptoms of malignant
neoplasms, especially lymphoma. Cancer in a patient with IEI is more often extensive or
disseminated at the time of diagnosis, which is associated with a worse prognosis. Patients
with IEI are more likely to develop NHL with B-cell origin, with high histologic grades and
extranodal involvement, especially in the gastrointestinal tract or central nervous system.
Early diagnosis can provide better treatment options before serious organ damage occurs.

The most prevalent types of malignancies among IEI patients have been summarized
in Table 3.

Table 3. Most common types of cancer among patients with IEI.

Disease IUIS Classification Type of Malignancy

SCID Immunodeficiencies affecting cellular
and humoral immunity (Ia) Lymphoma

ITK deficiency Immunodeficiencies affecting cellular
and humoral immunity (Ib)

EBV-associated lymphoproliferation
Lymphoma

IKAROS deficiency (CD154) Immunodeficiencies affecting cellular
and humoral immunity (Ib) T-ALL

DOCK8 deficiency Immunodeficiencies affecting cellular
and humoral immunity (Ib)

Vulvar, facial, and anal squamous cell
dysplasia and carcinomas;T cell

lymphoma-leukemiaBurkitt
lymphomaNHL

STK4 deficiency Immunodeficiencies affecting cellular
and humoral immunity (Ib) Lymphoma

RHOH deficiency Immunodeficiencies affecting cellular
and humoral immunity (Ib) Lymphoma

OX40 deficiency Immunodeficiencies affecting cellular
and humoral immunity (Ib) Kaposi sarcoma

CD40/CD40L deficiency Immunodeficiencies affecting cellular
and humoral immunity (Ib)

Hepatocarcinoma
Cholangiocarcinoma

Peripheral neuroectodermal tumors of
the gastrointestinal tract and the pancreas

Lymphoma
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Table 3. Cont.

Disease IUIS Classification Type of Malignancy

Wiskott–Aldrich syndrome Combined immunodeficiency of T and B
cell with associated or syndromic features

Lymphoma
EBV-related B-cell lymphoma

Leukemia
Cerebellar astrocytoma

Kaposi sarcoma
Smooth muscle tumors

Ataxia-telangiectasia Combined immunodeficiency of T and B
cell with associated or syndromic features

Leukemia
Lymphoma

Breast cancer
Gastrointestinal malignancies (possible)

Nijmegen breakage syndrome Combined immunodeficiency of T and B
cell with associated or syndromic features

Lymphoma
Acute leukemia

Solid tumors

Bloom syndrome Combined immunodeficiency of T and B
cell with associated or syndromic features

Leukemia
Lymphoma

PMS2 deficiency Combined immunodeficiency of T and B
cell with associated or syndromic features

Lymphoma
Colorectal carcinoma

Brain tumors

MCM4 deficiency Combined immunodeficiency of T and B
cell with associated or syndromic features B cells lymphoma

Ligase I deficiency Combined immunodeficiency of T and B
cell with associated or syndromic features Lymphoma

Cartilage-hair hypoplasia Combined immunodeficiency of T and B
cell with associated or syndromic features

Lymphoma
Leukemia

Squamous cell carcinoma
Basal cell carcinoma

Schimke syndrome Combined immunodeficiency of T and B
cell with associated or syndromic features

Osteosarcoma
NHL

Autosomal dominant hyper-IgE
syndrome (AD-HIES)

Combined immunodeficiency of T and B
cell with associated or syndromic features NHL

CID with early-onset asthma, eczema and
food allergies, autoimmunity ID with

atopic dermatitis (CARD11)

Combined immunodeficiency of T and B
cell with associated or syndromic features Lymphoma

X-linked agammaglobulinemia Predominantly antibody deficiencies
Lymphoreticular malignancies

Gastric and colorectal adenocarcinoma
Squamous cell carcinoma of the lung

Common variable immunodeficiency
(CVID) Predominantly antibody deficiencies

Lymphoma
Thymus cancer
Gastric cancer

Selective IgA deficiency Predominantly antibody deficiencies Gastrointestinal cancer

X-linked lymphoproliferative disease
(XLP1) Diseases of immune dysregulation Lymphoma

CD27 deficiency Diseases of immune dysregulation Lymphoma

RASGRP1 deficiency Diseases of immune dysregulation EBV-associated lymphoma

CD70 deficiency Diseases of immune dysregulation Hodgkin lymphoma

CTPS1 deficiency Diseases of immune dysregulation B-cell NH lymphoma

CD137 deficiency Diseases of immune dysregulation B-cell lymphoma
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Table 3. Cont.

Disease IUIS Classification Type of Malignancy

XL magnesium EBV and
neoplasia (XMEN) Diseases of immune dysregulation Lymphoma

ALPS–FAS Diseases of immune dysregulation Lymphoma

Severe congenital neutropenia Congenital defects of phagocyte number,
function, or both MDS/leukemia

HAX1 deficiency Congenital defects of phagocyte number,
function, or both MDS/leukemia

Shwachman-Diamond syndrome Congenital defects of phagocyte number,
function, or both Leukemia

GATA2 deficiency Congenital defects of phagocyte number,
function, or both AML/CMML

WHIM syndrome Defects in intrinsic and innate immunity HPV-related cancers
Lymphoma

Epidermodysplasia verruciformis Defects in intrinsic and innate immunity Squamous cell carcinoma

Abbreviations: AML—acute myelogenous leukemia; CMML—chronic myelomonocytic leukemia; EBV—Epstein–Barr
virus; HPV—human papillomavirus; MDS—myelodysplastic syndrome; NHL—non-Hodgkin lymphoma; and
T-ALL—T-cell acute lymphoblastic leukemia.

6. Diseases of Immune Dysregulation

Diseases of immune dysregulation are a separate and independent category of IEI
in IUIS classification [1]. This category includes i.a. familial hemophagocytic lympho-
histiocytosis (FHL syndromes), FHL syndromes with hypopigmentation, regulatory T
cell defects, autoimmunity with or without lymphoproliferation, immune dysregulation
with colitis, ALPS, and a susceptibility to EBV and lymphoproliferative conditions. This
category is often the most difficult to define clinically and to diagnose without extensive
sequencing since there is a significant phenotypic overlap between different genetic causes,
the evolution of features over time, and phenotypic heterogeneity. On the other hand, these
diseases have improved our understanding of the pathways that drive autoimmunity in IEI.

Early-onset autoimmunity, autoimmunity that involves multiple organs, a strong fam-
ily history of autoimmunity, autoimmunity in combination with susceptibility to infection,
or significant lymphoproliferation all suggest an immune dysregulation defect.

Diseases of immune dysregulation, according to IUIS classification, are summarized
in Table S1.

Over the years, the wide application of whole-exome sequencing/whole-genome
sequencing has significantly promoted the discovery and further study of new IEI and its
number has doubled from 2009 to 2019 [1,140]. It is worth mentioning that the number of
cases for any particular IEI is usually few, and because of that, a large-scale study of IEI
can hardly be conducted [140]. Furthermore, there are several difficulties in identifying IEI
connected with immune dysregulation. There are still countries where genetic tests are not
widespread and freely available, mostly because of their costs. Moreover, in some patients
more than one mutation is present, which makes it even more difficult to find [140,141].
In addition, phenotypes of the same mutation vary between patients, ranging from mild
or uncharacteristic symptoms to even life-threatening manifestations [140,142,143]. In
conclusion, patients with immune dysregulation should be examined scrupulously, and
genetic diagnostics should be conducted in cases when it is necessary and possible [140].
Early and proper diagnosis seems crucial when we consider IEI patients. In cases of IEI
patients with immune dysregulation, it is even more important.

The treatment is often challenging and sometimes requires balancing between increased
susceptibility to infection and the additional suppression of the immune system [144]. Not so
long ago, treatment options for IEI patients remained limited. They included the intensive
treatment of infections; IRT; and bone marrow transplant in some cases. IRT has been a
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standard, often live-saving treatment for IEI that has affected antibody production for the
past four decades. Both intravenous (IVIg) and subcutaneous (SCIg) immunoglobulins
are often suitable for lifelong therapy. High-dose IVIg, together with corticosteroids, is a
standard therapy for ITP [144]. A significant increase in the field of clinical immunology,
including molecular biology techniques, gene therapy, or the use of immune modulators,
allowed the development of modern and precise therapies [145]. Equally, having better
knowledge of IEI pathophysiology enables the implementation of targeted therapy. IEI is
an excellent example of disease where such “precision medicine” can be applied. Precision
medicine is an approach based on advances in genetic research and data analysis. It offers
breakthroughs in the treatment of the disease and has the potential to overturn traditional
methods of practicing medicine.

Such medicines (new or repurposed) modify intracellular pathways whose function
is disturbed because of specific genetic defect [144]. Thanks to precision medicine, the
treatment can selectively influence a specific cell function instead of affecting the entire
immune system. Moreover, the adverse side effects that affect other tissues are possible
to avoid.

Although the term “precision medicine” is relatively new, it has been part of healthcare
for many years. For example, a person who needs a blood transfusion does not receive
blood from a randomly selected donor; instead, the donor’s blood group is matched to that
of the recipient to reduce the risk of complications. Precision medicine is already used in
the treatment of diabetes and cancer. It is especially useful in cases of breast, lung, skin,
colon, prostate, and pancreatic cancer. Its other promising applications include cardiology,
signs of aging, rare childhood diseases, cystic fibrosis, and HIV.

In the context of immunedysregulation, the usage of small molecules and biologics
effectively helps with reversing the clinical manifestations of immunedysregulation and
hyperinflammation. Knowledge about the genetic etiology of activated phosphoinositide
3-kinase delta (PI3Kδ) syndrome (APDS) allowed one to explore PI3Kδ inhibition as a
precision medicine [146,147]. Leniolisib, a small-molecule, selective PI3Kδ inhibitor, causes
the dose-dependent suppression of PI3Kδ pathway hyperactivation. Clinical trials are
currently underway to establish the safety and efficacy of selective PI3K δ inhibitors as a
possible therapeutic option in patients with APDS. One is related to the oral administra-
tion of leniolisib (NCT02435173), the other to the inhaled administration of nemiralisib
(NCT02593539). So far, the 12-week dose escalation of leniolisib has been shown to be safe
and effective in reducing lymphadenopathy, splenomegaly, and cytopenia [144,147].

7. Conclusions

IEI is a group of rare diseases that can be camouflaged or not considered because of
the predominant clinical features of atopy, autoimmunity, or lymphoproliferation. Con-
sequently, some patients will remain undiagnosed. This risk impairs their quality of life,
morbidity, and mortality, especially when exposed to agents reducing the immune compe-
tence. An underlying IEI should be particularly considered, especially in severe cases of
atopic disease with concomitant signs of autoimmunity and unusual, recurrent or severe
infections, so appropriate treatment regimens can be initiated and inappropriate immune
suppression avoided.

In terms of the scientific evidence, it is still debatable whether allergy and cancer
should be considered as risk factors or rather the consequences of the underlying IEI. Au-
toimmunity, as well as malignancy, worsen the IEI patients’ prognosis. Another important
issue in IEI is their exact pathogenesis, as well as the gene–phenotype relationship. The
recent advances in genetics also revolutionized the field of IEI. Until now, the increased
use of new sequencing techniques allowed for the identification of different monogenic
causes of IEI. They enabled the better understanding of genotype–phenotype correlations
and consequently led to better therapeutic strategies targeting the immune dysregulation
in IEI [45]. The unmet needs include the unified nomenclature; the pathophysiological
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mechanisms assessment, for example, the lymphoma’ genesis in IEI patients; and better,
more personalized treatment strategies [148].

Novel diagnostic approaches, as well as evidence-based treatment guidelines that
consider the underlying immunodeficiency rather than using extrapolation from non-IEI
settings, are necessary. The recommendations for validated screening of cohorts at risk of
allergy, autoimmunity, and malignancy are of the utmost importance.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm11144220/s1, Table S1: Diseases of immune dysregulation according to
IUIS classification. Accessed on 8 July 2022.
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Abstract: Background and Aims: Common variable immunodeficiency (CVID) comprises a group of
diseases with heterogeneous clinical and immunological manifestations. Several mutations have been
identified in genes encoding proteins essential for immune function. Our aim was to phenotypically
and genotypically characterize a patient diagnosed with CVID and study his response to the SARS-
CoV-2 vaccine. Methods: We performed a next-generation sequencing analysis, a CMIA, and an
ELISA to analyze the humoral and cellular response to the SARS-CoV-2 vaccine, respectively. We
also employed flow cytometry and immunoturbidimetry to assess the patient’s global immune
status. Results: We found a low humoral but positive cellular response to the SARS-CoV-2 vaccine.
NGS screening revealed a transition from guanine to adenine at position c.485 of the IKZF1 gene in
heterozygosity, giving rise to the R162Q variant, which was not present in his parents. Conclusions:
The R162Q variant of the IKZF1 gene has been associated with CVID type 13, but always with an
autosomal dominant inheritance with high penetrance. Therefore, we present for the first time a case
of CVID associated with a de novo heterozygous R162Q variant in the IKZF1 gene in a patient with a
low humoral immune response to the complete COVID-19 vaccination program.

Keywords: CVID; IKZF1; IKAROS; de novo mutation; R162Q; immune response; SARS-CoV-2;
heterologous vaccine; humoral response; T-cell response

1. Introduction

Common variable immunodeficiency (CVID) is the most prevalent symptomatic
primary immunodeficiency in the Caucasian population [1]. It comprises a heterogeneous
group of diseases whose common characteristic is the inability to produce antibodies due
to a defect in the development or function of B lymphocytes. The age of onset is very
heterogeneous, ranging from childhood to the second and third decade of life [2]. Clinical
and immunological manifestations vary between affected individuals, but the principal
manifestations of CVID are increased susceptibility to recurrent infections, mainly of the
respiratory tract, hypogammaglobulinemia, and low antibody response to vaccine antigens,
which cannot be explained by previous exposures, treatments, or infections. In addition,
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some patients also have autoimmune diseases, alteration in lymphocyte populations,
or cancer [3].

Currently, its diagnosis is complicated by the lack of standardized diagnostic criteria
due to its great clinical and analytical heterogeneity, low awareness on the part of clinicians,
and the similarity of the disease with other immune disorders. Even so, several guidelines
have emerged that help in the diagnosis of CVID, including the International Consensus
Document (ICON) guidelines from 2015 [4] and the European Society for Immunodefi-
ciencies (ESID) Registry Working Definitions for the Clinical Diagnosis of Inborn Errors
of Immunity from 2019, with several updates [5]. In the laboratory, determinations of
serum levels of immunoglobulin (Ig)G, IgA, and IgM antibodies, the study of lympho-
cyte populations, and B-cell immunophenotyping are useful in evaluating the patient’s
condition [2].

It is well known that CVID patients present suboptimal responses to vaccines, some of
them being potentially dangerous and even contraindicated (such as live vaccines). In fact,
the current ESID guideline for CVID includes a poor antibody response to vaccines as a
criterion [5], although several studies show that the response to vaccines is not uniform in
patients with mild hypogammaglobulinemia [6]. Very few studies exist on humoral and
cellular responses to COVID-19 vaccines in patients with CVID [7–9]. This is due, on the one
hand, to the fact that SARS-CoV-2 infection is very recent and, on the other hand, because
the response to immunization depends on the type of vaccine, the patient’s immune defect,
and the type of antigen studied [7]. Looking at the humoral and cellular response to other
vaccines not related to SARS-CoV-2 in patients with CVID, we find studies that suggest
that these patients have a lower humoral response to the vaccines compared to the control
group while maintaining a good cellular response [10,11].

Regarding the etiology, most cases of CVID are idiopathic, but to date, between 10
and 35% of CVID patients present monogenic defects, predominantly autosomal dominant
with incomplete penetrance or with late onset of symptoms. The development of high-
throughput sequencing technologies has allowed the identification of several mutations in
genes encoding proteins essential for immune function that could be involved in the devel-
opment of CVID. Thus, panels of primary immunodeficiency-associated genes have been
created, allowing rapid screening of identified mutations using genetic techniques. Some of
the CVID-associated genes include: ICOS (OMIM: #604558), CD19 (OMIM: #107265), CD81
(OMIM: #186845), MS4A1 (OMIM: #112210), CR2 (OMIM: #120650), TNFSF12 (OMIM:
#602695), CTLA4 (OMIM: #123890), LRBA (OMIM: #606453) TNFRSF13B (OMIM: #60907),
TNFRSF13C (OMIM#606269), NFKB1 (OMIM: #164011), NFKB2 (OMIM: #164012), IL21
(OMIM: #605384), IRF2BP2 (OMIM: #615332), PIK3CD (OMIM: #602839), STAT3 (OMIM:
#102582), and others [3]. Alteration in any of these genes can cause perturbations of specific
immune pathways, resulting in “unique phenotypes” that can aid in the diagnosis of
CVID [2]. In fact, in the 2019 update of the classification of primary immunodeficiencies
(PID) by the expert committee of the International Union of Immunological Societies (IUIS),
CVID is included within the group of PID with a predominance of antibody deficiencies.
Furthermore, information regarding clinical, analytical, and molecular tests is provided
and that could help clinicians in the diagnosis and management of these patients and their
relatives [12].

Here, we report a case of a 46-year-old patient diagnosed with CVID in current
treatment with intravenous immunoglobulins and clinically stable. Because of his negative
family history of primary immunodeficiencies and in the context of the SARS-CoV-2
pandemic, we reassessed the patient immunologically, employing an NGS analysis to try to
clarify the genetic cause of his disease, and analyzed his serological and cellular response
to the COVID-19 vaccine. We identified a heterozygous R162Q variant of the IKZF1 gene in
our patient that was not present in his parents. This variant was previously described as
pathogenic, associated with CVID type 13 following an autosomal dominant inheritance
and high penetrance. Therefore, we present for the first time a case of CVID associated
with a de novo heterozygous R162Q variant in the IKZF1 gene in a patient with a low
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antibody immune response and a positive cellular response to the complete COVID-19
vaccination program.

2. Materials and Methods

2.1. Subjects and Study Design

The family (2 parents and the proband) was recruited at the Clinical Immunological
Department of the University Hospital Virgen de las Nieves, Granada, Spain, as part of a
continuous and systematic program of phenotyping and genotyping focused on CVID. The
patient was diagnosed with CVID at the age of 25 due to recurrent episodes of bronchiectasis
and respiratory infections. Since then, he has been under treatment with intravenous im-
munoglobulins with a good response and is currently clinically stable. His phenotype was
evaluated with blood tests such as cytometry, immunoturbidimetry, chemiluminescence
microparticle immunoassay (CMIA), and enzyme-linked immunosorbent assay (ELISA), as
well as genetic studies of the patient and, subsequently, his parents.

The timeline of the study design is represented in Figure 1. All family members
provided their written informed consent. The study was approved by the ethics committee,
via the Portal de Ética de la Investigación Biomédica de Andalucía, Junta de Andalucía
(Code: 0297-N-21).

Figure 1. Study design. Timeline of the experimental plan and the schedule of the SARS-CoV-2
vaccine doses. CVID: common variable immunodeficiency; NSG: next-generation sequencing; IVIg:
intravenous immunoglobulin treatment; Igs: immunoglobulins.

2.2. Blood Collection

Blood samples were obtained from the antecubital vein after an overnight fast of 12 h
and under resting conditions (at least 10 min before) in the supine position and collected in
Vacutainer SST 16 mm × 100 mm tubes for serum (Becton Dickinson, NJ, USA), Vacutainer
ethylenediaminetetraacetic acid (EDTA K2) 13 mm × 75 mm tubes for anticoagulated whole
blood, and Vacutainer lithium-heparin 16 mm × 100 mm tubes for plasma. Serum was ob-
tained by centrifugation (4 min at 3000× g), aliquoted, and processed immediately. Plasma
was obtained after pipetting the heparinized whole blood sample into the stimulation tubes,
incubating them, and centrifuging for 10 min at 1300× g.

2.3. Serum Immunoturbidimetry

To assess the overall immune status of the patient, in addition to the study of lym-
phocyte subpopulations, we quantified the total IgG, IgA, and IgM antibody levels in the
patient’s serum by immunoturbidimetry using the automatic analyzer Alinity c system
(Abbott Laboratories, Chicago, IL, USA). This procedure measures the increase in sample
turbidity caused by the formation of insoluble immune complexes when the antibody is
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added to the sample. This antibody (reagent) consists of goat anti-human IgG, IgM, or IgA
serum. Results are expressed in milligrams per deciliter (mg/dL).

2.4. Whole Blood Cytometry

To assess different lymphocyte subpopulations and perform the B-cell immunopheno-
typing, we used fresh whole blood. Both analyses were performed using the BD FACSCanto
II Flow Cytometer (BD Biosciences, San Diego, CA, USA).

For the lymphocyte subpopulations, we used BD Trucount tubes and the BD Mul-
titest 6 Color BTNK kit (BD Biosciences, San Diego, CA, USA), which included the fol-
lowing mixtures of fluorophore-conjugated monoclonal antibodies (mAb): anti-CD45-
PerCP-Cy5.5, anti-CD3-FITC, anti-CD8-APC-Cy7, anti-CD4-PECy7, anti-CD19-APC, and
anti-CD16+CD56-PE. Pre-sample preparation included the following steps: 20 μL of the
antibody mix was added to a Trucount tube with 50 μL of patient blood. The tube was
vortexed and incubated for 15 min at room temperature. Subsequently, 450 μL of FACS
lysing solution (BD Biosciences) was added and left to act for 10 min. Finally, the cells were
acquired on the flow cytometer and analyzed with the BD FACSCanto Clinical software
(BD Biosciences, San Diego, CA, USA).

For B-cell immunophenotyping, we use an eight-color panel of the following mAb:
anti-CD45-APH-7, anti-CD19-V500, anti-CD10-V450, anti-CD38-PECy7, anti-CD21-PE, anti-
CD27-PerCP-Cy5, anti-IgD-FITC, and anti-IgM-APC (BD Biosciences, San Diego, CA, USA).
The blood sample was stained with the mAb mixture in a test tube for 20 min at room
temperature in the dark. After incubation, red cells were lysed with 1 mL of lysing solution
(BD Pharm Lyse) for 10 min. Cells were then washed twice with PBA (1% bovine serum
albumin in PBS) and fixed using 1% formalin in PBS. Finally, the cells were acquired on
the flow cytometer, analyzed with the BD FACSDiva software (BD Biosciences, San Diego,
CA, USA), and read with Infinicyt software (Cytognos, Salamanca, Spain).

2.5. Next-Generation Sequencing (NGS) and Sanger Validation

EDTA blood samples were subjected to an automated extraction and purification
process to obtain genomic DNA using the QIAsymphony SP (Qiagen, Hilden, Germany).
The proband sample was prepared for an NGS study. We performed targeted sequencing
using a designed panel of 41 genes associated with primary antibody immunodeficiency
(AICDA, ATP6AP1, BLNK, BTK, CARD11, CD19, CD40, CD40LG, CD79A, CD79B, CD81,
CR2, CTLA4, CXCR4, ICOS, IGLL1, IKZF1, IL21, INO80, IRF2BP2, LRBA, LRRC8A, MOGS,
MS4A1, MSH6, NFKB1, NFKB2, PIK3CD, PIK3R1, PLCG2, PMS2, PTEN, SEC61A1, TCF3,
TNFRSF13B, TNFRSF13C, TNFSF12, TNFSF13, TRNT1, TTC37, UNG). The library was
created using the SureSelect XT Reagent library preparation kit (Agilent Technologies, Inc.,
Santa Clara, CA, USA) for paired-end multiplexed sequencing of Illumina (Inc., San Diego,
CA, USA). Target regions were enriched with the Custom SureSelect probe kit (Agilent).
Cluster preparation was performed using the cBot device, and library sequencing was
performed using the Illumina HiSeq1500 platform (Illumina, Inc., San Diego, CA, USA).
Bioinformatic analysis was applied through an end-to-end in-house pipeline developed
by Health in Code (A Coruña, Spain), in accordance with the best WES analysis practices.
The identified pathogenic variant in the proband was confirmed by Sanger sequencing,
by sequencing exon 5 of the IKZF1 gene bidirectionally, with its intronic flanking regions.
Sanger sequencing was also performed in the patient’s parents.

2.6. SARS-CoV-2 Serological Study

In the context of the SARS-CoV-2 pandemic, the patient received the complete vacci-
nation program against COVID-19: the first and second dose with the vector SARS-CoV-2
vaccine (Oxford-AstraZeneca AZD1222, ChAdOx1 nCoV-19, Vaxzevria) and the third dose
(booster dose) with the messenger RNA SARS-CoV-2 vaccine (mRNA-1273, Moderna).

We analyzed the humoral immune response against the SARS-CoV-2 Spike (S) protein
one and three months after the second dose with AstraZeneca and one month after the
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third dose with Moderna to ensure complete vaccination and subsequent booster. Quanti-
tative determination of IgG against protein S was performed using the chemiluminescent
microparticle immunoassay (CMIA) in the Alinity autoanalyzer (Abbott) following the
manufacturer’s instructions with the SARS-CoV-2 IgG II Quant Assay kit. Results were
expressed in binding antibody units per milliliter (BAU/mL). A test was determined as
positive if the signal was >7.5 BAU/mL.

2.7. SARS-CoV-2 Cellular Immunity Study

Cellular immunity was assessed by quantifying SARS-CoV-2-specific IFN-γ using the
SARS-CoV-2 IGRA stimulation tube set (Euroimmun, Lüebeck, Germany), following the
manufacturer’s instructions. This stimulation is used for the treatment of whole blood
to obtain plasma and contains: (1) CoV-2 IGRA BLANK (no activating component for T
cells, used for the determination of the individual’s INF-γ background); (2) CoV-2 IGRA
TUBE (with components of the S1 domain of the SARS-CoV-2 Spike protein); and (3) CoV-2
IGRA STIM (coated with a mitogen to verify the sample quality). A 500 μL volume of
heparinized whole blood was pipetted into each tube and incubated for 20–24 h at 37 ◦C.
Subsequently, the concentration of the released interferon-gamma was measured in the
plasma by enzyme-linked immunosorbent assay (ELISA) using the Interferon-Gamma
ELISA kit (Euroimmun, Lüebeck, Germany, EQ 6841-9601).

Cellular response assays to the vaccine were performed at the same time as post-
vaccination SARS-CoV-2 serology. The results were expressed in mUI/mL (milli-international
unit per milliliter). The cutoff point for positivity was set at >200 mIU/mL for either of the
two tubes (IGRA TUBE and IGRA STIM) of the technique. The mIU/mL value of each tube
was calculated by subtracting the value obtained in IGRA TUBE and IGRA STIM minus
the IGRA BLANK.

3. Results

3.1. Immunological Studies

The immunological features of the patient are shown in Table 1. The serum level of
IgM was normal, whereas no IgA was detected. The IgG level was normal due to the
immunoglobulin treatment. However, in the diagnostic sample, IgG was absent. The study
of lymphocyte subpopulations showed a marked reduction in B cells, a reversed CD4/CD8
T-cell ratio, and normal NK cell levels. The B-cell immunophenotyping highlighted the
absence of transitional B cells, plasmatocytes, and switched-memory B cells, whereas the
percentages of unswitched-memory B cells, marginal-zone B cells, and CD21low B cells
were elevated.

The study of the complete COVID-19 vaccination program showed a very low antibody
response after the second dose of the AstraZeneca vaccine, with a decrease in antibody
level of −23% at 3 months and a stronger response after the booster dose with the Moderna
vaccine. The cellular immunity study by the quantification of the SARS-CoV-2-specific
IFN-γ production showed a positive cellular response one month after the second dose,
which, as in the case of antibodies, was lost at 3 months, with subsequent recovery of
T-cell-mediated responses after the booster dose. All immunological values of the humoral
and cellular responses are shown in Table 2. After the booster dose of the vaccine, the
lymphocyte subpopulations remained stable, but we detected an increase in the percentage
of switched-memory B cells (5.8%) and a decrease in unswitched-memory B cells (17%) in
the immunophenotyping of B cells.
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Table 1. Immunological features of the CVID patient in current treatment with intravenous im-
munoglobulins previous to the SARS-CoV-2 vaccination. Ig: immunoglobulin.

Patient Reference Values

Total serum immunoglobulins (mg/dL)
IgM 79 22–240
IgA <5 65–470
IgG 977 540–1822

Lymphocyte subsets (cells/μL—%)
CD3+ 1825 (82%) 960–2600 (61–84%)

CD3+CD4+ 611 (27%) 540–1660 (32–60%)
CD3+CD8+ 1164 (52%) 270–930 (13–40%)

CD4+/CD8+ ratio 0.53 0.9–4.5
CD19+ 24 (1%) 122–632 (6–27%)

CD3−CD56+CD16+ 358 (16%) 127–509 (10.1–20.9%)

B-cell immunophenotyping (%)
Naive B cells (CD27−, IgD+, IgM+) 54.40% 53–86

Memory B cells (CD27+) 35.90% 9.1–33
Switched-memory B cells

(CD21+, CD27+, IgM−, IgD−) 0% 4–22

Unswitched-memory B cells and
marginal-zone B cells

(CD21+, CD27+, IgM+, IgD+)
29.50% 3.3–12.8

Transitional B cells
(CD38high, IgMhigh, CD21low) 0% 0.9–6.3

CD21low B cells
(IgM+, CD38low, CD21low) 7.70% 0.4–4.5

Plasmatocytes (CD38+, CD138+) 0% 0.1–1.5

Table 2. Humoral and cellular responses to the SARS-CoV-2 vaccine in the CVID patient. We made
the measurements one month and three months after the second dose of the vaccine and one month
after the booster dose.

Patient Cut Off Values

Anti-S SARS-CoV-2 protein IgG (BAU/mL)
After 2nd dose (1 month) 55.85
After 2nd dose (3 month) 12.91 0–7.5
After 3rd dose (1 month) 180.03

SARS-CoV-2-specific IFN-γ (mUI/mL)
After 2nd dose (1 month) 420 Negative < 100
After 2nd dose (3 month) 14 Borderline 100–200
After 3rd dose (1 month) 638 Positive > 200

3.2. Genetic Study

The NGS test revealed a heterozygous substitution of guanine to adenine at position
485 of exon 5 of the IKZF1 gene (chromosome 7p12.2) in the patient (c.485G>A) that causes
a codon change of “CGG” to “CAG”, which mean a non-synonymous switch from arginine
to glutamine in the 162 protein residue (Arg162Gln). This variant was not identified in the
DNA of the blood samples from the patient’s parents by Sanger sequencing (Figure 2A–C).

3.3. Bioinformatic Studies

The heterozygous mutation (c.485G>A) causes a change in the physical–chemical
properties of the protein because of the substitution of the amino acid arginine for glutamine
(Arg162Gln). This variant affects the second C2H2 domain with the zinc-finger structure
of IKAROS protein (ZF2, amino acids 145–167), a residue essential for DNA binding. All
evaluated in silico predictors of protein damage determined a deleterious effect for the
IKAROS protein (Table 3).

80



J. Clin. Med. 2022, 11, 2303

Figure 2. Genetic analysis of the IKZF1 gene. (A) Next-generation sequencing of the patient revealed
a heterozygous missense variant (c.485G>A) in exon 5 of the IKZF1 gene, in chromosome 7p12.2, that
results in a substitution of arginine to glutamine (p.Arg162Gln). Electropherograms of the Sanger
sequencing performed in the patient’s father (B) and mother (C) demonstrated homozygosity for G
at position c.485 of exon 5 of IKZF1.

Table 3. Results of the in silico predictors of the effect of the variant. MutationTaster (values range
from 0 to 1): probability close to 1 indicates greater confidence in the prediction. DANN (Deleterious
Annotation of Genetic Variants using Neural Networks; values range from 0 to 1): the highest values
are potentially the most pathogenic. FATHMM MKL (Functional Analysis through Hidden Markov
Models; values range from 0 to 1): the highest values are potentially the most pathogenic. Coding
and non-coding variants are scored independently.

Prediction Score

MutationTaster Pathogenic 1
DANN 0.999552

FATHMM MKL Coding 0.98952
FATHMM MKL Non-Coding 0.99606

4. Discussion

The IKZF1 gene (OMIM: #603023) encodes the IKAROS zinc-finger transcription factor.
It is located on chromosome 7 (7q12.2) and has eight exons. The IKZF1 gene can produce
different isoforms due to alternative splicing, but the main “DNA-binding” form of IKAROS
is isoform 1, whose structure is composed of an N-terminal DNA-binding domain, which is
made up of four zinc-finger motifs (ZF1–ZF4), a central activation/repression domain, and
a C-terminal dimerization domain (ZF5–ZF6) (Figure 3). IKAROS binds as homodimers or
heterodimers to pericentric heterochromatin regions, promoting the expression of target
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genes that play important roles in lymphocyte development, differentiation and function,
and myeloid cell development [13].

Figure 3. Schematic representation of the structure of human IKAROS protein encoded by the IKZF1
gene. The DNA-binding domain consists of four zinc-finger motifs (ZF1–ZF4) and the dimerization
domain of two (ZF5–ZF6). The p.Arg162Gln variant found in our patient is highlighted in red and
affects the ZF2 domain. Other amino acid positions of IKAROS variants identified in CVID patients
are indicated. ZF: zinc-finger.

The first IKZF1 mutations that were linked to human pathologies were somatic and
associated with a worse prognosis in B-cell acute lymphoblastic leukemia (B-ALL). How-
ever, more recently, heterozygous germline mutations have also been related to B-ALL
development [14]. On the other hand, germline heterozygous mutations in the IKZF1
gene have been detected in patients with primary immune deficiency or inborn errors
of immunity. The first de novo heterozygous missense mutation in the IKZF1 gene was
described by Goldman et al. in 2012, in a 33-week preterm infant with pancytopenia and
loss of B cells, which shared phenotypic similarities with the IKZF1-null mouse animal
model and that affected the ZF4 domain of IKAROS [15].

Subsequently, various types of germline mutations in the IKZF1 gene have been iden-
tified in patients with a CVID-like phenotype, including missense mutations (all of which
have been classified as pathogenic or probably pathogenic), frame-shift mutations, non-
sense mutations, and intragenic deletions of IKZF1 [15–22] (Figure 3). These mutations can
act in different ways, giving rise to haploinsufficiency (HI), dominant-negative (DN), or
dimerization-defective (DD) effects. However, most patients carrying germline heterozy-
gous missense mutations that act in a HI manner and affect the DNA binding domain
manifest CVID when they have symptoms [23,24].

The heterozygous missense R162Q variant of the IKZF1 gene present in our patient
was discovered for the first time in 2016 by Kuehn et al., in a European family composed of
three generations of affected individuals, where the variant cosegregated with the disease
in seven of the twelve members of the family [17]. Later, in 2017, Hoshino et al. also
reported the R162Q variant in three generations of a family with two affected individuals
from three carriers [20]. Both studies revealed an autosomal dominant inheritance with
incomplete but high penetrance. However, in our patient, it appears for the first time as a
de novo mutation.

The pathogenicity of the variant was demonstrated by Kuehn et al. [17], through
functional analysis and subsequently corroborated by Hoshino et al. [20]. Flow cytometry
data of the Kuehn et al. study showed that the amount of IKAROS in the T and B cells
of the patient with the R162Q mutation in IKZF1 was equal to controls. To determine the
effect of the R162Q mutation, they used transfected cells. They noticed that the R162Q
variant produced stable proteins, which could dimerize with wild-type (WT) protein forms
and migrate to the nucleus, but they were not capable of binding to the pericentromeric
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target DNA region. To mimic the heterozygous state, Kuehn et al. used transfected cells
with vectors expressing 100% WT IKAROS and transfected cells with vectors expressing
50% WT and 50% mutant IKAROS. They found that DNA binding was reduced by 38–74%
in cells transfected with 50% mutant vectors, compared to cells transfected with 100% WT
vectors. The heterozygous state and the haploinsufficiency mechanism explain the high
but incomplete penetrance of this mutation. Finally, based on our in silico analysis using
MutationTaster and other prediction methods, the R162Q variant causes a deleterious effect
on the mutated IKAROS protein, supporting the previous results.

In the Kuehn study, individuals with the heterozygous R162Q variant were character-
ized by recurrent infections, mainly respiratory tract infections or otitis, and hypogamma-
globulinemia. The age onset was before the age of ten in most of them. One of the patients
died of pneumonia at the age of 74 and another patient developed B-ALL and died from
a relapse at the age of 5. All of the patients presented a reduction in B cells and most of
them a reversed CD4/CD8 T-cell ratio [17]. In the Hoshino study, one of the symptomatic
patients, at seven years of age, had bacterial pneumonia with agammaglobulinemia and
IgA vasculitis and analytically low levels of B cells, normal NK cells, and low CD8+ T cells.
The other symptomatic patient had a history of thrombocytopenic thrombotic purpura
(ITP) without dysgammaglobulinemia, with normal levels of B and NK cells, an increase
in T follicular helper cells, and a reduction in CD4/CD8 T-cell ratio [20]. Our patient was
diagnosed at an older age compared to the patients previously described with this variant.
Analytically, he is also characterized by recurrent infections, a marked reduction in B cells,
a reversed CD4/CD8 T-cell ratio, and very low immunoglobulins levels at the diagnosis,
except for IgM.

The humoral response to the complete vaccination schedule with AstraZeneca and
the booster with Moderna in our patient is considered very low. The study carried out by
Atmar et al. showed circulating antibody levels against the Spike protein of SARS-CoV-2
after 1, 15, and 29 days of the booster dose in healthy individuals. This study showed that
there are no major differences between homologous booster vaccination and heterologous
booster. The normal humoral response after the regimen of two doses of Janssen (viral
vector) and the booster of Moderna is estimated at 4560 BAU/mL of circulating antibodies,
which is much higher than our patient [25]. In the same way, Munro et al. published an
article that compared the immunogenicity of seven booster vaccines after the two doses
from AstraZeneca and Pfizer-BioNTech (COV-BOOST) by means of, among others, the
levels of anti-spike IgG measured by ELISA [26]. In the 98 healthy cases studied that
were vaccinated with two doses of AstraZeneca and subsequent booster with Moderna,
a mean of 31,111 ELISA laboratory units per milliliter (ELU/mL) was found at day 29
post-boost. According to the WHO international standard for COVID-19 serological tests
to harmonize anti-spike SARS-CoV-2 assays [27], taking as reference the ELISA technique,
BAU/mL = 0.142 × AU/mL. Thus, the results obtained by Munro are similar to those
obtained by Atmar (4417 BAU/mL) and are higher compared to our patient. On the other
hand, Amodio et al. conducted the first study in a cohort of 21 European patients with
CVID. They evaluated the humoral response 21 days after the first dose and 7 days after
the second dose with the Pfizer-BioNTech vaccine and found that patients with CVID
could generate an antibody response, but at a lower magnitude than healthy controls [8].
It should be noted that some of these patients had a genetic alteration, but none with a
mutation in the IKZF1 gene. In the same way, Hagin et al. observed a positive response,
but at lower levels than healthy controls in a cohort of 13 CVID patients treated with
immunoglobulins, measuring the SARS-CoV-2 anti-protein S antibody response 2 weeks
after the second dose of the Pfizer-BioNTech vaccine [9]. In addition, in the group of patients
with CVID, they found a greater response in patients under 50 years of age. Bergman
et al. showed that CVID patients with a lower percentage of switched-memory B cells or
an increased percentage of CD21low B cells have a poor response to the Pfizer-BioNTech
mRNA vaccine [28]. These immunophenotypic characteristics and results were obtained
in our patient, although after the booster dose of the SARS-CoV-2 vaccine, he generated
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a small increase in switched-memory B cells, coinciding with his greater production of
antibodies after vaccination.

The T-cell response after the booster dose in our patient, despite being positive, is
far from those found in the healthy population used as a control group in other studies
and is similar to that of vulnerable and immunocompromised patients in whom the SARS-
CoV-2-specific IFN-γ were quantified using the same commercial kits (Euroimmun) and
techniques as in our case. Schwarz et al. quantified SARS-CoV-2-specific IFN-γ 7 days
after the second dose of the Pfizer-BioNTech vaccine, finding that the mean concentra-
tion in people >70 years old was 707.3 mIU/mL, while in healthy young adults it was
2184 mIU/mL [29]. Ruether et al. compared the levels of SARS-CoV-2-specific IFN-γ 29
days after the second dose of the mRNA vaccine (Pfizer-BioNTech or Moderna) or vector-
based vaccine (AstraZeneca) in 3 groups: 19 healthy controls (mean around 1000 mIU/mL),
26 patients with liver cirrhosis (mean between 100 and 200 mIU/mL or borderline), and
82 liver transplant patients (mean below 100 mIU/mL or negative response) [30]. Our
patient presents a loss of cellular response 3 months after the second dose with the As-
traZeneca vaccine, and although the response is good after the booster dose with Moderna,
it is presumably lower than in the healthy population and will be lost over time. This
hypothesis may be demonstrated in subsequent controls on the patient and corroborated
by different studies that are still underway.

The molecular heterogeneity of patients with CVID, the use of different techniques to
measure the immune response to SARS-CoV-2 vaccines, and the use of different vaccines
and vaccine regimens make it difficult to compare the results between studies, but reinforces
the importance of vaccinating this vulnerable population, emphasizing the need to measure
not only the humoral response but also the cellular response in these patients [7–9].

5. Conclusions

We report a patient diagnosed with CVID due to his phenotypic and immunological
features in which, among other findings, we found a positive cellular response to the
complete COVID-19 vaccination schedule with a very low humoral response. In summary,
vaccination against SARS-CoV-2 activates the adaptive immune response by inducing both
the humoral response (specific antibodies against SARS-CoV-2) and the cellular response
(specific T cells against SARS-CoV-2). However, in our patient, as well as in other im-
munosuppressed or vulnerable patients, we observed a low and less sustained immune
response to the COVID-19 vaccines. Although there are not many studies on the effects of
vaccines against SARS-CoV-2 in vulnerable patients (CVID, elderly, immunosuppression),
it seems advisable to routinely include serological and/or cellular tests of response to
vaccination, since this is usually suboptimal, and it would be necessary to implement addi-
tional booster doses (as many as necessary) in these patients with low or no response. The
vaccine-induced T-cell response has a greater effect than the humoral response mediated by
B cells, in addition to having a protective effect even in the absence of a humoral response
by limiting the viral replication and supporting immunological memory in the timing of
long-term vaccination. What is clear is that these patients require more research on the
effects of vaccination in the short and medium term and closer monitoring to try to keep
them adequately treated and protected.

Targeted sequencing using a panel of genes associated with primary antibody immun-
odeficiency was performed on our patient to elucidate the underlying cause of his disease.
Our analysis revealed an R162Q variant, a heterozygous IKZF1 mutation, which was not
present in his parents. Importantly, this is the first time this variant is described as a de novo
mutation. The p.Arg162Gln variant has a deleterious effect on the IKAROS transcription
factor, which in heterozygosity, generates a reduction of the binding affinity for DNA,
altering the regulation of the targeted genes involved in lymphocyte differentiation, which
supports the CVID phenotype of the patient. Despite all the studies carried out to date,
it is still not fully understood how mutations in the IKZF1 gene influence the etiopatho-
genesis of CVID. It is necessary to further investigate possible factors that could influence
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the clinical–immunological heterogeneity between patients, particularly in individuals
with de novo mutations, exemplified by our patient, and asymptomatic patients. Genetic
studies of these patients and their relatives must be included in the diagnostic algorithm
for these pathologies in order to better understand the development of CVID, to find new
pathological variants in IKZF1 or other genes, or even in novel genes not yet described
that could produce CVID and, perhaps in the future, to find a more effective and targeted
treatment than the basic intravenous administration of immunoglobulins.
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Abstract: Chromosome 22q11.2 deletion syndrome (22q11.2DS) is a primary immunodeficiency
characterized by a broad and heterogeneous clinical presentation associated with various degrees of
T-cell deficiency. We report the clinical, immunologic, and genetic findings of a cohort of eight patients
presenting with a clinical phenotype that is highly suggestive of this syndrome but without the 22q11.2
deletion. The cardinal features of 22q11.2DS, such as congenital heart defects, hypoparathyroidism,
and facial dysmorphisms, were observed in the majority of the patient cohort. The unusual features
are described in detail. The immunologic assessment showed various degrees of immunodeficiency of
the T-cell compartment, notably a reduction in the thymic output. Half of the patient cohort exhibited
a reduction in total dendritic cells. Array comparative genomic hybridization (CGH) revealed six
patients harboring copy number variations (CNVs) never reported in normal subjects. The gene
content of these CNVs was carefully analyzed to understand the mechanisms leading to 22q11.2DS
phenocopies. According to these results, we suggested that array-CGH should be used as a first-tier
tool for patients resembling 22q11.2DS.

Keywords: DiGeorge syndrome; 22q11.2 deletion; thymic output; dendritic cells; immunodeficiency;
autoimmunity; copy number variations; array-CGH

1. Introduction

The 22q11.2 genomic region is prone to meiotic errors due to the presence of several
large blocks of low-copy repeats (LCRs) [1,2]. 22q11.2 deletion is causative of DiGeorge
syndrome (DGS) and other clinical conditions, previously described separately, such as
velocardiofacial syndrome (MIM #192430), conotruncal anomaly face syndrome (MIM
#217095) (or Takao syndrome), (CTAFS), Opitz G/BBB syndrome (MIM #145410), and
Cayler cardiofacial syndromes. All these conditions are now collected under the definition
of “22q11.2 deletion syndrome” (22q11.2DS) according to the common genetic etiology [3].
22q11.2DS has an estimated incidence of 1:4000 live births, with approximately 80–90% of
cases presenting with de novo inheritance [2]. The 22q11.2 typical deleted region is approx-
imately 3 Mb in size and harbors more than 40 protein-coding genes, seven microRNAs
(miRNAs), and ten non-coding RNAs (according to build GRCh37). Different sets of genes
are involved, such as TBX1, HIRA, and COMT [3], showing the great phenotypic variability
that makes this pathology a classic example of a syndrome with variable expressivity
and incomplete penetrance. The clinical phenotype is mainly characterized by congenital
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heart disease (CHD), palatal and craniofacial abnormalities, hypoparathyroidism, immune
deficiencies or autoimmune diseases (related to thymic a/hypoplasia), and neurocognitive
impairment [4,5]. The severity of symptoms is also variable, ranging from quite severe
to near-normal life conditions [6]. After the introduction of array comparative genomic
hybridization (CGH) technology, further copy number variations (CNVs) have been identi-
fied, which are associated with clinical pictures resembling 22q11.2DS [7–10]. However, in
6% to 17% of patients, the identification of a genetic cause remains unknown, with serious
consequences for their therapeutic management.

In this paper, we describe the clinical picture, the immunological abnormalities, and
the genomic alterations of a cohort of patients with highly evocative DGS phenotype
without 22q11.2 deletion. This may contribute to the diagnosis of patients presenting with
primary immunodeficiency and developmental defects of unknown etiology.

2. Materials and Methods

2.1. Study Design and Data Collection

We enrolled eight patients (four females and four males), who were followed at a
single pediatric center for primary immunodeficiency (at the University of Pisa), presenting
with a highly evocative clinical phenotype for 22q11.2DS. The Tobias criteria were used
to consider these patients as susceptible to genetic analysis for 22q11.2DS [11]. The study
was conducted according to the Declaration of Helsinki II. Informed consent was signed
prior to performing the genetic analyses. Written and informed consent to report the
clinical data and the publication of the genetic analysis was obtained from all patients’
parents or legal guardians. Patient data were retrospectively retrieved from the clinical
records and anonymously entered into a database. The cohort of patients was composed
of six children and two adults currently followed in our center. Physical phenotypes,
including auxologic features, behavioral or psychiatric disorders, immunological profile,
and genomic analysis were evaluated. Frequent morbidity was reported using recurrent
respiratory infections (RRIs), according to the previously described RRI criteria [12]. The
analysis of 25-hydroxyvitamin D (25OHD) levels was limited to patients who did not
initially receive vitamin D supplementation; 25OHD levels were considered deficient for
values < 20 ng/mL, according to the Institute of Medicine (IOM), the American Academy
of Pediatrics (AAP), and the European Society for Paediatric Gastroenterology, Hepatology,
and Nutrition (ESPGHAN) recommendations [13–15]. Auxological parameters of weight
and height were expressed in standard deviation (SD) scores, using growth charts as
previously described [16]. The measurements of height were performed at time points T0,
T1, and T2; T1 and T2 were related to the measurement of the height after 2 and 4 years of
follow-up, respectively.

2.2. Flow Cytometry and Immunological Assessment

None of the patients had acute infections at the time of sample collection for the
immunological evaluation. Lymphocyte counts, serum immunoglobulin concentration,
and serum immunoglobulin subclasses were evaluated through standard methods and
compared with age-related normal values. An extended immunological phenotype was per-
formed in all patients and the data were compared with age-matched normal values [17–20].
Eight-color flow cytometric analysis was performed on fresh peripheral whole blood anti-
coagulated with ethylenediaminetetracetic acid (EDTA), according to standard protocols, to
determine the following cell subpopulations: T lymphocytes (CD3+), helper T lymphocytes
(CD3+CD4+), cytotoxic T lymphocytes (CD3+CD8+), B lymphocytes (CD19+), and natural
killer (NK) cells (CD16+/56+). Helper and cytotoxic T lymphocytes were also analyzed for
the expressions of CD45RA, CD62L, and CD31 to identify naïve (CD45RA+CD62L+), central
memory (CM: CD45RA−CD62L+), effector memory (EM: CD45RA−CD62L−), terminal
effector memory re-expressing CD45RA (TEMRA: CD45RA+CD62L−), and recent thymic
emigrants (RTEs: CD45RA+CD62L+CD31+) [21]. Circulating Treg cells were identified
as a CD4+CD25+CD127− cell population, as previously described [22]. The expression

88



J. Clin. Med. 2022, 11, 2025

of CD45RA was evaluated to estimate the amount of naïve Treg cells. The expression of
CD185 (CXCR5) was analyzed on memory T helper cells (CD3+CD4+CD45RO+) to identify
follicular T cells. We defined naïve B cells as CD19+CD27−IgD+ and switched memory
B cells as CD19+CD27+IgD−IgM−. Circulating dendritic cells (DCs) were enumerated
and phenotypically characterized directly into the two major subsets, namely, myeloid
(mDCs) and plasmacytoid (pDCs), as previously described [22]. Due to the lack of a
specific marker to detect DCs, we used a mixture of monoclonal antibodies specifically
established to identify DCs, purchased from Immunotech (Beckman Coulter Inc., Brea,
CA, USA). Cells were stained with the following antibodies: CD14, CD16, CD85k, CD33,
or CD123 for the mDC and pDC subsets, respectively. Dendritic cells were identified as
CD14low/−CD16low/−CD85k+ and CD33+ or CD123+. The absolute numbers of DCs were
estimated by multiplying the percentage of DCs in the mononuclear cell (MNC) gate by
the absolute peripheral blood MNC count determined using a standard hemocytometer
(Abbott Laboratories, Abbott Park, IL, USA). DC data were compared with our laboratory
age-related normal values [22]. Data acquisition and analysis were performed on a dual
laser BD FACSCanto (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA)
using the FACSDiva software (San Jose, CA, USA).

2.3. Genomic Analysis

Karyotyping was performed according to standard methods. The commercially avail-
able D22S75/N25 probe (Cytocell, Cambridge, UK) was used, according to the manufac-
turer’s instructions, to perform fluorescent in situ hybridization (FISH) analysis.

Genomic DNA of the patients (tests) was isolated from peripheral blood using standard
methods; DNA from healthy subjects (reference) was used as controls (Agilent Technologies,
Santa Clara, CA, USA); tests and reference DNA were differentially labeled with Cy5-dCTP
or with Cy3-dCTP using random primer labeling and applied to 60K arrays, according to
the manufacturer’s protocol (Agilent, Santa Clara, CA, USA). Quality slide evaluation was
performed using the Agilent dedicated software (Feature Extraction, Agilent). We elabo-
rated only on those experiments that met the “excellent” criteria, as determined by the QC
report (Cytogenomic software, Agilent). In particular, the derivative log ratio spread (DLRS)
was the main value considered for further analysis of the data: when >0.16, the experiment
was discarded and repeated. CNVs were identified with Cytogenomics 4.0.3.12 (Agilent)
using the ADM-2 (aberration detection method 2) algorithm. The threshold was set to a
minimum of 6 with the minimum number of 3 probes required in a region and a minimum
absolute log ratio of 0.25. We analyzed all the CNVs with 3 or more contiguous probes
for deletions and duplications. The CNVs reported in the Database of Genomic Variants
(http://projects.tcag.ca/variation/ (accessed on 25 February 2022)) were classified as be-
nign and not further analyzed. All the other genomic imbalances were compared with those
collected in DECIPHER (https://decipher.sanger.ac.uk/ (accessed on 25 February 2022))
and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/ (accessed on 25 February 2022)).
Data about the biological function of genes and their interactions were retrieved from UCSC
Genome Browser (http://genome.ucsc.edu/ (accessed on 25 February 2022)), PubMed
(https://www.ncbi.nlm.nih.gov/pubmed/ (accessed on 25 February 2022)), and OMIM
(https://www.omim.org/ (accessed on 25 February 2022)).

3. Results

3.1. Patients Characteristics

Two patients (25%) met one of the A Tobias criteria, while six patients (75%) met at
least two of the B Tobias criteria, along with a combination of C criteria. The mean age of
patients was 6.7 years (8 months–15.7 years) at diagnosis and 13.7 years (2.2–23.7 years) at
the time of the study. The mean follow-up time of the cohort was 55.2 months (SD ± 31.6).
Demographic and clinical features of the cohort are described in Table 1. No exposure to
tobacco, alcohol, or teratogenic drugs during pregnancy was reported; no perinatal infor-
mation was available for the two sisters P4 and P5. Patient P2 was born from an emergency
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cesarean section at 32 weeks of gestational age for maternal HELLP (hemolysis, elevated
liver enzymes, low platelets) syndrome. Subject P6 was born to a human immunodeficiency
virus (HIV)-positive mother, small for gestational age, and successfully received the pre-
vention protocol of vertical transmission. The overall cases were sporadic, without familial
history of severe chronic diseases, immunodeficiencies, or inherited pathologic conditions.
Subject P2 presented with syndactyly like her maternal grandmother. The neonatal period
of subject P1 was complicated by seizures, hypotonia, and sucking difficulty. Congenital
heart defects were detected in 87.5% of the cohort (n = 7); two conotruncal anomalies
and four non-conotruncal defects (patent oval foramen, patent ductus arteriosus, atrial
and/or ventricular septum) were observed. A total of 71% of them underwent corrective
or palliative cardiac surgery in the first year of life, with excellent outcomes. Subject P3
presented with persistent left superior vena cava and percutaneous cardiac catheterization
was performed at 5 months for aortic re-coarctation, with an absence of residual obstruction.
Otolaryngologic malformations were detected and successfully corrected in two patients
(25%). The overall cohort exhibited mostly mild facial dysmorphisms. Only toddler P8
presented with a gastrointestinal malformation (esophageal atresia). Concerning congenital
renal disorders, medullary sponge kidney was found in subject P4 and hypospadias in P8.
Noteworthy, language disorder with speech delay was observed in six subjects (75%) and
psychomotor delay in 25%. One patient (P7) suffered from attention-deficit hyperactivity
disorder, mixed anxiety disorder with an obsessive-compulsive component, and sleep dis-
turbance; her nuclear magnetic resonance (NMR) showed widening of the fourth ventricle
associated with hypoplasia of the lower cerebellar vermis. Interestingly, psychiatric involve-
ment in patient P3 developed after many years from neurological manifestations. A total of
three patients (37.5%) had hypoacusia that was conductive in nature, with a hearing aid
being necessary only in one patient (P7). The two sisters P4 and P5 suffered from monthly
headache episodes. Other anomalies, such as myopia (P4 and P6) and hypermetropia (P5,
P6, and P7), were found in 25% and 37.5% of patients, respectively. Moreover, subject P6
showed left cryptorchidism and developed a limitation in pronation movement of the right
upper limb in the last year of follow-up, which is still under diagnostic investigation.

3.2. Infections and Autoimmunity

Recurrent upper respiratory infections were detected in the majority of the cohort,
including otitis and sinusitis (75%); lower respiratory tract infections occurred in two
patients (25%), requiring hospitalization. No patient developed bronchiectasis. A total
of 37.5% (three out of eight subjects) were affected by recurrent periodic fevers, without
genetic features of monogenic autoinflammatory syndromes, and subject P2 was affected
by recurrent urinary infections. Subjects P2 and P3 presented with recurrent herpes simplex
infections and aphthous stomatitis. No fungal or opportunistic infections were identified
during the follow-up, except for one episode of oral candidiasis in patient P2, requiring
fluconazole prophylaxis. Regarding severe infections, an episode of mediastinitis in the
context of the sternal surgical wound was described in child P8, with a good outcome.

Concerning autoimmune manifestations, juvenile idiopathic arthritis with oligoar-
ticular phenotype was diagnosed in patient P3. Joint involvement (the right knee, right
temporomandibular, and proximal interphalangeal of the fifth finger of the right hand)
required a step-up therapy with frequent evacuative and infiltrative (triamcinolone ace-
tonamide) arthrocentesis, use of modifiers of the biologic response (methotrexate), and
biologic drugs (anti-tumor necrosis factors). Moreover, the child was unresponsive and
developed a chronic inflammatory process that resulted in deformity of the hand joint and
residual synovial inflammation of the right temporomandibular joint, as detected using
nuclear magnetic resonance, with functional limitation.
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3.3. Auxological and Endocrine Features

Weight and head circumference were within normal percentiles for the overall cohort,
while a delay in height growth was remarked. No measurements were reported for subject
P8 and, consequently, he was excluded. A reduction in the height (between −1 and −2 SD)
was reported in almost all of the cohort, prevalently in childhood. No case of short stature
(height < −2 SD) was registered. Of note, only the two sisters P4 and P5 presented within a
height normal distribution (Supplementary Figure S1).

We focused on the endocrine features of the cohort by investigating the 25OHD level
and its association with immunological parameters, as we previously published for a cohort
of DGS patients [23]. Therefore, we identified three subgroups according to 25OHD levels:
group A (normal values), group B (25OHD deficiency), and group C (patients with hy-
poparathyroidism). Toddler P8 was excluded due to the absence of 25OHD determination.
Group B was composed of patients P2, P6, and P7. The vitamin D status was performed
at diagnosis and showed the following 25OHD mean values: 30.23 ng/mL, 17.43 ng/mL,
and 14.0 ng/mL in the A, B, and C groups, respectively (normal range < 20 ng/mL). Both
the A and B groups presented with parameters of phospho-calcium metabolism (parathy-
roid hormone, PTH, calcium, phosphate, alkaline phosphatase) in the normal range for
the patients’ ages. Patients belonging to group B received oral supplementation with
cholecalciferol at the dosage of 25,000 IU/month. An increase in 25OHD values was
observed in P2 (46.9 ng/mL vs. basal value 16.8 ng/mL) and P6 (35.5 ng/mL vs. basal
value 17.63 ng/mL).

Patients P4 and P5 (25%) received a diagnosis of congenital hypoparathyroidism.
Both presented with neonatal hypocalcemia, elevated serum phosphorus concentration,
PTH values constantly suppressed or undetectable (<3 ng/mL), and low vitamin D
values (13 ng/mL and 15 ng/mL in P4 and P5 patients, respectively). They received
treatment with calcium carbonate (50–100 mg/kg/day) and calcitriol (20–40 ng/kg/day)
for at least 6 years, with good outcomes. Moreover, the vitamin D values returned to within
the normal range only for a short time and subject P4 suffered from two hypercalcemia
episodes during the follow-up.

However, we did not observe any difference between vitamin D levels and the im-
munological parameters examined in the various groups.

3.4. Immunological Features

The lymphocyte and lymphocyte subpopulation values of patients, compared with
age-matched normal controls, are shown in Tables 2 and 3. Lymphocytopenia was reported
in 62.5% of the cohort (five out of eight patients). A low absolute count of CD3+ lymphocytes
and CD4+ and CD8+ cells were observed in 75% (n = 6), 87.5% (n = 7), and 75% (n = 6) of
subjects, respectively. The B cell absolute number was low in two lymphopenic patients,
with them being normal if expressed as a percentage. Similarly, the NK cell count exhibited
the same behavior in patient P2; conversely, high relative numbers of NK cells were
observed in P3, P6, P7, and P8. Furthermore, extensive phenotyping was performed due
to the suspicion of a putative thymic a/hypoplasia. RTEs were lower than normal age-
matched values in six out of eight patients, in particular, P1, P2, and P3 < 15%. Naïve
helper T cells were reduced in P2 and severely low in both patients P1 and P3 (8.8% and
12.7%, respectively). Naïve cytotoxic T cells were reduced in two subjects (P3, P6). Central
memory cytotoxic T cells were low only in P8, whereas they were higher than the normal
range in P1, P6, and P7. Both effector memory CD8+ T cells (EM and TEMRA) were reduced
in patients P5 and P7, while EM was only low in P4 and TEMRA only in P1. The overall
cohort showed normal values of follicular T cells. Regulatory T cells were increased in
patient P2 and reduced in patient P6. The analysis of the B cell compartment (naïve and
switched memory cells) revealed mostly normal values, with the exception of two patients
who showed a reduction of naïve B cells (P6 and P7) and an increase of switched memory
cells (P6).
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To explore the interface between innate and adaptative immunity, we investigated the
dendritic cells, as shown in Table 4. A total of 50% of patients (P2, P3, P5, P7) exhibited a
reduction in total DCs in comparison to healthy controls, whereas an increase was observed
in patient P8. The observed reduction affected mainly the myeloid subset (37.5%), except
for patient P2, who showed a reduction in both subsets.

Serum immunoglobulin levels are shown in Table 5. Two children (P2 and P6) had
partial selective IgM deficiency (between −1 and −2 SD). Patients P3 and P5 (25% of
the cohort) had a reduction in both IgG and IgA, with the IgA values being severely
low (>−2 SD) in P5, whereas in P8, a reduction in both IgG and IgM (between −1 and
−2 SD) was observed. P4 showed hypogammaglobulinemia (both IgG and IgA, between
−2 and −3 SD), along with a compensatory increase (>+3 SD) in IgM levels, requiring
immunoglobulin replacement therapy. Conversely, P1 had an increase in IgM (>+2 SD). IgE
levels were normal in the overall cohort. The immunoglobulin subclass levels were in the
normal range in the overall population, except for the IgG3 subtype, which was reduced in
patient P8.

None of the patients had neutropenia. Mild eosinophilia (760/μL) was observed in
subject P3.

Table 2. Lymphocyte subsets of the patients.

P1 P2 P3 P4 P5 P6 P7 P8

Age (years) * 21.5 5.8 13.6 22.8 14.8 7.7 16 1.6

Lymphocyte
(×103/μL)

1.27
1.8 (0.9–4.5)

0.92
3.8 (2.3–6.1)

1.72
2.3 (1.3–3.2)

1.45
1.8 (0.9–4.5)

1.20
2.3 (1.3–3.2)

1.44
2.5 (1.7–3.4)

1.1
2.3 (1.3–3.2)

2.89
4.7 (3.9–6.1)

T cells
(×103/μL)

0.89
1.5 (0.78–3.0)

0.46
2.6 (1.6–3.7)

0.94
1.6 (0.95–2.3)

0.91
1.5 (0.78–3.0)

0.77
1.6 (0.95–2.3)

0.78
1.8 (1.2–2.6)

0.69
1.6 (0.95–2.3)

1.27
3.1 (2.5–4.9)

Helper T
cells

(×103/μL)

0.46
1.0 (0.5–2.0)

0.31
1.4 (0.8–2.1)

0.47
0.9 (0.6–1.4)

0.60
1.0 (0.5–2.0)

0.46
0.9 (0.6–1.4)

0.40
1.0 (0.6–1.5)

0.39
0.9 (0.6–1.4)

0.95
1.8 (1.6–2.9)

Cytotoxic T
cells

(×103/μL)

0.36
0.5 (0.2–1.2)

0.14
0.8 (0.4–1.1)

0.41
0.5 (0.3–0.7)

0.17
0.5 (0.2–1.2)

0.21
0.5 (0.3–0.7)

0.22
0.6 (0.3–0.9)

0.28
0.5 (0.3–0.7)

0.17
0.9 (0.6–1.4)

B cells
(×103/μL)

0.18
0.23

(0.06–0.8)

0.27
0.73 (0.4–1.2)

0.37
0.32 (0.2–0.7)

0.21
0.23

(0.06–0.8)

0.20
0.32 (0.2–0.7)

0.21
0.40 (0.3–0.6)

0.94
0.32 (0.2–0.7)

1.03
0.29

(0.19–0.7)

NK cells
(×103/μL)

0.20
0.34

(0.10–1.2)

0.13
0.29

(0.16–0.6)

0.40
0.23

(0.09–0.5)

0.27
0.34 (0.1–1.2)

0.19
0.23

(0.09–0.5)

0.44
0.26

(0.12–0.5)

0.30
0.23

(0.09–0.5)

0.58
0.29

(0.19–0.7)

The absolute numbers of cell subsets are indicated for each patient (upper line). Lower lines indicate normal
values for age (median (10–90th percentile)). * Age at immunological evaluation; NK: natural killer.
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Table 3. Advanced phenotypes of the patients.

P1 P2 P3 P4 P5 P6 P7 P8

Age (years) * 21.5 5.8 13.6 22.8 14.8 7.7 16 1.6

T cells (%) a 69.1
67 (50–91)

50.2
69 (60–77.6)

54.6
73 (62.6–80.4)

62.5
67 (50–91)

64.3
73 (62.6–80.4)

54.0
72 (63.2–77.8)

63.0
73 (62.6–80.4)

44.0
68 (60.7–75.8)

Helper T cells
(%) a

36.5
42 (28–64)

33.2
38 (31.1–47.4)

27.2
44 (32.6–51.5)

41.7
42 (28–64)

38.4
44 (32.6–51.5)

27.5
40 (31.7–47)

28.1
44(32.6–51.5)

33.0
41 (35–52)

Cytotoxic T
cells (%) a

28.2
22 (12–40)

14.8
21 (16–27)

24.0
23 (19–29)

12.0
22 (12–40)

17.2
23 (19–29)

15.0
24 (17.1–30)

25.3
23 (19–29)

6.0
19.3 (16.1–29.4)

B cells (%) a 13.8
10 (4–28)

29.0
22 (13–29.2)

21.5
14 (12–21)

14.3
10 (4–28)

16.3
14 (12–21)

14.5
15.6 (12–34)

8.5
14 (12–21)

35.5
24 (14.3–28.2)

NK cells (%) a 15.5
15 (4–24.6)

14.0
8 (4.7–16.2)

23.5
11.7 (4.3–16.2)

18.3
15 (4–24.6))

15.5
11.7 (4.3–16.2)

30.7
9.8 (5.4–18.6)

27.6
11.7 (4.3–16.2)

20.0
6.8 (4–13.8)

Naïve helper T
cells (%) b

8.8
46 (16–100)

32.6
70 (50–85)

12.7
51 (31–65)

32.1
46 (16–100)

42.4
51 (31–65)

51.2
58 (42–74)

46.5
51 (31–65)

85.2
79 (62–90)

RTE (%) b 2.7
33 (7–100)

13.0
58 (41–81)

2.9
50 (31–81)

20.6
33 (7–100)

27.0
50 (31–81)

26.6
58 (41–81)

41.0
50 (31–81)

39.9
66 (40–100)

CM helper T
cells(%) b

58.5
42 (18–95)

45.7
18 (0.35–100)

44.2
32 (13–76)

45.4
42 (18–95)

45.0
32 (13–76)

35.0
18 (0.35–100)

36.4
32 (13–76)

1.5
10 (0.09–40)

EM helper T
cells (%) b

32.5
5 (1–23)

20.0
2 (0.27–18)

39.0
3 (0.49–25)

22.0
5 (1–23)

12.2
3 (0.49–25)

12.7
2 (0.27–18)

16.8
3 (0.49–25)

1.4
0.67

(0.024–4.7)

TEMRA
helper cells

(%) b

0.1
0.35

(0.008–6.8)

1.6
0.1 (0.003–1.8)

4.1
0.17

(0.004–5.8)

0.6
0.35

(0.008–6.8)

0.3
0.17

(0.004–5.8)

1.1
0.1 (0.003–1.8)

0.3
0.17

(0.004–5.8)

11.9
0.1 (0.0–4.1)

Naïve
cytotoxic T
cells (%) c

10.5
29 (6–100)

53.9
64 (42–81)

9.0
56 (42–73)

17.8
29 (6–100)

78.8
56 (42–73)

30.6
58 (39–73)

75.2
56 (42–73)

73.1
71(46–85)

CM cytotoxic
T cells (%) c

35.2
5 (1–20)

4.0
3 (1–6)

10.4
3 (0.4–18)

17.7
5 (1–20)

10.3
3 (0.4–18)

10.7
3 (1–6)

24.8
3 (0.4–18)

0.5
3 (1–8)

EM cytotoxic T
cells (%) c

47.4
36 (14–98)

6.1
24 (5–100)

33.2
22 (4–100)

13.3
36 (14–98)

3.3
22 (4–100)

35.3
24 (5–100)

0.1
22 (4–100)

2.1
15 (2–100)

TEMRA
cytotoxic T
cells (%) c

6.8
19 (7–53)

22.8
25 (15–41)

47.3
24 (9–65)

17.8
19 (7–53)

7.6
24 (9–65)

23.3
25 (15–41)

0.10
24 (9–65)

24.3
24 (8–71)

Treg (%) b 10
8 (4–17)

15.8
8 (4–14)

4.4
9 (4–20)

8.6
8 (4–17)

9.8
9 (4–20)

3.4
8 (4–14)

13.2
9 (4–20)

6.2
9 (6–13)

Follicular T
helper cells

(%) d

27.4
17 (5–56)

36.5
24 (7–85)

22.7
18 (7–47)

25.9
17 (5–56)

26.2
18 (7–47)

44.8
24 (7–85)

28.6
18 (7–47)

27.1
20 (8–51)

Naïve B cells
(%) e

53.8
63 (33–100)

82.0
76 (62–94)

91.4
74 (49–100)

78.1
63 (33–100)

89.1
74 (49–100)

61.9
76 (62–94)

47.2
74 (49–100)

97.4
88 (78–99)

Switched
memory B
cells (%) e

14.6
12 (3–46)

4.0
7 (3–18)

2.0
8 (1–43)

7.2
12 (3–46)

2.5
8 (1–43)

24.0
7 (3–18)

30.4
8 (1–43)

1.04
3 (0.3–20)

The frequency of cell subsets is indicated for each patient (upper line). Lower lines indicate normal values for age
(median (10–90th percentile)). * Age at immunological evaluation. a % of total peripheral lymphocyte population;
b % of helper T lymphocyte population; c % of cytotoxic T lymphocyte population; d % of CD4+CD45RO+ T
lymphocytes; e % of B lymphocyte population; NK: natural killer; TEMRA: effector memory T cells re-expressing
CD45RA; CM: central memory; EM effector memory; RTE: recent thymic emigrants; Treg: regulatory T cells.
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Table 4. Absolute and relative numbers of the dendritic cells in the cohort.

P1 P2 P3 P4 P5 P6 P7 P8

Age (years) * 21.5 5.8 13.6 22.8 14.8 7.7 16 1.6

DCtot/μL 31.71
24 (10.7–35.6)

10.69
41.4

(28.6–69.5)

26.41
36 (27.1–43.7)

18.15
24 (10.7–35.6)

20.74
36 (27.1–43.7)

32.61
41.4

(28.6–69.5)

14.3
36 (27.1–43.7)

59.07
53.6

(44.7–58.9)

DCtot (%) f
0.48
0.43

(0.22–0.69)

0.25
0.56

(0.39–0.68)

0.56
0.61

(0.5–0.72)

0.44
0.43

(0.22–0.69)

0.46
0.61

(0.5–0.72)

0.72
0.56

(0.39–0.68)

0.23
0.61

(0.5–0.72)

1.12
0.63

(0.48–0.89)

mDC/μL
18.29
14.7

(7.6–21.1)

7.33
25.5

(12.4–48.0)

17.98
23.5

(18.4–30.9)

11.37
14.7

(7.6–21.1)

11.36
23.5

(18.4–30.9)

14.6
25.5

(12.4–48.0)

5.69
23.5

(18.4–30.9)

27.62
32.8

(26.9–39.5)

mDC (%) f 0.28
0.26 (0.1–0.4)

0.17
0.34 (0.2–0.5)

0.38
0.40 (0.3–0.5)

0.28
0.26 (0.1–0.4)

0.25
0.40 (0.3–0.5)

0.32
0.34 (0.2–0.5)

0.09
0.40 (0.3–0.5)

0.52
0.38 (0.3–0.5)

pDC/μL 13.42
9.4 (3.2–17.0)

3.36
15.9

(8.6–23.6)

8.43
12.5

(5.4–18.8)

6.78
9.4

(3.25–17.0)

9.38
12.5

(5.4–18.8)

18.01
15.9

(8.6–23.6)

8.61
12.5

(5.4–18.8)

31.45
20.8

(12.6–30.8)

pDC (%) f
0.20
0.17

(0.07–0.3)

0.08
0.22 (0.1–0.4)

0.18
0.21 (0.1–0.3)

0.16
0.17

(0.07–0.3)

0.21
0.21 (0.1–0.3)

0.4
0.22 (0.1–0.4)

0.14
0.21 (0.1–0.3)

0.6
0.25 (0.1–0.4)

The frequency and absolute numbers of cell subsets are indicated for each patient (upper line). Lower lines
indicate normal values for age (mean (10–90th percentile)). * Age at immunological evaluation; f % of WBC; WBC:
white blood cells; DC: dendritic cells; mDC: myeloid dendritic cells; pDC: plasmacytoid dendritic cells.

Table 5. Immunoglobulins and their subclasses in the cohort.

Immunoglobulins P1 P2 P3 P4 P5 P6 P7 P8

Age * 21.5 5.8 13.6 22.8 14.8 7.7 16 1.6

IgG (mg/dL) 1440
(1116 ± 208)

979
(1007 ± 236)

841
(1116 ± 208)

557
(1116 ± 208)

697
(1116 ± 208)

1000
(1040 ± 223)

962
(1116 ± 208)

361
(655 ± 176)

IgM
(mg/dL)

256
(92 ± 34)

57
(87 ± 27)

96
(92 ± 34)

304
(92 ± 34)

91
(92 ± 34)

49
(90 ± 27)

127
(92 ± 34)

21
(67 ± 29)

IgA (mg/dL) 138
(189 ± 67)

84
(123 ± 41)

113
(189 ± 67)

59
(189 ± 67)

48
(189 ± 67)

163
(136 ± 48)

155
(189 ± 67)

35
(42 ± 23)

IgG1
(mg/dL)

844
(490–1140)

664
(370–1000) NA 523

(490–1140)
535

(490–1140)
730

(370–1000)
588

(370–1280)
310

(200–770)

IgG2
(mg/dL)

511
(150–640)

181
(72–340) NA 196

(150–640)
152

(150–640)
213

(72–340)
266

(106–610)
83

(34–230)

IgG3
(mg/dL)

64
(20–110)

77
(13–133) NA 23

(20–110)
30

(20–110)
59

(13–133)
57

(18–263)
13

(15–97)

IgG4(mg/dL) 93
(8–140)

2
(0.01–158) NA 0.0

(8–140)
9

(8–140)
24

(0.01–158)
25

(4–230)
2

(0.01–43)

The frequency of immunoglobulins and IgG subclasses is indicated for each patient (upper line). Lower lines
indicate normal values for age expressed as mean ± SD or 10–90th percentile; NA, not available. * Age at
immunological evaluation.

3.5. Genomic Features

The genetic assessment of all patients did not show any deletion in the 22q11.2 and
10p13-14 regions. Among the eight patients tested using array-CGH, two subjects did not
show any pathological CNVs, according to the DGV database (http://dgv.tcag.ca/variation
(accessed on 25 February 2022)), which collects variations reported in normal subjects.
Table 6 shows the CNVs detected in the remaining six patients, along with the positions
of the first and last abnormal probes and the extent and gene content of each CNV. The
pattern of inheritance was assessed in four patients in which CNVs were inherited from
the mother.
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Table 6. Genetic abnormalities on array-CGH of the cohort.

Subjects Position (GRCh37/hg19) Extent (kb) NCBI RefSeq Genes (UCSC) Inheritance

P1 2q24.1 (156,761,199_157,075,778)x3 314 LINC01876 Maternal

P2 arr(X,Y)x1,(1-22)x2 *

P3 arr(X,Y)x1,(1-22)x2 *

P4 20p11.22 (21,419,411_21,784,484)x3 365 PAX1, NKX2-2, LINC01727,LINC01726 Maternal

P5 20p11.22 (21,419,411_21,784,484)x3 365 PAX1, NKX2-2, LINC01727,LINC01726 Maternal

P6
11p15.5 (723,382_917,649)x3 194

EPS8L2, TALD01, GATD1, LOC171391,
CEND1, SLC25A22, PIDD1, RPLP2,

SNORA52, PNPLA2, CRACR2B, CD151,
POLR2L, TSPAN4, CHID1

NA

Xp22.33 or Yp11.32
(61,091_658,258 or 11,091_608,258)x2 597 PLCXD1, GTPBP6, LINC00685, PPP2R3B,

SHOX

P7 17q21.31 (43,717,703_44,210,822)x1 493
LINC02210, LINC02210-CRHR1, CRHR1,
MAPT-AS1, SPPL2C, MAPT, MAPT-TT1,

STH, KANSL1
NA

P8
17p13.2(5882589_6140992)x1 258 WSCD1

Maternal
Xq24(118647205_118715504)x0 68 CXorf56, UBE2A

OMIM genes are in bold; NA: not available; * negative array-CGH.

Patient P1 showed a duplication of 314 kb in 2q24.1, inherited from her mother, that
harbored the long intergenic non-protein coding RNA 1876. No overlapping duplications
were reported in the Decipher database (https://decipher.sanger.ac.uk/ (accessed on
25 February 2022)), with this CNV classified as a variant of unknown significance (VOUS).

P4 and P5 were two sisters who showed a duplication in 20p11.22 inherited from their
mother. This CNV has never been reported in individuals with a pathological phenotype
(Decipher). This region harbors two non-coding protein LINC01727, LINC01726 and two
coding protein PAX1 and NKX2 genes. PAX1 (*167411) encodes a transcription factor
implicated in embryogenesis in vertebrates and plays an important role in segmental spine
formation and thymus organogenesis. In humans, the phenotypic effects of the PAX1
duplication have not been yet described, whereas homozygous mutations of this gene
have been associated with otofaciocervical syndrome 2 with T-cell deficiency (OTFCS2)
(#615560) [24–26]. NKX2 contains a homeobox domain. It is highly expressed in the
central nervous system and encodes for a protein that is likely a nuclear transcription factor
involved in the morphogenesis of this system. According to these data, this CNV is likely
pathogenetic.

In patient P6, two duplicated regions were detected in 11p15.5 and the pseudoau-
tosomal region Xp22.33/Yp11.32. The duplication in 11p15.5 encompassed a total of 15
genes (Supplementary Table S1), among which, EPS8L2, TALD01, SLC25A22, PNPLA2,
and CD151 are reported in the OMIM database (https://www.omim.org (accessed on
25 February 2022)). Apparently, none of these five genes appeared causative of the clinical
features of this patient (Supplementary Table S1). Moreover, we highlight that the pathologi-
cal phenotype described in OMIM is related to homozygous loss-of-function mutations. No
overlapping duplications are reported neither in the literature nor in Decipher; thus, accord-
ing to the few data available, this variant could be classified as VOUS. The duplication in
Xp22.33/Yp11.32 harbors one non-coding gene (LINC00685) and four coding genes, includ-
ing SHOX (*312865/*400020) (Supplementary Table S1). SHOX/SHOX enhancer deletions
cause short stature and skeletal abnormalities (#249700, #127300, #300582); microduplica-
tions in the pseudoautosomal region including SHOX appear to be rare and have been
related to autism spectrum disorders and neurodevelopmental pathologic conditions [27].

Patient P7 showed a deletion in 17q21.31 of about 493 kb that was causative of Koolen–
De Vries syndrome (KDVS) (#610443). Moderate-to-severe intellectual disability, hypotonia,
and a characteristic face represent the core phenotype of this syndrome. More variable
features include cardiac, genitourinary anomalies, seizures, nasal speech, and a friendly
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demeanor [28]. Haploinsufficiency of KANSL1 (*612452) appears causative of the syndrome,
as the clinical phenotype does not substantially differ between patients with 17q21.21
microdeletion encompassing KANSL1 and patients with a de novo heterozygous mutation
in this gene. KANSL1 encodes a nuclear protein that plays a role in chromatin modification.
It is a member of a histone acetyltransferase (HAT) complex [29].

Patient P8 showed two deleted regions in 17q13.2 and Xq24, with sizes of 258 kb and
68 kb, respectively, both inherited from his mother. The deletion in 17p13.2 harbors WSCD1,
which encodes for a membrane protein with a sulfotransferase activity, whose role is not
yet known. This CNV can be classified as a VOUS. The deletion in Xq24 encompasses two
genes, namely, CXorf56 and UBE2A, and the phenotypic effects of their loss-of-function
in males are reported in OMIM. CXorf56 is related to “Intellectual development disorder,
X-linked 107” (#301013). UBE2A encodes a member of the E2 ubiquitin-conjugating enzyme
family that is required for post-replicative DNA damage repair and may play a role in
transcriptional regulation; its loss-of-function is causative of “UBE2A deficiency syndrome”
or “X-linked Nascimento-type intellectual disability syndrome” (#300860). According to
these data, this CNV is pathogenetic.

4. Discussion

We described the clinical phenotype of a cohort of eight patients that were highly
suggestive of 22q11.2DS without harboring genomic aberrations of chromosome 22. The
cardinal features of 22q11.2DS, such as congenital heart defects, hypoparathyroidism, facial
dysmorphisms, and immunological abnormalities, were observed in this cohort of patients.

The typical cardiac defects, such as tetralogy of Fallot, right-sided aortic arch, and
truncus arteriosus, were identified in a few patients of our cohort, whereas minor cardiac
anomalies were observed with higher frequency and uncommon defects, such as aortic
coarctation and hypoplastic left heart syndrome, were also described. Peculiar facial
dysmorphic features, such as hypertelorism, narrow palpebral fissures, epicanthal folds,
and micrognathia, were observed in all the patients of the study; furthermore, some
uncommon traits, such as wide ear pad, low set ears, flat nasal bridge, and enlarged nasal,
were also found. Hypoparathyroidism was not associated with cardiac defects, contrary to
what is reported in 22q11.2DS. Concerning the neurodevelopmental disorders, they did
not differ from 22q11.2DS, with speech and psychomotor delays being the most frequent
manifestations identified during the follow-up. The frequency of the other phenotypic
features was similar to that of typical 22q11.2DS [2,4,10,30].

The immunological profile did not substantially differ from typical 22q11.2DS, show-
ing various degrees of mild or moderate immunodeficiency, mainly related to the cell-
mediated compartment. We reported a reduced thymic output entailing low RTEs and
reduced numbers of both CD4+ and CD8+ naïve T lymphocytes. The decline in naïve and
the increase in memory T-cell populations observed in our cohort could have been due
not only to the impaired thymic output but also to the accelerated conversion of naïve to
memory phenotype, secondary to multiple mechanisms, such as infectious exposures or
homeostatic expansion, as we previously reported [31]. No severe phenotype resembling
a leaky SCID was observed in our cohort. Thymic hypoplasia and, more recently, the
immature status of the thymus (mainly referred to as an impairment of the epithelium
function) described in the majority of cases of 22q11.2DS [5,32] may have underlain the
immunological abnormalities observed in our population. We previously described a de-
fective Tregs number in 22q11.2DS [23] that, when associated with an impaired expression
of AIRE-dependent tissue-restricted antigens, leads to an impaired peripheral tolerance
and consequent escape of autoreactive T cells [32]. Conversely, the Tregs number was
normal in our patients, as well as the number of switched memory B cells, which were
reported (together with a low level of naïve T helper cells) as strong predictors for the
development of autoimmune disorders in DGs patients, particularly in their adult life [33].
Interestingly, a low level of DCs was observed in half of our patients, as we recently re-
ported in 22q11.2DS [23], most prevalently in the mDC compartment. We argue that this
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finding may contribute to the observed high susceptibility toward developing infectious
diseases and autoimmune manifestations of these patients. Concerning vitamin D status,
the limited population analyzed did not allow for investigating its relationship with the
immunological parameters, as we previously reported in 22q11.2DS. Furthermore, due
to the recognized immunomodulatory role of vitamin D, it appears reasonable to suggest
its supplementation also in these patients, as infections and susceptibility to autoimmune
diseases represent their major concern, similarly to 22q11.2DS.

Genetic assessment in our cohort revealed six patients harboring CNVs that are never
reported in normal subjects (Table 6). The genes content of these CNVs was carefully
analyzed for their correlation with the phenotypic features reminiscent of 22q11.2DS.

In subject P1, a 314 kb duplication in the 2p24.1 region, where the long intergenic
non-protein coding RNA 1876 (LINC1876) is harbored, was identified. According to Gene-
Hancer (https://genome.ucsc.edu (accessed on 25 February 2022)), LINC1876 regulates the
expression of NR4A2, a gene located distally to the duplicated region. NR4A2 encodes a
steroid–thyroid hormone-retinoid receptor, acting as a nuclear receptor (NR) transcription
factor, and is mainly expressed in neurons of several areas of the CNS where it is specif-
ically required for the development and function of the neurons. The dysregulation of
this gene has been associated with neurodevelopmental delay and intellectual disability
with or without epilepsy [34]. Altered NR4A2 expression is thought to have caused the
neurological phenotype of P1, characterized by epilepsy with psychomotor delay and
cognitive impairment. It was demonstrated that the NR4A family has a role in T cell
development from thymic differentiation to peripheral response against infections and
cancer; the overexpression of NR4A1 and NR4A3, but not NR4A2, induces thymocyte
apoptosis in vivo [35]. Although NR4A2 appears not to be involved in this mechanism, its
altered expression in our patient might contribute to determining his severe deficiency of
thymic output.

P4 and P5 patients were two sisters who exhibited a 365 kb duplication in the 20p11.22
region, including the PAX1 gene. PAX1 is a member of the paired box (PAX) family
of transcription factors that plays a critical role in human embryogenesis at the level
of pharyngeal pouches, involving the development of the thymus, tonsils, parathyroid
glands, thyroid, and middle ear [26,36,37]. PAX1 homozygous loss-of-function variants are
causative of otofaciocervical syndrome 2 with T-cell deficiency (OTFCS2) (#615560 OMIM),
which may include a severe combined immunodeficiency (SCID) due to abnormal thymic
epithelium development [26]. The main aspects of this syndrome are facial anomalies,
cup-shaped low-set ears, preauricular fistulas, hearing loss, branchial defects, skeletal
anomalies, and mild intellectual disability [24,25]. Although the effects of PAX1 duplication
are still unknown, it might alter the embryonic development of the pharyngeal region. It
is possible to hypothesize that PAX1 dosage alteration can contribute specifically to the
otolaryngological manifestations, such as the hearing loss observed in patient P5 and to
the dysmorphic auricular appendix in patient P4, as well to the hypoparathyroidism and
immunological alterations found in both sisters, which is usually observed in 22.11.2DS.

In patient P6, the coexistence of two CNVs, located on 11p15.5 and the pseudoauto-
somal regions Xp22.33/Yp11.32 was detected. The 11p15.5 duplication was rich in genes,
five of which are related to known syndromes with an autosomal recessive inheritance
(#617637, #606003, #609304, #610717, #609057 OMIM). The effects of their duplication are
unknown, but, according to their expression and function, none of them seem to influence
the patient’s phenotype.

The duplication in the pseudoautosomal region Xp22.33/Yp11.32 included SHOX,
encoding a homeodomain transcription factor involved in cell cycle and growth regulation.
SHOX deletions cause well-defined pathologic phenotypes, mainly including short stature
and skeletal abnormalities (#249700, #127300, #300582 OMIM). Recently, it was highlighted
that microdeletions encompassing this gene are a risk factor for autism spectrum disorders
and neurodevelopmental defects [27]. We outline the possible role of this variant in
determining the speech delay observed in the patient. In the human embryo, SHOX is
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expressed both in the limbs and in the first and second pharyngeal arches, from which
originate the maxilla, mandible, and several bony elements of the external and middle
ear [38]. It could be speculated that conductive hearing loss may be attributed to the
dysregulation of this gene.

In P7, a 17q21.13 deletion was identified, which is causative of the Koolen–De Vries
syndrome (KDVS #610443). KDVS has variable expressivity and a wide clinical spectrum
that can overlap with DGS. The pathologic features of the patient include neurodevel-
opmental delay, anxiety disorder with psychotic signs, as well as facial dysmorphisms
(long face, malar flatness, hooded eyelids resulting in the appearance of narrow palpebral
fissures, and bulbous nasal tip), which overlap between both syndromes [39]. The other
clinical features, such as skeletal anomalies and otolaryngological manifestations, are less
common in KDVS. Interestingly, a patient with KDVS was also identified in a previously
reported cohort of DGS without a 22q11.2 deletion [8]. The overlapping phenotypes of these
two syndromes could be attributed to an underlying common genetic pathway. The master
gene of KDVS is KANSL1, a protein-coding gene that belongs to a histone acetyltransferase
(HAT) complex. Even if direct interactions between KANSL1 and the protein-coding genes
located in the 22q11.2-deleted region have not been demonstrated, a common miRNA reg-
ulatory network has been identified. miRNAs play a role in 22q11.2DS [40]; interestingly,
it was highlighted that specific miRNAs (such as miR-106b-5p, miR-148a-3p, miR-23b-3p,
miR-17-5p, miR-149-5p, and miR-130b-3p) involved in the KANSL1 regulation also reg-
ulate DGCR14, DGCR2, TXNRD2, MRPL40, and CRKL genes, which are included in the
22q11.2-deleted region [41].

Patient P8 showed two deletions: the first in 17p13.2 harboring the WSCD1 gene
and the second one in Xq24 encompassing the CXorf56 and UBE2A genes. The clinical
effects of WSCD1 haploinsufficiency are unknown, whereas the deletion of CXorf56 and
UBE2A was related to “Intellectual developmental disorder, X-linked 107” (#301013) and
to “UBE2A deficiency syndrome” or “X-linked Nascimento-type intellectual disability
syndrome” (#300860), respectively. Developmental delay, motor delay, impaired speech,
and mild axial hypotonia, all present in P8, could be related to this Xq24 deletion. The
phenotypic spectrum of UBE2A deficiency syndrome was recently expanded, and cardiac
defects, craniofacial dysmorphisms, urogenital malformations, and hypogammaglobuline-
mia emerged as frequent features [42,43]. Therefore, the clinical spectrum of our patient,
including cardiologic and urogenital defects and facial dysmorphic features, together with
hypogammaglobulinemia, could be attributed to this deletion.

5. Conclusions

We outline that array-CGH should be used as a first-tier tool in the diagnostic work-
up of patients presenting with a phenotype resembling the 22q11.2DS. This technique
allows for identifying CNVs, whose altered gene content should be carefully examined to
understand the mechanisms leading to 22q11.2DS phenocopies. Further analysis, such as
whole exome sequencing and methylome analyses, could be considered in DGS patients in
the case of normal array-CGH.
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B.S. Genomic findings in patients with clinical suspicion of 22q11.2 deletion syndrome. J. Appl. Genet. 2017, 58, 93–98. [CrossRef]

9. Daw, S.C.; Taylor, C.; Kraman, M.; Call, K.; Mao, J.; Schuffenhauer, S.; Meitinger, T.; Lipson, T.; Goodship, J.; Scambler, P. A
common region of 10p deleted in DiGeorge and velocardiofacial syndromes. Nat. Genet. 1996, 13, 458–460. [CrossRef]

10. Cirillo, E.; Prencipe, M.R.; Giardino, G.; Romano, R.; Scalia, G.; Genesio, R.; Nitsch, L.; Pignata, C. Clinical Phenotype,
Immunological Abnormalities, and Genomic Findings in Patients with DiGeorge Spectrum Phenotype without 22q11.2 Deletion.
J. Allergy Clin. Immunol. Pract. 2020, 8, 3112–3120. [CrossRef]

11. Tobias, E.S.; Morrison, N.; Whiteford, M.L.; Tolmie, J.L. Towards earlier diagnosis of 22q11 deletions. Arch. Dis. Child. 1999, 81,
513–514. [CrossRef] [PubMed]

12. Chiappini, E.; Santamaria, F.; Marseglia, G.L.; Marchisio, P.; Galli, L.; Cutrera, R.; de Martino, M.; Antonini, S.; Becherucci, P.;
Biasci, P.; et al. Prevention of recurrent respiratory infections: Inter-society Consensus. Ital. J. Pediatrics 2021, 47, 211. [CrossRef]
[PubMed]

13. Ross, A.C.; Manson, J.E.; Abrams, S.A.; Aloia, J.F.; Brannon, P.M.; Clinton, S.K.; Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L.;
Jones, G.; et al. The 2011 report on dietary reference intakes for calcium and vitamin D from the Institute of Medicine: What
clinicians need to know. J. Clin. Endocrinol. Metab. 2011, 96, 53–58. [CrossRef] [PubMed]

14. Wagner, C.L.; Greer, F.R. Prevention of rickets and vitamin D deficiency in infants, children, and adolescents. Pediatrics 2008, 122,
1142–1152. [CrossRef]

15. Braegger, C.; Campoy, C.; Colomb, V.; Decsi, T.; Domellof, M.; Fewtrell, M.; Hojsak, I.; Mihatsch, W.; Molgaard, C.; Shamir, R.;
et al. Vitamin D in the healthy European paediatric population. J. Pediatr. Gastroenterol. Nutr. 2013, 56, 692–701. [CrossRef]

16. Cacciari, E.; Milani, S.; Balsamo, A.; Spada, E.; Bona, G.; Cavallo, L.; Cerutti, F.; Gargantini, L.; Greggio, N.; Tonini, G.; et al. Italian
cross-sectional growth charts for height, weight and BMI (2 to 20 yr). J. Endocrinol. Invest. 2006, 29, 581–593. [CrossRef]

17. Schatorjé, E.J.; Gemen, E.F.; Driessen, G.J.; Leuvenink, J.; van Hout, R.W.; de Vries, E. Paediatric reference values for the peripheral
T cell compartment. Scand. J. Immunol. 2012, 75, 436–444. [CrossRef]

18. Schatorjé, E.J.; Gemen, E.F.; Driessen, G.J.; Leuvenink, J.; van Hout, R.W.; van der Burg, M.; de Vries, E. Age-matched reference
values for B-lymphocyte subpopulations and CVID classifications in children. Scand. J. Immunol. 2011, 74, 502–510. [CrossRef]

19. Shearer, W.T.; Rosenblatt, H.M.; Gelman, R.S.; Oyomopito, R.; Plaeger, S.; Stiehm, E.R.; Wara, D.W.; Douglas, S.D.; Luzuriaga, K.;
McFarland, E.J.; et al. Lymphocyte subsets in healthy children from birth through 18 years of age: The Pediatric AIDS Clinical
Trials Group P1009 study. J. Allergy Clin. Immunol. 2003, 112, 973–980. [CrossRef]

20. Tosato, F.; Bucciol, G.; Pantano, G.; Putti, M.C.; Sanzari, M.C.; Basso, G.; Plebani, M. Lymphocytes subsets reference values in
childhood. Cytom. A 2015, 87, 81–85. [CrossRef]

21. Kohler, S.; Thiel, A. Life after the thymus: CD31+ and CD31− human naive CD4+ T-cell subsets. Blood 2009, 113, 769–774.
[CrossRef] [PubMed]

100



J. Clin. Med. 2022, 11, 2025

22. Orsini, G.; Legitimo, A.; Failli, A.; Massei, F.; Biver, P.; Consolini, R. Enumeration of human peripheral blood dendritic cells
throughout the life. Int. Immunol. 2012, 24, 347–356. [CrossRef] [PubMed]

23. Legitimo, A.; Bertini, V.; Costagliola, G.; Baroncelli, G.I.; Morganti, R.; Valetto, A.; Consolini, R. Vitamin D status and the immune
assessment in 22q11.2 deletion syndrome. Clin. Exp. Immunol. 2020, 200, 272–286. [CrossRef] [PubMed]

24. Pohl, E.; Aykut, A.; Beleggia, F.; Karaca, E.; Durmaz, B.; Keupp, K.; Arslan, E.; Palamar, M.; Yigit, G.; Ozkinay, F.; et al. A
hypofunctional PAX1 mutation causes autosomal recessively inherited otofaciocervical syndrome. Hum. Genet. 2013, 132,
1311–1320. [CrossRef]

25. Paganini, I.; Sestini, R.; Capone, G.L.; Putignano, A.L.; Contini, E.; Giotti, I.; Gensini, F.; Marozza, A.; Barilaro, A.; Porfirio, B.; et al.
A novel PAX1 null homozygous mutation in autosomal recessive otofaciocervical syndrome associated with severe combined
immunodeficiency. Clin. Genet. 2017, 92, 664–668. [CrossRef]

26. Yamazaki, Y.; Urrutia, R.; Franco, L.M.; Giliani, S.; Zhang, K.; Alazami, A.M.; Dobbs, A.K.; Masneri, S.; Joshi, A.; Otaizo-
Carrasquero, F.; et al. PAX1 is essential for development and function of the human thymus. Sci. Immunol. 2020, 5, eaax1036.
[CrossRef]

27. Tropeano, M.; Howley, D.; Gazzellone, M.J.; Wilson, C.E.; Ahn, J.W.; Stavropoulos, D.J.; Murphy, C.M.; Eis, P.S.; Hatchwell,
E.; Dobson, R.J.; et al. Microduplications at the pseudoautosomal SHOX locus in autism spectrum disorders and related
neurodevelopmental conditions. J. Med. Genet. 2016, 53, 536–547. [CrossRef]

28. Koolen, D.A.; Kramer, J.M.; Neveling, K.; Nillesen, W.M.; Moore-Barton, H.; Elmslie, F.V.; Toutain, A.; Amiel, J.; Malan, V.; Tsai,
A.C.-H.; et al. Mutations in the chromatin modifier gene KANSL1 cause the 17q21.31 microdeletion syndrome. Nat. Genet. 2012,
44, 639–641. [CrossRef]

29. Smith, E.R.; Cayrou, C.; Huang, R.; Lane, W.S.; Cote, J.; Lucchesi, J.C. A human protein complex homologous to the Drosophila
MSL complex is responsible for the majority of histone H4 acetylation at lysine 16. Mol. Cell. Biol. 2005, 25, 9175–9188. [CrossRef]

30. Sullivan, K.E. Chromosome 22q11.2 deletion syndrome and DiGeorge syndrome. Immunol. Rev. 2019, 287, 186–201. [CrossRef]
31. Piliero, L.M.; Sanford, A.N.; McDonald-McGinn, D.M.; Zackai, E.H.; Sullivan, K.E. T-cell homeostasis in humans with thymic

hypoplasia due to chromosome 22q11.2 deletion syndrome. Blood 2004, 103, 1020–1025. [CrossRef] [PubMed]
32. Marcovecchio, G.E.; Bortolomai, I.; Ferrua, F.; Fontana, E.; Imberti, L.; Conforti, E.; Amodio, D.; Bergante, S.; Macchiarulo, G.;

D’Oria, V.; et al. Thymic Epithelium Abnormalities in DiGeorge and Down Syndrome Patients Contribute to Dysregulation in T
Cell Development. Front. Immunol. 2019, 10, 447. [CrossRef] [PubMed]

33. Montin, D.; Marolda, A.; Licciardi, F.; Robasto, F.; Di Cesare, S.; Ricotti, E.; Ferro, F.; Scaioli, G.; Giancotta, C.; Amodio, D.; et al.
Immunophenotype Anomalies Predict the Development of Autoimmune Cytopenia in 22q11.2 Deletion Syndrome. J. Allergy Clin.
Immunol. Pract. 2019, 7, 2369–2376. [CrossRef] [PubMed]

34. Singh, S.; Gupta, A.; Zech, M.; Sigafoos, A.N.; Clark, K.J.; Dincer, Y.; Wagner, M.; Humberson, J.B.; Green, S.; van Gassen, K.; et al.
De novo variants of NR4A2 are associated with neurodevelopmental disorder and epilepsy. Genet. Med. 2020, 22, 1413–1417.
[CrossRef]

35. Odagiu, L.; May, J.; Boulet, S.; Baldwin, T.A.; Labrecque, N. Role of the Orphan Nuclear Receptor NR4A Family in T-Cell Biology.
Front. Endocrinol. (Lausanne) 2021, 11, 624122. [CrossRef]

36. Farley, A.M.; Morris, L.X.; Vroegindeweij, E.; Depreter, M.L.; Vaidya, H.; Stenhouse, F.H.; Tomlinson, S.R.; Anderson, R.A.;
Cupedo, T.; Cornelissen, J.J.; et al. Dynamics of thymus organogenesis and colonization in early human development. Development
2013, 140, 2015–2026. [CrossRef]

37. Bhalla, P.; Wysocki, C.A.; van Oers, N.S.C. Molecular Insights into the Causes of Human Thymic Hypoplasia with Animal Models.
Front. Immunol. 2020, 11, 830. [CrossRef]

38. Clement-Jones, M.; Schiller, S.; Rao, E.; Blaschke, R.J.; Zuniga, A.; Zeller, R.; Robson, S.C.; Binder, G.; Glass, I.; Strachan, T.; et al.
The short stature homeobox gene SHOX is involved in skeletal abnormalities in Turner syndrome. Hum. Mol. Genet. 2000, 9,
695–702. [CrossRef]

39. Dingemans, A.J.M.; Stremmelaar, D.E.; van der Donk, R.; Vissers, L.E.L.M.; Koolen, D.A.; Rump, P.; Hehir-Kwa, J.Y.; de Vries,
B.B.A. Quantitative facial phenotyping for Koolen-de Vries and 22q11.2 deletion syndrome. Eur. J. Hum. Genet. 2021, 29,
1418–1423. [CrossRef]

40. Bertini, V.; Azzarà, A.; Legitimo, A.; Milone, R.; Battini, R.; Consolini, R.; Valetto, A. Deletion Extents Are Not the Cause of
Clinical Variability in 22q11.2 Deletion Syndrome: Does the Interaction between DGCR8 and miRNA-CNVs Play a Major Role?
Front. Genet. 2017, 8, 47. [CrossRef]

41. León, L.E.; Benavides, F.; Espinoza, K.; Vial, C.; Alvarez, P.; Palomares, M.; Lay-Son, G.; Miranda, M.; Repetto, G.M. Partial
microduplication in the histone acetyltransferase complex member KANSL1 is associated with congenital heart defects in 22q11.2
microdeletion syndrome patients. Sci. Rep. 2017, 7, 1795. [CrossRef] [PubMed]

42. Cordeddu, V.; Macke, E.L.; Radio, F.C.; Lo Cicero, S.; Pantaleoni, F.; Tatti, M.; Bellacchio, E.; Ciolfi, A.; Agolini, E.; Bruselles,
A.; et al. Refinement of the clinical and mutational spectrum of UBE2A deficiency syndrome. Clin. Genet. 2020, 98, 172–178.
[CrossRef] [PubMed]
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Abstract: The epigenome bridges environmental factors and the genome, fine-tuning the process of
gene transcription. Physiological programs, including the development, maturation and maintenance
of cellular identity and function, are modulated by intricate epigenetic changes that encompass DNA
methylation, chromatin remodeling, histone modifications and RNA processing. The collection of
genome-wide DNA methylation data has recently shed new light into the potential contribution of
epigenetics in pathophysiology, particularly in the field of immune system and host defense. The
study of patients carrying mutations in genes encoding for molecules involved in the epigenetic
machinery has allowed the identification and better characterization of environment-genome inter-
actions via epigenetics as well as paving the way for the development of new potential therapeutic
options. In this review, we summarize current knowledge of the role of epigenetic modifications
in the immune system and outline their potential involvement in the pathogenesis of inborn errors
of immunity.

Keywords: epigenetics; DNA methylation; inborn errors of immunity

1. Introduction

Epigenetics is now emerging as an important tool of fine-tuning of gene transcription,
and is thus directly implicated in cell maturation and functionality. The collection of
genome-wide DNA methylation data has also recently shed new light onto the potential
contribution of epigenetics in pathophysiology and, in particular, in the field of immune
response. Here, we focus on the association between the pathogenesis of inborn errors of
immunity and alterations of epigenetic modifications. In particular, we will summarize
well-known disorders or newly identified syndromes in which disturbances of epigenetic
machinery may help explain undefined cases and that may, in turn, clarify the contribution
of the epigenome to immune system development.

2. Physiologic Roles of Epigenetics

During development, stable and heritable mechanisms, such as histone modifications
and DNA methylation, are employed for the functional regulation of gene expression [1,2].
These processes are referred to as “epigenetics”, indicating changes occurring without
a direct alteration of the DNA sequence. Under this term are included all the changes
exerted via the regulation of chromatin functions and states of activation that are critical for
the control of DNA accessibility and transcription. Indeed, the three-dimensional folding
of the nuclear genome is tightly linked to the functional DNA-dependent processes of
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replication and transcription. In particular, DNA replication is a complex and dynamic
phenomenon based on the interplay among the epigenetic signature, the transcriptional
activity and the structure of chromatin into which DNA is folded and condensed into the
nucleus [3]. The double-stranded DNA is wrapped around a core of 8 histone proteins,
including two copies of each histone, H2A, H2B, H3, and H4, forming superordinate
biomolecular structures, namely nucleosomes, that build up chromatin fibers [4] (Figure 1A).
Because of the flexibility of chromatin fibers, target DNA sequences can contact their
regulatory elements, even though they are distantly located. Chromosomes segregate
into two mutually exclusive types of chromatin, “A” and “B” compartments, including
gene-rich active and repressive chromatin, respectively [5,6]. The A compartment is located
centrally, whereas the B compartment is typically located peripherally in the nucleus [6].
Besides chromatin structure remodeling, DNA methylation, histone post-translational
modifications and non-coding RNAs (ncRNAs) are the key epigenetic factors involved in
the dynamics of transcriptional control.

Figure 1. (A) Chromosomes formed by chromatin fibers organized into nucleosomes, in which
they are wrapped around eight histone proteins (as shown in the red box, zooming in chromosome
structure). On a deeper level, DNA methyltransferases (DNMTs) act on double-stranded DNA,
adding a methyl group to the carbon 5 (5meC) of cytosine-followed-by-guanine dinucleotides,
while Ten-Eleven Translocation (TET) enzymes are responsible for demethylation, removing a 5meC
(red X in the figure). (B) The differentiation from a common progenitor, a hematopoietic stem
cell, to lymphoid and myeloid lineage, is accompanied by a wave of increasing methylation or
demethylation, respectively. DNMTs: DNA methyltransferases, TET: Ten-Eleven Translocation; HSC:
hematopoietic stem cell, CLP: common lymphoid progenitor, CMP: common myeloid progenitor,
PMN: polymorphonucleate.

For DNA methylation, a methyl group is added to the carbon 5 (5meC) of cytosine-
followed-by-guanine dinucleotides (CG or CpG sites) by DNA methyltransferases (DN-
MTs), a family of four enzymes. Unlike in mammals, bacterial methylation may also occur
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at N4 cytosine (4meC) and N6 adenine (6meA), the latter being the most prevalent in
bacteria [7].

In mammals, DNMT3A, DNMT3B and DNMT3L catalyze de novo DNA methylation
with differential kinetics and patterns during male and female gametogenesis and within
cell lineage specification in post-implantation development [8,9], while DNMT1 secures
the maintenance of DNA methylation following replication through cell division [10].

In the primordial germ cells and pre-implantation embryo, two waves of extensive
erasure involving both passive and active mechanisms occur. Consecutive cell divisions
may be followed by passive DNA demethylation, while enzyme members of the Ten-
Eleven Translocation (TET) family mediate active demethylation through the oxidation of
5-methylcytosine (5mC) to 5-formylcytosine (5fC), 5-hydroxymethylcytosine (5hmC) and
5-carboxylcytosine (5caC), followed by the replication-dependent dilution of oxidized 5mC
or the thymine DNA glycosylase (TDG)-mediated excision of 5fC and 5caC coupled with
base excision repair [10].

In general, DNA methylation is high across gene bodies and inter-genic regions, and
low at regulatory regions, such as promoters and enhancers. Once established on regulatory
regions, methylation can be repressive for transcription because it either directly inhibits
the binding of transcription factors or indirectly inhibits the activity of methyl-binding
proteins and chromatin modifiers. The methylation of gene bodies is not a repressive mark,
but it prevents spurious transcription initiation [11].

Although it is prevalent in mammals, it is worth mentioning that CpG methylation is
not the only model of methylation: evidence of non-CpG methylation sites has been found
in human embryonic stem cells, induced pluripotent stem cells and brain tissues [12,13].
Hence, novel research to ascertain its role in the maintenance of pluripotency, as well as
in the pathophysiology of cancer and neurodegeneration, has developed significantly in
recent years [14–16].

Histone marks, such as histone H3 modifications, correlate with gene expression. For
example, histone 3 lysine 4 trimethylation (H3K4me3) and/or histone 3 lysine 27 acetylation
(H3K27ac) are active marks, found at active promoters and/or enhancers. They correlate
negatively with DNA methylation and positively with gene expression [17].

Proper DNA methylation is required for normal human development [18]. Methylation
abnormalities may be associated with genetic defects involving cis-acting elements or trans-acting
factors, but can also occur in the absence of obvious genetic changes as primary epimutations;
these may represent stochastic or environment-driven errors in the establishment or maintenance
of an epigenetic program [19]. Single-locus methylation defects can be a consequence of a variant
occurring in cis, while, when multiple loci are involved, this may be due to a variant occurring in
trans. In the latter case, variants in DNMTs or mutations in chromatin modifiers or transcription
factors may alter genomic methylation [18].

In cancer, abnormal DNA methylation patterns have been frequently demonstrated,
such as the hypermethylation of tumor suppressor gene promoters or the methylation
changes of imprinted loci [20].

Recently, through the use of high-throughput screening platforms, an increasing num-
ber of disorders have been associated with specific “episignatures”, indicating that DNA
methylation analysis may represent a powerful tool for the more accurate classification of
diseases with overlapping clinical signs and for categorizing cases with unclear genetic
variants [21].

The so-called non-coding RNAs include microRNAs (mRNAs) and long-non-coding
RNAs (lncRNAs), both of which are involved in the regulation of gene expression. The
former are short molecules that bind to complementary sequences in the 3′ UTR region
of the mRNA, directly inhibiting its translation or inducing its degradation. The latter
are longer than 200 nucleotides and act by binding to histone modifiers or transcription
regulation proteins [22]

Since they play a crucial role in regulating processes such as proliferation, differ-
entiation, development, and apoptosis, it is not surprising that the disruption of their
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function is also relevant for human diseases, as uncovered by evidence gained in the field
of tumorigenesis [23].

3. Epigenetics in the Immune System

A growing body of evidence suggests that epigenetic mechanisms, including DNA methy-
lation, play a key role in hematopoiesis, contributing to the differentiation of the hematopoietic
stem cell (HSC) into different subsets of immune cells, namely towards the lymphoid and
myeloid lineages. Indeed, each cell subset exhibits a unique methylation profile, with remark-
able differences between the cells of the myeloid and lymphoid lineages [24].

DNA methylation is increased with lymphoid differentiation but reduced in myeloid
differentiation [25] (Figure 1B). Interestingly, in humans, the inactivation of DNA demethy-
lating enzymes TET has been associated with several myeloid malignancies, as myelopro-
liferation replaces cell differentiation [26].

During each step of their development, B cells undergo methylation changes in up
to one third of all their genome CpGs. In the early phases of differentiation in the bone
marrow, these changes are considered lineage-determining. Non-CpGs demethylation
occurs upon B-cell commitment in pre-B2 cells, while CpG methylation changes in effector
genes are detected in all other stages of B-cell maturation and activation after B-cell receptor
stimulation by antigen binding in the spleen [27].

DNA methylation and histone acetylation are also involved in V(D)J recombination, a
process that causes changes in chromatin structure and allows recombination steps through
the activity of RAG1/2 enzyme, which recognizes specific signal sequences [28].

As for the T-cell compartment, when the lineage choice of T cells occurs, DNA methy-
lation of the Cd4 locus is required for its repression in CD8+ cells and its expression in
CD4+ cells, as demonstrated in mouse models [29]. In the thymus, DNMT1 interaction
with FOXP3 (Forkhead Box P3) transcription factor induces Tregs development. Tregs are a
heterogeneous population of CD4-positive T cells characterized by a high expression of
CD25 and a low expression of CD127 [30]. After T cell activation, active DNA demethyla-
tion is essential for interleukin-2 (IL2) synthesis and for lineage polarization into T helper-1
(Th1), Th2, and Th17 [31,32].

DNA methylation plays a critical role in CD4+ T-cell differentiation: DNMT1 loss leads
to decreased peripheral T-cell proliferation and the increased expression of cytokines such
as IL-2, IL-3, IL-4 and IFNγ, in activated CD4+ (and CD8+) T cells, suggesting a repressive
function of DNMT1 towards cytokine production. Under TH2 polarizing conditions,
DNMT1 dissociates from the IL4 locus, enabling the demethylation of the locus and the
increased expression of IL-4 [33].

The shift to a memory-like phenotype induced in NK cells by some viral infections
may also rely on changes in the methylome profiling of promoters of cytokines, including
IL13, IL5, and IFN, which become demethylated, as observed in T-cell activation [33,34].

The role of DNA methylation machinery has also been described in the mononuclear-
phagocyte system during monocyte differentiation into macrophages and their polarization
to a “M1” state or an anti-inflammatory “M2” phenotype, as well as in keeping the neu-
trophil phenotype fully differentiated [35].

Extensive mRNA expression profiling has widely demonstrated how hematopoiesis
and cell lineage commitment are also accompanied and orchestrated by changes in mRNA
signatures [36]. For instance, relevant steps in both T- and B-cell lymphopoiesis rely on
gene regulation by specific sets of miRNA [37]. Notably, hematopoiesis also undergoes
regulation by lncRNAs that stimulate the proliferation and differentiation of erythroid
progenitors by targeting GATA1, TAL1 and KLF1, as well as granulocyte differentiation,
thanks to HOTAIRM1, that acts as a regulator of cell cycle [38–40].

4. Epigenetic Alterations in Inborn Errors of Immunity

Since the proper establishment of DNA methylation patterns is necessary for the dif-
ferentiation of cells of the immune system, the impairment of DNA methylation machinery
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results in immune dysfunction and diseases. Historically known as primary immunod-
eficiencies, Mendelian disorders of the immune system are now referred to as Inborn
Errors of Immunity (IEI), a more precise and wider definition that takes into account the
traditionally known feature of increased susceptibility to infections along with remarkable
immune dysregulation and/or hyperinflammation [41,42]. More than 400 genes have been
included in the most recent classification of by the International Union of Immunological
Sciences [43,44]. In the following sections, we review the potential involvement of epige-
netic alterations in the pathogenesis of some inborn errors of immunity, whose features are
summarized in Table 1.

Table 1. Representative gene defects causing epigenetic changes and immunological alterations
within defined syndromes.

Humoral
Immunity

Disorder
Altered

Epigenetic
Mechanism

Genes
Major Immunological

Alteration

CVID DNA
methylation

PAX5,
PIK3CD,
BCL2L1,

RPS6KB2,
TCF3,

KCNN4

Agammaglobulinemia,
impaired response to vaccines,

autoimmunity, CLD,
enteropathy

ICF1 DNA
methylation DNMT3B

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

ICF2 DNA
methylation ZBTB24

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

ICF3 DNA
methylation CDCA7

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

ICF4 DNA
methylation HELLS

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

KS1 Histone
modification KMT2D Hypogammaglobulinemia,

autoimmune cytopenia

KS2 Histone
modification KDM6A Hypogammaglobulinemia,

autoimmune cytopenia

Adaptive
immunity

22q11.2 DS

DNA
methylation
Non-coding

RNAs

TBX1 Lymphopenia, recurrent
infections, autoimmunity

Schimke
immuno-
osseous

dysplasia

Chromatin
remodeling SMARCAL1 Lymphopenia, recurrent

infections

Immune dys-
regulation

TET2 loss-of-
function

DNA
methylation TET2

Hepatosplenomegaly,
lymphadenopathy,

autoimmunity
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4.1. Inborn Errors of Humoral Immunity

Common Variable Immunodeficiency (CVID) is a heterogeneous group of disorders
characterized by hypogammaglobulinemia and impaired response to vaccinations. CVID
is characterized by marked genetic and phenotypic heterogeneity and monogenic variants
have been identified in no more than 10% of patients [45]. Thus, the majority of CVID
patients lack a monogenic basis and a polygenic origin may be assumed in most cases. Since
a genetic diagnosis of CVID can be achieved only in a small percentage of patients [46],
epigenetic alterations, such as DNA methylation and histone modifications, may be theo-
retically envisioned as potential mechanisms implicated in genetically undefined cases, as
a few studies, described below, seem to suggest.

In the early stages of B cell differentiation, during the transition from pro-B to pre-
B cells, an alteration in DNA methylation occurs, especially in intragenic and intronic
regions [47] closely associated with transcription factor sites related to B cell development,
such as EBF1, E2F, and PAX5 [48]. Tallmadge et al. analyzed the transcriptome sequencing
of horses affected by CVID, revealing a significant down-regulation in PAX5 expression. The
suspicion of an epigenetic mechanism responsible for this down-regulation was confirmed
by the analysis of the epigenomic profile, which revealed a hypermethylation of the PAX5
enhancer in the bone marrow of CVID-affected horses [49].

However, the most important alterations in DNA methylation are observed in the
transition from naïve B cells to germinal center memory and plasma cells. B-cell differ-
entiation is associated with a gradual DNA demethylation [27], with a similar grade of
DNA methylation in memory and plasma cells, although these two cell lines have different
transcriptional profiles [50]. A study on CVID-discordant monozygotic twins revealed an
increase in the DNA methylation of critical B lymphocyte genes, such as PIK3CD, BCL2L1,
RPS6KB2, TCF3 and KCNN4 in the affected sibling, as compared to the healthy sibling. This
hypermethylation, observed in both unswitched- and switched-memory B cells, led to a
down-regulation of those genes and, consequently, to B cell dysfunction [51].

In another study, the DNA methylome of CVID patients was compared with that
of healthy donors, underpinning the hypothesis that altered demethylation during B cell
differentiation may contribute to the pathogenesis of CVID, with a reduction in memory B
cells paralleling the degree of demethylation impairment [51].

Immunodeficiency with centromeric instability and facial anomalies syndrome (ICF)
is a rare disease caused by biallelic mutations in DNA methyltransferases, characterized by
instability of the pericentromeric heterochromatin of chromosomes 1, 9 and 16, peculiar
facial anomalies and immune deficiency. The latter may have a variable degree of sever-
ity, ranging from complete agammaglobulinemia to decreased levels of single classes of
immunoglobulins, lymphopenia, T-cell proliferative response [52–54] and, rarely, autoim-
munity [52]. Recurrent respiratory and gastrointestinal infections are typical features.

ICFs are classified according to genetic defects in ICF1, ICF2, ICF3 and ICF4, due to
mutations in the DNMT3B, ZBTB24, CDCA7 and HELLS genes, respectively [55–57].

As for ICF1, most patients harbor mutations in the catalytic domain of DNMT3B and
show hypomethylation of DNA at determined noncoding repetitive sequences and genes
located in inactive heterochromatin, causing chromatin decondensation and chromosomal
instability [58]. It has been hypothesized that dysregulated DNA methylation underlies an
abnormal maturation of B cells and the generation of immunologic memory [59]. Indeed,
lymphoblastoid B cell lines from patients with ICF1 show an impaired expression of
the genes involved in critical processes such as lymphocyte signaling, maturation and
migration. When compared with controls, almost half of these genes appear to be up-
regulated. Additionally, the finding of an increased histone trimethylation at lysine-4,
H3K4me3 supported this hypothesis [59].

ZBTB24 is another regulator of hematopoietic development and, being highly ex-
pressed in naïve B cells, has a paramount role in B-cell differentiation [60]. In ICF patients
with ZBTB24 mutations, a normal number of total B lymphocytes, as well as naïve and
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unswitched-memory B cells, has been described, associated with a decrease in switched-
memory B cells [53].

Finally, the HELLS gene, causing ICF4, encodes a lymphoid-specific, ATP-dependent,
chromatin-remodeling enzyme, which forms a complex with CDC7A protein, whose
gene defect underlies ICF3. Together, they activate chromatin-remodeling activity and,
presumably, as in mouse models, exert epigenetic control over B cell development [61].

Kabuki syndrome (KS), a rare, multisystemic genetic syndrome associated with an
immune disorder, has an estimated prevalence of 1:30,000–1:40,000 individuals. It is
characterized by typical facial features, mild-to-moderate developmental delay, cardiac,
skeletal and/or renal malformations and immunological abnormalities [62]. Children
with KS might share some immune system abnormalities overlapping with CVID, such
as hypogammaglobulinemia, increased susceptibility to upper and lower respiratory tract
infections and a higher risk of lymphoproliferation [63]. Autoimmune manifestations
have also been reported, the most common being autoimmune thrombocytopenia, with
or without hemolytic anemia, followed by thyroiditis, celiac disease and vitiligo [64,65].
Seventy percent of KS cases are caused by mutations in the histone methyltransferase
KMT2D [66], whereas the remaining cases are due to mutations in the histone demethylase
KDM6A [67]. Both genes contribute to gene expression during embryogenesis. In particular,
KMT2D is a lysine H3K4 mono-methyltransferase belonging to the SET domain containing
1/Mixed-Lineage Leukemia (SET1/MLL) protein family, whereas KDM6A acts on H3K27-
methylated lysine to remove a repressive mark [68]. Antibody deficiency, as well as a
reduction in B cells, total-memory B cells and class-switched-memory B cells, have been
detected in KS patients [69].

The immune defects described in KS patients may depend on a loss of H3K4 methy-
lation occurring at crucial transcription factors, dysregulating T and B lymphocyte dif-
ferentiation. KMT2D loss-of-function might also cause a direct alteration of the antibody
maturation, reducing the efficiency of class-switch recombination, while autoimmunity
may derive from B-cell tolerance breakage or defective Treg generation [70].

4.2. Inborn Errors of Adaptive Immunity

The 22q11.2 Deletion Syndrome (22q11.2 DS) is the most common chromosomal mi-
crodeletion disorder. It is characterized by a wide phenotypic spectrum and includes
multi-organ defects with congenital heart disease, immunodeficiency, hypoparathyroidism,
genitourinary problems, palatal abnormalities, developmental delay and psychiatric symp-
toms [71]. So far, no single gene has been identified to explain all the features of 22q11.2DS
and epigenetic mechanisms have been proposed to explain the clinical variability [72]. The
phenotype of 22q11.2 DS could be the sum of the haploinsufficiency of 22q11.2 genes, as
well as histone and DNA methylation defects [73]. TBX1 (T-box 1) is the main candidate
gene to explain the disease manifestations and it is involved in chromatin accessibility and
transcriptional regulation [74]. TBX1 was found to co-localize with three H3K4 methyl-
transferases in ChIP–Western blot analyses of co-immunoprecipitation experiments. In
mouse models, Tbx1 haploinsufficiency is associated with a global reduction in H3K4me1
histone monomethylation levels, causing the differential expression of some protein-coding
genes [75]. A genome-wide DNA methylation analysis conducted on 22q11.2DS patients
by Rooney et al. [73] led to the identification of 160 differentially methylated CpG probes,
retained for the epigenetic signature of the syndrome. Moreover, the DNA methylation
profile described was different in patients carrying typical deletions as compared to patients
with atypical distal deletions. Identifying the target genes and functional consequences of
the histone and DNA methylation alteration in 22q11.2 DS will help to better understand
the pathogenesis of the syndrome.

The dysregulation of miRNAs and lncRNAs due to microdeletion may also partially
account for the heterogeneity of the immunological and clinical phenotypes of the syndrome.
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Moreover, a reduced function of miR1857, among others, may contribute to a decreased
expression of Bruton’s tyrosine kinase (Btk) and marginal-zone B1 protein (Mzb1), thus
explaining a subsequent reduction in memory B cells [72].

Schimke immuno-osseous dysplasia (OMIM 242900) is an autosomal recessive disor-
der, due to mutations in SMARCAL1 gene encoding SWI/SNF-related, matrix-associated,
actin-dependent regulator of chromatin, subfamily A like 1, a chromatin-remodeling en-
zyme. The function of SMARCAL1 is to regulate transcription through chromatin remodel-
ing [76]. The clinical phenotype includes: dysmorphic features, short stature with skeletal
abnormalities, such as spondyloepiphyseal dysplasia and exaggerated lumbar lordosis;
and arteriopathy. Impaired kidney function and immune deficiency consisting in recurrent
bacterial, viral, or fungal infections have also been reported [77]. Laboratory tests show
lymphopenia, absent mitogen-induced proliferation response, reduced CD8 and CD3/CD4
T cells [78]. Loss-of-function mutations in SMARCAL1 may lead to genome instability, since
the enzyme recognizes transitions from single- to double-stranded DNA.

4.3. Inborn Errors of Innate Immunity

No studies of the methylation changes that could occur in this subgroup of disorders
have been conducted. However, given that the signaling pathways affected in these
diseases, such as that of TLR4, have been described in some cases to cause modifications in
DNA methylation, it is conceivable to hypothesize that DNA methylation may potentially
exert a mechanistic role in the pathogenesis of undefined disorders or, putatively, in
modulating the natural history.

Mendelian susceptibility to Mycobacterial disease (MSMD) is a rare inherited condi-
tion characterized by selective predisposition to clinical disease caused by weakly virulent
mycobacteria, such as bacillus Calmette–Guerin vaccines and non-tuberculous environ-
mental mycobacteria [79] in otherwise healthy patients with no overt abnormalities in
routine hematological and immunological functionality. MSMD patients are also at higher
risk of tuberculosis, salmonellosis, candidiasis and, more rarely, to infections with other
intra-macrophagic bacteria, fungi, or parasites [80]. Nine MSMD-causing genes, including
seven autosomal (IFNGR1, IFNGR2, STAT1, IL12B, IL12RB1, ISG15 and IRF8) and two
X-linked (NEMO and CYBB) genes, have been described so far; all are involved in IFN-γ-
dependent immunity [81]. Pacis et al. showed that the Mycobacterium tuberculosis infection
of dendritic cells induces rapid loss of DNA methylation at distal enhancers that activate
master immune transcription factors (including nuclear factor-kB and members of the
Interferon Regulatory Factor family), suggesting an important role for DNA methylation in
regulating innate immune responses [82,83].

4.4. Inborn Errors of Immunity with Immune Dysregulation

Bi-allelic loss-of-function variants in TET2 in humans have been associated with im-
munodeficiency and autoimmune lymphoproliferative syndrome (ALPS)-like phenotypes
with remarkable predisposition to lymphoma [84]. TET2 is a crucial epigenetic regulatory
factor in hematopoietic cells, facilitating demethylation by oxidizing 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC) and other oxidation products. Loss-of-function
mutations in TET2 are responsible for DNA methylation increases in hematologic cells,
thus accounting for the failure of the controlled development of B cells and the expansion of
double-negative T cells [85]. In Tregs, TET is implicated in the stability of Foxp3 molecules.
The haploinsufficiency of TET2 is related to hematological neoplasia. However, it should
be mentioned that TET2 mutations also occur in healthy subjects with clonal hematopoiesis,
implying that they are sufficient to induce cancer alone [86,87]. Extrinsic factors, namely
infections through hyperinflammation, seem to be co-factors in carcinogenesis.

The activity of activation-induced cytidine deaminase (AID) is hampered in TET2-/-
mice, leading to abnormal demethylation. Altogether, these changes impair the transcrip-
tion of genes critical for germinal center exit, antigen presentation and the differentiation of
germinal center B cells, concurring with the development of diffuse large B-cell lymphomas.
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Therefore, it is conceivable to presume that TET2 has a crucial role in cell proliferation and
differentiation [87].

TET proteins are also essential for specific points of B cell development, such as the
transition from pro-B to pre-B and the differentiation of plasma cells [88].

5. Conclusions

Gene expression in the immune system is tightly regulated by epigenetic processes,
including DNA methylation, chromatin remodeling and histone modifications, that or-
chestrate development, maturation and cell lineage commitment. In line with this, specific
DNA methylation signatures and histone modification patterns can be detected for each
cell population.

Next-generation sequencing technologies have enabled the identification of several
new forms of IEI, surprisingly changing the scenario and expanding the knowledge of their
molecular basis. Nonetheless, a genetic etiology still needs to be elucidated for many of
them; hence, it is reasonable that alterations to the epigenetic mechanisms that control the
transcription of genes involved in immune response may contribute to the pathogenesis of
at least some of these disorders.

In addition, although most genetic IEIs are paradigmatic examples of monogenic
disorders, a broad spectrum of severity and clinical phenotypes is widely recognized.
Therefore, epigenetic signatures may be implicated in the regulation of disease expressivity
and penetrance, possibly expanding the phenotype.
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Abstract: Transcription factors are an extremely important group of proteins that are responsible
for the process of selective activation or deactivation of other cellular proteins, usually at the last
stage of signal transmission in the cell. An important family of transcription factors that regulate
the body’s response is the FOX family which plays an important role in regulating the expression of
genes involved in cell growth, proliferation, and differentiation. The members of this family include
the intracellular protein Foxp3, which regulates the process of differentiation of the T lymphocyte
subpopulation, and more precisely, is responsible for the development of regulatory T lymphocytes.
This protein influences several cellular processes both directly and indirectly. In the process of
cytokine production regulation, the Foxp3 protein interacts with numerous proteins and transcription
factors such as NFAT, nuclear factor kappa B, and Runx1/AML1 and is involved in the process of
histone acetylation in condensed chromatin. Malfunctioning of transcription factor Foxp3 caused
by the mutagenesis process affects the development of disorders of the immune response and
autoimmune diseases. This applies to the impairment or inability of the immune system to fight
infections due to a disruption of the mechanisms supporting immune homeostasis which in turn
leads to the development of a special group of disorders called primary immunodeficiencies (PID).
The aim of this review is to provide information on the role of the Foxp3 protein in the human body
and its involvement in the development of two types of primary immunodeficiency diseases: IPEX
(Immunodysregulation Polyendocrinopathy Enteropathy X-linked syndrome) and CVID (Common
Variable Immunodeficiency).

Keywords: Foxp3; IPEX; CVID; primary immunodeficiencies

1. Introduction

Transcription factors are a group of proteins that exhibit the ability to bind to genetic
material (DNA). The site of attachment of transcription factors in the DNA region may
be a promoter or an enhancer sequence in a specific site or region that regulates the tran-
scription process. The action of transcription factors can be selectively activated in the
cell or deactivated by other cellular proteins which usually takes place at the last stage of
signal transmission in the cell [1]. One of the more important families among transcription
factors is the FOX family, which plays an important role in regulating the expression of
genes involved in cell growth, proliferation, and differentiation. This family includes the
Foxp3 protein (Forkhead box protein P3) which is not only a transcription factor but also
a key molecule involved in the development of regulatory T cells (Treg) [2,3]. It plays an
important role in maintaining the homeostasis of the immune system, enables the com-
plete stability of the Treg lineage, and directly modulates the expansion and function of
conventional T-cells [3,4]. The Foxp3 protein can act both as a repressor and activator of
the transcription process, while the type of its activity depends on its interaction with
other transcription factors present in the cell [4]. Disturbances in the proper functioning
of the Foxp3 protein in the human body (usually caused by mutations within the coding
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sequences) dysregulate the immune homeostasis and leads to the development of diseases
called immunodeficiencies [5,6]. This is a special group of disorders in which the patient’s
immune system is characterized by a reduced ability or lack of defense against various
pathogens. It is manifested by frequent, recurrent infections with microorganisms (bac-
teria, viruses, fungi) that are resistant to long-term therapy [7]. In the vast majority of
cases it is caused by microbes commonly inhabiting the human body which, as a result
of weakened immune reactions, cause the so-called opportunistic infections [8]. Apart
from the tendency of recurrent infections, immunodeficiency is also accompanied by other
health problems such as allergic phenomena [9], autoimmune phenomena [10,11], granulo-
mas [12], tumors [13,14], endocrine disorders [15,16], and various cytopenias (most often
thrombocytopenia [17] and neutropenia [18,19]) as well as diseases of the lungs [20] and
gastrointestinal tract [21] (e.g., irritable bowel syndrome) [22,23]. Due to the underlying
causes of immunodeficiencies, we can divide them into two groups: Primary Immunodefi-
ciencies (PID), which are genetically determined and associated with mutations that are
either inherited or appear de novo and Secondary Immunodeficiencies (SID), which are
caused by external factors or the presence of comorbid disease [24,25].

The aim of this review is to present the role of the Foxp3 transcription factor in the hu-
man body in maintaining immune homeostasis and its significance during the development
of immunodeficiency. Due to the Foxp3 protein’s involvement in the regulation of tran-
scription, we will try to explain its role in the development of primary immunodeficiency
diseases that are strongly associated with genetic disorders.

2. Molecular Characterization of the Foxp3 Protein

The human FOXP3 gene is located on the X chromosome, more specifically, by genomic
sequence analysis, it was shown to be on the p arm at position Xp11.23 [26,27]. The gene
is composed of 12 exons whose exon-intron boundaries are identical in the gene coding
regions of both mice and humans [28]. The degree of nucleotide sequence identity between
these organisms is 84.98% [26–28]. The FOXP3 gene is responsible for the encoding of a
protein product composed of 431 amino acids with a total molecular weight of 47.27 kDa
and an isoelectric puncture of 8.62 (Table 1). The analysis of the protein sequence in the
Foxp3 protein showed that its structure contains 47.33% hydrophobic amino acids and
52.67% hydrophilic amino acids (Table 1). According to the literature, the Foxp3 protein
can also occur in the human body in the form of three other isoforms: isoforms 2, 3, and
4 [29]. They differ mainly in amino acid length and molecular weight which changes the
amino acid composition, isoelectric point, and secondary structure of the protein. Our
research team performed a detailed analysis of the similarity of the amino acid sequence of
the Foxp3 protein and its three isoforms using the UniProt database. The differences made
on this basis are shown in Table 1 and Figure 1.

Table 1. Characteristics of the basic properties of the Foxp3 protein and its isoforms.

Name

Amino
Acid

Length

Mass
[kDa]

Isoelectric
Point

Amino Acid Composition Secondary Structure

Protein IDHydrophobic
Amino

Acids [%]

Hydrophilic
Amino

Acids [%]
α-Helix β-Starnad

Foxp3 431 47.24 8.62 53.60 46.40 12 (26.15%) 10 (6.26%) Q9BZS1
Isoform2 396 43.41 8.53 52.27 47.73 10 (25.25%) 9 (5.55%) Q9BZS1-2
Isoform 3 456 49.84 8.00 53.51 46.49 14 (27.41%) 10 (6.56%) Q9BZS1-3
Isoform 4 404 44.41 8.52 53.47 46.53 12 (24.50%) 11 (7.43%) Q9BZS1-4
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Figure 1. Characterization of the amino acid sequence of the Foxp3 protein and its isoforms (A) Com-
parison of the amino acid sequence of the Foxp3 protein and its isoforms; (B–E) Amino acid scald of
Foxp3 protein and its isoforms [own elaboration]. Marks: (*) means the amino acids are identical in
the sequence, while (-) means the lack of amino acids in the sequence.

For isoform 2, 34 amino acids are missing from the Foxp3 protein sequence (located at
positions 72–106). The same is the case for isoform 3 where at position 382, a fragment con-
sisting of 61 amino acids (-KVSSSEVAVTGMASSAIAAQSGQAWVWAHRHIGEERDVGCW
WWLLASEVDAHLLPVPGLPQ-) is also added [29]. Additionally, between the Foxp3 pro-
tein and isoform 4, there is a difference of 26 amino acids located between amino acids
246–272 which determines the highest degree of sequence identity. The degree of identity
of the amino acid sequence of the Foxp3 protein and its isoforms is quite diverse and ranges
from 75.15% (between isoforms 3 and 4) to 93.73% (between the Foxp3 protein and isoform
4). Detailed information on the degree of amino acid sequence identity between individual
proteins is provided in Table 2.

Table 2. The degree of identity of the amino acid sequence of the Foxp3 protein and its isoforms.

Foxp3 Isoform 2 Isoform 3 Isoform 4

Foxp3 - 91.88% 80.65% 93.73%
Isoform 2 91.88% - 86.84% 85.61%
Isoform 3 80.65% 86.84% - 75.15%
Isoform 4 93.73% 85.61% 75.15% -

Foxp3 isoforms differ not only in their structure and the degree of similarity of the
amino acid sequence but also in their ability to interact with different proteins. The Foxp3
protein is able to interact with the IKZE3 protein (via the LXXLL motif), while as reported
in the literature, isoform 2 does not [4,30]. It has been shown that it is able to interact with
the ZFP90 protein and create complexes with the TRIM28 protein [31]. However, further
research is needed to understand the differential function of Foxp3 isoforms.

The Foxp3 protein has several distinctive motifs in its structure. Two of them, located
between amino acids 68–76 and amino acids 239–248, are nuclear export signals which are
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short peptides containing hydrophobic residues targeted for export from the cell nucleus
into the cytoplasm through the nuclear pore complex (Figure 2) [32]. Another example is
the LXXLL motif, located between amino acids 92–96, which is involved in many protein-
protein interactions related to various aspects of transcription regulation (Figure 2) [33–35].
These motifs are present in many transcription factors and cofactors, mediating interactions
that may activate or suppress transcription [36,37]. Several recently reported 3D structures
of protein-LXXLL motif complexes have been associated with leukemia, further high-
lighting the diversity and regulatory importance of this seemingly simple motif [36,38,39].

Figure 2. Motifs and domains occurring in the amino acid sequence of the Foxp3 protein (own
elaboration based on the Uniprot database [29]).

Another motif located between amino acids 414–417 is the nuclear localization signal
which is an amino acid sequence that “tags” a protein for import into the cell nucleus via
nuclear transport (Figure 2). Typically, this signal consists of one or more short sequences of
positively charged lysines or arginines exposed on the protein surface [40]. Two extremely
important domains within the sequence of this protein should also be noted. The first is a
zinc finger domain of 26 amino acids located in the region between amino acids 197 and
222 (Figure 2). It is a structure found in DNA binding proteins and is directly involved in
the binding of a nucleic acid molecule by a protein [41]. The presence of the zinc ion (Zn2+)
in the domain is crucial for the stability of the entire structure as its absence may result in
structural and functional changes. The zinc atom in this structure is coordinated by residues
C198, C203, H216, H221, and partially by D220 [42,43]. Near the zinc finger domain, there
is another leucine zipper motif (239–260 amino acids) which is very important due to the
functions performed by the Foxp3 protein [44,45]. This motif mediates intermolecular
interactions, indicating the possible interaction in the dimerization process which is the
essential function of the transcriptional regulator [45]. As indicated by research data, this
motif is involved not only in homo-association but also in hetero-association with the
Foxp1 protein [44,45]. Additionally, it has been shown that the presence of mutations
within the leucine zipper motif can significantly reduce the binding affinity of the Foxp3
protein to the promoter regions in vitro [42]. The discoveries made by Mackey-Cushman
et al., (2011) showed that the leucine zipper motif also mediates interactions between the
Foxp3 protein and histones (the H1.5 histone, precisely) which suppress interleukin 2 (IL-2)
transcription in T cells [46]. It should also be mentioned that the zinc finger motif is not
directly involved in the dimerization process and the very mechanism of this process is
not fully understood [42]. The second extremely important structure is the domain called
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“fork-head”, which is often described as the transcription factor, whose purpose is to bind
DNA. In the case of the Foxp3 protein, this domain is 87 amino acids long and is located
between amino acids 337–423 in the sequence (Figure 2) [47,48]. It is involved in the protein
dimerization process and its interaction with nuclear factor NFATC2 is responsible for
activating T cells [49]. The NFATC2 protein is present in the cytosol and translocates only
to the nucleus upon stimulation of the T-cell receptor (TCR) where it becomes a member of
the nuclear factors of the activated T-cell transcription complex. This complex plays a key
role in inducing gene transcription during the immune response [49,50].

3. The Occurrence, Interactions, and Importance of the Foxp3 Protein in the
Human Body

3.1. The Occurrence of Foxp3 Protein on Cells of the Immune System and Its Functions in the
Human Body

Treg cells belong to the subpopulation of lymphocytes responsible for suppressing
an overly increased or autoreactive immune response, which may be specific or non-
specific for a given antigen, without causing general immunodeficiency [51,52]. It is an
extremely heterogeneous population with several subpopulations of cells with different
levels of Foxp3 protein expression (Table 3) [53]. Treg cells expressing Foxp3+ can also
be divided into two smaller subpopulations according to the origin of the cells. The first
one is natural Treg lymphocytes (nTreg), which are formed in the thymus as a separate
developmental line, while the second is induced (adoptive) Treg lymphocytes (iTreg or
aTreg) [54,55]. The latter are Treg cells arising in peripheral tissues which initially do not
express the Foxp3 factor but acquire it along with suppressive properties upon stimulation
with an appropriate antigen. Natural nTreg lymphocytes express CTLA-4 (cytotoxic T
cell antigen 4) [56], GITR (glucocorticoid-induced TNFR-related protein) [57], CCR4 (CC
chemokine receptor type 4) [58,59], and CD62L (L-selectin) [60]. The formation of nTreg
and iTreg lymphocytes requires the presence of interleukin 2 (IL-2) and transforming
growth factor beta 1 (TGF-β) [61]. The similarities in the role of these cytokines in the
maintenance and survival of both Treg lymphocyte populations are crucial. nTregs develop
in response to contact with intrinsic antigens in the thymus and require high affinity
between these antigens and MHC complexes [62,63]. This is probably because they arise
from continuously proliferating precursor cells. They also require costimulation with CD28
(cluster of differentiation 28) which also plays an important role in the process of inducing
the expression of the CTLA-4 molecule in T lymphocytes which can inhibit the CD28 signal
and thus, is responsible for the negative feedback mechanism [64,65]. On the other hand,
iTreg, through interactions with environmental antigens presented by dendritic cells in
peripheral lymphoid organs and their conversion to iTreg CD25+Foxp3+, requires weaker,
incomplete TCR stimulation [66]. Foxp3 protein is also known to convert naive T cells into
Treg cells that are capable of suppression in vivo and in vitro, suggesting that Foxp3 can
regulate the expression of suppression-mediating molecules [53]. Elucidation of Foxp3
gene targets may be crucial for understanding the Treg cell suppressive capacity [67–69].

Table 3. Treg lymphocyte subpopulations (based on [70]).

Name of the Subpopulation Characteristics

Expressing
Foxp3

T lymphocytes
CD4+CD25+Foxp3+

The most widely studied and characterized sub-population of regulatory cells.
Characterized by the expression of the Foxp3 transcription factor and

accompanied by a high expression of the CD25 surface molecule.
T lymphocytes

CD8+CD25+Foxp3+
A subpopulation of CD8+ T cells that are much less well understood than

CD4+Foxp3+ cells.

Not
expressing

Foxp3

Type 1 regulatory T cells (Tr1) Cells with the CD4+Foxp3− phenotype secreting significant amounts of IL-10.
Th3 lymphocytes CD4+Foxp3− cells secreting significant amounts of TGF-β.

CD8+CD28− lymphocytes identified with pre-Ts lymphocytes that also do not express Foxp3.
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Another group of immune system cells in which the Foxp3 protein is expressed is
NKT cells [71]. This is a group of innate lymphocytes capable of producing cytokines
characteristic for a Th1, Th2, or Th17 response [72,73]. They have also been confirmed to
influence adaptive immunity by exacerbating or suppressing a variety of immune disorders
such as autoimmunity and allergy. As mentioned before, Treg cells are characterized by
strong immunosuppressive properties and expression of the Foxp3 transcription factor and
constitute a key element in maintaining immune homeostasis in the human body. Studies
from recent years have shown that NKT cells, like Treg cells, contribute to the maintenance
of immune tolerance and are also capable of the Foxp3 protein expression. From animal
model studies, scientists were able to establish that NKT cells in the lymph nodes of α-
galactoceramide-stimulated mice increased the ability to express Foxp3 in response to
TGF-β. However, further research is needed to use Foxp3+ NKT cells for therapeutic
purposes in the treatment of immune response disorders [74,75].

In addition to T cells, expression of the Foxp3 protein is also observed on B cells. Reg-
ulatory B cells, which are characterized by the production of anti-inflammatory cytokines
(e.g., IL-10 and IL-35), also contribute to the enhancement of the immune homeostasis in
the human body [74]. Recent research has shown that some B cells are also capable of
expressing the Foxp3 protein [76]. They are usually observed in patients diagnosed with
multiple sclerosis [77] or in patients with systemic lupus erythema where their increased
amount correlates with disease progression [78,79]. A study by Slobodin et al. (2010) shows
that the percentage of Breg cells in the peripheral blood of SLE patients is higher than that of
healthy controls and that Bregs have been shown to be functionally impaired. Additionally,
they showed that with the expansion of CD25highIL-10highFoxP3high B regulator cells, in-
creased disease activity occurs [80]. However, the current literature reports do not provide
important information regarding the exact role of the Foxp3 protein on B lymphocytes and
its role in the regulation of inflammation [70,81]. The subject of Foxp3 protein expression
on cells of the immune system is quite debatable and requires a lot of research to fully
understand the importance and role of this protein in the human body.

3.2. Interactions of Foxp3 Protein with Proteins and Transcription Factors

The Foxp3 protein plays an important role in the regulation of cytokine production
through interaction with numerous proteins and transcription factors such as NFAT, nu-
clear factor kappa B (NF-κB, kappa-light-chain-enhancer of activated B cells) [82], and
Runx1/AML1 (Runt-related transcription factor 1/acute myeloid leukemia 1 protein), also
known as acute myeloid leukemia 1 protein (AML1) [83] or alpha-core binding factor 2
(CBFA2) subunit [84]. Transcription factors NFAT and Runx1/AML1 are necessary for the
production of IL-2 following TCR receptor stimulation. The association of the Foxp3 protein
with these factors inhibits the expression of IL-2, IL-4, (which are pro-inflammatory cy-
tokines), and IFN-γ [85]. In vivo, the transcription factor NFAT, which is required to bind to
the proximal region of the promoter for IL-2, participates in direct interactions with the fork-
head domain of the Foxp3 protein [82]. These interactions are also necessary to stimulate
the expression of some Treg lymphocyte antigens, such as CD25 or CTLA-4 [82,86,87]. CD25
is the alpha chain of the interleukin 2 receptor and is transiently expressed on activated T
and B lymphocytes and constitutively present on Treg cells. The presence of this protein
was also found on dendritic cells, fibroblasts, and endothelial cells [88,89]. In contrast,
CTLA-4 is a protein receptor that acts as a checkpoint for immune responses. This protein
is constitutively expressed in Treg lymphocytes, but when activated, it is only up-regulated
in conventional T lymphocytes; this phenomenon is particularly evident in the case of
neoplastic disorders [86,90]. The interaction of the Foxp3 protein with the Runx1/AML1
factor (association between the “fork-head” domain and the leucine zipper) consists of
the attachment of this complex to the IL-2 promoter region. It should also be noted that
the Foxp3 protein also participates in interactions with other members of the FOX family
where it forms complexes capable of inhibiting the expression of selected genes [91]. The
formation of either homodimeric or heterodimeric Foxp3 protein complexes occurs when a
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leucine zipper is used which associates with the IL-2 promoter in vivo. Scientific studies
have also shown that the multimerization of the Foxp3 protein is extremely important for
the proper functioning of Treg lymphocytes [92–95].

The N-terminus of the Foxp3 protein also has properties to inhibit the transcriptional
activity of the NFAT factor and is necessary for the inhibition of IL-2 production by T
cells. Studies have shown that the association of the Foxp3 protein with the IL-2 and
IFN-γ promoters correlates with the process of hypoacetylation (low level of acetylation)
of histones in condensed chromatin [4,96]. The binding of the Foxp3 protein to the CD25
and CTLA-4 promoter sequences, with the simultaneous hypoacetylation of condensed
chromatin histones, suggests a direct mechanism of transcription activation [97–99].

In Treg cells, the Foxp3 protein is present as a part of a large complex that also includes
histone acetyltransferases (HAT) and histone deacetylases (HDAC) [100,101]. The process
of acetylation and deacetylation is one of the post-translational modifications of histones,
involving lysine residues located at the N-terminus (protruding from the nucleosome
core), which is an epigenetic mechanism for the control of gene expression. The enzymes
catalyzing the reversible acetylation of histones are HAT and HDAC [102]. Research
conducted in recent years has allowed us to establish that the former simultaneously act as
coactivators of transcription, while the latter is its corepressors. Thus, it is possible to prove
the relationship between the covalent modification of chromosomal proteins (acetylation
of core histones) and gene expression. HAT and HDAC enzymes are responsible for
the acetylation process of the Foxp3 protein and thus determine the functions of this
transcription factor. Studies have shown that Foxp3 acetylation is related to its function
in Treg cells [103–105]. Detailed analyzes have shown that the acetylation process of this
protein is influenced by molecules such as KAT5 (TIP60), p300, HDAC6, HDAC7, HDAC9,
HDAC10, and SIRT1 (Table 4).

Moreover, it has been shown that the stability of the Foxp3 protein is significantly
higher in the presence of the enzyme p300 than in the presence of KAT5. After combining
with the p300 protein, Foxp3 shows a higher affinity for DNA chromatin, while after
interaction with KAT5, its affinity for the IL-2 promoter has significantly increased [106].
The importance and role of HDAC7 and HDAC9 in the acetylation of Foxp3 protein are
poorly understood. The link is due to the fact that class II HDAC has no intrinsic functional
catalytic activity and possibly, as the scientists suggest, works by recruiting class I HDAC
into the complex. The mechanism of action of HDAC6, belonging to class II HDAC proteins,
is based on the regulation of the acetylation process of many cellular proteins, among which
α-tubulin and HSP90 deserve special attention [107,108]. Studies conducted by Zoeten
et al., showed that the pharmacological inhibition or the use of a genetic knockout of
the HDAC6 gene increased the level of acetylation of both Foxp3 and Hsp90 [107] which
resulted in an increase in the immunosuppressive activity of Treg cells. According to the
researchers, this process may be used in the future to suppress autoimmunity caused by
Treg and be used in the prevention of transplant rejection [107,108]. The combination of
KAT5 and HDAC7 is an essential mechanism in the inhibition of IL-2 transcription by the
Foxp3 protein [100,109]. NAD-dependent sirtuin-1 deacetylase is considered a negative
regulator of the acetylation process of the Foxp3 protein [55,110].

3.3. The Importance of Post-Transcriptional and Post-Translational Modifications in the Function
of the Foxp3 Protein

The transcription factor Foxp3 is a major regulator of Treg cells’ growth and sup-
pression activity. As indicated in the literature, it is also subject to complex regulation by
the participation of many posttranscriptional modifications as well as posttranslational
modifications (PTM) which also indirectly affect Treg suppressor activity. The first mod-
ifications of the Foxp3 protein concern epigenetic changes related to the regulation of
DNA methylation [111], histone modification [99], or nucleosome positioning [112]. In
the literature, we can find reports on the regulation of the Foxp3 protein by conserved
non-coding sequences 2 (CNS 2) [113,114] or the share of ubiquitin-specific peptidase 22
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(USP22) [115,116]. Many factors also play an important role in regulating the conversion of
Foxp3 precursor messenger RNA transcripts at the level of post-transcription modification.
This concerns the participation of microRNAs (miRNAs), including miR-24, miR-31, and
miR-210, the activity of which leads to the degradation of Foxp3 mRNA which conse-
quently prevents the translation of Foxp3 [117,118]. PTM, which includes phosphorylation,
O-GlcNAcylation, acetylation, ubiquitylation, or methylation, also significantly influences
the activity of the Foxp3 protein [105,119]. It should be noted that most of the PTMs
refer to enzymatic processes that are designed to change the protein after its synthesis.
Moreover, all the induced modifications affect the characteristics of the protein, including
its location and interactions. This is also the case with the Foxp3 protein, in which the
occurring PTMs affect the very structure of the protein (its stabilization or degradation)
and its interactions with other proteins as well as reducing or increasing the activity of
suppressive Treg lymphocytes [105]. Detailed information on the positive and negative
contribution of individual PTMs to the suppressor functions of Treg cells is presented in
Figure 3.

Table 4. Effect of enzymes on the acetylation process of the Foxp3 transcription factor.

Name of the
Enzyme

Abbreviation Functions Reference

Histone
acetyltransferase

KAT5
TIP60

Performs histone acetylation in the nucleosome which changes the binding
to DNA. Acetylation neutralizes the positive charge on the histones,

reducing the binding affinity of negatively charged DNA. This in turn
reduces the steric hindrance of DNA and increases the interaction of

transcription factors and other proteins. The three key functions of KAT5 are
its ability to regulate transcription, DNA repair, and apoptosis.

[30,120]

Histone
acetyltransferase p300

Acts as a histone acetyltransferase that regulates transcription through
chromatin remodeling and is important in cell proliferation and

differentiation. It mediates the regulation of the cAMP gene, binding
specifically to the phosphorylated CREB protein, and also contains a

bromodomain which is involved in IL6 signaling.

[106,121]

Histone
deacetylase 6 HDAC6

This enzyme is located in the cytoplasm where it is responsible for the
regulation of acetylation of α-tubulin, HSP90, or glucocorticoid receptors.

Upon activation of Treg cells, this enzyme migrates to the cell nucleus where
it participates in the regulation of the acetylation level of the Foxp3 protein.
Pharmacological inhibition or the use of a genetic knockout of the HDAC6
gene have been shown to increase the level of acetylation of both Foxp3 and

Hsp90 proteins which results in an increase in the immunosuppressive
activity of Treg cells.

[107,108,122]

Histone
deacetylase 7 HDAC7

HDAC7 has been shown to have low intrinsic deacetylase activity and
studies have demonstrated that HDAC7 may have a variety of alternative

developmentary, proliferative, and inflammatory functions.
[101,102,123]

Histone
deacetylase 9 HDAC9 Represses the activity of MEF2 by recruiting multi-component complexes

containing CtBP and HDAC. May play a role in the process of hematopoiesis. [108,124]

Histone
deacetylase 10 HDAC10

From studies performed in a mouse model, HDAC10 deletion did not
adversely affect the health of mice that retained normal CD4+ and CD8+ T
cell function. However, HDAC10−/− Treg showed enhanced suppressive

function both in vitro and in vivo. In addition, HDAC10−/− mice that
received a heart transplant with a completely mismatched MHC became

more tolerant and showed longer allograft survival.

[101]
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Table 4. Cont.

Name of the
Enzyme

Abbreviation Functions Reference

NAD-dependent
sirtuin-1

deacetylase
SIRT1

SIRT1 deacetylates and thus inactivates the p53 protein. SIRT1 also
stimulates autophagy by preventing the acetylation of proteins (via

deacetylation) required for autophagy, as demonstrated in cultured cells and
embryonic and neonatal tissues. This feature provides a link between sirtuin

expression and the cellular response to nutrient constraints due to caloric
restriction. SIRT1 inhibits NF-κB regulated gene expression by deacetylating
the RelA/p65 subunit of NF-κB in lysine 310. SIRT1 plays a role in activating

T17 helper cells that contribute to autoimmune disease.

[125,126]

Figure 3. Contribution of PTM to the functioning of the Foxp3 protein and the suppressor functions of
Treg lymphocytes. Modifications that positively affect the suppressor functions of Treg lymphocytes
are marked in green while those that have a negative effect are in red; based on [105].

3.4. Importance of T Cell Metabolic Factors and the Level of Foxp3 Expression

Differentiation, proliferation, and suppressive function or survival of Treg cells are
influenced by various factors of energy metabolism. Therefore, the role of the Foxp3 protein
in the regulation of cellular metabolism is also an important issue [127]. Naive T cells
have modest metabolic requirements which are mainly related to the oxidation of pyruvate
and fatty acids in the tricarboxylic acid (TCA) cycle [127]. However, when activated, the
energy requirements of these cells increase. This is possible due to significant metabolic
changes induced by the TCR receptor and costimulatory molecules such as phosphoinositol
3-kinase (PI3K) as well as AKT and rapamycin 1 (mTOR1) complexes, the activation of
which are responsible for the regulation of genes responsible for the uptake and break-
down of glucose and other energetic compounds, including acids [127,128]. Such changes
provide not only the energy needed for proliferation but also the necessary biosynthetic
raw materials. According to conducted studies, inhibition of glycolysis may direct the
differentiation of T CD4+ lymphocytes towards an anergic state which is then accompanied
by an increased expression of the Foxp3 protein [128,129]. As a result of genetic or chemical
ablation of mTOR and elimination of glycolysis facilitators, it causes the generation of iTreg
cells compared to effector lines [130]. Additionally, the forced activation of AMP-activated
protein kinase (AMPK), a regulator of lipid metabolism involved in T cell differentiation,
leads to increased Foxp3 protein expression and iTreg cell differentiation [131,132]. More-
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over, the use of fatty acid inhibitors such as etomixir or the carnitine palmitoyltransferase
1A inhibitor reduces the degree of differentiation of iTreg cells [133–135]. From studies
conducted in recent years it can be concluded that the process of induction of Foxp3 protein
expression by iTreg cells is extremely sensitive to metabolic factors [136]. In addition,
mutations leading to inappropriate dominance of the T-lymphocyte glycolytic pathway
destabilize the Treg cell phenotype and result in the loss of the ability to express the Foxp3
protein which then leads to the inability of cells to suppress inflammation [127–129].

3.5. Regulation of Foxp3 Protein Expression as a Potential Therapeutic Strategy for Autoimmune
and Neoplastic Diseases

Treg lymphocytes, due to their extremely important functions in the human body
related to the suppression of immune reactions, have now become an important research
target for many scientists. Particularly noteworthy are those studies that concern the possi-
bility of their introduction as a treatment for autoimmune diseases and cancers [137]. The
results of research conducted mainly on animal models show that the use of compounds as
inhibitors or modulators of Foxp3 protein expression may not only confirm the correctness
of the hypotheses put forward by scientists but also discover these molecules with high
clinical potential [138].

The first group of such compounds are inhibitors of HDAC enzymes which, as shown
by studies, can enhance not only the expression of FOXP3 but also participate in the process
of increasing the number of Treg cells and their functions. Currently, these compounds have
found their application in animal models as therapeutics used to regulate the activity of Treg
cells in autoimmune diseases (e.g., colitis, prostatitis) [124,139] and organ transplantation
processes [107] as well as in the treatment of certain neoplastic diseases (e.g., breast cancer,
lymphoma) [140,141]. The studies available in the literature show that the use of HDAC
inhibitors influences the induction of FOXP3 acetylation in Treg cells, which prompt changes
in markers related to the activity and functioning of Treg cells themselves, including
receptors for TNF-α, CTLA-4 or PD-1 and IL-10 [142]. Obviously, a full understanding of
the mechanisms of action of HDAC inhibitors still requires a lot of intensive research before
such treatment strategies can be introduced into widespread clinical use.

Another group of compounds with therapeutic potential are histone acetyltransferase
inhibitors [100]. The available studies on animal models show that the use of small-
molecule allosteric compounds, which may interact with the cofactors of the Foxp3 protein,
contributes to the regulation of the function of this protein [100]. The analyses conducted
so far focus on two compounds, Tip60 and p300, for which allosteric modifiers were
developed [143]. In the case of Tip60, these compounds reduce the process of histone
acetylation and induce association with the Foxp3 protein which has been used to treat
autoimmune diseases (mainly colitis and collagen-induced arthritis) [144–146]. There are
also studies on the use of Tip60 and p300 inhibitors for antitumor therapy—mainly prostate
cancer [137,147]. Tip60 inhibitors have been shown to be able to inhibit the cancer cells’
growth by inducing the apoptosis process and to allow the reduction of Treg suppression
without affecting the proliferation of T effector cells [148]. In the case of p300 inhibitors,
their ability to suppress Treg function has been demonstrated [149].

In order to determine the best therapeutic strategy aimed at changing the level of Foxp3
protein expression many thorough studies should be carried out which will determine not
only the mechanisms of action of selected allosteric molecules but also allow the evaluation
of the effectiveness of such therapies in a clinical setting. However, therapies with the use
of a targeted modification of the expression of the Foxp3 protein will certainly become
a valuable tool in the future in the fight not only of autoimmune diseases but also of
neoplastic diseases.

4. The Role of Foxp3 Protein in the Development of PIDs

PIDs are a group of genetically determined diseases that are characterized by the
impairment of one or more mechanisms of innate or acquired immunity. Unlike secondary
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immunodeficiencies, the symptoms of PID occur throughout the patient’s life. This disease
has a heterogeneous course, characterized by a wide spectrum of symptoms with varying
severity which may manifest themselves in childhood or even in adulthood [150]. PIDs
are genetic disorders that may be inherited (most often autosomal recessive) or appear
for the first time in a given patient. According to the literature data presented by the
International Union of Immunological Societies (IUIS), by 2019 over 406 diseases called
PIDs and ~430 genes (the damage of which may lead to their development) have been
described [151]. Individual mutations underlie the malfunction or lack of one or more
elements of the immune system, including B and T lymphocytes, NK cells, phagocytes,
or components of the complement system [151,152]. According to general estimates, the
incidence of PID is in 1:2000 to 1:3000 live births [153,154]. Due to the possible occurrence
of symptoms later in life, it is very difficult to determine the prevalence of PID in adults.
Several reports conducted in various countries around the world show that diseases
classified as PID occur in the population ranging from 1:8500 to 1:100,000 [155]. In the
current literature we find that PIDs are classified into nine classes which were proposed
and updated by the IUIS in 2019 (Figure 4A) [156]. Currently, there is a view in the
literature that some PIDs may have a multi-gene basis because only the presence of defects
of several genes at the same time is clinically manifested. In addition, the presence of a PID
phenocopy may also be the result of an autoimmune reaction against certain components
of the immune system itself (e.g., against certain interferons) (Figure 4B) [157].

Figure 4. PID classification and division. (A) Updated PID classification by IUIS for 2019; (B) Division
of PID based on the type of mono- and polygenic disorders with examples of diseases (prepared
based on [156–158]). Abbreviations: APECED—Autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy; IPEX—immunodysregulation polyendocrinopathy enteropathy X-linked
syndrome; C1q—complement component 1q; C4—Complement component 4; C2—Complement
component 2; MBL—mannose-binding lectin; AID—Activation-induced cytidine deaminase;
ALPS—Autoimmune Lymphoproliferative Syndrome; CVID—Common Variable Immunodeficiency;
IgA—immunoglobulin A; CD40—cluster of differentiation 40; CD40L—cluster of differentiation
40 ligand.
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The course of PIDs varies considerably which means that many clinical symptoms
may be present from birth or may gradually worsen over time until the disease develops in
childhood or adulthood. According to the literature, the mean time from the onset of symp-
toms to full PID diagnosis is on average ~5 years and largely depends not only on the type
of deficiency and the patient’s age but also on the patient’s country of origin [159,160]. This
is due to the lack of awareness and education in society as well as the lack of preparation
in doctors to make accurate and quick diagnoses. Therefore, it is extremely important to
search for diagnostic markers that allow for the shortening of time for accurate diagnosis
as well as a comprehensive analysis of genetic disorders contributing to the development
and progression of many diseases classified as PID [161,162] One such molecule is the
Foxp3 protein in which mutation causes the immunodysregulation polyendocrinopathy
enteropathy X-linked syndrome (IPEX) classified as a monogenic disorder [163]. Addi-
tionally, recent research sheds new light on the role of this protein in the development of
CVID (common variable immunodeficiency) which is an example of a polygenic disorder.
The FOXP3 transcription factor is expressed on CD4+ Treg cells and is crucial for Treg
function which is responsible for suppressing immune responses, especially at their early
stages. The most important function of Foxp3 is its ability to confer suppressive activity
on Treg cells, for example, by maintaining constitutive high expression of CTLA-4. It acts
by preventing the activation and proliferation of B and T lymphocytes [164]. However,
Foxp3 alone does not control all aspects of Treg biology and is not the initiating factor
in Treg development [165,166]. The importance of Treg cells has been demonstrated in
murine models—depletion of Foxp3+CD4+ Treg cells resulted in severe autoimmunity,
allergy, and immunopathology (e.g., IPEX) in otherwise normal animals and those same
diseases can be prevented by reconstituting Treg cells [167–169]. Moreover, it has also been
demonstrated that Treg cells could prevent the progression of and even cure established
autoimmune/inflammatory diseases [170,171]. They also play an important role in allergy
prevention [172]. Foxp3+ Treg cells likewise depend on a lot of other suppressive molecules,
such as IL-10, TGF-β, CD39, CD73, IL-35, and TIGIT, for their inhibitory function; most of
which work by suppressing autoimmunity [173].

4.1. The Role of Mutations within the Foxp3 Protein in PID Development

The studies conducted so far indicate the presence of 63 identified mutations within
the FOXP3 gene which affect its proper functioning and contribute to the development of
autoimmune diseases [174,175]. The vast majority of the discovered mutations concern the
fork-head binding domain of the Foxp3 protein that influences the processes of nuclear
import and DNA binding which are necessary for the suppressive activity of this protein.
Some of the mutations were also found in the leucine zipper region which impaired the
dimerization function of the Foxp3 protein; other mutations influenced the spatial change
in the structure and position of the domains within the protein or led to a decrease in
mRNA stability for the FOXP3 gene [174–176].

4.1.1. The Role of Foxp3 Protein in IPEX Development

The occurrence of mutations in the FOXP3 gene is associated with the development
of the IPEX disease syndrome and was described for the first time in 1982 by Powell et al.
as a rare immunodeficiency syndrome with a genetic predisposition [176]. This disease
is characterized by the presence of three specific clinical symptoms such as enteropathy
with chronic diarrhea (most often acute, watery, and bloody diarrhea), endocrinopathy
(insulin-dependent diabetes type I), and dermatitis (Figure 5) [35]. IPEX is a recessive
disorder related to the X chromosome; therefore, it occurs only in males (in the first six
months of life) and causes T lymphocyte activation, accompanied by the overproduction
of cytokines, and leads to autoimmune disorders with the presence of various autoan-
tibodies [177]. This results in the development of many serious diseases such as type 1
diabetes and autoimmune hemolytic anemia as well as hypopituitarism or thyroid gland
disorders and numerous skin lesions such as eczema. In many patients, exacerbation of
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the disease is also observed and caused by infections or food allergens. Subsequently,
the main symptoms of the gastrointestinal tract or skin lesions are intensified or exacer-
bated as well as other disorders related to kidney, digestive, and immune system diseases
(Figure 5) [163,178]. Due to such a wide range of symptoms, patients without appropriate
treatment (immunosuppressants and bone marrow transplantation) die before reaching the
age of 2 [176].

Figure 5. Symptoms of IPEX developed from [177].

The assessment of the presence of the IPEX syndrome requires the use of many exten-
sive, basic, and specialized tests aimed at a correct diagnosis. Basic tests include a complete
blood count with smear, determination of serum glucose concentration, thyroid function,
and immunoglobulin levels as well as food hypersensitivity tests and the percentage of
individual cells of the immune system, especially T and B lymphocytes (Table 5). Based on
the obtained results of basic tests, advanced tests are ordered, including endoscopy with
intestinal biopsy, skin biopsy, immunophenotyping of Treg lymphocytes, and sequencing
of the FOXP3 gene (Table 5) [177].

Table 5. Meanings of basic and specialized tests in the diagnosis of IPEX.

Type of Research Type of Examination The Importance of the Examination Reference

Basic examination

Complete blood count with a smear Presence of eosinophilia, neutropenia, anemia, or
thrombocytopenia [177]

Serum glucose concentration Glucose monitoring can help to detect the presence
of type 1 diabetes [177]

Functioning of the thyroid gland Elevated levels of anti-thyroid antibodies [177]

Concentration of immunoglobulins Increase in IgE level in most patients, increase in IgA
level in half of the patients, normal IgG and IgM [178–182]

Food hypersensitivity test Presence of IgE-dependent food allergy [181,183]

Determination of the percentage of
T and B lymphocytes T and B cell subsets are usually normal [177]
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Table 5. Cont.

Type of Research Type of Examination The Importance of the Examination Reference

Specialized research

Endoscopy with intestinal biopsy
Necessary to characterize the presence of

enteropathy of the small intestine, combined with
the performance of Foxp3 staining

[184]

Skin biopsy The presence of lymphocyte infiltrates in biopsy
samples as an autoimmune process [177]

Treg lymphocyte
immunophenotyping

Determines the amount of Treg and the expression
level of Foxp3 [177]

Sequencing of the FOXP3 gene Evaluates mutations within the FOXP3 gene to
confirm the clinical picture [177]

Genetic conditions are related to the mutation within the transcription factor Foxp3
which was found in nearly 60% of patients with IPEX syndrome. These include missense or
frame alteration mutations and insertion or deletion mutations at splicing sites which result
in the loss of function of this protein. The occurring mutations also have consequences
regarding the quantitative and functional disorders of Treg cells in the body deficiencies
which cause autoimmune disease. We can find a description in the literature of most cases
where mutations occurring within the Foxp3 protein are hereditary, although this does
not exclude the occurrence of mutations in a sporadic manner [185–187]. These mutations
take place in almost every region encoding the Foxp3 protein which clearly indicates
that each domain of this protein is functional and necessary for its proper functioning.
Although mutations in the non-coding regions are also known, their frequency is much
lower compared to the mutations in the coding regions, however, their occurrence may
also be the cause of the development of IPEX [28,188]. Nevertheless, scientists have not
shown a clear correlation between genotype and phenotype [181,189,190].

An important diagnostic and cognitive tool turned out to be the use of flow cy-
tometry which makes it possible to assess the expression of Foxp3 on cells of the im-
mune system. Although high levels of FOXP3 expression are commonly attributed to
CD4+CD25high Treg cells, it is also induced by TCR stimulation in naive CD4+CD25−
T cells and may persist for up to several days in activated CD4+ T cells [191]. The be-
lief of many scientists that subsets of CD4+ T cells expressed in different tissues have
different patterns of CD25 and other Treg cell markers further complicates the task of
distinguishing Treg FOXP3+ from FOXP3+ found on other cells of the immune system.
Therefore, it is necessary to search for new diagnostic markers to allow their safe differ-
entiation. One such marker is the IL-7 receptor (CD127) promoter which is the target of
FOXP3 mediated transcriptional repression. Thanks to this discovery, scientists were able
to identify the most suppressive population of human Treg cells, expressing the phenotype
CD4+CD25+CD127low [192,193]. This has been used in the diagnostic methodology of the
IPEX team where cells identified as CD4+CD25+CD127low correlate well with the popula-
tion of CD4+CD25+FOXP3+ cells. Of course, the two populations should not be considered
identical since conventional CD4+CD25-CD127+ T (Tcon) cells rapidly decrease CD127
expression following IL-7 signaling and TCR stimulation [194]. Studies have shown that
cells with the CD4+CD25+CD127low phenotype may also be present in some IPEX patients
who suffer from decreased FOXP3 expression due to the occurrence of hypomorphic muta-
tions [55,195]. It has also been demonstrated that patients with IPEX syndrome who have
missense mutations and deletions in splicing sites do not have Treg CD4+CD25+Foxp3+
lymphocytes and have a more severe form of the disease. Additionally, the absence of
CD4+CD25+ cells confirms the diagnosis [35]. IPEX also has high levels of IgE and IgA
immunoglobulins, as well as eosinophilia, which proves that the transcription factor Foxp3
is strongly associated with the human immune response [179–182].

Due to the special role of the Foxp3 protein in the development and progression of
IPEX teams, many scientists are considering using this molecule as a therapeutic agent in
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the treatment of this disease. The studies available in the literature also show that in the
absence of antigenic stimulation, FOXP3 expression is promoted in CD4+CD25− T cells
by signaling cytokines, which include STAT5, IL-2, IL-7, and IL-15, on peripheral blood
cells [35,196,197]. Additionally, it has been shown that cytokine treatment does not induce
FOXP3 expression in lymph node derived CD4+ T cells [35,197]. The use of flow cytometry
analysis has shown that the expression level of the Foxp3 protein on TCD4+ lymphocytes
from peripheral blood can vary up to 40-fold between individual cells. This explains that
the strength and duration of FOXP3 induction may influence discrepancies in cytokine
activation-induced T cell suppression [35,198–201].

Another therapy using the role of the Foxp3 protein proposed in the literature is the
use of hematopoietic stem cell transplantation. Currently, this therapy is the only treatment
option for sick patients with IPEX. According to the study by Passerini et al. in 2013, the
conversion of CD4+ Treg cells after lentivirus-mediated transfer of the FOXP3 gene results
in a population of CD4+FOXP3+ T cells which exhibit a stable phenotype and preserved
suppressive function. In addition, their studies have shown that CD4+FOXP3+ T cells are
stable during inflammation not only in vitro but also in in vivo models. Therefore, based on
the above observations, the researchers proposed the use of FOXP3 gene transfer therapy
in the IPEX syndrome in order to restore immune tolerance [202]. From the description of
clinical cases and literature data, we can conclude that there are also patients with symptoms
that resemble IPEX syndrome, including enteropathy, autoimmune endocrinopathy, and
dermatitis, but the age and gender of these patients are more varied (these symptoms
are also present in women) [203]. From the study by Ochs and Torgerson on 100 patients
with a phenotype corresponding to IPEX syndrome, nearly half of them did not have a
mutation in the FOXP3 transcription factor gene [186]. Such diseases include CD25 or
IL-2RA deficiency, mutations within STAT5b, STAT1 or STAT3, Dedicator of Cytokinesis 8
(DOCK8) deficiency as well as infantile or eosinophilic enteropathies and severe combined
immunodeficiency (SCID) (Figure 6). The underlying genetic defect of these syndromes is
unknown and requires further intensive research.

4.1.2. The Role of the Foxp3 Protein in the Development of CVID

Recent studies have also shown the role of the Foxp3 protein in the development of
another PID disease, i.e., CVID. This disorder belongs to the humoral immunity deficien-
cies and is characterized by a relatively mild course. It is a type of polygenic disorder
associated with the defective production of immunoglobulins, often accompanied by au-
toimmunity [204]. The epidemiology of this disorder is still difficult to define. Literature
data show that the estimated prevalence of CVID in the population is 1 in 30,000 people.
The diagnosis of CVID occurs in most patients between the age of 20 and 40 due to late
symptoms [205,206]. Based on the analysis carried out by Grathman et al., in 2014, it was
possible to establish the relationship between the clinical picture and the differences and
effects of immunoglobulin treatment in 2212 patients from several European countries. The
results of this review showed that patient survival depends on the time of diagnosis as well
as the age when the first symptoms of the disease appeared [207]. The later the first symp-
toms appeared and the more delayed diagnosis of the disease, the greater the risk of death
at any age (each year of delay in diagnosis increases the risk of death by about 4.5%) [207].
However, the etiology of CVID is not fully known, as only 20% of patients have the genetic
cause identified. The most common form is sporadic cases with no family history of the
disease (90%) [208]. They can be caused by a complex interaction of environmental and
genetic components (multi-factor inheritance), but genes involved in the development and
function of immune cells have now been shown to be the main cause [208,209]. As we
know, the main role of the immune system is to defend against infections while protecting
the body’s own cells. Antibodies, also known as immunoglobulins, are proteins produced
by B lymphocytes. In order for B lymphocytes to function effectively, they usually need the
help of other immune cells such as T lymphocytes. Most people with CVID have a normal
number of B cells, but this is characterized by a maturation disruption and thus a decrease
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in antibody synthesis. These disorders can be caused by a lack of needed help from T cells
to develop a normal immune response [210–212]. As a result, people suffering from CVID
will differ in their ability to elicit effective antibody responses due to the lowered levels of
immunoglobulin. We can distinguish three types of disorders here; the first one concerns
the three main types of immunoglobulins (IgG, IgA, and IgM), the second one concerns
disorders within IgG and IgA, and the third group concerns those in which only IgG is
lowered [213,214]. A diagnosis of CVID is usually confirmed by abnormal blood tests and
medical history.

Figure 6. Diseases classified into IPEX-like syndromes (based on [177]). Abbreviations:
IL2RA—Interleukin 2 Receptor Subunit Alpha; STAT—signal transducer and activator of tran-
scription protein; STAT5—Signal Transducer And Activator Of Transcription 5; STAT1—Signal
transducer and activator of transcription 1; STAT3—Signal Transducer And Activator Of Tran-
scription 3; CTLA4—cytotoxic T cell antigen 4; DOCK8—Dedicator of cytokinesis 8; SCID—severe
combined immunodeficiency; NOMID—neonatal onset multisystemic disease; CINCA—chronic
infantile neurological, cutaneous, and articular syndrome; ALPS—Autoimmune Lymphoprolifera-
tive Syndrome; APS-1—Autoimmune Polyglandular Syndrome Type 1; APECED—Autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy.

Due to the important role of T lymphocytes in stimulating the synthesis of antibodies
by B lymphocytes, some scientists have started research to determine whether the Foxp3
protein may be involved in this process [215]. The research conducted by Horn et al. in 2009
shows that this protein may indirectly influence the development of CVID. They analyzed
the percentage of CD4+ Treg lymphocytes among patients diagnosed with CVID from dif-
ferent cities/countries: Freiburg, London, and Sydney, and correlated it with clinical symp-
toms. The percentage of Treg cells defined as CD25+Foxp3+ and CD25+CD127lowFoxp3+
or CD25+CD127lowCD4+ was analyzed and the results were compared with data from
healthy patients. They found that, regardless of the phenotype used to define them, pa-
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tients with CVID experienced a significant decrease in the percentage of Treg cells which
correlated with the development of autoimmune disease. This provided evidence that a
reduction in the number of Treg cells in CVIDs may play a role in the development and
progression of clinical symptoms and may also contribute to understanding the patho-
genesis of CVID complications [216]. Other research by Genere et al. built on the work
presented by previous researchers; they showed that patients diagnosed with CVID and
autoimmune disease had a significantly reduced frequency of CD4+CD25HIGHFoxp3+
cells in the peripheral blood, accompanied by a reduced intensity of FOXP3 expression.
Additionally, they found that although CVID patients with autoimmunity had a reduced
frequency of CD4+CD25HIGHFoxp3+ cells, FOXP3 expression levels did not differ from
those of healthy controls. Thanks to the obtained results, the researchers showed that
CD4+CD25HIGHFoxp3+ cell homeostasis is disturbed in patients with CVID, especially in
the presence of autoimmunity, which may indicate that Treg lymphocytes are involved
in the pathological mechanisms of CVID [217]. The results of these studies were also
confirmed by another research team (Arandi et al., 2013) which showed that the frequency
of Treg was significantly lower in patients with CVID than in healthy subjects and that in
patients with CVID, in whom autoimmunity was detected, the percentage of cells analyzed
is significantly reduced compared to the cases without autoimmune diseases. There was
also a significant difference in the expression level of the Foxp3 factor between patients
with CVID and the control group [218]. The reduction of the expression level of the Foxp3
protein in patients with CVID was also analyzed and confirmed by Yu et al. [52]. They
showed that the reduction in the levels of FoxP3, granzyme A, and pStat5 was significantly
correlated with the degree of Treg dysfunction in CVID [52]. However, a full understanding
of the role of Foxp3 in the development of CVID requires further extensive interdisciplinary
research to understand its role in the pathogenesis of primary immunodeficiencies.

5. Materials and Methods

5.1. Search Strategy, Study Selection, and Data Extraction

The literature analysis was carried out on the PubMed database where the search for
available articles was performed based on the following keywords: “Foxp3”, “IPEX”, “IPEX
like”, “Immunodysregulation, Polyendocrinopathy, and Enteropathy, X-Linked”, “CVID”,
“Common Variable Immunodeficiency”, and “Primary Immunodeficiency”. The time range
of the searched articles was established for the years 2000 to 2021 and filters related to
the type of articles (clinical trials, review, systematic review) were used. Repetitions were
rejected from the found articles. The suitability for the inclusion of each work into the
publication was thoroughly assessed. Eventually, 223 articles were included in the review.

5.2. Biostatistical Analysis

For bioinformatic analysis, the amino acid sequences deposited in the UniProt database [219]
were used. The identification numbers of the Foxp3 protein and its three isoforms, along
with their amino acid sequences, are provided in Supplementary Materials Table S1. These
sequences were used to carry out further bioinformatic analyses. The sequence length
and molecular weight of individual proteins were pulled from the UniProt database.
The determination of the isoelectric point of tested interleukins and their amino acid
composition was carried out using the IPC isoelectric point calculator software available
online [220]. The analysis of the second-order structure of interleukins was carried out
using the NetSurfP-2.0 online program [221]. The amino acid sequences from the UniProt
databases (Supplementary Materials Table S1) were used to analyze the identity of the
amino acid sequences of the Foxp3 protein and its isoforms. The amino acid sequences
of individual proteins were compared with each other using the Clustal Omega program
available on their website [222]. The results of the analyses were presented as the percentage
of identical amino acids in the analyzed amino acid sequences.
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6. Conclusions

Numerous studies conducted in recent years have shown that Treg lymphocytes,
which express Foxp3, appear in the human body immediately after birth and lead to the
development of many inflammatory and autoimmune diseases after they are depleted.
The Foxp3 protein has been shown to be necessary for lymphocytes in the thymus to
differentiate into Treg lymphocytes. High expression of this transcription factor also
guarantees their suppressive effect. The Foxp3 protein influences several cellular processes
both directly and indirectly. In the process of cytokine production regulation, the Foxp3
protein interacts with numerous proteins and transcription factors such as NFAT, nuclear
factor kappa B, and Runx1/AML1, and is involved in the process of histone acetylation
in condensed chromatin. Thanks to their analyses and many experiments, scientists have
shown that the similarity in the disturbance of the functioning of the FOXP3 gene in humans
and mice is very similar. This allows for the conclusion that the process of dominant self-
tolerance in these organisms is similar to each other. Scientists’ persistence in researching
the Foxp3 protein has led to including this factor in one of the most reliable molecular
markers of natural Treg lymphocytes. In addition, studies on the dysfunction of the Foxp3
transcription factor caused by the mutagenesis process have shown that it significantly
affects disorders of the immune response as well as the development and progression of
primary immunodeficiencies or autoimmune diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm11040947/s1, Supplementary Materials Table S1: Amino acid sequences of the Foxp3
proprotein and its three isoforms from the UniProt database.
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Abstract: Background: Data regarding the course of SARS-CoV-2 infection in children with primary
immunodeficiency (PID) is insufficient. The purpose of the study was to evaluate the morbidity and
clinical course of COVID-19 and the ability to produce anti-SARS-CoV-2 IgG antibodies in children
with PID. Methods: In this retrospective study, medical records of 99 patients aged 0–18 were
evaluated. The patients were divided into three groups: PID group (68.69%), control group (19.19%)
and patients with ongoing or previous paediatric inflammatory multisystem syndrome (12.12%).
Data such as morbidity, clinical outcome, and IgG anti-SARS-CoV-2 antibody titres were assessed.
Results: A confirmed diagnosis of SARS-CoV-2 infection has been established in 26.47% of patients
with PID. Among patients with PID infected with SARS-CoV-2, only three cases were hospitalised.
Mortality in the PID group was 0%. Throughout an observation period of 1 year, 47.06% of patients
with PID were tested positive for the anti-SARS-CoV-2 antibody. Conclusions: In the study group, in
most cases the disease had a mild and self-limiting course. Remarkably, even though IgG deficiency
was the most prevalent form of PID in the study group, the patients were able to respond satisfactorily
to the infection in terms of anti-SARS-CoV-2 IgG.

Keywords: anti-SARS-CoV-2 antibodies; COVID-19; primary immunodeficiency; SARS-CoV-2; PIMS-TS

1. Introduction

At the end of 2019, a new strain of pneumonia-causing coronavirus was identified
in Wuhan, China [1]. Its rapid spread resulted in an outbreak of an epidemic that started
in China and gradually expanded worldwide [2,3]. The causative virus, initially called
2019-nCoV, was named SARS-CoV-2, and the disease associated with it–COVID-19 [4].

Primary immunodeficiency (PID) manifests mainly as recurrent and/or severe infec-
tions, and patients affected by PID constitute a unique population [5]. If possible, medical
interventions should focus on correcting the immune defect in the first place. Another
important goal is the prevention and treatment of infections that are still an important
cause of mortality in this patient group.

The Center for Disease Control and Prevention (CDC) recognises PID as a risk factor
of severe clinical course of COVID-19 [6,7]. Data regarding the course of SARS-CoV-2
infection in children, including children with PID, are insufficient. Other areas that need
further research are the duration time of immunity to reinfection and the applicability of
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serological methods in confirming previous infections [8–12]. Following appropriate vali-
dation, serologic tests detecting anti-SARS-CoV-2 antibodies might help identify patients
who were infected with the new coronavirus in the past [13–16]. To increase the predictive
value of serological methods, it has been suggested that only the tests with high specificity
(>99.5%) were used only on individuals with a high clinical probability of a previous
infection. The main disadvantages of serologic tests are limited use in the diagnosis of the
acute phase of the infection, variable sensitivity and specificity, depending on the assay,
and relatively high costs and absence of antibody synthesis in response to the infection
in some patients [17]. It is obvious that such a phenomenon may be observed in patients
with immune deficiency, both congenital and acquired. The purpose of the study was to
evaluate the morbidity and clinical course of COVID-19 and the ability to produce the
anti-SARS-CoV-2 IgG antibodies in children with PID. At the same time, the applicability of
serological methods in the diagnosis of SARS-CoV-2 in this group of patients was assessed.

2. Materials and Methods

In this retrospective study medical records of 99 patients aged 0–18 who were admitted
to the Department of Clinical Immunology and Paediatrics of J. Gromkowski Provincial
Hospital in Wrocław from June 2020 to June 2021 were assessed. Testing for coronavirus
infection (antigen/polymerase chain reaction-PCR tests) and serologic tests for IgM and
IgG anti-SARS-CoV-2 antibodies titres were performed on all of the included patients.
Samples were collected from June 2020 to June 2021, during hospitalisation. The patients
were divided into three groups: patients already diagnosed with PID according to IUIS
criteria and classification (study group) accounted for 68.69% (n = 68), patients without
an established diagnosis of PID (control group) constituted 19.19% (n = 19), and patients
with ongoing or previous paediatric inflammatory multisystem syndrome (PIMS-TS/MIS-
C) constituted 12.12% (n = 12). The control group consisted of patients with recurrent
respiratory tract infections diagnosed in the Department of Immunology and Paediatrics
who did not show abnormalities in immunological tests and did not meet IUIS criteria for
inborn errors of immunity (IEI).

A total of 63.64% (n = 63) of the patients were male, and 36.36% (n = 36) were female.
The mean age of the patients was 7.3 years. All the patients in the study group had been
managed in the department for their PID before—55.88% (n = 38) of them were treated with
immunoglobulin substitution therapy, and the remaining 44.12% (n = 30) did not receive
such treatment. The most common form of PID was antibody deficiency (n = 44) (Table 1).

Table 1. Types of PID and its prevalence in the study group.

Primary Immunodeficiency Number of Patients; Percent

Combined immunodeficiencies with associated or syndromic features n = 20; 29.14%
IgG subclass deficiency n = 18; 26.47%

Hypogammaglobulinemia IgG n = 14; 20.59%
Other hypogammaglobulinemias * n = 8; 11.76%

Common variable immunodeficiency (CVID) n = 3; 4.11%
Severe combined immunodeficiency (SCID) n = 2; 2.94%

Other, unclassified ** n = 2; 2.94%
X-linked agammaglobulinemia n = 1; 1.01%

Abbreviations: * IgG subclass deficiency with IgA deficiency/selective IgM deficiency/transient hypogamma-
globulinemia of infancy/IgM and IgG subclass deficiency; ** isolated congenital asplenia/severe lymphocyte T
deficiency during diagnostics.

IgM and IgG anti-SARS-CoV-2 antibody titres were measured quantitatively using
chemiluminescence. All of the tests were performed in the same laboratory. IgG antibodies
against S1/S2 antigens of SARS-CoV-2 were measured from June 2020 to March 2021 and
the anti-trimeric spike glycoprotein of SARS-CoV-2 IgG antibodies were measured from
March 2021 to June 2021.
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Statistical analysis of data was conducted using the spreadsheet of Microsoft Office
Excel (Microsoft Corp., Redmond, WA, USA) and Statistica v. 13–non-parametric Mann-
Whitney U test. The significance level was defined as α = 0.05. A p-value less than 0.05 was
considered statistically significant.

Consent for the study was granted by the Bioethics Committee of the Wroclaw Medi-
cal University.

3. Results

3.1. Morbidity and Disease Course

Throughout an observation period of 1 year, a diagnosis of SARS-CoV-2 infection was
confirmed (by means of a PCR or antigen laboratory test) in 18 out of 68 patients with
PID (26.47%). Three cases were diagnosed incidentally during tests before non-COVID-
19-related hospital admission (Figure 1). Signs of COVID-19 and/or high probability of
the infection (e.g., positive result of a SARS-CoV-2 test in a close family member) were
identified in 13 patients (19.12%).

Figure 1. Number of cases of acute SARS-CoV-2 infection identified as a result of the routine testing
performed before hospital admission.

Most of the confirmed and/or highly probable cases of COVID-19 (n = 19; 61.29%)
were noted during the so-called ‘second wave’ of the pandemic (September 2020–January
2021, and none during ‘first wave’ (March 2020–August 2020). The predominant variant of
SARS-CoV-2 in Poland at the end of 2020 and the beginning of 2021 was 20A but when 20I
(also known as B.1.1.7) variant emerged in late December 2020, it quickly became the one
responsible for the largest number of infections and started the so-called ‘third wave’.

The most common symptom of the infection was elevated body temperature: fever
(n = 12) or low-grade fever (subfebrile temperature; n = 6) (Table S1). Among patients
with PID infected with SARS-CoV-2, hospital admission was necessary in only three cases
(4.41%)—each of those children suffered from humoral immune disorders, one of them
also had a diagnosis of Rubinstein-Taybi syndrome. One of the hospitalised patients
required oxygen therapy and was treated with convalescent plasma, none of them required
management in an intensive care unit. As for June 2021, mortality in the PID group was 0%.

3.2. Evaluation of Anti-SARS-CoV-2 Antibody Synthesis

Throughout an observation period of 1 year, 32 out of 68 patients with PID tested
positive for anti-SARS-CoV2 antibodies (47.06%). By far the majority of these cases (n = 31;
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96.88%) were associated with confirmed or highly probable (close contact with an infected
individual, e.g., a parent, and/or symptoms characteristic of COVID-19) SARS-CoV-2
infection. Furthermore, among 18 patients with a positive test result for SARS-CoV-2
genetic material, only 2 (11.11%) did not produce antibodies directed against it—this
included a 12 month-old child with IgG and IgA deficiency and a patient with Rubinstein-
Taybi syndrome and IgA, IgM and IgG deficiency, who was also treated with convalescent
plasma during the acute phase of the disease.

Among patients with PID who were infected or were most likely infected with
COVID-19, there were 10 children (14.70% of all patients with PID) who have been treated
with immunoglobulin substitution therapy at that time and only one of these patients
required hospital admission. It is also noteworthy that a patient with a history of severe
combined immune deficiency (SCID) and hematopoietic stem cell transplantation, which
was performed a few years before, developed anti-SARS-CoV-2 antibodies following a
symptomatic infection with the virus. Moreover, there was no need for hospital admission
in this case.

As for the levels of IgG anti-SARS-CoV-2 antibodies in individuals with positive test
results, there were no statistically significant differences when compared with the control
group (n = 19) (p > 0.05) (Figure 2), as well as between the PID group and patients with
ongoing or previous PIMS-TS and between the control group and the PIMS-TS group.

Figure 2. A comparison of anti-SARS-CoV-2 IgG antibody levels in patients with confirmed or highly
probable COVID-19 in each patient group (p > 0.05). PID-primary immunodeficiency; PIMS-TS-
paediatric inflammatory multisystem syndrome.

However, a statistically significant difference (p = 0.0001) between patients with
PID receiving immunoglobulin substitution therapy and patients with PID without such
treatment was noted (Figure 3).
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Figure 3. A comparison of anti-SARS-CoV2 IgG antibody levels between patients with PID receiving
immunoglobulin substitution therapy (PID IVIG (+)) and patients with PID without such treatment
(PID IVIG (−)) (p = 0.0001).

4. Discussion

In the absence of more extensive and/or thorough data, it remains unclear whether
PID is a predisposing or, paradoxically, a protective factor for SARS-CoV-2 infection [18].
To answer this question, more data regarding COVID-19 morbidity, clinical course and
mortality in patients with PID is necessary. Our study represents the experiences of one
clinical centre and as such should be regarded as a single opinion in a broader discussion.
It is worth considering if immunoglobulin replacement therapy is the protective factor for
a severe course of COVID-19, even if immunoglobulins available on the market during
the study (June 2020–June 2021) probably did not contain significant level of anti-SARS-
CoV-2 IgG antibodies. This influence may be associated with the modulatory effect of
immunoglobulins on the immune system, which is used in therapy of e.g., Kawasaki
disease, Guillain-Barre syndrome [19].

In an observational study conducted in Israel [20], which was published in January
2021, amongst patients with PID aged 4 months to 6 years, a total number of 20 SARS-
CoV-2 infections was recorded. The majority of these cases (95%) were reported during the
second wave of the pandemic, which was consistent with our results. Moreover, children
receiving immunoglobulin substitution therapy constituted the majority of the infected
patient population. There were no cases of severe COVID-19, none of the infected patients
required hospital admission and 35% of the affected children remained asymptomatic
during the course of the disease. The authors implied that the COVID-19 pandemic had
little impact on patients with PID.

The observations made by researchers in Iran [21] were different. In a prospective
study, based on data acquired from the national registry, it was concluded that with only
1.23-fold higher incidence of infections, patients with PID, mainly those with combined
immunodeficiency and immune dysregulation, present a 10-fold higher mortality rate
compared to the general population. The study included 19 children with PID in whom
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SARS-CoV-2 infection was confirmed using an RT-PCR test. Exposure to the virus from
an unknown source or a source outside the patient’s family accounted for 84.2% of the
total number of cases. The results of our study were quite different, and contact with close
relatives was the source of infection for many of the infected patients (n = 11).

The Iranian researchers showed that combined immunodeficiency (n = 10, all without
hematopoietic stem cell transplantation or HSCT, 47.0%) was the major PID entity amongst
COVID-19 positive cases, followed by humoral immunodeficiencies (n = 4), phagocytic
defects (n = 2), immune dysregulation (n = 2), and autoinflammatory disorders (n = 1) [21],
ergo studied population was different than ours. The discrepancies in the incidence of
certain forms of PID might be a result of the relatively low number of patients in both
study groups and different characteristics of the populations managed in each hospital
department. It is worth mentioning that the difference between Iranian and Polish patients
with PID is related to the high prevalence of consanguinity in Iran compared to Poland,
and the consequent high prevalence of autosomal recessive immunodeficiency.

In an international study conducted by Meyts et al. [22] published in February 2021,
32 cases of COVID-19 were recorded in children with PID, nine of them required manage-
ment in an intensive care unit (ICU) and two of them died. Among patients treated in the
ICU settings there were patients with a diagnosis of chronic granulomatous disease (n = 1),
trisomy 21 (n = 1), Wiskott-Aldrich syndrome (n = 1), nuclear factor κB mutation (NFKB2)
(n = 1) and X-linked inhibitor of apoptosis protein (XIAP) deficiency (n = 1). Due to numer-
ous comorbidities, the authors defined the connection between SARS-CoV-2 infection and
the death of both patients as ‘unclear’.

Throughout an observation period of 1 year, none of the patients managed by our
department for PID required treatment in ICU while infected with SARS-CoV-2.

At present, the data regarding IgG anti-SARS-CoV-2 antibody synthesis in individuals
with PID are insufficient.

However, the research conducted on the immunocompetent population presents
some interesting information. A key factor in determining the appropriate time window
for the use of serological tests is the occurrence of seroconversion. Recent publications
indicate that the median IgG detection occurs 9 to 14 days after disease onset [23,24].
Peterson et al. reported that approximately 1 in 16 people lacked IgG antibodies following
infection. Race/ethnicity, weight status, immunosuppressive therapy and illness severity
were independent predictors of IgG antibody presence after SARS-CoV-2 infection [25].

In a study conducted by Venkatamaran et al. in India, the authors evaluated humoral
immune response associated with anti-SARS-CoV-2 antibody synthesis in hospitalised
patients by comparing antibody titres between children with and without PIMS-TS [26].
Almost half of seropositive children had PIMS-TS. Antibody levels may be helpful in the
diagnosis and disease stratification of PIMS-TS. Nearly one-fifth of the hospitalised children
tested serology positive over four months. Antibody levels in children with PIMS-TS were
significantly higher in comparison to the other two groups (acute COVID-19 infection and
children without PIMS-TS).

The main purpose of our study was to evaluate antibody synthesis in patients with
primary immune deficiency, and so an additional comparison of antibody synthesis be-
tween this unique population and children with (both ongoing and previous) PIMS-TS was
made. No difference in levels of the antibody was recorded (Figure 2). This observation re-
quires further verification on a larger group of patients, including meticulous evaluation of
synthesis and perseverance of the antibody during the acute phase of the disease and after
its resolution. It is noteworthy that in one patient with a history of PIMS-TS, IgG subclass
deficiency was detected twice. There was no reference, however, since no immunological
studies were performed in this patient before PIMS occurred.

It is also important to note that amongst children receiving immunoglobulin sub-
stitution therapy, positive anti-SARS-CoV-2 IgG test was recorded only in individuals
with infection confirmed with a PCR/antigen test or with a high probability of infection,
which meant the presence of characteristic clinical symptoms and/or close contact with an
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infected person. Moreover, the mean level of anti-SARS-CoV-2 IgG in this group (IVIG +)
was lower than in children not receiving such treatment and proved to be statistically
significant (p = 0.0001). This leads to the conclusion that the IgG anti-CoV antibody test
results were legitimate (throughout the observation period). Another important issue is
that a significant percent of the study group with relatively mild immunodefciency (= not
required immunoglobulin replacement therapy at the time of the study, i.e., isolated IgG
subclass deficiency) may influence the results of the study.

Furthermore, it is worth mentioning, that the control group was not a classic control
group and included patients with (mostly) mild recurrent upper respiratory tract infections,
without abnormalities in immunological tests, who did not meet IUIS criteria for IEI.

The most important limitation of the study was the retrospective nature of the analysis
which was based on collected medical records. More precise, prospective studies, evalu-
ating the duration of antibody response in patients with PID and a history of COVID-19
are needed.

5. Conclusions

COVID-19 might be regarded as one of the main challenges for healthcare in the
twenty-first century. However, based on the ongoing collection of data, it will be possible
to identify the risk group of severe COVID-19 amongst individuals with PID in the future.
Patients diagnosed with PID constitute a unique population. Usually, they are provided
with high-quality medical care and were well isolated throughout the pandemic. Moreover,
the caregivers responsible for them are fully aware of the danger and abide by all of the
hygiene standards. As a result, throughout the first wave of the pandemic, the number
of infections detected in patients with PID was much smaller than in immunocompetent
patients. The second and the third wave were associated with an increase in the number of
infections both in adults and in children. Many of the patients managed by the department
for their PID became infected at that time. However, in most cases, the disease had a mild
and self-limiting course. Study results indicate that COVID-19 is not only a less severe
disease in children than in adults, but also is not as severe as one might expect in children
with dysfunctional immune systems. Nevertheless, this observation should not affect
the sanitary regime and safety regulations concerning the management of PID patients,
especially in the context of the new B.1.617.2 (delta) variant.

Remarkably, even though the most prevalent form of PID in the study group was
IgG deficiency, the patients were able to respond satisfactorily to the infection in terms
of anti-SARS-CoV-2 IgG. Thus, some of PID may be a group with a significance in
limitation of transmission of SARS-CoV-2 viral infection after COVID-19 vaccination.
According to Polish consensus by group of experts, vaccination against COVID-19 should
be recommended [27].

It seems that the main factor influencing the course of COVID-19 in both immunocom-
petent patients and the patients with PID is comorbidity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10215111/s1, Table S1: Clinical characteristics of patients with PID with confirmed or
suspected SARS-CoV-2 infection.
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Abstract: Background: Selective IgE deficiency (SIgED) has been previously evaluated in selected
patients from allergy units. This study investigates the effects of SIgED on the entire population in a
hospital setting and sought to delineate in detail the clinical aspects of SIgED. Methods: A retrospec-
tive study of the data obtained from electronic medical records of 52 adult patients (56% female) with
a mean age of 43 years and IgE levels of <2.0 kU/L with normal immunoglobulin (Ig) IgG, IgA, and
IgM levels, seen at our hospital, without selection bias, from 2010 to 2019. Results: Recurrent upper
respiratory infections were recorded in 18 (34.6%) patients, pneumonia was recorded in 16 (30.7%)
patients, bronchiectasis was recorded in 16 (30.7%) patients, and asthma was recorded in 10 (19.2%)
patients. Eighteen patients (34.6%) suffered autoimmune clinical manifestations either isolated (19%)
or combining two or more diseases (15%), Hashimoto’s thyroiditis being the most frequent (19%),
which was followed by arthritis (10%) and thrombocytopenia and/or neutropenia (5.7%). Other less
frequent associations were Graves’ disease, primary sclerosing cholangitis, Sjögren’s syndrome, and
autoimmune hepatitis. Eczematous dermatitis (15.3%), chronic spontaneous urticaria (17.3%), and
symptoms of enteropathy (21%) were also highly prevalent. Thirty percent of patients developed
malignancies, with non-Hodgkin lymphomas (13.4%) being the most prevalent. Conclusions: The
clinical manifestations of SIgED encompass a variety of infectious, non-infectious complications, and
malignancy. Since it cannot be ruled out that some type of selection bias occurred in the routine
assessment of IgE serum Ievels, prospective studies are required to better characterize SIgED and to
determine whether it should be added to the list of antibody deficiencies.

Keywords: autoimmune diseases; Immunoglobulin E; Immunoglobulin deficiency; infections; malig-
nancy
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1. Introduction

A recently updated classification distributes innate errors of immunity into 10 groups,
one of which is considered to be due to “antibody deficiencies” (Group 3) [1,2].

Immunoglobulins A (IgA), M (IgM), and G (IgG) are central in the humoral immune
response and play a fundamental role in protecting against infections caused by all kinds
of agents (viruses, bacteria, protozoa, parasites), and they represent the defense mediated
by antibodies, which are part of the so-called acquired immunity [3].

Immunoglobulin E (IgE) has been conventionally related to the immune response
against helminth infection, and its levels are particularly high in patients who suffer from a
parasitic infestation [4]. IgE is also involved in type I hypersensitivity allergic reactions,
which are diseases where it is also common to find high levels of specific IgE against
allergens. Most IgE is found bound to its high-affinity receptor FcεRI located on the surface
of mast cells and basophils. The binding of the allergen to the specific IgE/FcεRI complex
triggers the degranulation of mast cells and basophils that release numerous substances
(vasoactive, bronchoconstrictors, interleukins), which are ultimately responsible for the
clinical manifestations of the allergic response (rhinitis, asthma, urticaria, angioedema,
anaphylaxis) [5].

Various types of immunodeficiencies associated with low levels of one or a combi-
nation of IgA, IgG, and IgM immunoglobulins are recognized. [1,2]. The most studied
combined form is known as “common variable immunodeficiency” (CVID), which is a
disorder characterized by reduced serum levels of IgG, which can be combined with a
reduction of IgA or IgM, or both, which is associated with recurrent sinopulmonary infec-
tions, autoimmune disorders, granulomatous diseases, and increased risk of malignancy
and altered response of antibodies against infections [6,7].

Selective IgG deficiency (SIgGD) encompasses any subject with a serum IgG level
below normal range with normal IgA and IgM levels. Studies comparing the SigGD and
CVID patients found that the CVID group was more likely to have bronchiectasis, poorer
responses to vaccines, and a higher incidence of autoimmune cytopenias, granulomas,
splenomegaly, and lymphoid neoplasms than those with SigGD [8].

IgG subclass deficiency (IgGSD) is a heterogeneous subtype of primary immunod-
eficiency, which is defined as the triad of frequent or severe respiratory tract infections,
subnormal levels of one or more of the four IgG subclasses, and decreased IgG response to
pneumococcal polysaccharides. Many adults with IgGSD also have autoimmune conditions
or atopy [9,10].

Selective IgA deficiency (SIgAD) [11,12], and selective IgM (SIgMD) [13,14] are di-
agnosed in a diverse group of patients, ranging from completely asymptomatic individ-
uals to people with recurrent infections, allergic diseases, autoimmune processes, and
malignant tumors.

The question is: are there any similar diseases associated with selective IgE deficiency
(SIgED)? Conventionally, normal serum IgE values are considered to range between the
technical detection limit (≤2 kU/L) and up to 100 kU/L. An excess of IgE (>100 kU/L)
can be established but, in contrast to the other immunoglobulins, there is no generally
accepted minimum level to establish an IgE deficiency. In various studies in the literature,
different cut-off points have been used to define IgE deficiency [15–19]. Most clinicians
do not attribute any pathological significance to very low IgE values, even those that are
unquantifiable (≤2 kU/L), which are usually considered as “normal”.

Low IgE is frequently associated with deficiencies in other immunoglobulins, partic-
ularly in patients with CVID [20–22]. Based on this observation, the use of routine IgE
measurement has been proposed as the first step to detect the presence of CVID [21,22].

In the classification of primary immunodeficiencies attributed to antibody deficiency,
the presence of low IgE values is mentioned, but it is always associated with deficiencies
in some of the other immunoglobulins [1,2]. The possibility of an immunodeficiency
associated only with an SIgED is not considered in the classification. However, a few
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studies have reported that an SIgED may be the biomarker of an immunodeficiency with a
significant clinical impact that has been overlooked until now [23–26].

The studies analyzing the potential role of SIgED are retrospective and include a
limited number of cases. Furthermore, most of the patients included in these studies were
selected from allergy units [23,26] or were patients having any allergy-related symptoms
and/or requesting antiallergy medications [25], which is a bias that could have limited
the spectrum of diseases found associated with SIgED. Despite these limitations, it is
worth noting that these studies show that individuals with a low level of IgE, with normal
values for the other immunoglobulins, present recurrent respiratory infections, suffer
from autoimmune diseases, and upper and lower airway diseases [23–26], similar to those
described in patients with CVID [6–8], IgGSD [9] or with SIgGD [8], SIgAD [11,12], and
SIgM D [13,14].

The predisposition to develop neoplasms in patients with antibody deficiency, either
in combination or due to selective deficits of IgA or IgM, is widely documented [27]. In the
same way, the scientific information supports that IgE deficiency is a predisposing factor
for the development of malignancies [28].

The hypothesis of this study establishes that isolated IgE deficiency is associated with
diseases similar to that described in other antibody deficiencies, but its clinical spectrum
has been underestimated.

This study is the first to research the effects of SIgED in the entire population in a
hospital setting with a 2-year follow up and sought to delineate in detail the clinical aspects
of SIgED.

2. Patients and Methods

Any patient who was found to have an IgE concentration ≤2 kU/L with normal IgG,
IgM, and IgA concentrations with at least 2-year follow up at our institution between
January 2010 and December 2019 was included in the study. A total of 151 patients
were analyzed, of whom 99 were excluded for different reasons shown in Figure 1. The
remaining 52 patients with SIgED and regular follow-up in the hospital were included
in the study. Medical records were reviewed and discussed together with the various
specialists involved in their routine care. Of the 52 patients, 31 were female (56%), and the
mean age was 43 years (range 18–87).

 

Figure 1. Flow chart of patients analyzed.
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In patients with a suspicion of either a respiratory or food allergy, we routinely perform
skin prick tests (SPTs) in our institution with a panel of commercial allergenic extracts of
the most prevalent aeroallergens and food allergens in our area (Laboratorios LETI, Madrid,
Spain). Foods suspected by the clinical history and not included in the standard panel are
also usually tested with a commercial extract if available, or by prick-prick according to
standard methods. Serum levels of IgG, IgA, IgM, and IgGs were measured by immunotur-
bidimetry (Atellica NEPH 630 Solution System. Siemens Healthineers, Germany). Serum
total and specific IgE levels were measured by immunofluorescence enzyme immunoassay
(ImmunoCAP, ThermoFisherScientific, Uppsala, Sweden). Serum IgA, IgM, and IgG values
of the participants were: IgM 1.10 (range, 0.41–2.42) g/L (normal values (0.36–2.6 g/L); IgG
10.7 g/L (range, 7.10–13.30) g/L; and IgA 2.12 g/L (range 0.95–4.80) g/L (normal values
0.66–3.6 g/L). The study was approved by the Ethics Committee of the Hospital Clinic
(Ethical Code: HCB/2021/0758).

3. Results

3.1. Infections

Three or more yearly upper respiratory infections (URI) (rhinorrhea, nasal congestion,
and productive cough), requiring antibiotic therapy for at least two consecutive years,
were recorded in 18 (34.6%) of the SIgED patients. Sixteen patients (30.7%) had suffered
one or more episodes of pneumonia (range 1 to 3). Median IgG, IgM, and IgA levels
were not significantly different in patients with or without URI or pneumonia (data not
shown). In two patients, chronic respiratory infection with M. avium complex was identified.
Recurrent episodes of otitis were recorded in four patients. Three patients had suffered
from herpesvirus infections, and one had suffered from chronic pyelonephritis.

3.2. Lung Diseases

Twenty-nine patients underwent chest computed tomography (CT) scanning. The
radiological study demonstrated the presence of bronchiectasis in 16 patients (30.7% of
total sample) affecting between one and three lobes and mostly cylindrical, peribronchial
thickening in three, air trapping in two, atelectasis in three, micronodules in three, cyst
in three, pulmonary emphysema in three (all ex-smokers), ground glass opacities in six,
and interstitial lung fibrosis in one. The chest CT scan was considered normal in six
patients (all of them suffering from frequent respiratory infections). In two patients, the
combination of chest CT findings (micronodules, cysts), bronchoalveolar lavage (BAL)
fluid results (lymphocytic inflammation and multinucleated giant cell), and the lung biopsy
of a nodule (lymphocytic infiltration) indicated the presence of lymphocytic interstitial
lung disease. Ten (19.2%) patients were diagnosed with asthma with different levels of
severity. Eight patients (15.3%), six of them associated with asthma, referred symptoms
of allergic rhinitis, and four of them reported clinical symptoms apparently exacerbated
seasonally (spring, autumn). In all patients, SPTs and specific IgE for common allergens)
were negative (Table 1).

3.3. Autoimmune Diseases

Eighteen patients (34.6%) suffered autoimmune clinical manifestations, either iso-
lated (19%) or combining two o more diseases (15%). Hypothyroidism was diagnosed
in 10 patients (19.2%), eight secondary to Hashimoto’s thyroiditis, and two resulted from
previously treated hyperthyroidism (Graves’ disease). Other less frequently found autoim-
mune diseases are shown in Table 1.
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Table 1. Non-infectious complications.

No. (%)

Airway/Lung diseases

Bronchiectasis 16 (30.7)

Asthma 10 (19.2)
Rhinitis 8 (15.3)
Lymphocytic interstitial lung disease * 2 (3.8)
Interstitial lung fibrosis 1 (1.9)
Autoimmune diseases
Hashimoto’s disease 8 (15.4)
Arthritis (1 RA, 4 undifferentiated) 5 (9.6)
Thrombopenia (2 associated with neutropenia) 4 (7.7)
Neutropenia 3 (5.8)
Aphthous stomatitis 3 (5.8)
Graves’ disease 2 (3.8)
Vitiligo 2 (3.8)
SLE 2 (3.8)
Alopecia 1 (1.9)
Acute hepatitis 1 (1.9)
Sjögren’s syndrome 1 (1.9)
Gastrointestinal and liver diseases
Symptoms of enteropathy ** 11 (21)
PSC 2 (3.8)
Ulcerative colitis (associated to PSC) 2 (3.8)
Cirrhosis (secondary to PSC) 2 (3.8)
Other manifestations
Chronic spontaneous urticaria 9 (17.3)
Eczematous dermatitis 8 (15.3)
Polyarthralgia 9 (17.3)
Fatigue 7 (13.4)
Arterial hypertension 13 (33.3)

PSC, primary sclerosing cholangitis; RA, rheumatoid arthritis; SLE, systemic lupus erythematous. * Diagnosis
based on CT scan images; Bronchoalveolar lavage lung fluid findings and biopsy of a lung nodule. ** Chronic or
intermittent diarrhea, abdominal pain and bloating.

3.4. Gastrointestinal and Liver Diseases

Symptoms of enteropathy such as intermittent or persistent chronic diarrhea, abdomi-
nal pain, and bloating were present in 11 patients (21%). Some patients associated their
symptoms with the ingestion of certain foods. In all cases, both allergen SPTs and specific
IgE studies with the putative culprit foods were negative. Fructose and lactose intolerance
were assessed in four patients, and only one tested positive in the lactose test. Celiac
disease was excluded in most (nine patients) but not all patients by anti-transglutaminase
IgG serology. A gluten-free diet was tested in four patients with inconsistent or negative
symptomatic response. Biopsies of colon mucosa and/or small intestine were obtained
in six patients, and the histological findings were: intraepithelial lymphocytosis (four pa-
tients), lymphoid hyperplasia forming aggregates (one patient), and enteritis with chronic
inflammation, eosinophilic infiltration, crypt distortion, and gland destruction (one patient).
Acute severe autoimmune hepatitis was diagnosed in one patient who had required two
liver transplantations. Two patients suffered from primary sclerosing cholangitis (PSC)
progressing to cirrhosis requiring liver transplantation. The two patients also suffered from
ulcerative colitis (Table 1).

3.5. Cutaneous Findings

Eczematous dermatitis (eight patients, 15.3%) associated with moderate or severe itch-
ing in most cases, chronic spontaneous urticaria (CSU) (nine patients, 17.3%), angiedema
(four patients associated with CSU), and chronic leg ulcers (two patients) were present
among the SIgED patients (Table 1).
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3.6. Tumours

Sixteen (30.7%) patients developed malignancies including non-Hodgkin lymphomas
(seven patients, 13.4%), chronic lymphocytic leukemia (two patients, one evolving from
a lymphoma), and various types of malignant and non-malignant tumors, as shown in
Table 2. Four patients developed more than one tumor.

Table 2. Lymphomas and other tumors.

No. (%)

Lymphomas and Leukemias
Diffuse Large B cell lymphoma 3
Follicular cell lymphoma 1
Burkitt lymphoma 1
Lymphocytic Lymphoma/CLL 1
Lymphoma B cell, not otherwise specified 1
CLL 1
Other
Melanoma 3
Breast 2
Skin cancer (basal cell carcinoma) 2
Cholangiocarcinoma 1
Hepatocarcinoma 1
Gynaecological (endometrial carcinoma) 1
Clear cell renal carcinoma 1
Meningioma 1

Neurinoma 1
CCL = Chronic Lymphocytic Leukemia.

3.7. Other

Mastocytosis (two patients), monoclonal gammopathy of undetermined significance
(MGUS) (two patients), fatigue (seven patients, 13.4%), and polyarthralgia (nine patients,
17.3%) were also reported by some patients as major complaints. Follicular hyperplasia
affecting lymph nodes located in the mediastinum, armpits, groin, supraclavicular area,
or abdomen were found in eight (15.3%) patients, which, when biopsied (three patients),
showed a pattern of non-specific lymphoid reactivity, although one of them later evolved
to a lymphoma. Arterial hypertension (13 patients, 33.3%) and ischemic heart disease (four
patients, 7.7) were also documented.

3.8. SIgED and IgG Subclasses

Serum levels of IgG1, IgG2, IgG3, and IgG4 had been assessed in 14 patients and
were normal in all but three patients: one with low IgG3 and two with low IgG4 (data not
shown).

4. Discussion

It is generally accepted that low levels of IgA, IgM, and IgG predispose to respiratory
bacterial and viral infections. The high incidence of URI and pneumonia in our patients
with SIgED is in keeping with that reported for CVID [8,9,29], SIgGD [8], IgGSD [9,10],
SIgAD [11,12], and SIgMD [13,14]. The mechanism by which an SIgED may also pre-
dispose to lung infections remains to be elucidated. IgE is usually related to protection
against parasites [4], but its role in other infections is not usually considered, despite
there being studies that have demonstrated the presence of specific IgE antibodies against
viruses such as H1N1 influenza [30], respiratory syncytial [31], HIV1 [32], varicella [33],
parvovirusB19 [34], and rhinovirus (RV) [35]. Anti-HIV1 IgE has been shown to inhibit
HIV1 production in infected cell culture, the inhibitory effect being reversed when IgE
was removed from the culture [32]. In a study involving children with HIV-1 infection,
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opportunistic infections were less frequent in children with high serum IgE levels than in
those with low IgE levels [36].

It is generally assumed that IgE does not play any relevant role in the immune
response against bacteria. However, there are studies reporting that IgE antibodies provide
immunity against bacteria such as Borrelia burgdorferi [37]. It was recently discovered
that the antibacterial activity of mast cells against Staphylococcus aureus (SA) in mice was
markedly enhanced by the presence of IgE directed against bacterial components. Animal
models deficient in IgE or FcεRI were unable to mount protective immune responses
against SA infections [38]. Furthermore, other authors have found that SIgED deficiency
predisposes to recurrent upper and lower airways with common respiratory bacteria such
as Haemophilus influenza, Moraxella catarrhalis, and Streptococcus pneumoniae [23].

Taken together, these findings support the notion that a reduced synthesis of IgE may
result in an immunodeficient response against virus and bacteria. As far as we know, the
response to vaccines of patients with SIgED has never been studied.

Two of our patients (3.8%) had chronic Mycobacterium avium infection. The patients
had clinical and radiological findings suggestive of ‘Lady Windermere Syndrome’ (LWS),
which is characterized by chronic bronchiectasis in slender women, with scoliosis and/or
pectus excavatum, and chronic productive cough. Multigenic variants with potential defects
in proteins encoded by various genes might contribute to LWS by reducing both IFN-γ
production and increasing transforming growth factor (TGF)-β levels in response to non-
tuberculous mycobacterium (NTM) [39–42]. NTM infection has been reported in a very
small percentage of patients with CVID (0–1%) [43]. Chronic respiratory infection with M.
avium complex and bronchiectasis were identified in 5% of patients with SIgAD [44]. So far,
in patients with SIgAD, SIgGD, and IgGSD, no NTM infections have been reported. The
potential role of SIgED in NTM infection is unknown and should be evaluated in a larger
series of patients with lungs infected with these pathogens.

It is generally assumed that in CVID patients, recurrent airway infections and persis-
tent airway inflammation can lead to a vicious circle airway remodeling process resulting
in bronchiectasis [43]. A recent analysis of existing data on the clinical presentation of
CVID found that bronchiectasis was present in the CT scan in almost one-third of patients
(28%, 95% CI 18–40) [29]. Bronchiectasis has been found in up to 14% of SIgAD patients
and is more commonly reported when associated with IgG subclass deficiency [44–46]. We
found that bronchiectasis was present in 30.7% of our SIgED patients, which is a percentage
similar to that reported in CVID, which is an observation that suggests that the lack of
IgE has a significant negative impact on the immune defense mechanisms of the lung. In
contrast to our findings, bronchiectasis is not even mentioned in the few studies reporting
the clinical manifestations present in SIgED patients, which is most probably due to the
lack of CT scan evaluation in patients with frequent respiratory infections [23–26].

Viral infections are a strong risk factor for developing asthma in children, and they
are major contributors to exacerbations of asthma in both children and adults [47]. The link
between viruses and upper (rhinitis) and lower respiratory diseases (asthma) might explain
the high percentage of patients with CVID that are diagnosed with asthma (25%, 95% CI
17–35) and rhinitis (18%, 95% CI 8–31) [29]. What is not yet clear is the mechanism under-
lying this association. Are CVID patients with asthma-like clinical symptoms a distinct
hyperreactive airway phenotype? Or, are they subjects to genetic factors predisposing them
to develop asthma, which is unmasked early by the presence of the immunodeficiency?
Mutations in the TNFRSF13B gene have been found in CVID patients [48] and are also
associated with an increased risk of asthma development [49].

CVID patients with asthma and rhinitis are often clinically characterized as
allergic [29,43]. Interestingly, some of our patients reported nasal and bronchial allergic-
like reactions—a few of the associated with seasonal exacerbations. This is not surprising,
given the presence of ultralow serum levels of IgE, SPTs, and that the in vitro tests for
serum-specific IgE against common allergens were negative in all patients. It is theoret-
ically plausible that allergic-type symptoms could be due to the presence of IgE in the
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respiratory tract, which is something similar to so-called local allergic rhinitis (LAR) and
local allergic asthma (LAA) [50,51]. These diseases are characterized by the negativity
of the skin-prick test and serum-specific IgE for all relevant aeroallergens in a patient
with upper and lower airway symptoms suggestive of allergy, and who tested positive
in the nasal and bronchial allergen challenge [50,51]. Although the cells and the main
sites of IgE production in humans remains to be fully characterized, it is assumed that
IgE is produced in the peripheral blood and locally in various tissues, including the nose
and lung [52]. One may speculate that airway mucosal IgE in patients with SIgED is still
capable of developing respiratory allergic responses in a similar way to that described
in LAR and LAA [51,52]. Interestingly, patients with CVID, IgE deficiency, and a history
suggestive of allergic asthma with negative allergen SPTs did not show any bronchial
reactions when subjected to an allergen challenge, but the exposure to allergens increased
the airway response to histamine [53]. Whether the acquired airway hyperresponsiveness
was due to a local IgE-dependent or another non-IgE related mechanism remains to be
clarified. It is also unclear whether allergen-induced hyperresponsiveness can indirectly
account for the symptoms of those IgE-deficient patients associated with allergen exposure.
Allergy symptoms may have been confused with unspecific airway hyperreactivity-related
clinical manifestations.

Similar to CVID, SIgAD has also been associated with allergic rhinoconjunctivitis
and asthma [44,54,55]. However, the prevalence of these diseases shows large differences
among studies, ranging from 13% [44] to 83% [55]. Furthermore, one age- and gender–
matched survey found an increased prevalence of allergic rhinoconjunctivitis, but no
differences were found in asthma prevalence between SIgAD and controls [55]. Thirty
five percent of patients with SIgMD had atopic diseases, including allergic rhinitis and
asthma [45], while allergic asthma and/or allergic rhinitis were the second commonest
manifestations in patients with IgGSD without any subclass predominance [56].

In previous studies, SIgED has been found to be associated with a higher prevalence
of non-allergic reactive airways disease (rhinorrhea, nasal congestion, dry cough, and/or
wheezing) (73%) compared with controls (20%) [23], and with asthma or hyperreactive
airway disease (26.5% vs. controls 6.8%) in children but not in adults [25]. The prevalence
of asthma (19.2%) found in our study was higher than that reported in the adult Spanish
population (range 10–16.7%) [57].

Interstitial lung disease (ILD) is a frequent (15–60%) non-infectious complication of
CVID [58]. The histology of ILD in CVID shows heterogeneous and often mixed patterns,
including lymphoid hyperplasia, lymphoid interstitial pneumonitis, follicular bronchiolitis,
non-necrotizing granulomatous inflammation, organizing pneumonia, and interstitial
fibrosis [59]. Granulomatous-lymphocytic interstitial lung disease (GLILD) is often used
as a term to describe ILD with lymphocytic infiltrates and/or granulomata in CVID [59].
However, not all ILD in CVID have pulmonary granulomata, and therefore, the term does
not fully cover the heterogeneous spectrum of the histopathology found in lung samples
from CVID patients [59]. Approximately 20% of patients with ILD present polyclonal
lymphocytic infiltration or non-malignant hyperplasia of the lymph nodes in addition to
granuloma [60]. Monogenic disorders causing CVID-like diseases have also been reported
in patients with ILD [61–63]. Patients with ILD have distinct clinical and immunological
phenotypes in keeping with immune dysregulation, in contrast to those without ILD or
those with bronchiectasis alone [64]. Recent studies have shown that ILD is also present in
the lung of patients with selective immunoglobulin deficiencies, including SIgAD, SIgGD,
and IgGSD, with a pattern of lymphoid proliferation and granulomata identical to that
found in CVID [65–67]. Lung biopsies from CVID patients usually show some degree of
fibrosis, which can be extensive, and is the predominant finding in up to 6.5% of cases [64].
The presence of extensive lung fibrosis is associated with a poor prognosis [68].

In our study, we found two patients with radiological, BAL fluid cytology, and his-
tological lung findings suggestive of ILD, and one patient with clinical and radiological
findings commonly associated with severe interstitial lung fibrosis, which caused her death.
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Although not confirmed by biopsy, in four patients, the CT scan showed ground-glass
opacities, pulmonary nodules, and mediastinal lymphadenopathy, which are images con-
sidered highly suggestive of ILD [64]. Taken together, our observations suggest adding
SIgED to the immunodeficiencies potentially associated with ILD.

A substantial number of CVID patients (27%, 95% CI 22–32%) develop autoimmune
manifestations [29]. Studies have shown that SIgGD [9,12] SIgMD [13,45,69], IgGSD [56],
and SIgAD [11,12,44,55] are also associated with systemic and organ-specific autoimmune
diseases. The clinical spectrum of autoimmunity in CVID and other selective immunodefi-
ciencies is very wide and includes a plethora of hematologic (cytopenia, thrombocytopenic
purpura, hemolytic anemia, Evans syndrome), and non-hematologic diseases (autoim-
mune thyroid diseases, rheumatoid arthritis, unspecific inflammatory arthritis, Sjögren´s
syndrome, systemic lupus erythematous (SLE), autoimmune hepatitis) [65]. In our study,
we found that SIgED was associated with hematologic and non-hematologic autoimmune
diseases, with percentages similar to those described in other immunodeficiencies. Iso-
lated and mixed autoimmune diseases were also significantly more frequent in adults and
children with SIgED compared with control populations in previous studies [23,25]. As in
our study, thyroid diseases (Hashimoto’s thyroiditis and Grave’s disease), cytopenias, SLE,
and arthritis were autoimmune diseases reported in patients with SIgED [23,25]. Taken
together, these findings support that autoimmunity is a relevant component of the clinical
presentation of SIgED.

CSU, in some cases associated with angioedema, was frequently diagnosed in our
patients. In contrast, CSU and angioedema are not usually listed among the more common
clinical manifestations in CVID [29,65]. However, some reports point out that we should
not overlook the association of CSU with CVID [70–73]. CSU has been found in 4.9% of
patients with SIgAD compared with 0.9% in controls [74], and in up to 12% of patients with
SIgMD [75]. A statistically significant prevalence of CSU was observed in patients with
SIgED (19%) compared with controls (0.8%) in one study [25], while another study did not
find any differences between patients (11%) and controls (11%) [23].

Eczematous dermatitis was also found in a high percentage of our patients. The
“eczema group” is frequently (33.7%) diagnosed in patients with various primary immun-
odeficiencies [76], but it is not included among the most common manifestations of patients
with CVID [29,64]. Interestingly, severe eczematous dermatitis is characteristic of diseases
of the immune system associated with both autosomal dominant and autosomal recessive
forms of hyper IgE syndrome [77]. In some of our patients, eczematous dermatitis was
associated with severe itching requiring regular treatment with oral corticosteroids, in
some cases complemented with immunosuppressive therapy. A previous study in pa-
tients with SIgED could not find any differences in skin rash complaints between patients
and controls [23], while in another study, rashes diagnosed as psoriasis and seborrheic
dermatitis were found to be significantly higher in SIgED patients than in controls [25].

Gastrointestinal symptoms that may mimic inflammatory bowel disease are very fre-
quent in patients with CVID. Intermittent or persistent diarrhea (27%, 95% CI 21–34) [29,78],
bloating (34%) [78], and abdominal pain (26%) [78], are the most common gastrointestinal
symptoms. The enteropathy of CVID may affect any part of the gastrointestinal tract and
is associated with various histological findings, including intraepithelial lymphocytosis
(46%), a decreased number of plasma cells in the GI tract mucosa (62%), and lymphoid hy-
perplasia (38%) [78]. Many other histological findings, such as eosinophilic or lymphocytic
enteritis, villous atrophy, collagenous enteritis, and granulomatous inflammation are less
frequently found in biopsies [29,78]. Studies in patients with SIgMD show great variability
in the prevalence of gastrointestinal manifestations, without clearly differentiating those
that may be due to an enteropathy similar to that found in CVID [14,44,55,75]. Both chronic
and recurrent diarrhea are more common among individuals with SigAD than in the
control population. However, many of these cases are associated with either celiac disease
or inflammatory bowel disease [56]. A comparison study shows more biopsy-confirmed
enteropathy cases among CVID patients (7%) than among SigGD patients (3.2%) [8]. Gas-
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trointestinal symptoms have not been reported associated with IgGSD [56]. Eleven (21%) of
our patients reported gastrointestinal symptoms suggestive of enteropathy. However, only
five had been assessed by endoscopy (9.6%), but all had histological findings (intraepithe-
lial lymphocytosis, lymphoid hyperplasia, lymphocytic and eosinophilic enteritis) usually
found in the enteropathy of CVID. Previous studies in SigED patients offer scant data on
gastrointestinal symptoms, although they mention that some patients had been diagnosed
with food allergy in some children [25], and inflammatory bowel disease and celiac disease
in some adults [23], but without data from histological studies.

Liver diseases have been reported in up to 12.7% of CVID patients [67], ranging from
elevated alkaline phosphatase to nodular regenerative hyperplasia (NRH), autoimmune
hepatitis, liver cirrhosis, and primary sclerosing cholangitis (PSC) [79]. Some isolated cases
of liver disease with NRH, and acute autoimmune hepatitis have been reported in patients
with SIgAD [80] and SIgMD [81,82]. Acute severe autoimmune hepatitis (one patient) and
PSC (two patients) progressing to cirrhosis were diagnosed in our SIgED patients. The
three patients required liver transplantation. The two patients with PSC suffered from
ulcerative colitis [83], and one of them developed a cholangiocarcinoma, which are both
entities considered common complications in PSC [84].

Interestingly, high serum levels of IgE have been found associated with a lower inci-
dence of biliary carcinoma in patients with PSC [85]. This is not an unexpected finding,
since numerous epidemiological studies carried out in recent years have shown an inverse
relationship between elevated IgE levels and malignant processes [28,86–89]. In keeping
with these epidemiological observations, we found a strikingly high prevalence of ma-
lignancies (30%), with non-Hodgkin lymphomas (13.4%) topping the list in our patients.
These findings are also very similar to those reported in some previous publications of
SIgED patients, where a significant increase in malignant processes (lymphomas, lympho-
cytic leukemia, and epithelial cancers) was observed compared with the control group [25].
The high frequency of malignant processes in our study supports the relevant role played
by IgE in antitumor surveillance detected in epidemiological studies.

The association between immunodeficiencies and cancer is well established. In CVID
patients, the most commonly reported malignancies are non-Hodgkin lymphomas and
various solid cancers (breast, colon, lung, gastric, ovarian, melanoma) [64,90,91]. A recent
study has shown that the link between IgE and malignancies appears to be specific and
independent of the presence of CVID in patients with IgE deficiency, which is a finding that
lends further support to IgE’s leading role in cancer development [92]. IgA deficiency is also
associated with a moderately increased risk of cancer, with excess risks of gastrointestinal
cancer not related to the presence of celiac disease [93]. Various types of cancer have been
found in patients with SIgMD in some [44,69,94] but not all studies [94,95].

Fatigue as a major complaint was present in a high percentage (13.4%) of our patients.
Chronic fatigue was also found significantly more frequently in patients with SIgED than
in controls in previous studies, 3.8% vs. 0.3% [25] and 30% vs. 4% [23]. Fatigue is a very
common complaint in patients with primary immunodeficiency disorders [96], particularly
in patients with CVID (40%) [29], but it has only been reported in isolated patients with
other selective immunoglobulin deficiencies. The prevalence of polyarthralgias in our
patients was high (17.3%), but it was even less frequent than previously reported in
patients with SIgED (32% vs. 7% in controls) [23]. SIgED associated with both arterial
hypertension (37.7%) and ischemic heart disease (25.2%) was previously reported by E
Magen et al. [97]. We found a similar prevalence of arterial hypertension (33.3%) but lower
ischemic heart disease (7.7%). The mechanisms involved in these associations remain to be
elucidated [97]. The same group has also reported that in comparison to a control group,
a significantly larger proportion of patients with SIgED presented with duodenal ulcers
(DU) (63.2% vs. 11.7%), who were positive for Helicobacter pylori (Hp) infection (47.4% vs.
11.7%) [98]. In our patients, the prevalence of DU was much lower (two patients, 3.8%, both
positive for HP), which concurs with previous studies [23], including one from the group
of Magen et al. [25], which did not find that SIgED can predispose to DU. The reasons that
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could explain the striking difference between their own two studies [25,98] are unclear and
were not analyzed by the authors.

The number of patients in whom serum levels of IgG subclasses had been assessed
was small and prevented us from evaluating the possible clinical impact when both
deficiencies concur.

Currently, very little is known about the mechanisms responsible for the deficiency in
IgE, either in isolation or associated with deficiencies in other immunoglobulins. Similarly,
the link between low IgE and the high risk of developing malignancy has yet to be eluci-
dated. No abnormalities in the mechanisms involved in IgE synthesis have been reported
so far in patients with SIgED. One study looked at the gene encoding activation-induced
cytidine deaminase, which is an enzyme involved in immunoglobulin class switching, but
the researchers could not find any mutation in patients with SIgED [99].

Our study has several limitations, such as the small number of patients recruited
and its retrospective nature. We cannot exclude that some bias may have influenced our
results. For example, the high prevalence of CSU and eczema found in our patients may be
due to the fact that they are diseases treated by dermatologists and allergists who often
include IgE measurement in their routine work-up. Moreover, we chose to use a stringent
diagnostic criterion (IgE <2.0 kU/L) to increase the specificity in the diagnosis of SIgED.
However, it remains unclear whether patients with IgE close to this level could also carry a
similarly increased risk of developing diseases. There should be further studies gathering
clinical data with different stratified IgE levels before a definitive serum IgE level can be
established as a diagnostic threshold immunodeficient risk. Studies are also necessary to
elucidate the clinical impact of complementary immunodeficient profiles such as associated
IgG subtypes and the response to vaccines.

In summary, the data reported to date suggest that SIgED is characterized by a
high prevalence of recurrent respiratory infections, asthma, autoimmune diseases, and
malignancies [23–26]. Our study expands the spectrum of diseases associated with SIgED
by adding bronchiectasis, enteropathy, CSU, eczematous dermatitis, LID, and liver diseases
(PSC and hepatitis) to the known list. Although it is not clear why these diseases were
not detected in previous studies, it is likely that the discrepancies are due to differences
in the method used to recruit patients. In previous studies, patients were selected from
allergy services [23,26] or with allergy-related symptoms [25], while in ours, patients were
recruited without bias from the general hospital base, which could explain the higher
prevalence of diseases that are not usually treated in the allergy units. Prospective studies
based on broader populations are needed to further examine the role of SIgED in the
development of different pathologies usually associated with immunodeficiencies. The
possible genetic basis of SIgED is currently unknown and remains to be investigated.
Hopefully, these studies will reveal whether SIgED can be added to the current list of
antibody deficiencies.
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Abstract: Selective IgA deficiency (sIgAD) is the most common primary immunodeficiency disease
(PID), with an estimated occurrence from about 1:3000 to even 1:150, depending on population. sIgAD
is diagnosed in adults and children after the 4th year of age, with immunoglobulin A level below
0.07 g/L and normal levels of IgM and IgG. Usually, the disease remains undiagnosed throughout the
patient’s life, due to its frequent asymptomatic course. If symptomatic, sIgAD is connected to more
frequent viral and bacterial infections of upper respiratory, urinary, and gastrointestinal tracts, as well
as autoimmune and allergic diseases. Interestingly, it may also be associated with other PIDs, such
as IgG subclasses deficiency or specific antibodies deficiency. Rarely sIgAD can evolve to common
variable immunodeficiency disease (CVID). It should also be remembered that IgA deficiency may
occur in the course of other conditions or result from their treatment. It is hypothesized that allergic
diseases (e.g., eczema, rhinitis, asthma) are more common in patients diagnosed with this particular
PID. Selective IgA deficiency, although usually mildly symptomatic, can be difficult for clinicians. The
aim of the study is to summarize the connection between selective IgA deficiency and atopic diseases.

Keywords: atopic diseases; atopy; allergy; selective IgA deficiency; primary immunodeficiency

1. Introduction

Primary immunodeficiency diseases (PIDs) are a heterogeneous group of congenital
diseases with various clinical manifestations and different models of inheritance (X-linked,
AR, polygenetic), caused by the impairment or loss of at least one function of the immune
system. They weaken the body’s defenses, increasing the frequency of infections as well as
the risk of autoimmune and proliferative diseases, including cancers [1].

PIDs can affect various elements of the immune system. As a result of next-generation
sequencing and a better understanding of the molecular and immunological mechanisms,
which affect the immune system, researchers can identify new genes and disorders. Ac-
cording to the latest data, ten basic types of PID can be distinguished: humoral and cellular
response deficiency, PID’s with associated or syndromic features, predominantly anti-
body deficiencies, immune dysregulation, congenital defects of phagocyte number and/or
function [2].
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Early diagnosis is of major importance and might be life-saving in patients with some
PID. Recurrent or severe infections should raise a suspicion for immunodeficiency. The
National Primary Immunodeficiency Resource Center developed a list of ten warning signs
of PID [3]. Besides, Cunningham-Rundles et al. developed an immunodeficiency-related
(IDR) score to assess the likelihood of finding immunodeficiency [4]. According to the
recent work of Bahrami et al. the mean diagnostic delay among primary immunodeficient
patients was 2.05 ± 1.7 years [5]. This delay is especially prominent in antibody deficiency
defects and therefore requires special attention.

An unusual and challenging disease in the group of antibody deficiencies is selective
IgA deficiency (sIgAD). Selective IgA deficiency is the most common primary immunodefi-
ciency disease with an estimated occurrence from about 1:3000 to even 1:150, depending
on the population, diagnosed more often in males [6,7]. The course of the disease is very
varied, as most cases are asymptomatic, but recurrent infections, allergies, autoimmune
diseases, and an increased risk of cancer may occur [7,8]. Besides the decreased level of
serum IgA, patients with sIgAD suffer also from a deficiency of secretory IgA [9]. This
facilitates the passage through the mucosal barrier for aeroallergens and food antigens,
which makes these patients prone to develop allergies. Sometimes allergies can be even
the first presentation of sIgAD. Aghamohammadi and colleagues reported that 40.5% of
patients had allergic symptoms as the first manifestation of the disease [10]. Therefore, the
suspicion of sIgAD should raise not only patients with recurrent infections but also with
other clinical manifestations.

2. IgA—Structure

IgA is a class of immunoglobulins characterized by the presence of an alpha heavy
chain. The daily synthesis of immunoglobulin A exceeds the total production of all other
immunoglobulins [11]. In the human body, there are two subclasses of this immunoglobu-
lin: IgA1 and IgA2. The most important difference between them lays in the structure of
their hinge region and the number of the glycosylation sites [12].

In serum, IgA1 is predominant, accounting for as much as 90%, while in mucosal tis-
sues, both subclasses are more evenly distributed, comprising 40% IgA1 and 60% IgA2. [13].
In human blood, IgA occurs mostly in monomeric form, while secretory IgA (SIgA) present
on the surface of mucous membranes usually occurs in the form of dimers, much less often
as trimers and tetramers [14,15]. Dimeric SIgA antibodies, covalently linked by a J-linking
chain, are secreted onto the mucosal surface with their characteristic secretory complement
(SC) [15].

3. IgA—Function

The majority of total IgA in the human body occurs in the mucosal tissues with a
proven great role in the immune response. Serum level of IgA is 2–3 mg/mL, and it is the
second most prevalent circulating immunoglobulin after IgG. However, until recently, the
role of plasma IgA was still unclear. Now, we have some evidence that serum IgA has
some immunological functions, which are independent of the role of secretory IgA.

Serum monomeric immunoglobulin A acting through Fc alpha receptor I (FcαRI) has
important immunomodulatory functions [16,17]. FcαRI is expressed on cells of the myeloid
lineage, including monocytes, neutrophils, eosinophils, some macrophages, intestinal
dendritic cells, and Kupffer cells [18]. Its role is associated with activation of different
signaling pathways, immunoreceptor tyrosine-based activation motif (ITAM), and ITAM
inhibitory (ITAMi) [19]. Once a multimeric ligand binds FcαRI, activation of an inflam-
matory response through ITAM signaling takes place. On contrary, monovalent ligand,
like monomeric IgA, acts through ITAMi signaling, which results in an anti-inflammatory
response (Figure 1).
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Figure 1. Regulation of immune responses by FcαRI, including ITAM-induced activation and ITAMi-control.

Instead, secretory IgA due to such a numerous representation within the mucous
membranes is considered the body’s first line of defense against harmful external fac-
tors [20]. It has been proven that they can eliminate pathogens, for example, by adsorption
of food antigens, agglutination of bacteria, inhibition of epithelial adhesion to mucous
membranes [16,18,21]. Reports indicate the ability to neutralize and inhibit the release
of viral and bacterial particles, neutralize toxins and enzymes produced by numerous
pathogens [22,23].

IgA has been shown to exert an anti-inflammatory function by inducing the expression
of anti-inflammatory cytokines such as IL-10 and inhibiting releasing pro-inflammatory
cytokines such as IL-6 [24–26]. Moreover, IgA activates complement only in a limited
amount, but this class of immunoglobulin can block the activation of the complement
mediated by IgG [21,27]. It is known that IgA silences some responses after bacterial cell ac-
tivation, like for example, oxidative burst activity, phagocytosis, as well as chemotaxis [28].
Effector functions of IgA are complex. As mentioned before, IgA may interfere directly
with immune cells of the myeloid lineage using FcαRI. After the interaction of IgA with
monocyte-derived dendritic cells, antigen presentation, maturation, and production of
IL-10 may occur [29]. Monocytes also have the ability to produce IL-10 after IgA ligation
and to inhibit the production of IL-6 and TNF-alfa [30]. SIgA is important in eosinophil
activation and degranulation and is more potent at stimulation of the release of reactive
oxygen species than IgE, as well as it regulates oxidative burst and cytokine release by
human alveolar macrophages [31,32]. Moreover, binding IgA with mannan-binding lectin
(MBL) results in complement activation, which is a part of antimicrobial defense [33].
SIgA may act as a competitive blocker of IgG-mediated complement activation [30]. A
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significant aspect influencing the proper development of humoral immunity is an adequate
stimulation of the immune system and, as a result, the ability to maintaining an appropriate
balance between the cellular and humoral response.

4. Pathogenesis of IgA Deficiency

The pathogenesis of the disease is not yet fully understood. It is possible that sIgAD
can be caused by the overlap of some of these mechanisms [34].

One of them, which has been widely described, is the presence of errors in the differen-
tiation of IgA+ plasmablasts causing a low number of IgA-secretory cells, difficulties with
switching IgA to SIgA, and a low number of mRNA in B-cells producing IgA [7,35–38].
Another mechanism concerns cytokines that are involved in IgA production (IL-10, IL-4,
IL-6, IL-12, IL-21) and is caused by dysregulation of their pathways, especially in secondary
lymphoid organs [8,9,39–44]. In patients with sIgAD, IL-10 is proven to be crucial in the
differentiation of the B cells to IgA-secreting cells. Furthermore, it has a synergic effect
with IL-4 [43,45]. Another cytokine that causes IgA production is TNF-B, it also possesses
the ability to act as an isotype “switch” factor for IgA production [46,47]. Lowered level
of TGF-B may lead to a low IgA level in patients with sIgAD [9]. Il-21 stimulation is
even more effective in inducing IgA production than IL-4 and IL-10, as well as it prevents
CD19 + B cells spontaneous apoptosis [39]. This increased apoptosis could cause a reduc-
tion in survival of B cells and, therefore, decreased production of normal levels of IgA
immunoglobulin [48]. Additionally, it is possible that T-cells impairment is connected with
sIgAD. Soheili et al. suggest a direct association between decreased level of T regulatory
(Treg) and the severity of clinical presentation of sIgAD [49]. In this study, patients were
divided into two groups—G1 with a lower-than-cut-point Treg value, where there was a
higher risk of developing autoimmunity and class switching recombination defects, and
G2 with a higher Treg value, where only one person had autoimmunity and no one had the
described antibodies defect. The link between Treg cells and IgA production is complex
and multifaceted. Treg cells colonize the intestinal mucosa where they produce TGF-beta
and IL-10, which are essential in the production of IgA. Reduced amount of Treg negatively
affects the amount of IgA+ B lymphocytes, and restoration of the correct amount of Treg,
consequently, restores normal IgA production in the intestines [50–52] Interestingly, ac-
cording to the meta-analysis by Bronson et al. there is a multiple gene linkage between
the “Intestinal Immune Network for IgA production” and “Treg” [53]. Besides, the highest
levels of APRIL (a proliferation-inducing ligand), which is connected with IgA-synthesis
as a compensatory mechanism, are observed in patients with sIgAD [20,54]. It has been
proved that there is a genetic background to sIgAD [55–57].

Moreover, level of these immunoglobulins may be influenced by drugs that are often
used in everyday practice—non-steroid anti-inflammatory drugs (NSAIDs), angiotensin
convertase enzyme inhibitors (ACEI), several anti-epileptic drugs, or drugs used in rheuma-
tology. They can even trigger iatrogenic isolated sIgAD [58,59]. Moreover, some of the viral
infections, e.g., EBV, hepatitis type C may induce post-infection IgA deficiency [60,61].

5. Clinical Presentation of sIgAD

Based on clinical presentation, sIgAD patients can be classified into different pheno-
types. Yazdani et al. [8] in their work from 2015 divided these phenotypes into five main
categories: asymptomatic, minor infections, autoimmunity, allergy, severe. It was reported
that there is no correlation between serum IgA levels and clinical phenotype and disease
severity [34].

Diagnosis of sIgAD is a diagnosis of exclusion. Immunologists should take into con-
sideration infection-induced or drug-induced IgAD, as well as drug-induced IgAD/IgG2
subclass deficiency [62–64]. Important factors in establishing the diagnosis of IgA de-
ficiency are family background and other laboratory parameters, which are relevant in
order to differentiate sIgAD from CVID (lowered IgA/IgG and sometimes IgM levels),
secondary hypogammaglobulinemia (moderately low levels of IgA), single-gene primary
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immunodeficiencies, hypoglobulinemia due to the protein loss as the result of enteropa-
thy or nephrotic syndrome and malignancies such as thymoma, myeloma, and chronic
lymphocytic leukemia [64,65].

5.1. Asymptomatic

Most of the patients are asymptomatic. The estimate number is 60% [8], but it varies
in different studies. These patients might develop some clinical manifestations; therefore,
they should undergo regular evaluations [34]. A 22-year study based on a cohort of
184 pediatric SIgAD patients, performed by Lougaris et al. [66] shows how the clinical
presentation of the disease can vary with time. They assessed laboratory parameters and
long-term health status of patients, 62% of whom had symptoms at the time of diagnosis.
Allergic complications during follow-up were additionally developed in 16%, autoimmune
diseases excluding celiac disease in 9%, and celiac disease developed in 11% of previously
disease-free patients. During the follow-up period, 4% of patients achieved age-appropriate
IgA levels, 9% of patients achieved partial IgA deficiency diagnosis and 2% of patients
developed CVID.

5.2. Minor Infections

Children with recurrent and severe infections present a diagnostic challenge [67]. Four
or more ear infections and two or more serious sinus infections or episodes of pneumonia
within one year are warning signs for primary immunodeficiencies in children [68].

Secretory IgA plays an important role in maintaining the equilibrium of the body, as it
takes part in the mucosal immune system and serves as the interface between the body and
the microbiome. In the human body, the largest mucosal systems are the gastrointestinal
tract and respiratory system, and therefore, decreased level of IgA will affect mostly them.

Symptomatic patients with minor infection usually present recurrent upper respiratory
tract infections (40–90%), mainly viral, less frequently bacterial (with encapsulated bacteria
etiology, such as Streptococcus pneumoniae, Hemophilus Influenzae) [7,8,69,70]. Bacterial
bronchitis and pneumonia are much less common, but these infections may be complicated
by bronchiectasis [71]. Infections of the ear, sinuses, conjunctiva, nose, and throat mucosa
may occur. Most often, these infections are mild, not requiring hospitalization and their
treatment does not differ significantly from the treatment of a patient without sIgAD. It was
found that patients with sIgAD have a compensatory increase in secretory IgM level [9,72],
however, these IgM cannot replace all functions of IgA [73]. In the intestines of sIgAD
patients, there is 65–75% of Ig-containing plasma cells with the ability to produce IgM in
comparison to about 6% in healthy volunteers, possibly due to the homology in structure
and function between those two isotypes [74–77]. Besides, patients with sIgAD suffer
from urinary tract infections (UTI) and gastrointestinal tract infections with viruses and
bacteria. Moreover, intermittent or chronic diarrhea due to Giardia Lamblia is common,
because the attachment and proliferation of this parasite on the gastrointestinal mucous
are facilitated due to lack of IgA [78,79]. It is important to mention that in patients with
recurrent UTI, bronchitis and pneumonia, defects in the urinary and respiratory systems
should be excluded.

The diagnosis of selective IgA deficiency mostly does not significantly influence the
therapeutic management of patients. Treatment of infections should be adequate to their
etiology, patient’s age, and clinical condition. Treatment of comorbidities and prevention
of complications remain the basis. There are no clear guidelines that would suggest the
need for longer and more aggressive antibiotic therapy in this disease than in patients
without sIgAD. There is also no consensus on the use of antibacterial prophylaxis in this
immunodeficiency, but its usage was suggested in more severe cases, at least periodi-
cally [34,48,80]. Vaccinations play a significant role in minimizing the risk of infections [48].
It is advisable to extend the standard calendar with vaccination against S. pneumoniae,
N. meningitidis, H. influenzae, and annual vaccination against influenza [34]. It is not typ-
ically recommended to initiate IgG (i.v, s.c) replacement therapy in patients without the
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coexistence of other immune-related diseases, acute, severe infections, or coexistence of
specific antibodies deficiency [81]. According to one of the latest meta-analyses covering
the effects of oral probiotics, parabiotics, and synbiotics on immunoglobulin levels, it
has been shown that their supplementation increases significantly salivary IgA secretion,
without a significant effect on the level of other immunoglobulins and with no effect on
the serum IgA [82]. In addition, there are reports of an increase in the amount of IgA+

cells in the intestines of lamina propria in mice after oral ingestion of Lactobacillus-based
preparations [83,84]. One prospective, randomized study demonstrated the validity of the
use of oral immunomodulator bacterial extract (OM-85 BV) in patients with sIgAD and/or
IgG subclass deficiency, resulting in a lower one-year infection rate [85]. A suggestion has
been made to use oral IgA in patients with sIgAD, since this deficiency is associated with
dysbiosis and chronic inflammation, and the present inflammation is inversely correlated
with systemic anticommensal IgG response, which acts as “second line of defense” [86,87].

The importance of the IgA was raised again because of the ongoing global pandemic
of coronavirus disease 2019 (COVID-19). When looking for the reasons for the varied
course of the disease, questions arose on whether deficiency of IgA could be the reason
for disease severity, vaccine failure, and prolonged viral shedding [88]. As mentioned
above, the prevalence of sIgAD differs in various countries and the same was found for
COVID-19. Naito et al. compared the number of cases of COVID-19 with the prevalence of
selective IgA deficiency in different countries [89]. They found “a strong positive correlation
between the frequency of sIgAD and the COVID-19 infection rate per population”. It was
then concluded that one of the factors contributing to the low death rate from COVID-
19 infection in Japan could be the low incidence of sIgAD in the country. As primary
immunodeficiencies are a group of rare diseases, there is little data on the coexistence
of sIgAD and COVID-19 infection. Nevertheless, literature data showing an extremely
significant effect of class A immunoglobulins on early protection against SARS-CoV-2 virus
also suggest a potentially more severe/complicated course of the disease [88,90]. This thesis
is supported by the aforementioned literature data: a positive correlation between a high
number of COVID-19 infections and a high incidence of sIgAD has been demonstrated, and
an inverse relationship was observed in the extreme example of Japan [88]. In Israel, during
two “so-called” waves, 20 patients with PID were affected by COVID-19 and none of them
was diagnosed with sIgAD [91]; importantly, the relationship between the development
of autoimmune diseases in the course of COVID-19 in patients with sIgAD—AIHA and
Guillain-Baree syndrome [92]. Researchers also point to the risk of a poor response against
SARS-CoV-2 after immunization in this group of patients [88].

5.3. Autoimmunity

There is an association between IgA deficiency and a higher prevalence of autoimmune
disease [93,94]. Based on extended research in that field, the prevalence of autoimmune
disease in this group rises to 31.7% [95]. According to Azizi et al. the median age of the onset
of the first episode of autoimmunity was 7 [95]. Among diseases with higher prevalence in
sIgAD subjects, we differentiate systemic lupus erythematosus, hypo- and hyperthyroidism,
type 1 diabetes mellitus, Crohn’s disease, ulcerative colitis, rheumatoid arthritis, juvenile
idiopathic arthritis, ankylosing spondylitis, and vitiligo. Whereas other diseases like
scleroderma, celiac disease, autoimmune hepatitis, immune thrombocytopenic purpura,
and autoimmune hemolytic anemia, occur less often but still with higher prevalence than
in the general population [96].

The mechanism of autoimmunity in sIgAD is still not fully understood. There are
six hypotheses that try to explain these phenomena, each based on a different mode of
autoimmunity, such as human leukocyte antigen, cytogenic, monogenic, molecular mimicry,
lingering inflammation and immune complexes, dysregulation of molecular pathways [96].
Some studies suggest that various mechanisms are likely to play concurrently. It has been
found that there is also a higher incidence of autoimmunity in first-degree relatives of
sIgAD patients [97].
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In a recent case reported by Pfeuffer et al., authors stated that the presence of other
acute diseases could induce autoimmunity in SIgAD patients [98]. In their case, it was
Guillain-Barré syndrome induced by COVID-19.

5.4. Allergy

Allergy has long been a component of immune deficiency; however, allergic burden
differs in different types of immunological disorders. Both PID and allergy are associated
with impaired reactions of the immune system. In the case of PID, malfunctioning of some
of its components will lead to infectious susceptibility. Atopy, on the other hand, is a
hypersensitivity reaction of the immune system and a form of misdirected immunity.

The true prevalence of allergy among patients with sIgAD is still under debate since
studies from different countries present inconsistent results. Therefore, it suggests that
the prevalence varies depending on the ethnic background. There is even controversy in
the scientific world whether the coexistence of IgA deficiency and allergic diseases is, in
fact, true. Most publications support the relationship between sIgAD or low-IgA levels
and allergic diseases [10,99–103], but some researchers deny it [104,105]. This connection
has been the subject of medical research for over 50 years. In 1975, Buckley suggested that
about half of the patients with sIgAD presented atopic diseases and related findings have
been published later by Kemola [106,107]. A similar observation has been done in Ankara
more recently, in 2017, where 45.7% of the patients diagnosed with sIgAD presented one of
the following: asthma, rhinitis, eczema, atopic dermatitis, and interestingly the prevalence
of allergy in a close family of this patients rose up to 43.2% [101]. Aghamohammadi, in
his study on Iranian patients, revealed that allergy was observed in 84% of patients with
sIgAD [10]. In a study from China, 17.6% of patients had allergic symptoms, however,
most of them were allergic reactions to drugs (mostly penicillin) [108]. These results were
inconsistent with typical allergies reported in other countries, such as asthma, rhinitis, food
allergy, and atopic dermatitis [108]. On the other hand, there is a study with a prevalence
of allergy in children with sIgAD on the percentage of 13% [70].

Many clinicians point out the frequent coexistence of IgA deficiency with bronchial
asthma, allergic rhinitis, and atopic dermatitis in everyday practice but it is unclear whether
it is the immunoglobulin A deficiency that promotes an allergic reaction, or the allergic
reaction weakening the mucous membranes and consequently leading to a secondary IgA
deficiency. There are plenty of possible explanations of this phenomenon. The connection
between IgA deficiency and allergies may be caused by increased levels of circulating
antigens, due to increased permeability at mucosal surfaces. It could also be a result of
the inability to induce ITAMi signaling, due to decreased level of monomeric serum IgA,
which, consequently, causes overactivation of the immunological system [79,109]. Another
hypothesized mechanism is the deficiency of TGF-beta response. TGF-beta has properties
to induce IgA synthesis, as well as inhibiting proliferation of Th2-cells. Th2-response is
involved in the pathogenesis of atopic diseases [110–112]. Interestingly, there are allergen-
specific A immunoglobulins, but their role in the pathogenesis of allergic diseases is
unclear [113]. We do not know whether they are responsible for exacerbation or silencing
the symptoms, but what we know is that they are observed in healthy people without
allergic symptoms and low or undetectable IgE-levels [114,115]. Moreover, children with
a tendency to allergic diseases have a more pronounced physiological IgA deficiency in
the neonatal period and the lower these concentrations are, the greater is the severity of
symptoms (although they usually remain within the reference values for age).

The American Academy of Allergy, Asthma & Immunology (AAAAI) and the Ameri-
can College of Allergy, Asthma & Immunology (ACAAI) developed practice parameters to
guide the management of primary immunodeficiencies [116]. It is stated there that atopic
diseases should be treated aggressively in patients with sIgAD. Since allergic inflammation
facilitates the development of respiratory tract infections, it is crucial to treat allergy using
all standard modalities, like avoidance of allergens, medication, and immunotherapy [116].
Our clinical experience shows that treating atopic diseases in patients with immunodefi-
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ciency is difficult and requires special attention and scrupulousness. In addition to the
commonly used anti-histamine drugs, beta-mimetics, and glucocorticosteroids, in the case
of treatment-resistant atopic diseases, biological drugs such as omalizumab and dupilumab
might be helpful. Omalizumab is an anti-IgE antibody that is FDA approved for the treat-
ment of moderate to severe allergic asthma, while dupilumab is an IL-4 receptor blocking
antibody and is FDA approved for the treatment of moderate to severe atopic dermatitis in
patients with the refractory disease [117–119]. The use of omalizumab in a young adult pa-
tient diagnosed with CVID, who suffered from chronic spontaneous urticaria, and did not
respond either to an immunoglobulin substitution in immunomodulatory doses, anti-H1
and anti-H2 antihistamines, as well as leukotriene receptor antagonists, has been described.
Only the inclusion of omalizumab resulted in a significant improvement in the condition of
the skin and quality of life [120]. However, data suggest that such treatment could carry a
risk of possible side effects—Banh et al. described a case of a 24-year-old patient diagnosed
with asthma and CVID, where treatment with omalizumab might have increased the level
of white blood cells and elevated myeloid cell count. Serious disorders, e.g., malignancy or
severe infections were excluded. Importantly blood test results returned to normal levels
shortly after drug discontinuation [121]. The use of dupilumab has been described in the
context of a patient with CVID suffering from severe skin lesions such as erythematous-
squamous and generalized infiltrated rash with exacerbation in sun-exposed zones and
severe recurrent infections, in whom no improvement in skin condition was observed after
treatment with glucocorticoids or cyclosporine. The introduction of dupilumab resulted
in a reduction in the severity of skin lesions and the addition of IgG replacement ther-
apy lowered the frequency of infections [122]. In our opinion, based on experience from
other immunodeficiencies with predominantly antibody deficiency, it is possible to use the
above-mentioned monoclonal antibodies in the treatment of severe allergic complications
in patients with SIgAD.

5.4.1. Food Allergy

The prevalence of food allergy in patients with PIDs was examined using the US
Immunodeficiency Network (USIDNET). Surprisingly, it was lower than that in the general
population. However, for some specific types of PID, like sIgAD, the prevalence was
increased and it was found to be 25% [123], but there were only four patients with sIgAD
in the registry. It is consistent with the study performed by Aghamohammadi et al.
where the prevalence of food allergy among patients with sIgAD was 22% [10]. Across
all studies in this review, the prevalence of food allergy among patients with SIgAD is
presented in Table 1. Another study reports an increased risk of parentally reported food
hypersensitivity at 4 years of age among children with sIgAD [124]. Moreover, the authors
did not find any association between IgAD and increased levels of specific IgE, which
could suggest that hypersensitivity in IgAD children is not IgE-mediated [124].

The majority of patients with deficiency of secretory IgA have substitution with
secretory IgM. However, it might not guarantee proper mucosal protection and might
allow food antigens to pass through the gastrointestinal mucosa and predispose to develop
a food allergy. Another possible explanation connected with eczema and food allergy is the
hypothesis that, due to the IgA-deficiency to gastrointestinal antigens in the gut, there is
no antigen immunological-exclusion, which consists of antigen binding to SIgA at the level
of the mucosal surface, and, consequently, blocking the absorption of the antigen [9,125].

Recent years showed that there is a strong connection between microbiota and al-
lergy development. For example, in 2009, researchers found that children with allergy not
only had lower salivary SIgA levels but also less differentiated bacterial microenviron-
ment [126,127]. A study from 2018 focused on the effects of IgA deficiency on human gut
microbiota composition [128]. They found out that patients with sIgAd have an altered
gut microbiota composition compared to healthy patients. Moreover, the secretion of IgM
cannot fully compensate for the lack of SIgA. It is therefore suggested that IgA plays a
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critical role in controlling stable gut microbial community. A different study from the same
year showed only mild loss in microbial diversity in sIgAD subjects [129].

It was also found that serum IgA plays a role in suppressing IgE-mediated food
allergy. IgE-mediated food allergy is a common cause of enteric disease, and, in the
study conducted by Strait et al. concerning IgE-mediated systemic anaphylaxis induced
by ingested allergens, it has been found that both serum antigen-specific IgG and IgA
antibodies can protect against severe IgE-mediated allergic reaction [130]. This suggests
that decreased serum IgA antibody levels might predispose to increased intestinal mucosal
permeability and absorption of ingested antigens, therefore, increasing the risk of severe
food allergy [131].

Table 1. Food allergy and sIgAD.

Year Country Sample Size
Disease Prevalence
among SIgAD (%)

Reference Diagnostic Tools

2009 Iran 37 22 [10]
The allergy status was evaluated by skin

prick test, using 14 common standard
allergen extracts

2012 Spain 330 4.2 [132] Retrospective study of patients records

2017 Turkey 81 1.2 [101]
Skin prick tests + serum IgE measurements.
Food allergy diagnosis was confirmed with

an oral food challenge test.

2020 Iran 166 3.6 [133] Data about clinical presentations were
collected based on a detailed questionnaire

5.4.2. Asthma

Asthma is a chronic inflammatory disease of the respiratory system characterized by
bronchial hyperresponsiveness and reversible airflow obstruction. It is one of the most
common chronic illnesses in childhood and its etiology in this group is vastly associated
with atopy. Some studies report that asthmatic patients are more likely to have a diagnosis
of sIgAD/CVID than non-asthmatic individuals [134]. In a study on an Iranian group, the
prevalence of asthma among sIgAD patients was 51% [10], while in the general Iranian
population it is 22–23% [135,136]. In the study on a Spanish group, asthma was observed
in only 12.4% patients [97]. On the other hand, no difference in prevalence was found com-
paring sIgAD patients and control group in the case-control study of Jorgensen et al. [137].
The prevalence of asthma among patients with SIgAD is presented in Table 2.

Papadopoulou et al. state that the insufficient protection provided by the respiratory
mucosa deprived of IgA in children with sIgAD makes them prone to develop bronchial
hyperresponsiveness and consequently asthma [138]. In a different study, a high number of
IgA-specific salivatory antibodies has been connected to a lower risk of late-onset wheezing
in sensitized infants [139]. Furthermore, sIgAD may be connected with TNFRSF13B gene
variants as one of the genetic susceptibilities. This gene encodes the transmembrane
activator and calcium modulator and cyclophilin ligand interactor (TACI), which is the
tumor necrosis factor receptor (TNFR) expressed on activated B cells and macrophages
and is involved in isotype class switching to IgA [54,140,141]. Moschese et al. investigated
the prevalence of TNFRSF13B mutations in 56 patients with absolute and partial sIgAD
reporting 20% prevalence in this group [142]. Furthermore, researchers suggest that the
mutation in these genes increases the risk of asthma development up to 2.5 fold, despite
the IgE levels [69]. Moreover, the studies on the mice model proved that treating with
antigen-specific IgA may protect animals from hyperresponsiveness as well as eosinophilic
inflammation in airways [143]. Additionally, since mice do not express FcαRI [144], studies
on human FcαRI transgenic mice were used in studies on the asthma model. It was
found that by targeting FcαRI, IgA has been established as a strong inhibitor of asthma
development [145].
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Some studies reported a higher prevalence of respiratory tract infections among
patients with sIgAD and allergy compared to those with sIgAD without any manifestation
of allergy disease [99,133,146]. It suggests that allergic patients are more susceptible to
respiratory tract infections.

Table 2. Asthma and sIgAD.

Year Country Sample Size
Disease Prevalence
among SIgAD (%)

Reference Diagnostic Tools

2008 Brazil 126 48.4 [79] Diagnostic criteria of allergic diseases were
not defined in the paper

2009 Iran 37 51 [10]
Lung function was evaluated according to
the American Thoracic Society guidelines,
using a computerized pneumotachograph

2010 Israel 63 23.8 [99] Retrospective study of patients records

2012 Spain 330 12.4 [132] Retrospective study of patients records

2013 USA 39 23 [134] Asthma status was determined based on
predetermined criteria for asthma

2013 Iceland 32 18.8 [137]
Self-administered questionnaire + interview
performed by physician + lung function tests

using spirometry

2017 Turkey 81 34.6 [101] Asthma status was determined based on the
Global Initiative for Asthma guidelines

2019 Italy 103 10.7 [142]

Patients’ clinical data were collected at
enrolment and every 6–12 months for 5 years.
Diagnostic criteria for allergic diseases were

not defined in the paper

2020 Iran 166 6.6 [133] Data about clinical presentations were
collected based on a detailed questionnaire

5.4.3. Atopic Dermatitis

A variety of primary immunodeficiencies have cutaneous manifestations. In the case
of sIgAD, nonspecific cutaneous finding is eczematous dermatitis. Here, similarly to other
allergic manifestations, there is a huge variety in the prevalence reported in different
studies, which could be caused by ethnic diversity and, also, by different algorithms for
atopic dermatitis diagnosis. Therefore, in a study performed by Aghamohammadi, the
prevalence was 52% [10], but in the study of Magen, it was only 4.6%, however, it was still
higher than in the control group [147]. The prevalence of atopic dermatitis among patients
with SIgAD is presented in Table 3.

Moreover, Orivari et al., showed that the levels of secretory IgA in breast milk were
inversely associated with the development of atopic dermatitis up to 2 and 4 years [148]
among breastfeeding children. In a different study, though, such connection was not
found [149].

Moreover, people with higher IgA levels and Staphylococcus aureus colonization in
the gastrointestinal tract are less susceptible to the development of eczema [150].
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Table 3. Atopic dermatitis and sIgAD.

Year Country Sample Size
Disease Prevalence
among SIgAD (%)

Reference Diagnostic Tools

2008 Brazil 126 2.4 [79] Diagnostic criteria of allergic diseases were not
defined in the paper

2009 Iran 37 49 [10]
The allergy status was evaluated by skin prick

test, using 14 common standard
allergen extracts

2010 Israel 63 3.2 [99] Retrospective study of patients records

2012 Spain 330 3.6 [132] Retrospective study of patients records

2015 Italy 102 57.84 [151] Diagnosis was based on Hanifin-Rajka criteria
and on skin biopsies where applicable

2017 Turkey 81 11.1 [101] Diagnosis was based on Hanifin-Rajka criteria

2017 Israel 347 4.6 [147]

Retrospective study of patients records.
Criteria for diagnosis of chronic spontaneous
urticaria according to EAACI, GA2LEN, EDF

and WAO guidelines

2019 Italy 103 12.6 [142]

Patients’ clinical data were collected at
enrolment and every 6–12 months for 5 years.
Diagnostic criteria for allergic diseases were

not defined in the paper

5.4.4. Allergic Rhinitis and Conjunctivitis

Serum IgA level in children under the age of 4 with positive skin-prick test was
significantly lower than in healthy population, also allergic rhinitis and eczema were
connected with a low level of salivary IgA [152]. The frequency of allergic rhinitis among
patients with sIgAD in a study performed in Turkey was 27.2% [101], while the prevalence
of allergic rhinitis in Turkish school-age children was 16.9% [153]. The presence of allergic
rhinitis was only accepted if it was diagnosed by a physician. Furthermore, in a different
study, the prevalence of allergic-rhinoconjunctivitis tended to be increased in the sIgAD
group and was reported to be 37.5% [137]. Across all studies in this review, the prevalence
of allergic rhinitis and conjunctivitis among patients with SIgAD is presented in Table 4.

Table 4. Allergic rhinitis/conjunctivitis and sIgAD.

Year Country Sample Size
Disease Prevalence
Among SIgAD (%)

Reference Diagnostic Tools

2008 Brazil 126 53.2 (AR) [79] Diagnostic criteria of allergic diseases were not
defined in the paper

2009 Iran 37 40 (AR/C) [10]
The allergy status was evaluated by skin prick

test, using 14 common standard
allergen extracts

2010 Israel 63 12.7 (AR) [99] Retrospective study of patients records

2012 Spain 330 9 (AR) [132] Retrospective study of patients records

2013 Iceland 32 37.5 (AR/C) [137] Self-administered questionnaire + interview
performed by physician + skin prick tests

2017 Turkey 81 27.2 (AR) [101] Presence of allergic rhinitis was only accepted
if it was diagnosed by a physician

2019 Italy 103 18.4 (AR)
9.7 (C) [142]

Patients’ clinical data were collected at
enrolment and every 6–12 months for 5 years.
Diagnostic criteria for allergic diseases were

not defined in the paper
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5.5. Severe

As opposed to other primary immunodeficiencies, sIgAD rarely presents with se-
vere manifestations. Therefore, differential diagnosis with other possible immunological
disorders should be performed.

Patients with this phenotype suffer from recurrent and severe infections even in lower
respiratory tracts [8]. One of the severe complications of severe respiratory infections is
bronchiectasis. In such cases, it is crucial to eliminate other immunodeficiencies such as
IgG2subclass, specific antibody deficiencies, and mannan-binding lectin deficiency [79].

Patients with this phenotype should be provided with extra care. In case of recur-
rent infections, prophylactic antibiotics should be considered, especially during autumn
and winter [8]. The usage of IVIG replacement therapy in these patients is extremely
controversial [116,154]. Usually, this treatment is recommended for individuals with both
IgA deficiency and concomitant IgG2 subclass deficiency [155,156]. To determine if this
treatment would be beneficial, the IgG antibody responses to protein and polysaccharide
vaccines should be evaluated first [116].

6. Complications

In a prospective cohort study that examined mortality among patients with sIgAD
turn out that they have an increased risk of death in the first 10 years after diagnosis [157].
Afterward, the mortality is similar to that of the general population. The most common
causes of death include malignancy and cardiovascular diseases. There are a few life-
threatening complications of sIgAD. Even if their prevalence is not high, they should be
known for physicians to provide proper help for their patients. Among those included
in the literature, we differentiate progression to CVID, transfusion-related anaphylaxis,
and malignancy.

6.1. IgA Deficiency and CVID

Common variable immunodeficiency (CVID) is an immune disorder characterized
by decreased serum levels of both IgG and IgA, with or without a decreased level of IgM,
and poor antibody vaccine response or low switched memory B cells less than 70% of
age-appropriate normal [158]. CVID most often presents with recurrent infections of the
respiratory and gastrointestinal tract [159]. Symptomatic sIgAD and CVID have many
similar features, moreover, some patients with sIgAD progress to CVID, especially if
autoimmunity or IgG subclass deficiency is observed [149–164].

In patients with sIgAD, there is a significantly lower number of class-switched memory
B cells and transitional B cells [165]. Preprint of another study showed an increased
percentage of naive B cells and decreased percentage of switched memory B cells. Only one
parameter correlated with the severity of the disease—CD21low cells. They were increased
in patients with severe SIgAD as compared to those with mild severity [166]. Increased
level of CD21low was previously described but without correlation to clinical status [167].

In CVID, there is a classification based on B-cell phenotype, which divides CVID
patients into B − group and B + group, depending on the CD19 expression (lower or
higher > 1%). B + patients may be further divided into groups smB + or smB-, based
on a proportion of switched memory B-cell percentage (lower or higher >2%). Recently,
an increase in transitional B cells and CD21low B-cells is used as a base to subdivide
groups [168]. Some of the B-cell phenotype findings are similar between CVID and SIgAD.
There is an interesting observation of an increased CD21low cells number in patients with
severe sIgAD; a higher level of those cells in CVID patients is connected with autoimmune
phenomena [169,170].

The major histocompatibility complex (MHC) represents the most common genetic
susceptibility locus for CVID. However, non-MHC-associated single-gene mutations have
been identified. These include the genes for ICOS, BAFF-R, TACI, CD19, CD21, CD81,
CD20, LRBA, PKC-Delta, NF-kB1, NF-kB2, IL-21 [171]. Defects of these genes represent
only approximately 2–10% of patients with CVID [172]. Some authors state that a common
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genetic basis for IgAD and CVID can suggest that at least in some cases, IgAD and CVID
may be part of a spectrum of diseases caused by a common genetic factor—for example,
a mutation in the TACI—transmembrane activator CAML (calcium modulator and cy-
clophilin ligand) [173]. Another, slightly different thesis is the presence of autoantibodies
against BAFF, APRIL, or IL21 as a common ground for CVID and sIgAD [174]. Both in
CVID and sIgAD, there are reports of an increased level of BAFF and APRIL [175]. In-
creased apoptosis is also one of the mechanisms reported for both of these disorders [48].
An interesting observation indicating a similar genetic background of both diseases is their
coexistence in families [176].

Besides, the relation between human leukocyte antigen (HLA) A1, B8, DR3, DQ2, or
any part of this haplotype and IgA deficiency could indicate progression to CVID [159,161].
In patients with severe clinical manifestations, HLA typing could be helpful for the pre-
diction of progression to CVID [160]. Moreover, in sIgAD subjects with simultaneous Ig
subclass deficiency and bronchiectasis, the presence of hematologic autoimmunity could
be another predictor of progression to CVID [94].

6.2. Transfusion Selective IgA Deficiency

One of the most dangerous complications of sIgAD is an anaphylactic transfusion
reaction. It has been found that some patients with sIgAD are sensitized, which means that
there are anti-IgA antibodies (IgG or IgE) present in their blood [34,177–179]. These auto-
reactive antibodies were found in 20–40% of patients with sIgAD [180]. After transfusion of
blood containing IgA in such individuals, there is a risk of anaphylactoid reaction mediated
by these immunoglobulins.

Rachid and Bonilla reviewed the articles reporting reactions to immunoglobulin prod-
ucts in patients with sIgAD [181]. The severity of adverse reactions with anti-IgA antibodies
depends among others on the isotype (IgG or IgE), its specificity and serum concentration,
the method of measurement. IgG anti-IgA antibodies are found in approximately one-third
of sIgAD patients [181]. But only a few studies have reported anaphylactic transfusion reac-
tion associated with IgE class. It has been also reported that IgE anti-IgA is less frequently
studied than IgG anti-IgA. However, when both have been studied together, anti-IgA of
the IgE class occurs much less frequently than IgG [182]. Burks et al. reported two patients
(one with CVID and another with sIgAD) with IgE anti-IgA and IgG anti-IgA [177]. One
of them had anaphylaxis with IVIG and another with IgA-deficient plasma. Ferreira et al.
found IgE anti-IgA1 in a patient with CVID, which also had IgG anti-IgA [183].

The diagnosis of IgA-related anaphylaxis is made after transfusion-related anaphy-
laxis by measuring the levels of IgA and anti-IgA. The mechanism of anti-IgA production
remains unexplained [184] and the clinically significant threshold of anti-IgA is still un-
known [185]. However, the incidence of anaphylactic blood transfusion reactions is not
very high and it occurs in one in 20,000–50,000 transfusions [186]. Moreover, some studies
suggest that transfusion reactions occur less commonly than previously thought [187].
Only 17.5% of all blood samples coming from patients after transfusion reactions contained
an IgA antibody, which indicates the presence of some other triggers [188].

There are no evidence-based guidelines regarding the proper approach while per-
forming transfusion to patients with sIgAD. It is evident that patients with a history of
anaphylactic transfusion reactions should not receive IgA-containing blood products [96].
These patients can receive blood products coming from donors with IgA deficiency, washed
red blood cells, or platelet components. It is performed to remove residual plasma be-
fore transfusion and to decrease the risk of anaphylactic transfusion reactions in such
patients [189]. There are also some cases that illustrate successful desensitization to IgA
using IgA-enriched immunoglobulin preparations as a source of antigen [190].

6.3. Malignancy

There is a relationship between the occurrence of immune disorders and the overall
risk of malignancy. This relationship is evident in some immunity disorders such as
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CVID [191,192]. It has been shown that the risk of malignant lymphoma among these
patients is increased by 30 times, while the risk of gastric cancer is 47 times higher [193].
In the case of IgA deficiency, the association with the incidence of cancer is not that clear.
There are studies that report the different incidences of malignancies among patients
with sIgAD, especially adenocarcinoma of the gastrointestinal tract, and lymphomas.
Such studies require a long-term follow-up to diagnose this kind of evolution, therefore
there are not much data regarding this topic. In a review of 330 patients, the authors
report a 1.5% prevalence of malignancy, and five patients who presented neoplasms had
Hodgkin lymphoma, acute lymphoid leukemia, Wilms tumor, Burkitt lymphoma, and
ganglioneuroma [132]. Another study that included 63 children from Israeli reports a much
higher frequency of malignancy (4.8%) [99] and the following malignancies were present:
astrocytoma, adenocarcinoma of the colon, Hodgkin’s lymphoma, neuroblastoma. On the
other hand, a combined Danish and Swedish study including 386 patients with sIgAD did
show an elevated incidence of cancer compared to a healthy cohort, however, this increase
was non-significant [194]. In 2015, Ludvigsson et al. performed a prospective nationwide
population-based cohort study with 2320 individuals with IgA deficiency [195]. They
concluded that there is a moderately increased risk of cancer, especially gastrointestinal
one, and that the risk is highest after diagnosis of sIgAD.

7. Atopic Diseases in Other PIDs

Tuano et al. described the prevalence of asthma, allergic rhinitis, atopic dermatitis, and
food allergy in a cohort of 2923 patients with PID in US population [123]. Atopic dermatitis
and food allergy were most common in patients with CVID, combined immunodeficiency
(CID), and hyper IgE syndrome. Patients with CID and sIgAD presented a higher per-
centage of food allergy symptoms than the healthy population; 33.3% in CID and 25% in
SIgAD [123]. In CVID the prevalence rates of asthma, rhinitis, and documented food allergy
have been established as 37.5%, 55.5%, and 11.25% respectively [196]. In the case of patients
with hypogammaglobulinemia, prevalence rates of asthma, rhinitis, and atopic dermatitis
were established at 20%, 22%, and 9% respectively. Interestingly, Szczawinska-Poplonyk
assessed the incidence of food allergy as 74% in the pediatric population [131,197,198].

8. Conclusions

sIgAD is an antibody deficiency and it usually remains undiagnosed throughout
the patient’s life, due to its frequent asymptomatic course. If symptomatic, sIgAD is
connected to more frequent viral and bacterial infections of upper respiratory, urinary, and
gastrointestinal tracts, as well as allergic and autoimmune diseases. It was suggested that
allergic diseases (e.g., eczema, rhinitis, asthma) are more common in patients diagnosed
with this particular PID, however, the prevalence and severity of allergic manifestations
can be associated with ethnic background.

Since there is a controversy in the scientific world whether the coexistence of IgA
deficiency and allergic diseases is in fact true, further studies on a large group should be
carried out. Atopy in sIgAD subjects is common, but is also possible that it is overlooked.
Therefore, it is necessary to follow diagnostic criteria to make a diagnosis of any atopic
disease. The possible reasons for different prevalence which is observed in different studies
could be caused by different diagnostic criteria or inclusion of patients based on parentally
reported symptoms in the children population.

Moreover, these patients can present with simultaneous atopic and infectious mani-
festations which can intensify the symptoms; therefore, atopic diseases should be treated
aggressively in patients with sIgAD. It is necessary to provide these patients with a proper
multi-disciplinary team of physicians.

Moreover, it is important to emphasize that the course of the disease may change and
there are some serious complications of this disorder, among which there are progression
to CVID, transfusion-related anaphylaxis, and malignancy. Although they do not happen
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very often, sIgAD remains the most common PID disease, therefore physicians should be
aware of all possible complications to provide the best care for their patients.
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Abstract: Most patients with primary immune deficiency suffer from recurrent infections; however,
paradoxical autoimmune phenomena can also manifest. The aim of this study was to identify
immunological markers of autoimmune phenomena associated with common variable immunode-
ficiency (CVID). The study included 33 adults with CVID divided into two groups: (1) those with
noninfectious autoimmune complications (CVID-C (n = 24)) and (2) those with only infectious symp-
toms (CVID-OI (n = 9)). Flow cytometry of peripheral blood was performed and compared with
systemic lupus erythematosus (SLE) patients (n = 17) and healthy controls (n = 20). We found that
all lymphocytes were lower in CVID-C and SLE. NK cells were lowest in CVID-C. Th17 cells were
significantly reduced in CVID-C and SLE. Tregs were significantly lower in CVID-C and SLE. Bregs
did not significantly differ between any groups. Class-switched memory B cells were significantly
lower in CVID-C and CVID-OI. Lastly, plasmablasts were significantly higher in SLE. Among the T
cell subsets, CVID-C patients had lower naive and recent thymic emigrant CD4+ T cells. In conclu-
sion, reduced Treg, Th17, and NK cells are features of CVID with autoimmune complications, and
class-switched memory B cells can help distinguish patients with different causes of autoimmunity.
Future studies are needed to confirm whether reductions of Treg, Th17, and NK cells might be a
biomarker of more complicated CVID cases.

Keywords: B cell maturation; CD4+ cells; T cell maturation; primary immune deficiency; autoimmunity;
connective tissue diseases

1. Introduction

Common variable immunodeficiency (CVID) is the most common symptomatic pri-
mary antibody deficiency in adults. Most patients suffer from recurring respiratory tract
infections; however, paradoxical autoimmunity, both systemic and organ related, is a sec-
ondary manifestation of CVID and affects 20–40% of cases [1]. Patients with a complicated
CVID phenotype have the longest diagnostic delay, especially if autoimmune phenomena
are the first manifestations of primary immunodeficiency [2]. Autoimmune phenomena
might occur as the first symptom in 30% of patients with primary antibody deficiencies [3].
In a recent study focused on noninfectious CVID complications, autoimmune thrombocy-
topenic purpura (AITP) was most common (16.2%), followed by autoimmune hemolytic
anemia (AIH 7.7%), amongst the 632 patients followed since 1974. Other associated autoim-
mune conditions include rheumatoid arthritis (2.7%) and uveitis (1%). Rarer autoimmune
complications are psoriasis, psoriatic arthritis, vitiligo, alopecia, autoimmune thyroiditis,
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antiphospholipid syndrome, Sjogren syndrome, vasculitis, type 1 diabetes, myasthenia
gravis, autoimmune pancreatitis, and severe oral ulcers [4]. Polyclonal lymphadenopathy
occurred in 20–40% of patients [4]. Clinically, this often presents as generalized lym-
phadenopathy and splenomegaly. The challenge is to differentiate it from lymphoma [5].
In 20% of patients with a CVID-like phenotype, monogenic defects responsible for immune
deregulation have been identified. Examples include CTLA4 and LRBA deficiency [6,7],
nuclear factor kB (NFkB) mutations [8,9] and mutations of the catalytic subunit of phospho-
inositide 3-kinase delta (PI3Kdeta) [10]. However, in the majority of patients with CVID,
the pathogenesis of noninfectious phenomena is still unknown.

Similar symptoms were observed in systemic lupus erythematosus (SLE): cytopenia,
generalized lymphadenopathy, hepatomegaly, splenomegaly, and interstitial lung disease.
The clinical symptoms of CVID and systemic rheumatic diseases overlap. Evidence has
accumulated that the coincidence of primary immunodeficiency (PID) and autoimmune
diseases is high [11–13]. A secondary immunodeficiency-like state is present in a significant
number of rheumatologic patients. Low serum levels of main immunoglobulins (Ig) and
subclasses IgG3 and IgG4 are frequent, although in many cases laboratory abnormalities
are not related to increased susceptibility to infections [14]. A recent study of patients with
rheumatic diseases identified genetic variants that are responsible for PID in participants
who developed hypogammaglobulinemia [11].

Immunophenotyping of the B cell compartment in the peripheral blood is a routine
evaluation in patients with primary hypogammaglobulinemia. In CVID, detailed findings
of B cell maturation can be classified according to several systems, of which two of the most
popular are Freiburg [15] and EUROclass [16]. Characterization of CD19+ B cell subsets in
CVID is classified according to low Ig switched memory (CD19+ CD27+ IgM− IgD−), B
cell (smB) proportions, and abnormally high proportions of CD21low B cells. In addition to
these two cell subsets, the EUROclass classification also uses an abnormal expansion of
transitional B cells (CD19+ CD27− CD38+) for further subgrouping [16].

Low smB cell subsets are an abnormality present in 80% of patients with CVID;
however, it is not specific for CVID. More detailed studies that assessed the correlation
between B cell maturation and the phenotype of CVID have produced mixed results. In
some studies, diminished smB cell count [17], reduced naïve B cells [18], and expansion
of B cells with reduced CD21 expression (CD21low B cells) correlated with autoimmune
phenomena or splenomegaly [16,19].

Although CVID is a disease of defective B cell maturation, various reports have
associated CVID with T cell compartment abnormalities, such as CD4+ T cell lymphopenia
with reduced subset counts of naive CD4+ T cells [20] and naive CD8+ T cells [21]. A
reduced percentage of naïve CD4+ T cells was associated with complications and poor
prognosis in CVID [22].

Regulatory T cells (Tregs), T helper 17 (Th17), and follicular T helper 17 (Tfh17) cells
are reduced in patients with complicated CVID phenotypes [18]. T cells in patients with
CVID have lower proliferative capacities [23] and abnormal cytokine production [24].
Recent studies have shown the involvement of follicular T cells in CVID pathogenesis [25]
An increase in the circulating memory CD4+ T cells of CVID patients with noninfectious
complications has been reported [26].

In contrast to PID, immunophenotyping of B and T cells in SLE and other autoimmune
diseases is mainly used in scientific research and clinical trials [27]. Therefore, physicians
are not familiar with the interpretation and utility of lymphocyte subset counts in clinical
practice. The data showed that IgM memory B cells were significantly decreased in patients
with SLE. In contrast, transitional B cells were significantly increased in SLE and other
autoimmune disorders [28]. The population of plasmablasts also increased in active
SLE [29].

Until now, studies comparing B and T cell subsets from patients with PID and patients
with rheumatic diseases are limited. In one study, patients with primary and secondary
hypogammaglobulinemia in the course of different rheumatic diseases were observed [30].
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Another study involved the analysis of polymyalgia rheumatica patients treated with
systemic glucocorticoids [31]. Both studies aimed to identify the distinction between
primary and secondary hypogammaglobulinemia.

We analyzed the maturation of B and T lymphocytes in the peripheral blood of patients
with CVID who were divided into two groups: patients with a phenotype limited to infec-
tions (CVID-OI) and patients with noninfectious, autoimmune complications (CVID-C).
These results were compared with those of patients diagnosed with SLE and healthy con-
trols (HCs). The aim of this study was to identify immunological markers of autoimmune
phenomena associated with CVID.

2. Materials and Methods

2.1. Patients

The study population was selected from consecutive adult patients (≥18 years old)
who were under the care of the outpatient clinic of the Department of Internal Medicine,
Pulmonology, Allergy, and Clinical Immunology, Central Clinical Hospital of the Ministry
of National Defense, Military Institute of Medicine in Warsaw, Poland, between January
2016 and December 2019.

The study participants included confirmed CVID patients diagnosed according to the
European Society for Immunodeficiencies’ criteria [32] and were treated under the Polish
Ministry of Health’s drug programs, B.62 and B.78. CVID clinical phenotypes were defined
according to the literature [32]. Group 1, or CVID-C (n = 24), included patients with CVID
who suffered from increased susceptibility to infections and at least one other clinical event
beyond increased susceptibility to infections attributable to PID [33]. Group 2, or CVID-OI
(n = 9), included patients with only the infectious phenotype. Group 3 included patients
with SLE (n = 17) who fulfilled the Systemic Lupus International Collaborating Clinics’
(SLICCs’) criteria [34] and had no clinical signs of immunodeficiency.

Healthy controls (HC) were selected from age-matched volunteers from hospital employ-
ees without any signs, symptoms, or history of immunodeficiency and/or autoimmunity.

2.2. Compliance with Research Ethics Standards

The study protocol was approved by the Bioethics Committee of the Military Institute
of Medicine (approval no. 7/WIM/2020). All patients were informed in detail orally
about the course, aims, and scope of this research. Blood sampling was limited to routine
assessments. Separate written consent for blood sampling and review of records were not
required by the IRB due to the retrospective nature of this study. All patient data were
confidential, and the study procedures complied with the Declaration of Helsinki.

2.3. Flow Cytometry Analysis

All blood samples were drawn during routine visits. If the CVID patients were on
immunoglobulin replacement therapy (IgRT), blood samples were drawn before the day of
IgG infusion according to the national regulations for treatment reimbursement.

Lymphocyte subset percentages were determined according to literature [15,35] by
flow cytometry using a panel of monoclonal antibodies using FACS Canto II BD flow
cytometry (Becton Dickinson (BD) Biosciences, Franklin Lakes, NJ, USA). Subsequently,
all eight-color surface staining panels for the basic subpopulation of lymphocytes were
evaluated as follows: CD4 FITC, CD3 PerCP-Cy5-5, CD19 PE-Cy7, CD8 APC, CD16 APC-
H7, and CD45 V500 (BD Biosciences).

B cell subpopulations were defined using the following antibodies: IgD PE, CD27
PerCP-Cy5-5, CD19 PE-Cy7, IgM APC, CD38 APC-H7, CD21 V450, and CD45 V500 (BD
Biosciences).

CD4 T cell and CD8 maturation were defined using CD4 FITC, CD196 PE, CD197
PerCP-Cy5-5, CD45RO PE-Cy7, CD45RA APC, CD3 APC-H7, CD8 V450, and CD45 V500
(BD Biosciences) antibodies.
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For Th17 cells, CD4 FITC, CD196 PE, CD45RO PE-Cy7, and CD45 V500 (BD Bio-
sciences) antibodies were used.

Recent thymic emigrant (RTE) CD4+ or CD8+ cells were analyzed using CD4 FITC,
CD62L PE, CD31 PerCP-Cy5-5, CD45RO PE-Cy7, CD45 RA APC, CD3 APC-H7, and CD8
V450 CD45 V500 (BD Biosciences) antibodies.

For Tregs, we used CD127 FITC, CD4 PerCP-Cy5-5, CD25 APC, CD3 APC-H7, CD45
V500 (BD Biosciences) antibodies, and for regulatory B cells (Bregs), CD1d PE, CD19
PE-Cy7, CD5 APC, and CD45 V500 (BD Biosciences) antibodies were used.

After surface staining for 15 min at 21 ◦C in the dark, erythrocytes were lysed with
2 mL of BD Pharm Lyse buffer (BD Biosciences) for 10 min. Following centrifugation and
washing with Cell Wash buffer (BD Biosciences), the mixture was stored in the dark for
analysis by flow cytometry within 2 h. Data were analyzed with DIVA Analysis software
(version 8.0.1, BD Biosciences, San Jose, CA 95131 USA) and Infinicyt 1.8 Flow Cytometry
(Cytognos, Salamanca, Spain).

Lymphocyte counts were obtained using a SYSMEX XN-1500 (Sysmex Corp., Kobe,
Japan) hematological analyzer.

Internal quality control was performed daily by checking the optical detector, aligning
lasers, and fluid systems using CS&T IVD Beads BD FACS Diva (BD Biosciences), San Jose,
CA 95131 USA, respectively, according to the manufacturers’ guidelines. Internal reference
values of lymphocyte counts and proportions are presented in Supplementary Materials
(Tables S1–S3).

We distinguished the following subpopulations in B cell maturation:

• transitional B cells: IgM++ IgD++ CD38++ CD27− CD19+ CD45+
• naïve B cells: IgM+ IgD++ CD38+ CD27− CD19+ CD45+
• nonswitched memory B cells (marginal zone-like B cells): IgM++ IgD+ CD38+ CD27+

CD19+ CD45+
• class-switched memory B cells: IgM− IgD− CD38+ CD27+ CD19+ CD45+
• plasmablasts: IgM−/+ IgD− CD38+++ CD27++ CD19+ CD45+
• CD21low B cells: IgM+ IgD+ CD38+low CD27− CD21+low CD19+ CD45+

We distinguished the following subpopulations in T cell CD4+ or CD8+ maturation:

• RTE T cells: CD45RA+ CD62L+ CD31+ CD3+ CD45+
• naïve T cells: CD45RA+ CD197+ CD3+ CD45+
• effector T cells: CD45RA+ CD197− CD3+ CD45+
• central memory T cells: CD45RO+ CD197+ CD3+ CD45+
• effector memory T cells: CD45RO+ CD197− CD3+ CD45+
• RTE T cells: CD45RA+ CD62L+ CD31+

We distinguished the following other lymphocytes subpopulations:

• Bregs: CD19+ CD5+ CD1dhigh

• Tregs: CD3+ CD4+ CD25high FoxP3+ CD127−
• Th17: CD3+ CD4+ CD45RO+ CD196+

Representative B and T lymphocyte maturation gating strategies in patients are pre-
sented in Figures S1–S3 (Supplementary Materials).

2.4. Statistical Analysis

All statistical analyses were performed using Statistica® software (version 13.0; TIBCO
Software, Palo Alto, CA, USA). Statistical significance was set at p < 0.05. The results are
expressed as medians (Q1–Q3) of the lymphocyte populations. For group comparisons, the
Kruskal–Wallis, analysis of variance (ANOVA), and post hoc analysis tests were used.

3. Results

3.1. The Clinical Characteristics of Patients

Among the 33 patients with CVID, 14 were women and 19 were men, and the overall
mean age at the time of blood sampling was 37.75 years (min–max: 21–66 years). Among
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the 9 patients with CVID-OI, 4 (44%) were men, and among 24 patients with CVID-C, 16
(66%) were men. The mean age was 37.0 years (±17.2) and 38.4 years (±12.4) in patients
with CVID-OI and CVID-C, respectively. By the time of blood sampling, two patients were
receiving low-dose prednisolone (5 mg/day), and one was being treated with methotrexate
and etanercept due to psoriatic arthritis.

All CVID patients had a positive history of increased susceptibility to infections;
however, only 9 of 33 (27%) presented with a clinical phenotype limited to infections.
The clinical characteristics of the patients are summarized in Table 1. All 17 SLE patients
were female, mean age 43.05 years (min–max 18–60). The SLE patients had low or mild
disease activity according to the Systemic Lupus Erythematosus Disease Activity Index
2000 SLEDAI2K (mean value 3.4). Sixteen patients with SLE were treated with antimalarials,
and ten patients received prednisolone (5–15 mg/day).

Table 1. The clinical characteristics of patients with CVID and SLE.

Clinical Phenotypes and Organ Complications in CVID Patients (n = 33)

No disease-related complications 9 (27%)
Bronchiectasis 4 (12%)
Splenomegaly 7 (21%)
Autoimmunity 20 (60%)

Thrombocytopenia 10 (33%)
Hemolytic anemia 6 (18%)

Addison–Biermer disease 2 (6%)
Vitiligo 1 (3%)

Chronic seronegative polyarthritis 2 (6%)
Alopecia areata 1 (3%)

Nonspecific inflammatory bowel disease 1 (3%)
Psoriasis 3 (6%)

Polyclonal lymphocytic infiltration
Generalized lymphadenopathy 19 (57%)

Granulomatous lesions (histopathological confirmation) 9 (27%)
Immunoglobulin replacement therapy 29

Immunoglobulin naïve 3
Prednisolone 2; dose 5 mg/day

Methotrexate and etanercept 1
Rituximab in anamnesis 2

Clinical data of SLE patients (n = 17)
SLEDAI2K 3.6 (min 0–max 9)
Treatment 16/17

Prednisolone 10 (58%); dose: 9 mg/day
(min 5–max 15 mg)

Antimalarials 16 (94%)
Immunosuppressive medication

Methotrexate 2 (11%)
Rituximab in anamnesis 1 (5%)

CVID: Common variable immunodeficiency, SLE: systemic lupus erythematosus, SLEDAI2K: Systemic Lupus
Erythematosus Disease Activity Index 2000.

3.2. Peripheral Main Lymphocyte Subsets, Tregs, Bregs, and Th17 Cells

The proportion of total lymphocytes was low in the CVID-C and SLE groups. It
differed significantly from that of the HC group. CVID-OI patients had all lymphocyte
proportions similar to those of HC.

The proportion of T lymphocytes was the lowest in CVID-C and differed significantly
from that in HCs. In SLE patients, T lymphocytes were also significantly lower than in the
HC group. The proportion of T lymphocytes in CVID-OI was similar to that in HC. The
results are summarized in Table 2.

197



J. Clin. Med. 2021, 10, 3356

Table 2. Differences in the median of lymphocyte subpopulations and absolute numbers between (a) the CVID with
complicated phenotype (CVID-C) group, (b) CVID phenotype limited to only infections (CVID-OI group), (c) patients
with systemic lupus erythematosus (SLE), and (d) healthy controls (HCs). Data expressed as median (Q1–Q3). * p < 0.05.
ANOVA: analysis of variance, Post Hoc: post hoc analysis tests.

As Median
(Q1–Q3)

CVID-C
(a) n = 24

CVID-OI
(b) n = 9

SLE
(c) n = 17

HC
(d) n = 20

p < 0.05 Group
a-b-c-d

ANOVA,
Kruskal–

Wallis

p < 0.05
between

Groups Post
Hoc Test

% of all cells

Lymphocytes 21.0
(16.6–29.8)

27.5
(22.7–36.3)

28.4
(12.1–36.6)

38.3
(33.2–46.3) p = 0.0002 *a–d, *c–d

Lymphocytes T 17.6
(15.7–23.7)

22.4
(19.5–25.9)

19.3
(8.7–27.4)

29.5
(24.0–37.2) p = 0.0011 *a–d, *c–d

CD4 cells 9.1
(4.3–11.4)

8.9
(6.8–9.9)

9.8
(4.9–12.0)

18.6
(13.6–22.0) p < 0.0001 *a–d, *b–d, *c–d

CD8 cells 9.8
(7.0–12.0)

11.6
(8.3–11.9)

9.1
(3.3–11.5)

10.5
(7.8–13.2) - -

Lymphocytes B 0.8
(0.1–2.2)

3.3
(1.0–3.4)

2.4
(1.5–5.7)

3.9
(3.0–5.0) p < 0.0001 *a–c, *a–d

NK cells 1.0
(0.5–1.9)

1.8
(1.4–2.3)

3.0
(2.0–3.7)

4.2
(2.8–7.0) p = 0.0001 *a-d

Bregs 0.023
(0.008–0.113

0.050
(0.037–0.106)

0.041
(0.016–0.059)

0.065
(0.049–0.093) - -

Tregs 0.209
(0.093–0.366)

0.404
(0.356–0.613)

0.265
(0.167–0.478)

0.824
(0.711–1.109) p < 0.0001 *a–d, *c–d

Th17 2.3
(1.0–4.3)

2.2
(1.8–3.7)

1.1
(0.4–1.9)

5.0
(3.8–7.1) p < 0.0001 *a–d, *c–d

(cells/μL)

WBC 5575
(4605–7555)

6600
(5440–7370)

5690
(3630–8310)

6555
(4930–7535) - -

Lymphocytes 1201
(755–2145)

1986
(1119–2402)

1115
(1005–1576)

2037
(1838–2934) p = 0.0002 *a–d, *c–d

Lymphocytes T 1071
(701–1614)

1457
(961–2093)

887
(570–1125)

1660
(1409–2292) p = 0.0004 *a–d, *c–d

CD4 cells 458
(305–553)

574
(372–680)

418
(288–499)

978
(756–1559) p < 0.0001 *a–d, *c–d

CD8 cells 580
(305–809)

814
(374–1089)

319
(162–582)

624
(457–791) p = 0.0269 *c–d

Ratio CD4/CD8 0.8
(0.4–1.2)

0.8
(0.4–1.0)

1.3
(0.9–1.7)

1.8
(1.5–2.5) p = 0.0003 *a–d, *b–d

Lymphocytes B 47
(12–127)

212
(117–332)

145
(69–222)

216
(190–284) p < 0.0001 *a–d

NK cells 54
(32–100)

152
(96–488)

126
(87–234)

245
(204–447) p = 0.0001 *a–d

Bregs 1
(0–4)

4
(2–9)

2
(1–3)

4
(3–7) - -

Tregs 15
(4–21)

26
(22–30)

20
(12–28)

55
(37–82) p < 0.0001 *a–d, *c–d

Th17 130
(73–190)

131
(94–284)

77
(35–113)

256
(209–494) p < 0.0001 *a–d, *c–d

198



J. Clin. Med. 2021, 10, 3356

Among the T lymphocytes, the proportion of CD4+ T cells was significantly reduced
in patients with CVID-C, CVID-OI, and SLE compared to that in HC. There were no
differences in the proportion of CD8+ T cells between the disease groups and HC. The
CD4/CD8 ratio was reduced in CVID-C and CVID-OI compared with that in HCs.

The proportion of circulating B cells was reduced in CVID-C and differed significantly
from that in HC and SLE.

The NK cell proportion was marked decreased in CVID-C patients compared to
HC patients.

The proportion of Th17 cells was reduced in CVID-C and SLE and differed significantly
from that in HCs. The Th17 cell counts were the lowest in SLE (Figure 1).

Figure 1. Differences in the median percentages of lymphocyte subpopulations between the CVID with complicated
phenotype (CVID-C) group, the CVID phenotype limited to only infections (CVID-OI), patients with systemic lupus
erythematosus (SLE), and healthy controls (HCs). Data expressed as median (Q1–Q3), * p < 0.05.

Treg counts were low in CVID-C and SLE patients and differed significantly from HCs.
Breg counts were lowest in CVID-C patients, but no significant differences were noted
between the disease groups and the HC group (Figure 2). Treg counts were low in CVID-C
and SLE patients and differed significantly from HCs.
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Figure 2. Differences in the median percentages of T regulatory cells (Tregs) and B regulatory cells
(Bregs) between the CVID with complicated phenotype (CVID-C) group, CVID phenotype limited to
only infections (CVID-OI group), patients with systemic lupus erythematosus (SLE), and healthy
controls (HCs). Data are expressed as median (Q1–Q3) * p < 0.05.

Considering the absolute numbers of the above-mentioned lymphocyte populations,
the same trends were observed. A difference was observed only in the CD8 lymphocytes
of SLE patients, which were significantly less than in the HCs (Table 2).

3.3. B Lymphocyte Maturation

Analysis of the maturation of B-lymphocytes showed that the proportion of transi-
tional B cells was highest in CVID-OI and differed significantly from that in HCs. The
frequency of nonswitched memory B cells was the highest in patients with CVID-C. The
difference in nonswitched memory B cell counts was significant between the CVID-C and
SLE groups and between the CVID-C and HC groups. Class-switched memory B cell per-
centages were low in CVID-C and CVID-OI. The difference was significant in comparison
with the percentage of smB cells in HCs and SLE. The proportion of CD21low B cells was
higher in CVID-C and CVID-OI than in HCs. Plasmablasts were significantly higher in
SLE patients than in CVID-C and CVID-OI patients (Table 3, Figure 3). The proportions
of B lymphocyte maturation for each patient with CVID-C, CVID-OI, SLE, and HC are
presented on heat maps in Figure 4.

Figure 3. Differences in the proportions of B lymphocyte maturation between the CVID with
complicated phenotype (CVID-C) group, CVID phenotype limited to only infections (CVID-OI group),
patients with systemic lupus erythematosus (SLE), and healthy controls (HCs). Data expressed as
median (Q1–Q3), * p < 0.05.
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Table 3. Differences in the proportions of B lymphocyte maturation between (a) the CVID with complicated phenotype
(CVID-C) group, (b) CVID phenotype limited to only infections (CVID-OI group), (c) patients with systemic lupus erythe-
matosus (SLE), and (d) healthy controls (HCs). Data expressed as median (Q1–Q3). * p < 0.05. ANOVA: analysis of variance,
Post Hoc: post hoc analysis tests.

As Median
(Q1–Q3)

CVID-C
(a) n = 24

CVID-OI
(b) n = 9

SLE
(c) n = 17

HC
(d) n = 20

p < 0.05 Group
a-b-c-d

ANOVA,
Kruskal–

Wallis

p < 0.05
between

Groups Post
Hoc Test

% of B cells

Transitional B 4.3
(1.9–8.4)

5.5
(2.4–21.6)

2.1
(1.0–6.2)

1.8
(1.4–2.3) p = 0.0149 *b–d

Naïve B 56.3
(24.6–71.5)

54.8
(48.8–81.3)

51.0
(46.0–73.4)

68.0
(63.5–73.1) - -

Nonswitched
memory

15.9
(8.9–38.7)

11.0
(8.8–28.7)

6.0
(3.7–11.1)

8.6
(6.9–10.3) p = 0.0036 *a–c, *a–d

Class-switched
memory

2.2
(0.2–3.7)

0.6
(0.3–1.3)

18.4
(8.6–28.2)

17.6
(12.7–22.8) p < 0.0001 *a–c, *a–d, *b–c,

*b–d

Plasmablasts 0.5
(0.1–1.4)

0.5
(0.1–1.1)

3.9
(1.3–7.8)

1.4
(0.8–1.6) p = 0.0004 *a–c, *b–c

CD21low B cells
2.2

(0.9–6.7)
2.5

(0.8–6.5)
1.3

(0.9–1.9)
0.6

(0.4–0.9) p = 0.0005 *a–d, *b–d

Transitional B 4.3
(1.9–8.4)

5.5
(2.4–21.6)

2.1
(1.0–6.2)

1.8
(1.4–2.3) p = 0.0149 *b–d

Naïve B 56.3
(24.6–71.5)

54.8
(48.8–81.3)

51.0
(46.0–73.4)

68.0
(63.5–73.1) - -

Nonswitched
memory

15.9
(8.9–38.7)

11.0
(8.8–28.7)

6.0
(3.7–11.1)

8.6
(6.9–10.3) p = 0.0036 *a–c, *a–d

Figure 4. The proportions of B lymphocyte maturation for each patient with CVID with complicated
phenotype (CVID-C) group, CVID phenotype limited to only infections (CVID-OI group), patients
with SLE, and healthy controls (HCs). Data expressed as a median percentage (%).

3.4. T Lymphocyte Maturation

To examine the abnormalities in T cell maturation, we delineated CD4+ and CD8+
cells. RTE CD4+ and naïve CD4+ T cell percentages were significantly reduced in CVID-C
patients compared to that in HCs. The proportion of effector memory CD45RO+ CD197-
CD4+ T cells significantly increased in CVID-C compared to the HCs. The RTE CD8+ T cell
proportion was low in CVID-C and differed significantly from SLE (the highest proportion)
and HCs. Naïve CD8+ T cell counts were significantly reduced in patients with CVID-C
compared to HCs. The proportion of effector memory CD8+ T cells was similar in the
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CVID and HC groups. The proportion of effector memory CD8+ T cells was the lowest in
the SLE group and significantly differed from CVID-C (Table 4, Figure 5). The proportions
for the T lymphocyte maturation of each patient with CVID-C, CVID-OI, and SLE and HCs
are presented on heat maps (Figure 6).

Table 4. Differences in the proportions of T lymphocytes maturation between (a) the CVID with complicated phenotype
(CVID-C) group, (b) CVID phenotype limited to only infections (CVID-OI group), (c) patients with systemic lupus erythe-
matosus (SLE), and (d) healthy controls (HCs). Data expressed as median (Q1–Q3), * p < 0.05. ANOVA: analysis of variance,
Post Hoc: post hoc analysis tests.

As Median
(Q1–Q3)

CVID-C
(a) n = 24

CVID-OI
(b) n = 9

SLE
(c) n = 17

HC
(d) n = 20

p < 0.05 Group
a-b-c-d

ANOVA,
Kruskal–

Wallis

p < 0.05
between

Groups Post
Hoc Test

% of CD4 cells

Recent thymic
emigrants (RTE)

CD4

15.2
(5.2–27.3)

21.8
(6.3–29.7)

35.5
(18.5–48.7)

31.2
(26.3–37.6) p = 0.0031 *a–d

Naïve CD4 28.7
(12.8–37.9)

31.1
(20.0–42.3)

40.6
(15.0–68.4)

50.0
(42.1–58.3) p = 0.0009 *a–d

Effector CD4 2.4
(1.9–7.7)

2.8
(0.7–4.6)

4.5
(2.2–8.7)

1.8
(1.1–3.4) - -

Effector
memory CD4

23.9
(12.1–34.8)

23.6
(15.2–29.7)

15.4
(6.3–34.9)

12.5
(9.2–15.0) p = 0.0126 *a–d

Central
memory CD4

40.2
(31.2–50.2)

44.9
(28.8–52.0)

25.3
(17.4–35.5)

33.2
(27.2–40.3) - -

CD21low B cells
2.2

(0.9–6.7)
2.5

(0.8–6.5)
1.3

(0.9–1.9)
0.6

(0.4–0.9) p = 0.0005 *a–d, *b–d

Transitional B 4.3
(1.9–8.4)

5.5
(2.4–21.6)

2.1
(1.0–6.2)

1.8
(1.4–2.3) p = 0.0149 *b–d

Naïve B 56.3
(24.6–71.5)

54.8
(48.8–81.3)

51.0
(46.0–73.4)

68.0
(63.5–73.1) - -

Nonswitched
memory

15.9
(8.9–38.7)

11.0
(8.8–28.7)

6.0
(3.7–11.1)

8.6
(6.9–10.3) p = 0.0036 *a–c, *a–d

% of CD8 cells

Recent thymic
emigrants (RTE)

CD8

27.6
(12.1–37.5)

30.4
(8.9–36.5)

45.6
(41.6–60.4)

39.5
(34.4–52.9) p = 0.0006 *a–c, *a–d

Naïve CD8 25.4
(4.5–34.7)

29.3
(9.1–35.9)

41.6
(30.9–63.3)

41.3
(34.6–55.2) p = 0.0019 *a–d

Effector CD8 35.3
(23.8–54.3)

41.1
(28.5–50.7)

24.8
(17.5–44.7)

25.5
(18.1–38.2) - -

Effector
memory CD8

21.0
(17.2–35.7)

20.8
(18.2–31.5)

10.8
(7.4–19.8)

19.3
(16.2–22.9) p = 0.0490 *a–c

Central
memory CD8

7.3
(3.2–10.6)

7.9
(4.4–11.6)

6.8
(5.2–14.8)

7.8
(4.1–11.4) - -
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Figure 5. Differences in the proportions of T lymphocyte maturation between CVID with complicated phenotype (CVID-C)
group, CVID phenotype limited to only infections (CVID-OI group), patients with SLE, and healthy controls (HCs). Data
expressed as median (Q1–Q3), * p < 0.05.

Figure 6. The proportions of T lymphocyte maturation for each patient with CVID with complicated
phenotype (CVID-C) group, CVID phenotype limited to only infections (CVID-OI group), patients
with systemic lupus erythematosus (SLE), and healthy controls (HCs). Data expressed as a median
percentage (%).
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4. Discussion

Using flow cytometry, we determined the lymphocyte profiles of four patient groups:
CVID-C, CVID-OI, SLE, and HCs.

In our study, patients with a complicated CVID phenotype had low proportions
of Tregs and NK cells. Decreased proportions of Tregs in CVID were first reported by
Fevang et al. [36]. They included 26 patients diagnosed with CVID according to the WHO
classification. In CVID patients, they found significantly reduced expression of the tran-
scription factor FoxP3 in CD3+ cells and a decreased proportion of T CD4+CD25highFoxP3+
cells in the CD4(+) population, as measured by flow cytometry. The lowest proportion
of Tregs was found in patients with CVID and splenomegaly (spleen size > 13 cm on
ultrasound examination). Treg proportions correlated negatively with neopterin levels
as a marker of chronic inflammation [36]. Kofod-Olsen et al. in a study of 26 patients
with CVID, demonstrated an association between decreased levels of Tregs and autoim-
mune phenomena [37]. Moreover, in patients with CVID, the functions of Tregs were
disturbed [36,38]. One study that included 20 children with CVID (mean age 173 months)
found no difference in Tregs between CVID cases and healthy controls [39]. This suggests
different etiopathologies of childhood vs. adult-onset CVID.

We found low NK cells in the CVID-C group (median, 54 cells/μL). Similarly, patients
with CVID from the French registry who had a severe reduction of NK cells (<50/μL
at study inclusion) presented with a complicated phenotype [40]. Therefore, our re-
sults support the finding that low NK cell numbers can be a biomarker of complicated
CVILD [41,42].

We found that patients with CVID-C had reduced Th17 proportions. Th17 cell involve-
ment in CVID has not been well studied [18,43]. Barbosa et al. were the first to evaluate
circulating Th17 cells in 30 patients with CVID [43]. They found a significant reduction in
Th17 cells in CVID patients who had less than 2% smB cells and more than 10% of cd21low
B cells. This suggested that there is a link between B cell maturation disturbances and
maintenance of Th17 cells [43]. Edwards et al. found low Th17 numbers in patients with
predominantly deficient antibodies and noninfectious complications [18].

Bregs play a critical role in immune homeostasis and tolerance. Despite extensive
efforts to phenotypically characterize Bregs, we still lack a definitive set of phenotypic
markers or a signature transcriptional regulator (equivalent to FoxP3 Tregs) that enables
us to comprehensibly identify Bregs [44]. In our study, Bregs were identified as CD19+
CD5+ CD1dhigh. CD1d is a major phenotypic marker highly expressed in many Breg cells,
and it may play a crucial role in Breg-cell-mediated suppression [45]. The upregulation of
CD1d on B cells is associated with B-cell-mediated protection against inflammation [44,46].
In our study, we observed a tendency for decreased Bregs in CVID-C patients; however,
this was not statistically significant. Yesillic et al. found significantly lower proportions
of Breg cells in 25 adult patients with CVID [47]. On the other hand, Kofod-Olsen et al.
showed that an elevated frequency of pro-B10 cells in CVID correlated with autoimmunity
and splenomegaly [37]. In another study that included 42 adult patients with CVID, the
Breg number was low, and their function was disturbed [48]. Although 40% of patients in
that study had autoimmune symptoms, there was no correlation between the reduction
of Breg cells and autoimmunity. Discrepancies among the studies might be a result of
different methodologies of Breg assessment and differences in the incidence and types of
autoimmunity in published cohorts.

T cell subsets in our CVID-C patients were characterized by low naive CD4+T cells,
low RTE CD4+ T cells, low naïve CD8+T cells, and low RTE CD8+T cells. These results
illustrate that profound T cell pool abnormalities are part of the picture of complicated
CVID. Signs of senescence in T cell maturation have been reported in CVID-C patients.
Stuchlý et al. hypothesized that in CVID with autoimmune thrombocytopenia, naive
CD4+ T cell pool depletion occurred and increased the likelihood of promoting autoreac-
tive T cells to memory stages concurrently with B cell activation [49]. Activated B cells,
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which cannot progress through germinal center reactions, fail to produce isotype-switched
antibodies [50].

To better understand autoimmunity, we compared the cytometry results between
CVID and SLE patients, as a prototypic autoimmune disease. Patients with CVID and
SLE both had lymphopenia. We found that only a more detailed analysis of peripheral
lymphocyte subset counts showed differences; specifically, smB cells and plasmablasts
were reduced in CVID, which is in agreement with other studies [30]. Therefore, low smB
cells detected in patients with autoimmunity should increase the awareness of immunod-
eficiency. In a recently published study, retrospective evaluation of available peripheral
lymphocyte subset counts revealed lower proportions of class-switched memory B cells [9]
in patients with inflammatory rheumatic diseases. These patients also presented with
mutations in PID genes and were subsequently revealed to have hypogammaglobulinemia.

The expansion of the CD21low B cell compartment and increased plasmablasts are
expected findings in autoimmune diseases. This was not the case in the SLE patients in
our study. Moreover, they had the lowest Th17 percentages. This can be explained by the
low disease activity in our patients [50]. However, Treg imbalance persists despite low SLE
activity and might be a further attractive therapeutic goal [51].

Our study has some limitations. First, the sample size of each group was relatively
small. Due to the limited sample size, we were not able to assess the relationships between
specific clinical symptoms and lymphocyte subsets. However, the limited number of CVID
patients is to be expected as it is a rare disease, and our sample size is similar to that of
other single-center studies. On the other hand, we collected extensive data from each
patient and only included patients with a confirmed diagnosis.

In conclusion, we confirmed that patients with CVID and autoimmune phenomena
had reduced Treg, Th17, and NK cells.

Future studies are needed to confirm whether reductions of Treg, Th17, and NK cells
might be a biomarker of more complicated CVID cases. Nevertheless, class-switched
memory B cells can help distinguish patients with different causes of autoimmunity. Our
results suggest that T and B cell maturation analyses should be performed routinely in
clinical practice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10153356/s1, Table S1: Internal laboratory reference values of lymphocyte subpopulations
and absolute numbers, Table S2: Internal laboratory reference values if the proportions of B lympho-
cyte maturation, Table S3: Internal laboratory reference values if the proportions of T lymphocyte
maturation, Figure S1: Representative gating strategy of main lymphocytes subpopulation and T
regulatory (Tregs), B regulatory cells (B regs) and Th17 cells in study group, Figure S2: Representative
B lymphocytes maturation gating strategy in study group. (A) B lymphocytes gating strategy: FSC-A
vs. FSC-H plot: Gating the cells that have an equal area and height, thus removing clumps (greater
FSC-A relative to FSC-H) and debris (very low FSC), CD45 vs. SSC-A plot: Selection of lymphocytes
based on their SSC/CD45+ properties, CD19 vs. SSC-A plot: Selection of lymphocytes B based
on their SSC/CD19+ properties. (B) Representative dot plots of each maturation B subsets cells:
transitional B cells (orange), naïve B cells (blue), non-switched memory B cells (red), class switched
memory B cells (yellow), CD21low cells (purple) and plasmablasts (green) based on their IgD/IgM,
IgD/CD38, CD21/CD38, IgM/CD38, CD27/CD21 properties (phenotypes of all cells described in
section: material and method), Figure S3: Representative T lymphocytes maturation gating strategy
in study group. (A) T lymphocytes gating strategy: FSC-A vs. FSC-H plot: Gating the cells that have
an equal area and height, thus removing clumps (greater FSC-A relative to FSC-H) and debris (very
low FSC), CD45 vs. SSC-A plot: Selection of lymphocytes based on their SSC/CD45+ properties,
CD3 vs. SSC-A plot: Selection of lymphocytes T based on their SSC/CD3+ properties. CD4 vs. CD8
plot: Selection of lymphocytes T CD4+ (pink) and CD8+ (yellow) based on their CD4+ or CD8+
properties. (B) Representative dot plots of each maturation T CD4+ subsets cells: recent thymic
emigrants T CD4+ cells, naïve CD4+ T cells, effector CD4+ T cells, central memory CD4+ T cells
and effector memory CD4+ T cells based on CD197/CD45RO, CD62L/CD45RA, CD45RA/CD31
properties (phenotypes of all cells described in section: material and method). (C) Representative
dot plots of each maturation T CD8+ subsets cells: recent thymic emigrants T CD8+ cells, naïve
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CD8+ T cells, effector CD8+ T cells, central memory CD8+ T cells and effector memory CD8+ T cells
based on their CD197/CD45RO, CD62L/CD45RA, CD45RA/CD31 properties (phenotypes of all
cells described in section: material and method).
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Abstract: Background: Unclassified primary antibody deficiency (unPAD) is a relatively novel inborn
error of immunity (IEI) condition that can vary with time to more defined entities. Since long-
term follow-up (FU) studies are scarce, we aimed to provide insight into the evolutionary clinical
and immunological scenario of unPAD children to adulthood and identification of biomarkers of
primary immune deficiency (PID) persistence. Methods: A total of 23 pediatric unPAD patients
underwent clinical and immunological FU for a mean time of 14 years (range 3–32 years, median
16 years). Results: UnPAD diagnosis may change over time. At the last FU, 10/23 (44%) children
matched the diagnosis of transient hypogammaglobulinemia of infancy and 13/23 (56%) suffered
from a persistent PID. In detail, an unPAD condition was confirmed in 7/23 (30%) patients, whereas
3/23 (13%), 2/23 (9%), and 1/23 (4%) were reclassified as common variable immunodeficiency,
selective IgA deficiency, and isolated IgM deficiency, respectively. Low IgA, low specific antibody
response to pneumococcus, and lower respiratory tract infections at diagnosis were independently
associated with IEI persistence. Conclusions: Long-term monitoring of unPAD patients is required to
define their outcome and possible evolution towards a definitive IEI diagnosis.

Keywords: unclassified primary antibody deficiency; primary antibody deficiency; transient
hypogammaglobulinemia of infancy; children; inborn errors of immunity; TNFRSF13B mutations;
common variable immunodeficiency; selective IgA deficiency; isolated IgM deficiency

1. Introduction

Primary antibody deficiencies (PADs) consist of a varied group of conditions with
different genetic etiologies characterized by an impairment of B cell development, differenti-
ation or class switch recombination leading to hypogammaglobulinemia, and/or defective
antibody production [1]. They represent the most common form of inborn errors of immu-
nity (IEIs), counting for more than 60% of them [2]. PADs show a wide clinical spectrum,
ranging from asymptomatic to severe forms. Common variable immunodeficiency disor-
der (CVID) represents the most frequent PAD, with a heterogeneous clinical phenotype,
ranging from recurrent bacterial infections, mostly of the respiratory and gastrointestinal
tracts to autoimmune disorders, allergy, lymphoproliferation, hyperinflammation, and/or
malignancies [3]. Several other forms of milder PADs exist such as IgG deficiency, IgG
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subclass deficiency, selective IgA or IgM deficiency, and specific antibody defects. Some are
in combination with each other [4–7]. In this context, a recent entity named “unclassified
primary antibody deficiency” (unPAD) has been recognized and entered the European
Society for Immunodeficiencies (ESID) definitions for clinical diagnosis. UnPAD patients
match the following criteria: marked decrease in at least one of total IgG, IgG1, IgG2, IgG3,
IgA, or IgM levels and/or failure of IgG antibody response(s) to vaccines, plus at least one
of the following conditions: (I) recurrent or severe bacterial infections, (II) autoimmune phe-
nomena (especially cytopenias), (III) polyclonal lymphoproliferation, (IV) affected family
member. Secondary causes of hypogammaglobulinemia and clinical signs of T-cell-related
diseases need to be excluded. UnPAD patients show a highly variable clinical spectrum as
well [4–6]. Some children with unPAD may normalize their immunoglobulin levels within
4 years of age, framing the condition of transient hypogammaglobulinemia of infancy
(THI); conversely, others may develop persistent or severe forms of PID. Although Ig levels
might be less compromised in unPAD than in CVID, they may long remain unrecognized
and undiagnosed. Moreover, they may suffer an underestimated risk of organ damage
with a severe pulmonary involvement and a negative outcome. In fact, Janssen et al. re-
ported that bronchial wall thickening, bronchiectasis, and atelectasis could be detected
in 44%, 21%, and 19% of unPAD patients, respectively, similarly to CVID patients [7].
Immunoglobulin replacement therapy (IRT) is scarcely used in these patients, despite its
efficacy being reported [1,8–11]. Recently, Karaman et al. found no significant difference
in B-lymphocyte subset distribution of unPAD patients receiving Ig replacement therapy
vs CVID patients [12]. In this study we provide a clinical, immunological, and genetic
characterization of children with an early diagnosis of unPAD monitored for a mean time
of 14 years (range 3–32 years, median 16 years) to outline their natural history and identify
potential predictive and/or prognostic markers of final diagnosis.

2. Materials and Methods

Twenty-three pediatric patients (12–36 months) with an initial diagnosis of unPAD,
attending the Pediatric Immunopathology and Allergology Unit/ Regional Referral
Center for PIDs at Policlinico Tor Vergata in Rome, the Department of Pediatrics of
University of Pisa, and the Pediatric Immunology Center of Federico II University in
Naples were enrolled in the study. All patients matched ESID diagnostic criteria for
unPAD (https://esid.org/Working-Parties/Registry-Working-Party/Diagnosis-criteria;
accessed on 15 April 2023). A local ethical committee approved the study, and written
informed consent was obtained from all participants or legal guardians.

According to general practice, immunological work-up of these patients included
serum Ig levels by nephelometry, serum IgG subclass values by radial immunodiffusion,
extended T and B cell immunophenotype by fluorescence-activated cell sorting (FACS),
and specific IgG antibody response to tetanus and pneumococcal vaccines by ELISA
(VaccZyme TM Tetanus toxoid IgG kit and VaccZyme TM Anti PCP- IgG, Binding Site,
Birmingham, England). In patients with allergy, skin prick tests (SPT) and serum IgE
(sIgE) were performed. Serum IgE was tested by ImmunoCAP FEIA, whereas airborne
and/or food allergen extracts were used for SPT, according to clinical phenotype. In
a limited number of patients, genetic analysis (next-generation sequencing—NGS) for the
main PAD-associated genes was also performed. The NGS panel included the following
genes: ICOS, TNFRSF13B, TNFRSF13C, TNFRSF12, CD19, CD81, CR2, CD20, CD27, IL21,
IL21R, LRBA, CTLA4, PRKCD, PLCG2, NFKB2, NFKB1, PIK3CD, PIK3R1, PTEN, VAV1,
RAC2, BLK, IKZF1, IRF2BP2, BTK, CD40L, SYK, LYK, FYK, MYD88, IRAK4, TNFSF13B,
TNFSF17, TNFRSF17, RELB, REL, IKBE, IKBA, IKBB, IKK-alpha, IKK-beta, MAP3K14,
RELA, STK4, AKT, LAT, IL12RB1, IL12B, IFNGR1, IFNGR2, ISG15, EVER1, EVER2, AICDA,
CD40, UNG, CD79A, CD79B, PAX5, TCF3, BLNK. Sanger sequencing was used to confirm
genetic variants detected by NGS as previously reported [13]. Clinical and immunological
data were prospectively collected at enrollment and during follow-up (FU) at the following
times: age 4 and then every 6–12 months according to common clinical practice. The

210



J. Clin. Med. 2023, 12, 4206

last evaluation was performed on April 2023. The mean FU period was 14 years (range
3–32 years, median 16 years).

3. Statistical Analysis

Clinical and immunological data of patients were analyzed using Fisher’s exact test
and the chi-squared test. A p-value < 0.05 was considered statistically significant. Uni-
variate statistical analysis was performed using Graphpad Prism software version 8.2.1,
whereas multivariate logistic regression data analysis was performed by Epi Info™ CDC
software version 7.2 (available at https://www.cdc.gov/epiinfo/index.html; accessed on
15 April 2023).

4. Results

Twenty-three children with an initial diagnosis of unPAD, (14 males (61%) and
9 females (39%) were included in the study. Positive family history for PIDs was reported
in 6/23 (26%) of patients, of whom two had parental consanguinity. A positive family
history for early deaths was present in one patient (4%).

4.1. Clinical and Immunological Findings at Initial Diagnosis, According to Age (<24
or >24 Months)

At diagnosis, 22/23 (96%) unPAD patients (10/10 < 24 months and 12/13 > 24 months)
were symptomatic. As detailed in Table 1, recurrent infections were the major clinical
manifestations (22/22, 100%), mainly involving the upper and lower respiratory tract
(URTI, LRTI) and the gastrointestinal and urinary tracts. Seven patients (32%) suffered
from allergic conditions. Skin prick tests were positive in 6/7 (86%) patients, and three of
them showed high sIgE levels. Only one patient, suffering from atopic dermatitis, had both
normal sIgE and negative SPTs (data not shown). Autoimmune neutropenia was observed
in 2/22 (9%) unPAD subjects. Clinical manifestations at diagnosis did not significantly
differ in the two age groups. Isolated or combined IgG, IgA, and IgM defects (compared
with age appropriate values) were detected in 82%, 61%, and 39% patients, respectively.
Combined or isolated IgM defects were more frequent in older patients than in children
<24 months (8/13, 62% > 24 months vs 1/10, 10% < 24 months, p = 0.028). Seven out of
nine unPAD patients presented IgG subclass deficiency, with no correlation with age at
diagnosis. A poor specific antibody response to tetanus and pneumococcus was detected
in 4/18 (22%) and 7/19 (37%) patients, respectively. Standard immunophenotypic analysis
was normal in all 23 patients. Extended B cell immunophenotyping was performed in
18/23 patients, and low expression of switched memory B cells and IgM memory B cells
was observed in 10/18 (55%) and 1/18 (5%), respectively. Percentages of activated CD21
low B cells and transitional B cells were within age-matched reference values in all patients.

Table 1. Clinical and immunological findings of 23 patients with an initial diagnosis of unPAD,
according to age at diagnosis (<24 and >24 months).

unPAD
<24 Months

(10 pts)
>24 Months

(13 pts)
p-Value

CLINICAL MANIFESTATIONS 22/23 (96%) 10/10 (100%) 12/13 (92%) ns

Infections 22/22(100%) 9/10 (90%) 12/12 (100%) ns
URTI 12/22 (55%) 6/10 (60%) 6/12 (50%) ns
LRTI 10/22 (45%) 4/10 (40%) 6/12 (50%) ns

GI 5/22 (23%) 1/10 (10%) 4/12 (33%) ns
UTI 5/22(23%) 4/10 (40%) 1/12 (8%) ns

FEVER 1/22 (5%) 1/10 (10%) 0/12 (0%) ns
SKIN 1/22 (5%) 1/10 (10%) 0/12 (0%) ns
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Table 1. Cont.

unPAD
<24 Months

(10 pts)
>24 Months

(13 pts)
p-Value

Allergy 7/22 (32%) 3/10 (30%) 4/12 (33%) ns
Asthma 2/7 (29%) 0/3 (0%) 2/4 (50%) ns

Atopic dermatitis 3/7 (43%) 2/3 (67%) 1/4 (25%) ns
Food allergy 2/7 (29%) 1/3 (33%) 1/4 (25%) ns

Conjiunctivitis 1/7 (14%) 1/3 (33%) 0/4 (0%) ns
Rhinitis 4/7 (57%) 1/3 (33%) 3/4 (75%) ns

Autoimmunity 2/22 (9%) 2/10 (20%) 0/12 (0%) ns
Neutropenia 2/2 (100%) 2/2 (100%) - ns

IMMUNOLOGICAL
ABNORMALITIES 23/23 (100%) 10/10 (100%) 13/13 (100%) ns

Isolated or combined IgG defect 19/23 (82%) 9/10 (90%) 10/13 (77%) ns
Isolated or combined IgA defect 14/23 (61%) 4/10 (40%) 8/13 (62%) ns
Isolated or combined IgM defect 9/23 (39%) 1/10 (10%) 8/13 (62%) 0.028

Combined IgG defect 13/23 (56%) 6/10 (60%) 7/13 (54%) ns
Combined IgA defect 13/23 (56%) 5/10 (50%) 8/13 (62%) ns
Combined IgM defect 8/23 (35%) 0/10 (0%) 8/13 (62%) 0.0075
IgG subclasses defect 7/9 (77%) 1/2 (50%) 6/7 (86%) ns

Low anti TT antibody response 4/18 (22%) 3/7 (43%) 1/11 (9%) ns
Low anti PCP antibody response 7/19 (37%) 2/7 (29%) 5/12 (16%) ns

Low switched memory B cells 10/18 (55%) 5/7 (71%) 5/11 (45%) ns
Low IgM memory B cells 1/18 (5%) 1/7 (14%) 0/11 (0%) ns

URTI upper respiratory tract infections; LRTI lower respiratory tract infections; GI gastrointestinal infections; UTI
urinary tract infections; TT tetanus toxoid; PCP pneumococcal.

4.2. Clinical and Immunological Findings at 4 Years of Age and at Last FU (Mean 14 Years, Range
3–32 Years, Median 16 Years)

All 23 patients underwent clinical and immunological follow-up every 6 months up
to 4 years of age and then yearly for a mean time of 14 years (range 3–32 years, median
16 years). As reported in Figure 1A, at 4 years of age, immunoglobulin analysis revealed
age-appropriated values in 8/23 (35%) patients, matching the diagnosis of THI. In the re-
maining 15 patients (65%), a persistent PID condition was observed. Overall, a diagnosis of
unPAD was confirmed in 10/23 (43%), while 3/23 (13%) and 2/23 (9%) patients developed
a selective IgA deficiency (SIGAD) and a CVID, respectively.

At the last follow-up, two patients reached age-appropriate Ig values at the age of
16 years and 17 years, respectively, joining the category of THI for a total of 10/23 (44%)
patients (Figure 1A,B). Among the remaining 13 patients, 7/23 (30%) confirmed the clinical
and immunological features of unPAD, whereas 3/23 (13%), 2/23 (9%), and 1/23 (4%)
shifted to CVID, SIGAD, and isolated IgM deficiency, respectively. Clinical and immuno-
logical findings of patients with persistent PIDs compared to THI patients at the last FU
(mean 14 years, median 16 years) are reported in Table 2. In line with Ig normalization, half
of THI patients only suffered from allergic manifestations. Conversely, recurrent infections
were only observed in the persistent PID group vs THI (5/13, 38% vs 0/10, 0%; p value
0.04), mostly with URTI and LRTI (3/5, 60% vs 0/10, 0%; p value 0.02). Moreover, isolated
or combined IgG, IgA, and IgM defects were detected in 46%, 61%, and 54% of persistent
PID patients, respectively, whereas associated IgG subclass deficiency was observed in
7/13 (53%) of them. A poor specific antibody response to tetanus and pneumococcus was
found in 1/9 (11%) and 2/10 (20%) of persistent PID patients, respectively. When the ex-
tended B cell immunophenotype was performed in the persistent PID cohort, low switched
memory B cells and low IgM memory B cells were detected in 7/13 (54%) and 2/13 (15%)
of patients, respectively. The percentage of activated CD21 low B cells and transitional B
cells were within age-matched reference values in all patients (data not shown).
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Figure 1. (A) Diagnostic reclassification of 23 unPAD patients at 4 years of age and at last FU
(mean 14 years, median 16 years). Persistent PIDs: persistent primary immunodeficiencies; unPAD:
unclassified primary antibody deficiency; CVID: common variable immunodeficiency disorder;
SIGAD: selective IgA deficiency; IgMD: IgM deficiency; THI: transient hypogammaglobulinemia of
infancy; Final FU: final follow-up. (B) Time of normalization of 10 THI patients.
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Table 2. Clinical and immunological findings of 13 persistent PIDs patients vs 10 THI patients at last
FU (mean 14 years, median 16 years).

Persistent PIDs
(13 pts)

THI
(10 pts)

p-Value

CLINICAL MANIFESTATIONS

Infections 5/13 (38%) 0/10 (0%) 0.04
URTI 3/5 (60%) - 0.02
LRTI 3/5 (60%) - 0.02

GI 1/5 (20%) - ns

Allergy 6/13 (46%) 5/10 (50%) ns
Asthma 2/6 (33%) 0/5 (0%) ns
Rhinitis 3/6 (50%) 4/5 (80%) ns

Conjiunctivitis 1/6 (17%) 2/5 (40%) ns

Autoimmunity 2/13 (15%) 0/10 (0%) ns
Neutropenia 2/2 (100%) - ns

Vasculitis 1/2 (50%) - ns

IMMUNOLOGICAL ABNORMALITIES 13/13 (100%) 0/10 (0%) 0.0001

Isolated or combined IgG defect 6/13 (46%) 0/10 (0%) 0.02
Isolated or combined IgA defect 8/13 (61%) 0/10 (0%) 0.003
Isolated or combined IgM defect 7/13 (54%) 0/10 (0%) 0.007

IgG subclass defect 7/13 (54%) 0/10 (0%) 0.007
Low anti TT antibody response 1/9 (11%) 0/10 (0%) ns

Low anti PCP antibody response 2/10 (20%) 0/10 (0%) ns
Low switched memory B cells 7/13 (54%) 0/10 (0%) ns

Low IgM memory B cells 2/13 (15%) 0/10 (0%) ns

Genetic Characterization 8/13 (61%) -

TNFRSF13B mutations 4/8 (50%)
TNFRSF13B c.301T>C plus TNFRSF13B c.204dupA 2/4 (50%)

Heterozygous TNFRSF13B c.301T>C mutation 2/4 (50%)
URTI upper respiratory tract infections; LRTI lower respiratory tract infections; GI gastrointestinal infections; UTI
urinary tract infections; TT tetanus toxoid; PCP pneumococcal.

4.3. Clinical and Immunological Findings at Diagnosis of Patients with a Definitive Diagnosis of
Persistent PID vs. THI

To identify potential predictive and/or prognostic markers of clinical outcome,
a retrospective analysis of clinical and immunological findings at diagnosis of 13 patients
with a final diagnosis of persistent PID vs 10 patients with a final diagnosis of THI
was performed. As reported in Table 3, LRTI were more frequently observed in pa-
tients with persistent PID than with THI (8/12, 67% PID patients vs 2/10, 20% THI
patients, p value 0.03). Isolated or combined IgA deficiency and low anti-PCP antibody
response were also found to be associated with a final diagnosis of persistent PID (11/13,
85% PID patients vs 3/10, 30% THI patients, p value 0.0013, and 7/11, 64% PID patients
vs 0/8, 0% THI patients, p value 0.0128). The variables that showed a significant (p < 0.05)
association with PID persistence in univariate analysis were evaluated in a logistic re-
gression model for multivariate analysis. Low IgA, low specific antibody response to
pneumococcus, and LRTI at diagnosis were observed to be independently associated with
a persistent PID diagnosis.
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Table 3. Clinical and immunological findings at diagnosis of patients with a final diagnosis of
persistent PID vs. THI.

Persistent PIDs
(13 pts)

THI
(10 pts)

Univariate Analysis
p-Value

Logistic Regression
p-Value

Positive Family History for PID 5/13 (38%) 1/10 (10%) ns

CLINICAL MANIFESTATIONS

Infections 12/13 (92%) 10/10 (100%) ns
LRTI 8/12 (67%) 2/10 (20%) 0.04 <0.05

Allergy 4/13 (31%) 3/10 (30%) ns

Autoimmunity 1/13 (8%) 1/10 (10%) ns

IMMUNOLOGICAL
ABNORMALITIES

Isolated or combined IgG defect 11/13 (85%) 8/10 (80%) ns
Isolated or combined IgA defect 11/13 (85%) 3/10 (30%) 0.0013 <0.05
Isolated or combined IgM defect 6/13 (46%) 3/10 (30%) ns

IgG subclass defect 5/5 (100%) 2/4 (50%) ns
Low anti PCP antibody response 7/11 (64%) 0/8 (0%) 0.0128 <0.05

Low switched memory B cells 7/13 (54%) 0/5 (0%) ns
Low IgM memory B cells 1/13 (8%) 0/5(0%) ns

LRTI lower respiratory tract infections; PCP pneumococcal.

4.4. Genetic Characterization

Next-generation sequencing analysis was performed in 8/13 (61%) of patients with
persistent PID. Mutations in TNFRSF13B were identified in 4/8 patients (50%), belonging
to two families. As reported in Figure S1, family A included three siblings, two sisters
and one brother, in all of whom the final unPAD diagnosis was confirmed. A compound
heterozygosis for two different TNF receptor superfamily member 13B (TNFRSF13B/TACI)
gene mutations (TNFRSF13B c.301T>C plus TNFRSF13B c.204dupA) was identified in the
two sisters and a heterozygous TNFRSF13B c.301T>C mutation in the brother. Their mother
carried a TNFRSF13B c.301T>C mutation with the absence of clinical and immunological
abnormalities; their father carried a TNFRSF13B c.204dupA and presented an asymptomatic
isolated IgM defect. Regarding the clinical picture, both sisters suffered from both URTI
and LRTI, whereas the brother had a milder phenotype. A heterozygous TNFRSF13B
c.301T>C mutation was also detected in another patient with a final diagnosis of CVID.
This patient showed a positive family history for early deaths of unknown-causes and
a personal clinical history of URTI, LRTI, and gastrointestinal infections since the age of
9 months. Due to infectious recurrences, he initially received antibiotic prophylaxis and
later immunoglobulin replacement therapy. His father carried the same mutation and was
suffering from Hashimoto thyroiditis, psoriasis, and recurrent oral aphthosis.

5. Discussion

The onset and clinical spectrum of unPAD patients is widely heterogeneous, and
knowledge of their natural history is still scarcely investigated. Some children might be
identified at an early age and initially diagnosed as unPAD to enter the THI definition when
normalization of their immunoglobulin levels occurs within 4 years of age. Some others
may develop over time a defined antibody defect, reaching the definitive diagnosis of
a classified IEI. However, at unPAD diagnosis, no markers are currently identified to allow
the distinction between patients who will achieve a condition of transient hypogammaglob-
ulinemia from those who will persist in the same condition or will develop other humoral
defects, which would be crucial to timely initiate appropriate monitoring and treatment.

The aim of our study was to analyze the clinical, immunological, and genetic char-
acterization of a cohort of children who received an early diagnosis of unPAD and their
long-term clinical and immunological monitoring and outcome. To our knowledge, this is
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the first prospective study describing the evolution of unPAD children towards adulthood,
with the clinical and immunological evaluation of their long-term follow-up.

Except for one asymptomatic child, all symptomatic children suffered from recurrent
infections, mostly of the respiratory tract, and to a lesser extent from allergy and autoimmu-
nity (32 and 9%, respectively). Indeed, as shown for other PAD patients [6,14–21], in unPAD
children, recurrent respiratory infections represent the clinical hallmark, particularly in
the first decade of life [18]. Conversely, immune dysregulation may complicate the clinical
course mostly in early and late adulthood [14,18]. In the overall cohort, we observed that
at diagnosis, an isolated or combined IgG defect was more frequently observed than an
isolated or combined IgA defect. Instead, an isolated or combined IgM defect was more
frequently observed in children >24 months of age than at a younger age.

In a previous paper, we reported that in children with an initial suspicion of THI,
nowadays pertaining into the category of unPAD, a milder clinical and immunological
profile and a benign course over time was observed in comparison to those children who
did not normalize their IgG levels [22]. In the present study, at 4 years of age, 8/23 (35%)
patients matched the diagnosis of THI, and, at last follow-up, two more patients (44% of
the total cohort) enriched the THI category at 16 and 17 years of age, respectively. In
accordance with previous studies by us and other groups [22,23], IgG normalization occurs
more frequently, despite not doing so exclusively, within the first 4 years of age. Indeed,
there is no univocal evidence in literature on the time to recovery and Ig normalization that
might occur until the third or fourth decade of life [23]. In line with IgG normalization,
THI patients maintained a milder clinical picture, mostly allergic manifestations, whereas
patients with persistent quantitative and/or qualitative antibody defects featured recur-
rent/severe infections, mostly of the lower respiratory tract. At final follow-up, 13 patients
(56%) suffered from a persistent PID. In detail, an unPAD condition remained in 7/23 (30%)
patients, whereas some moved to different primary antibody defects, comprising CVID
(3/23; 13%), SIGAD (2/23; 9%), and isolated IgM deficiency (1/23; 4%). Interestingly, one
patient who, at enrollment, matched the clinical diagnostic criteria for unPAD, moved to
a SIGAD condition at 4 years of age to later develop a CVID at 5 years of age. This patient,
harboring a C104R (TNFRSF13B c.301T>C) heterozygous TACI variant, who continued to
suffer from recurrent and severe infections, firstly required antibiotic prophylaxis and, after
receiving a CVID diagnosis, benefited of additional immunoglobulin replacement therapy.
The multi-step diagnostic evolution of this patient clearly outlines the wide spectrum of
antibody disorders associated with TACI mutations, as previously reported [24]. Mutations
in TNFRSF13B have been identified in a family comprising three siblings, two sisters and
one brother, who maintained the unPAD diagnosis. Particularly, the two sisters carried
a compound heterozygosis for two different TNFRSF13B gene mutations (TNFRSF13B
c.301T>C plus TNFRSF13B c.204dupA), whereas a heterozygous TNFRSF13B c.301T>C
mutation was found in the brother. Their mother carried the TNFRSF13B c.301T>C mu-
tation, and their father the TNFRSF13B c.204dupA. The same compound heterozygosis
found in the two sisters has been previously reported by Salzer et al. [25] and associated
with normal expression of switched and IgM memory B cells, as in our female patients.

Moreover, the asymptomatic unPAD patient who was diagnosed at 15 months, whose
brother was suffering from CVID, over time developed recurrent respiratory infections,
receiving the final diagnosis of a selective IgM deficiency. It is still unclear why some
patients may be asymptomatic. Functional immunological factors as well as epigenetic or
environmental factors might be compensative for a certain time.

When we investigated at diagnosis potential markers of dissection between PID per-
sistence vs THI, we observed that in addition to LRTI, low IgA and low specific antibody
response were independently associated with a persistent condition. Conclusively, we
demonstrated that a subgroup of children with unPAD shares common B cell abnormali-
ties with patients suffering from a range of antibody defects, mostly CVID, according to
previous reports [12,26,27]. We point out that a critical long-time clinical and immunolog-
ical follow-up of unPAD patients is recommended to monitor their evolution (towards
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a definitive antibody defect in most cases), which may be variable over time, and also
among family members with the same genetic mutation, as herein described. As the
reservoir for CVID lacks molecular definition, the identification of unPAD patients poten-
tially evolving to a CVID diagnosis during the routine monitoring process is of relevance.
UnPad patients are usually underestimated and often suffer from a long diagnostic lag
and delayed optimal management. However, a significant proportion of unPad patients
may emerge with pulmonary and extrapulmonary complications that might affect sev-
eral aspects of life. Similarly to CVID patients, it has been reported that bronchial wall
thickening, bronchiectasis, and atelectasis could be detected in 44%, 21%, and 19% of
unPAD patients, respectively [7]. Their autoimmune and inflammatory complications and
whether they might be addressed with immunoglobulin replacement therapy are largely
unknown, although it has recently been reported that B-lymphocyte subset distribution
did not significantly differ between unPAD patients who received Ig replacement therapy
from those with CVID [8]. The lack of extensive and comparable studies describing unPAD
cohorts hampers the draft of international networks for the assessment of their diagnostic
approach and monitoring. Although the progressive advances in genetic and functional
technology will allow for the identification of IEI disorders currently assembled in the
unPAD reservoir, increasing awareness for their early diagnosis, the molecular pathways
and epigenetic changes underlying the complex heterogeneity of unPAD disorders deserve
further investigation.

6. Conclusions

Our study, despite the limited cohort, is the longest FU study analyzing a pediatric
cohort of unPAD patients. A continuous long-term clinical and immunological monitoring
of unPAD children is necessary to define their outcome and possible evolution towards
a definitive IEI defect. We focused on distinct clinical-immunological markers, suitable
for identifying patients at higher risk of PID persistence. Furthermore, as the genetic and
functional characterization of patients with persistent hypogammaglobulinemia might
provide us with valuable information on the pathogenic role of distinct molecules, po-
tentially indicating specific treatment, we emphasized the need to structure national and
international networks for the diagnostic approach and monitoring of the heterogeneous
condition of unPAD patients.
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ELISA enzyme-linked immunosorbent assay
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