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Abstract

The defects in intrinsic and innate immunity are a group of monogenic diseases
in which there is a numeric and/or functional defect of the cellular components
of innate immunity, not included in phagocyte defects or complement defects. It
is a very diverse group of primary immunodeficiencies (PID) or inborn errors of
immunity (IEI), both immunologically and clinically, but all share that (1) micro-
bial susceptibility is usually very selective and from an early age (infant), and (2)
commonly used immunological studies to discard a PID (lymphocyte studies,
immunoglobulin dosage, protein vaccine responses) are usually normal; thus,
innate immune PID’s diagnosis will require specific immunological tests.

These deficiencies are encompassed in group VI of PID classification of the
International Union of Immunological Societies expert committee (now called
Inborn Errors of Immunity Committee) (Tangye et al., J Clin Immunol 40:24-64;
2020). They represent 1.5% of all PIDs (Modell et al., Immunol Res 66:367-80;
2018). This group is artificially divided into four subgroups depending on the
microorganism to which patients manifest susceptibility (pyogenic bacteria,
mycobacteria, virus, or fungus). In this chapter, we will follow this phenotypic
approach (Bousfiha et al., J Clin Immunol 38:129-43; 2018), which we believe
is more useful for clinicians when approaching a patient with a suspected PID.
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8.1 Introduction

The defects in intrinsic and innate immunity are a group of monogenic diseases in
which there is a numeric and/or functional defect of the cellular components of
innate immunity, not included in phagocyte defects or complement defects. It is a
very diverse group of primary immunodeficiencies (PID) or inborn errors of immu-
nity (IEI), both immunologically and clinically, but all share that (1) microbial sus-
ceptibility is usually very selective and from an early age (infant), and (2) commonly
used immunological studies to discard a PID (lymphocyte studies, immunoglobulin
dosage, protein vaccine responses) are usually normal; thus, innate immune PID’s
diagnosis will require specific immunological tests.

These deficiencies are encompassed in group VI of PID classification of the
International Union of Immunological Societies expert committee (now called
Inborn Errors of Immunity Committee) [1]. They represent 1.5% of all PIDs [2].
This group is artificially divided into four subgroups depending on the microorgan-
ism to which patients manifest susceptibility (pyogenic bacteria, mycobacteria,
virus, or fungus). In this chapter, we will follow this phenotypic approach [3], which
we believe is more useful for clinicians when approaching a patient with a suspected
PID. Accordingly, the chapter will be divided into four different sections: (1) pre-
disposition to mycobacterial diseases (Mendelian susceptibility to mycobacterial
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disease, MSMD), (2) predisposition to pyogenic diseases (deficiencies in the Toll-
IL1R pathway and congenital asplenia), (3) predisposition to viral diseases (sus-
ceptibility to HPV: epidermodysplasia verruciformis (HPV) and others;
predisposition to severe viral infection: herpes simplex encephalitis (HSE)), and (4)
predisposition to fungal diseases (predisposition to invasive fungal diseases and
predisposition to mucocutaneous candidiasis).

8.2  Section 1: Predisposition to Mycobacterial Diseases
8.2.1 Defects in the IFN-y Circuit

8.2.1.1 Introduction

Adverse events after bacille Calmette-Guerin vaccination, in the form of localized
(BCGitis) [4, 5] or disseminated (BCGosis) [6] infections, some of them with a fatal
outcome, were first reported in the 50s of the past century. The first report of
BCGosis, which was suggested to be the first description of Mendelian susceptibil-
ity to mycobacterial disease (MSMD), was published during the 50s [7], and a fatal
environmental mycobacteria (EM) infection in three relatives was reported in 1964
[8]. However, it was not until 1996 that the first genetic etiology of MSMD, autoso-
mal recessive (AR) IFN-yR1 deficiency, was described in children with severe BCG
or EM infection [9, 10].

8.2.1.2 Physiopathology and Genetics

Studies deciphering the genetic basis of MSMD have revealed the central role of
IFN-y-mediated immunity in the defense against mycobacteria (Fig. 8.1 and
Table 8.1). Until date, mutations in 16 genes have been found to cause isolated
MSMD or syndromic MSMD (Table 8.1). These genes are involved in IFN-y pro-
duction (IL12RBI [11-13], ILI2B [14, 15], ILI2RB2 [16], IL23R [16], ISG15 [17,
18], SPPL2A [19, 20], TYK2 [21, 22], RORC [23], and IFNG [24]), the cellular
responses to IFN-y (IFNGRI [9, 11, 25-28], IFNGR2 [29, 30], STATI [31-33],
JAK1 [34], and CYBB [35-37]), or both (NEMO [36] and IRF§ [38]). Patients with
syndromic MSMD, in contraposition to isolated MSMD, manifest a more complex
clinical phenotype, with a predisposition to infection by other microorganisms or to
other manifestations. Depending on the impact of the mutation (null or hypo-
morphic, resulting in complete or partial deficiency), the inheritance of the disease,
the expression of the mutant allele (absent or detectable), or the mechanism respon-
sible for the impaired function of the mutated protein, at least 30 different genetic
etiologies of MSMD have been identified so far [20, 39]; IL-12Rf1 deficiency and
autosomal dominant (AD) IFN-yR1 deficiency are the first and second, respectively,
most common defects [20, 24, 39, 40]. Mutations in STATI [41], IRFS [38], and
TYK2 [21, 22] cause isolated or syndromic MSMD depending of the pattern of
inheritance and the functional impact of the mutation, and mutations in ISG15 [17,
18], RORC [23], and JAzKI [34] were described only in patients with syndromic
MSMD. With so many forms, the clinical boundaries of MSMD, particularly of
some of the less frequent etiologies, are not fully defined, and at present, the genetic
etiology remains unknown in about half of the patients.
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Fig. 8.1 Summary of molecules implicated in IFN-y-mediated immunity. Molecules represented
with bold characters are known to be cause of MSMD. Genes causing nonsyndromic forms are
displayed in black, genes causing both syndromic and nonsyndromic forms in purple, and genes
causing only syndromic forms in green

Recognition and phagocytosis of the bacilli by antigen-presenting cells (APC) and macrophages
induce their activation and the production of an array of cytokines and chemokines, particularly
tumor necrosis factor (TNF)-«, interferon-stimulated gene (ISG) 15, interleukin (IL)-12p70, and
IL-23, which induce IFN-y production by T, NK, and NKT cells. IL-12p40 (encoded by the IL12B
gene) is common to IL-12p70 and IL-23. The IL-12RB1 molecule is shared by both the IL-12 and
IL-23 receptor heterodimer, whereas IL-12Rp2 and IL23R are unique to the IL-12 and IL-23
receptors, respectively. Tyk?2 is a tyrosine kinase involved in IL-12R- and IL-23R-mediated signal-
ing. ISG15 is secreted by many cell types, including myeloid cells and neutrophils, and it acts as a
very potent IFN-y-inducing cytokine in lymphocytes. ISG15 also encodes an intracellular
interferon-induced ubiquitin-like protein that acts as a negative regulator of IFN-a/p, resulting in
enhanced IFN-a/f3 immunity. The RORC gene encodes two protein isoforms that act as transcrip-
tion factors: The nuclear orphan receptor y (RORY) is ubiquitously expressed, whereas the expres-
sion of RORyT is restricted to leukocytes. Patients with RORy/RORYT deficiency show low
numbers of ILC3, MAIT, and NKT cells and normal IFN-y secretion by naive or memory CD4+ T
cells but strongly impaired IFN-y production by Th1* cells and yd T cells.

IFN-y binding to the IFN-y receptor, a heterodimer of IFN-yR1 and IFN-yR2, leads to activation
of the tyrosine kinases Jakl and Jak2 and to serine and tyrosine phosphorylation of the signal
transducer and activator of transcription 1 (STAT1). Phosphorylated STAT1 forms a homodimer
termed IFN-gamma-activated factor (GAF), which migrates into the nucleus and binds to the IFN
gamma-activated sequence (GAS) to drive the expression of the target genes. Interferon regulatory
factor 8 (IRF8) is a transcription factor induced by IFN-s, expressed in macrophages and dendritic
cells. IRF8 binds to IFN-stimulated response elements (ISRE) and regulate the expression of many
genes. SPPL2A encodes the signal peptide peptidase-like 2 A (SPPL2a), a protease with multiple
substrates. A binding site for IRF8 has been identified in the Sppl2a promoter in mouse macro-
phages. Patients with SPPL2a deficiency have a deficit of conventional type 2 dendritic cells
(cDC2). Both AD IRF8 and AR SPPL2a deficiencies confer a defect of IFN-y production by
mycobacterium-specific Th1* cells. NEMO encodes the nuclear factor-kappa B (NF-kB) essential
modulator, which mediates signaling in the NF-kB pathway, required, among other signaling path-
ways, for TNF receptor- and CD40L-mediated activation. gp91phox, encoded by CYBB, is a
major component of the phagocyte nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase (PHOX) complex, required for effective intracellular killing of microorganisms.
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8.2.1.3 Clinical Features

Mendelian susceptibility to mycobacterial diseases is a rare inherited condition
characterized by a narrow vulnerability to poorly virulent mycobacteria, such as
bacillus Calmette-Guerin (BCG) vaccines and environmental mycobacteria (EM),
in otherwise healthy individuals. Tuberculosis, disseminated, extrapulmonary, or
pulmonary, caused by the more virulent M. tuberculosis has been documented in
some patients, particularly in deficiencies of IL-12Rp1 [39, 42, 43], IFN-yR1 [26,
39], STAT1 [31, 39], or IL-12p40 [15, 44]. Besides the susceptibility to mycobacte-
ria, some patients with isolated MSMD may also be susceptible to other intramac-
rophagic microorganisms: About half of the patients suffer from salmonellosis
(frequently extra gastrointestinal), particularly nontyphoidal, and more rarely
typhoidal; rare cases of infections caused by intramacrophagic fungi (histoplasmo-
sis,  coccidioidomycosis, paracoccidioidomycosis, candidiasis), parasites
(Leishmaniasis, Toxoplasmosis), and bacteria (listeriosis, nocardiosis, klebsiellosis)
have also been reported. Complete deficiencies of IFN-yR1 and IFN-yR2 rarely
predispose to viral disease, particularly by herpes viruses [39]. In addition, since
IL-12Rp1 is also part of the IL-23 receptor and IL-12p40 is also a subunit of IL-23,

Table 8.1 Genetic etiologies of isolated and syndromic Mendelian susceptibility to mycobacte-
rial disease based on the mutated gene, the mode of inheritance, and the functional impact of the
mutation”

Isolated MSMD
Gene Inheritance Functional defect
ILI2RBI1 AR C
ILI2B AR C
ILI2RB2 AR C
IL23R AR C
IRF8&* AD P
SPPL2A AR C
IFNG AR C
IFNGRI1 AR C
AR P
AD P
IFNGR?2 AR C
AR P
AD P
STATI® AD P
NEMO (IKBKG)* XR P
CYBB* XR P
TYK2 (p.P1104A)° AR P
Syndromic MSMD
IRF&* AR C
STATI® AR C
AR P

(continued)
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Table 8.1 (continued)

Isolated MSMD

Gene Inheritance Functional defect
JAKI AR C

TYK2¢ AR C

RORC AR C

ISG15 AR C

AR Autosomal recessive, AD Autosomal dominant, XR X-linked recessive, C Complete deficiency,
P Partial deficiency. Depending on whether the mutated protein is expressed or not, up to 30
genetic etiologies can be classified

*IRF8. Patients with AD IRF8 deficiency lack the main subset of human blood myeloid DCs (DR+,
CDll1c+, CDlc+, or MDC1), which are potent producers of IL-12, and they are susceptible to
mycobacterial infections. AR complete IRFS8 deficiency is characterized by a complete absence of
CD14+ and CDI16+ circulating monocytes, CD11lc+ conventional dendritic cells (DC), and
CD11c+/CD123+ plasmacytoid DCs, and they suffer from multiple infections

"AD STATI1 deficiency, caused by loss-of-function or hypomorphic mutations, exerts a dominant
negative effect, due to haploinsufficiency, on IFN-y responses but not on IFN-a/f responses (which
involves STAT1, STAT2, and IRF9), and patients present with isolated MSMD. AR complete
STAT1 deficiency is characterized by the absence of STAT1 protein expression. As a consequence,
patient’s cells show abolished cellular responses to IFN-y and the antiviral IFN-o/f and IFNA, and
patients have a life-threatening susceptibility to both mycobacteria and viruses. PR STAT1 defi-
ciency, caused by hypomorphic mutations of STAT, results in impaired but not abolished to IFN-y
and IFN-a, and patients are susceptible to both intracellular mycobacteria, salmonella, and viruses.
Patients with AD gain-of-function mutations (GOF) in STAT1 are particularly susceptible to
chronic mucocutaneous candidiasis; this inborn error of immunity is characterized by strong
responses to IFN-y, IFN-a, and IL-27, and it is unknown why some patients are prone to mycobac-
terial infections, although some patients develop a combined immunodeficiency

‘Most hypomorphic mutations in NEMO cause ectodermal anhidrosis dysplasia and immunodefi-
ciency, whereas null mutations cause incontinentia pigmenti

YNull mutations in CYBB underlie chronic granulomatous disease

*Tyk2 is involved in signal transduction by the receptors for IL-12, IL-23, IFN-o/p, and IL-10.
Peripheral blood leukocytes from patients with complete AR Tyk2 deficiency have impaired
responses to IL-12 and IL-23 as well as to IFN-a/p3, which cause MSMD and susceptibility to viral
infections, respectively; patients with complete AR Tyk2 deficiency and isolated MSMD have been
also reported. Responses to IL-10 of these patients are poor, but not abolished, and therefore they
are not associated with early-onset colitis. Partial AR Tyk2 deficiency is due to a common missense
variant of TYK2, p.P1104A (around 1/600 individual of European descent are homozygous for
this variant). Cells from patients with partial AR Tyk2 deficiency show low, but not abolished,
responses to IL-23, and the patients are predisposed to EM and tuberculosis, although the clinical
penetrance is very low; cellular responses to IL-12, IFN-o/p, and IL-10 are intact, and they are not
particularly prone to viral infections

patients with IL-12RB1 and IL-12p40 deficiencies are prone to mild forms of
chronic mucocutaneous candidiasis (CMC) [15, 45]. Patients usually have a normal
resistance to other microorganisms.

Patients can present with a wide range of clinical manifestations of mycobacte-
rial disease, from local BCGitis to disseminated, invasive, and lethal infections.
Disease onset is usually in childhood, but diagnosis in adolescence and adulthood
has been reported. Usually, the most severe forms (for instance, AR complete
IFN-yR1 or AR complete IFN-yR2 deficiency) show an early onset, and infections
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tend to be persistent and life-threatening in spite of antimycobacterial treatment. By
contrast, the least severe forms (for instance, the partial -AR or AD- deficiencies of
IFN-yR1 and IFN-yR2 or deficiencies of the IL-12/IL-23 receptors) can have a late
onset and can improve with age, and the infections can be relatively circumscribed.
In this context, osteomyelitis, even multifocal, by EM is common in patients with
partial (AR or AD) IFN-yR1 and partial AD deficiency of STAT1 (and at a lesser
extent in those with AR partial IFN-yR2 deficiency), whereas disseminated infec-
tions are classically observed in complete AR deficiencies of IFN-yR1, IFN-yR2,
and STAT1 [20, 33, 39, 46-52]. Patients that survive to a mycobacterial disease may
suffer from another mycobacterial infection or remain healthy; likewise, mycobac-
terial infections may or may not recur.

Clinical penetrance of MSMD may be incomplete, and it usually correlates with
the extent of IFN-y-mediated immunity. Complete AR IFN-yR1 and IFN-yR2 defi-
ciencies are fully penetrant, and they are always lethal in the absence of hematopoi-
etic stem cell transplantation (HSCT). By contrast, clinical penetrance is partial,
and even very low, in patients with deficiencies of the IL-12 and/or IL-23 receptors.
Only 50-70% of adults with IL-12Rp1 deficiency, who have abolished IL-12- and
IL-23-mediated responses, are symptomatic by the age of 40 years [13, 20, 39].
However, the clinical penetrance of IL-12Rf2 deficiency, which does not affect
IL-23-mediated responses, and of IL-23R and of partial AR Tyk2 deficiencies,
which show normal IL-12-mediated responses, is very low (about 0.5%), and most
patients remain asymptomatic in adulthood [16, 20, 22]. Therefore, some of the
genetic etiologies of MSMD do not segregate as a bona fide Mendelian trait.

Some of these disorders predispose to syndromic MSMD due to involvement of
the mutated proteins in signaling pathways other than the IFN-y circuit. The etio-
pathogenesis of syndromic STAT1, IRF8, and Tyk2 deficiencies is discussed in
Table 8.1 [20, 39]. Jak1 is involved in the cellular responses to numerous cytokines,
including IFN-vy, IFNs-I/III, 1L-4, IL-7, IL-9, IL-15, IL-21, and IL-6, and the only
reported patient with JAK1 deficiency suffered from atypical mycobacterial disease,
and a history of viral, fungal, and parasitic skin infection was documented [42].
Patients with biallelic RORC mutations display impaired IL-17A/F secretion by T
cells, predisposing patients to CMC [23]. The absence of intracellular ISG15 leads
to enhanced IFN-o/f immunity, and ISG15 deficiency also results in autoinflamma-
tion characterized by intracranial calcifications and epileptic seizures, resembling
Aicardi-Goutieres syndrome and spondyloenchondromatosis [20, 43]. A few cases
of carcinogenesis, even at young ages, have been described in patients with isolated
MSMD [53, 54], and the patient with JAK1 deficiency died from urothelial carci-
noma at the age of 22 years [34]. Macrophage activation syndrome or vasculitis was
also reported [20, 39, 43].

8.2.1.4 Diagnosis and Immunological and Molecular Tests

Before the diagnosis of MSMD, acquired and inherited immunodeficiencies predis-
posing to mycobacterial diseases must first be excluded [43]. Several acquired
immunodeficiencies predispose to mycobacterial infections: immunosuppressive
drugs for solid organ transplantation, HSCT, leukemia, during chemotherapy, or
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following HSCT and biologicals, particularly those against TNF-a-mediated immu-
nity or human immunodeficiency virus infection (HIV; BCG vaccination is contra-
indicated in HIV-infected individuals). Environmental mycobacteria (EM) and
M. tuberculosis infections are increasingly being reported in patients with congeni-
tal lung defects such as primary ciliary dyskinesia, pulmonary alveolar proteinosis,
and cystic fibrosis.

Several PID or IEI need to be discarded, since they predispose to mycobacterial
infections, albeit usually in patients with other infectious and immunological phe-
notypes [43], including (i) patients with PID involving defects in the number and/or
function of T cells (severe combined immunodeficiencies and combined immuno-
deficiencies), (ii) chronic granulomatous disease (particularly susceptible to BCG
and M. tuberculosis), and (iii) GATA?2 deficiency, predisposing to disseminated EM
infections, and less frequently to tuberculosis, which may be the first clinical pre-
sentation even in otherwise healthy adults, although they can also occur during
childhood. GATA?2 patients have a broader clinical spectra, including viral infec-
tions, particularly warts; hematological disorders (myelodysplastic syndrome/leu-
kemia); pulmonary alveolar proteinosis; and other non-immunological anomalies
[55-57]. Patients with GATA?2 deficiency have characteristically monocytopenia
and a deficiency of DC, and low numbers of B cells and NK cell as well as neutro-
penia are also characteristic, although this PID is progressive and these leukocyte
populations are variably affected [55]. Patients with AD gain-of-function mutations
in STAT1 usually suffer from CMC, although disseminated EM infections and other
opportunistic infections were reported [58].

Children or adults with recurrent or severe/disseminated mycobacterial infec-
tious disease caused by BCG, EM, Mtb, or Salmonella, and in whom other inborn
or acquired conditions predisposing to mycobacterial infection have been excluded,
should be suspected of having MSMD. MSMD should be also suspected in patients
with severe infections by other intramacrophagic microorganisms. Routine hemato-
logical and immunological analysis for PID used to be normal in patients with
MSMD, although monocytopenia and DC deficiency, like in patients with GATA2
deficiency, can be detected in patients with IRF8 and SPPL2a deficiency. MSMD
diagnosis comprises complex functional tests that need to be performed in special-
ized immunology laboratories [59].

Evaluation of cytokine production, developed by Feinberg et al. [11], is the gold
standard for study of IFN-y circuit integrity. This assay is based on the measurement
of IL-12p40, IL-12p70, and IFN-y after whole blood or, less frequently, peripheral
blood mononuclear cells (PBMCs) stimulation. Stimulation conditions comprise
incubation with live BCG with or without hrIL-12p70 or hr-IFN-y co-stimulation
for 18 h (for IL-12 measurement) or 48 h (for IFN-y and IL-12 measurements).
Although powerful, this technique has several limitations: (1) the intrinsic variabil-
ity observed yet in healthy controls that hampers interpretation of results; (2) if
fresh whole blood is used, it should be performed during the first 48h after extrac-
tion; and (3) the use of BCG stimulation can be limiting in diagnostic laboratories
following ISO 15189 regulations. In an attempt to solve limitations, different strate-
gies have been developed, including the performance of the test in cryopreserved
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cells to eliminate time-from-extraction limitation and the use of phytohemaggluti-
nin and lipopolysaccharide as stimuli to avoid the use of BCG.

Quantitation of IFN-y levels in plasma is a fast and easy technique for detection
of IFN-yR deficiencies since high levels of this cytokine are characteristic in these
defects, especially in complete AR deficiencies [60]. Cytometric evaluation of the
presence of the IFN-yR1, IFN-yR2, and IL-12Rp1 receptors is also a very useful
tool [13, 27, 39]. However, normal expression does not exclude a defect since there
are forms (especially in IFN-yR deficiencies) in which normal (AR forms) or even
high (AD forms) nonfunctional proteins are expressed [13, 25, 27, 28, 30, 39, 61,
62]. Finally, cytometric evaluation of receptors’ downstream signaling after specific
stimulation (STAT1 phosphorylation after IFN-y and IFN-a stimulation [29, 32, 33,
47, 61, 63-65] and STAT4 phosphorylation after IL-12 stimulation [44, 62]) can
help detect defects of IFN-yR/STAT1- and IL-12R-mediated activation [32, 33, 47,
65]. Other studies, such as IFN-y production after IL-23 and ISG15 co-stimulation,
may be useful for the characterization of the functional deficiency.

Genetic confirmation of the diagnosis of MSMD is of outmost importance for
treatment and genetic counseling. When functional defects suggest a specific defect,
Sanger sequencing is the option of choice. NGS technology, both in the form of
gene panels or whole exome sequencing (WES), can be also useful to screen for all
genetic etiologies simultaneously. In a more research-like setting, whole genome
sequencing (WGS) is used to detect new disease-causing variations in nonprotein-
coding regions of the genome.

8.2.1.5 Treatment

The clinical spectrum of MSMD ranges from mild forms to severe life-threatening
disease. Complete AR deficiencies of IFN-yR1 and IFN-yR2, and the rare cases of
complete AR deficiencies of STAT1 and IRFS, are lethal in the absence of HSCT in
spite of antimycobacterial treatment [20, 39, 41, 66-73]. Milder cases (partial defi-
ciencies of IFNy-R1, deficiencies of IL-12p40, IL-12Rp1, IL-12Rp2, IL-23R, or
ISG15) have a more favorable outcome and may respond well to appropriate antibi-
otic therapy [13, 15, 20, 39, 43, 68]. Subcutaneous IFN-y therapy, in combination
with antibiotics, should be considered in those patients able to mount cellular
responses, even residual, to the cytokine. Prophylactic antimycobacterial antibiotics
are usually not required in the less severe forms of MSMD, although it should be
evaluated individually, particularly in patients with recurrent infections. Likewise,
rare patients require prophylaxis against salmonella. Accurate genetic diagnosis and
the functional distinction between complete and partial defects, as well as a careful
characterization of the immunological phenotype, are of the utmost importance to
ensure the best possible management of MSMD patients.

8.2.1.6 Autoantibodies Against IFN-y. A Phenocopy of Inborn Errors

of IFN-y
In 2004 and 2005, the first reports of the existence of neutralizing autoantibodies
against [FN-y in patients with disseminated mycobacterial diseases were published,
and numerous cases have been described so far [43, 74-77] This condition is not
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considered MSMD, but it is included in this section because it is classified as a
phenocopy of inborn errors of IFN-y. This disorder affects predominantly, but not
exclusively, adults of Asian descent [74-76]. Most patients suffer from infections
by EM, but M. tuberculosis was documented in some cases [43]. This condition is
frequently associated with infections by other intramacrophagic microorganisms
such as Salmonella, Cryptococcus neoformans, Histoplasma capsulatum, or
Penicillium marneffei. The most direct approach for detecting IFN-y autoantibodies
is by using an ELISA system and by observing IFN-y level recovery after the addi-
tion of exogenous IFN-y to patient serum [78]. It should be included in the differen-
tial diagnosis of MSMD. Treatment of patients with anti-IFN-y autoantibodies is
complex and requires the control of the infection with long-term antibiotics and
reducing the titer of autoantibodies; for the last, rituximab and cyclophosphamide
have been used [75, 79, 80].

8.3  Section 2: Predisposition to Pyogenic Diseases
8.3.1 Deficiencies of the Toll-IL1R Pathway

In humans, Toll-like receptors (TLRs) are upon the most important receptors of
infectious agents on myeloid leukocytes, particularly monocytes, macrophages, and
dendritic cells (DCs). Certain TLRs are also found on lymphocytes and nonhemato-
poietic cells, such as fibroblasts, oligodendrocytes, and epithelial cells.

Each of the 10 TLRs is able to sense molecular patterns derived from bacteria,
mycobacteria, viruses, fungi, and parasites. TLR1/2/4/5/6/10 are surface receptors
while TLR3/7/8/9 are intracellular. Except for TLR3, upon TLR1-9 ligation, the
cascade downstream TLRs will activate, through NF-kB, the transcription of a pro-
inflammatory program including IL-6, IL-1b, and TNF-a to control the infection.

Most TLRs (except TLR3, and partially TLR4) and IL-1 receptors (IL1-R)
(responsible for the response to IL-1, IL-18) share a common cytoplasmic domain,
named TIR domain and a common downstream cascade, in which MyD88 is a key
adaptor. IRAK family members (such as IRAK-4 and IRAK-1) are selectively
recruited to TLRs and IL-1Rs by MyD88 (Fig. 8.2). TLR3, signals independently of
MyD88 through TRIF, and TLR4, can signal both via TIRAP/MyDS88 or
TRIF. TLR10 uniquely inhibits both MyD88-dependent and -independent path-
way [81].

8.3.1.1 Deficiencies in IRAK-4 and MyD88
IRAK-4 deficiency was first described in 2003 [82] and MyD88 deficiency in
2008 [83]).

Clinical Features
The central clinical feature of IRAK-4 (OMIM #607676) and MyD88 (OMIM
#612260) deficiencies is the high susceptibility to invasive and noninvasive
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Fig. 8.2 Simplified schematic representation of Toll-IL1 pathway. Created with permission from
BioRender.com

infections with only a few Gram-positive and Gram-negative bacteria with absent or
delayed signs of inflammation (local or systemic, including C-reactive protein ele-
vation, fever) in the course of infections [84, 85]. Clinically, IRAK-4 and MyD88
deficiencies are indistinguishable (also named phenocopies) [86]. Infections usually
have an acute course. During infection, some patients develop neutropenia, which is
transient.

Invasive infections include sepsis, meningitis, arthritis, osteomyelitis, and deep
inner organs/tissue abscesses. They are mainly caused by S. pneumoniae (70% of
cases) and, to a lesser extent, by S. aureus and P. aeruginosa. Most patients suffer
from their first invasive bacterial infection before the age of 2 years (85% of IRAK-4
deficiency patients and 92% of MyD88 deficiency patients, and before the age of
6 months in 42% of patients). One of the major causes of death is pneumococcal
sepsis-meningitis at that early ages. The combination of invasive pneumococcal and
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staphylococcal disease is highly suggestive of a TIR deficiency. No invasive infec-
tions have been described after adolescence, suggesting that the MyD88-/IRAK-4-
dependent TIR pathway becomes redundant once acquired immunity is fully
functional and can ensure protection.

Noninvasive infections (cellulitis, furunculosis, folliculitis, lymphadenitis, usu-
ally necrotizing, and infections of the respiratory tract) are caused by S. aureus and,
to a lesser extent, by pneumococcus and P. aeruginosa.

Infections by other Gram-positive and Gram-negative bacteria have also been
observed, but IRAK-4- and MyD88-deficient patients are resistant to mycobacteria,
viruses, fungi, and parasites.

Late umbilical cord separation (>2 weeks of age) has also been described in
patients with IRAK-4 deficiency.

Immunological and Molecular Studies

Screening Tests

Evaluation of phagocyte respiratory oxidative burst using dihydrorhodamine test
(DHR test), which is usually performed in the context of pyogenic infections to
discard another primary immunodeficiency named chronic granulomatous disease
(see Chap. 9), can raise the suspicion of deficiencies in IRAK-4/MyD88 because
most patients display a specific pattern of responses, characterized by strongly
diminished DHR responses to E. coli in the presence of normal DHR responses to
phorbol myristate acetate (Alsina L, Vlagea A, manuscript in preparation).

Specific Tests

e Shedding of CD62L in granulocytes after stimulation with specific agonists for
different TLRs. Upon activation, granulocytes will cleave the ectodomain of a
significant fraction of the CD62L present on the plasma membrane (Fig. 8.3).

e Quantification of IL-6 and/or TNF-a production by whole blood or PBMC after
stimulation with specific agonists of different TLRs. Responses across all TLRs
(except for TLR3 and partially for TLR4), and the response to IL-1, IL-18, and
IL-33, are abolished or diminished in IRAK-4 and MyD88 deficiencies [87, 88]
(Fig. 8.4).

These tests cannot differentiate an IRAK-4 and MyD88 deficiency. Only genet-
ics will confirm the mutation in /RAK-4 or MyDS§8.

Other Tests

e There may be an elevation of IgE and IgG4 with normal levels of IgG, IgA, and
IgM in one-third and two-thirds of patients, respectively. Production of specific
antibodies against nonconjugated pneumococcal polysaccharides and isohemag-
glutinin levels are both diminished in one-third of patients [84].

e Globally, no overt abnormalities in leukocyte subsets are observed in patients
with IRAK-4 or MyD88 deficiencies except for a modest impact on IgM-
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dependent B-cell immunity, delaying its maturation: A diminished level of
IgM*IgD*CD27* B cells is observed, while IgM IgD*CD27*-switched B cells are
largely normal [89].

* Genetics. Both diseases are autosomal recessive and show complete penetrance.
A founder effect of MyDS88 in “zingaros” (E402X/del) has been described
(Rodriguez-Gallego C, manuscript in preparation).

Treatment and Prognosis

Antibiotic prophylaxis (daily trimethoprim-sulfamethoxazole and/or amoxicillin
depending on the pattern of resistance to S. pneumoniae) is recommended, also
intensive vaccination with conjugated and nonconjugated bacterial vaccines, includ-
ing against pneumococcus, meningococcus, and H. influenzae (there is no vaccine
contraindication) [90]. Immunoglobulin replacement therapy (IRT) is usually rec-
ommended. IRT and antibiotic prophylaxis are usually recommended up to at least
10-14 years old. In TIR defects, after 8 years of age, mortality associated with
invasive infection is rare. Patients must be instructed to seek for medical attention
upon any sign of infection.
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Fig. 8.4 Whole blood culture for cytokine analysis to study Toll-IL-1 pathway deficiencies

8.3.1.2 Deficiency in IRAK-1

Clinical Features

Single patient described in 2017, with X-linked recessive complete IRAK-1 defi-
ciency [91]. He presented a urinary tract infection by Klebsiella pneumoniae and
two episodes of aspiration pneumonia before his death at 7 months old due to respi-
ratory failure, probably ascribed to his severe congenital encephalopathy, which
was later confirmed to be caused by MECP2 deficiency, in the context of an intra-
chromosomal deletion of about 112 kb on the long arm of the X chromosome
(Xq28), which encompasses MECP2 and IRAK].

With this single case, it is not possible to attribute a particular clinical phenotype
to the lack of IRAK-1 since severe respiratory failure and pulmonary infections are
commonly seen in patients with isolated MECP2 deficiency.

Immunological and Molecular Studies

-Fibroblasts from the IRAK-1- and MECP2-deficient patient responded poorly to
all of the relevant TLR agonists tested. In contrast, IRAK-1- and MECP2-deficient
fibroblasts from the patient displayed little or no impairment of IL-1R responses, by
contrast to the results obtained for IRAK-4- or MyD88-deficient fibroblasts.
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8.3.1.3 Deficiency in TIRAP

Clinical Features

Description in 2017 of a single family [92]. Autosomal recessive. Seven of the fam-
ily members with the same genetic defect were healthy. The proband suffered from
a pneumonia and sepsis due to S. aureus at 3 months of age. The difference in pen-
etrance within family members was ascribed to the inability of the proband to
develop antibodies against LTA (lipoteichoic acid), abundant in S. aureus, showing
that human adaptive immunity had been able to rescue an inborn error of innate
immunity in all family members, except for the proband, unable to produce specific
antibodies.

Immunological and Molecular Studies

Responses to all TLR1/2, TLR2/6, and TLR4 agonists were impaired in the fibro-
blasts and leukocytes of all TIRAP-deficient individuals. However, the whole blood
response to the TLR2/6 agonist staphylococcal lipoteichoic acid (LTA) was abol-
ished only in the index case, the only family member lacking LTA-specific Abs.
This defective response was reversed in the patient by anti-LTA mAb.

8.3.2 Isolated Congenital Asplenia

8.3.2.1 Clinical Features

Isolated congenital asplenia (ICA) is characterized by the absence of a spleen at
birth without any other developmental defect. ICA predisposes individuals to life-
threatening invasive infections early in childhood, caused by encapsulated bacteria,
typically Streptococcus pneumoniae but occasionally Neisseria meningitidis and
Haemophilus influenzae b [93].

A retrospective study in France showed that ICA affects at least 0.51 per 1 mil-
lion newborns per year, but the incidence is probably higher (estimated 1 in 600,000)
as individuals may not manifest until adulthood.

Asplenia can be suspected by the detection of Howell-Jolly bodies on a blood
smear, which are the hallmark of the existence of a defect of spleen phagocytic
function. Then, imaging tests can be performed to confirm the absence of spleen,
such as ultrasound (US) or computed tomography (CT) scans of the abdomen, or
even more sensitive and specific tests, such as selective spleen scintigraphy (SSS),
which is performed using denatured erythrocytes labeled with Technetium-99m
(Tc99m).

8.3.2.2 Immunological and Molecular Studies

RPSA gene is estimated to be responsible for 30—40% of ICA cases: 18 patients
have been described to date bearing protein and nonprotein-coding mutations in
RPSA, among a worldwide cohort of 73 patients with ICA. Most cases of ICA are
sporadic, but multiplex kindreds exist, and the main mode of inheritance of ICA
seems to be autosomal dominant (AD).
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RPSA encodes for the ribosomal protein SA, a core component of the small sub-
unit of the ribosome.

8.3.2.3 Treatment

Vaccines against encapsulated bacteria represent a major arm for the management
of ICA patients. Annual influenza vaccination is recommended as well. Asplenia
itself does not contraindicate the use of live attenuated vaccines. Antibiotic pro-
phylaxis with penicillin V is recommended (amoxicillin is an alternative); the opti-
mal duration of this antibiotic prophylaxis is still being debated (until 5 years old
versus lifelong). In the case of allergy to penicillin, cotrimoxazole could be a valid
alternative [94].

8.4  Section 3: Predisposition to Viral Diseases

8.4.1 Herpes Simplex Virus Encephalitis (HSE). Deficiencies
of the TLR3 Pathway

8.4.1.1 Clinical Features

The primary infection by herpes simplex virus 1 (HSV-1) usually leads to symp-
toms involving the mucosa and skin, or most commonly asymptomatic infection.
Other forms of HSV-1 infection exist, including a cutaneous form and eye infec-
tions consisting of keratitis and conjunctivitis. HSV-1 seroprevalence is high, dem-
onstrating the typically benign nature of the infection [95]. Rarely does HSV-1
infect the CNS causing herpes simplex virus encephalitis (HSE). HSE is the most
common form of sporadic viral encephalitis in Western countries, where it is esti-
mated to occur in approximately two to four per 1,000.000 individuals per year [95,
96]. Peaks of HSE incidence occur between the ages of 6 months to 3 years, during
primary HSV-1 infection, and in individuals older than 50 years, probably due to
viral reactivation from latency.

Patients with impaired TLR3 immunity are susceptible to HSE. These patients
remain normally resistant to other common viruses, as shown by positive serologic
results to at least ten viruses without the occurrence of acute events. The patients
have been also immunized with live vaccines with no adverse effect. HSV-1 infec-
tion outside the CNS is not usually observed. One TLR3-deficient patient developed
CVB3 myocarditis in adulthood, and a mutation conferring TRAF3 deficiency was
associated with development of multiple myeloma [97, 98].

8.4.1.2 Molecular Studies

Human defects in several components of TLR3 pathway (TLR3, TRIF, TRAF3,
TBKI1, IRF3, and UNC93B1) are known as genetic etiology of HSE, by impairing
cortical neuron-intrinsic type I interferon (IFN) immunity to HSV-1 (Fig. 8.5), with
incomplete clinical penetrance [99—106]. These patients have a similar cellular phe-
notype consisting in impaired TLR3 signaling in fibroblasts, which results in
impaired antiviral IFN production, and enhanced viral replication and cell death
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Fig. 8.5 Simplified schematic representation of the pathways in which mutations causing severe
viral diseases have been identified

following infection with HSV-1 and vesicular stomatitis virus (VSV). Patients suf-
fer from HSE in the course of primary infection, without detectable HSV-1 dissemi-
nation, and they do not suffer from multiple episodes. TLR3 is expressed and can
stimulate IFN production in neurons, astrocytes, oligodendrocytes, and microglial
cells [107]. The role of TLR3 immunity in host defense against HSV-1 in the CNS
was tested in induced pluripotent stem cells derived from UNC-93B- and TLR3-
deficient patients and from healthy controls [108]. UNC-93B-deficient and TLR3-
deficient derived oligodendrocytes and neurons were much more susceptible to
HSV-1 infection than control cells, whereas deficient, derived, neural stem cells and
astrocytes were not. The increased susceptibility observed in oligodendrocytes and
neurons was found to be associated with impaired IFN-f and IFN-A1 production by
these cell types in response to HSV infection.

No impaired responses to TLR3, or other TLR, agonists are usually observed in
peripheral blood mononuclear cells (PBMC) or whole blood cells from patients
with deficiencies of TLR3 pathway. At present, the best laboratory screening test for
these PID is the analysis of antiviral IFN production after stimulation by TLR3
agonists in fibroblasts. It is worth mentioning that some patients do not display any
TLR3-IFN-related phenotype in fibroblasts, so detection of antiviral IFN produc-
tion, as well as viral replication and cell death rates, after incubation with HSV-1
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and VSV is the laboratory test of choice for detection of PID associated with
impaired TLR3-mediated immunity.

Finally, it has been described three unrelated children suffering from influenza A
virus (IAV) infection manifesting as acute respiratory distress syndrome (IAV-
ARDS) caused by two loss-of-function (LOF) TLR3 mutations, previously
described in autosomal dominant (AD) TLR3 deficiency underlying HSE. AD
TLR3-deficient leukocytes produce normal amount of IFN-a upon stimulation with
TLR3 agonist, HSV-1 or IAV. Therefore, AD TLR3 deficiency, caused by the same
type of TLR3 LOF variants and even by the same TLR3 variant, accounts for at least
two sporadic infectious diseases, HSE and IAV-ARDS, affecting isolated organs
such as the CNS and the lung, respectively, in otherwise healthy children [106].
Although theoretically both severe infections can hit the same individual with TLR3
deficiency, the coalescence of these infections has not yet been described.

8.4.1.3 Treatment and Prognosis

Untreated, HSE is fatal in up to 70% of cases. Treatment with acyclovir signifi-
cantly decreases the mortality rate, but up to 60% of patients suffer from long-term
neurological sequelae of varying severity [109—111].

Inherited defects of the TLR3 pathway should be considered in the differential
diagnosis of children with HSE. HSE is uncommon in reported patients with PID,
even in those with T, B, and/or NK cell deficiencies [3].

8.4.2 Susceptibility to HPV: Epidermodysplasia Verruciformis
(HPV) and Others

8.4.2.1 Clinical Features

Epidermodysplasia verruciformis (EV) is a rare Mendelian genodermatosis present-
ing with persistent, disseminated, flat warts and pityriasis versicolor-like skin
lesions induced by human f-papillomaviruses (8-HPVs) which are lacking ES and
E8 open reading frames (ORF). Some patients develop nonmelanoma skin cancer.

8.4.2.2 Molecular Studies

Biallelic null mutations in TMC6 or TMCS8 encoding EVER1 and EVER?2, respec-
tively, account for half of EV cases [112]. Moreover, it has been described biallelic
deleterious mutations in CIBI, encoding calcium- and integrin-binding protein 1,
CIB1. The formation of a multimer consisting of CIB1, EVERI1, and EVER2 is
required for CIB1 stability [113, 114]. Therefore, the disruption of the IFN-
independent CIB1-EVERI-EVER2-dependent keratinocyte-intrinsic immunity
underlies the selective susceptibility to f-HPVs in EV patients. One of the CIB
mutations has been identified as a CIBI splice-site founder mutation from Iranian
origin with a common ancestor dating 650 years back [114].
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8.4.2.3 Treatment and Prognosis

EV lesions are refractory to conventional therapies. Nonsurgical interventions with
topical 5-fluorouracil, 5% imiquimod, tacalcitol, systemic retinoids combined with
IFN-a, cimetidine, and topical 5-aminolevulinic acid photodynamic therapy yield
inconsistent results. Approximately one-third of patients go on to develop malig-
nancy with an average of 24 years between development of benign lesions and can-
cer. Invasive skin cancers are typically squamous cell carcinomas that often retain
features of Bowen’s carcinomas. They develop slowly and are locally destruc-
tive [115].

8.4.3 WHIM Syndrome

8.4.3.1 Clinical Features

WHIM syndrome (WHIM) is a congenital immunodeficiency with characteristic
clinical features that include susceptibility to HPV infection-induced warts, condy-
loma acuminata, and carcinomas; neutropenia, B cell lymphopenia, and
hypogammaglobulinemia-related recurrent infections; and bone marrow myeloka-
thexis characterized by myeloid hyperplasia and apoptosis [116, 117].

8.4.3.2 Molecular Studies

Specific mutations identified in WHIM patients include heterozygous C-terminus
deletional mutations of portions of the intracellular carboxy terminus of the chemo-
kine receptor, CXC chemokine receptor 4 (CXCR4). WHIM leukocytes have
enhanced responses to stromal cell-derived factor-1 (SDF-1), the cognate ligand of
CXCRA4. Enhanced activity of CXCR4 delays release of mature neutrophils from
the bone marrow resulting in neutropenia and senescence with apoptosis of mature
neutrophils retained in the marrow [116, 117].

8.4.3.3 Treatment and Prognosis

Treatment for WHIM patients is not standardized but aims at mitigating hemato-
logic defects and clinical symptoms associated with the disease. It is controversial
whether the main driver for susceptibility to infection is leukopenia versus hypo-
gammaglobulinemia or the combination of the two. There are no pharmacologic
agents that have a demonstrated ability to prevent or treat warts in WHIM patients;
topical cidofovir has proven useful in particular cases. The HPV vaccine is limited
to a small subset of the most highly cancer-associated strains. Successful treatment
of warts in WHIM patients is typically restricted to destructive therapies. Current
therapies for neutropenia and infections in WHIM patients include G-CSF, GM-CSF,
intravenous immunoglobulin (IVIg), and the newly tested CXCR4 antagonists such
as plerixafor. While both G-CSF and GM-CSF have been used to increase and
maintain circulating neutrophil counts in the normal range, G-CSF is probably the
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preferred and best tolerated agent. With hypogammaglobulinemia, administration
of IVIg is effective at decreasing risk of infections. It has been reported that the
hypogammaglobulinemia may improve following treatment with G-CSF. Use of
prophylactic antibiotics in WHIM patients has not been evaluated statistically, but it
is not unreasonable to extrapolate from studies in other primary immune deficien-
cies, neutropenias, or hypogammaglobulinemic states to support the use of antibi-
otic prophylaxis [116, 117].

The prognosis for WHIM patients depends in part on early recognition of the
disorder, with aggressive medical intervention to reduce the frequency of recurrent
bacterial infections and to detect and extirpate in the early stages any HPV lesions
that appear to be dysplastic or malignant [116, 117].

8.4.4 Predisposition to Severe Virus Infections. The Critical Role
of Type | and Il Interferons

8.4.4.1 Clinical Features

Increasing numbers of patients suffering from severe viral diseases while remaining
otherwise healthy have been reported in recent years. These patients routinely suffer
from adverse reactions to live attenuated viral vaccines such as the yellow fever vac-
cine or the measles, mumps, and rubella (MMR) vaccine. Such patients often pres-
ent with nonspecific symptoms, including rash in the site of inoculation, fevers, and
lymphadenopathy. Besides these symptoms, the virus can disseminate and the
patient may develop organ-specific features such as hepatitis, pneumonitis, hepato-
splenomegaly, arthritis, or encephalitis, among others [118]. Additionally, this
group of patients can also suffer from life-threatening diseases caused by viruses
that, in most individuals, cause mild and self-limiting episodes, such as rhinovirus
or influenza A. In these cases, patients present with fast-evolving lung infections
that require hospitalization and can lead to acute respiratory distress syndrome
(ARDS) [119, 120].

8.4.4.2 Molecular Studies

The genetic study of this group of patients has shown that deleterious mutations
impairing immunity mediated by type I and III interferons are responsible for the
disease (Fig. 8.1). Deficiency of MDAS5 (encoded by IFIHI) that senses viral
double-stranded RNAs (dsRNA) leads to impaired production of IFN-f and
decreased induction of interferon-stimulated genes (ISG), hence reducing antiviral
immunity. These defects are responsible for the severe disease that usually encom-
passes life-threatening rhinovirus and respiratory syncytial virus (RSV) infections
[120-122]. Complete deficiency of the transcription factor IRF7 has been reported
to cause severely reduced production of type I and type III interferons by leukocytes
and plasmacytoid dendritic cells (pDCs) causing life-threatening infection by the
influenza A virus HIN1 strain in addition to an adverse reaction to the MMR vac-
cine [119]. Deleterious biallelic mutations in the two chains of the receptor for type
Iinterferons have been recently reported (IFN-aR1 and IFN-aR2) [118, 123]. These
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mutations altogether abolish type I interferon signaling, causing the patients to suf-
fer from complications following MMR vaccination. Besides, one of the patients
reported with IFN-aR1 deficiency suffers from a viscerotropic disease caused by
the vaccine strain of the yellow fever virus [118]. Following stimulation by type I
and III interferons, STAT1 and STAT2 are phosphorylated. These two molecules
heterodimerize and, after binding IRF9, travel to the cell nucleus to induce the tran-
scription of ISGs by binding the ISRE sequence (Fig. 8.5). Deficiencies in these
three components have also been described. Deficiencies of STAT1 and STAT?2 that
completely abolish signaling downstream of the type I and III IFN receptors cause
susceptibility to severe diseases by different viruses. While, as described at the
beginning of this chapter, STAT 1-deficient patients display elevated susceptibility
to multiple viral infections such as HSV-I, CMV, or HHV6, STAT?2 deficiency
results in severe adverse reactions to the MMR vaccine, such as disseminated vac-
cine strain measles [41, 124—130]. In addition, STAT1 complete deficiency also
impairs type II interferon signaling (IFN-y specifically) accounting for the myco-
bacterial disease observed in these patients [31, 124—127]. IRF9 complete defi-
ciency impairs type I, and likely type I1I, interferon signaling, causing life-threatening
influenza A infection in addition to an adverse reaction to the MMR vaccine [131].
CD16 deficiency underlies severe herpes virus infection independent of immunity
mediated by type I or III interferons by a mechanism involving impairment of spon-
taneous NK cytotoxicity and reduced expression of CD2 in NK cells [132, 133].

8.4.4.3 Treatment and Prognosis

Given the limited number of patients with each genetic defect, no standardized
treatment has been proposed to date. In most cases, treatment has been based on
antiviral therapy according to the type of virus identified in each patient and, in the
most severe cases, with admission to intensive care unit (ICU), supportive care,
assisted respiration, mechanical ventilation, and/or extracorporeal membrane oxy-
genation [119, 120]. Hematopoietic stem cell transplantation (HSCT) has been
attempted in 3 STAT1-deficient patients with mixed results [125]. One patient with
STAT2 deficiency responded positively during infectious episodes to intravenous
immunoglobulin (IVIG).

8.5 Section 4: Predisposition to Fungal Infections

8.5.1 Introduction

Saprophytic and commensal fungi infect billions of people each year [134]. Among
all known fungal species (more than 100,000), only 300 are able to cause diseases
in humans [135]; thus, only some of them are considered medically relevant,
including yeast (Candida spp.), mold (Aspergillus spp.), atypical fungus
(Pneumocystis jirovecii), dimorphic fungi (Coccioides, Paracoccioides, and
Histoplasma spp.), dermatophytes (Trichophyton spp.), and encapsulated fungi
(Cryptococcus spp.).
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The pathogenesis of the invasive and mucocutaneous fungal infections are
largely different. While it seems that T-lymphocyte and IL-17 pathway determines
the immune response involved in superficial infections, invasive infections are often
seen related to quantitative or qualitative neutrophil disorders such as chronic gran-
ulomatous disease, autosomal recessive caspase recruitment domain-containing
protein 9 (CARD?Y) deficiency, or neutropenic conditions [136].

8.5.2 Predisposition to Invasive Fungal Diseases

8.5.2.1 Definition and Epidemiology

Invasive fungal diseases (IFDs) are considered the major cause of morbidity and
death among immunocompromised and hospitalized pediatric patients [137] with
an incidence of around two million people worldwide [135] and with high rates of
mortality (30-50%) [138]. The most common fungi involved in IFDs are Candida,
Aspergillus, Cryptococcus, and Pneumocystis spp. [135].

Two main PID cause special susceptibility to suffer IFDs: chronic granuloma-
tous disease (CDG; see Chap. 9) and CARD9 deficiency.

CARD9 Deficiency (OMIM 607212)

Clinical Features and Pathogenesis (Fig. 8.6)

CARD? is an essential molecule of the innate immune system involved in the control
of certain fungi identified by specific pathogen recognition receptors (such as
Dectin-1, Dectin-2, mannose receptor, MINCLE), determining the myeloid and epi-
thelial cell response [137, 139, 140]. Its impairment results in a poor production of
specific inflammatory cytokines and chemokines (IL-6, IL-23, etc.), which are nec-
essary for the differentiation of the IL-17-producing T cells [140]. Since CARD9
plays a specific role in antifungal immune response, these patients exhibit an extreme
susceptibility to fungal infections but not to bacterial or viral infections [139].

The innate immunity to fungal infections relies on different mechanisms, includ-
ing phagocytosis or production of reactive oxygen species, which are CARD9-
independent. However, some fungi like unopsonized yeast cells (e.g., Candida spp)
depend directly on the CARD9 pathway [139, 140]. This probably explains the
specific clinical expression described in CARD9-deficient patients, which is charac-
terized by the spontaneous development of Candida spp. infections, predominantly
in oral mucosae, central nervous system (CNS), bone, and subcutaneous tissues.
Infections due to dark-walled molds and yeast-like fungi (Aspergillus, Exophiala,
and Phialophora) have been described in these patients too [137, 139, 140].

The clinical penetrance of this deficiency seems to be globally complete [141],
and fungal disease can occur at any age, from early childhood to late adulthood;
therefore, all children and adults with an unexplained IFD should be screened for
CARD9 mutations [141].
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Immunological and Molecular Studies

Until now, CARD?9 deficiency has been reported only in patients with autosomal
recessive mutations since none of the heterozygous patients has presented any
unusual infection [141].

In the largest published cohort of analyzed CARD9Y patients (31 patients), the
basic immunological tests including cell count (neutrophils, T, B, and NK lympho-
cytes and monocytes) as well as the T and B lymphocytes subsets phenotyping,
proliferative response to mitogens, or oxidative burst test were normal.
Hypereosinophilia and high serum IgE levels had been observed in almost 50% of
the patients without atopy or allergic symptoms [141]. The proportion of IL17-
producing T cells was low in almost 2/3 of the patients and the production of IL-17A
after stimulation with different fungal triggers (C. albicans, P. verrucosa, E. spi-
nifera, etc.) was low only in 1/3 of the patients.

CARDO protein expression could be assessed by western blotting in PBMCs,
neutrophils, monocyte-derived dendritic cells, or monocytes-derived macrophages.
However, since the protein expression varies depending on the consequences of the
mutation on the protein, the detection of the protein is not sufficient to discard the
diagnosis of CARD9 deficiency [141]. Although some more experimental tests are
available to asses CARD9Y pathway, in clinical practice, in front of a CARD9 suspi-
cion, a genetic test should be performed to confirm this disease [141].

Treatment and Prognosis

The treatment options in these patients are limited [139]. Chronic mucocutaneous
candidiasis (CMC) should be managed by long-life treatment with topic or azole
agents as first-line treatments and with systemic therapy (azoles agents or echino-
candins) in case of an extensive or uncontrolled disease. Treatment duration should
be adapted to fungal species involved in the infection and to the site (CNS, skin,
etc.) [141].

In some cases, adjuvant treatments should be added to antifungal treatment
[141]. In this sense, good results using granulocyte-macrophage colony-stimulating
[142] or granulocyte colony-stimulating factors [143] have been published, though
this approach seems not effective in all cases. A recent case with successful hema-
topoietic stem cells transplant (HSCT) has been published [144], but the potential
utility of HSCT in this disease remains unclear [141].

In conclusion, currently there are no defined guidelines for these patients: Long-
term antifungal treatments are often needed with a fast relapse observed after with-
drawal; besides, there is a lack of information regarding the role of HSCT in this
disease [141].

8.5.3 Predisposition to Chronic Mucocutaneous Candidiasis

Candida spp. is commensal yeast that commonly colonizes mouth, colon, or vagina
in healthy people. This asymptomatic colonization can turn to disease due to certain
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acquired (broad-spectrum antibiotics, oral steroids) or inherited (PID) risk factors
[136, 145].

Within inherited conditions, chronic mucocutaneous candidiasis (CMC) repre-
sents a phenotypic manifestation of an heterogenous group of PID characterized by
increased susceptibility to chronic or recurrent superficial Candida spp. infections
[146], mainly associated with IL-17-mediated impaired immunity (Fig. 8.7) includ-
ing AD hyper-IgE syndrome, CARD9 deficiency (able to present CMC and invasive
fungal infections), AD transducer and activator transcription 1 (STAT1 gain of func-
tion), mutations related to IL-17 signaling (IL-17 or IL-17 receptor mutations),
IL-12 receptor B1 or PID with aberrant neutralizant autoantibodies versus TH-17-
produced cytokines such as autoimmune polyendocrinopathy syndrome type I
[136, 146].

In this chapter, we will focus on those inborn errors of innate immunity with
special risk of CMC: STAT! GOF, ILI7F, ILI7RA, ILI7RF, and ACTI muta-
tions [1].

8.5.3.1 STAT1 Gain-of-Function Mutation (GOF) (OMIM 614162)
Autosomal dominant heterozygous missense mutations of STAT/ have been identi-
fied in a growing number of patients since its description in 2011 [136, 147]. This
mutation seems to be the major cause of CMC, detected in more than half of patients
[136, 147].

Clinical Features

The clinical phenotype is variable, ranging from CMC to severe autoimmunity and
life-threatening infections [147]. The symptoms usually start during childhood
[147, 148].

In terms of infectious manifestations, CMC represents the main problem although
patients can also develop viral (mainly herpes virus but also JC or varicella-zoster
virus), mycobacterial, and bacterial (e.g., St. aureus) infections. CMC is described
in the oral mucosae (most frequent), skin, esophageal, genital, or nails, and Candida
albicans is the most frequent fungi involved. Despite this, other dermatophytic and
mold fungi have been reported. In countries where other endemic mycosis exists,
such as coccidiosis or histoplasmosis, severe disseminated infections can be
observed [147]. Patients with STAT1 GOF can also develop bacterial infections,
especially sinopulmonary that can evolve to bronchiectasis [147].

Other relevant manifestations are autoimmune and autoinflammatory events,
described in 1/3 of the patients, including hypothyroidism, type 1 diabetes, autoim-
mune cytopenia, alopecia, or a complete IPEX-like phenotype [136, 148].

Less frequent but severe complications observed in these patients include vascu-
lar alterations, mainly intracranial aneurysms, conferring a risk of hemorrhage or
death [147], and an increased cancer risk (currently 6%), being carcinomas of the
upper gastrointestinal tract the most common [147].
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Immunological and Molecular Studies

The majority of patients show normal values for the initial immunologic screening,
including immunoglobulins, immunoglobulin isotypes, and lymphocytes subpopu-
lations (T, B, and NK). In some cases, low memory B cells and low IgG2 or IgG4
levels have been reported [136, 147]. On the other hand, TH17 count is commonly
low (almost 80%) [147].

The STAT1 phosphorization/dephosphorization assay could be useful when
STAT1 GOF mutation is suspected. An increased phosphorylation of tyrosine 701
after IFN-y stimulation can be observed associated with impairment in dephospho-
rization in some patients, resulting in an increased of STAT1 phosphorylation in
response to certain stimulations [136, 147]. Currently, the results of this assay are
not conclusive, and normal result does not preclude the diagnosis [147].

Finally, a genetic test should be considered for patients with unexplained
CMC. Until now, STAT1-GOF mutations described are located in coil-coil domain
or DNA-binding domain (the latter might confer poor prognosis) [136, 147].

Treatment and Prognosis

Most of the affected patients have been successfully treated with long-term topical
and/or systemic antifungal prophylaxis. Fluconazole is the main first-line oral ther-
apy, while nystatin seems to be a good topical alternative [136, 147]. Antibacterial
prophylaxis with trimethoprim-sulfamethoxazole should be considered in case of
recurrent and uncontrolled bacterial infections [136] as well as IRT [147].

Janus-associated kinase (JAK), an upstream signal transducer for STAT, inhibi-
tors are being considered increasingly although only case reports are published with
different rates of success. Recalcitrant CMC seems to respond successfully as well
as certain autoimmunity events such as cytopenias [149] or alopecia. However, the
effect seems to be transitory, and the treatment requires long-term administration.
Infectious screening (mainly viral) is recommended during treatment, and in the
absence of new evidence, it seems advisable considering antiviral prophylaxis dur-
ing jak-inh therapy with acyclovir or valacyclovir [147].

HSCT could be considered as a curative-intention treatment, but currently the
results are disappointing with approximately 50% of patient’s survival. However,
the use of JAK inhibitor as a bridge therapy followed by HSCT might improve the
HSCT outcomes [147, 150].

Table 8.2 summarizes the clinical features, immunological studies, and treatment
recommended in other PID related with IL-17 pathway.
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Table 8.2 Other mutations involved in IL-17 pathway [136, 145]

Gene Clinical features | Diagnosis Treatment
AD IL-17F CMC — Absence of IL-17- — Antifungal prophylaxis:
deficiency Recurrent upper expressing T cells fluconazole (first-line oral
(OMIM respiratory tract | — In vitro studies defective drug) and nystatin
613956) infections binding to IL-17RA on (alternative topic
Incomplete Furunculosis fibroblasts treatment)
clinical — Antibacterial prophylaxis
penetrance in case of Staph.
ARIL-17RA |CMC — Absence of protein infections:
deficiency Recurrent upper expression with flow trimethoprim-
(OMIM respiratory tract cytometry on the surface sulfamethoxazole
613953) infections of the patient’s
Complete Mild St. aureus fibroblasts and PBMCs
clinical infections — The fibroblasts do not
penetrance respond to IL-17A and
IL17F stimulation
AR IL-17RC |CMC Lack of response to
deficiency No St. aureus IL-17A and IL-17F
(OMIM infections stimulation but normal
616445) response to IL-17RC-
Complete independent signaling via
clinical 1L-25
penetrance
AR ACT1 CMC Impairment in response to
deficiency Mild St. aureus IL-17A and IL-17F in
(OMIM infections fibroblasts and to IL-17E
615527) in leukocytes
Complete
clinical
penetrance

PBMCs Peripheral blood mononuclear cells
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