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Preface

Primary immunodeficiency diseases (PIDs) are a heterogeneous group of disorders,
characterized by increased susceptibility of infections, mainly in respiratory sys-
tem. More than 350 different PIDs have already been recognized and classified into
8 groups. Many patients with PIDs firstly present with upper and lower respiratory
tract manifestations, while delay in diagnosis can lead to morbidity and even mor-
tality of affected patients. Our understanding on PIDs is rapidly improving, which
helps us in making definite diagnosis managing more efficiently.

This book is an attempt to gather the most recent advances in pulmonary prob-
lems of patients with PIDs, where diagnosis and management of pulmonary mani-
festations have also been discussed. The first chapter gives an overview on PIDs and
pulmonary manifestations of PIDs, in general. In Chaps. 2, 3, 4, 5, 6, 7, 8, and 9,
pulmonary manifestations of eight groups of PIDs are discussed in detail. Treatment
of pulmonary manifestations of PIDs is also presented in Chap. 10.

We would like to acknowledge the expertise of all contributors for generously
giving their time and considerable effort in preparing their respective chapters. We
are also grateful to Springer for giving us the opportunity to publish this book, and
we hope that this book will be comprehensible, cogent, and manageable for physi-
cians and nurses, who wish to learn more about pulmonary manifestations of PIDs.

Tehran, Iran Nima Rezaei
Tehran, Iran Seyed Alireza Mahdaviani
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Chapter 1
General Considerations

Mikko Seppianen and Nima Rezaei

1.1 Lungs Are an Immunologic Battlefield

Focus on the most obvious function of our lungs, gas exchange, has greatly shaped
the practice of respiratory medicine. However, blood contributes approximately
40-50% of the weight of human lungs [1]. Our lungs harbor a wide range of hema-
topoietic progenitors, with the capacity to repopulate the bone marrow after irradia-
tion. The lung is also an especial primary site for platelet biogenesis from
megakaryocytes, responsible for the origin of 50% of our platelets [2]. For blood to
oxygenate, circulating blood cells and their products traverse through the respira-
tory zone of lungs. Daily, over 10,000 L of ambient air in our lungs constantly and
effectively exposes our immune system to the outside environment through an alve-
olar surface that exceeds 100-150 m? in a human adult, which consists the largest
epithelial surface in the body [3]. Consequently, our respiratory tract is equipped
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2 M. Seppinen and N. Rezaei

with a highly specialized localized immune system with an effective mucociliary
clearance machinery and specialized type II alveolar cells which produce innate
immunity surfactant proteins and cytokines. Type II cells in turn trigger resident
immune cells like alveolar macrophages and dendritic cells as well as the highly
complex adaptive immunity [4]. Any breaches in immunity, barrier, and clearance
functions of the local or systemic immunity predispose our lungs to impaired, pro-
longed, and/or hyperactivated immune reactions [5]. Thus, it is no wonder that
many genetic and acquired immune-mediated diseases affect the human respiratory
system.

1.1.1 Introduction to Primary Immunodeficiency Diseases

Many primary immunodeficiency diseases (PIDs) firstly present with lung and
upper airway manifestations and symptoms, giving the well-versed practicing pul-
monologist a unique opportunity to suspect these often highly debilitating and
potentially fatal diseases, with no delay or undue ensuing mortality. PIDs are inher-
ited, mostly monogenic and systemic disorders of immunity. Systemic PIDs are
essentially diseases of hematopoietic immune cells with genetically impaired or
dysregulated function. An increasing number of PIDs are due to impaired immunity
caused by genetic dysregulation of immune pathways by organ-specific tissues like
the skin [6]. Tissue-specific pulmonary PIDs (e.g., surfactant protein deficiencies,
cystic fibrosis, primary ciliary dyskinesia syndromes) could be envisaged but are
presently not classified as such and are thus outside the scope of this book, except
when differential diagnostic issues are discussed.

If suspecting PID, irrespective of a patient’s age, one should always exclude
human immunodeficiency virus (HIV) infection and obtain careful information on
received immunosuppressive treatments. If the onset of matching symptoms or
findings precedes any immunomodulatory therapy, especially if the ensuing depth
of given immunosuppression exceeds that normally seen, one should consider
whether a patient’s immunodeficiency is truly secondary or indeed primary. In a
rapidly growing number of PIDs and patients, the onset seems delayed well into
adult life [7].

Currently, there are more than 350 known PIDs. In variable combinations, these
diseases predispose individuals to infections, inflammatory complications, and
malignancies, often hematologic or virally induced cancers. Dysregulated acquired
immunity leads to autoimmunity and severe early-onset atopy, while dysregulated
innate immunity may lead to autoinflammation and impaired barrier function.
Similar to blood disorders, systemic PIDs often give rise to various hematologic
findings like cytopenias; deficient, disorganized, or hypoplastic lymphatic system;
lymphoproliferation; myelodysplasia; or bone marrow failure. Biopsies may fur-
ther reveal aberrant immune reactions like granulomas or hemophagocytosis
(Fig. 1.1).
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 Very-early onset (<3-4 mo of age)

* Opportunistic or common pathogen

* Invasiveness

= Extension to adjacent or distant sites

* Need of prolonged therapy

* Recurrence after therapy

* Respiratory, gastrointestinal, bacteremic
« Lead to bronchiectasis

Frequently recurring or chronic infections

Cytopenias

« 1-3 lineage cytopenias

* Low absolute counts
— Lymphocyte differential
— May also display low immunoglobulins

* Before any immunomodulatory
medication

* Impaired production or increased
turnover

Severe very early-onset atopy
* +/- hyperextensibility of connective
tissue

Failure to thrive
* Early-onset chronic diarrhea
* Severe generalized eczema

Syndromic features
*22q11.2 deletion (DiGeorge) most
common

ibility to mali 9
* Mostly hematologic malignancies

Chronic or fluctuating lymphoproliferation
or lymphatic agenesis

* Lymphadenopathy

* Splenomegaly

* Lymphatic hyper- or hypoplasia

« Disturbed lymph node architecture

« Dysregulated immune responses

(e.g. granulomas, hemophagocytosis)

Organ-specific or systemic autoimmunity
* May be atypical
— Poor response to therapy
— Lack of autoantibodies
* e.g. thyroid, lung, liver, gut, skin, joint,
muscle, systemic (e.g. SLE, Sjogren)

Autoinflammation
* Periodic fever or lupoid features
* Hemophagocytic lymphohistiocytosis
« Inflammation of skin, joints, bowel,
muscle
« Lipodytrophy, Behcet-like features

{Nonunicarial angioedema
* Mostly hereditary angioedema
« Skin, airways and bowel

Fig. 1.1 Common features in primary immunodeficiency diseases. Usually >2 features present
(except in hereditary angioedema). If SCID is suspected in an infant, PID doctor should be con-
sulted urgently

1.1.2  Classification of Primary Immunodeficiency Diseases

Although there are no universally accepted classification systems for PIDs, the most
commonly accepted one, endorsed by the International Union of Immunological
Societies (IUIS), divides PIDs into eight different categories and further subcatego-
ries. IUIS classification is based on the affected cell types (e.g., B-cells, T-cells, and
phagocytes), arms of immunity (e.g., antibodies, complement system, intrinsic and
innate immunity), affected signaling pathways (e.g., type I interferons, IL-12-IFN-y
axis), or predominant clinical manifestations (e.g., immune dysregulation diseases,
autoinflammatory diseases) [6, 8]. However, due to the complex nature of our
immunity, a known genetic disease often has features from multiple disease groups.
Helping clinical assessment, the defined PID categories commonly display pulmo-
nary complications typical for either just one or a few categories (Tables 1.1, 1.2,
and 1.3). IUIS maintains and updates regularly the list of known PIDs as well as
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Table 1.1 Sentinel respiratory infections and their complications that most likely should result in
screening for immunodeficiency

Infection Setting Note
Upper respiratory | Recurrent upper In most PIDs with infection susceptibility
tract respiratory tract

Deep tissue
infection

For example, mastoiditis after otitis media or
tonsillar abscess in infant: MyD88/IRAK4,
phagocyte, and antibody deficiencies

Severe viral
infections

Interstitial
pneumonitis

SCIDs, range of other CIDs (e.g., WAS, deficiencies
of DOCK2, MALT1, CARD11, BCL10, TCRa,
IL-21R, IKBKB, NIK, WIP)

Innate and intrinsic immunity defects predisposing to
severe viral infections (e.g., STAT1 AR-LOF,
deficiencies of STAT2, IRF7, IFNAR2, CD16, MDA)

Pyogenic
pneumonia

Failure to thrive

Susceptibility to a wide array of gram-positive and
gram-negative microorganisms (also to viruses,
fungi, parasites), interstitial pneumonitis: SCID and
T-cell deficiencies

Recurrent

Exclude a wide range of PIDs. Evaluate latest if >2-3
pneumonias during lifetime, earlier if warning signs:
In various loci, leads to bronchiectasis or bronchial
dilatation. In-between-episodes bronchial wall
thickening, signs of cryptogenic organizing
pneumonia, lymphoid interstitial pneumonitis,
follicular bronchiolitis or granulomas atypical for
sarcoidosis (i.e., low immunoglobulins/primary
lymphopenia)

Concurrent non-respiratory invasive infections,
recurrent bacterial rhinosinusitis, very early-onset
recurrent otitis media, adult-onset recurrent otitis
media, slow systemic inflammatory response, or no
demonstrable serum IgE

Complicated

Pneumatocele formation: STAT3 deficiency
Empyema or abscess: CGD, other phagocyte defects,
STATS3 deficiency

Bronchiectasis or interstitial pneumonitis: wide range
of PIDs

Early-onset (<3—4
mo)

Phagocyte deficiencies, MyD88/IRAK4 deficiency,
SCID, T-cell deficiencies, congenital asplenia (RPSA,
NKX2-5), FADD deficiency (functional
hyposplenism)

Pyogenic sepsis
+/— pneumonia/
meningitis

Recurrent

Antibody deficiencies, phagocyte deficiencies,
complement deficiencies, SCID and various rather
profound CIDs, MyD88/IRAK4 deficiency, CD40/
CD40L deficiency, congenital asplenia (RPSA,
NKX2-5), NEMO/IKBKG, GATA2 deficiency
(+/-PAP), FADD deficiency

Early-onset (<3—4
mo)

Like in pyogenic pneumonias above

(continued)
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Table 1.1 (continued)

Infection

Setting

Note

Pneumocystis
Jirovecii

Pneumonia

SCIDs

CID (e.g., DN STAT3; VODI, deficiencies of CD40,
CD40L CARD 11, MALT1, BCL10, TCRa, MHC II,
CD40/CD40L, IKBKB, IL-21R, NIK, MTHFD1,
STATSDb; idiopathic CD4 deficiency)

Syndromic CID (e.g., WAS, NEMO/IKBKG, IKBA,
VODI, immune-osseous dysplasias, bone marrow
failures like dyskeratosis congenita, Schaller sd)

Reported rarely in XLLA and CVID, also remember
thymoma with hypogammaglobulinemia and
anti-IFN-y-autoantibodies

Aspergillus spp.,
other filamentous
fungi

Invasive

Phagocyte defects: especially CGD (also mulch
pneumonitis, Nocardia, Paecilomyces, Trichosporon,
S. aureus, rare opportunistic bacteria, Burkholderia
cepacia, Serratia marcescens), occasionally in SCN,
LAD 1, Pearson sd

Occasionally in SCID and CID; infections by other
opportunistic and pyogenic pathogens predominate

CID/T-cell def., e.g., STAT3-DN, STAT1-GOF
GATA?2 deficiency?®, WAS, 22q11.2 del,
APLAID/PLCG2

Also in idiopathic CD4 lymphopenia, thymoma with
hypogammaglobulinemia (Good sd)

Dimorphic fungi*

Invasive

As part of MSMD: IL12Rp1 and IFNyR1
deficiencies

CID (e.g., CARD9Y, STAT1-GOF, DOCKS8, CD40LG,
GATA?2 deficiency), idiopathic CD4 lymphopenia

Nontuberculous
mycobacteria
(NTM)

Mendelian
Susceptibility to
Mycobacterial
Diseases (MSMD)

Affecting IL-12-IFN-y -signaling (e.g., ILI2RB1,
IL12, IFNGRI, IFNGR2, AD STATI-LOF): recurrent
nontuberculous mycobacteriosis +/— salmonellosis,
BCG-itis, osteomyelitis, Klebsiella spp., intracellular
bacteria and viruses, invasive dimorphic fungi,
leishmaniasis

Dendritic cell deficiencies and GATA2 and AR/AD
IRF8 def; AD STAT1-GOF, JAK1-LOF, deficiencies
of Tyk2, ISG15, RORc

Other: SCID, 22q11.2 del (especially BCGosis),
CGD (especially BCGosis in CYBB), DN-STAT3,
CD40L /CD40 def, anti-IFN-y-autoantibodies

Always look also for sentinel nonpulmonary infections that alert to the possibility of PID in lung
patient: cutaneous herpes simplex, chronic EBV viremia, EBV-associated lymphoproliferation,
+/— hemophagocytic lymphohistiocytosis, chronic CMV, severe cutaneous papilloma virus or
molluscum contagiosum, invasive or chronic mucocutaneous candidiasis, chronic Cryptosporidium,

invasive Neisseria

“Histoplasmosis, coccidioidomycosis, paracoccidioidomycosis
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1 General Considerations 7
Table 1.3 Examples of noninfectious pulmonary complications in various primary
immunodeficiency categories
Described noninfectious
pulmonary complications
PID category Examples besides bronchiectasis
1. Affect cellular and Severe combined ILD (exclude adenovirus,
humoral immunity immunodeficiencies (SCID) CMV, RSV, P, jirovecii)
(combined (T-B+ or T-B-)
immunodeficiencies, CID) | Somewhat less severe CID ILD, LIP (STAT5B)
2. Combined Wiskott-Aldrich sd (WAS) Pulmonary NHL
immunodeficiencies with Ataxia-telangiectasia (AT) ILD, PF, aspiration
associated or syndromic Nijmegen breakage sd (NBS) Pulmonary NHL
features 22q11.2 sd (DiGeorge sd, Structural defects, aspiration,
velocardiofacial sd) tracheobronchomalacia
Cartilage-hair hypoplasia (CHH) | PF, pulmonary NHL
AD-HIES (DN-STAT3) Pulmonary NHL
Dyskeratosis congenita: PF
AD-DKCs, AR-DKCs, XL-DKC
Anhidrotic ectodermodysplasia ILD
with immunodeficiency
Hepatic veno-occlusive disease ILD
with immunodeficiency (VODI)
CD40L and MST1 deficiencies Pulmonary NHL
Somech syndrome PF
3. Predominantly antibody | Agammaglobulinemias (B- or ILD
deficiencies severely reduced)
Hypogammaglobulinemias ILD, GLILD, OP, LIP, PF,
(usually B+) NSIP
4. Diseases of immune Familial hemophagocytic ILD and pulmonary NHL
dysregulation lymphobhistiocytosis (FHL) (SH2D1A)
FHL with hypopigmentation: PF
Hermansky-Pudlak type 2 (HPS2)
Regulatory T-cell defects ILD, OP (LRBA), DIP,
(autoimmunity): IPEX, STAT3 GLILD (CTLA4)
GOF, LRBA def, CTLA-4 def
Autoimmunity +/— ILD, NSIP
lymphoproliferation: APECED,
ITCH def
Autoimmune lymphoproliferative | Pulmonary NHL
sds (ALPS)
Susceptibility to EBV-associated | ILD (CD27 def)
lymphoproliferation
5. Congenital phagocyte Chronic granulomatous diseases | “Mulch pneumonitis”
disorders (CGDs): XL-CGD, AR-CGDs (hypersensitivity)
Other nonlymphoid defects | GATA?2 def PAP, ILD, OP, GLILD
Pulmonary alveolar proteinosis sds | PAP, PF
(PAP)
(continued)
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Table 1.3 (continued)
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PID category

Examples

Described noninfectious
pulmonary complications
besides bronchiectasis

6. Defects of innate and
intrinsic immunity

Predisposition to severe viral
infections: AR STAT1 LOF

ILD

Chronic mucocutaneous
candidiasis

ILD and vascular aneurysms
(STATI1 GOF)

7. Autoinflammatory
disorders

Type I interferonopathies: STING
vasculopathy

ILD, NSIP

Inflammasomopathies ILD, NSIP (DIRA/ILIRN,
APLAID/PLCG2)

Non-inflammasome-related ILD, alveolar hemorrhage
(Copa defect)

ADA? deficiency

ILD, pulmonary vasculitis

8. Complement deficiencies

Deficiencies of circulating and
membrane-associated factors

ILD (SLE), pulmonary
embolism

DIP desquamative interstitial pneumonia, GLILD granulomatous-lymphocytic interstitial lung dis-
ease, /LD interstitial lung disease (not specified), LIP lymphocytic interstitial pneumonia,
NSIP nonspecific interstitial pneumonia, OP organizing pneumonia, PF pulmonary fibrosis.
Bronchiectasis seen in all groups at least occasionally, though rare in autoinflammatory disorders
without antibody deficiency and severe congenital neutropenias, not listed separately

helpful flowcharts to ease their identification based on clinical and immunologic
phenotype [8].

1.1.3 Epidemiology of Primary Immunodeficiency Diseases

Many erroneously believe that PIDs would be extremely rare, present exclusively in
children, and incurable. The first two notions are true for the most severe PIDs, e.g.,
severe combined immunodeficiencies (SCIDs), early diagnosis of SCID and hema-
topoietic stem cell transplantation before 3.5 months of age lead to long-term sur-
vival in over 94% of SCID [9]. Currently, many countries screen newborns for
SCIDs and note a rising prevalence in concurrently found milder PID cases. Even
before SCID screening, the overall incidence rate of PIDs in national or regional
registries exceeded 1 in 10,000 person years, while PID prevalence was close to
2:10,000 [10, 11].

Available worldwide data come from physician-confirmed regional registry data
and large patient surveys covering up to 140,000 patients [12—-16]. Due to pro-
nounced geographic variability in their incidence, it is important to know the local
epidemiology of autosomal recessive PIDs [13, 17]. While in highly consanguine-
ous areas and genetic isolates, the combined prevalence of all PIDs may exceed
3:10,000; the prevalence of common variable immunodeficiency (CVID) exceeds
0.7:10,000 [13, 18]. Due to the relative commonness of X-linked PIDs, approxi-
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mately 58% of PID patients are males [16]. Proportions of different PIDs thus con-
siderably differ according to the geographical area. Higher proportions of various
categories other than primarily antibody deficiencies are usually seen in consan-
guineous populations. In general, approximately 50% (ranging 20-75%) of PID
patients have had predominantly antibody deficiencies, 14% (ranging 5-30%) other
well-defined immunodeficiency syndromes, 8% (ranging 1-15%) autoinflamma-
tory disorders, 8% (ranging 5-60%) combined immune deficiencies, 6% (ranging
4-35%) phagocytic disorders, 6% (ranging 2—15%) complement deficiencies, 4%
(ranging 1-13%) disorders of immune dysregulation, and 1% (ranging 0-3%)
innate immunity defects, while 1-5% have remained unclassified [12—16].

1.1.4 Primary Immunodeficiency Diseases Need
to Be Diagnosed Early

Numerous studies have indicated that early diagnosis of PID reduces mortality and
morbidity [9, 19]. As reported by various surveys, up to 60-75% of people affected
with PID have survived to adulthood with improved diagnosis and therapy [12, 14,
16, 20], especially in CVID and some milder combined immunodeficiencies resem-
bling that, which may present at any age [7, 18, 21]. In a European study on 2212
CVID patients, disease onset in two-thirds of the patients took place after 10 years
of age [21]. In the majority, CVID was diagnosed in adulthood, and surprisingly in
approximately 20% of patients, the diagnosis has been made at 50 years of age or
later. In antibody deficiencies, a timely diagnosis and substitution therapy with IgG
seem to improve the patient’s prognosis in average by over 30 years [22].
Fascinatingly, even the innate immunity may be trained during an individual’s life
in order to provide a better protection [23]. Consequently, susceptibility to infec-
tions and complications due to dysregulated immunity from almost all genetic
defects seems to be aggravated and accumulated with aging, emphasizing the need
for timely diagnosis of PID. This may further save the patient from severe iatrogenic
complications like disseminated infections caused by live attenuated vaccines and
excessive immunosuppressive medication.

1.1.5 How to Recognize Primary Immunodeficiency Diseases

Early clinical recognition of a potential PID patient is largely based on “general
impression, shape, and size” or “jizz” (Fig. 1.1) [24]. Most PID patients present
with no immediately obvious clinical findings of an underlying disease. Typical
“sentinel” (e.g., warning sign) airway infections are listed in Table 1.1, and extra-
pulmonary infections are listed as footnotes. It is noteworthy that such sentinel
infections either present themselves in highly exposed surface niches of the body

AL GRAWANY



10 M. Seppinen and N. Rezaei

(lungs, skin, gut) or involve cunning pathogens which due to effective immune eva-
sion establish chronic carrier state even in individuals with “normal” immunity.
The nature of associated infections often reveals which so-called arms of immunity
may be affected and thus how the patient should be screened for PID (Tables 1.1
and 1.2).

Examples of typical noninfectious pulmonary complications are listed in
Table 1.3 and involve immune dysregulation. This, due to chronic ensuing inflam-
mation, may further impair normal barrier function, like in bronchiectasis. When
carefully analyzed, most PID patients commonly have general sentinel immune dys-
regulatory features in variable combinations. These general sentinel features in
PIDs are depicted in Fig. 1.1. The presence of two or more of such features suggests
a potential underlying PID. Furthermore, one can list numerous rare sentinel clini-
cal findings that suggest more specifically some rare monogenic defects. Denoting
these would more efficiently help in targeted testing. If found and necessary, it is
recommended to consult further standard PID textbooks, local pediatric PID spe-
cialist, and clinical geneticist (Table 1.4). Moreover, if a monogenic disease is
found, genetic counseling is needed [13, 25]. Due to its relative commonness, all
pulmonologists should be able to discern CVID — almost invariably affecting the
respiratory system — and screen for it (Fig. 1.2) [26].

Collectively, the most common complication in PIDs is susceptibility to recur-
rent, chronic, or opportunistic infections, most commonly in upper or lower air-
ways. If the offending pathogen is opportunistic, e.g., of nature normally seen only
in immunocompromised individuals, and the patient has no known secondary
immunodeficiency, suspicion of PID may be straightforward. In SCID infants who
almost totally lack T+/-B lymphocytes, often multiple opportunistic infections are
found at presentation. Frequently, however, a single episode of respiratory infection
like pneumonia and even inflammatory complications like those resembling sar-
coidosis does not differ from those seen in individuals without immune compromise
(Tables 1.1 and 1.3) [27, 28]. Therefore, keys to finding PIDs include remembering
their existence and realizing their chronic, often systemic, and complex nature, all
necessitating a carefully conducted review of lifelong patient and careful family
history and findings from all organ systems (Fig. 1.1).

In childhood, atopy and PIDs may be present superficially rather similarly and
display recurrent viral infections. Particularly in respiratory and skin infections,
there is considerable overlap between recurrent infections in antibody deficient
patients and in those with Th2-dominant immune response (Table 1.1) [29, 30].
Actually, if other members of a large family are perfectly healthy, this argues against
common polygenic traits like chronic asthma or severe atopy that predispose to
recurrent rhinosinusitis, skin infections, and — to an extent — to recurrent pneumo-
nias. Early-onset severe atopy and life-threatening opportunistic infections are seen
in Omenn syndrome (OS). OS is caused by various hypomorphic or “leaky” SCIDs,
most often RAGI and RAG2 deficiencies. In OS, expansion of oligoclonal T-cells
and defective AIRE expression in thymus lead to autoreactivity, lymphadenopathy,
hepatosplenomegaly, alopecia, exudative erythroderma, hypereosinophilia, and
increased serum levels of IgE despite the absence of B-cells. The term leaky SCID
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Table 1.4 Examples of sentinel early-onset clinical findings not directly related to immune
dysfunction, which point toward rare monogenic primary immunodeficiency diseases

Hematologic

Lack of or dysmorphic lymphatic tissue (e.g., thymus, tonsils, lymphnodes,
lymphangiectasia, primary lymphedema), congenital thrombopenia,
thrombasthenia, small platelets, bleeding diathesis, bone marrow hypo-/dysplasia
or failure, hepatomegaly, splenomegaly, asplenia

Nervous
system

Microcephaly, macrocephaly, progressive neurologic deficits, psychomotor/
mental retardation, ataxia, porencephalic cysts, cerebral infarction, optic atrophy,
retinal dystrophy and abnormalities, cataracts, strabismus, ptosis, coloboma,
cranial nerve dysfunction, autism, sensorineural hearing loss, cerebellar
hypoplasia, agenesis of corpus callosum, cerebral calcifications, cerebral palsy,
focal cortical heterotopy, hydrocephalus, cerebral cysts, cerebral atrophy

Skin and
appendages

Severe erythrodermia or eczema, congenital ichthyosis, ectodermal dysplasia,
hypo-/anhidrosis, absent or disfigured teeth, enamel defects, delayed or
incomplete eruption of teeth, microdontia, absent hair, hypotrichosis/fine and
course or sparse hair, trichorrhexis (bamboo hair), congenital alopecia, premature
graying of the hair, partial albinism/oculocutaneous hypopigmentation, skin
hypo-/hyperpigmentation, poikiloderma, incontinentia pigmenti, telangiectasia,
poor wound healing, ulcerative/vesicular skin lesions, nail dystrophy,
photosensitivity, multiple pigmented nevi, lipodystrophy, reduced facial fat,
palmar hyperkeratosis

Skeletal

Scapular spurring, anterior rib cupping, flared costochondral junctions, cartilage
hypoplasia, joint hypermobility, osteopenia, high palate, kyphomelic dysplasia,
metaphyseal dysplasia, spondylo- or multiple epiphyseal dysplasia,
spondyloenchondrodysplasia, short limb dwarfism, scoliosis, craniosynostosis,
osteopetrosis, vertebral anomalies, butterfly vertebrae, cervical spine instability,
myopathy, hypotonia

Kidneys

Kidney and ureter anomalies (e.g., single/horseshoe kidney, duplication of the
renal pelvis and ureter), nephrotic syndrome, abnormalities, kidney cysts, renal
mesangial sclerosis, hypouricemia, reduced urinary uric acid excretion, kidney
amyloidosis

Endocrine

Hypogonadism, ovarian dysgenesis, bifid uterus, testicular atrophy, genital
hypoplasia, impaired fertility, growth hormone deficiency/insensitivity,
hyperprolactinemia, neonatal diabetes, hypocalcemia, hypoparathyroidism,
hypopituitarism, SIADH, adrenal gland cortical sclerosis

Various

Intrauterine or postnatal growth failure, short stature, atresia of the choanae,
dysmorphic features (e.g., heart/conotruncal defects), cardiomyopathy, various
facial anomalies like eyelid changes, broad and depressed nasal tip or bridge,
low-set ears, velopharyngeal insufficiency, tracheoesophageal fistulae, asplenia,
early-onset arteriosclerotic changes, hepatic veno-occlusive disease, esophageal
dysmotility, Hirschprung disease, exocrine pancreatic insufficiency, vascular/
cerebral aneurysms

If sentinel clinical findings are found in a patient suspected to have PID, consulting standard gen-
eral textbooks on PIDs, pediatric PID specialist, and clinical geneticist are strongly advisable

refers to incomplete mutation(s) in a typical SCID gene leading to small numbers of
functional circulating B- and T-cells missing in classical SCIDs. In leaky SCID, the
patient may also have a later age of onset of clinical symptoms [31]. Among typical
associated autoimmune manifestations, hematologic cytopenias, hepatitis, vitiligo,
and villous atrophy have been reported most commonly [32]. Severe early-onset
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Frequently recurring infections
* Common pathogens
— Pneumococci, staphylococci,

* Recurrence after therapy

* Need of prolonged therapy

* Invasiveness

* Respiratory, gastrointestinal,
meninges, joint, skin

« Lead to bronchiectasis

* Occasional opportunistic pathogens

(e.g. mycoplasma arthritis, enteroviruses,

cryptosporidiosis, norovirus, CMV colitis)

M. Seppinen and N. Rezaei

Immune-mediated diseases

* Organ-specific and systemic
autoimmunity

« Interstitial lung diseases (GLILD, LIP, OP)
— May resemble sarcoidosis (see text)

* Hematologic, chronic or recurrent
(idiopathic thrombopenia, AIHA,

Evans sd)

* Gastrointestinal (e.g. aphthous stomatitis,
atrophic gastritis, villous atrophy,
enteropathy, inflammatory bowel
diseases)

« Liver (granulomatous and autoimmune
hepatitis, nodular regenerative
hyperplasia)

* Bile ducts

« Thyroid, joint (JIA, SPA),
« Skin (psoriasis, vitiligo, alopecia)
* Systemic (SLE, Sjégren sd)

Susceptibility to malignancies
* Mostly hematologic malignancies
—B-cell nHL
* Gastric carcinoma (often H. pylori +)

Nonurticarial angioedema (rare)

Chronic or fluctuating lymphoproliferation
* Lymphadenopathy
* Splenomegaly
* Lymphatic hyperplasia
— Lungs, gut
« Disturbed lymph node architecture
* Dysregulated immune responses
(e.g. missing plasma cells, granulomas)
« Sicca sd

Autoinflammation
* Especially in monogenic diseases
mimicking CVID (e.g. NFKB1, PIK3CD,
PLCG2, CECR?1)

Fig. 1.2 Common features in common variable immunodeficiency (CVID). Usually >2 features
present. Similar infections seen in other antibody deficiencies. GLILD granulomatous-lymphocytic
interstitial lung disease, LIP lymphocytic interstitial pneumonia, OP organizing pneumonia, AIHA
autoimmune hemolytic anemia, JIA juvenile idiopathic arthritis, SPA spondylarthropathy, SLE
systemic lupus erythrematosus

allergy and atopy (or features resembling these) are among prominent presenting
features in a variety of PIDs and are often accompanied by eosinophilia and/or
increased concentrations of IgE in blood. These include hyper-IgE syndromes
(HIES) like dominant negative (DN) STAT3 mutations, Comel-Netherton syndrome,
and PGM3 deficiency, as well as WAS and DOCKS, RLTPR, ARPC1B, and ERBIN
deficiencies [6]. Also, rare monogenic disorders causing severe allergy as well as
impaired keratinocyte-specific immunity or barrier function like SAM (severe der-
matitis, multiple allergies, and metabolic wasting; DSP, DSGI) and Loeys-Dietz
syndromes (TGFR1/2, SMAD3) may cause differential diagnostic challenges [33].
Each of these diseases has typical associated features and/or predisposes to severe
opportunistic infections.

An increasing number of known PIDs display no or negligible infection suscep-
tibility, while various inflammatory, also pulmonary, complications predominate
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(Fig. 1.1, Table 1.3). Inflammatory pulmonary complications are reported in most
PID categories, bronchiectasis in all of these. However, invasive sampling required
for an exact diagnosis and targeted therapy in many of these complications might
have been avoided, thus precluding exact diagnosis. Aiding in suspicion, recurrent
or chronic infectious and inflammatory complications are frequently found at
further sites like the gastrointestinal tract, blood, skin, and various organs but need
to be looked for.

Especially in diseases causing immune dysregulation, there is great phenotypic,
genotypic, and intrafamilial variability in penetrance, nature, and severity of compli-
cations. Also in PIDs with T-cell deficiency, even the observed opportunistic patho-
gens within a family may differ. Familial polygenic and monogenic traits may thus
be difficult to tell apart, unless the index case presents clearly aberrant leukocyte
subset counts or function in the used screening tests. Positive family history increases
the probability that a patient has PID over tenfolds of a normal person. Family his-
tory should be obtained systematically, and any premature deaths in the family
should alert the attending physician [34]. Family history may seem negligible due to
factors like de novo mutations, incomplete penetrance, or X-linked inheritance,
which may not always be apparent if family history has been obtained only for the
immediate family. Factors like skewed X inactivation, uniparental disomy, or genetic
anticipation may further complicate the assessment of family history [35]. In genetic
anticipation, after the appearance of the mutation, each generation displays a more
severe phenotype. In PIDs, this is seen in dyskeratosis congenita (DKC).

1.2 Pulmonary and Airway Manifestations in Primary
Immunodeficiency Diseases

1.2.1 Upper Airway Infections

Recurrent upper respiratory tract infections (URTIs) like otitis media and rhinosi-
nusitis are common in the general population and in, for example, atopic individu-
als. It is normal for a small child to have 68 episodes, with predisposing factors like
atopy and frequent exposure to smokers or to circulating viral pathogens in day care,
even 10-15 yearly URTIs [36]. In normal adults, 2—4 and with predisposing factors
up to 5-8 yearly URTIs are common. Smoking impairs, for example, airway muco-
ciliary clearance and antigen presentation by MHC molecules. Due to additional
commonly seen factors impairing sinus drainage through narrow or closed osteome-
atal complexes, even doctor-diagnosed chronic recurrent rhinosinusitis (CRRS) is
seen in 1-2.4% of population, in most without any evident PID [37]. Thus, even
chronic and recurrent noninvasive URTIs may poorly screen for PIDs. Moreover, the
acronym SPUR (severe, persistent, unusual, or recurrent) has been suggested as an
indication to check for primary and secondary antibody deficiency [38]. Early-onset
nasal polyposis may point to PID; it has been described in cartilage-hair hypoplasia,
hypogammaglobulinemia, TAP1/TAP2, and CD3y deficiency [39]. However, highly
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recurrent URTIs and CRRS often precede or coincide with invasive lower respira-
tory tract infections (LRTIs) in PID patients. As a rule, PIDs mostly render patients
susceptible to a variety of infections in multiple organs.

Recurrent, early-onset deep tissue upper airway infections like mastoiditis or
severe tonsillitis do suggest antibody, MyD88, or IRAK4 deficiency [40]. MyD88-/
IRAK4-deficient patients usually also suffer from early-onset episodes of bacterial
meningitis, sepsis, arthritis, osteomyelitis caused by Staphylococcus aureus, strep-
tococci, gram-negative bacteria, and occasionally septic pneumococcal pneumo-
nias. A significant subset of antibody deficient patients suffers almost exclusively
from respiratory infections that untreated may lead to complications like general-
ized bronchiectasis — they do usually suffer from recurrent pneumonias as well [36].

1.2.2 Recurrent Pneumonias

Infections, only in the respiratory tract or always recurring in the same anatomic
regions of the lungs, foremost suggest local impairment of immunity due to, for
example, cystic fibrosis, immotile cilia, localized bronchiectasis, middle lobe syn-
drome, tracheobronchial fistulae, tracheobronchial foreign bodies, or pulmonary
sequestration. Also gastroesophageal reflux and tracheobronchomalacia may pre-
dispose to recurrent LRTTs, bronchiectasis, and parenchymal changes, especially in
children [41]. Finding effective prophylactic treatment to prevent recurring pneu-
monia in these latter two presents a true challenge.

In the most common PIDs, antibody deficiencies, as well as in rare complement
factor C2 and C3 deficiencies, invasive respiratory infections are mostly caused by
common virulent encapsulated extracellular bacteria (Table 1.2). Thus, a single epi-
sode of pneumonia in the acute phase does not necessarily appear suspicious though
may in PIDs recur early and heal slowly. In invasive pneumococcal disease, up to
15% of children have PID. In recurrent such infections, approximately 50% of both
children and adults have either primary or secondary immunodeficiency (e.g.,
chronic lymphocytic leukemia, multiple myeloma), while a few have chronic renal
disease or asplenia [42, 43]. Recurrent Streptococcus pneumoniae, haemophilus, or
Moraxella catarrhalis pneumonias are also commonly seen in combined immuno-
deficiencies affecting antibody formation (e.g., NFKBI/NFKB2, PIK3CD/PIK3R1,
STAT3 GOF, LRBA, CTLA4) and in idiopathic or secondary bronchiectasis.

If recurrent pneumonias are caused by Staphylococcus aureus leading to pulmo-
nary abscesses, one should check for clinical features of dominant negative (DN)
STAT3 mutations (autosomal dominant (AD) hyper-IgE syndrome, often leading to
pneumatocele), GATA2 mutations, and phagocyte deficiencies. However, pyogenic
recurrent pneumonia and bacteremia caused by a wide range of gram-positive and
gram-negative bacteria are common in a wide range of combined, severe combined,
and T-cell deficiencies. Thus, any signs for a broader susceptibility to opportunistic
pathogens should be sought for and lead to appropriate investigations (Tables 1.1
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and 1.5). Early-onset Pseudomonas aeruginosa pneumonias in a non-CF patient
should make one suspect not only bronchiectasis but also severe congenital neutro-
penia and other PIDs causing symptomatic neutropenia, specific granule deficiency,
and, if other suggestive features are present, MyDS88/IRAK4 deficiencies (Tables 1.1
and 1.2). TLRS deficiency is found in up to 10% of Europeans and predisposes to
Legionella pneumonia, but its phenotype is mild [44].

Lung infections by opportunistic viral and fungal pathogens are mostly seen in
PIDs impairing cellular immunity by T-cells or phagocytes (Tables 1.1 and 1.2). An
opportunistic lung infection in a child or an adult who is apparently non-
immunocompromised or following only mild immunosuppression should always
lead to studies to detect PID; one should not wait for a second episode. In an infant,
an urgent assessment of potential SCID by a PID physician and appropriate testing
are mandatory — without further delay. There are now numerous PIDs, which cause
early- or delayed-onset pulmonary Preumocystis jirovecii, other fungi, opportunis-
tic viruses, and nontuberculous systemic and pulmonary mycobacteriosis
(Table 1.1). Pneumocystis pneumonia should always alert to the possibility of
immunodeficiency. Excluding a Mycobacterium avium-intracellulare complex cer-
vical lymph node infection, other nontuberculous mycobacteria (NTM) infections
are highly suspicious of PID or secondary immunodeficiency. If pulmonary NTM
infection is found in younger individuals, one should thus always exclude a sys-
temic infection (bone marrow, blood, gut). See below for advice on how to differen-
tiate between NTM secondary to bronchiectasis and PIDs in adults. Patients
suffering from systemic or clearly opportunistic infections not explained by local
factors in the lungs should be remitted to colleagues who are well-versed with PIDs
and secondary immunodeficiencies.

1.2.3 Bronchiectasis and Bronchiolitis

Chronic and abnormal dilation or ectasia of the airways and bronchus defines bron-
chiectasis. It leads to recurrent, chronic, or refractory infections, purulent produc-
tive cough especially in the mornings, hemoptysis, chronic airway obstruction, and
progressive impairment of breathing. Chronic infection and inflammation in the
lungs lead to the influx of neutrophils and ensuing dilatation of the bronchus.
Bronchiectasis is exacerbated by locally released neutrophil elastase and other neu-
trophil proteases, cathepsins, proteinase-3, and matrix metalloproteinases causing
epithelial cell damage, mucous hypersecretion, inhibited ciliary function, and
impaired phagocytosis of apoptotic neutrophils. Secondarily, both alveolar macro-
phage function and opsonization by complement, secretory IgA, and intraluminal
IgG1 and IgG3 become impaired, creating a vicious cycle. This is potentially fur-
ther accelerated by increased colonization of the airways by various predominantly
gram-negative bacteria and biofilm formation. With the advent of high-resolution
computed tomography (HRCT), bronchiectasis is relatively straightforward to
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diagnose [45]. In PIDs, bronchiectasis is in general bilateral, diffuse, and cylindri-
cal, while localized traction bronchiectasis suggests more local changes. However,
widespread fibrotic changes due to advanced granulomatous or interstitial processes
and ensuing multifocal traction as well as varicose and cystic bronchiectasis are
seen in PIDs [46].

Bronchiectasis is a local complication of acute pneumonia and in, for example,
middle lobe syndrome. Bronchiectatic changes are seen in recumbent areas of the
lung due to recurrent aspiration. Bronchiectasis is widespread due to inhalation
accidents or various rather common genetic traits like cystic fibrosis, primary ciliary
dyskinesia, and alpha;-antitrypsin anomalies. Most likely primary weakness of the
airways impairing air flow during cough reflexes in pediatric-onset Mounier-Kuhn
and Williams-Campbell as well as Marfan syndromes is mechanistically linked to
bronchiectasis [45].

Bronchiectasis is seen in all PID categories (Table 1.3). In PIDs, the presence
of bronchiectasis at diagnosis predicts poorer prognosis, while early diagnosis and
aggressive management predict good outcome [46]. Thus, at PID diagnosis, it is
customary to obtain HRCT. As bronchiectasis progresses, airways become colo-
nized by typical bacteria such as Haemophilus sp., S. pneumoniae, and Moraxella
catarrhalis, a microbial spectrum also seen with smoking and chronic bronchitis.
Consequently, it is imperative to understand that, like seen from chronic bronchitis
patients and many examples above, colonization of the airways in itself is not suf-
ficient to cause true bronchiectasis [45]. Also, systemic and local susceptibility
conditions should be looked for. After careful systematic assessment, only 10-26%
of bronchiectasis cases have remained idiopathic. A large etiologic group is
inflammatory and autoimmune diseases including sarcoidosis, rheumatoid arthri-
tis, SLE, Sjogren syndrome, inflammatory bowel disease, and relapsing polychon-
dritis, some of which also may have PID as an underlying cause. In most available
studies on etiology of bronchiectasis, screening for PID appears to have been lim-
ited and often somewhat random. After cystic fibrosis and idiopathic inflammatory
diseases, the most common predisposing factor for bronchiectasis in often poten-
tially selection-biased studies appears to be PIDs, found in up to 7% of adult and
up to 10% of pediatric bronchiectasis patients [47]. However, in single-center
studies, frequency of antibody deficiencies has been as high as 37.5% of all bron-
chiectasis patients [48]. Bronchiectasis is also seen in secondary immunodeficien-
cies like HIV infection, multiple myeloma, chronic lymphocytic leukemia, and
lymphoma as well as due to graft-versus-host disease after stem cell transplanta-
tion [47, 49].

A subset of asthma and chronic obstructive pulmonary disease (COPD) patients
suffer from bronchiectasis; and surprisingly, similar airflow obstruction is seen in
PIDs. Even allergic asthma is seen in CVID but requires bronchial allergen provoca-
tion tests to diagnose due to the inability to produce IgE displayed by approximately
90% of CVID patients [48, 50].

Considering that aspergilli are ubiquitous saprophytic molds producing airborne
spores, which every human inhales by hundreds each day, variability in aspergillus-
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associated diseases is hardly surprising [51-53]. Recurrent pneumonias in an asth-
matic patient with increased IgE and bronchiectasis should alert to the possibility of
allergic bronchopulmonary aspergillosis (ABPA). ABPA patients have high titers of
IgE and precipitating IgG antibodies against filamentous fungi, most commonly
Aspergillus [51, 52]. Rarely, ABPA has been reported in DOCKS deficiency as well
[54]. Multiple fungal balls by aspergillus, bronchiectasis, typical cavitating and nec-
rotizing changes in CT, and aspergillus-specific IgG antibodies are seen in adults
with chronic pulmonary aspergillosis (CPA), another seemingly polygenic trait
[53]. In the autosomal dominant (AD) hyper-IgE syndrome (HIES) caused by DN
STAT3 mutations, aspergillosis may however start like CPA [55]. AD-HIES patients
display early-onset severe eczema and, with advancing age, also typical structural
features (Chap. 2).

The prevalence of NTM and bronchiectasis is 0.1-0.4: 10,000, which is highest
among persons over 50 years old. In middle-aged and older individuals, idiopathic
NTM together with bronchiectasis may be seen together with structural features of
Lady Windermere syndrome [45]. Besides, this also appears to be a polygenic trait
[56]. Overall, prevalence of NTM in non-cystic fibrosis bronchiectasis is around
2-10% [45]. Especially in early-onset cases, one should look for systemic myco-
bacteriosis and an underlying PID [57]. Other infrequent idiopathic causes for
bronchiectasis include Swyer-James-MacLeod, yellow nail, and Young’s syn-
dromes [49].

Most often, bronchiectasis is found in patients with antibody deficiencies, who
usually do not display severe opportunistic infections by pathogens with low viru-
lence in normal population (fungi, viruses) [58]. Since screening for antibody defi-
ciency is economical and early diagnosis radically alters patient’s treatment and
prognosis, in the authors’ opinion, it is highly recommendable to screen for these by
measuring serum IgG, IgA, IgM, and IgE levels in every bronchiectasis patient. If
two of these isotypes are at below reference, remittal to a PID physician is highly
recommendable.

Commonly in reviews, only antibody deficiencies and chronic granulomatous
disease are listed as PIDs causing bronchiectasis. Prevalence of bronchiectasis in
AD hyper-IgE syndrome seems rare (<2.5% in children, very rare in adults), while
it is very common in phenotypically somewhat similar DOCKS and PGM3 muta-
tions [59]. While bronchiectasis is a common complication in antibody deficien-
cies, seen in 17-76% in published series and in over 20% in most, excluding
antibody deficiency is too insensitive if there are features that suggest other PIDs
[48, 60]. In fact, bronchiectasis is seen in most other PID categories, with the excep-
tion of most (but not all) monogenic autoinflammatory diseases (AID) and severe
congenital neutropenias (SCN). In AID, bronchiectasis is mainly seen in patients
who also display hypogammaglobulinemia as one of the manifestations. In SCN,
bronchiectasis has been reported in G6PC3 deficiency (Table 1.3). Thus, if a bron-
chiectasis patient displays systemic features that suggest PIDs other than antibody
deficiencies, a more thorough clinical assessment and laboratory workup seems
warranted.
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There are no high-quality trials on supportive treatment of bronchiectasis in PID
patients; thus therapy is mainly based on current general guidelines [61]. In anti-
body deficiencies, long-term use of inhaled corticosteroid +/— long-acting musca-
rinic antagonist and macrolide together with increased IgG replacement dosage and
pulmonary rehabilitation has been suggested [62]. Vitamin D deficiency, common
in CVID, may aggravate the risk and length of respiratory infections and bronchiec-
tasis and is often substituted [46]. Vaccination strategies follow those recommended
to PID patients [63-65]. In antibody-deficient bronchiectasis patients, airway
clearance techniques and exercise seem very helpful, if IgG substitution therapy
alone does not keep symptoms at bay. Importantly, smoking is not recommended.

While bronchiolitis obliterans is rarely seen in confirmed PIDs, respiratory and
follicular bronchiolitis-like changes in HRCT and pulmonary nodular lymphoid
hyperplasia are commonly seen in a wide range of PIDs associated with persistent
lymphadenopathy, chronic lymphoproliferation, and interstitial lung diseases (e.g.,
CVID, PIK3CD, autoinflammatory and autoimmune PIDs) [58]. Often, interstitial
manifestations predominate in these patients and are thus discussed in more detail
below.

1.3 Interstitial Lung Diseases

If interstitial lung diseases (ILDs) are suspected in PID patients, HRCT often gives
limited information on the specific nature of such changes, and one should strive to
obtain both bronchoalveolar lavage (BAL) and lung biopsies. Since PID patients
often have highly aberrant blood counts and systemically highly Th1/Th2/Th17-
skewed immune responses, the interpretation of BAL findings may be challenging.
Bronchoscopy and BAL are of course required if opportunistic pulmonary infec-
tions are suspected. Often, ILDs in PID patients are complex. Patchy granuloma-
tous, fibrotic, lymphocytic, and nonspecific interstitial foci findings may be seen at
the same time, if multiple biopsies by video-assisted thoracoscopy (VATS) or open
biopsies are obtained [66, 67]. Such procedures may not always be safe in PID
patients. As a result, despite the fact that interstitial lung changes are commonly
seen in PIDs, few reports either describe the exact form of ILD or the biopsy find-
ings may sometimes also seem somewhat atypical compared to commonly defined
ILDs (Table 1.3).

Interstitial lung changes are common in SCID patients and in a wide range of
combined immunodeficiencies. In these patients, such changes may also be caused
by opportunistic pathogens like adenovirus, respiratory syncytial virus, cytomega-
lovirus, or Pneumocystis jirovecii. However, idiopathic interstitial pneumonitis is
also seen (Table 1.3). Early-onset interstitial pneumonias are seen in surfactant pro-
tein (SP) deficiencies [68]. Interestingly, ILDs have not been reported in CD40,
CD40L, AID, or UNG deficiencies (“hyper-IgM syndromes”’) and appear to be rare
in genetic agammaglobulinemias [62]. Pulmonary nodules have however been
reported in AID deficiency [54].
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1.3.1 Granulomatous Lung Inflammation

ILDs including granulomatous lung disease, lymphocytic interstitial pneumonia
(LIP), idiopathic pulmonary fibrosis (IPF), follicular bronchiolitis, and organizing
pneumonia (OP) are seen in at least 10-25% of patients suffering from CVID [62,
69]. These superimposed features have been coined as granulomatous and lympho-
cytic interstitial lung disease (GLILD) [66, 67]. Sarcoidosis-like features in CVID
patients include the systemic nature of the disease, frequent mediastinal and hilar
adenopathy, and noncaseating granulomas in various organs. Unlike in sarcoidosis
where hypergammaglobulinemia is a rule, CVID patients display hypogammaglob-
ulinemia, and frequently also concomitant autoimmune cytopenias, splenomegaly,
nodular regenerative hyperplasia of the liver, LIP, follicular bronchiolitis, recurrent
infections, low percentages of memory B-cells, and CD4/CDS ratio are rarely high
in BAL [27, 62]. Antibody-deficient patients with LIP/GLILD seem to tolerate
long-term high-dose glucocorticoid treatment poorly and may succumb to fatal
opportunistic infections. Thus, measurement of antibody levels in a suspected sar-
coidosis patient with recurrent infections or other inflammatory diseases seems pru-
dent before such therapy is started. Frequency of GLILD in CVID varies between
5% and 20% in various cohorts and associates with various autoimmune manifesta-
tions [48, 62, 69]. Management of GLILD is rapidly evolving. It includes the use of
systemic corticosteroids as the first-line and azathioprine, rituximab, and/or myco-
phenolate as the second-line therapies. If second-line therapy is contemplated,
obtaining representative lung biopsies — if not previously available — by VATS is
recommendable, since differential diagnosis of GLILD is demanding [70]. GLILD
has also been reported in monogenic diseases somewhat resembling CVID like
CTLA4, LRBA, XIAP, and GATA2 deficiencies and Kabuki syndrome. Similar
changes may be seen in a small subset of IgA deficiency patients, usually with IgG2
deficiency. Therefore, the diagnosis of each disease will change the treatment strat-
egy to more targeted [62]. Early-onset lung granulomas are typical in, for example,
Rhoh deficiency and Blau syndrome (CARDI5); patients suffering from the latter
may even develop interstitial pneumonitis [71]. Granulomas are a frequent feature
in many phagocyte, combined, and T-cell deficiencies; in the latter two, lymphope-
nia usually predates the onset of granulomas, and granulomas sometimes appear to
be associated with chronic rubella virus infections by vaccine strain rubella [72, 73].
Granulomatous lesions mimicking granulomatous polyangiitis have been reported
in TAP1/TAP2 deficiency [74].

1.3.2 Lymphocytic and Nonspecific Interstitial Pneumonias

In common variable immunodeficiency, the biopsy findings of LIP and NSIP usu-
ally seem to represent GLILD in follow-up and in VATS-obtained multiple biopsies
[75]. LIP has been reported in monogenic autoimmune diseases (e.g., APECED,
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STAT3 GOF, STAT5b deficiency) and ataxia-telangiectasia [48, 54, 58]. Pulmonary
lymphoid hyperplasia, follicular and respiratory bronchiolitis, as well as nodular
changes in CT may be seen in a wide range of PIDs associated with lymphoprolif-
eration, autoimmunity, or chronic EBV viremia [76]. Many of the reported intersti-
tial radiologic changes probably represent nonspecific interstitial pneumonia (NSIP)
or usual interstitial pneumonia (UIP), seen also in autoinflammatory diseases like
AD STING (TMEM173) deficiency, deficiency of IL-1 receptor antagonist (DIRA,
ILIRN), autoinflammation, PLCy2-associated antibody deficiency, and immune
dysregulation (APLAID, PLCG2) [58, 76, 77]. Since LIP, NSIP, and UIP are treated
differently, lung biopsies should be obtained to confirm the underlying lung pathol-
ogy [75].

1.3.3 Organizing Pneumonia

Organizing pneumonia (OP) may frequently be seen both in primary or secondary
antibody deficiencies and occasionally in CATCH?22, severe combined immunode-
ficiencies, idiopathic CD4 lymphopenia, and GATA-2, LRBA, and UNCI119 defi-
ciencies [48, 75, 78-81]. Transbronchial biopsy is usually sufficient to show OP.

1.3.4 Early-Onset Desquamative Pneumonia

Early-onset desquamative interstitial pneumonia without apparent exposure to
smoke may be caused by surfactant protein SP-A2, SP-B, SP-C, and ABCA3 defi-
ciencies and STAT3 gain-of-function (GOF) mutations [82, 83]. In PID patients,
smoking seems to further expedite the progression of ILDs.

1.3.5 Pulmonary Fibrosis

In late stages of GLILD, UIP, and other ILDs, fibrotic changes may predominate
also in PID patients. Familial pulmonary fibrosis is seen in dyskeratosis congenita
[84, 85]. DKC is clinically diagnosed when the mucocutaneous triad of nail dyspla-
sia, skin pigmentation changes, and oral leukoplakia are present. Also, the presence
of one feature of the triad in combination with bone marrow failure and two other
DKC-associated findings suffices for diagnosis [86]. In most DKC patients, skin
hypo- and hyperpigmentation are superimposed with atrophic and telangiectatic
changes as so-called poikiloderma and are most pronounced around the neck and
head. Since DKC displays genetic anticipation, exact genetic diagnosis and genetic
counseling seem mandatory. DKC can be caused by more than ten different genes
with autosomal dominant (AD), autosomal recessive (AR), and X-linked modes of
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inheritance; however not all DKC-associated genes are known yet. Patients with
DKC are at very high risk of bone marrow failure, immunodeficiency, pulmonary
and liver fibrosis, premature hair graying, leukemia, and squamous cell cancer of
the head, neck, or anogenital regions [86]. However, DKC may be tricky to diag-
nose without high index of suspicion [87]. Rare variants of DKC genes and/or short-
ened telomere length seem to be associated with sporadic idiopathic pulmonary
fibrosis, risk of UIP/NSIP, and lung adenocarcinoma [88—90]. Pulmonary fibrosis is
also associated with ataxia-telangiectasia, STAT3 GOF, Hermansky-Pudlak syn-
drome type 2, and Somech syndrome or may develop due to prolonged pulmonary
alveolar proteinosis (PAP), for example, in GATA2 deficiency [58, 91-94].

1.3.6 Mulch Pneumonitis

Chronic granulomatous disease (CGD) patients may develop a fulminant hypersen-
sitivity pneumonitis-like “mulch pneumonitis” after inhalation of aerosolized
decaying organic matter like hay, mulch, or dead leaves and require emergency care,
corticosteroids, and antimicrobial treatment [95].

1.3.7 Pulmonary Alveolar Proteinosis

Pulmonary alveolar proteinosis (PAP) is a rare syndrome characterized by abnormal
alveolar surfactant accumulation and hypoxemic respiratory insufficiency, caused
by impaired surfactant production or clearance. Early-onset pulmonary alveolar
proteinosis is most commonly caused by colony-stimulating factor (CSF) receptor
deficiencies (CSF2RA, CSFR2B) but also seen in SCID caused by adenosine deami-
nase (ADA) deficiency and seems likely in /RF8 deficiency (Table 1.3) [6]. While
PAP has only been described in ITCH-deficient mice, humans deficient in ITCH
seem to develop NSIP [96]. Later-onset PAP is most commonly caused by cytokine
autoantibodies against GM-CSF, most often in smoking males. Acquired PAP is
also seen as the result of somatic mutations in common beta chain of GM-CSF,
IL-3, and IL-5 receptors in AML. Furthermore, it has been reported in a number of
other myeloid and B-cell malignancies, often leading to secondary immunodefi-
ciency, as well as in secondary immune dysregulatory states caused by organ trans-
plantation, HIV, amyloidosis, juvenile dermatomyositis, and renal tubular acidosis
[97]. However, later-onset PAP is also frequently seen in the surprisingly common
GATA-2 deficiency, which causes the absence of pulmonary macrophages, and
occasionally reported in CD40L, AR agammaglobulinemia, Fanconi anemia, lysin-
uric protein intolerance, and CSF2RA deficiencies [97, 98]. Correction of PAP in
GATA-2 deficiency by stem cell transplant together with a high risk of severe pneu-
monias suggests proceeding to it without further delay [99]. PAP may also manifest
acutely by prolonged inhalation of fumes, inorganic or organic dusts, and infections
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by cytomegalovirus, Proteus, Nocardia, Aspergillus, Histoplasma, and
Cryptococcus; all these infections may be seen in PIDs. PAP patients also have
increased susceptibility to opportunistic pathogens and increased mortality [97].

1.3.8 Malignancies in the Lungs

Germ line SFTPA2 mutations predispose to familial lung cancer; also somatic indels
are common in lung adenocarcinoma [100]. Despite the occasional lung adenocar-
cinoma and leiomyoma reports from PID patients, these appear to be rare [46, 101,
102]. Malignancies associated with systemic PIDs include B- and T-cell lymphoma,
Hodgkin lymphoma (myelodysplastic syndrome-related), leukemia, various often
skin carcinomas, and, rarely, melanoma, medulloblastoma, neuroblastoma, or other
tumors [46, 101, 102]. PIDs thus primarily predispose to malignancies of the hema-
topoietic tissue [101]. The etiopathogenetic mechanisms leading to malignancies in
PIDs and an extensive list of PIDs associated with malignancy are outside the scope
of this chapter. These have however been recently extensively reviewed [103].
Various PIDs exhibit radiosensitivity [6]. In radiosensitive PIDs, radiologic follow-
up is thus problematic unless lung MRI is used; secondary carcinomas in these
frequently metastasize the lungs [48, 104, 105]. In CVID, there is an increased risk
of gastric carcinoma, which frequently metastasizes into lungs [46]. Thymoma may
cause secondary hypogammaglobulinemia (see below).

B-cell lymphomas associated with susceptibility to EBV-associated lymphopro-
liferation and non-Hodgkin lymphomas (NHL) commonly affect the lungs and may
lead to superior vena cava syndrome [48]. PIDs associated with a clearly increased
risk of NHL include CVID, ataxia-telangiectasia, Nijmegen breakage syndrome,
constitutive mismatch repair deficiencies, SH2DIA deficiency, Wiskott-Aldrich
syndrome, autoimmune lymphoproliferative syndrome, cartilage-hair hypoplasia,
STK4 deficiency, CD40L deficiency, and AD hyper-IgE syndrome [102, 106]. In
some of these diseases, fever, fatigue weight loss, and adenopathy may occur due to
other causes as well. Lymph node biopsies in PIDs may suggest lymphoma without
clinical progression. Consequently, treatment and follow-up of such patients should
be planned together with clinical immunologists and hematologists familiar with
PIDs [58, 103].

1.3.9 Other Airway and Pulmonary Manifestations

Angioedema without urticaria, often affecting the respiratory tract, is seen in hered-
itary angioedema types I-III. Acquired urticaria has been reported in CVID and IgA
deficiency [48]. Patients with a recently discovered autoinflammatory disease with
autoimmunity, Copa defect, predominantly present with extensive neutrophilic cap-
illaritis in the alveolar septa, pulmonary hemorrhage, and ILD, together with
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arthritis and renal disease [107]. Pulmonary vasculitis may also be seen in, for
example, WAS, TAP1/2, and STING deficiencies. Alveolar hemorrhage and pulmo-
nary graft-versus-host disease may also occur after stem cell transplant in PID [54].
Pulmonary arterial hypertension (PAH) without end-stage ILD may be seen in
CVID, GATA-2, and ADA?2 deficiencies together with chronic CD3+CD8+ large
granular lymphocyte (LGL) lymphoproliferation or leukemia [108, 109]. CD8+
T-LGL cells are known to be able to attack against pulmonary epithelial cells [110,
111]. In GATA-2 deficiency, PAH may also be the result of pulmonary fibrosis due
to long-standing PAP [112, 113]. PAH has also been reported in Caspase-8 defi-
ciency [114]. GATA-2 deficiency is also associated with cholesterol pneumonia
[115]. Pulmonary dysgenesis and structural airway anomalies like laryngeal web
and subglottic stenosis are occasionally seen in 22ql1 deletion (velocardiofacial/
DiGeorge syndrome) [46, 54]. Pulmonary embolism may be seen in antiphospho-
lipid syndrome (often together with SLE) associated with phagocyte, complement,
IgA, and DOCKS deficiencies [48, 116].

1.4 Diagnostic Immunology Workup

A well-grounded clinical suspicion of primary immunodeficiency based on thor-
oughly taken lifelong patient and family history focused on common PID manifes-
tations (Figs. 1.1 and 1.2, Tables 1.1, 1.2, 1.3, and 1.4) should always lead to either
proper screening for PIDs and HIV or to the consultation of a clinical immunolo-
gist. If the patient has previously received prolonged immunomodulatory and
immunosuppressive medication, it is often wise to leave the final assessment to a
specialist in PIDs. Typical screening tests are listed in Table 1.5. Especially in PIDs
that present mostly with autoimmune or autoinflammatory manifestations, common
screening tests are insensitive [6, 8]. Also, many signaling defects require a highly
specialized immunology laboratory from the start. Often, highly specialized flow
cytometry and functional and genetic studies will be required and give cause for
early consultation. Since PIDs without stem cell or gene therapy are lifelong, inva-
sive testing to accurately assess associated organ-specific complications is often
advisable. Some monogenic hematologic diseases causing bone marrow failure
(e.g., DKC, Fanconi anemia, Blackfan-Diamond anemia) may be classified as PIDs
or hematologic disorders and should also be remembered when testing PID patients
with compatible findings.

Since many of the required tests need freshly isolated cells, also controlled envi-
ronment during shipping and reliability and availability of fast transport often pre-
vent problems. Elaborate flow and functional studies may also be cost prohibitive
(Table 1.5). With the advent of relatively low-cost next-generation sequencing
(NGS, including large targeted panels, whole exome and whole genome sequenc-
ing), choosing NGS at an early stage in pursuit of diagnosis may be well cost-
effective (Table 1.6). In all tests, interpretation however requires expertise,
reasonable control populations, and experience as well as thorough knowledge
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Table 1.6 Examples of genetic testing of suspected PID patient
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Further genetic

Genetic tests Scenario testing Note
Cytogenetic Structural features In Bloom sd, Typically includes, for
analysis suggesting abnormality of | cytogenetic test of | example, trisomy 21

(karyotyping)

chromosome number, ring
chromosome or very large
deletions, insertions or
inversions associated with
PID

dermal fibroblasts
may be necessary
In Nijmegen
breakage sd, testing
of PHA-stimulated
lymphocytes

(Down) and Turner (XO,
iso X, ring X) syndromes,
ring chromosome 21

Array-based Structural abnormalities | For example, whole | Typical examples include
comparative suggesting copy number | genome sequencing | 22q11.2 del and other
genomic variation (CNV) including | to detect small DiGeorge sd-associated
hybridization deletions microdeletions or | deletions like 10p13-p14
(CGH, molecular complex del, 11qter del/Jacobsen
karyotyping) or rearrangements sd, DOCKS del, 4p16 del/
fluorescence in Wolf-Hirschhorn sd,

situ hybridization 18p- and 22q13 del, 2q37
(FISH) del

Southern blot Features suggest DNTM3B and Chromosomal aberrations

analysis of
satellite DNA
methylation

immunodeficiency,
centromeric instability,
and facial dysmorphism
sd

ZBTB24 capillary
or panel sequencing

often easier to detect with
increasing culture time

Telomere length,
for example, by

Suspicion of dyskeratosis
congenita

NGS to detect
responsible

Short telomeres reported
in myelodysplasias (e.g.,

flow-FISH pathogenic mutation | CTC1, STN1, SAMD9,
SAMDOYL), radiosensitive
PIDs (e.g., NBN, ATM),
and other PIDs (e.g., CHH,
COROI1A def)

Targeted Typical features and a If negative and thus | Labor intensive and easily

capillary single candidate gene novel disease costly

sequencing suspected, WES/

WGS

Next-generation
sequencing panel

Typical features and
multiple candidate genes

If negative and thus
novel disease
suspected, WES/
WGS

Great depth of sequencing,
detects introns and smaller
CNVs. Great clinical and
immunophenotypic as well
as genotypic heterogeneity
causes problems, potential
somewhat overlapping
genes may be missed;
novel genes will be missed

(continued)

AL GRAWANY
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Table 1.6 (continued)
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Genetic tests

Scenario

Further genetic
testing

Note

Whole exome
sequencing®

Atypical features, novel
genes, or multiple genes
suspected with no suitable
panel available.
Regionally, well-covered
in-house controls needed.
Panels and targeted
approaches frequently do
not find causative genes in
the region

WES needs to cover
the suspected genes.
Suspected genes are
not highly
homologous. Thus,
gaps in the coverage
of the used WES
platform need to be
known.

(NGS panels/
WGS?)

Requires relatively large
population-based in-house
and international control
cohorts to assess frequent
polymorphisms and VUSs.
Detection of, for example,
deep intronic, regulatory
region, noncoding exon
mutation, small CNVs, or
complex rearrangements
impaired. Mutations in
highly homologous genes
often not detected reliably
(e.g., CGD). Depth may be
suboptimal. Prediction
algorithms lack power and
data analysis demanding

‘Whole genome
sequencing®

Much like WES, also if
complex rearrangements
or small microdeletions in
multiple genes suspected

Data analysis is the
bottleneck, thus
interpretation often
difficult; too many
potential candidates

Relatively large
population-based in-house
and international control
cohorts to assess frequent
polymorphisms and VUSs
still largely missing. Depth
may be suboptimal.
Prediction algorithms lack
power and data analysis
very demanding

NGS next-generation sequencing, WES whole exome sequencing, WGS whole genome sequenc-
ing, VUS variant of unknown significance

aFor a more in-depth discussion on caveats and reliability of WES/WGS, see, for example, J Allergy
Clin Immunol. 2016;138:957-69

about the pitfalls of all approaches [117]. Often, remit of the patient for diagnostic
evaluation and centralization of such evaluation to large PID services seems reason-
able, especially in those patients who display signs other than predominantly anti-
body deficiency (Tables 1.5 and 1.6).

1.4.1 Differential Diagnosis

If a patient presents with recurrent infections suggesting immunodeficiency,
one should also test for HIV and obtain a careful medication history. In addition to
chemotherapeutic, immunosuppressive, and biologic drugs, also certain
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anti-convulsants, anti-psychotic medications, antimicrobial and antimalarial
drugs, and NSAIDs may occasionally induce clinically relevant T- or B-cell immu-
nodeficiency [47]. Long-term proton pump inhibitor use may also predispose to
recurrent pneumonias [118].

Various primary pulmonary diseases that mimic PIDs have been discussed above.
Particularly challenging is the differential diagnosis between adult idiopathic or
atopic severe asthma and COPD patients suffering from bronchiectasis, recurrent
pneumonias, long-term high-dose systemic and inhaled glucocorticoid treatment-
induced secondary hypogammaglobulinemia, and primary forms of late-onset
antibody deficiency, where patients may also suffer from asthma and bronchiectasis
[119]. Asthmatic patients without true PIDs do not benefit from immunoglobulin
therapy [120]. And, there are yet no large controlled studies to guide us when to
expect glucocorticoid-induced changes. As a rule of thumb, the equivalent of more
than 1 g daily inhaled fluticasone seems in its metabolic effects equal to approxi-
mately 5 mg of daily oral prednisone. In practice, if the total cumulative glucocorti-
coid use in previous 18 months in an adult exceeds a dose equivalent to or larger
than 7.5 mg of prednisone/prednisolone daily, one may expect to see some extent of
both hypogammaglobulinemia and sluggish antipneumococcal responses [121—
123]. Aiding in assessment, glucocorticoid use also induces changes into B- and
T-cell subsets that would be unexpected in PIDs [124]. One should also use well-
studied cutoff points to define impaired anti-polysaccharide responses [125, 126].
Both vitamin A and vitamin B12 deficiencies have been associated with secondarily
impaired anti-polysaccharide responses in sporadic case reports.

In its report on PIDs, IUIS concisely lists also secondary immunodeficiencies
caused by autoantibodies or somatic mutations or clones that greatly mimic PIDs
[6]. Of these, GM-CSF autoantibodies in PAP and LGL leukemia in PAH have been
mentioned above. Autoantibodies against interferon-y are seen in late-onset gener-
alized NTM infections. In upper airway angioedema, besides hereditary forms, also
a form induced by anti-C1 inhibitor autoantibodies is known. In thymoma with
hypogammaglobulinemia (Good syndrome), a patient may develop cytokine auto-
antibodies and variable hypo-/agammaglobulinemia and completely lack circulat-
ing antibodies and B-cells as well as develop opportunistic infections [6].

1.5 Assessment and Follow-Up

When autoimmune manifestations or invasive infections like pneumonias are sus-
pected in PID patients, one should avoid serologic testing at least in antibody, com-
bined, and severe combined immunodeficiencies. Serologic tests in these patient
groups are frequently falsely negative or may just reflect the antibodies from immu-
noglobulin substitution therapy. Direct staining, cultures, antigen, or polymerase
chain reaction tests should be performed whenever possible. This usually requires
invasive testing.
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Since many rare combined immunodeficiencies display defective chromosome
stability, telomere maintenance, and DNA repair, they also render patients radiosen-
sitive [6]. A degree of radiosensitivity has been noted even in CVID [105]. The com-
bined use of lung ultrasound and chest X-ray has been suggested as a potential
approach in reducing the need of HRCT in ILD. Frequent monitoring of ILD in PID
is safest by using diffusion capacity studies [48]. One should avoid injudicious use of
radiologic studies especially in PIDs and often consider invasive testing instead [69].

Respiratory insufficiency is still one of the leading causes of death in PIDs.
Progressive lung disease is due to underlying subclinical infection and inflammation,
best documented in antibody deficiencies. Viral and bacterial pathogens have been
detected in secretions from the airways of patients with various PIDs with persistent
and/or recurrent infections and from PID patients with no apparent infections at the
time of testing. Currently, screening and follow-up measures used in PID centers
include frequent monitoring of respiratory infection and antibiotic use; lung func-
tion tests such as forced expiratory volume at 1 s (FEV1), forced vital capacity
(FVC), and transfer factor for carbon monoxide (TLCO); imaging with HRCT and
MRI; cultures from induced sputum; blood gas analysis; and exercise testing [127].
Prophylactic systemic or inhaled antibiotics are given to selected patient groups. To
detect impeding decline in lung function, exercise tests like 6-minute walking test
and reduced gas transfer capacity seem the most sensitive but appear to be used too
infrequently [69, 127].

Regular lung function testing, which may be demanding in the youngest age
groups, requires close collaboration between PID doctors, specialists supervising as
well as nurses, and technicians running the testing facilities. Impulse oscillometry,
which is effort-independent unlike spirometry and conventional diffusion studies,
has shown promise in the follow-up of young children with PIDs [128].

Some endemic and emerging infections pose a threat to PID patient’s health dur-
ing travel [129]. Oral polio, smallpox, live attenuated influenza, yellow fever, and
live bacterial vaccines should be avoided in severe humoral immunodeficiencies,
while all live vaccines should be avoided in combined immunodeficiencies. Also
live bacterial vaccines should not be used in phagocyte deficiencies or BCG in
interferon-y/IL-12 pathway defects. In partial T-cell deficiencies, like partial
DiGeorge syndrome and CVID, patients however often seem to tolerate at least
some live vaccines [63—65, 130]. Therapy of respiratory manifestations in PIDs,
including immunoglobulin replacement, transplantation, and gene and adjunct ther-
apies, is covered in Chap. 10.

1.6 Pulmonologist and Care of PID Patients

PIDs are mostly systemic diseases that greatly benefit from multidisciplinary
approach. Since many pulmonary complications have special features and therapeu-
tic approaches in PIDs, a joint team effort by pulmonologists and PID doctors
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benefits both. Frequently, the help of chest physicians and pulmonary radiologists is
needed during the evaluation of an acutely ill PID patient. Such help includes the
often unavoidable invasive microbial and biopsy sampling as well as the interpreta-
tion of radiologic studies. In rehabilitation and evaluation of long-term respiratory
impairment and disability, respiratory medicine specialist, clinical physiology spe-
cialist, and respiratory physiotherapist’s help is indispensable [46, 60].

There is scarce data on the long-term natural history and evolution of respiratory
impairment and disability in most PIDs; therefore, this will require much collabora-
tive systematic study and follow-up [20, 130].
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Chapter 2
Pulmonary Manifestations of Combined
T- and B-Cell Inmunodeficiencies

Check for
updates

Andrew R. Gennery

2.1 Introduction

The immune system has evolved in coexistence with microbes over billions of years
with the purpose of providing efficient but self-limited host defense against the
biotic and abiotic environment, during which self-tolerance is maintained. Therefore,
while infectious agents initiate many presentations, the presentation may be of an
infectious nature, but symptoms of inflammation or autoimmunity may be present
or predominate. The immune system is composed of three elements: effective phys-
ical and mechanical barriers, nonspecific innate immunity, and specific, personal-
ized adaptive immunity. The system is a complex interconnected network of proteins
and cells, functional throughout the body. Throughout evolutionary history, differ-
ent elements have been developed as microbes have evolved, so that there is some
overlap and redundancy. The three key components of human immune defense are
(i) barriers, (ii) innate immune response, and (iii) adaptive immune response.

The key elements of the adaptive response are T-lymphocytes and B-lymphocytes,
and defects in T-lymphocytes alone or both T- and B-lymphocytes give rise to com-
bined immunodeficiency. Because the lung is a major interface between the internal
and external environment, so pulmonary infection is a frequent consequence of
combined immunodeficiency, but other pulmonary manifestations are also recog-
nized. This chapter will concentrate on clinical patterns of presentation, as well as
describe specific diseases in detail, as the clinical presentation of respiratory infec-
tion due to Pneumocystis jirovecii, for instance, is similar for all genetic defects.
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Specific respiratory syndromes associated with specific diseases will be
highlighted.

(For further information you may see: Deist FL., Moshous D, Villa A, Al-Herz W,
Roifman CM, Fischer A, and Notarangelo LD. Combined T- and B-Cell
Immunodeficiencies. In: Rezaei N, Aghamohammadi A, Notarangelo LD. editors.
Primary immunodeficiency diseases: definition, diagnosis, and management. 2nd
ed. p. 83-182.)

2.2 Severe Combined Immunodeficiencies

2.2.1 Background

Severe combined immunodeficiencies (SCID) are the most acute combined immu-
nodeficiencies. First presentation is within the first few months of life, and they are
generally fatal within the first 18—-24 months of life without curative treatment. They
comprise a group of inherited disorders that are characterized by deficient
T-lymphocyte differentiation due to genetic defects causing interruption in lympho-
cyte development [1, 2]. Depending on the genetic defect, B-lymphocytes may be
affected: they may be absent or intrinsically nonfunctioning, but even in those that
are present and intrinsically functional, the absence of CD4+ T-lymphocytes in
SCID prevents generation of normal antibody responses (Table 2.1). This leads to a
coexistent or combined deficit of cellular and humoral immunity. Natural killer
(NK) cells may be present or absent.

Infection is a common manifestation of SCID — persistent respiratory tract infec-
tion is frequently encountered — with a failure to clear viruses accompanied by per-
sistent bronchiolitis-like signs. Often patients are considered to have recurrent
infection, when in reality they have never cleared the infection. Respiratory signs
may include tachypnea, nasal flaring, subcostal and intercostal recession with wide-
spread crepitation and rales, and cyanosis. Insidiously progressive respiratory
symptoms with a creeping oxygen requirement and with radiological evidence of
interstitial pneumonitis and hyperinflation suggest Pneumocystis jirovecii infection.
In these patients, coexistent respiratory viral infection is common (Fig. 2.1) [3].
Other frequent coexisting features include persistent viral diarrhea with failure to
thrive. Although patients with SCID are often initially well and growing normally,
they fall away from the growth centile after a few months, when infection occurs,
because intestinal villous atrophy leads to malabsorption, which in severe cases
results in malnutrition [4]. There may be evidence of oral or perineal candidiasis
and other superficial infections. There is no clinically detectable lymphoid tissue,
although detecting this in young infants is not easy because lymph nodes and tonsils
in normal infants are often very small.

Immunization with the live attenuated Bacillus Calmette-Guérin (BCG) vaccine
can lead to disseminated BCG infection. In countries where BCG is routinely
offered, the vaccine is normally administered within the first few days of birth,
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Table 2.1 Types of severe combined immunodeficiency

Disorder Disease Phenotype Inheritance

Cytokine signaling CyC T-B* XL
JAK3 T-B* AR
IL7R«a T-B* AR

Nucleotide biosynthesis salvage ADA deficiency T B~ AR

pathway defects

Defects affecting signaling through the | CD45 T/ovB* AR

T-lymphocyte antigen receptor CD38 T/owB+ AR
CD3e T/ovB* AR
CD3¢ T/ovB* AR

T/IOWBIOW AR

VDJ recombination defects RAG1/RAG2 T-B~ AR
DCLREIC T-B- AR
(artemis)
DNA-PKcs T-B- AR
DNA ligase 4 TlvBIoY AR
NHEJ1 TlvBIoY AR
(Cernunnos-XLF)

Mitochondrial defect AK2 deficiency T-B*- AR
(Reticular dysgenesis)
RMRP T-B* AR
(Cartilage hair
hypoplasia)

Other Coronin-1A deficiency T-B* AR

Thymic defects DiGeorge syndrome T-B* AD
CHARGE syndrome T-B* AD
FOXN1 T-B* AR
(winged helix)

Fig. 2.1 Chest radiograph
from an infant with severe
combined
immunodeficiency
showing hyperinflated
lungs with midline pleural
borders of the upper lobes
visible in the absence of a
thymic shadow and
interstitial pneumonitis
secondary to Pneumocystis
Jjirovecii pneumonia and
parainfluenzae type 3
infection
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before a diagnosis of SCID is apparent — vaccinated infants can present with wide-
spread BCG infection — affecting the bones, marrow, liver, and brain as well as the
respiratory tract, which is the third most commonly affected site after the lymph
nodes and skin [5]. Treatment with appropriate anti-mycobacterial antibiotics
reduces the risk of mortality, even in asymptomatic infants.

Bacterial infections of the respiratory tract are less common in patients with
SCID partly because of the presence of maternal IgG in early infancy. Prolonged
otitis media and invasive bacterial infections, such as staphylococcal or pseudomo-
nas septicemia and pneumonia, may rarely occur, which may respond poorly to
appropriate treatment.

2.2.1.1 Adenosine Deaminase Deficiency

This form of SCID is due to a systemic metabolic defect. Adenosine deaminase
(ADA) is an essential enzyme of the purine salvage pathways: deficiency caused by
loss-of-function mutations in the ADA gene results in one of the most common
causes of autosomal recessive SCID, accounting for approximately 10-15% of
cases in outbred populations [6]. Adenosine deaminase is required for the irrevers-
ible deamination of adenosine and 2’deoxyadenosine to inosine and 2’deoxyino-
sine, respectively. Absent or impaired ADA function consequently results in both
intracellular and extracellular accumulation of these substrates.

Absent or deficient ADA function causes accumulation of the toxic metabolites
adenosine, 2’deoxyadenosine and deoxyadenosine triphosphate (dATP). ADA-
deficient SCID is characterized by severe lymphocytopenia affecting T- and
B-lymphocytes and NK cells. The infectious complications seen in these patients
are the same as other forms of SCID. However, because of the ubiquitous nature of
the enzyme, non-immunological manifestations are also observed, including neuro-
developmental deficits [7], sensorineural deafness [8], and skeletal abnormalities,
particularly of the scapulae and ribs (Fig. 2.2) [9, 10].

Additionally, these patients may experience severe respiratory problems due to
direct toxicity of adenosine metabolites on the lung. The role of ADA and the
sequelae due to accumulation of toxic substrate in the lungs has been shown in
experimental models: ADA™ mice display severe pulmonary inflammation, with
associated accumulation of activated macrophages and eosinophils leading to air-
way remodeling, which can be reversed with polyethylene-glycosylated ADA
enzyme replacement therapy [11]. Murine models have demonstrated that pro-
longed exposure of lung tissue to high concentrations of adenosine due to treatment
with low dose enzyme replacement therapy leads to pulmonary fibrosis, changes
which were reversed upon reducing pulmonary adenosine levels [12]. Similar pul-
monary manifestations are seen in ADA-deficient patients: noninfectious pulmo-
nary disease, including pneumonitis and pulmonary alveolar proteinosis, is found
more frequently in ADA-deficient patients than in other genetic forms of SCID [13].
Almost half of patients with ADA-deficient SCID had pulmonary alveolar proteino-
sis in one study, which rapidly resolved upon initiating treatment with polyethylene-
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Fig. 2.2 Chest radiograph
from an infant with
adenosine deaminase-
deficient severe combined
immunodeficiency
showing abnormal
scapulae and cupping
deformities at the ends

of the ribs

glycosylated ADA [14]. Coexistence of adenosine-induced pulmonary toxicity with
infection is likely, and chest radiographs do not distinguish the pathology — accord-
ingly patients with ADA-deficient SCID presenting with pulmonary symptoms
should receive appropriate antimicrobial treatment and polyethylene-glycosylated
ADA enzyme replacement therapy.

2.2.1.2 Reticular Dysgenesis

Patients with loss-of-function mutations in AK2 encoding adenylate kinase 2 have a
particular form of SCID characterized by agranulocytosis as well as absence of T-
and B-lymphocytes and NK cells. Patients are usually born before term or are small
for gestational age and have associated sensorineural deafness. While most infants
with SCID present in the first few months of life, the associated agranulocytosis in
AK?2 deficiency confers an unusually severe phenotype, and patients present in the
first few days or weeks of life. Aside from lymphocytes and granulocytes, other
hematological indices may be low, including hemoglobin or thrombocytes, and a
bone marrow examination may show evidence of hypoplasia or hyperplasia. Invasive
bacterial infection is the most common presentation, usually bacterial sepsis, often
with respiratory features — omphalitis is frequently coexistent. Implicated bacteria
include S. aureus, streptococcal commensal species, K. pneumonia, and E. coli.
Candida sepsis is also described [15].
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2.2.1.3 Omenn Syndrome and Atypical SCID

Omenn syndrome is a form of SCID with a characteristic clinical and immuno-
logical phenotype, due to the presence of a few autologous clonally expanded
autoreactive T-lymphocytes. Patients present with a widespread, thickened rash,
often with scaling and with erythematous exfoliation, and a protein-losing eryth-
roderma, which develops a “leathery” consistency. Hair, often including eyebrows
and eyelashes, is lost as the rash evolves. The rash can be present at birth or shortly
afterward or evolve over the first few weeks of life. Associated with this is lymph-
adenopathy, particularly of the axillary and inguinal nodes. Hepatosplenomegaly
is a frequent finding [16]. The immunophenotype is also characteristic and quite
different to classic SCID (Table 2.2). A high T-lymphocytosis with a highly acti-
vated phenotype is apparent, dominated by a restricted oligoclonal expansion of a
few TCRV{ families with absence of other families [17— 19]. Markers of thymo-
poiesis, such as CD4 + CD45RA + CD31+ T-lymphocytes, or T-lymphocytes
bearing T-lymphocyte receptor excision circles (episomal DNA formed during
T-lymphocyte receptor rearrangement, indicative of a recent thymic emigrant and
absent in SCID, also known as TREC), are absent. B-lymphocytes are absent, and
NK cells are generally present in normal numbers. T-lymphocytes fail to prolifer-
ate in response to stimulation with phytohemagglutinin. Although serum
immunoglobulins IgM, IgA, and IgG are absent, with the absence of vaccine

Table 2.2 Clinical and immunological features of Omenn syndrome and maternofetal engraftment

Omenn syndrome

Maternofetal GVHD

Diagnostic clinical features

Thickened, scaly, exfoliating erythroderma

Similar tp Omenn syndrome but generally less
severe

Partial or total alopecia

Partial or total alopecia

Widespread generalized lymphadenopathy

Lymphadenopathy, usually not so marked as
Omenn syndrome

Hepatosplenomegaly Hepatosplenomegaly
Inflammatory features

Hepatitis Hepatitis
Pneumonitis Pneumonitis
Enteritis Enteritis

Cerebritis Cerebritis
Immunophenotype

Autologous T-lymphocytosis, absent
B-lymphocytes, normal NK cell numbers

Maternal T-lymphocytosis, B-lymphocyte
variable, NK cell numbers variable

Extreme T-lymphocyte oligoclonality,
abnormal spectrotype, and Vf repertoire

Extreme T-lymphocyte oligoclonality,
abnormal spectrotype, and Vf} repertoire

Highly activated T-lymphocytes, absent
naive cells

Highly activated T-lymphocytes, absent naive
cells

Agammaglobulinaemia with raised IgE

Agammaglobulinaemia with raised IgE

Eosinophilia

Eosinophilia
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Fig. 2.3 Chest radiograph (a) and lung biopsy (b) from an infant with Omenn syndrome showing
interstitial pneumonitis due to autologous T-lymphocyte infiltration — no microorganisms were
detected

antigen responses, the serum IgE is usually very high, with an associated
eosinophilia.

An important difference between Omenn syndrome and classical SCID is the
presence of intense autoinflammation. An inflammatory enteritis, hepatitis, or pneu-
monitis (Fig. 2.3) may be present [20], and there may also be coexisting infection
with conventional or opportunistic pathogens. The clinico-immunophenotype is
similar to that found in patients with classical SCID and maternofetal engraftment
with graft-versus-host disease (GVHD) (Table 2.2) [21] or classical SCID and blood
transfusion-associated GVHD [22].

While most patients with a clinical diagnosis of SCID and mutations in the genes
listed in Table 2.1 demonstrate absent circulating T-lymphocytes, SCID patients
may rarely present with normal or elevated T-lymphocyte numbers, particularly
those patients that harbor hypomorphic mutations in SCID-causing genes, which
permit residual T-lymphocyte development. These patients are said to have “atypi-
cal SCID.” The most common presentation of these patients is severe recurrent
pneumonia, often not due to opportunistic microorganisms such as Pneumocystis
Jirovecii [23].

2.2.1.4 Other Presentations

Although infection is the most common respiratory presentation in patients with
SCID, other rare presentations have been described (Table 2.3). Hemophagocytic
lymphohistiocytosis, a life-threatening hyperinflammatory syndrome, is more usu-
ally associated with defects in genes of the cytotoxic granule-mediated cell death
pathway but has been described in patients with SCID, sometimes in association

AL GRAWANY
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Table 2.3 Clinical features of classic severe combined immunodeficiency

Common presentations Common pathogens Rare presentations
Persistent viral enteritis Rotavirus Bacterial septicemia
Norovirus Disseminated BCG
infection
Astrovirus Autoimmune cytopenias
Adenovirus Maternofetal engraftment
Persistent viral upper respiratory tract Respiratory syncytial Lymphoid malignancy
infection virus
Parainfluenza viruses Hemophagocytosis
Cytomegalovirus
Pneumocystis jirovecii pneumonitis Pneumocystis jirovecii
Recurrent or recalcitrant candidiasis
Failure to thrive

with engraftment of maternal T-lymphocytes [24]. Nonspecific respiratory features,
particularly associated with uncontrolled fever in the young infant, may include
tachypnea, nasal flaring, and costal recession.

Very rarely, polymorphous lymphoproliferative lesions, resembling B-lymphocyte
lymphoma, have been described, which may be associated with Epstein-Barr viral
infection — described lesions may involve the thoracic cage as well as soft tissue
(Fig. 2.4) [25].

2.2.2 Management

The specific management will depend on the cause of respiratory disease. Humidified
oxygen may be required if the infant is hypoxic, and if severe respiratory compro-
mise is present, mechanical ventilation may be required. Appropriate investigations
include chest radiography, or more detailed imaging with computerized tomogra-
phy or magnetic resonance imaging may be required.

Accurate identification of microbial organisms is critical for appropriate antimi-
crobial management. Microbial testing of nasopharyngeal secretions may be helpful
in identifying viruses causing infection of the lower respiratory tract, such as respi-
ratory syncytial virus, but isolates from these samples may indicate upper respira-
tory tract colonization or infection only (e.g., rhinovirus, although in the severely
immunocompromised this may rarely cause lower respiratory tract infection), and
so bronchoalveolar lavage is recommended in these patients — non-bronchoscopic
examination is adequate for most patients — but directed fiber-optic bronchoscopy
may be indicated in patients with isolated lesions identified on chest imaging [26].
An open lung biopsy should be seriously considered in the presence of respiratory
symptoms if no pathogen is identified by the above procedures [27]. The isolation
of one pathogen from the respiratory tract should not deter investigation for a co-
pathogen, which may be coexistent in these patients [3].
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Fig. 2.4 Thoracic
computerized tomography
(a) of an infant with
IL2Ry-deficient severe
combined
immunodeficiency,
showing a mass causing
boney erosion of the 3rd
rib. (b) Morphologic and
phenotypic characteristics
from a biopsy of the
lymphoproliferative lesion
showing large cells with
large hyperchromatic
nuclei, set in a background
of reactive cells including
histiocytes, fibroblasts, and
lymphocytes.
Multinucleate forms are
seen (arrowed), and some
cells of more typical
Hodgkin Reed-Sternberg
cell morphology were also
present (inset)

Careful liaison with the microbiology specialist is key in extracting maximum
information from the obtained specimens — including seeking pathogens generally
considered not to cause severe lower respiratory infection in healthy individuals —
such as parainfluenza type 4 or enterovirus [28, 29].

Appropriate microbial therapy should be directed at the specific pathogen — an
appropriate antibacterial for bacterial infection or in the case of Pneumocystis jirove-
cii, at least 3 weeks of high-dose co-trimoxazole, 5 mg/kg body weight/dose of the
trimethoprim component, and 19-25 mg/kg body weight/dose of the sulfamethoxa-
zole component administered intravenously every 6 h if the infant is sick or orally if
this route is tolerated [30], often combined with methylprednisolone at a dose of
2 mg/kg during the initial treatment phase to counter inflammatory symptoms — the
methylprednisolone can be weaned as there is symptomatic improvement. Intravenous
pentamidine isethionate (4 mg/kg body weight) once daily is recommended for
patients who cannot tolerate co-trimoxazole or who demonstrate clinical treatment
failure after 5-7 days of treatment with co-trimoxazole [31]. Viral infection is more
problematic to treat, and without restoration of T-lymphocyte function, viral clear-
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ance will not be achieved [29]. Some control of infection may be gained with antiviral
agents — cidofovir (or brincidofovir) can control the viral load in cases with adenovi-
rus infection — although there may be significant renal side effects. Cytomegalovirus
may be controlled with ganciclovir or foscarnet — generally it is advisable to switch
ganciclovir for foscarnet at time of transplant — as ganciclovir has significant myelo-
suppressive properties. However, foscarnet is nephrotoxic, and there may be signifi-
cant interactions with other nephrotoxic agents used through the transplant
process — particularly calcineurin inhibitors used to prevent GVHD. In severe cases,
donor or third-party adenovirus- or cytomegalovirus-specific cytotoxic T-lymphocytes
may be administered [32], but an intense inflammatory pneumonitis may result, and
so administration of concomitant corticosteroids is prudent. Treatment of other respi-
ratory viruses is more difficult — aerosolized ribavirin may be used to treat respiratory
syncytial virus — but it is not particularly effective in the absence of functioning
T-lymphocytes. Palivizumab, an anti-respiratory syncytial virus monoclonal anti-
body, is effective at preventing respiratory syncytial virus infection in high-risk
infants and should be given to infants with SCID who present during the winter
months. The role of palivizumab in treating infants with established lower respiratory
tract respiratory syncytial virus infection is less clear — it appears safe to give [33] —
but efficacy has yet to be demonstrated, either alone or in combination with ribavirin
[34]. All infants with SCID should receive immunoglobulin replacement therapy
until B-lymphocyte function is restored — the value of nebulized immunoglobulin to
treat viral respiratory infection has yet to be demonstrated.

Respiratory impairment results a significant adverse outcome following hemato-
poietic stem cell transplantation (HSCT) [35], particularly in infants with active
infection at time of transplantation [36]. Every effort should be made to optimize
the physical condition of infant prior to the transplant procedure — early diagnosis
before infection has occurred gives the best outcomes [37], which is why newborn
screening for SCID is being introduced in increasing numbers of countries [38].

2.3 Combined Immunodeficiencies

2.3.1 Background

Patients with combined immunodeficiency (CID) usually present with recurrent
respiratory and gastrointestinal tract infections, caused by a wide range of patho-
gens. Although the clinical presentation shares feature with those of patients with
SCID, particularly atypical SCID presentations, typically because of residual
T-lymphocyte function, patients with CID have a less severe presentation with later
onset (>1 year of age). Because of impaired T-lymphocyte function, viral infections
can be particularly severe, but depending on the specific immunodeficiency, many
different infectious agents are described. The latest International Union of
Immunology Societies classification lists 30 different genes associated with non-
syndromic CID [39].
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2.3.2 Immunoglobulin Class Switch Recombination
Deficiencies Affecting CD40-CD40L (CD40LG
Deficiency, CD40 Deficiency)

Defects in a number of different genes are described that disrupt the ability of
B-lymphocytes to switch from making IgM immunoglobulin to isotypes with differ-
ent constant regions (IgA, IgE, IgG) (Table 2.4). These defects may be extrinsic to
the B-lymphocyte signaling pathway or affect the intrinsic B-lymphocyte switch
pathway. Accurate identification of the defect is important, as the management
approach will be targeted, according to the specific gene involved [40]. CD40 ligand
(CD40L) deficiency [X-linked hyper-IgM syndrome type 1], the most common iso-
type class switch defect, is a rare X-linked primary immunodeficiency caused by
mutations in CD40LG, on chromosome Xq26.3-Xq27.1, encoding the transmem-
brane CD40L glycoprotein (CD154) found on the surface of activated CD4
T-lymphocytes. Mutations in CD40LG result in altered co-stimulatory T-lymphocyte
function, which impairs B-lymphocyte isotype switching and dendritic cell signal-
ing, leading to increased susceptibility to intracellular and bacterial pathogens.
Patients commonly present in infancy or early childhood with recurrent upper and

Table 2.4 Immunodeficiencies associated with raised IgM

Genetic
Disease defect Affected cell type Inheritance
CD40 ligand deficiency CD40LG | CD4+ T-lymphocytes X-linked
CD40 deficiency CD40 B-lymphocytes, monocytes, Autosomal
dendritic cells recessive
Ataxia telangiectasia ATM B-lymphocytes Autosomal
recessive
DNA ligase IV deficiency LIG4 B-lymphocytes Autosomal
recessive
Cernunnos-XLF deficiency NHEJI B-lymphocytes Autosomal
recessive
Nijmegen breakage syndrome | NBN B-lymphocytes Autosomal
recessive
NF-KAPPA-B essential IKBKG Polymorphonuclear cells, X-linked
modulator (NEMO) deficiency monocytes, dendritic cells,
lymphocytes
Activation-induced cytidine AICDA B-lymphocytes Autosomal
deaminase deficiency recessive
Activation-induced cytidine AICDA B-lymphocytes Autosomal
deaminase deficiency, dominant
C-terminus variant
uracil-DNA glycosylase UNG B-lymphocytes Autosomal
deficiency recessive
IL21R deficiency IL21R T-lymphocytes, B-lymphocytes, | Autosomal
NK cells recessive
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lower respiratory tract infections, including Pneumocystis jirovecii interstitial pneu-
monia [41]. Cryptosporidium infection is a common cause of acute or chronic diar-
rhea and may lead to severe biliary tract disease, including sclerosing cholangitis
and cirrhosis and rarely cholangiocarcinoma, hepatocellular carcinoma, and adeno-
carcinoma [42]. Less commonly, central nervous system infections, particularly
enteroviral meningoencephalitis, or JC virus progressive multifocal leukoencepha-
lopathy, causing progressive neurodegeneration, has been reported [43, 44].

Although long-term survival with conservative therapy of immunoglobulin
replacement and cryptosporidial prophylaxis has been historically poor, with only
20-50% of patients surviving to the third decade [41, 45], recent data show an
improved median survival time from diagnosis of 25 years in 109 patients with
XHIM [46]. HSCT is curative: a European retrospective analysis of 38 patients
undergoing HSCT demonstrated a survival of 68%, curative in 58% of patients.
Infection-related complications, particularly severe cryptosporidiosis were the
predominant cause of death [47]. Pre-existing lung disease was the most important
adverse risk factor. A more recent multicenter study of 130 patients revealed an
overall survival after transplantation of 80%, with improved outcome especially in
those transplanted before 10 years of age or transplanted early after diagnosis. The
use of myeloablative conditioning regimens was associated with higher overall and
disease-free survival, while the use of reduced-intensity and non-myeloablative
conditioning associated with poor donor cell engraftment [48]. Transplant survivors
experienced significantly better well-being, as measured by using Karnofsky/
Lansky scales, than those not transplanted [46]. For those with severe liver disease,
liver transplant may be performed prior to HSCT [49].

Mutations in the gene encoding CD40, the receptor for CD40L, give rise to simi-
lar phenotype as patients with CD40L deficiency. The disease is inherited in an
autosomal recessive fashion and is much less frequently encountered — females may
be affected. Monocytes and B-lymphocytes demonstrate absent or faulty CD40,
whereas CD40L expression is normal. The clinical features overlap with those of
CD40L deficiency and include bacterial sinopulmonary infection due to antibody
deficiency, as well as infection with opportunistic microorganisms such as
Pneumocystis jirovecii. Severe lung damage due to bronchiectasis can develop [50,
51]. Liver disease due to cryptosporidium is also reported [52]. Similar to CD40L
deficiency, severe neutropenia may occur. The treatment approach is the same as for
patients with CD40L deficiency — immunoglobulin replacement and antibiotic pro-
phylaxis to prevent Pneumocystis jirovecii and Cryptosporidium infection. HSCT
has been successfully performed [53].

2.3.3 IKAROS Deficiency

Ikaros family zinc finger 1 (/IKZFI) encodes a transcription factor, which by recruit-
ing target DNA to proteins that modify chromatin regulates gene transcription
during hematopoietic cell development in the bone marrow [54].



2 Pulmonary Manifestations of Combined T- and B-Cell Immunodeficiencies 49

Heterozygous mutations in /KZF I have been associated with numerous immune
defects including pancytopenia with anemia, thrombocytopenia, and neutropenia
presaging B-lymphocytopenia and diminished NK cells [55]. Progressive
B-lymphocytopenia with associated hypogammaglobulinemia, inherited in an auto-
somal dominant fashion with incomplete penetrance and giving rise to a common
variable immunodeficient-type clinical picture, is also described [56, 57]. Variable
abnormalities in T-lymphocyte subsets are described including increased CD8*
T-lymphocyte counts reduced regulatory T-lymphocyte numbers, a skewed
T-lymphocyte receptor repertoire, and increased T-lymphocyte receptor
af*CD4-CDS8" double-negative T-lymphocyte counts, as well as impaired prolifera-
tion to mitogens [58]. Abnormalities in dendritic cell subsets leading to decreases in
plasmacytoid dendritic cell numbers and expansion in conventional dendritic cells 1
are described in these patients [59].

Clinical features are variable but include severe bacterial infection, with recur-
rent sinopulmonary infection described, and infection with Pneumocystis jirovecii.
Autoimmunity is described with hematological cytopenias, vasculitis, and systemic
lupus erythematosus. B-cell leukemia is also an associated feature [56]. Treatment
is replacement immunoglobulin and appropriate management of autoimmune fea-
tures. The place of HSCT in selected patients is yet to be determined [58].

2.3.4 DOCKS Deficiency

Previously classified as autosomal recessive Hyper IgE syndrome [60, 61], patients
with bi-allelic mutations in dedicator of cytokinesis 8 (DOCKS) are better consid-
ered to have a combined immunodeficiency [62, 63]. DOCKS is highly expressed in
immune cells, activates CDC42 and RAC. Failure of DOCKS function impairs
T-lymphocyte proliferation and production of antiviral Tyl cytokines, decreased
production of Ty17 cytokines, and increased production of Ty2 cytokines, associ-
ated with allergic responses [64]. Immune synapse formation is also impaired with
loss of DOCKS expression interfering with antiviral NK cell cytotoxicity.

Patients can present from infancy with severe bacterial, viral, and fungal infec-
tions. Herpes simplex, severe molluscum contagiosum, and severe human papil-
loma virus infections are common. Common bacterial pathogens include
Staphylococcus aureus and Streptococcus pneumonia. Pneumocystis jirovecii can
cause interstitial pneumonitis and Cryptosporidium is associated with severe liver
disease and sclerosing cholangitis. Mucocutaneous candidiasis is frequently
reported. Severe food allergies are common and may be associated with anaphy-
laxis. Vasculitis is well described, including cerebral vasculitis. Malignancies are
common and include lymphoma and squamous cell carcinoma. Severe eczema is
one of the most common complications, with recurrent respiratory infection, which
may lead to bronchiectasis. Asthma is also common.

Immunological features include a highly elevated IgE and eosinophilia. IgG
and IgA levels can be normal or high; IgM levels are often progressively reduced.
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Vaccine antibody responses may be subnormal and isohemagglutinins diminished
or absent. T-lymphocyte subsets are diminished, and B-lymphocyte counts
reduced with low or absent class-switched memory B-lymphocytes. NK cell
counts can be reduced [62, 63]. Some patients with DOCKS deficiency may be
detected at birth by newborn screening for SCID, due to a low number or absent
TRECs [65].

Aggressive treatment of infection is important, and antimicrobial prophylaxis is
required. Immunoglobulin replacement is recommended. However, even with these
conservative measures, survival is less than 40% by 30 years of age and event-free
survival (life-threatening infection, cerebral stroke, vasculitis or encephalitis, malig-
nancy, or death) only 4% by 30 years of age [63]. For these reasons, HSCT should
be considered the treatment of choice for these patients. A recent report demon-
strated 84% survival in a large multicenter cohort [66]. However, although infection
susceptibility and skin manifestations responded well to transplantation, resolution
of food allergy was variable [66, 67].

2.3.5 MHC II Deficiency

MHC class II molecules are transmembrane glycoprotein heterodimers constructed
from o and P chains, the genes for which are encoded on the short arm of chromo-
some 6. MHC class II molecules present exogenous peptides to CD4 T-lymphocyte
receptors to initiate the normal adaptive response. The expression of MHC II mol-
ecules on thymic epithelial cells leads to the positive selection of CD4+
T-lymphocytes during thymic development. MHC II deficiency is caused by muta-
tions in one of four regulatory genes (CIITA, RFX5, RFXANK, RFXAP) that encode
transacting regulatory factors that are critical for the expression of MHC II mole-
cules on the cell surface. Mutations in any of these genes lead to a similar clinical
picture.

Patients classically present later than patients with SCID. However, severe, per-
sistent gastrointestinal or respiratory infections are the hallmark of the disease, with
infections caused by bacterial, viral, fungal, or protozoal pathogens including
Pneumocystis jirovecii. Severe sinopulmonary infections are common, as is growth
failure secondary to viral gastrointestinal infection. Cryptosporidial liver disease is
well described. Enteroviral infections are frequent and may cause meningoencepha-
litis. Autoimmunity is a distinct feature in some patients, particularly autoimmune
cytopenias [68—70].

Immunological findings include a CD4+ lymphocytopenia, with diminished
immunoglobulin levels and impaired vaccine antibody responses. T-lymphocyte
proliferative responses to phytohemagglutinin may be normal. Most patients will
not be detected by newborn screening for SCID as some TRECS are present.

Treatment of choice is HSCT. Historically, results have been less good for this dis-
ease compared with other immunodeficiencies [35], in part because of increased mor-
tality from viral infection or GVHD [71]. Recent results are more encouraging [72].
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2.3.6 MHCI Deficiency

MHC class I molecules are also transmembrane glycoprotein heterodimers con-
structed from a chains, the genes for which are encoded on the short arm of chromo-
some 6 and a B2-microglobulin protein. MHC class I molecules present peptides
derived from protein synthesized within the cell to CD8 T-lymphocyte receptors to
initiate the cytotoxic T-lymphocyte response and are thus important in countering
intracellular pathogens. The expression of MHC I molecules on thymic epithelial
cells leads to the positive selection of CD8+ T-lymphocytes during thymic develop-
ment. MHC I deficiency is caused by defects in the genes encoding one of the pro-
teins essential for transporting the peptide to the endoplasmic reticulum and loading
it onto the MHC I molecule, namely, transporter associated with antigen processing
(TAP) 1 and TAP2 and tapasin proteins. Without antigen loading, the MHC I mol-
ecule is not presented at the cell surface [73].

The clinical presentation is usually during childhood with recurrent upper respi-
ratory tract disease causing sinusitis, otitis media, nasal disease, and pharyngitis.
Lower respiratory tract bacterial infections lead to chronic inflammatory lung dis-
ease and bronchiectasis. Additionally, sterile necrotizing granulomatous skin lesions
resembling Wegener’s granulomatosis are described in some patients and may cause
midface deformities. Immunological findings include diminished CD8+ TCRof
lymphocyte numbers. MHC I expression is severely diminished or absent. Natural
killer cell numbers may be increased. Treatment is supportive with aggressive use
of prophylactic antibiotics — immunoglobulin replacement may be necessary.
Treatment of the granulomata can be extremely challenging and include immuno-
suppression with local topical steroid [74].

2.3.7 Combined Immunodeficiency with Alopecia Totalis
(FOXNI Deficiency)

Defects in FOXNI cause a phenotype similar to that in the nude mouse, the so-
called winged-helix-nude deficiency. It is a rare immunodeficiency characterized by
athymia with congenital alopecia and nail dystrophy. FOXNI is a critical transcrip-
tion factor for the development of thymic epithelial cells, the skin, hair, and nails
[75] and is important for thymic epithelial cell differentiation, maintenance, and
function [76]. T-lymphocyte development is arrested during the intra-thymic posi-
tive and negative selection of thymocytes. Patients present with features of SCID,
including viral infection of the respiratory and intestinal tract and Pneumocystis
Jjirovecii interstitial pneumonia, as well as the characteristic phenotypic features of
skin, hair, and nail dystrophy [77]. Immunological investigations show failure of
efficient thymopoiesis with an increase in circulating double-negative (CD4-CDS-)
T-lymphocytes in the peripheral blood [78] and a low number or absent TRECs or
CD31+ recent thymic emigrants. There is an oligoclonal TCR repertoire with
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reduced in vitro proliferation [79, 80]. Patients may present with an Omenn syn-
drome phenotype with associated eosinophilia, elevated serum IgE, and activated
oligoclonal T-lymphocytes [81]. HSCT may be attempted [80], but as the genetic
defect resides in thymic epithelial cells rather than hematopoietic stem cells, thymic
transplantation is the treatment of choice [79].

2.3.8 Combined Immunodeficiency with Immuno-QOsseous
Dysplasias

Immuno-osseous dysplasias encompass a number of disorders, some of which remain
undefined. Six disorders are well characterized, with identified gene defects.

2.3.8.1 Schimke Syndrome

Schimke immune-osseous dysplasia is inherited in an autosomal recessive fashion
and is due to bi-allelic pathogenic variants in SMARCALI. It is a multisystem disor-
der characterized by spondyloepiphyseal dysplasia leading to short stature, nephrop-
athy, and T-lymphocyte immunodeficiency. The gene encodes an ATP-dependent
annealing helicase, SWI/SNF-related, matrix-associated, actin-dependent regulator
of chromatin, subfamily a-like 1 (SMARCALL1), which has roles in DNA repair,
telomere maintenance, and DNA replication fork stability during DNA replication
stress [82]. Clinical features include prenatal and postnatal disproportionate growth
failure due to spondyloepiphyseal dysplasia with a reduction in trunk length signifi-
cantly more than that for leg length. Characteristic radiographic manifestations of
Schimke immune-osseous dysplasia include ovoid and mildly flattened vertebral
bodies, with small deformed capital femoral epiphyses, and shallow dysplastic ace-
tabular fossa. Most patients develop steroid-resistant nephrotic syndrome and renal
failure due to focal glomerulosclerosis, which progresses to end-stage renal disease.
Opportunistic infection due to a T-lymphocyte deficiency occurs in some individu-
als. There is an increased risk of frequent and severe bacterial infection, including
pneumonia. Fulminant EBV infection has been reported. Autoimmune enteropathy
with vomiting, diarrhea, and malabsorption has been reported [83]. Hyperpigmented
macules, commonly on the trunk and less frequently on the limbs, head, and neck,
occur. The hair is fine or thin, and teeth small or missing. Dysmorphic features
include a broad, low nasal bridge, bulbous nasal tip, lumbar lordosis, and protuber-
ant abdomen. Other less common features include bone marrow failure in about
10% of patients [84].

Schimke immune-osseous dysplasia represents a spectrum of disease that ranges
from an infantile or severe early-onset form with death early in life to a juvenile or
milder later-onset form with survival into adulthood. Severe disease phenotypes are
associated with nonsense, frameshift, or splicing mutations, whereas affected indi-
viduals with milder disease have missense mutations [85].
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Management of the immunodeficiency consists of antibiotic and antiviral pro-
phylaxis. Immunosuppression should be given to those with autoimmune manifes-
tations. Granulocyte colony-stimulating factor may be required to treat neutropenia.
Other measures include consideration of renal transplantation for end-stage renal
disease and hip replacement for femoral dysplasia.

2.3.8.2 Cartilage Hair Hypoplasia

Cartilage hair hypoplasia is a rare autosomal recessive metaphyseal chondrodyspla-
sia, (short-limbed dwarfism), associated with T-lymphocyte deficiency. It is relatively
more common in the Old Order Amish and the Finnish populations. Bi-allelic patho-
genic changes in the ribonuclease mitochondrial RNA-processing (RMRP) gene,
encoding for the 267 nucleotide-long RNA component of the mitochondrial RNA-
processing endonuclease, cause the disease through disruption of ribosomal process-
ing and disruption of cell cycle progression in rapidly dividing cells such as
lymphocytes and chondrocytes [86]. There is a spectrum of clinical phenotypes. The
classical presentation is of short stature with radiographic findings of variable metaph-
yseal dysplasia, epiphyseal and vertebral dysplasia, and short tubular bones with wid-
ened, scalloped, and sclerotic metaphyses most notable in knees and ankles [87].

Other features include T-lymphocyte-mediated immunodeficiency, bone marrow
dysplasia and particularly erythrocyte aplasia, and Hirschsprung’s disease. Sparse
and fine scalp, eyebrow, and eyelash hair, with a reduction of the diameter of the
hair shaft, which lacks a central pigmented core of the hair shaft cause the distinc-
tive appearance of the hair [88, 89]. The features are variable, depending on the
mutations present, but within families, clinical variability is observed [89, 90].
Sterile cutaneous granulomata are described in this condition [91].

Up to half of patients have increased susceptibility to infection, with exquisite
risk of severe varicella infection [92]. Humoral immunodeficiency can lead to a
high frequency of bronchiectasis [93]. However, the immune defect is variable,
ranging from a SCID immunophenotype [94, 95] through to normal immunity.
Autoimmune disease is described, including enteropathy, hypothyroidism, hemo-
lytic anemia, and inflammatory skin disease, and patients have an increased risk of
developing malignancy [96]. Not all patients with an immunophenotype have the
skeletal features [95]. Immunological investigations reveal T-lymphocytopenia,
including CD4+ and CD8+ subsets. Proliferative responses to concanavalin A, phy-
tohemagglutinin, and pokeweed mitogen are often reduced. B-lymphocytes are usu-
ally normal. While immunoglobulin levels are usually normal, IgG and IgA levels
may be low. Antibody responses to vaccine protein antigens are usually normal but
may be impaired to polysaccharide vaccine antigens [88].

Management is dependent on the degree of immunodeficiency. Immunoglobulin
therapy should be instituted if significant humoral deficiency is present. Varicella
vaccine should be considered if T-lymphocyte function is normal. Varicella infec-
tion should be treated with antiviral drugs. Profound T-lymphocyte defects are cor-
rectable by HSCT, although non-immunological features will not be cured [95, 97].

AL GRAWANY
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2.3.8.3 Roifman Syndrome

Bi-allelic changes in RNU4ATAC cause the rare immuno-spondyloepiphyseal dys-
plasia known as Roifman syndrome [98, 99]. RNU4ATAC is a small nuclear RNA
gene, which is an essential component of the minor spliceosome, critical for the
correct splicing of about 800 genes carrying minor introns. Roifman syndrome is
characterized by spondyloepiphyseal dysplasia with platyspondyly and flattened
proximal femoral epiphyses, growth retardation, facial dysmorphism, retinal dys-
trophy, mental retardation, and immunodeficiency [100]. Patients have had recur-
rent bacterial ear and pulmonary infections including pneumonia, lymphadenopathy,
and hepatosplenomegaly. Patients have an isolated B-lymphocytopenia, with devel-
opmental interruption at the transitional B-lymphocyte stage [101]. Immunoglobulin
levels are variably low, normal, or increased, but there are impaired antibody
responses to vaccination. Treatment is with antibiotic prophylaxis and immuno-
globulin replacement as indicated.

2.3.8.4 Spondyloenchondrodysplasia with Immune Dysregulation

Spondyloenchondrodysplasia associated with combined immunodeficiency and
autoimmunity has been described in patients with bi-allelic mutations and deletions
of the ACP5 gene [102]. Other non-immunological features described include spas-
ticity, mental retardation, and cerebral calcifications.

Immunological manifestations most commonly include autoimmunity, particu-
larly immune-mediated thrombocytopenia, hemolytic anemia, thyroiditis, and lupus
erythematosus. Inflammatory bowel disease is described. Other immune features
include recurrent upper and lower respiratory infection. The immunophenotype
demonstrates CD4+ lymphocytopenia, reduced T-lymphocyte mitogenic response,
and reduced specific antibody titers. Treatment is directed at the specific immune
manifestation including immunosuppression and chemoprophylaxis [103, 104].

2.3.8.5 MYSMa1 Deficiency

The histone H2A deubiquitinase, MYSMI, is essential for maintaining hematopoi-
etic and mesenchymal stem cell quiescence and survival. Few patients are described
with mutations in MYSM . Clinical features include short stature with microcephaly
and developmental delay, recurrent infections, congenital bone marrow failure, and
myelodysplasia. The immunophenotype includes B-alymphocytosis and
T-lymphocytopenia with agammaglobulinemia. Treatment is supportive with antibi-
otic prophylaxis and immunoglobulin replacement — one patient had resolution of
immunological features following a spontaneous in vivo genetic reversion in a
hematopoietic stem cell [105, 106].
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2.3.8.6 EXTL3 Deficiency

Exostosin-like  glycosyltransferase 3, encoded by EXTL3, is an
N-acetylglucosaminyltransferase, important in heparan sulfate (HS) and heparan
sulfate proteoglycan (HSPG) biosynthesis. Heparan sulfate proteoglycans modulate
the activity of numerous developmental proteins that are critical in skeletal and
hematopoietic development. A few patients have been reported with autosomal
recessive EXTL3 deficiency. Predominant non-immunological manifestations com-
prise platyspondyly, brachydactyly, kyphosis, variable skeletal dysplasias, and
developmental delay. The immunophenotype is variable, ranging from
T-alymphocytosis with normal B-lymphocytes and hypogammaglobulinemia, an
Omenn syndrome-like picture, to apparent normal immunity. Early mortality in
infancy is documented, but other patients have survived to adulthood, with seeming
recovery of lymphocyte numbers [107-109].

2.3.9 Combined Immunodeficiency with Intestinal Atresias
(TTC7A Deficiency)

The tetratricopeptide repeat domain-containing protein 7A (TTC7A) encoded by
TTC7A consists of nine tetratricopeptide repeat domains that mediate protein-
protein interactions and assemble multi-protein complexes to regulate cell cycle,
transcription, and protein transport. Bi-allelic mutations in 77C7A lead to dys-
regulation of the distribution of a6-integrin and actin in the epithelial surface
[110]. To establish and maintain multicellular epithelial tissues, each cell
requires apicobasal polarization to establish the correct orientation. The protein
TTCT7A is critical in this signaling pathway to coordinate epithelial cell polarity,
growth, and differentiation. An inverted bipolarity displaces intestinal epithelia
and thymocytes resulting in constant apoptotic enteropathy and lymphocyte
depletion [111].

The clinical phenotype is variable. Null mutations result in intestinal atresia,
while hypomorphic variants give rise to early-onset inflammatory bowel disease,
which may be associated with alopecia and may resolve with increasing age [112,
113]. Patients may present with a severe infectious phenotype equivalent to that of
patients with SCID. Furthermore, as many require intestinal surgery, infection with
enteric organisms is common. Autoimmunity is described in older patients with
hypomorphic mutations [113].

The immunodeficiency may be profound, with T-alymphocytosis, absent thy-
mic emigrants, and absent lymphocyte proliferations to mitogens.
Panhypogammaglobulinemia may be present. In less severe patients, lymphocyte
numbers may be normal.

Nutritional support is a significant element of management. For patients with a
severe immunophenotype, HSCT may reverse the T-lymphocyte immunodeficiency,
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although not the intestinal atresia [114]. For less severely affected patients, prophy-
lactic antibiotics and immunoglobulin should be administered.

2.3.10 ZAP-70 Deficiency

The zeta-chain associated protein kinase 70 kDa (ZAP-70) is important for effective
T- and B-lymphocyte receptor signaling and critical for T-lymphocyte differentia-
tion and function [115]. Mutations in ZAP70 cause an autosomal recessive com-
bined immunodeficiency characterized by CD8+ T-lymphocytopenia. The majority
of patients present in the first year of life with severe infections including
Pneumocystis jirovecii infection and failure to thrive [116, 117]. However, patients
with hypomorphic mutations may present later [118], when autoimmunity may be
predominant [119].

Classically, patients present with normal or elevated peripheral lymphocyte num-
bers, associated with normal or increased CD4+ T-lymphocytes but low or absent
CD8+ T-lymphocytes, which may increase over time suggesting development of
limited thymic output, although TREC levels are very low [120]. CD4+ T-lymphocyte
numbers are normal, but cells do not proliferate in response to T-lymphocyte mito-
gens, although by-passing stimulation of the T-lymphocyte receptor with PMA and
ionomycin does induce a proliferative response [116]. Although B-lymphocyte
numbers are normal, most patients have hypogammaglobulinemia.

Management of patients with ZAP-70 kinase deficiency is as for other patients
with a SCID — antimicrobial prophylaxis and immunoglobulin replacement. HSCT
is curative [121].

2.3.11 CD8«a Chain Deficiency

The CDS8 T-lymphocyte co-receptor is expressed on the cell surface as oo homodi-
mers or off heterodimers. The expression of CD8p on the cell surface is dependent
on expression of CD8a, without which CD8f remains in the endoplasmic reticulum
and is degraded. CD8 expression is required for positive thymocyte selection in the
thymus, without which CD8+ T-lymphocytes are not released into the periphery.
Few cases of CD8a chain deficiency have been described to date [122-124].
Pulmonary complications are a particular feature in some of the cases described,
although younger family members sharing the same genetic defect and immunotype
were reported as asymptomatic. Affected patients had a history of recurrent viral
and bacterial sinopulmonary infections from early childhood, progressing to severe
bronchiectasis. Immunological evaluation demonstrated a normal number of lym-
phocytes, with normal CD4+ and CD19+ values and normal numbers of NK cells
but completely absent CD8+ T-lymphocytes. A high percentage of CD4-CD8-
TCRap+ T-lymphocytes has been demonstrated. Proliferation to mitogens was
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normal, and there were normal levels of immunoglobulin, with positive antibody
responses to vaccine antigen. There was in one patient, incomplete seroconversion
to EBV. Optimal treatment has yet to be determined, but benefit from antibiotics and
immunoglobulin replacement has been reported.

2.3.12 CD4+ Deficiency

The syndrome of idiopathic CD4 lymphopenia was initially described by the
Centers for Disease Control and Prevention in the United States and defined as a
syndrome of persistent absolute CD4+ T-lymphocytes less than 300 cells/pL or
20% of total T-lymphocytes in the absence of HIV infection or other recognized
immunosuppressing infections or medication [125]. The first described patients
experienced opportunistic infections reminiscent of HIV infection that prompted
lymphocyte phenotyping, which demonstrated CD4+ lymphocytopenia, consistent
with HIV infection despite negative HIV testing [126]. Subsequently, asymptomatic
individuals with abnormalities noted on routine full blood counts have been
described [127].

For many patients, a genetic cause of the immunotype has yet to be determined,
although a few genetic causes have been identified. Some are variants of previously
identified genes involved in immune function. One patient presenting with hemor-
rhagic varicella zoster associated with pneumonitis and subsequent recurrent fever
and pneumonia was found to have CD4+ lymphocytopenia, with normal humoral
immunity, caused by bi-allelic heterozygous missense mutations in RAG/ [128]. In
other patients, new genetic etiologies have been revealed (Table 2.5) (vide infra).

While most of the patients described to date have presented with severe or oppor-
tunistic infection, an emerging cohort is being identified through newborn screening
for SCID [129]. Less than 3% of infants identified as having low TRECs will have
idiopathic CD4+ lymphopenia, but these infants will be asymptomatic [130] — care-
ful evaluation of their immune system with appropriate safeguards regarding live
vaccines and antibiotic prophylaxis is required, until a decision can be made about
the requirement for definitive treatment or the lymphocyte count normalizes [131].

Table 2.5 Genetic immune deficiencies associated with CD4+ T-lymphocytopenia

Disease Gene

MHC II deficiency CIITA, RFX5, RFXANK, RFXAP
Hypomorphic mutation in recombinase activating RAGI

gene 1

Lck deficiency LCK

RASGRP1 deficiency RASGRPI

ITK deficiency ITK

MAGT]1 deficiency MAGTI

MST]1 deficiency STK4
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2.3.12.1 UNCI119 Deficiency

There is a single report of a 32-year-old female with a history of recurrent sinusitis,
otitis media, and zoster. The patient experienced persistent severe fungal nail infec-
tions, fungal dermatitis, and oral herpetic lesions. Two episodes of bacterial pneu-
monia were reported followed by bronchiolitis obliterans organizing pneumonia and
oral herpetic lesions [132, 133]. The patient had persistent CD4+ lymphocytopenia
of less than 300 cells/pL with associated CD3+ lymphocytopenia. Serum levels of
IgM, IgA, and IgG were normal with normal vaccine antigen responses. The patient
had a heterozygous mutation in UNC119, which interfered with the normal subcel-
lular localization of Lck, leading to reduced T-lymphocyte proliferation following
T-lymphocyte receptor stimulation. Management was not indicated, but early use of
prophylactic antibiotics and antivirals is likely to be useful.

2.3.12.2 Lck Deficiency

The lymphocyte-specific protein-tyrosine kinase, Lck, encoded by LCK, is a
protein-tyrosine kinase of the SRC oncogene family, important in signal transduc-
tion through the T-lymphocyte receptor. The p56 (LCK) protein is bound to the
plasma membrane and interacts with intracellular domains of CD4+ and CD8+ co-
receptors. There are few reports of mutations in LCK in patients. A young female
with homozygous changes in LCK is reported who, from age 15 months, had pro-
tracted diarrhea, resulting in failure to thrive. She presented with recurrent upper
and lower respiratory tract infections, including a pneumonia complicated by a
pneumatocele. By the age of 22 months, she had daily fevers associated with mul-
tiple nodular skin lesions identified as neutrophilic panniculitis and interphalangeal
joint inflammation [134]. The immunophenotype demonstrated a profound CD4+
T-lymphocytopenia with a reduction in proportion of TCRap+ T-lymphocytes and
rise in TCRyd+ T-lymphocytes. B-lymphocytes and NK cell counts were normal or
slightly low. Optimal management is not clear — the patient underwent HSCT — but
succumbed to complications [135]. A further patient with common variable immu-
nodeficiency and CD4+ lymphocytopenia has been described with CD4+
T-lymphocytopenia and an aberrantly spliced Ick transcript lacking the entire exon
7 of LCK [136]. The same defect was found in an infant with SCID, presenting with
oral candidiasis and rotavirus-associated loose stools and poor weight gain [137].
Enterobacter cloacae was isolated from the blood and cytomegalovirus from the
urine and intestinal biopsies. HSCT was successful.

2.3.12.3 RASGRP1 Deficiency

Ras proteins actively switch between inactive GDP-bound and active GTP-bound
conformation and are critical to coordinate the cellular response to growth factors or
extracellular stimuli. RASGRPI is a guanine-nucleotide exchange factor that con-
verts Ras-GDP to Ras-GTP permitting activation of the RAS-REF-MAPK-ERK
pathway, which is involved in lymphocyte development and function.
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Several patients have now been described with bi-allelic loss-of-function muta-
tions in RASGRPI who presented with pleiotropic manifestations, associated with a
CD4+ T-lymphocytopenia [138—142]. Symptoms encompass infection, including
opportunistic infection from Preumocystis jirovecii, as well as recurrent pneumo-
nias from infancy with development of bronchiectasis, and enteral infection causing
growth failure. Severe recurrent EBV infection is a characteristic feature, which
predisposes to lymphoma — other malignancies including smooth muscle tumors are
described. Human papilloma virus can cause epidermodysplasia verruciformis.
Autoimmunity is an important associated feature — autoimmune hemolytic anemia
and immune-mediated thrombocytopenia are described in several patients — as well
as autoimmune hepatitis.

The immunophenotype characteristically demonstrates normal numbers of
CD3+ T-lymphocytes associated with CD4+ T-lymphocytopenia. CD8+
T-lymphocyte numbers are normal, as are B-lymphocyte and NK cells. Mucosal-
associated invariant T-lymphocytes and invariant NKT lymphocytes are also
reported as very low or absent. Immunoglobulin levels and vaccine response are
variably low to normal.

Treatment is supportive including antibiotic and antiviral chemoprophylaxis.
Specific treatment should be directed at treating autoimmune or malignant compli-
cations. HSCT is reported as successful and recommended.

2.3.12.4 Interleukin-2- Inducible T-lymphocyte Kinase Deficiency

Interleukin-2-inducible T-lymphocyte kinase (ITK), encoded by ITK, is involved in
lymphocyte signaling and development. When the T-lymphocyte receptor is acti-
vated, ITK is recruited to the cell membrane and activates PLCy1, which causes
intracellular calcium release and activation of the NFkB, mTOR, and MAPK/ERK
intracellular pathways.

Patients with mutations in ITK characteristically present with EBV-associated
lymphoproliferation and are highly susceptible to developing EBV-related lym-
phoma — 9 of 16 developed lymphomas in a recent review of ITK-deficient patients
[143]. Other features included CMV or varicella infection and EBV-driven hemo-
phagocytic lymphohistiocytosis in two. Autoimmune features were documented in
three patients. Specific pulmonary manifestations included pulmonary lymphopro-
liferation or lymphoma (Fig. 2.5), and pulmonary interstitial nodules were present
in most patients. Pulmonary infection was documented in some patients including
Pneumocystis jirovecii. One patient experienced progressive pulmonary infections
and bronchiectasis [144—153]. A CD4+ T-lymphocytopenia was present in most
patients, although CD3+ and CD8+ lymphocyte values were normal. Natural killer
T-lymphocytes, when measured, were reduced. Progressive hypogammaglobu-
linemia was documented in some patients. Of the 16 patients reported, 6 had died
without definitive therapy. HSCT seems curative and should be offered to these
patients once any malignancy has been controlled [143].
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Fig. 2.5 Chest radiograph
(a) of a 4-year-old child
with ITK deficiency
demonstrating extensive
bilateral pulmonary
nodules of variable sizes,
confirmed on thoracic
computerized tomography
with contrast (b). Biopsy
of the nodules
demonstrated an EBV-
driven lymphoproliferative
disorder

2.3.12.5 Magnesium Transporter 1 Deficiency

Magnesium is an essential cofactor for ATP, nucleic acids, and many enzymes.
Magnesium also acts as a second messenger following T-lymphocyte activation
through the T-lymphocyte receptor. Magnesium transporter 1 (MAGT1) mediates a
transient, magnesium influx immediately after T-lymphocyte receptor stimulation
to facilitate downstream signaling and intracellular calcium release. Few patients
with mutations in MAGTI, located on the X-chromosome, have been described to
date [154, 155]. Characteristic clinical features are an X-linked inheritance associ-
ated with chronic infection with EBV and B-lymphocyte lymphoma in some. Other
viral infections are described, including molluscum contagiosum and recurrent vari-
cella zoster. Viral pneumonia has been documented. A few patients have experi-
enced autoimmune cytopenias. The immunophenotype includes CD4+
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T-lymphocytopenia with normal CD3+, CD8+ and CD19+ counts, but with evi-
dence of diminished thymic output evidenced by low CD4 + CD27+ or CD31+
T-lymphocytes. A variable dysgammaglobulinemia is described with intermittent
impairment of vaccine antibody responses. Lymphocyte proliferations are dimin-
ished when mitogens that act through the T-lymphocyte receptor are employed, but
normal after stimulation with PMA and ionophore. Optimum treatment has yet to be
demonstrated, but it is likely that HSCT will be curative and should be
recommended.

2.3.13 TCRa Subunit Constant Chain Deficiency

The majority of T-lymphocytes express an extracellular and transmembrane
T-lymphocyte receptor heterodimer consisting of o and § peptides in association
with transmembrane and intracellular subunits of the CD3 complex. During
T-lymphocyte development in the thymus, the antigen-capture (variable) region of
the T-lymphocyte receptor is constructed following stochastic recombination events
of specific coding segments in the V (variable), D (diversity), and J (joining) regions
of the T-lymphocyte receptor loci and this joins with the constant subunit of the
T-lymphocyte receptor o and § chains. Two patients from the unrelated families
have been described who harbored a mutation at the last base of exon 3 following
the translational termination codon, causing abnormal splicing and a leaky termina-
tion signal. Clinical features comprised recurrent upper and lower sinopulmonary
infection leading to chronic lung damage, candidiasis, diarrhea, and growth failure.
One child exhibited chronic varicella, EBV and human herpesvirus 6 infection.
Hepatosplenomegaly and lymphadenopathy were evident. There was evidence of
autoimmunity with vitiligo, alopecia and hemolytic anemia [156].

The immunotype was similar between patients and showed normal CD3+
T-lymphocytes, which expressed the yd T-lymphocyte receptor. An abnormal popu-
lation of CD3 cells was present, which expressed the of T-lymphocyte receptor at
extremely low levels. Proliferation of lymphocytes in response to phytohemagglutinin
was variably impaired. Class-switched memory B-lymphocytes were present,
immunoglobulin levels were normal (although IgE was elevated), and vaccine
responses were present. Autoantibodies were also documented.

The infections responded to conventional antimicrobial treatment and did not
recur upon institution of antibacterial and antifungal prophylaxis. Both patients
responded favorably to HSCT.
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2.3.14 Ca?* Selective Release-Activated
Ca** Channelopathies

Channelopathies are a diverse group of diseases caused by dysfunctional ion chan-
nels and transporters due to mutations in the pore-forming alpha subunits or in
accessory proteins that regulate function. Store-operated Ca** entry is the major
method of restoration of intracellular Ca®* in cells in reaction to the depletion of
Ca?* stores in the endoplasmic reticulum, primarily facilitated by the Ca**-selective
release-activated Ca** (CRAC) channel The CRAC channel is constructed from the
pore-forming subunits ORAII1,2,3 and the Ca®* sensors, STIM1 and STIM2.
Recessive loss-of-function mutations in STIM1 or ORAIl result in immune
deficiency.

2.3.14.1 ORAI1 Deficiency

Few patients are described with ORAII deficiency [157-160]. Classical features
include growth failure, severe infections including BCGitis, interstitial pneumonia,
sepsis, chronic diarrhea, chronic candidiasis, pneumonia, pyelonephritis, otitis and
toxoplasma encephalitis. One patient developed autoimmune cytopenia. Non-
immune manifestations include myotonia, anhidrotic ectodermal dysplasia and
amelogenesis imperfecta. Immunological findings are characterized by normal lym-
phocyte numbers of all subsets. T-lymphocyte activation is severely diminished.
HSCT has been successfully performed.

2.3.14.2 STIM-1 Deficiency

Like ORAII deficiency, immunodeficiency due to defects in STIM-1 is rare, with
few patients described [161-164]. Patients present during infancy, with infection
and autoimmunity. Infectious presentations may be recurrent and involve upper and
lower respiratory tract, and sepsis. Bacterial and viral infections are described,
including chronic EBV infection with lymphomatoid granulomatosis in the lungs
and enteroviral encephalitis. Colitis is reported in two patients and autoimmunity is
a common feature. One patient is described with Kaposi sarcoma. Non-
immunological features include partial iris hypoplasia, myopathy or hypotonia and
defective enamel dentition. Immunological findings include normal lymphocyte
numbers but low or absent invariant natural killer T-lymphocytes and decreased
number of mucosal-associated invariant T-lymphocytes. Immunoglobulins are vari-
ably low, normal or raised. Lymphocyte proliferations are diminished. HSCT has
been successfully performed in a few patients.
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2.3.15 Serine-Threonine Protein Kinase 4 Deficiency
(Mammalian Sterile 20-like Protein Deficiency)

The serine/threonine kinase 4 gene (STK4) encodes Mammalian sterile 20-like pro-
tein (MST1), which is important in regulating lymphocyte homing and cell survival
and proliferation. Bi-allelic loss-of-function mutations have been described in a few
individuals [165-169]. Clinical features are varied, but severe lower respiratory
infection with bacterial agents, including extensive molluscum contagiosum,
eczema, recurrent skin abscesses, and significant human papillomavirus infection is
described. In some patients, mucocutaneous candida infection was a feature.
Autoimmune cytopenias were documented in a few patients.

The immune phenotype consistently showed lymphocytopenia, which was vari-
able, but in some patients, CD4+ lymphocytopenia was remarkable. Low numbers
of naive T-lymphocytes were present. B-lymphocyte numbers were generally nor-
mal, and immunoglobulin levels were normal or high. Autoantibodies were present
in some patients. Intermittent neutropenia was a significant feature in several
patients.

Treatment with antimicrobial prophylaxis and immunoglobulin replacement
was effective for some patients, but given the severity of the combined immuno-
deficiency, HSCT seems a reasonable approach and was successful for some
patients.

2.3.16 CARDI1/BCLIO/MALTI (CBM) Complex Deficiencies

Nuclear factor kB (NF-kB) is a key component of lymphocyte activation, survival,
proliferation, and production of inflammatory cytokines. Physiological regulation
of NF-kB activation is performed by a protein complex constituted from caspase
activation and recruitment domain 11 (CARDI1), B-cell CLL/lymphoma 10
(BCL10), and mucosa-associated lymphoid tissue lymphoma translocation protein
1 (MALT1), the CBM complex. Loss-of-function and gain-of-function mutations in
the CARDI1, BCLI10, and MALTI genes encoding these protein constituents have
been described in a few patients [170-180].

Autoimmune features are prominent in these diseases, particularly severe inflam-
matory bowel disease in MALT] and BCLI0 deficiency, but severe eczematous dis-
ease is also reported. Infection is also a prominent feature — particularly
sinopulmonary infections due to bacterial, viral, and fungal pathogens — infection
with Pneumocystis jirovecii is reported in one patient with CARDI1 mutations.
EBV infection has not been significant, and lymphoproliferative disease has not
been reported in this group of disorders.

AL GRAWANY
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The immunotype shows wide variation. The lymphocyte numbers are generally
normal, although B-lymphocytopenia has been described in a patient with MALT 1
deficiency. Regulatory T-lymphocytes and Tyx17 lymphocytes are generally reduced
in CARD1 I-deficient patients but normal in MALT1-deficient patients. The patient
with BCL10 deficiency showed a profound hypogammaglobulinemia, and progres-
sive hypogammaglobulinemia is found in CARD11 deficiency, with absent anti-
body responses to vaccine antigens. In MALT 1-deficient patients, immunoglobulin
levels are normal, and antibody response to vaccine antigen is variable.

Optimum treatment is yet to be determined — antimicrobial prophylaxis and
immunoglobulin replacement may be of some value — but there are a few reports of
successful HSCT.

2.3.17 RHOH Deficiency

The Ras homolog family member H is an important negative regulator of hemato-
poietic cell growth and survival. Two adult patients have been described with bi-
allelic loss-of-function mutations in RHOH, whose main clinical phenotype was
severe persistent epidermodysplasia verruciformis from early childhood, with less
severe molluscum in one patient [181]. One patient developed a Burkitt lymphoma.
Significant pulmonary complications included development of a lobar granuloma-
tous lesion and emphysema. The immunological investigations revealed normal
T-lymphocyte counts but with slightly low CD4+ T-lymphocytes and high CD8+
T-lymphocytes. However, recent thymic emigrants were very low, and there was
restricted TCR usage with clonal expansion of certain VP families. There was
impaired lymphocyte proliferation after stimulation through the T-lymphocyte
receptor. There were no major abnormalities in the immunoglobulin levels or vac-
cine antibody responses. Treatment was symptomatic; however, the
T-lymphocytopenia was corrected in mice after HSCT, suggesting that this treat-
ment modality may have utility in human patients.

2.3.18 IL2IR Deficiency

The interleukin-21 receptor (IL21R) binds to the common 7y chain to transmit sig-
nals through the JAK-signal transducer and activator of transcription (STAT) path-
ways. IL-21 also regulates lymphocyte proliferation, B-lymphocyte cell
differentiation, NK cell cytotoxicity, and Ty 17 lymphocyte differentiation. Loss-of-
function mutations in /L2/R have recently been identified in a few patients [182—
184]. The clinical presentation often begins in childhood — respiratory infection and
gastrointestinal disease predominate. Chronic upper and lower respiratory infection
is frequently described, leading in some cases to bronchiectasis, and Pneumocystis
Jjirovecii infection appears to occur frequently. Atypical mycobacterial lung
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infection is described. Progressive cholangitis secondary to cryptosporidial infec-
tion also occurs frequently, leading to cirrhosis and end-stage liver disease. Candidial
infection was documented in several patients.

Immunological findings were variable. T-lymphocyte numbers were in the nor-
mal range. Some patients demonstrated raised B-lymphocytes, but class-switched
memory B-lymphocyte numbers were reduced. Immunoglobulin levels were vari-
ably low or normal, except IgM and IgE which were often raised.

Immunoglobulin replacement was offered as treatment, but the severity of the
immune defect and risk of serious lung and liver disease suggest that HSCT should
be offered early in the course of disease.

2.3.19 MTHFDI Deficiency

Methylenetetrahydrofolate dehydrogenase 1, encoded by MTHFDI, is a protein
that catalyzes three reactions involved in cellular folate metabolism and is essential
for the generation of formyltetrahydrofolate and methylenetetrahydrofolate and
important for nucleotide and homocysteine metabolism. To date, only one patient
has been described with bi-allelic loss-of-function mutations in MTHFDI [185,
186]. The infant presented as a patient with SCID, with poor feeding within a few
weeks of birth, associated with pallor. By 8 weeks of age she required an erythro-
cyte transfusion and had Pneumocystis jirovecii pneumonitis associated with pancy-
topenia and elevated lactate dehydrogenase. She was profoundly pan-lymphocytopenic
with absent lymphocyte proliferations and reduced IgG but normal IgM and IgA. A
bone marrow examination showed giant bands and nuclear-cytoplasmic dyssyn-
chrony with hypersegmented neutrophils and on a peripheral blood smear showed
hypersegmented neutrophils. She had elevated serum homocysteine and slightly
low serum methionine. She exhibited mild bilateral sensorineural hearing loss and
epilepsy.

Treatment of the Pneumocystis jirovecii, commencement of immunoglobulin,
and addition of hydroxocobalamin, oral folate, and betaine resulted in improved
hematopoiesis and partial immune reconstitution with rising lymphocyte counts and
improved proliferations. The patient remained on methylfolate, methylcobalamin,
and immunoglobulin replacement and at 6 years of age had experienced no further
serious or opportunistic infection but has a refractory seizure disorder and mild to
moderate intellectual disability.

2.3.20 CARMIL2/RLTPR Deficiency

RGD-, leucine-rich repeat-, tropomodulin domain-, and proline-rich domain-
containing (RLTPR) protein, encoded by CARMIL2, is important for T-lymphocyte
co-stimulation mediated through CD28. A few patients have been described with
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bi-allelic loss-of-function mutations [187—190]. Typical clinical features described
affect the skin, gastrointestinal tract, and sinopulmonary system. Additionally, for
some patients, EBV is persistent, and a number have developed smooth muscle
tumors. Skin involvement was common and affected most patients — dermatitis,
warts, and molluscum were most frequent manifestations, but varicella infection
was well described. Less common were psoriatic lesions and hyperkeratotic lesions.
Upper airway infections were common, as well as pneumonias, and several patients
developed bronchiectasis. Growth failure associated with diarrhea was common,
and few patients developed inflammatory bowel disease. One patient developed
hemophagocytic lymphohistiocytosis.

The immunotype demonstrated normal CD3+, CD4+, and CD8+ T-lymphocyte
counts with normal B-lymphocyte and NK cell counts. However, there was an
increase in the CD4+ naive T-lymphocyte pool and decrease in the memory pool.
There was areduction in FOXP3+ regulatory T-lymphocytes. Proliferative responses
were generally impaired but not absent, particularly of naive CD4+ T-lymphocytes.
Immunoglobulins and antigen-specific antibody levels were variably normal or
reduced.

A number of the described patients have reached adulthood. Appropriate treat-
ment of infection, possibly with antimicrobial prophylaxis, appears to be adequate.
Patients with hypogammaglobulinemia may benefit from immunoglobulin replace-
ment. The role of hematopoietic stem cell treatment has not been explored for this
disease.

2.4 Conclusion

Much has been learnt over the last 50 years about the clinical manifestations of
many combined immunodeficiencies. The elucidation of immune function path-
ways from the discovery of new genetic defects causing disease enables prediction
of other uncharacterized diseases as our understanding of the immune connectome
broadens. For those diseases that have been recognized and identified for the longest
periods of time or for which there are larger patient cohorts, the functional defect,
natural history, and current optimal treatment are well established. However, as new
information becomes available, we may need to modify our management approach.
For the more newly described diseases, much more information is required before
we can confidently recommend the best investigative and treatment approach —
when only a few patients are described, it is not clear if these represent the dominant
clinical and immunological phenotype or rather are extremely severe or mild exam-
ples of disease manifestation. Additionally, we should be mindful of the impact that
environment plays on disease manifestation — for the newly described diseases, a
number of patients come from specific ethnic and geographical backgrounds, and so
the disease manifestation may not represent that of patients with the same disease in
other parts of the world.
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Chapter 3
Pulmonary Manifestations
of Predominantly Antibody Deficiencies

Amene Saghazadeh and Nima Rezaei

3.1 Introduction

Predominantly antibody deficiencies (PADs) are the most frequent forms of primary
immunodeficiency diseases (PIDs). These conditions are resulted from a primary
defect in B-cells. Though to a lesser extent, they are caused by a defect in T-cells or
other immune cell populations known to contribute to B-cell or plasma cell develop-
ment and function. Overall, PADs are characterized by a malfunctioned antibody
response which is reflected in low or undetectable levels of immunoglobulin(s). As
aresult, recurrent infection is the most common presentation leading to diagnosis of
PADs. It would also remain the cause of most complications during the course of
disease. Overall, physicians who are the most likely to encounter patients with
PADs are those of infectious disease specialists [1].

Patients with chronic and recurrent respiratory infections are prone to develop
severe respiratory conditions such as bronchiectasis and obliterative bronchiolitis.
Therefore, patients with respiratory infections need particular attention. They should
be prescribed an appropriate therapy as soon as possible and have to be adhering to
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more and longer medical therapies. Immunoglobulin substitution therapy along
with prophylactic antibiotics remained the cornerstone of treatment for PADs and
related complications [2]. Generally, immunoglobulin replacement therapy can
effectively reduce both incidence and severity of infections [2]. However, immuno-
globulin products contain only purified IgG antibodies and lack other antibody iso-
types. It is thus expected that pulmonary infections may persist and even flourish
under regular immunoglobulin replacement therapy. Thereby, the patient will be
more predisposed to chronic lung diseases and related severe sequels such as respi-
ratory failure [3]. Recent studies have identified a gap for screening protocols to
monitor respiratory manifestations in patients with PADs [4].

(For further information you may see Aghamohammadi A, Plebani A, Lougaris
V, Durandy A, Condino-Neto A, Kanegane H, Hammarstrom L. Predominantly
antibody deficiencies. In: Rezaei N, Aghamohammadi A, Notarangelo LD, editors.
Primary immunodeficiency diseases: definition, diagnosis, and management. 2nd
ed. p. 183-244.)

3.2 X-Linked Agammaglobulinemia (Bruton’s Disease or
BTK Deficiency)

Among the most severe types of PADs is X-linked agammaglobulinemia (XLA),
the first PID described by Ogden Bruton in 1952. XL A is the most common mono-
genic immunodeficiency [5] resulting from mutations on the X chromosome in the
gene encoding a tyrosine kinase, the so-called Bruton’s tyrosine kinase (Btk). These
mutations are of loss-of-function type, making an arrest in the early stages of B-cell
development [5]. XLA is therefore a humoral immunodeficiency characterized by
depletion of B-cells and low levels of all immunoglobulins (IgG, IgA, IgM, IgD,
and IgE) [6]. While the number of T-cells and NK cells varies within normal range,
it is however realized that lack of B-cells might lower the optimal function of
T-cells, as reflected in the diminished T-cell memory to specific antigens. For exam-
ple, patients with XLLA show a defect in T-cell memory to N. meningitidis but not
influenza [7]. The presentation of this antibody immunodeficiency is expected to
occur (a) earlier than other types of PADs, (b) after maternal antibodies waned, and
(c) during the first 2 years of life with recurrent and severe sinopulmonary infections
[8-11]. However, there are reports, for example, from China, where the mean age at
diagnosis was more than 6 years. Even, there have been reports of late-onset XLLA
(up to the fourth decade of life) [12]. Overall, the mean age at diagnosis falls within
the range 3.2—7.7 years, whereas the mean age at onset of symptoms happens within
the range 1.8—4.2 years [13—17, 10, 18]. This reflects the delay in diagnosis ranging
from 1.4 to 3.6 years.

In conjunction with its expression on different cells such as B-cells, monocytes,
macrophages, granulocytes, dendritic cells, and osteoclasts, BTK serves as a poten-
tial contributor to various intracellular functions, essentially B-cell development
[19] and differentiation [20], natural killer (NK) cell activation [21], and T-cell
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memory [22]. While BTK deficiency can leave the body in a state of immunodefi-
ciency (e.g., XLA), its upregulation may lead to autoimmune states, such as rheu-
matoid arthritis and systemic lupus erythematosus [19], as well as malignant states,
notably B-cell malignancies [23], squamous cell carcinoma, and pancreatic cancer
[24]. Hundreds of variants have been identified in the gene BTK from patients with
XLA [25-29, 18] which may explain phenotypic divergence in XLA [30]. Therefore,
data are integrated to investigate genotype-phenotype interactions [31]. Overall, the
most common complications of XLA are pulmonary infections and bronchiectasis.

3.2.1 Pulmonary Infections

Generally, infections account for the highest proportion of presenting manifesta-
tions of XLA [9, 10, 16, 29]. In particular, a prospective study of 101 individuals
with XLA reported the presence of at least one of these three infectious complica-
tions: pneumonia, sinusitis, and chronic lung disease with bronchiectasis in 76% of
patients with XL A [14]. Moreover, the majority of infections affect the upper and
lower respiratory tracts [16, 10, 18, 32] and are of bacterial origin, among which
bronchitis, pneumonia, chronic sinusitis, otitis, and conjunctivitis are the most
common complications of XLA [33]. Infections occur not only before diagnosis
but remain a major cause of complications during the course of disease, immuno-
globulin substitution, and death in patients with XLA [32, 10]. The most common
infections prior to and after diagnosis include otitis media, pneumonia, and sinus-
itis [9, 29].

Pneumonia is the most common acute infection associated with XLA [14].
Recurrent pneumonia should be, therefore, regarded as an alarm sign for PIDs
including XLA [34, 35]. Before the diagnosis is made, between 60% and 83% of
patients with XL A have a history of at least one episode of pneumonia [36], and
approximately 30% of patients have a history of hospitalization due to pneumonia
[16]. With an adequate immunoglobulin therapy, the rate of pneumonias is reduced
by more than 10% [14] and lies within the range of 0.00-0.10 pneumonias per treat-
ment year [13, 37]. However, approximately 50% of patients might experience dete-
rioration in their respiratory status while receiving immunoglobulin therapy [38].
The rate of infectious episodes during immunoglobulin therapy seems to be age-
related, since there is a threefold increased risk for infections in adult patients com-
pared with pediatric patients (2.12 vs. 0.74 infections/patient/year) [38]. More
important is that pneumonias after initiation of immunoglobulin therapy might be
severe as many as half of episodes might require hospitalization for intravenous
antibiotic treatment [13]. In multivariate analysis, patients with bronchiectasis had
a > 3-fold increased risk of pneumonia during the 5-year immunoglobulin therapy
[14]. Tts source remained unknown in almost 80% of cases. However, sputum cul-
tures could reveal the following as bacterial pathogens underlying pneumonia in
patients with XLA: Haemophilus influenzae, Streptococcus pneumoniae,
Staphylococcus aureus, and Mycoplasma pneumonia [13, 33]. Analysis of bron-
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choalveolar lavage (BAL) in patients with XLA without acute pulmonary function
identified bacterial pathogens such as Haemophilus influenzae and Veillonella [39].
Also, bacteria that were observed through protected specimen brush samples
included Haemophilus influenzae, f-hemolytic streptococci, and Porphyromonas
[39]. Other bacterial pathogens found in association with pneumonia among patients
with XLA are Pseudomonas species and M. tuberculosis [16]. Looking at chest
X-ray, pneumonia in patients with XLA can cause peribronchial thickening and
then segmental atelectasis [13]. Antigen-specific immunological responses might
predict the risk of respiratory tract infections in patients with XLA. More precisely,
individuals who developed IgG and IgM responses specific to bacteriophage phi-X
174 were less likely to be affected by respiratory tract infections (RTI) compared
with those who developed only IgM responses [22]. Although very rare, there are
reports of pulmonary infections with fungal (aspergillosis and Pneumocystis jir-
oveci) [40] and viral pathogens (respiratory syncytial virus) [41-43] in patients with
XLA even despite regular immunoglobulin substitution therapy. Chronic sinusitis
seems to predispose individuals with XLA to pulmonary aspergillosis [40].

3.2.2 Bronchiectasis

There are individuals with impaired pulmonary function, as revealed through pul-
monary function test, that show a normal chest X-ray [13]. However, an abnormal
chest X-ray clearly warrants that pulmonary function is impaired [13]. Patients with
XLA show changes in pulmonary function test (PFT) that favor obstructive lung
disease. These include a reduction in forced expiratory volume in the first second
(FEV1) as well as a reduction in forced expiratory flow (FEF) [13]. Pulmonary
function abnormalities appear not to be age-related [13]. The delay in diagnosis has
shown an inverse association with the risk of chronic lung disease. Supporting this,
lung function decreases with aging in patients with XL A and is worsened by smok-
ing and bronchiectasis. A longitudinal study of patients with XLA (n = 8) over an
average period of 7.6 years calculated an average annual decline of 65 + 11 mL/year
and 58 + 20 mL/year for FEV1 and FVC, respectively [15]. Immunoglobulin ther-
apy dose demonstrated a negative association with lung function decline. This
reflects the protective effect of immunoglobulin therapy [15].

Evidence of chronic lung disease (CLD) before diagnosis is present in nearly
one-third of patients with XLA [16]. Factors known to increase the risk of CLD
before diagnosis of XLLA include higher age at diagnosis and the presence of a lower
respiratory tract infection (LRTI) [16]. This may indicate that delayed diagnosis
might leave patients facing higher risk of CLD [18]. CLD is observed in 40% of
patients with XLA who had a history of LRTI. Approximately, 30% of patients
develop CLD later in the course of disease [16]. CLD risk after diagnosis of XLA is
predicted by pneumonia and inappropriate immunoglobulin substitution therapy
[16]. Study of 201 US patients with XL A identified CLD as the cause of death in
25% of cases [9]. CLD also has been shown to have a negative impact on the life
quality of patients with XLA [44].
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Keeping in mind the high incidence of pulmonary infections, bronchiectasis is
considered a common complication of XLA. A study of Australian adults estimated
a twofold incidence of infection with bronchiectasis compared to infection without
bronchiectasis among patients with XLA (67% vs. 33%) [45]. In a multicenter study
of 199 patients with XLA, the use of high-resolution chest CT imaging indicated a
prevalence of bronchiectasis as high as 56% [33]. The prevalence of bronchiectasis
increases with age [14] and that turning 18 years old was the most important factor
predictive of bronchiectasis [33]. However, other factors associated with an increased
risk of bronchiectasis included a history of pneumonia and treatment with IVIG
compared with subcutaneous IG [33]. In addition, patients with chronic sinusitis
were four times more likely to have bronchiectasis [14]. It is important that almost
half of patients with XLA suffer from chronic sinusitis [14], whereas no effect of
IgG levels on the risk of bronchiectasis was found [14]. The age range for develop-
ment of bronchiectasis was 7—45 years [33]. Regardless of age, bronchiectasis low-
ers lung function as reflected in reduced FEV1 [33]. Bronchiectasis is, therefore, the
real cause of diminished life quality among patients with XLA [38]. CXR findings
are often evident in the middle and lower lobes of the lung(s) [11]. HRCT appears to
be more sensitive than CXR for evaluation of pulmonary abnormalities in patients
with primary hypogammaglobulinemia including XLA [46].

3.2.3 Chronic Pleurisy

There is report of recurrent chronic pleurisy presented with thickened pleura and
calcification in CT imaging and intraluminal fibrosis, foamy alveolar macrophages,
and chronic inflammation in histopathological examination of the pleural tissue
[47]. Broad-range bacterial polymerase chain reaction (PCR) identified H. equorum-
like bacterium as the underlying pathogen of these abnormalities. Taking high-dose
panipenem/betamipron (PAPM/BP) and clarithromycin significantly improved the
patients’ situation.

3.2.4 Potential Mechanisms of Respiratory Manifestations
in XLA

Both lipopolysaccharide (LPS) and anti-IL-8/IL-8 immune complexes act as stimu-
lus to neutrophils [48]. Upon stimulation, FcyRIla is recruited from intracellular
compartments to the cell surface. FcyRIla recruitment is accompanied with activa-
tion of Btk, which in turn induces the expression of adaptor molecule MyD88. In
this manner, Btk act to direct cross talk between FcyRIlIa and toll-like receptor 4
(TLR4) [49]. It is followed by engagement of MyD88 adapter-like (Mal)/TIRAP
interaction which plays a crucial role in TLR-dependent NF-kappaB (NF-kB) pro-
inflammatory responses [50]. Matrix metalloproteinases (MMP) mainly MMP9
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induced by NF-«B contribute to tissue remodeling in acute lung injury. As expected,
Btk inhibitors could abrogate the expression of both Btk and MyD88 in human
neutrophils activated with anti-IL-8/IL-8 immune complexes [48]. Additionally,
treatments blocking either Btk or MMP9 diminished the expression of MMP9 in
neutrophils from mice exposed to secondhand smoke [51]. Altogether, it is plausible
to think of Btk-targeted neutrophil-specific therapy in conditions associated with
acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) [48] and
chronic obstructive pulmonary disease (COPD) [51].

Ibrutinib is used in targeted therapy of malignancies and autoimmune diseases to
inhibit BTK. It has been shown to prevent influenza-induced acute lung injury
through reduction of pro-inflammatory mediators [52]. Btk inhibitor RN983 showed
much more anti-inflammatory potency than corticosteroid budesonide in mouse
lung in form of inhalation [53]. This makes it effective in the treatment of allergic
asthma. RNA interference (RNAI) of Btk has been demonstrated to decrease protein
levels of Btk and phosphorylated Btk (p-Btk) and diminish the expression and acti-
vation of Btk in alveolar macrophages [54]. In a mouse model of cecal ligation and
puncture (CLP)-induced sepsis, pretreatment with Btk RNAi was able to prevent
epithelial cell apoptosis, pulmonary edema, vascular permeability, the expression of
inflammatory cytokines (TNF-a, IL-1f, and IL-6) and signaling (NF-kB), and neu-
trophil lung infiltration.

On the contrary, there is evidence that the over-suppression of innate immunity
by ibrutinib might cause toxic events. Ibrutinib can lead to epithelial cell apoptosis
and inflammation that promote pulmonary infections [55] and fibrosis [56]. Even,
there is report of invasive aspergillus infection in association with ibrutinib in
patients with chronic lymphocytic leukemia [57]. These toxic effects induced by
ibrutinib draw a picture of what happens in patients with XLA, where loss-of-
function mutations lead to downregulation of Btk.

Study of XLA mice suggest that IgM contributes to alveolar macrophage phago-
cytosis and thereby confining the fungal infection to limited areas [58]. In this man-
ner, low IgM levels in patients with XLA make them prone to develop more severe
infections with fungal pathogens such as Cryptococcus neoformans.

B-cells act as the regulator of neutrophil migration to the site of stimulus.
Depletion of B-cells in XLA dictates the rapid migration of neutrophils to the site
of stimulus whereby the opportunity of macrophages to attract to the site of stimulus
is captured, while macrophage activation is required for engagement of interferon
gamma (IFNy)-producing T-cells, which in turn elicit an effective response to bacil-
lus Calmette-Guérin (BCG) vaccination [59]. In this manner, impairment in antitu-
berculosisimmunity exists as aresultof disrupted IFNy-producing T-cell-macrophage
axis in XLA.

TLR signaling pathways as well as TLR effector function are maintained despite
loss of Btk function [60]. Neutrophils from patients with XLLA upon stimulation
with LPS revealed activation of MAPK cascades, production of reactive oxygen
species (ROSs), and reduction of neutrophil apoptosis. All these events occurred in
a comparable fashion in neutrophils from controls. Particularly, ROSs are required
for phagocytosis of pathogens [61].
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Impairment in B-cell development causes airway inflammation [62], and there-
fore allergic symptoms might be present in patients with XLA [63]. Compared with
wild-type mice, X-linked immunodeficiency (Xid) mice exhibited an increase in
production of cytokines (IL-4, IL-5, IL-10, IL-13, CCLS5, and IFNy), lung inflam-
mation, interstitial eosinophilia, and mucus production in response to challenge
with cockroach antigen.

3.2.5 Management of Respiratory Manifestations in XLA

Immunoglobulin therapy helps to restore IgG levels to protective levels [13].
Patients on high-dose intravenous immunoglobulin therapy rather than low-dose or
intramuscular immunoglobulin therapy are more likely to achieve recommended
levels of IgG [64]. Analysis of serial determination of IgG levels in patients with
XLA receiving IVIG therapy indicated that a median IgG level of 354 mg/dl pre-
dicts that individual immunity against infections is acceptable [65]. The annual inci-
dence of bacterial infections (pneumonia) was estimated to be 0.16 (0.12), 0.05
(0.05), and 0.00 (0.00) when IgG levels are below 500 mg/dL, between 500 and
800 mg/dL, and above 800 mg/dL [37]. Of note, a 5-year prospective study of 101
individuals with XLA identified only one episode of pneumonia in cases with IgG
levels >1000 mg/dL [14]. Individuals taking a high dose of IVIG (397 mg/kg) are
expected to be infection-free [65].

Lung transplantation (LTx) is the option available for patients with bronchiecta-
sis and end-stage respiratory failure caused by XLA. Even after LTx, regular
immunoglobulin substitution is still required for prevention of infections [66].
Although it is promising that the lungs often reach an acceptable or predicted func-
tional level, post-lung transplant infection and respiratory failure remain life-
threatening [45]. The authors in [67] reported the long-term outcome of six patients
with XLA who underwent LTx. All patients but one died within the first 3 years
after LTx. The pulmonary infection (bronchiolitis and pulmonary sepsis) was the
cause of death for all but one case who died from progressive multifocal
leukoencephalopathy.

3.3 Autosomal Recessive Agammaglobulinemia (p Heavy
Chain Deficiency, AS Deficiency, Iga Deficiency, Ig
Deficiency, BLNK Deficiency)

When we have a male child with congenital hypogammaglobulinemia and absent
B-cells, the first differential diagnosis to consider is XLA, which is resulted from
mutant BTK. When we have a female child with similar clinical and immunological
presentation, the first differential diagnosis to consider is autosomal recessive (AR)
agammaglobulinemia (ARA). Mutations identified as the cause of autosomal
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recessive forms of agammaglobulinemia occur in the genes encoding molecules that
contribute to the structure and function of pre-B-cell receptor (BCR) or its down-
stream pathways such as the p heavy chain (IGHM), B-cell linker adaptor protein
(BLNK), the immunoglobulin A-like polypeptidel (IGLL1), leucine-rich repeat-
containing 8 (LRRC8A), Iga (CD79A), and Igp (CD79B) [31].

As pre-B-cells are known as precursors of B-cells, the pre-B-cell receptor (BCR)
is considered as precursor of B-cell receptor. As a result, pre-BCR is an essential to
B-cell development. It is composed of the p heavy chain (WHC) and the surrogate light
chain (SLC). The SLC, in turn, includes invariant Vpre-B and A5 polypeptides. Also,
transmembrane protein Iga in association with Igf serves as the signal transduction
component for the pre-BCR complex. Abnormalities in pre-BCR structure and func-
tion hinder the transition from pro-B- to pre-B-cell stage [68], predisposing individu-
als to immunodeficiency, malignancy, and autoimmunity (for review see [69]).

3.3.1 u Heavy Chain Deficiency

Yel et al. 1996 [70] were the first group to identify mutations in the IGHM gene as
a cause of agammaglobulinemia. They reported seven patients from two families
with AR B-cell defects. Patients presented between 1 and 15 months of age. Clinical
manifestations included fever, weakness, rashes, chronic enteroviral encephalitis,
recurrent infections (pneumonia, bronchopneumonia, and otitis), failure to thrive,
gastrointestinal disorders, septic shock (due to Pseudomonas aeruginosa), arthritis,
and perirectal abscesses.

Thereafter, more studies have investigated the IGHM as a potential candidate gene
for AR B-cell defects [31, 71-74]. These studies indicate that (a) the IGHM gene is
very polymorphic [72], (b) the presence of large deletions rather than point mutations
is more likely in patients with agammaglobulinemia [74], and (c) mutant IGHM
accounts for about 20-30% of patients who have AR B-cell defects [71] and as well
for about 5% of all patients with agammaglobulinemia [74]. Also, it is concluded that
patients carrying mutant IGHM experience an earlier onset and more difficult course
of agammaglobulinemia compared to patients carrying mutant BTK [71]. Overall,
mutant IGHM may cause respiratory manifestations such as recurrent upper respira-
tory tract infections (viral rhinitis, sinusitis, otitis, pharyngitis, and rhinopharyngitis),
recurrent pneumonia, bronchopneumonia, bronchiectasis, and asthma.

3.3.2 A5 Deficiency

Studies show that despite allelic exclusion of Ig p heavy chain would remain nor-
mal, B-cell development is, however, not completely [75] ablated in mice deficient
in A5 [76]. Minegishi et al. 1998 [77] reported a case with hypogammaglobulinemia,
less than 1% of normal number of B-cells, and undetectable levels of CD19. He
presented with recurrent otitis at 2 months of age.

AL GRAWANY
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3.3.3 Iga Deficiency

Minegishi et al. 1999 [78] published the first case of defect in Iga (CD79a) with
agammaglobulinemia. The patient presented with recurrent diarrhea, failure to
thrive, bronchitis, and neutropenia. The age at onset of disease was before 1 month
of age. The authors demonstrated that defect in the Iga gene results in complete
blocking of B-cell development as defect in the IGHM. This study proved that the
functional role of Iga as a component of signal transduction molecule is not less
than the role that the mu heavy chain plays as a structural component of pre-
BCR. The second one was reported by Wang et al. 2002 [79]. Clinical and immuno-
logic features consisted recurrent upper and lower respiratory tract infections, otitis
media, weakness, almost complete absence of B-cells but not T-cells, hypogamma-
globulinemia, dermatomyositis, and diarrhea.

3.3.4 IgP Deficiency

Study in Drosophila melanogaster [80] showed that mutant Igf is a contributing
factor to the dissociation of Iga/Igf, whereby the pre-BCR complex cannot be
assembled and B-cell development is blocked. Moreover, deletion of Igf dictated
death in murine developing B-cells including pre-B-cells and immature B-cells
[81]. The first patient carrying mutant Igf} (CD79b) was described by Dobbs et al.
2007 [82]. She presented with recurrent bronchitis, persistent cough, pneumonia,
and hypogammaglobulinemia. The age at onset of symptoms was about 5 months.
Ferrari et al. 2007 [80] were the second group who found mutant Igf in a patient
presented with less than 1% of normal CD19 levels, hypogammaglobulinemia, but
normal counts of T and NK cells. His symptoms began to appear at 8 months of age
and included recurrent pneumonia, conjunctivitis, otitis media, sinusitis, and bron-
chitis. At the time of evaluation, he was 20 and demonstrated chronic sinusitis at his
CT scan. The third case was recently introduced by Lougaris et al. 2014 [83]. The
patient was a female child, whose symptoms started at 14 months of age. She pre-
sented with recurrent upper respiratory tract infections, fever, neutropenia, profound
hypogammaglobulinemia, and complete absence of B-cells but normal numbers of
T and NK cells.

3.3.5 BLNK Deficiency

BLNK is essential for B-cell development and function. Mice deficient in BLNK
failed to generate B220 + CD43— precursor B-cells and lacked mature B-cells in the
periphery [84]. BLNK deficiency also led to reduce IL-10 production in mice [85].
Mutant BLNK in a patient lacking pre-B-cells or mature B-cells was first reported
in 1999 [86]. The patient presented with recurrent otitis, pneumonia, and hypogam-
maglobulinemia. His symptoms commenced at 8§ months of age. Other studies that
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have found mutant BLNK in association with agammaglobulinemia can be found
here [87—89]. They confirm recurrent otitis and sinopulmonary infections as the
most common initial presentation of BLNK deficiency [88, 89]. However, other
clinical manifestations included diarrhea, enteroviral infection, arthritis, dermatitis,
and bronchiectasis [89].

3.4 Other Forms of Agammaglobulinemia with Absent
B-Cells (TCF3 Deficiency, LRRCS8 Deficiency, Thymoma
with Immunodeficiency)

3.4.1 TCF3 Deficiency

Studies of mice have shown that the transcription factor 3 (TCF3) gene plays a cru-
cial role in B-cell development [90-92]. This gene which is also known as E22 gene
encodes transcription factors E12 and E47. Mutations in TCF3 have been reported
in both autosomal recessive [93] and autosomal dominant [94] agammaglobulin-
emia. The authors in [93] described a patient with B-cell acute lymphoblastic leuke-
mia (B-ALL) presented with profound hypogammaglobulinemia, recurrent
pneumonia, meningitis, pancytopenia, and splenomegaly. His immunological find-
ings included less than 1 percent normal number of CD19+ B-cells in the periphery
in the presence of normal counts of CD3+, CD4+, and CD8+ T-cells. Boisson et al.
2013 [94] identified the same de novo mutation in the TCF3 gene (within the exon
that encodes E47) in four patients with an unusual phenotype characterized by
almost complete absence of BCR in the presence of increased expression of CD19
on B-cells [95]. All patients presented severe hypogammaglobulinemia and less
than 3 percent CD19+ cells in the periphery. Age at diagnosis ranged from 9 months
to 4 years. Clinical presentations included pneumococcal meningitis, recurrent oti-
tis, vaccine-associated polio, and arthritis. Other clinical findings were dermatitis
and hepatomegaly.

3.4.2 LRRCS8 Deficiency

Sawada et al. 2003 [96] are the first group that isolated the leucine-rich repeat-
containing 8 (LRRC8) and showed that B-cell development is impaired in mouse
model for a truncated expression of LRRCS. They also provided a report describing
a girl patient with agammaglobulinemia, absence of B-cells, epicanthic folds, mild
hypertelorism, high-arched palate, and lowered ears. The patient carried mutant
LRRCS. To our knowledge, no other report of mutant LRRCS in association with
agammaglobulinemia has been published.
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3.4.3 Thymoma with Immunodeficiency (Good’s Syndrome)

Good’s syndrome (GS) or thymoma with immunodeficiency refers to the combined
conditions of thymoma and immunodeficiency. It is mainly characterized by thy-
moma, hypogammaglobulinemia, and low number of B-cells in the periphery.
However, low number of T-cells and an inverted CD4/CDS8 ratio are also common.

Tarr et al. 2001 [97] in the study provided a report of 5 patients with GS pre-
sented with infection as well as a review of 46 other patients with GS and infections.
Infections have a propensity to affect the respiratory and gastrointestinal tract [98,
99]. The following are infectious complications documented in GS: recurrent sino-
pulmonary infection, CMV disease, bacteremia, oral or esophageal candidiasis, per-
sistent mucocutaneous candidiasis, chronic diarrhea, urinary tract infections, P.
carinii pneumonia, tuberculosis, Kaposi sarcoma, disseminated varicella, candi-
demia, wound infection with Clostridium perfringens, Mycoplasma arthritis, etc.
However, the main clinical findings at presentation appear to be sinopulmonary
infections with encapsulated bacteria. When compared to patients with CVID,
patients with GS experience a more difficult course of immunodeficiency compli-
cated with opportunistic infections such as P. carinii pneumonia, mycobacterium
tuberculosis, and mucocutaneous candidiasis, resembling that which occurs in
human immunodeficiency virus (HIV) infection [100]. Therefore, if a patient with
thymoma or CVID develops refractory infections, then we should consider GS as a
differential diagnosis. Particularly, persistent infection (pneumonia) following thy-
mectomy might warrant that your patient is very likely to have GS [101-105].
Overall, respiratory manifestations in association with GS include recurrent sino-
pulmonary infections (sinusitis, rhinosinusitis, otitis media, and pneumonia) [106—
114] with bacterial (especially with encapsulated bacteria including Haemophilus
influenzae), fungal (aspergillus and P. carinii), and viral (CMV and HSV) patho-
gens [115-121], tracheobronchitis [118], diffuse panbronchiolitis [122—124], gran-
ulomatous lung disease [125], and pulmonary nodules [123]. As for patients with
other forms of agammaglobulinemia, patients with GS remain dependent on immu-
noglobulin replacement therapy. A recent study has estimated the median survival
of 14 years for 47 patients with GS [111].

3.5 Activated PI3K-5 Syndrome

Activated PI3K-8 syndrome (APDS) is a heterogeneous disorder associated with a
spectrum of clinical pictures and immunological findings classified under two types
[126]. Autosomal dominant gain-of-function mutations (E1021K and C416R) in the
gene PIK3CD (PI3K-3, phosphoinositide 3-kinase ) can cause activated PI3K-5
syndrome type 1 (APDS1), while activated PI3K-8 syndrome type 2 (APDS2) is
caused by an autosomal dominant gain-of-function mutation in the gene PIK3R1
(phosphoinositide-3-kinase regulatory subunit 1), inducing the skipping of exon 11.
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Both types are characterized with similar immunological findings including low
levels of IgG2 and lymphocytes and high levels of IgM and B-cells [127]. Overall,
patients with APDS are prone to recurrent respiratory infections, airway disease
[127], lymphoproliferation, cytopenias, skin diseases, chronic EBV and CMV vire-
mia, and enteropathy [126]. All these major manifestations tend to decrease over
time [126]. Of notable importance is that respiratory infections are the most fre-
quent, initial manifestations of APDS [126].

The prospective European Society for Imnmunodeficiencies (ESID)-APDS regis-
try has recently reported data on 51 patients with APDS1 and 26 patients with
APDS2 [126]. Overall, respiratory infections, particularly pneumonia, otitis media,
and sinusitis, were observed in nearly all patients and in most patients occurred
before 15 years of age. Looking at CT scans, evidences of bronchiectasis were
found in 60% of patients with APDS1 and 27% of patients with APDS2. Mean age
at diagnosis of bronchiectasis was 11.2 years. Therapeutic options available to
patients with APDS include antibiotics, antifungal agents, immunoglobulin replace-
ment therapy, systemic immunosuppressive therapy, and HSCT [126]. Particularly
a cohort study of 36 patients with APDS2 revealed that recurrent upper respiratory
tract infections were experienced by all patients [128]. Other common respiratory
complications in this population included pneumonia and respiratory tract lym-
phoid hyperplasia, which were found in about 70% and 50% patients.

3.5.1 Potential Mechanisms of Respiratory Manifestations
in APDS

PI3K as lipid kinases play role to maintain normal function of airway. Abnormal
PI3K signaling can alter airway function, so that inflammatory responses are aggra-
vated [129]. Such a condition is seen in patients with respiratory diseases especially
allergic inflammation and asthma. Airway biopsies from 11 patients with atopic
asthma provide evidence of increased activation of the PI3K signaling after expo-
sure to allergen [130].

PI3K-5 is a class I PI3K isoform proven to particularly contribute to both innate
and adaptive immune responses [129]. Such contribution is resulted from its inter-
action with Akt, together triggering the PI3K-8/Akt signaling pathway. Increased
activation of this signaling pathway is thought to mediate airway inflammation as
seen in obstructive lung diseases [131, 132] and induced by cigarette smoking
[133]. Moreover, PI3K-9 is able to reduce glucocorticoid sensitivity of airways
([131, 132]. This explains why some patients are resistant to glucocorticoids.
Supporting this, PI3K-d inhibitor can mitigate allergic inflammation in asthma
models [134]. The effect remained true upon exposure to Aspergillus fumigatus. At
least part of this anti-inflammatory effect of PI3K-8 inhibitor appears to be medi-
ated through reducing endoplasmic reticulum stress [135], hypoxia-inducible
factor- 1o (HIF-10ar), and nucleotide-binding domain, leucine-rich-containing family,
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and pyrin domain-containing-3 (NLRP3) expression in lung tissue [136, 134]. All
these factors are involved in generating inflammatory responses upon stimulation
[136]. Additionally, PI3K-8 contributes to virus escape possibly by increasing the
expression of B7-H1 (PD-L1) [137]. Therefore, it is well-expected that APDS, a
condition associated with PI3K-8 upregulation, should be accompanied with bacte-
rial and viral infections as well as different respiratory manifestations.

The current literature also supports the potential of PI3K-8 to be exploited as a
target for treatment of respiratory infections and airway diseases [138, 139]. For
example, anti-inflammatory effect of erythromycin and dexamethasone seems to be
mediated via suppression of PI3K-0 signaling [140]. Animal models of asthma
demonstrate that PI3K-08 blockade hampers infiltration of inflammatory cells by
decreasing vascular permeability [141]. Moreover, PI3K-5 inhibition can help to
regain glucocorticoid sensitivity and, therefore, enhance anti-inflammatory effects
of glucocorticoids [131, 132, 142]. However, attention should be paid that over-
suppression of this pathway might cause toxicities. As for APDS, PI3K-8 function
is abnormally high in malignant states particularly B-cell malignancies [143]. As a
result, PI3K-5 inhibitor (idelalisib) can be used to treat these malignancies [144].
However, it might reduce cellular respiration and so be toxic to lung tissues [145].

3.6 LRBA Deficiency

Lipopolysaccharide (LPS)-responsive and beige-like anchor (LRBA) protein defi-
ciency is a rare PID characterized by hypogammaglobulinemia and CD19+ B-cell
deficiency and also to a lesser extent by CD4+ T-cell deficiency and NK-cell defi-
ciency [146]. Patients with LRBA deficiency often present with recurrent infections
(pneumonia, urinary tract infections, and otitis media), lymphoproliferative disor-
ders (lymphadenopathy, splenomegaly, hepatomegaly, and granuloma), autoim-
mune disorders (type 1 diabetes, ulcerative colitis, immune thrombocytopenic
purpura, autoimmune hemolytic anemia, and Graves’ disease), atopic disorders
(food allergy, insect sting allergies, allergic dermatitis, urticaria, and asthma), enter-
opathy, and failure to thrive [147, 148, 146]. Therefore, LRBA can be appropriately
considered as a subgroup of CVID with autoimmune and inflammatory features.

A retrospective cohort of ten patients with LRBA deficiency in Israel highlighted
chronic cough as the most common respiratory manifestation in patients with LRBA
deficiency [147]. Less frequent respiratory manifestations were dyspnea, perioral
cyanosis, and clubbing. Chest X-rays and CT scans in these cases provided evi-
dences of axillary, hilar, and mediastinal lymphadenopathy, consolidation, lobar
and sub-lobar atelectasis, bronchiectasis, and interstitial lung disease [147]. Patients
with LRBA deficiency demonstrated no serious abnormalities on PFT. They also
were likely to have a normal bronchoscopy. Potential findings in bronchoscopy
included tracheomalacia and adenoid hypertrophy. The mean age at onset of symp-
toms was 4.65 [147].
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In a longitudinal study of patients with LRBA (n = 17) in Iran [146], respiratory
tract infections were the most common first presentation of immunodeficiency, seen
in more than 40% of patients. Additionally, there were two patients (11.8%) pre-
sented with allergy and asthma. The median age at onset of symptoms and diagnosis
were 2.0 and 7.0 years, respectively. With a median follow-up of 14 years, all
patients (100%) developed infectious complications, which in order of frequency
were pneumonia, sinusitis, and otitis media.

There is a case report of bronchiolitis obliterans organizing pneumonia (BOOP)
in a 10-year-old boy who presented with recurrent respiratory infections, anemia,
and thrombocytopenia [149]. He showed hypogammaglobulinemia of IgA and
IgG, while IgM levels were normal. He was refractory to regular IVIG and all
antimicrobial agents, and his respiratory condition deteriorated during these treat-
ments. Diffuse lung disease with peripheral nodules was found at CT scans. PCR
of BAL fluid was positive for Pseudomonas aeruginosa, Pneumocystis jiroveci,
and CMV. Looking at lung tissue, there were evidences of disseminated infiltra-
tion of inflammatory cells and bronchiolitis obliterans organizing pneumonia
(BOOP). To establish genetic causality, combined homozygosity mapping and
exome sequencing was performed and showed a homozygous mutation
(NM_001199282: ¢.743_744insAAGA: p. Asp248Glufs*2) in the gene
LRBA. Each parent carried a copy of this mutation, supporting the autosomal
recessive form of disease.

In this manner, different mutations in the gene LRBA are associated with the
spectrum of phenotypes [150]. Even two siblings might present with incompatible
pictures of LRBA deficiency [151].

Polymorphisms of the gene LRBA known to influence the function of LRBA
protein have been associated with risk of pneumoconiosis in coal workers [152].

In conclusion, it is promising that respiratory manifestations of LRBA patients
are mostly sensitive to therapy with IVIG, systemic immunosuppression, abatacept
(CTLAA4-Ig), or hematopoietic stem cell transplantation (HSCT) [147]. Drugs for
prophylaxis of recurrent infections include antibiotics, antivirals, and antifungal
medicines [146]. Mastoidectomy might be indicated in a severe case with frequent
otitis media [146]. Therapeutic options for autoimmune complications vary from
individual to individual and include IVIG, systemic immunosuppression, thymec-
tomy, and HSCT [146]. However, respiratory failure remains the leading cause of
death in these patients [85].

3.7 CD19 Complex Deficiencies

The CD19 complex is a transmembrane complex comprising CD19, CD21, CD81,
and CD225. It can function as a co-receptor for B-cells that promotes B-cell
receptor (BCR) signaling. Therefore, it is well-appreciated that defects in the
formation of CD19 complex can cause autoimmunity and impairment of humoral
immunity [153].



3 Pulmonary Manifestations of Predominantly Antibody Deficiencies 91
3.7.1 CD19 Deficiency

CD19 includes two extracellular immunoglobulin superfamily (IgSF) constant
domains: a transmembrane region and a cytoplasmic region. Its cytoplasmic tail is com-
prised of nine tyrosine kinase residues that contribute to intracellular signaling. To our
knowledge, there have been reported ten cases of CDI19 deficiency [154-160]. The
genetic defects responsible for CD19 deficiency include mutations resulting in prema-
ture termination codons and also missense mutations leading to an amino acid change.
Overall, CD19 deficiency is featured by respiratory manifestations such as recurrent
respiratory tract infections (pneumonia, bronchiolitis, and otitis media), wheezing,
chronic  obstructive  pulmonary  disease, atopy, and asthma [154].
Hypogammaglobulinemia (IgG and IgM) is also commonly found in patients with
CD19 deficiency. Infectious pathogens found in these patients are respiratory syncytial
virus, Haemophilus influenzae, and Streptococcus pneumoniae. CXR and CT scans
reveal lobar atelectasis, peribronchial thickening, and bronchiectasis. Despite absence
of CD19+ B-cells, flow cytometry can be used to confirm presence of CD20+ B-cells.
Patients are also likely to have reduced numbers of transitional B-cells, memory B-cells,
CD3+ T cells, and CD16+/CD56+ NK cells. Interestingly, studies indicate a delay
between Ca2+ influx and stimulation with anti-IgM in B-cells from patients with CD19
deficiency. It should be noted that Ca2+ influx plays a crucial role in BCR signaling.

3.7.2 CD8I Deficiency

CD81 is a 26KDa surface protein also known as TAPA-1 (target of the antiproliferative
antibody 1) and Tetraspanin-28 (Tspan-28). CD81 acts as regulator of proliferation of
different cells such as glial cells, astrocytes, oocytes, and retinal pigment epithelial
cells [161-164]. It is also required for the expression of CD19 on B-cells and thereby
contributes to the activation of B-cells and production of antibodies against T-cell-
dependent antigens. Its deficiency interferes with the formation of CD19 complex,
resulting in the spectrum of respiratory manifestations related to CD19 deficiency.
The authors in the study [165] presented a patient suffering from recurrent respira-
tory tract infections during the first 2 years of life. She then developed glomerulone-
phritis, recurrent thrombocytopenia, and hypogammaglobulinemia of IgG. There was
no significant change in the numbers of B, T, and NK cells. However, flow cytometry
revealed a reduction in the relative number of transitional B-cells and memory B-cells.
Additionally, the patient’s B-cells showed loss of both CD19 and CD81. Genetic
analysis revealed an intact CD19 gene but homozygous splice site mutation
(c.561+1G>A) in the CD81 gene. While the patient’s family members (her parents
and her brother) harboring a single copy of this mutation were immunologically
healthy, the patient did not show the expected increase in IgA and IgG levels upon
vaccination with tetanus toxoid and pneumococcal antigens. CD81 is thus essential to
produce an appropriate antibody response to protein and polysaccharide antigens.
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A study of mice links CD9/CD81 double knockout to the spontaneous develop-
ment of pulmonary emphysema [166]. It is accompanied with an increase in the
activity of matrix metalloproteinases MMP-2 and MMP-9 in alveolar macro-
phages. The role of MMPs is well-appreciated in the degradation of the alveolar
matrix as well as in the aggravation of pulmonary inflammatory processes, which
both events have been implicated in COPD [167]. It is thus suggested that obstruc-
tive lung disease might arise from CD81 deficiency, owing to abnormal activity of
MMPs.

Also, allergen-induced airway activity in CD81-deficient mice is decreased com-
pared to wild-type mice [168]. CD81-deficient mice also demonstrated a reduced
production of Th2 inflammatory cytokines IL-4, IL-5, and IL-13. It is therefore
possible to assume that CD81 plays role in allergen-induced airway hyperactivity
by inducing the expression of cytokines.

3.7.3 CD2I Deficiency

CD21 or complement receptor type 2 (CR2) precursor is a 145 KDa protein impli-
cated in EBV entry [169]. It is expressed by mature B-cells and follicular dendritic
cells, whereby activation of B-cell responses is enhanced by binding of immune
complexes that comprise cleavage products of C3d and antigens [170]. This is ben-
eficial in combating against toxic or infectious agents and on the other hand can
cause an imbalance favoring autoimmunity.

The study [171] provides a report of first case of CD21 deficiency. Early child-
hood respiratory tract infections forced the patient to undergo tonsillectomy at
6 years old. Then, the patient experienced a long remission for about 20 years. At
28 years old, his symptoms including recurrent respiratory tract infections, myal-
gia, diarrhea, and weight loss began to flare up. The pathogen found in his respira-
tory secretions was Haemophilus influenzae. The patient also showed
hypogammaglobulinemia of IgG1 and IgG4 and was thus considered for immuno-
globulin replacement therapy. The patient’s B-cells completely lacked CD21.
Genetic analysis revealed two heterozygous mutations: one resulting in the skip-
ping of exon 6 and the other being a premature stop codon mutation occurring in
exon 13.

The patient reported in [172] was a 13-year-old boy who presented with myalgia,
rigidity, and hypogammaglobulinemia of IgG1, 2, and 4. Flow cytometry revealed
absence of CD21. Sequencing of CD21 gene identified two heterozygous muta-
tions: one nonsense mutation occurring in exon 2 and the other being a frameshift
mutation in exon 15. Interestingly, the patient remained free of serious infections
until writing the paper.

In the study [173], the authors have described two siblings who carried CD21
deficiency. Symptoms began to manifest at 5 and 7 years of age. Clinical manifesta-
tions mainly included recurrent otitis media, rhinopharyngitis, bronchitis, and lobar
pneumonia.
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3.8 Common Variable Immunodeficiency

Common variable immunodeficiency (CVID) is the most common symptomatic
PID estimated to occur in 1/10,000—1/200,000 depending on the study population.
It is mainly characterized by a defective B-cell differentiation resulting in hypogam-
maglobulinemia of IgA, IgG, and IgM with two or more standard deviations below
the normal mean. Also, about half of patients manifest characteristics of malfunc-
tioning T-cells and cytokine/chemokine system including a reduction in CD40
ligand expression and IL-2 production [174]. Therefore, CVID covers a spectrum of
disease phenotypes, and the diagnosis should only be made after ruling out other
potential causes of hypogammaglobulinemia including other PIDs and immunode-
ficiency diseases due to infectious agents, malignancies, protein-losing agents, and
drugs [175]. CVID involves a complex interaction of different disease processes.
However, there are a few monogenetic forms of CVID that are caused by defect in
a single gene such as ICOS [176, 177], TACI [178, 179], and CD19 [155]. Clinical
presentations mainly include recurrent bacterial infections especially affecting
upper and lower respiratory tracts, inflammatory diseases, autoimmune disorders,
lymphoproliferative disorders, chronic lung diseases, gastrointestinal disorders,
malabsorption, hepatitis, and malignancies (especially lymphomas). Clinical symp-
toms usually peak in the second or third decade of life. Early-onset disease is, how-
ever, common, especially in male patients [180]. Recently a multicenter study of
2212 patients with CVID has reported that the median diagnostic delay is around
4-5 years in most populations [181]. Overall, as much as all patients with CVID
experience infectious respiratory diseases [182—184] and more than half of patients
develop noninfectious respiratory complications as well [185].

3.8.1 Respiratory Tract Infections

The French national study of adults with CVID (n = 252) confirmed recurrent respi-
ratory tract infections, e.g., bronchitis, sinusitis, and pneumonia, as the most com-
mon initial presentation [181]. In order they were found in about 69%, 63%, and
58% of patients. Lower respiratory tract infections are also found in 84% of patients
[182]. In particular, pneumonia is experienced by about 32-77% of patients [180,
182, 184, 186]. Early-onset CVID in male (before 10 years of age) patients is con-
sidered a discrete disease entity characterized by a higher risk of infectious compli-
cations including pneumonia, but not noninfectious complications [180].
Encapsulated bacteria such as Streptococcus pneumoniae, Staphylococcus aureus,
and Haemophilus influenzae are the main pathogens associated with respiratory
tract infections in patients with CVID. In particular, Bordetella pertussis may con-
tribute to the development of respiratory disease in children with CVID. About 13%
of patients reveal a severe defect in switched memory B-cells (IgD-CD27+ cell
percentage <2% of B-cells), which is related to an increased need for antibiotic
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therapy. Follow-up studies indicate that the incidence of acute pneumonia and otitis
will decrease by time [186]. Other infectious respiratory manifestations that are
possible but less frequent than the aforementioned ones include mycoplasma pneu-
monia, cryptococcal lung abscess, and Mycobacterium avium complex pulmonary
disease [184].

3.8.2 Chronic Lung Disease

Of note, some patients remain refractory to immunoglobulin therapy and continue
to suffer from upper respiratory tract infections [181]. These patients are prone to
progress to chronic sinusitis and CLD including bronchiectasis. As expected, longi-
tudinal studies show that the prevalence of chronic sinusitis and CLD will increase
by time [186]. Studies estimate the prevalence of CLD to be between 22% and
67.5% in patients with CVID [182-184, 186]. In particular, bronchiectasis is found
in 37-58% of patients with CVID [181, 182]. Patients who have a positive sputum
culture are more likely to demonstrate evidence of bronchiectasis in HRCT [187].
In addition to the pathogens mostly involved in respiratory tract infections including
Streptococcus pneumoniae and Haemophilus influenzae, bronchiectasis has been
associated with Pseudomonas aeruginosa, Staphylococcus aureus, and
Corynebacterium spp. [182]. A severe defect in total B-cells (CD19+ cell percent-
age <1%) was present in about 40% of patients and was associated with a higher
risk of bronchiectasis. In addition, patients with CD4+ cell count below 700 cells/
pL, patients with a history of pneumonia, and patients with older age were more
prone to bronchiectasis [188].

3.8.3 Lymphocytic Interstitial Lung Disease and Follicular
Bronchitis/Bronchiolitis

As reviewed in [189], both profiles of lymphocytic interstitial pneumonia (LIP) and
follicular bronchitis/bronchiolitis have been detected in lung tissues from patients
with CVID. LIP presents “with a diffuse, interstitial infiltrate of lymphocytes,
immunoblasts, plasma cells, fibroblasts, and scattered macrophages that sometimes
aggregate into granulomas” [189]. Follicular bronchitis/bronchiolitis is character-
ized by “reactive lymphoid follicles mainly around airways with minimal interstitial
disease” [189]. While LIP has been associated with both hypogammaglobulinemia
and hypergammaglobulinemia, follicular bronchitis/bronchiolitis does not appear to
have been accompanied by any immunoglobulin abnormalities [189]. Clinical
symptoms include cough, dyspnea, fever, and pleuritic chest pain.

The first case of LIP in CVID was described by Levinson et al. [190] and that the
first case of nodular lymphoid interstitial pneumonia in CVID was documented by
Kohler et al. [191]. Duke et al. also found two other cases with pulmonary infiltra-
tion in CXR, which were then histologically diagnosed with LIP [192].

AL GRAWANY
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3.8.4 Granulomatous Lung Disease

Generally, granulomatous lesions are found in 5.4-10% of patients with CVID
[189]. Noninfectious diffuse lung complications which are collectively referred to
granulomatous-lymphocytic interstitial lung disease (GLILD) predict worse sur-
vival in patients with CVID [185]. Patients with defects in T-cell function, low
CD3+ cell count, and low CD8+ cell count are more likely to develop GLILD. The
presence of GLILD has been linked to dyspnea, splenomegaly, restrictive pattern of
pulmonary function (a low DL¢g), consolidation, ground-glass opacity, interstitial
infiltrates, and reticular pulmonary opacification. GLILD in CVID has been associ-
ated with a higher prevalence of HHVS infection, leading to an increased risk of
lymphoproliferative disorders [193]. It is promising that monoclonal antibodies and
immunosuppressive agents can effectively assist with resolution of granulomas and
restoration of lung structure [194]. FDG PET-CT imaging can be used to monitor
therapeutic response [194].

3.8.5 Pulmonary Function

The majority of patients in spirometry are normal. About 25% of patients show
abnormal features favoring an airflow obstruction and to a lesser extent a restrictive
pattern [187]. When compared to patients without bronchiectasis, the spirometry
test revealed reduced values of FEV |, FEF,s ss4,, and FVC in patients with bronchi-
ectasis [182].

On the contrary, more than 60% of patients have abnormal MMEF. Therefore,
there is a large subgroup of patients who are abnormal in MMEF and normal in
spirometry [187].

3.8.6 Imaging Findings

HRCT in patients with CVID may provide evidence of granulomatous lung disease,
hilar and mediastinal lymphadenopathy, pulmonary nodules, ground-glass opacity,
bronchiectasis, and reduced peribronchiectatic shadowing [187, 188]. In particular,
patients with bronchiectasis may demonstrate parenchymal scarring, pleural thick-
ening, and atelectasis [182]. Bronchiectasis in patients with CVID has been shown
to occur with the involvement of left lower lobe; lingual, right lower lobe; right
middle lobe; right upper lobe; multiple lobes; and both lungs [182]. Patients with
LIP demonstrate pulmonary infiltration especially basilar, coarse interstitial-
alveolar infiltrations in CXR [189]. Patients with ground-glass appearance are more
likely to have a high monocyte count, reduced number of CD19 + IgM-1gD-CD27+
isotype-switched memory B-cells, a history of lung disease, and pulmonary
nodule(s) and be younger than those with bronchiectasis without interstitial lung
disease [188]. Patients who exhibit evidence of bronchiectasis on their CT scan are
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more likely to have lower CD4+ T-cell counts [188]. Patients with five or more
pulmonary nodules have lower CD8+ T-cell counts [188].

3.8.7 Morbidity and Mortality

Immunoglobulin dose required for prevention of bacterial infections is between 0.2
and 1.2 g/kg/months [195]. A higher dose of replacement immunoglobulin is, how-
ever, required to benefit cases with CLD including bronchiectasis [196]. Regular
immunoglobulin therapy has shown to be effective in reducing the incidence of
acute infections. A study of 50 patients with CVID with pneumonia demonstrated
that the prevalence of pneumonia was reduced from 84% to 22% following immu-
noglobulin therapy [197]. Additionally, immunoglobulin therapy can effectively
improve pulmonary function test results and HRCT scores in patients with CVID
with CLD [196]. Such improvement does not appear to reach significance in cases
with CVID without CLD [196]. Given that the mortality of CVID increases with
age, it is not clear whether it can be effective in long term as well as short term.
Lung transplant is the option available to patients with respiratory failure. Altogether,
acute or chronic respiratory tract infections and associated respiratory failure are a
leading cause of morbidity and mortality in patients with CVID [187, 186], espe-
cially in cases below 40 years of age [183].

3.9 (D20 Deficiency

It is a humoral immunodeficiency resulting from a homozygous mutation (MS4A1) in
a splice junction of the CD20 gene, leading to the production of nonfunctional mRNA
species [198]. Despite normal development of antigen-independent B-cells, CD20-
deficient mice fail to generate normal antibody response to T-cell-independent anti-
gens. Also, T-cell-dependent humoral immunity is impaired in CD20 deficiency [199].
This is thought to be a secondary effect of the impairment in B-cell function [199].

3.9.1 Potential Mechanisms of Respiratory Manifestations
in CD20 Deficiency

CD20 acts as a regulator of B-cell development. It is thus well-understood that
chronic administration of anti-CD20 antibodies can lead to B-cell depletion
[200]. The effects that CD20 deficiency might have on lung tissues can be tackled
in those who received anti-CD20 treatments. As reviewed by [201], anti-CD20
treatments predispose patients to severe and refractory respiratory infections with
bacteria, fungi, and viruses, while, anti-CD20 antibodies are being increasingly
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used to treat autoimmune diseases and non-Hodgkin lymphoma [202]. This has
been parallel by increasing the number of cases of pneumocystis pneumonia
[203]. This increased susceptibility might be due to suppressive effect of anti-
CD20 antibodies on type 2 helper T (Th2) responses, e.g., production of cyto-
kines interleukin (IL)-4, IL-5, and IL-13 [202]. Moreover, there is a report of
antisynthetase syndrome after treatment with rituximab, a CD20 monoclonal
antibody [204]. The patient was presented with recurrent respiratory infections,
arthropathy, and interstitial pneumonitis. Immunoglobulin replacement therapy
was shown to improve immunodeficiency and pneumonitis. It is also interesting
that treatment with 25-OH vitamin D3 has been shown to enhance CD20 levels
[205].

3.10 Other Monogenic Defects Associated with
Hypogammaglobulinemia (ICOS Deficiency, TACI
Deficiency, BAFF Receptor Deficiency, TWEAK
Deficiency, and NFKB2 Deficiency)

As above explained, CVID is not usually a single-gene disorder but rather is a com-
plex disorder resulting from the combined effect of several genes. Overall, mono-
genic defects account for just 2—10% of cases with CVID [206].

3.10.1 ICOS Deficiency

The inducible T-cell co-stimulator (ICOS) is shown to stimulate differentiation of T
follicular helper (TFH) cells and development of Treg, Th17, and Th2 cells that can
promote autoimmunity and local inflammation [207]. In this manner, myeloid cells
(CD11+ cells) expressing this co-stimulator can contribute to the generation of
inflammatory processes in lung tissues [207]. What more supports this is increased
expression of ICOS in autoimmune conditions (acute graft-versus-host disease) and
allergic airway diseases [208]. Also, its ligand ICOS-L display by dendritic cells is
capable to improve Treg or Th17 responses [209], whose pathogenic roles in auto-
immunity and organ rejection have been well-described [210]. ICOS deficiency in
mice could diminish lung tissue fibrosis [211] and delay rejection of the transplanted
bronchus by reduction of relative numbers of Th17, Th2, and Treg cells [54]. By
contrast, lung fibrosis was exacerbated in isolated ICOS-L deficiency and in double
ICOS/ICOS-L deficiency [211].

Loss-of-function mutations in the ICOS gene as seen in patients with ICOS
deficiency lead to reduce the numbers of TFH cells [212]. It has been demon-
strated that intranasal application of Protollin, a TLR4 ligand adjuvant, can play a
protective role against allergic lower airway disease upon stimulation with pollen
allergen. This TLR4-dependent protection was accompanied by engagement of
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CD4+ T-cells expressing ICOS [213]. Additionally, adoptive transfer of CD4+
T-cells expressing ICOS could reverse allergen-induced airway hyper-responsive-
ness [213]. Whereas, inhibition of TLR4 signaling (TLR4-TRIF pathway)
exacerbating allergen-induced airway hyper-responsiveness resulted in a reduc-
tion of CD4+ T-cells expressing ICOS [214]. Therefore, ICOS deficiency is
expected to increase the risk of allergic airway diseases. As for B-cells expressing
CDA40, all CVID patients show diminished number of CD4+ T-cells expressing
ICOS [215].

As above mentioned, ICOS is also implicated in development of Th2 immunity.
Th2 cytokines (IL-5) are essential to the recruitment of eosinophils into the airway
[216]. Therefore, it is expected that ICOS-deficient mice exhibit impairment in the
generation of antigen-induced airway eosinophilia and inflammation [217]. It
should be noted that CD28 also plays a crucial role in this context.

3.10.2 TACI Deficiency

Antiviral antibodies are essential to the generation of antiviral immunity. Animals
deficient in transmembrane activator and calcium-modulator and cyclophilin ligand
interactor (TACI) were not able to achieve protective titers of antibodies against
influenza virus [218]. Even, mice that carried only a single copy of mutation in the
TACI gene showed reduction of TACI expression on B-cells and were more suscep-
tible to pneumococcal infections [219]. In this manner, TACI deficiency would pre-
dispose the lungs to viral and bacterial infections. TACI deficiency has been
observed among patients with PADs who had hypogammaglobulinemia of IgG
[220] and IgA [221]. It can cause phenotypes in the spectrum of clinical presenta-
tions correlated to CVID or even beyond them, for example, lymphoproliferation
and IgG subclass deficiencies [222]. Later in life, it might lead to autoimmune dis-
orders [221, 223].

3.10.3 NFKB?2 Deficiency

Germline heterozygous mutations in NFKB2 are known to cause an early-onset
type of CVID characterized by B-cell deficiency, T-cell deficiency, hypogamma-
globulinemia, central adrenal insufficiency, alopecia totalis or areata, and trachyo-
nychia [224-230]. They can contribute to changes in NK-cell count or function as
well. Autoimmunity is present in the majority of patients with NFKB2 deficiency.
Other presentations of this immunodeficiency include recurrent respiratory tract
infections [228, 231].

Animal studies provide evidence that NFKB2 deficiency can cause serious lung
inflammation by inducing the expression IFN-y and thereby Th1 cytokines. Due to
extensive infiltration of lymphocytes, this long inflammation is considered an auto-
immune condition that can be potentially fatal [232, 233].
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3.10.4 BAFF Receptor Deficiency

B-cell-activating factor of the TNF family (BAFF) emerged as an innate mediator that
is involved in antiviral immunity. Upon exposure to viral dsSRNA, Ig class switching
is induced by TLR3-expressing B-cells of the upper respiratory tract. NFKB activa-
tion and TLR3 signaling are central to Ig class switching, which are in turn required
for production of IgA and IgG antibodies in response to viral antigens [234]. Patients
in intensive care unit (ICU) show increased susceptibility to hospital-acquired pneu-
monia. This is suggested to be caused by pulmonary IgA deficiency secondary to
antibiotic therapy. Patients in this condition often reveal low expression of BAFF
[235]. BAFF neutralization in mice has been associated with reduction in the number
of antibody-secreting cells (ASC) that contribute to antiviral immunity [218].
Interestingly, immunoglobulin D has been shown to improve immunity in basophils
of the upper respiratory tract. Its role is mediated by increasing the expression of pro-
inflammatory in addition to B-cell stimulating factors, for example, BAFF [236].

On the other hand, BAFF acts to facilitate the cross talk between IL-1p and Th17
cell development, whereby Thl and Thl7 responses which mainly contribute to
inflammatory and autoimmune processes are augmented [237]. Overexpression of
BAFF is implicated in lung fibrosis [238], and therefore its inhibition is proposed as a
targeted therapy for conditions associated with long fibrosis such as scleroderma [239].

3.10.5 TWEAK Deficiency

Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) binding to fibro-
blast growth factor-inducible 14 (Fnl4) leads to activation of intracellular signaling
cascades that are likely to contribute to progression of a variety of tumors favorably
non-small cell lung cancer (NSCLC) [240].

To the knowledge of the authors, there are not any respiratory manifestations doc-
umented as complications of other monogenic defects associated with hypogamma-
globulinemia such as MOGS deficiency, TRNT1 deficiency, and TTC37 deficiency.

3.11 Immunoglobulin Class Switch Recombination
Deficiencies Affecting B-Cells (AICDA Deficiency, UNG
Deficiency, MMR Deficiency, and INO80 Deficiency)

3.11.1 AICDA Deficiency

The activation-induced cytidine deaminase (AICDA) gene encodes the enzyme
activation-induced cytidine deaminase (AID) required to CSR in addition to Ig gene
somatic hypermutation (SHM) [241]. More importantly, AID plays a crucial role in
DNA methylation and reprogramming of somatic cells into induced pluripotent
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stem cells (iPSC) [242]. Besides the role of activated B-cell CD40 signaling, bacte-
rial and viral antigens can lead to the expression of AID by engaging IL-4-secreting
CD4+ T cells or TLR signaling [241].

Patients with AICDA deficiency often present with lymphoid hyperplasia [243].
Also, they frequently develop sinopulmonary infections (sinusitis and pneumonia),
and finally their CT scan may reveal evidences of bronchiectasis [244].
Immunological findings include hypogammaglobulinemia of IgA, IgG, and IgE in
addition to hypergammaglobulinemia of IgM [244].

The early clearance is an important component in engendering protective immu-
nity against pneumococci [245]. Mice deficient in AID failed to effectively clear
pneumococcal bacteria from pulmonary tissues at early time points [246]. The issue
was resolved by adoptive transfer of AID+ Bla cells.

3.11.2 UNG Deficiency

The uracil-DNA glycosylase (UNG) gene encodes a base excision repair (BER)
enzyme that functions to exclude misincorporated uracil. Cancerous cells deficient
in UNG will develop hypersensitivity to pemetrexed (a chemotherapy drug). On the
contrary, lung cancer cells carrying high expression of UNG reveal resistance to
pemetrexed [247]. Moreover, it has been shown that viral UNG aids replication and
dissemination of murine gammaherpesvirus 68 [248]. It seems that viral UNG
expression is induced as a compensatory mechanism to increase UNG activity in
host lung cells, which typically express low values of UNG [248]. As for AICDA
deficiency, UNG deficiency is characterized with hypergammaglobulinemia of IgM
along with hypogammaglobulinemia of other immunoglobulins. Also, lymphoid
hyperplasia is commonly seen in patients with this immunodeficiency.

3.11.3 MMR Deficiency

DNA mismatch repair (MMR) is a mechanism of DNA repair conserved during
evolution from bacteria to humans. It provides a compensatory pathway for correct-
ing mismatched bases during DNA replication. Therefore, patients with MMR defi-
ciency are prone to genomic instability and ultimately malignant transformation.
MMR defects have been discovered in cancers of different primary sites such as the
colon, rectum [249, 250], stomach [251], prostate, esophagus, endometrium, oral
cavity [252], skin, head and neck, and brain [253]. Due to their role in class switch
DNA recombination (CSR) and somatic hypermutation (SHM), MMR components
are required for the regulation of antibody response as well [254]. Mice deficient in
MMR components exhibit spontaneous development of premalignant and malig-
nant lung lesions [255]. It is consistent with some observations of MMR defects in
human lung cancers [256-258]. Moreover, defective mismatch repair system can
contribute to chronic lung infection with Pseudomonas aeruginosa [259].
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3.11.4 INOS8O Deficiency

The INO80 ATPase takes part in formation of the ATP-dependent chromatin remod-
eling complex, which is involved in nuclear transactions, e.g., DNA replication,
DNA repair, and transcription [260]. Energy-dependent metabolic pathways are
accompanied by increased expression of the INO80 complex. While, defective
INO8O complex correlates to decreased glycolysis, increased oxidative stress, and
increased oxygen consumption. In this manner, the INO80 complex acts as a regula-
tor of respiratory capacity [261]. On the other hand, INO8O is also generated as a
nuclear protein to assist with genome replication of herpes simplex virus [262] and
with oncogenic transcription and tumorigenesis of non-small cell lung cancer
(NSCLC) [263]. However, study of NSCLC cells has recently revealed that the
increased activity of chemotherapeutic agents (cisplatin) is underpinned by
increased expression of more than 100 genes among which is INO80 [264].

Two patients with nonsynonymous, compound heterozygous single-nucleotide
variants in INO80 have been described in [143]. The first one presented with recur-
rent bacterial infections at 5 years of age and the second with severe and recurrent
respiratory infections at 18 years of age. The second also progressed to chronic
obstructive pulmonary disease (of course with a history of 35 years of smoking).

3.12 Transient Hypogammaglobulinemia of Infancy

The physiologic hypogammaglobulinemia is what is typically happening in the first
3—6 months of life. Along with IgG subclass deficiency, partial antibody deficiency
with impaired polysaccharide responsiveness, and selective IgA deficiency, tran-
sient hypogammaglobulinemia of infancy (THI) is one of the common immune-
deficiency conditions of children [265], where the certain period of the physiologic
hypogammaglobulinemia is extended. The way to diagnose THI is not straightfor-
ward; but its diagnosis requires a retrospective look of the patient characteristics:
early hypogammaglobulinemia of at least one immunoglobulin isotype, later
achieving normal levels for all immunoglobulin isotypes, and no diagnosis more
likely than THI is suspected [266]. Overall, recurrent respiratory tract (pneumonia)
infections, ENT (otitis media) infections, bronchitis, and asthma are the most com-
mon presentations of THI [267-269]. However, other infectious complications that
may affect patients with THI include sinusitis, enteritis, lymphadenitis, meningitis,
mastoiditis, impetigo [267], urinary tract infections, and sepsis [266]. Moreover,
atopic reactions in THI are common and mainly include bronchial hyperreactivity,
food allergy, and atopic dermatitis [266]. Study of a single center in Jordan esti-
mated that the average age of onset and diagnosis for THI (n = 10) are 1 and 1.6 years
[267]. So the diagnostic delay was less than 1 year [267]. In other studies from
Turkey and the United States, the mean age of onset was less than 1 year of age
[266, 270]. Often it is spontaneously resolved by 3-5 years of age [270], and more
than 90% of patients achieve normal immunoglobulin levels by 10 years of age.
However, some patients continue to have hypogammaglobulinemia, the so-called
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undefined/unclassified hypogammaglobulinemia. Of note is that both conditions,
i.e., THI and undefined/unclassified hypogammaglobulinemia, share common clini-
cal characteristics [268]. However, patients with persistent antibody deficiency are
less able to produce IgA responses against pneumococcal polysaccharide (PnPS)
vaccine compared to patients with transient antibody deficiency [271].

3.12.1 Respiratory Tract Infections

Infections affecting the upper and lower respiratory tract are commonly seen among
patients with THI. Overall patients with THI have a benign clinical outcome [272].
They usually do not develop life-threatening infections [269] requiring long-term
immunoglobulin replacement therapy [267]. Immediate treatment is, however, indi-
cated in severe respiratory tract infections. Also, additional treatments may be war-
ranted according to the type and severity of infection. For example, extracorporeal
membrane oxygenation (ECMO), ribavirin, and steroid (albeit along with immuno-
globulin replacement therapy) benefited a THI case with severe human parainflu-
enza viruses (HPIVs) [273]. Moreover there are reports of Pneumocystis carinii
pneumonia in patients with THI [274-276]. It is a life-threatening infection [277],
and despite high rates of drug adverse reactions, drug therapy should be started once
the diagnosis of Pneumocystis carinii pneumonia is suspected.

3.12.2 Asthma

Studies estimate that about 27-55% of patients with THI suffer from asthma [268,
269]. The history of recurrent upper respiratory tract infections showed a negative
association to asthma. Whereas, patients with THI who had history of recurrent
lower respiratory tract infections were more likely to suffer from asthma [268].

3.12.3 Potential Mechanisms of Respiratory Manifestations
in Transient Hypogammaglobulinemia of Infancy

Patients with THI are categorized into three according to their initial immunoglobu-
lin levels: isolated IgG deficiency, isolated IgA deficiency, isolated IgM deficiency,
IgG and IgA deficiency, IgG and IgM deficiency, and IgG, IgA, and IgM deficiency.
The majority of patients show IgG and IgA deficiency [266], whereas isolated defi-
ciency of IgA or IgM are relatively rare in patients with THI [269]. It has been well-
appreciated that hypogammaglobulinemia either in primary immunodeficiency
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disorders or secondary to other conditions (malignancies and immunosuppressive
drugs) increases the risk of infections.

It has been shown that antibody response to specific respiratory viral antigens
(influenzas A and B, adenovirus, mycoplasma, respiratory syncytial virus, and para-
influenzas 1, 2, and 3) is more likely to be impaired in patients with THI than in
age-matched controls without THI [270]. This is reflected in increased risk of viral
infections in these patients.

3.13 Selective IgA Deficiency

Selective IgA deficiency (SIgAD) is the most common PID where B-cell switching
to IgA-producing cells is impaired [278]. For children aged 1-18 years with recur-
rent infections and warning signs of immunodeficiency, it is the most commonly
diagnosed disease [279]. Compared to other PIDs, patients with SIgAD appear to
less prone to lower respiratory tract infection, sepsis, skin infections, mucocutane-
ous candidiasis, dental alterations, cardiovascular malformations, angioedema,
hospitalizations, and death [280]. The world’s epidemiology data indicate that the
incidence of SIgAD varies by a family history of SIgAD and ethnicity ranging
from 1:18,500 in Japan to 1:143 in the Arabian Peninsula [278, 281]. Intrinsic fac-
tors causing IgA deficiency include both monogenic mutations (TNFRSF13B/
TACTI) [282, 283, 220] and chromosomal abnormalities mainly involving chromo-
some 18 [278, 1]. SIgAD is indicated by low levels of serum IgA (below 7 mg/dl)
in presence of normal levels of IgG and IgM after the age of 4 years in whom other
causes of hypogammaglobulinemia have not been identified. Clinical presenta-
tions may range from asymptomatic to clinically overt complications including
recurrent sinopulmonary infections [284], autoimmune diseases [285], allergies,
atopic disorders [286], gastrointestinal disorders, and malignancies [278].
Fortunately, about 65-90% of patients with SIgAD are asymptomatic [1, 287].
Only the minority of patients suffer from severe disease. They are those who may
progress to CVID at later time points [278]. Follow-up study reveals that unlike
patients with partial IgA deficiency and patients with partial IgA + IgG subclass
deficiency, patients with selective IgA deficiency never can achieve normal levels
of IgA during study [288]. This indicates the importance of periodic monitoring in
these patients.

After IgG, IgA is the second most abundant immunoglobulin in the blood circu-
lation [281]. It is secreted into the circulation and mucosal secretions. Two sub-
classes of IgA are present in humans: IgA1l and IgA2. Circulating IgA which is
mainly comprised of IgA1l (80-90%) may help to regulate immune response via
activation of the phagocyte system and inhibition of neutrophil chemotaxis. Mucosal
secretions mainly include IgA2, which is more resistant to bacterial proteases pres-
ent in the respiratory and gastrointestinal tract than IgA1. Secretory IgA contributes
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to the coating of mucosa-associated bacteria and therefore plays an important role
to prevent penetration of bacteria into the mucosa. In addition, patients with SIgAD
demonstrated altered cytokine/chemokine system in terms of increased levels of
CXCL10/TP-10, IL-10, and G-CSF and decreased levels of IL-9 and IL-12 (p70)
[289]. In this manner, SIgAD is regarded as a risk factor of recurrent respiratory
infections and bronchial hyper-responsiveness [290].

About 40-90% of patients with symptomatic SIgAD report recurrent sinopulmo-
nary infections as the most important manifestations leading to diagnosis of
SIgAD. In particular, adults with SIgAD are more prone to upper respiratory tract
infections (e.g., infectious conjunctivitis, common viral cold, pharyngitis, and lar-
yngitis) and lower respiratory tract infections (e.g., bronchitis and pneumonia)
[287]. Overall, the main pathogens involved are encapsulated bacteria including
Haemophilus influenzae and Streptococcus pneumoniae. Bronchiectasis and oblit-
erative bronchiolitis represent the most severe respiratory conditions experienced
by patients with SIgAD. Studies demonstrate that deficiency of any of IgG sub-
classes is also present in about 20% of patients with SIgAD [291], rendering them
more susceptible to sinopulmonary infections and respiratory insufficiency [292].
Moreover, patients with a low percentage of switched memory B-cells have a higher
incidence of pneumonia and bronchiectasis compared to patients with a high per-
centage of switched memory B-cells [293]. On the contrary, an increased number of
IgM-producing B-cells as a compensatory mechanism are commonly found in
SIgAD. Because of the functional overlap between IgA and IgM, high levels of
secretory IgM may protect patients against infections and help to maintain them
asymptomatic [281]. When compared to controls without SIgAD, adults with
SIgAD are more likely to be diagnosed with allergic rhinoconjunctivitis, but not
asthma [287].

Rarely, SIgAD has been observed concurrent with other respiratory conditions
including severe asthma, chronic granulomatous disease [294-296], chronic pulmo-
nary aspergillosis [297], tracheobronchopathia osteochondroplastica [298], pulmo-
nary nodules, disseminated cat-scratch disease [299], pleuropulmonary blastoma
[300, 301], eosinophilic pneumonia [302], cryptococcal pneumonia [303], and idio-
pathic pulmonary hemosiderosis [304]. Also, SIgAD can mimic Churg-Strauss syn-
drome and hypereosinophilic syndrome [302].

As reviewed in [278], the management of patients with SIgAD includes educa-
tion and periodic monitoring (every 4—-6 months), treatment of allergic and autoim-
mune disorders, prophylactic antibiotics (especially for patients with chronic and
recurrent sinopulmonary infections), pneumococcal vaccine (especially for patients
with IgG subclass deficiency), and intravenous or subcutaneous immunoglobulin
replacement therapy (especially for patients with recurrent infections).
Immunoglobulin products low in IgA that can be administered to those patients
include lyophilized Gammagard, Gammaplex, Vigam, Iveegam, Polygam, and
Nanogam with IgA <10 mg/ml. Also lobectomy can be considered in cases of bron-
chiectasis [305]. Monoclonal antibodies such as rituximab (anti-CD20) might be
effective in treating autoimmune disorders associated with SIgAD such as autoim-
mune thrombocytopenia [296].
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Chapter 4
Pulmonary Manifestations of Congenital
Defects of Phagocytes

Seyed Amir Mohajerani, Marzieh Tavakol, and Seyed Alireza Mahdaviani

4.1 Introduction

The phagocytic system is an indispensable part of the immune defense mechanism
and one of the main components of the innate immune system. Congenital immune
defects of phagocytic system could be due to reduced neutrophil numbers or func-
tion. Clinically, congenital defects of phagocytes can lead to various specific symp-
toms such as delayed separation of the umbilical cord, recurrent cutaneous abscesses,
periodontitis, liver and lung abscesses, and mucocutaneous aphthous ulcers.

Lung manifestations are one of the unique features of specific congenital defects
of phagocytes which will be discussed in this chapter in detail. Infections are signifi-
cantly the most common complications, but the host reaction to infection often
leads to characteristic findings that can be helpful diagnostically.

The prognosis of many congenital defects of phagocytes has been improved
dramatically during the last decade. Many patients will survive into their adulthood
by applying prophylactic regimen, early diagnosis, and aggressive treatment of
infectious and noninfectious complications. Pulmonary involvement in patients
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with chronic granulomatous disease (CGD) is the most important cause of death; it
may not necessarily be the initial manifestation, but it grows in severity over time.
Longer survival of the patients with congenital defects of phagocytes has indisput-
ably led us to identify cumulative effects of repetitive pulmonary infectious and
noninfectious inflammatory disorders. Pulmonary manifestations could be either
ambiguous or misleading, particularly if not enough attention and clinical impres-
sion are made. In other words, since one of the most common sites of involvement
in these defects is the lung, pulmonologists (pediatrics or adult) may be among the
first to recognize the pattern of pulmonary manifestation leading to a diagnosis of
phagocytic defects.

In this chapter, we will discuss the pulmonary complications of these congenital
defects of phagocytes with respect to clinical observations and their management.

(For further information, you may see Wintergerst U, Kuijpers TW, Rosenzweig
SD, Holland SM, Abinun M, Malech HL,, Rezaei N. Phagocytes defects. In: Rezaei
N, Aghamohammadi A, Notarangelo LD, editors. Primary immunodeficiency dis-
eases: definition, diagnosis, and management. 2nd ed. p. 245-294).

4.2 Chronic Granulomatous Disease (CGD)

Chronic granulomatous disease (CGD) is an inherited disorder, characterized by
defects in superoxide-generating NADPH oxidase of phagocytes. The genetic
defects in CGD induce activation failure of the respiratory burst in the phagocytes,
that leads to severe recurrent infections and unexplained prolonged inflammatory
reactions which produce granulomatous lesions.

4.2.1 Genetics

CGD has five different mutations in genes involved in assembly and activation of
the NADPH oxidase [1]. Two-thirds of patients have mutations in gp91phox (CYBB
gene, cytochrome b [-245], f subunit, OMIM*300481), on the X chromosome.
Other mutations are inherited as autosomal recessive (AR) involving p22phox
(CYBA, cytochrome b [—245], B subunit, OMIM*608508), p47phox (NCFI,
OMIM*608512), p67phox (NCF2, OMIM*608515), or p40phox (NCF4, neutro-
phil cytosolic factor 4, p40phox, OMIM*601448). Clinical manifestations are vari-
able in range and severity associated with variation in different involved genes [2].
X-linked forms are more prevalent in the whole world, whereas AR forms are more
prevalent in the countries with a high rate of consanguinity [3]. Clinical manifesta-
tions could be tremendously diverse in CGD patients even with similar mutations.
Overall, X-linked mutations could have more morbidity and less life expectancy
among CGD patients [4].
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4.2.2 Pulmonary Manifestation

The most common involved organ in CGD is the lung, which manifests with infec-
tious and noninfectious (inflammatory and autoimmune) complications (Box 4.1).

The most frequent pulmonary manifestations are infectious complications, com-
prising 80% of pulmonary involvements [5]. Infectious involvements are character-
ized by pneumonia in 40-60% and less frequently abscess in 3—6% of patients [6].
Severe pneumonia in these patients could induce atelectasia, abscess, or extensive
reticulonodular infiltration with increased chance of respiratory failure or death [7].
In addition, mediastinal or hilar adenopathy, pulmonary fibrosis, honeycomb lung,
pulmonary artery hypertension, and pleural thickening are among complications
which may be related to pulmonary infections with prolonged course.

Pulmonary infectious involvement in CGD patients is often caused by uncom-
mon organisms; therefore, a microbiologic smear and culture analysis in all case is
necessary before antibiotic therapy [8]. The most common detected causative agent
of pneumonia in CGD patients is Aspergillus, followed by Staphylococcus species,
Burkholderia cepacia, Nocardia, and Serratia species [9]. In sporadic cases, caus-
ative agents included Candida, Serratia marcescens, Burkholderia cepacia,
Cephalosporium, and Staphylococcus epidermidis [10]. In other words, consensus
is made on Aspergillus as the most common causative agent in pneumonia, but there
is a discrepancy in following commonly detected pathogens responsible for pneu-
monia between different regions and studies, which may be related to geographical
and population variations or diagnostic approaches [9]. CGD is the only phagocytic
disorder that is associated with Aspergillus infection in the absence of preexisting

Box 4.1 Pulmonary Manifestations of Chronic Granulomatous Disease
* [Infectious manifestations:

— Pneumonia

— Abscesses

— Pleural effusion

— Bronchiectasis

— Bronchitis

— Atelectasia

— Respiratory failure

— Mediastinal or hilar adenopathy
— Lung tuberculosis

* Noninfectious manifestations:

— Granuloma formations
— Pneumonitis
— Extensive fibrosis
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lung damage [11]. Aspergillus infections have an indolent course unlike bacterial
infections [12], and this explains why CGD patients rarely experience pulmonary
cavitation or hemoptysis because of Aspergillus infection. Contiguous spread of
Aspergillus infection from the lungs to the vicinity organs such as the pleura or
chest wall could occur in CGD patients and lead to osteomyelitis of the ribs or ver-
tebral bodies [13]. Among gram-negative bacteria, Burkholderia cepacia complex
organisms are commonly found in pneumonia [14]. Interestingly, Burkholderia is
exclusively detected in pulmonary infection of CGD and cystic fibrosis (CF)
patients, which probably indicates a pathophysiologic link between these two dis-
eases [15]. The rarity of Burkholderia cepacia isolation in EU papers may not
reflect the actual role of this gram-negative organism in pneumonia among CGD
patients; hence, more studies are needed to clarify the role of environmental
differences.

Uncommon pathogens of pulmonary infection in CGD patients are Actinomyces
species [16] and a fungus named Neosartorya udagawae [17]. Mycobacterial
workup should be performed in CGD patients [18] that could lead to severe pulmo-
nary (not miliary) tuberculosis [19]. Interestingly, CGD patients are vulnerable to
mycobacteria of the tuberculosis complex, such as BCG or M. tuberculosis, but not
other mycobacteria.

CGD patients experience inflammatory complications, and some might have
autoimmune problems [20], which are mainly due to deregulated inflammatory pro-
cess in CGD in response to a trigger and might be due to either increased proinflam-
matory or decreased anti-inflammatory mediators [21].

Noncaseating granuloma formations in multiple organs, including the brain,
lungs, liver, and spleen, are typically one of the main manifestations of this dysregu-
lation. The granulomas in the lung can manifest themselves as obstructive symp-
toms in pulmonary branches. Granulomas in CGD are often found to be sterile,
possibly underline that granuloma formation does not require the continued pres-
ence of microorganism [22].

The pathogenesis of abnormal inflammatory response and granuloma formation
is still obscure. Inflammation can occur without infection, possibly due to increase
in proinflammatory mediators. In some cases, recurrent infections have been shown
to induce chronic inflammatory responses [23]. Although the role of infectious
pathogens is not proven in granuloma formation, however, despite negative labora-
tory tests, it is difficult to exclude the infectious causes [1].

Fungi, alive or dead, could also induce severe inflammatory response in the lungs
of CGD patients. Fungi antigens from aerosolized decayed organics, such as mulch,
hay, or dead leaves, may induce mulch pneumonitis [21]. Mulch pneumonitis pre-
sentation is related to pulmonary hypersensitivity, including fever, dyspnea, and
hypoxia; diffuse interstitial infiltrates in CXR and lung biopsy show acute inflam-
mation with necrotizing granulomata and fungi [24].

Pulmonary manifestations in some CGD patients are hypoxia and functional
limitation induced by granulomas and extensive fibrosis [25]. The pathogenesis of
diffuse pulmonary inflammation is difficult to prove by lab tests. However, empiri-
cal treatment with corticosteroids or methotrexate could be helpful. Polymorphism
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in innate immune system, like mannose-binding lectin and Fc gamma receptors
[26], creates autoimmune involvement in CGD patients [27]. Finally, autoimmune
lung involvement processes are in association with sarcoidosis, rheumatic diseases,
and lupus-like syndrome [23].

4.2.3 Radiologic Findings of Pulmonary Manifestations

Radiologic findings are the mainstay of diagnosis of pulmonary manifestations as
the most common findings in CGD. The most common findings in chest radiogra-
phy include consolidation, reticulonodular opacities, and scarring. And the most
common findings in computed tomography (CT) are consolidation, ground-glass
opacity, tree-in-bud pattern, centrilobular or random nodules, bronchiectasis, septal
thickening, air trapping, or scarring. Infectious complications of the lung could
present as focal consolidation or miliary pattern. Lung infections in CGD patients
typically have prolonged course and are often complicated by granulomatous for-
mation, persistent hilar or mediastinal lymphadenopathy, pulmonary fibrosis, and
honeycomb lung. In addition, pneumonia may be complicated by abscess formation
or empyema. Radiographic detection may be delayed if pulmonary infections
involve previously scarred areas. Chest wall invasion is not always apparent on
routine chest radiograph shadowed by underlying lung parenchymal disease.
Technetium-labeled bone scans and CT or MRI can be used to diagnose this com-
plication. Chest CT could reveal osseous erosion with periosteal or endosteal reac-
tion. MRI may demonstrate abnormal bone marrow signal intensity of periosteum,
cortical destruction, or surrounding soft tissue.

4.2.4 Treatment
4.24.1 Treatment of Infectious Complications

Long-term antibiotics and antifungals are the mainstay of treatment in CGD patients
[28]. Bone marrow transplant is the curative treatment for these patients [29]. Acute
infections should be treated by early and aggressive antimicrobial agent therapies.
All pulmonary infections should be aggressively treated because of the spread risk
into the chest wall and osteomyelitis involving the ribs or vertebral bodies which
needs surgical resections if it happens [30].

Oral prophylaxis with cotrimoxazole and itraconazole reduces the rate of infec-
tion in patients with CGD [31]. CGD patients should be advised to avoid sources of
Aspergillus spores. Broader-spectrum antimicrobial agents may be needed if
Nocardia and Aspergillus are isolated. If culture results are not available, empiric
antibiotic therapy has to cover the most likely involved infectious agents. Antibiotics
should be aimed to cover a broad range of bacteria including S. aureus, Burkholderia,
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S. marcescens, and Nocardia. Oral ciprofloxacin and intravenous meropenem are
mostly first-line agents. If fungal pneumonia is suspected, voriconazole should be
started as first choice to cover Aspergillus. In CGD, infections often respond slowly,
and intravenous treatment must be followed by prolonged oral therapy [32]. Selected
CGD patients may benefit from interferon gamma prophylaxis [33].

4.2.4.2 Treatment of Inflammatory Complications

Immunosuppressive therapy by corticosteroids is required for acute granulomatous
exacerbation. TNF-« inhibitors (infliximab) are effective anti-inflammatory agents
but could increase the risk of severe and fatal infections. CGD patients with invasive
lung aspergillosis and nocardiosis should be started by steroids [34]. Patients with
“mulch pneumonitis” syndrome may benefit from antifungals and steroids [1].

4.3 Myeloperoxidase Deficiency

Myeloperoxidase deficiency in humans (MPO deficiency) is a rare genetic disease
induced by mutations in DNA for MPO in germ-line cells [35]. Secondary form of
MPO deficiency has been described in lead poisoning (due to inhibition of heme
synthesis), severe infections (due to consumption), neuronal lipofuscinosis, diabe-
tes mellitus, patients treated with cytotoxic drugs and malignant disorders like acute
and chronic myeloid leukemia, myelodysplastic syndrome (MDS), and Hodgkin’s
lymphoma [36].

MPO deficiency is analyzed by using an automated flow analysis of white blood
cells. MPO deficiency could be mild, partial (prevalence of 9%), subtotal (preva-
lence of 0.2%), or total (prevalence of 1 in 2000-4000). However, association of
MPO deficiency state with specific pathologies has not been determined yet [35].

Majority of MPO-deficient individuals (>95%) are asymptomatic despite killing
defects in neutrophils. However, symptomatic patients could periodically suffer
from recurrent Candida infections, severe osteomyelitis, meningitis, and sepsis
[36].

Invasive fungal infections (IFIs) occur in less than 5% of MPO-deficient patients.
Invasive Candida (IC) presents as candidemia, disseminated infection, pneumonia,
osteomyelitis, meningitis, or liver abscess; however, antifungal prophylaxis is not
indicated [37].

Malignant tumors have also been reported in patients with congenital MPO defi-
ciency; however, no solid association has been reported between malignancies and
MPO deficiency [35]. Unfortunately, there is no specific treatment for MPO defi-
ciency. In symptomatic patients, long-term antifungal prophylaxis with fluconazole
or itraconazole may be beneficial. In diabetic patients, tight control of blood glucose
should be achieved [36].
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Maintenance or prophylactic antibiotic therapy is not recommended, since most
of the MPO-deficient patients are not involved with infections. However, caution is
required in patients affected by diabetes mellitus, who suffer from a high tendency
to localized and systemic infections, and concomitant complete MPO deficiency. In
such cases, aggressive prolonged maintenance antibiotic therapy is crucial to con-
trol infections with resistant microorganisms or species of fungi [38].

4.4 Neutrophil-Specific Granule Deficiency

Neutrophil-specific granule deficiency (SGD) is a rare autosomal recessive primary
immunodeficiency characterized by either profound reduction or absence of
neutrophil-specific granules and bilobed neutrophil nuclei (pseudo-Pelger-Huet
anomaly). SGD patients have increased susceptibility to bacterial infections, espe-
cially skin, ear, lung, and lymph node infections. The responsible gene for SGD is
the CCAAT/enhancer binding protein-¢ (C/EBPe) and is a member of the C/EBP
transcription factor family that regulates proliferation, differentiation, and apoptosis
in various cells. C/EBPe is an essential gene for terminal differentiation of granulo-
cytes [39].

In the blood smear, abnormal segmentations of the granulocytes are pathogno-
monic. Chemotaxis is significantly reduced, and specific granules are absent from
electron microscope images of granulocytes. Definitive diagnosis is made by muta-
tional analysis of the C/EBPe gene [36]. Different clinical symptoms of SGD are
not clearly explained due to rarity of this genetic defect [39].

4.4.1 Pulmonary Manifestation

Although these patients mainly suffer from mucocutaneous ulcerative and necrotic
lesions, pulmonary manifestation by recurrent pneumonias and lung abscess mostly
due to Staphylococcus aureus and/or Pseudomonas aeruginosa has also been
reported [39]. Pus formation is also defective, and patients have ulcerative and
necrotic lesions of the skin and mucous membranes as in leukocyte adhesion defi-
ciency (LAD) [36].

4.4.2 Management

Long-term antibiotic prophylaxis is usually necessary in the course of their life
span. Antibiotics in acute infections should cover Staphylococcus aureus,
Pseudomonas aeruginosa, and Klebsiella spp. [36].
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4.5 Leukocyte Adhesion Deficiency I INTG2 or CD18
Deficiency), Leukocyte Adhesion Deficiency II (SCL35C1
or CDG-IIc Deficiency), and Leukocyte Adhesion
Deficiency III (FERMT3 or Kindlin3 Deficiency)

4.5.1 Background

Leukocyte adhesion deficiency (LAD) is an immunodeficiency disease with an esti-
mated frequency of less than 1 case per 106 populations. Three genetic forms of
LAD have been described so far. These genetic forms include leukocyte adhesion
deficiency I (INTG2 or CDI18 deficiency), leukocyte adhesion deficiency II
(SCL35C1 or CDG-IlIc deficiency), and leukocyte adhesion deficiency III (FERMT?3
or kindlin3 deficiency) [40].

4.5.2 Etiology

LAD type 1 (LAD-1) is the most common form of LAD caused by a defect in com-
mon chain of the beta 2 integrin family (ITGB2 or CD18). LAD type 2 (LAD-2) is
a congenital disorder of glycosylation type Ilc caused by mutations in member C1
(SLC35C1) gene from the solute carrier family, which encodes GDP-fucose trans-
porter 1 (FUCT1). This induces absence of fucosylated carbohydrate ligands result-
ing in defective rolling and impaired transport of fucose via the GDP-fucose
transporter into the Golgi apparatus [41].

The third type of LAD (LAD-3) results from failure of cytokine activation of a
number of integrins with an abnormality of Rap1 function involved in regulation of
integrin signaling [42].

4.5.3 Pulmonary Manifestations

The lung is not the first target in LAD, and involvement of superficial tissues including
skin and mucus membranes is a predominant clinical feature in LAD patients [44].

Among upper respiratory tract infections, otitis media frequency is unprecedent-
edly high (about 16.7%) in LAD patients; however, LAD is rarely accompanied by
pneumonia [44]. Pulmonary manifestations of LAD mainly include pneumonia
induced by both typical and atypical bacteria.

LAD is characterized by skin ulcers, poor wound healing, and recurrent bacte-
rial infections. It is described in patients with delayed umbilical cord separation
and omphalitis, recurrent bacterial infections, periodontitis, defective neutrophil
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mobility, absence of pus formation, and impaired wound healing. Without appro-
priate therapy, more than 75% of the patients die before their second
birthday [45].

The causative agents are frequently Staphylococcus aureus or gram-negative
bacilli. In acutely injured lungs, massively recruited polymorphonuclear neutro-
phils (PMNs) secrete abnormally neutrophil elastase which increases lung injury.

Various types of LAD have variability in severity of manifestation. Infections in
patients with LAD-2 are less severe than LAD-1. While there is no delay in the
separation of the umbilical cord in LAD-2, skin, lung, or periodontal infections are
generally not life-threatening. A hallmark of LAD-2 is severe delay in psychomotor
development, microcephaly and cortical atrophy, and short stature [46]. The clinical
presentation of LAD-3 is similar to LAD-1, with severe recurrent bacterial infec-
tions, delayed separation of the umbilical cord, and bleeding of the skin and mucous
membranes [47].

4.5.4 Diagnosis

LAD-1 should be suspected in patients with combination of early bacterial
infections, particularly omphalitis, with absent pus formation and marked
peripheral blood neutrophilia (up to 50,000-100,000/pl in the presence of infec-
tion or in the range of 15,000/pl in the absence of infection). Confirmation of
the diagnosis is achieved with flow cytometry analysis of the common beta
chain and the alpha subunits using monoclonal antibodies against CD18 and
CD11. Severe phenotype is associated with an expression of CD18 of less than
1-2% compared to normal controls, while patients with some surface expres-
sion of CD18 (>2-30% of normal) may have a milder to moderate clinical
course. However, only 25% of patients with even the “milder” phenotype sur-
vive beyond 40 years [40].

These patients with milder phenotype often suffer from large nonhealing infected
ulcers of the groin and lower extremities that respond poorly to antibiotics and even-
tually becoming colonized and infected with unusual organisms that are resistant to
most antibiotics.

A diagnosis of LAD-2 should be suspected in a patient with the clinical features
of psychomotor delay and with recurrent but mild infections, leukocytosis, and
detection of the Bombay blood group (absence of H antigen) [48].

Peripheral blood leukocytes show an absence of Slex expression (CD15A).
Confirmation of the diagnosis needs sequence analysis of the GDP-fucose trans-
porter. LAD-3 is a major differential diagnosis of LAD-1 and should be suspected
in situations when CD18 expression in an otherwise “typical LAD-1" patient is
normal. The confirmation of diagnosis requires the demonstration of impaired inte-
grin activation (e.g., activation of RAP-1) in specialized centers.
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4.5.5 Management

In all three genetic types of LADs, infections should be treated promptly with
appropriate antibiotics. In LAD-1, granulocyte colony-stimulating factor (G-CSF)
transfusion stimulates granulocytes in uncontrolled severe infections and large
chronic ulcers. The only curative treatment for severe phenotypes is hematopoietic
stem cell transplantation (HSCT) [49].

In less severe phenotypes (CD18 > 2-30%), prophylactic antibiotics (e.g.,
trimethoprim-sulfamethoxazole 5 mg/kg once daily) are sufficient to avoid severe
infections, and careful oral hygiene is mandatory to prevent or ameliorate periodon-
titis in most cases. In LAD-2 patients with recurrent infections, antibiotic prophy-
laxis with trimethoprim-sulfamethoxazole TMP-SMX is beneficial. Fucose
supplementation may achieve a significant clinical improvement in some patients,
and therefore, this modality should be tried in these patients [50]. Meanwhile, ther-
apy of LAD-3 is very similar to of LAD-1 patients [36].

4.6 Ras-Related C3 Botulinum Toxin Substrate 2
(RAC-2) Deficiency

Ras-related C3 botulinum toxin substrate 2 (RAC-2) deficiency or neutrophil immu-
nodeficiency syndrome is a severe defect in leukocyte migration manifested by lack
of pus formation at the site of infection. RAC-2 (Rho-GTPase) is important for the
expression of L-selectin, F-actin assembly, chemotaxis, superoxide generation, and
regulation of actin polymerization [51].

Patients with RAC-2 deficiency suffer from delayed separation of the umbilical
cord, poor pus formation, nonhealing perirectal or periumbilical abscesses, and leu-
kocytosis similar to LAD-1.

Biopsies from wounds show an appropriate number of neutrophils which differ-
entiate this disease from LAD-1. CD18 expression is also normal, while chemotaxis
toward C5a, fMLP, and IL-8 is impaired. Moreover, neutrophil polarization in
response to fMLP is also deficient. NADPH oxidase activity is normal after PMA
but decreased after fMLP stimulation.

4.6.1 Pulmonary Manifestations

In general, pulmonary involvement is uncommon in RAC-2-deficient patients.
There are rare cases of recurrent sinopulmonary infections, pneumonia, and bron-
chiectasis in RAC-2 deficiency, in which majority of them were incorrectly diag-
nosed [52] as CVID before definitive confirmation of RAC-2 deficiency.
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4.6.2 Management

Infections should be treated with appropriate antibiotics, while granulocyte transfu-
sions are reserved for patients with critical illnesses and severe infections. Allogenic
HSCT is suggested to be a curative treatment [36].

4.7 Congenital Neutropenia (CN)

4.7.1 Background

Congenital neutropenia (CN) is a family of genetic diseases associated with three
main features of low neutrophil count and susceptibility to infection, various organ
dysfunctions, and an extraordinarily high risk of leukemic transformation. Numerous
genetic mutations have been identified related to congenital defects in this
syndrome.

Neutropenia is defined by a neutrophil count below 1.5 G/I in children over
1 year and below 2 G/l in children aged between 2 and 12 months. Consequently,
neutropenia in newborns is defined by a higher threshold as in adult of below 2.5 G/1
neutrophils. Severe neutropenia is below 0.5 G/1, and chronic neutropenia lasts
more than 3 months. It is important to confirm neutropenia on three samples per
week over a 6-week period [53].

Monocytosis, hypereosinophilia, and polyclonal hypergammaglobulinemia
appeared to be frequently associated with neutropenia and inversely proportional to
its severity. Severe congenital neutropenia is a rare condition, and its prevalence is
estimated to be 3—8.5 cases per million individuals [54].

4.7.2 Pulmonary Manifestations

Severe infection is the central phenotype of CN in spite of various genotypes of
these genetic defects. The most determinant factor linked with infection risk is the
residual capacity to mobilize neutrophils from the site of production to the site of
infection [55].

The preferential sites of infection are highly variable; frequent sites of infections
are the skin and mucosae, ears, nose and throat region, and lungs. During the first
weeks of life, the child might begin to have fevers associated with respiratory symp-
toms, including signs of pneumonia. During the first month of life, skin infections
or deep tissue abscesses might be present.

Stomata involvements always manifest after 2 years of age in patients with pro-
found central neutropenia characterized by erosive, hemorrhagic, and painful gingi-
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vitis associated with oral furuncles of the tongue and mucosa. Diffuse gastrointestinal
lesions could lead to abdominal pain and diarrhea that may resemble Crohn’s disease
on radiological studies. These lesions may also be associated with bacterial enteritis
with atypical symptoms in patients with profound neutropenia, local inflammation,
absence of pus and necrosis, and ecthyma gangrenosum. Bacterial infections
involved are Staphylococcus aureus and Staphylococcus epidermidis, Streptococci,
Enterococci, Pneumococci, Pseudomonas aeruginosa, and gram-negative bacilli.
Fungal infections involved are mainly Candida or Aspergillus species [53].

Thus, patients with severe congenital neutropenia usually present in the first year
of life with stomatitis, gingivitis, perirectal inflammation, or cellulitis. Abscesses,
pneumonia, and septicemia may also occur. Clinical signs of infections are attenu-
ated by the presence of neutropenia, but fever then serves as a marker of inflamma-
tion and regularly develops when infection occurs. These patients are not predisposed
to parasitic, viral, or fungal infections. Fungal infections are uncommon except as a
complication of prolonged antibiotic therapy [56].

4.8 Severe Congenital Neutropenias (ELANE Deficiency,
GFI1 Deficiency, HAX1 Deficiency, G6PC3 Deficiency,
VPS45 Deficiency, X-Linked Neutropenia
with Myelodysplasia)

4.8.1 ELANE Deficiency

ELANE (neutrophil elastase) mutations are the most frequent congenital form of
neutropenia. They are found in about 40% to 55% of patients with congenital
neutropenia.

Autosomal-dominant heterozygous mutations of ELANE are the most frequent
cause of CN. ELANE deficiency is responsible for cyclic neutropenia (CyN), and
severe CN type 1 (SCN1) leads to more severe infections. In CyN, in periods of
21 days, neutrophil counts fluctuate between normal and close to zero, associated
with inverse monocyte cycling, sometimes together with variations in reticulocyte,
eosinophil, lymphocyte, and platelet counts.

Patients with SCN1 have chronic profound neutropenia characterized by bone
marrow maturation suppression at the promyelocyte stage, induced by apoptosis of
neutrophil precursors [57].

4.8.1.1 Diagnosis

ELANE-related neutropenia is diagnosed by serial measurements of the absolute
neutrophil count (ANC) along with clinical findings. ELANE is the only known
gene mutation is known to cause neutropenia. Mutation detection rate is 100% in
individuals with documented cyclic neutropenia and known affected family



4 Pulmonary Manifestations of Congenital Defects of Phagocytes 133

members. However, mutation detection rate is 80% in individuals with congenital
neutropenia [58].

4.8.1.2 Pulmonary Manifestation

No specific lung involvement has been reported in ELANE-related neutropenia,
same as with other forms of congenital neutropenia. ELANE-related neutropenia is
manifested by recurrent fever, skin and oropharyngeal ulcers, gingivitis, sinusitis,
pharyngitis, and cervical adenopathy. Infectious complications are basically more
severe in congenital neutropenia compared to cyclic neutropenia.

In congenital neutropenia, diarrhea, pneumonia, and deep abscesses in the liver,
lung, and subcutaneous tissues are common. Immediate omphalitis after birth may
be the first sign. Bacteremia occurs infrequently but has severe consequences in
affected individuals [58].

4.8.1.3 Treatment

These patients require large doses of G-CSF, both for the management of active
infections and as long-term therapy. There is a high risk of leukemic transformation
in this setting. SCN is usually diagnosed before the age of 6 months.

G-CSF treatment increases blood neutrophil levels. Prognosis is generally poor,
and many patients expire at young age due to sepsis, colitis, lymphosarcoma, pul-
monary complication, and massive gastrointestinal hemorrhage [59].

4.8.2 Neutropenia Associated with G6PC3 Mutations

These mutations induce severe permanent neutropenia associated with granulocyte
maturation arrest and susceptibility to infections. Other clinical manifestations are
thin skin with a highly visible veins, urogenital malformations, cardiac disorders (in
particular arrhythmia due to atrioseptal conduction defect), myopathy (despite a
normal histology of muscle), and perception deafness [53].

4.8.2.1 Pulmonary Manifestation

G6PC3 deficiency has highly variable clinical presentations and severity. Majority
of patients with G6PC3 deficiency have cardiovascular and urogenital manifesta-
tions (so-called classic G6PC3 deficiency). A more severely affected classic disease
called Dursun syndrome is manifested with involvement of myeloid cells, primary
pulmonary hypertension in the newborn period, and minor dysmorphic features.
This syndrome is characterized by a triad of familial primary pulmonary hyperten-
sion (PPH), leukopenia, and atrial septal defects [60].
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Patients with G6PC3 deficiency usually present in their first 6 months of life with
recurrent bacterial infections, recurrent diarrhea, failure to thrive, and sinopulmo-
nary infections. Sinopulmonary infections namely bronchiectasis, and otitis media
are the most common pulmonary manifestations. Moreover, urinary tract infections,
skin abscesses, and sepsis are also common findings in these patients. Some patients
may also suffer from oral ulcers, periodontitis, stomatitis, gingivitis, and fungal
infections. G6PC3 deficiency patients remain susceptible to bacterial infections if
not treated. Nearly two-thirds of G6PC3 deficiency patients show intermittent
thrombocytopenia. Pulmonary hypertension (PHT) has also been described in
G6PC3 deficiency patients, and congenital heart defects are also common. In their
recent review, Banka and Newman found that more than half of G6PC3 deficiency
patients may have congenital cardiac defects, and the most common anomaly is
atrial septal defect.

Severe GOPC3 deficiency (Dursun syndrome) has classic finding of G6PC3 defi-
ciency in addition to specific features including primary pulmonary hypertension
(PPH) developing in the newborn period, nonmyeloid cell involvement and severe
lymphopenia, and thymus hypoplasia.

4.8.2.2 Management

G-CSF has been used for treatment in patients with G6PC3 deficiency; it improves
neutrophil count, prevents infections, and increases quality of life. However, in
some patients, G-CSF could not control infections [13]. On the other hand, patients
with mild disease may not necessarily require G-CSF treatment and can be man-
aged with prophylactic antibiotics [61].

Prognosis of most patients with G6PC3 deficiency is generally good on G-CSF
treatment or prophylactic antibiotics in mildly affected individuals. However,
untreated G6PC3 deficiency can be fatal.

4.8.3 Neutropenia Associated with GFI11 Mutations

No pulmonary manifestation has been reported for this congenital disease.

4.8.4 HAXI Deficiency

The only reported form of pulmonary manifestation in HAX1 deficiency of congeni-
tal neutropenia is pneumonia. Other manifestations of HAXI deficiency are
recurrent stomatitis, gingivitis, skin abscess, otitis, mastoiditis, and tooth
decay [62].
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4.8.5 Mutations in VPS45

No pulmonary manifestation has been reported.

4.8.6 X-Linked Neutropenia with Myelodysplasia

No pulmonary manifestations have been reported.

4.9 Cyclic Neutropenia

Cyclic neutropenia, an autosomal dominant disorder, is a type of SCN in which
numbers of blood neutrophils, monocytes, platelets, reticulocytes, and lymphocytes
fluctuate within a 21-day period. Mutations in ELANE can induce cyclic neutrope-
nia and some other forms of SCN. Risk of cyclic neutropenia to evolve to MDS and
acute myeloid leukemia is low. However, when neutrophil counts are at the lowest
count, patients could have painful mouth ulcers, cellulitis, respiratory symptoms,
abscesses, and severe infections that could even be fatal [54].

4.9.1 Pulmonary Manifestation

Cyclic neutropenia has no specific pulmonary manifestation, the same as other con-
genital neutropenia; however, upper respiratory infections (sinusitis and/or otitis
media), pneumonia, and bronchitis are reported respiratory manifestations of this
form of immunodeficiency [63].

Interestingly, patients with cyclic neutropenia are usually asymptomatic.
However, they can frequently suffer from severe bacterial infections, oral lesions,
and cutaneous manifestations during the episodes of neutropenia. These patients are
generally healthy between neutropenic periods but, during the episode of
neutropenia, suffer from aphthous stomatitis, oral ulcers, gingivitis, abscesses, and
occasionally overwhelming bacterial infections [64].

The symptomatic episodes of fever and infections usually recur approximately every
3—4 weeks. The neutropenic periods are associated with infections especially in oral
cavity and mucous membranes, where oral ulcers and periodontitis are common.
Cutaneous infections, upper respiratory infections, and skin abscesses are also common.
Perirectal and genital areas are susceptible to recurrent infections and abscesses [65].

More than half of patients with cyclic neutropenia experience oral ulcerations,
gingivitis, lymphadenopathy, fever, pharyngitis, and skin infections at least five
times per year. Adult patients are involved with sinusitis or otitis media, while pedi-
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atrics have more than five episodes of bone pain or tooth abscesses per year. More
than 10% of individuals report pneumonia and bronchitis. On the other hand, con-
genital neutropenia is a preleukemic condition of which 20% of patients ultimately
develop leukemia after 20 years [66].

4.9.2 Diagnosis

Congenital cyclic neutropenia is diagnosed by periodic oscillations in the circulat-
ing neutrophil count from normal to severe neutropenic in at least 3-week period
with duration of 3—6 days [67].

In patients with neutropenia, the clinical history and examination of the periph-
eral blood smear are the most important aspects of diagnostic evaluation.
Examination of the oral cavity, perianal region, and skin is necessary in order to
assess the clinical impact of neutropenia [68].

In patients not being treated with G-CSF, the cycling period is regularly within 3
month laps. However, the cycling periodicity can vary somewhat from a patient to
another patient and can be altered by administration of G-CSE.

Diagnosis is performed by CBC with differential at least twice weekly over
6-9 weeks to determine the typical cyclic pattern of neutropenia. In sporadic cases
without a positive family history, cycling pattern from early childhood is absent or
is erratically different from 21 days. In such cases, acquired cyclic neutropenia
should be considered in the differential diagnosis [36].

4.9.3 Management

The life expectancy and quality of life of patients with congenital cyclic neutropenia
are acceptable, if patients are diagnosed and regularly followed up [1].

Although the prognosis is good with a benign course, approximately 10% of patients
may experience life-threatening infections. In addition to prophylactic antibiotics, in
some patients, treatment with recombinant human G-CSF in anticipation and into the
time of “cycling nadir” may be all that is needed only over a period of several days to
sufficiently increase blood neutrophil counts to achieve reduction in infection rate and
improvement in survival and quality of life. Prophylactic antibiotics and antifungal agents
and aggressive therapy during acute infections are keys for long-term survival [65].

4.10 Shwachman-Diamond Syndrome

Shwachman-Diamond syndrome (SDS) is a multi-system AR disease characterized by
exocrine pancreatic insufficiency, impaired hematopoiesis, and leukemia predisposition.
Other clinical features include skeletal, immunologic, hepatic, and cardiac disorders
[69].
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Infants with SDS suffer from failure to thrive, foul-smelling stools due to the
pancreatic insufficiency, and persistent or intermittent neutropenia with recurrent
infections like recurrent otitis media, sepsis, pneumonia, etc. In later stage of their
lives, pancreatic insufficiency significantly improves in more than 50% of the
patients older than 4 years, while anemia and thrombocytopenia develop in more
than 40% of patients. Neutropenia is intermittent in about two-thirds and constant
in one-third. Approximately, 10% of patients progress to MDS and acute myeloge-
nous leukemia. Furthermore, patients suffer from skeletal abnormalities (irregular-
ity of metaphyses, osteopenia, short stature), neurodevelopmental delay, dental
caries, and hepatic dysfunction [36]. SDS diagnosis is made by association of clini-
cal symptoms of pancreatic exocrine and bone marrow dysfunction [69].

4.10.1 Pulmonary Manifestations

Patients with SDS are susceptible to recurrent bronchopulmonary bacterial, viral,
and fungal opportunistic infections [69]. Besides, recurrent otitis media, sinusitis,
and mouth sores are seen in these patients as well. Other systemic infections in SDS
patients include septicemia, osteomyelitis, and skin infections.

4.10.2 Management

First-line therapy is to ameliorate exocrine pancreatic insufficiency symptoms by
pancreatic enzymes substitutes and supplementary fat-soluble vitamins. Blood
count monitoring should be performed at least every 6 months and bone marrow
once a year. Neutropenia with recurrent bacterial infections could be treated with
G-CSF; however, there is increased risk of preleukemic cell stimulation. In
patients with symptomatic anemia, leukocyte-depleted and irradiated erythro-
cyte transfusions are recommended, and in thrombocytopenia and bleeding
cases, platelet transfusions are indicated. HSCT could also be offered to patients
with pancytopenia, MDS, or leukemia in remission; however, survival is about
60-70% [36].

4.11 Cohen Syndrome

Cohen syndrome (OMIM#216550) is an AR condition with mutations in COHI
gene manifesting with hypotonia, obesity, microcephaly, mental retardation, short
stature, and characteristic faces with short philtrum, prominent upper central inci-
sors, and prominent nasal root. Neutropenia is mild to moderate, intermittent, and
not generally associated with severe infection, although gingivitis, periodontitis,
and cutaneous infections are common [36].
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4.11.1 Pulmonary Manifestations

There is an association between Cohen syndrome and upper respiratory airway
problems which may be severe and even life-threatening inducing intrinsic differ-
ence in laryngeal function [70]. Stridor is the most common presenting sign in
infancy of Cohen patients due to laryngomalacia, laryngeal abnormalities, laryngeal
stenosis, and vocal cord paralysis. A high-pitched voice is a consistent finding, even
in those patients who have not had previous laryngeal problems.

4.11.2 Treatment of Manifestations

Early intervention including physical, occupational, and speech therapy is appropri-
ate to address gross developmental delay, hypotonia, joint hypermobility, and motor
clumsiness. Meanwhile, G-CSF should be considered if neutropenia is documented
[71].

4.12 Poikiloderma with Neutropenia (PN)

Poikiloderma is a syndrome of skin atrophy and papular erythematous rash. So far,
several subtypes of this genodermatosis have been described. The Clericuzio was
first described in Navajo Indians. Onset of this disease is in the first year of life; later
on, the rash gradually propagates centripetally from the limbs and forms a papular
rash, followed by plaques of hypo- and hyperpigmentation and telangiectasia. The
nails could also be affected (pachyonychia), but no hair loss or leukoplasia is
observed. More importantly, the skin changes are mostly associated with recurrent
infections, especially pneumonia.

The neutropenia in these patients is often severe. Granulocyte maturation arrest
at the promyelocyte stage is not observed; however, dysgranulopoiesis with late
arrest is often seen [53].

4.12.1 Pulmonary Manifestations

PN patients mostly have recurrent pulmonary infections inducing bronchiectasis,
lung abscesses, and lung granulomas. Chronic recurrent otitis media and sinusitis
are also common in childhood. The frequency of acute sinopulmonary infections
decreases after 5—10 years of age, but most individuals continue to have bronchiec-
tasis, chronic nonproductive cough, and reactive airway disease.
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4.12.2 Management

Poikiloderma is treated with conservative skin care, applying weak emollients and
sun protectives. However, pruritic palmar/plantar hyperkeratosis can be treated with
a strong topical steroid or a topical keratolytic after ruling out dermatophyte infec-
tion. G-CSF is not clinically effective on PN patients in decreasing frequency of
infections, despite increases in absolute neutrophil count. MDS and acute myelog-
enous leukemia are treated in the usual treatment modalities. Sinopulmonary, mid-
dle ear, and skin infections require aggressive treatment with antibiotics. Reactive
airway disease and hypogonadotropic hypogonadism are also treated. PN patients
with recurrent sinopulmonary infections should be treated with prophylactic antibi-
otics during the winter to decrease frequency of infections [72].

4.13 Other Phagocytic Deficiencies

In other phagocytic deficiencies, including b-actin, aggressive periodontitis,
Papillon-Lefevre syndrome, Barth syndrome, and glycogen storage disease Ib, no
pulmonary manifestations have been reported. Although these phagocytic deficien-
cies present mostly with recurrent infections, however, to the unknown reasons,
pulmonary involvement has not been reported so far in reported cases.
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Chapter 5
Pulmonary Manifestations of Genetic
Disorders of Immune Regulation

Sebastian F. N. Bode, Ulrich Baumann, and Carsten Speckmann

5.1 Introduction

The immune system has to be tightly balanced between adequate responses against
infectious pathogens while maintaining tolerance toward the host. Genetic disorders
of immune regulation can lead to both immunodeficiency and autoimmunity/
immune dysregulation — sometimes including respiratory manifestations.

Immune dysregulation typically leads to noninfectious pulmonary inflammation
(“pneumonitis”) localized interstitially but also in the bronchioli and alveolae. This
is in stark contrast to respiratory manifestations of antibody deficiencies that typi-
cally lead to increased susceptibility to bronchopulmonary infections, often bron-
chiectasis and chronic cough. Symptoms of pneumonitis are often nonspecific or
patients can be even asymptomatic. Pulmonary function tests initially may only
show impaired gas exchange that progresses to restrictive lung disease. The lack of
clinical symptoms does not prompt pulmonary function tests that are needed for the
diagnosis of pulmonary involvement. This might be a reason for the low incidence
of respiratory manifestations that are reported in genetic disorders of immune regu-
lation. The following chapter demonstrates available information regarding
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pulmonary pathologies for each genetically defined disease of immune dysregula-
tion. In some cases, animal models can help to better understand the pathophysiol-
ogy. Some conditions outlined in this chapter only show signs of immune
dysregulation, but others share features with antibody deficiencies and combined
immunodeficiencies leading to a variable possible respiratory presentation.

Some of the conditions outlined in this chapter lead to the clinical picture of
hemophagocytic lymphohistiocytosis (HLH) (Sect. 5.2) which carries a poor prog-
nosis by itself, but an even worse prognosis of pulmonary involvement is present.

Other conditions like LRBA or CTLA-4 deficiency (Sect. 5.3); Hermansky-
Pudlak syndrome types 2, 9, and 10 (Sect. 5.7); STATSb deficiency (Sect. 5.13); or
ITCH deficiency (Sect. 5.14) have typical pulmonary manifestations that, in combi-
nation with symptoms of autoimmunity or immunodeficiency, can aid the clinical
diagnosis of a specific condition.

As some of the conditions outlined in this chapter cause some form of B- or
T-cell immunodeficiency, patients with p14 deficiency (Sect. 5.8), SAP/XIAP defi-
ciency (Sect. 5.9), CD27 deficiency (Sect. 5.10), or CD25 deficiency (Sect. 5.12)
are at the same risk for infectious pulmonary manifestations as patients with hypo-
gammaglobulinemia or combined immunodeficiency due to other molecular defects.

Evidence-based recommendations on the therapeutic management of these
respiratory manifestations or complications are not available in many cases; some
suggestions are discussed in the following chapter.

(For further information you may see Speckmann C, Borkhardt A, Gaspar B,
Gambineri E, Ehl S. Genetic disorders of immune regulation. In: Rezaei N,
Aghamohammadi A, Notarangelo LD, editors. Primary immunodeficiency diseases:
definition, diagnosis, and management. 2nd ed. p. 295-338)

5.2 Familial Hemophagocytic Lymphohistiocytosis (Perforin
Deficiency, UNC13D Deficiency, Syntaxin 11 Deficiency,
STXBP2 Deficiency)

5.2.1 Background

Familial hemophagocytic lymphohistiocytosis (FHL) comprises a group of geneti-
cally different conditions that lead to the life-threatening clinical picture of hemo-
phagocytic lymphohistiocytosis with uncontrolled proliferation of lymphocytes and
the secretion of pro-inflammatory cytokines [1].

Four forms of FHL have been described so far: FHL-2 (OMIN*603553) [2, 3]
or perforin deficiency, named after the mutations in the perforin gene (PRFI;
OMIN*170280), FHL-3 (OMIN*608898) [4] caused by mutations in MUNC13-4
(UNC13D; OMIN*608897), FHL-4 (OMIN*603552) [5] due to mutations in the
gene for syntaxin 11 (STX11; OMIN*605014), and FHL-5 (OMIN*613101)
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Table 5.1 Diagnostic criteria for HLH. Modified from histio.org and [10]

A B (Five out of eight criteria have to be fulfilled)

Molecular diagnosis Fever
consistent with HLH

Splenomegaly

Cytopenias in 2/3 cell lines (hemoglobin <9 mg/dl) (<10 mg/dl in
infants <4 weeks old), platelets <100.000/pl, neutrophils <1.000/ul
Hypertriglyceridemia (fasting triglycerides >265 mg/dl) and/or
hypofibrinogenemia (fibrinogen <1.5 g/l)

Hemophagocytosis in the bone marrow, spleen, lymph nodes, or liquor
Ferritin >500 ng/ml

Soluble IL-2 receptor (sCD25) >2.400 U/ml

Decreased or absent NK cell cytotoxicity

[6, 7] caused by mutations in the gene for STXBP2 (OMIN*601717). All these
mutations result in reduced NK cell or T-cell cytotoxicity. While the exact genetic
defect of FHL-1 has not been identified yet, it has been linked to chromosome
9q21.3-22 [8].

Ineffective killing of pathogens or infected cells leads to proliferation and hyper-
stimulation of NK and T-cells causing hypercytokinemia and the clinical picture of
HLH [9]. A diagnosis can be established if at least five out of eight diagnostic crite-
ria are fulfilled (see Table 5.1) [10].

5.2.2 Pulmonary Manifestations of HLH

While pulmonary complications in patients with primary or familial hemophago-
cytic lymphohistiocytosis are rarely reported, there are reports on pulmonary
involvement in secondary HLH, for example, caused by infections. In one cohort
over 50% of adult patients with HLH showed some form of pulmonary involve-
ment, mostly in the form of dyspnea and cough at onset that quickly led to the need
for mechanical ventilation [11]. In a pediatric cohort that might comprise of more
cases of FHL (median age 33 months at diagnosis of HLH, at least 3 cases of perfo-
rin deficiency), 30% of patients displayed respiratory symptoms including cough,
dyspnea, or tachypnea [12].

Patients with HLH and pulmonary involvement were more likely to suffer from
a severe episode of HLH and to require intensive care and had a poorer prognosis
(<50% survival) than patients without pulmonary involvement and HLH (80%
survival).

In pediatric cohorts, bilateral lung infiltrates, pleural effusions, and granuloma-
tous lung disease were most common and in general nonspecific [13—-15]. A report
on autopsies of 27 children demonstrated signs of hemophagocytosis in the lungs
without stating an exact percentage of affected patients [16].
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It is worth considering whether the pulmonary involvement in HLH can be
directly caused by the underlying disease as suggested by animal models [17, 18] or
is secondary due to infections that may be caused by the impaired infection control
in HLH. The cytokine storm in HLH or in severe infections can lead to capillary
leakage causing acute respiratory distress syndrome with bilateral infiltrates and
effusions. Seguin et al. report that 59% of 118 patients with pulmonary symptoms
and HLH had an underlying infectious trigger identified underscoring the impor-
tance of thorough diagnostics to identify treatable triggers [11].

5.2.3 Management

All patients with HLH should undergo prompt evaluation for underlying causes and
promptly receive immunosuppressive therapy according to current protocols [10,
19]. Especially patients with HLH and pulmonary symptoms need to be treated
early and aggressively to ameliorate the poor prognosis. The only curative option
for patients with FHL is hematopoietic stem cell transplantation (HSCT) [9].

5.3 Autoimmune Lymphoproliferative Syndrome (ALPS)
(FAS Defect, FASLG Defect, CASP10 Deficiency,
CASPS8 Deficiency, RAS-Associated Autoimmune
Leukoproliferative Disease, FADD Deficiency)

5.3.1 Background

The autoimmune lymphoproliferative syndromes (ALPS) (OMIN#601859) often
present with uncontrolled lymphocyte proliferation leading to lymphadenopathy,
splenomegaly, hemolytic anemia, and other symptoms related to a poorly controlled
lymphocyte apoptosis [20, 21]. Mutations in the Fas (CD95)-mediated death recep-
tor pathway (FAS, FAS-ligand (FAS-L)) are most common. Mutations affecting the
intrinsic apoptotic pathway, namely, in NRAS and KRAS, have been described as
RAS-associated autoimmune lymphoproliferative disease (RALD) (OMIN#614470).

Other primary immunodeficiency diseases (PIDs) can lead to lymphoprolifera-
tion and cytopenia, including XLP, LRBA, STAT3 gain-of-function, CTLA-4, and
APDS types 1 and 2, but the genetic basis for some patients still remains to be elu-
cidated (unclassified ALPS/ALPS-like syndrome).

Patients with ALPS, especially ALPS-FAS, show an enlarged population of
“double-negative T-cells” that express an a/f T-cell receptor [22]. Upregulation of
the mTOR pathway and secretion of IL-10 and other cytokines favoring the produc-
tion of autoantibodies contribute to the clinical picture of ALPS [23-25].



5 Pulmonary Manifestations of Genetic Disorders of Immune Regulation 149

The clinical manifestation and course of ALPS is mainly benign and includes
lymphadenopathy, hepatosplenomegaly, and autoimmune cytopenias as well as
other autoimmune phenomena. Around 10-15% of ALPS-FAS patients develop
B-cell lymphomas [26].

5.3.2 Pulmonary Manifestations of ALPS

Pulmonary symptoms in general are infrequent in the ALPS population. In the larg-
est ALPS cohort reported, 8% (18/255) of patients showed abnormal lung findings
on radiographic, especially chest CT, imaging [27].

These abnormalities included mainly ground-glass opacities (alveolar and/or
interstitial infiltration) in 16 patients, tree-in-bud nodules (bronchiolitis with impac-
tion and wall thickening) in 15 patients, bronchiectasis in 14 patients, and septal
thickening (thickening of the interstitial septa by effusion of fibrous tissue) in 13
patients. Other changes were observed less frequently.

Of those 18 patients, only 2 had clinical symptoms (dyspnea/desaturation on
room air). This is unsurprising as the changes mentioned above can be local only or
scar tissue in the case of septal thickening. None had a concomitant viral, bacterial,
or fungal infection. Over time patients showed fluctuation of CT patterns with no
clear influence of treatment choices nor any continuous worsening. Pulmonary
function tests were available for 15/18 patients: 6 had a restrictive pattern and 2 had
an obstructive pattern. DLCO was pathological in 12/15 (67%).

Interestingly 78% (14) of patients with pulmonary abnormalities had an unclas-
sified ALPS, 3 patients had ALPS-FAS, and 1 had ALPS-FASLG [27].

In conclusion patients with ALPS-FAS or ALPS-FASLG seem to have only
rarely pulmonary manifestations. On the other hand, patients with unclassified/
undetermined ALPS should be followed up more closely with yearly pulmonary
function tests including spirometry, body plethysmography, and CO diffusion as
they might develop pulmonary manifestations more frequently. Additionally,
patients with unclassified ALPS warrant further immunological investigations as
they might have another underlying disease, e.g., STAT3 and STATI gain-of-
function mutations, APDS mutations, LRBA, or CTLA-4 deficiencies, all known
for severe pulmonary involvement (see Sect. 5.3) [27].

5.3.3 Management

Treatment with the mTOR inhibitor, sirolimus, is becoming the first-line therapy for
ALPS patients [28]. Its effects on the lymphoproliferation are indisputable — possi-
ble positive effects on pulmonary involvement might be secondary in nature.
Especially patients with unclassified ALPS might benefit from repeated and
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invasive pulmonary investigations (histology and microbiology). Treatment should
be carried according to the identified obstructive or restrictive lung disease and/or
identified microbial agent.

5.3.4 Pulmonary Manifestations of Other Autoimmune
Lymphoproliferative Diseases

Caspase-8 deficiency does show a more severe clinical phenotype than ALPS due to
activation defect in both B-cells and T-cells. It has been termed caspase-8 deficiency
state (CEDS) and is no longer part of the ALPS classification [21]. Niemela et al.
described two patients with caspase-8 deficiency: one with pulmonary hypertension
and interstitial lung disease that deteriorated quickly leading to lung transplant and
the other one with recurrent pulmonary infections leading to bronchiectasis [29].
These two patients showed recurrent sinusitis, bronchitis, and pneumonia [30].
These manifestations are similar to those in combined immunodeficiencies.

Fas-associated via death domain (FADD) deficiency is characterized by ALPS-
like features plus severe bacterial and viral infections. Two patients manifested inva-
sive pneumococcal infection due to functional hyposplenism. No further data are
available on pulmonary manifestations [31].

Patients with activating NRAS (OMIM*164790) or KRAS (OMIM*190070)
mutations, described as RAS-associated autoimmune leukoproliferative disease
(RALD), so far have not been reported to suffer from pulmonary manifestations
[32, 33].

5.4 Autoimmune Lymphoproliferative Syndromes
with Primary Immunodeficiency (ALPID) (STAT1
and STAT3 Gain-of-Function, APDS1 and APDS2,
CTLA-4 Deficiency, LRBA Deficiency)

5.4.1 Background

Conditions caused by STATI and STAT3 gain-of-function mutations, activated phos-
phoinositide 3-kinase-6 syndrome (APDS) 1 (caused by mutations in PIK3CD) and
2 (mutations in PIK3R1) deficiency, CTLA-4 deficiency, and LRBA deficiency tra-
ditionally were counted among antibody deficiencies, combined immunodeficien-
cies, or autoimmune lymphoproliferative syndromes. They all show features of
autoimmunity and lymphoproliferation as well as primary immunodeficiency,
therefore, termed ALPID to differentiate them from ALPS. Patients with ALPID
disease often present with a more severe clinical course with hypogammaglobu-
linemia and susceptibility to infections than ALPDS patients.
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5.4.2 STATI and STAT3 Gain-of-Function

The signal transducer and activator of transcription 1 (STAT1, OMIN*600555) play
a crucial role in different interferon and interleukin pathways impairing, among oth-
ers, Th17 cell responses [34].

Different types of loss-of-function mutations in STAT/, both autosomal-dominant
and recessive, are described elsewhere. STATI gain-of-function (GOF) mutations
(OMIN*614162) were first described in patients with chronic mucocutaneous can-
didiasis, but patients with a heterogeneous clinical and immunological phenotype
are increasingly recognized [34, 35].

Clinical presentation includes early childhood onset chronic mucocutaneous
candidiasis, bacterial infections affecting the respiratory tract in almost half of the
patients, as well as viral infections. Additionally, autoimmune features including
hypothyroidism, autoimmune hepatitis, diabetes, autoimmune cytopenias, and oth-
ers were described [35, 36]. In some patients the course of disease is intense and
resembles a combined immunodeficiency. Interestingly, nonimmune manifestations
such as aneurysms, neurological abnormalities, and carcinomas are not uncommon
in patients with STAT GOF [36].

Lower respiratory tract infections occur early. Chronic or frequent infections as
well as a noninfectious inflammatory component that is incompletely understood
as of yet lead to chronic pulmonary changes with bronchiectasis and obstructive
airway disease and are a major mortality factor in STAT/ GOF-affected individu-
als [35-37]. HLH has been reported in at least one patient with STAT/ GOF, and
the same implications for pulmonary manifestations apply as laid out in Sect.
5.2.2 [38].

Early detection and treatment of infection are paramount to prevent permanent
lung damage, and some patients will need long-term antibiotic prophylaxis [35, 39].
HSCT is a treatment option in STAT/ GOF, but outcome needs to be improved with
an overall survival of 40% in a cohort of 15 patients [38]. First reports are emerging
that specific STATI-directed therapy with ruxolitinib, a Janus kinase inhibitor, might
be a therapeutic option for patients who are not eligible for HSCT. It might improve
susceptibility to infections and autoimmune manifestations, but therapy needs to be
closely monitored for potential opportunistic infections including JC virus-induced
progressive multifocal leukoencephalopathy [39—41].

STAT3 (OMIM*102582) GOF mutations lead via impaired T-cell signaling path-
ways to a variable phenotype termed ADMIO1 (autoimmune disease, multisystem,
infantile-onset 1) (OMIM*615952).

Patients with STAT3-GOF mutations are prone to autoimmune conditions includ-
ing enteropathy, type 1 diabetes mellitus, cytopenias, lymphoid interstitial lung dis-
ease, as well as lymphoproliferation, large granular lymphocytic (LGL) leukemia,
and short stature [39]. Some patients present with a combination of clinical features
as seen in IPEX syndrome (Sect. 5.11), but especially patients affected by the lym-
phoid interstitial lung disease share clinical features with patients with STATSb
deficiency (Sect. 5.13) [42].
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Fig. 5.1 ChestCT of a
5-year-old boy with STAT1
gain-of-function mutation.
Chronic parenchymal lung
changes with ground-glass
opacities

Patients require immunosuppressive treatment to control autoimmunity and lym-
phoproliferation [43]. The anti-IL-6 antibody, tocilizumab, has been administered
to some few patients with success [42]. If ruxolitinib also possesses therapeutic
potential in STAT3-GOF, patients still need prospective evaluation. Other therapeu-
tic agents that target the STAT3 signaling pathway are being developed and hold
promise for individuals with STAT3-GOF mutations [44]. Regarding pulmonary
manifestations, no specific therapeutic regimen has been established, and patients
should be monitored regularly to identify possible deterioration early on (Fig. 5.1).

5.4.3 Activated Phosphoinositide 3-Kinase-6 Syndrome 1
and 2 (APDS1 and APDS2)

Activated phosphoinositide 3-kinase-d syndrome (APDS) is a clinically heteroge-
neous syndrome consisting of two entities caused by either mutation in the PIK3CD
gene (OMIM*602839) leading to APDS1 (OMIM#615513) or mutation in PIK3R1
(OMIM*171833) leading to APDS2 (OMIM#616005). PI3KS? is a heterodimeric
enzyme consisting of p85a regulatory subunit (PIK3CD) and a p110d subunit
(PIK3R1). Both gain-of-function and loss-of-function mutations have been
described highlighting the importance of this enzyme’s regulation for both correct
T- and B-cell functioning, thus leading to a combined immunodeficiency [45].

Loss-of-function mutations only have been described in few patients who pre-
sented with recurrent sinopulmonary infections, severe B-cell lymphopenia result-
ing in hypo-/agammaglobulinemia, and autoimmune conditions including
inflammatory bowel disease, hepatitis, and lymphoproliferation [46, 47].

GOF mutations lead to increased T-cell senescence and death and increased
number of Tregs and transitional B-cells but reduced class-switch recombination
and somatic hypermutation leading to immunodeficiency and B-cell lymphoma.
Loss-of-function mutations present with reduced T-cell responses and less T-cell
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Fig. 5.2 (a) Chest CT of a 9-year-old boy with APDS1. Areal hyperintensities in the right middle
lobe and the left lower lobe with positive bronchoaerogram and signs of bronchiectasis. Several
small speckled consolidations (see red circle). (b) Chest CT of a 6-year-old girl with APDS2 and
bronchiectasis

cytokine production as well as reduced Tregs and B-cells [45]. Especially the
affected regulatory T-cells inflict autoimmune complications.

Activating mutations in PIK3CD and PIK3R1 show a similar clinical phenotype
[48]. Patients present with B-cell dysfunction (e.g., impaired vaccine responses)
and susceptibility to respiratory infections with encapsulated bacteria such as
Haemophilus influenzae and Streptococcus pneumoniae which are not alleviated by
immunoglobulin replacement therapy [45, 49-52].

The two largest cohorts published so far describe respiratory infections in
98-100% of patients with APDS1 [48] and APDS2 [53], pneumonitis in 71%, and
bronchiectasis in 18-60%. On CT scan, patients presented with air-space opacities,
tree-in-bud opacities, bronchial wall thickening, mosaic attenuation, and bronchiec-
tasis [48]. Abnormal T-cell function leads to recurrent viral infection mostly by
EBV or CMV [48, 51, 52].

Treatment consists of immunoglobulin replacement therapy, rapamycin, and
HSCT [48, 50]. The PI3K? inhibitor, idelalisib, administered orally showed very
promising results regarding the lymphoproliferation of affected patients in a clinical
trial [54]. Meanwhile, another trial for an inhaled form with a better safety profile is
under way (NCT02593539) (Fig. 5.2).

5.4.4 CTLA-4 Deficiency

The protein cytotoxic T-lymphocyte-associated-4 (CTLA-4) (OMIM*123890) is
essential for inhibitory regulation of immune responses. Mutations in CTLA-4
cause the autosomal-dominant CTLA-4 deficiency (OMIM#616100) [55] with
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Fig. 5.3 (a) Chest CT of a 6-year-old boy with CTLA-4 deficiency. Multiple round infiltrates
resembling reversed halo (or atoll) signs as evidence of granulomatous-lymphocytic lung disease.
(b) Chest CT of a 23-year-old woman with CTLA-4 deficiency. Mosaic attenuation and
bronchiectasis

dysregulation of regulatory T-cells, increased activation of T effector cells, and lym-
phocytic organ infiltration [56].

Patients typically present with features of immune dysregulation, e.g., cytope-
nias, enteropathy, diabetes, and hepatosplenomegaly [55, 57]. Even though CTLA-4
is essentially a disorder with hyperactive, poorly controlled, T lymphocytes, no epi-
sodes of HLH have been reported so far in CTLA-4 deficiency.

Pulmonary manifestations of CTLA-4 deficiency include recurrent bronchopul-
monary infections, bronchiectasis, pulmonary fibrosis, and granulomatous-
lymphocytic lung disease (GLILD) in up to 2/3 of patients [55, 56].

Treatment needs to be directed both at the immunodeficient and the immune
dysregulatory aspects of CTLA-4 deficiency. Immunoglobulins and steroids, some-
times in combination or with additional steroid-sparing agents like sirolimus, ritux-
imab, and others, have been administered to CTLA-4-deficient patients [57]. With
abatacept, there is a CTLA-4 fusion protein available that can possibly present a
targeted approach for affected patients. The few existing reports so far show a posi-
tive response [58, 59]. HSCT was performed in eight patients with CTLA-4 defi-
ciency. Six patients are alive and well, but especially the persisting diabetes in some
patients urges at early diagnosis and treatment [60] (Fig. 5.3).

5.4.5 LRBA Deficiency

The autosomal-recessive LRBA deficiency (OMIM#614700) is caused by muta-
tions in the lipopolysaccharide-responsive, beige-like anchor protein gene LRBA
(OMIM*606453). LRBA plays an important role in intracellular trafficking and
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degradation of CTLA-4 (see above), and LRBA deficiency leads to increased turn-
over and, therefore, lower level of CTLA-4. Clinical manifestations include early-
onset hypogammaglobulinemia due to impaired B-cell development causing
recurrent infections, particularly affecting the respiratory tract, as well as autoim-
mune manifestations as autoimmune hemolytic anemia, idiopathic thrombocytope-
nic purpura, and inflammatory bowel disease [61-63].

Apart from recurrent bronchopulmonary infections, patients can develop bronchiec-
tasis often following granulomatous-lymphocytic interstitial lung disease. In a cohort of
21 patients, 11 (52%) had abnormal pulmonary findings, and 8 (38%) had granuloma-
tous-lymphocytic pulmonary disease [62]. Diagnosis of GLILD has to be established by
HRCT. Treatment includes supportive care, ventilation, and immunosuppression [64].

As the clinical manifestation can be variable, treatment has to be adapted accord-
ingly from immunoglobulin substitution to immunosuppression, control lymphop-
roliferation, and HSCT in severe cases. The CTLA-4 fusion protein, abatacept, has
been used with excellent results improving both symptoms of autoimmunity and
lung function tests and pulmonary changes evident of CT in patients with LRBA
deficiency [65] (Fig. 5.4).

5.5 Chédiak-Higashi Syndrome (CHS)

The clinical manifestations of the autosomal-recessive Chédiak-Higashi syndrome
(OMIM#214500) are variable. As patients with CHS suffer from a lack of natural
killer cell function, they are at risk for infections, including pulmonary infections.
Patients show variable oculocutaneous albinism, a bleeding tendency, and a pro-
gressive neurological involvement.

Mutations in the LYST gene (OMIM*606897) lead to incorrect formation of intra-
cellular granula. Most patients progress to the “accelerated phase” of the disease,
which can be clinically indistinguishable from the full picture of HLH and should be
treated as such [66]. The pulmonary manifestations in the accelerated phase can be
similar to those of HLH (see above). HSCT is the only therapeutic option, and
patients’” outcome is better if they are transplanted before the accelerated stage [67].

Mouse models for CHS do show pulmonary abnormalities even in the absence of
HLH, especially lymphocytic infiltration and fibrosis, even in the absence of an
infectious trigger [68]. Details on human lung samples or clinical signs of pulmo-
nary involvement have not been reported.

5.6 Griscelli Syndrome, Type 2

Patients with Griscelli syndrome type 2 (OMIM#607624) have a pronounced form
of albinism, hypogammaglobulinemia, and sometimes severe neurological impair-
ment and are at high risk for HLH. Therefore, they are at the same risk for
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Fig. 5.4 (a) Chest MRI of
a 1-year-old girl with
LRBA deficiency.
Enlargement of axillary
and mediastinal lymph
nodes. (b) Chest CT of the
same patient with areal
infiltrates and
bronchoaerogram. (¢)
Chest CT of a 9-year-old
girl with LRBA deficiency.
Atypical and confluent,
partly spot-shaped
infiltrates suggestive of
granulomatous-
lymphocytic lung disease
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pulmonary manifestations as outlined above [11, 69]. No typical pulmonary mani-
festation has been reported, but patients have an increased risk for EBV-induced
illness [69]. One patient developed EBV-induced pulmonary lymphomatoid granu-
lomatosis [70], and anti-EB V-directed therapy was successful in this case. Patients
should be monitored closely for symptoms of HLH and EBV infection. However,
HSCT is the curative option.

5.7 Hermansky-Pudlak Syndrome
(Type 2, Type 9, Type 10)

Clinical manifestations in Hermansky-Pudlak syndrome (HPS) include bleeding
abnormalities, neutropenia, oculocutaneous albinism, and, in some cases, facial
dysmorphisms, hepatosplenomegaly, and susceptibility to bacterial infections. As
yet ten different subtypes of HPS have been described.

Pulmonary fibrosis has been reported in patients with HPS types 1, 2, and 4,
which carries a high mortality risk in combination with pneumonia [71-75]. Other
subtypes of HPS might have a lower risk for pulmonary complications.

HPS type 2 (OMIM#608233) due to mutations in AP3BI (OMIM*603401) has
a severe immunological phenotype. Affected children are at high risk to develop
pulmonary fibrosis — in contrast to patients with HPS type 1. These patients suffer
from less infectious complications and only develop the disease as middle-aged
adults [71]. The observed pathology in affected individuals could also be demon-
strated in animal models (pale ear/pearl mice). Mice showed enlargement of type II
pneumocytes, increased levels of surfactant protein-B and protein-C in lung tissue,
pulmonary fibrosis, and increased levels of TGF-beta in bronchoalveolar lavage
[76-78]. Dysregulated surfactant trafficking and secretion and alveolar epithelial
cell type II stress and apoptosis were also reported [79].

One of the two patients so far reported with HPS type 9 showed increased cuta-
neous infections, but none had a clear pulmonary phenotype [80, 81].

One patient has been reported with a homozygous mutation in AP3DI
(OMIM*607246) causing HPS type 10 (OMIM#617050). He had a similar pheno-
type like HPS type 2 but with severe neurological manifestations. This patient also
demonstrated chronic interstitial pneumonia [82].

The risk for HLH is not as high as in Griscelli syndrome type 2, so a preemptive
HSCT cannot be recommended at this point [83]. Patients with HPS, especially
types 1, 2, 4, and 10, should be closely monitored for changes in pulmonary func-
tion tests or in radiographic imaging. Early infection control and appropriate treat-
ment might halt or delay the development of pulmonary fibrosis.
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5.8 Other Immunodeficiencies Associated
with Hypopigmentation (p14 Deficiency, Vici Syndrome)

Vici syndrome (OMIM#242840) is a multisystem disorder of defective autophagy
caused by mutations in EPG5 (OMIM*615068) and presents with hypopigmenta-
tion and immunodeficiency as well as severe neurological manifestations [84, 85].

P14-deficient patients (OMIM#610798) have oculocutaneous albinism, hypo-
gammaglobulinemia, neutropenia, and impaired function of cytotoxic T-cells [86].
The underlying cause is mutations in untranslated regions of the adaptor molecule
P14 (OMIM*610389) that leads to false procession of p14 mRNA.

Due to the underlying immunodeficiency in both conditions, patients can present
with infections, including severe bronchopulmonary infections, as did the patients
with p-14 deficiency reported so far [86]. Especially in the patients who also suf-
fered from hypogammaglobulinemia, immunoglobulin replacement therapy is an
option.

5.9 X-Linked Lymphoproliferative Syndromes (SH2D1A
Deficiency, XIAP Deficiency, MAGT1 Deficiency)

Three different diseases caused by mutations in X-chromosome-encoded genes
have been described so far that present with EBV-triggered lymphoproliferation.

SAP deficiency (OMIM#308240) or X-linked lymphoproliferative syndrome 1
(XLP-1) occurs due to loss-of-function mutations in SAP/SH2D 1A (OMIM*300490),
and the patients have over 50% risk to develop HLH after EBV infection [87]. When
patients survive the marked infectious mononucleosis, they sometimes do develop
dys- or hypogammaglobulinemias which carry an increased risk for bronchopulmo-
nary infections and their sequelae.

Mutations in XIAP/BIRC4 (OMIM#*300079) cause XIAP deficiency or XLP-2
(OMIM#300635). Up to 80% of affected individuals experience HLH episodes that
can reoccur, but other autoimmune phenomena might be present in over 60% of
patients as the initial manifestation [88]. Some authors warrant the term “X-linked
familiar HLH” to highlight the risk of recurring HLH [89].

Both XLP-1 and XLP-2 therefore carry the risk of pulmonary involvement in
HLH as outlined above. For patients with XLP-1, granulomatous-lymphocytic
interstitial lung disease has been reported as well [90]. Patients with XLP-1 should
receive HSCT, because they are at risk of developing not only HLH but also lym-
phoma [91]. For XLP-2, HSCT is also a treatment option, but results on outcome
have been mixed. Therefore, patients may overcome their risk for recurrent HLH
episodes with conservative treatment [88, 92]. In cases presenting with uncontrolled
autoimmune conditions, e.g., Crohn’s-like disease, HSCT might also be curative
[88, 93].
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Patients with mutations in the magnesium transporter MAGT! (OMIM*300715)
causing magnesium defect, EBV infection, and neoplasia (XMEN) (OMIM#300853)
show respiratory tract infections, viral pneumonias, chronic diarrhea, and chronic
EBYV infection leading to EBV-associated lymphoma [94]. Infection control and
close monitoring are the therapeutic recommendations until data on more patients
become available.

5.10 Autosomal-Recessive Lymphoproliferative Syndromes
(ITK Deficiency, CD27 Deficiency, CD70 Deficiency)

Molecular defects in the IL-2-inducable T-cell kinase (/TK, OMIM*186973) or
mutations in CD27 (OMIM*186711) can show similar clinical manifestations like
the X-linked lymphoproliferative syndromes but are transmitted in an autosomal-
recessive fashion (Sect. 5.8).

All patients with ITK deficiency reported so far did present with EBV-induced
lymphoproliferation. Many patients suffered from early manifestation of Hodgkin’s
lymphoma. In the majority of patients reported with ITK deficiency, pulmonary
involvement with large interstitial nodules as sign of EBV-induced lymphoprolif-
eration could be identified [95-97].

HSCT is a curative option for patients with ITK deficiency, but the B-cell lym-
phoproliferative lung involvement can (at least transiently) respond to rituximab as
well [97].

CD27 deficiency may present more variably with asymptomatic memory B-cell
deficiency, chronic symptomatic EBV viremia, and lymphoma induced by EBV
[98-100]. At least three patients with CD27 deficiency did suffer from recurrent
pneumonias or episodes of bronchitis in the context of hypogammaglobulinemia
[99]. They might benefit from immunoglobulin replacement therapy. Experience on
HSCT in CD27 deficiency is limited to two patients who were transplanted
successfully.

CD70 deficiency is a clinical phenocopy of CD27 deficiency, and patients may
suffer from bronchopulmonary infections related to hypogammaglobulinemia. A
typical manifestation is the susceptibility to EBV-related diseases [101].

5.11 Immune Dysregulation, Polyendocrinopathy,
Enteropathy, X-Linked (IPEX)

In immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX,
OMIM#304790) syndrome due to mutations in FOXP3 (OMIM*300292) instable
FOXP3 expression leads to dysfunction of regulatory T-cells (Tregs).
Immunodysregulative features are the hallmark of the disease, mainly pronounced
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diarrhea, insulin-dependent diabetes mellitus, and eczema typically in the first few
months of life. One recent publication demonstrated pulmonary involvement with-
out specifying its nature, in more detail in 16/96 patients with IPEX syndrome.
Under immunosuppressive therapy alone, pulmonary complications increased over
time from 15% to 24% in a cohort of 34 IPEX patients. Episodes of acute respira-
tory distress syndrome and pneumonia accounted for two out of four deaths in this
cohort. Patients with pulmonary involvement before HSCT also have a worse out-
come than those without pulmonary involvement [102]. Immunosuppressive ther-
apy is only warranted for short-term symptom control and seems to be unable to
control pulmonary involvement. HSCT is the only curative option available for
patients with IPEX syndrome [102, 103].

Animal data on FOXP3-deficient mice could show that chronic antigen stimula-
tion through the airways leads to a similar picture of lymphoid involvement in the
lung suggesting a pivotal role of regulatory T-cells in autoimmune lung disease
[104]. Both CD25 (Sect. 5.11) and STATS5b (Sect. 5.12) play a role in the activation
of Tregs, and their respective deficiency can cause pulmonary involvement.

5.12 CD2S5 Deficiency

CD25 deficiency (OMIM#606367) has features of both SCID-like immunodefi-
ciency and immune dysregulation. Mutations in /L2RA/CD25 (OMIM*147730)
cause defects in the o chain of the high-affinity interleukin-2 (IL-2) receptor.
Clinical presentation includes pronounced chronic diarrhea manifesting in the first
year of life, insulin-dependent diabetes mellitus, and other autoimmune features.
Early-onset CMV pneumonitis, susceptibility to other bronchopulmonary infec-
tions, and follicular bronchiolitis with lymphocytic hyperplasia have been reported
in CD25-deficient patients [105-108]. A combination of supportive care, immuno-
suppression, and HSCT was applied to these patients. Pulmonary symptoms
improved under a combined immunosuppressive protocol in one patient [108].
Therapy with IL-2 might also be an option (Fig. 5.5).

5.13 STATSb Deficiency

Growth failure insensitive to therapy with growth hormone, autoimmune features,
and immunodeficiency are hallmarks of STAT5b deficiency (OMIN#245590) [109].
Severe, sometimes fatal, pneumonitis or lymphoid interstitial pneumonia has been
reported in nine out of ten patients with STAT5b deficiency [110].

The pneumonitis remains difficult to treat and no standard concept could be
established so far. All patients with STAT5b deficiency should undergo regular pul-
monary function tests and clinical examination for follow-up and to attempt early
treatment. Symptomatic therapy is warranted and especially the growth failure
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Fig. 5.5 (a) Chest CT of a
10-month-old patient with
CD25 deficiency. Focal
hyperinflation and
ground-glass opacities as
well as chronic changes to
the lung parenchyma.
Reactive
lymphoproliferation

remains difficult to treat. Future therapy might be able to enhance specific targets in
the STATSb pathway and provide an interesting therapeutic approach [110, 111].

5.14 ITCH Deficiency

ITCH deficiency (OMIM#613385) has been reported in an extended Amish family
and is characterized by failure to thrive, developmental delay, relative macroceph-
aly, hepatosplenomegaly, and chronic lung disease. Three of the ten patients reported
so far died following respiratory complications in early childhood (under 3 years of
age). The pulmonary phenotype showed an obstructive pattern that resembled asth-
matic patients. In one biopsy chronic interstitial bronchitis was described [112].
Immunosuppressive treatment can alleviate some of the autoimmune phenomena,
but no data are available on optimal management of the pulmonary complications
apart from supportive and possibly inhalative care.

5.15 COPA Deficiency

Individuals with coatomer protein complex subunit alpha (COPA) deficiency
(OMIM#616414) experience autoimmune phenomena such as interstitial lung dis-
ease and joint or kidney involvement caused by production of autoantibodies due to
dysregulation in the COPA protein by mutations in the COPA gene (OMIM*601924)
[113]. So far, five families with interstitial lung disease have been described; 14/21
of reported patients presented with respiratory symptoms including tachypnea,



162 S. F. N. Bode et al.

cough, or hemoptysis on initial presentation; and all patients were found to have
interstitial lung disease. Lung biopsies revealed marked interstitial lymphocytic
infiltration comparable to lung involvement in other systemic autoimmune diseases
[114]. Immunosuppressive treatment is needed to control the autoimmunity.

5.16 Conclusion

In conclusion not enough is known about pulmonary manifestations and complica-
tions in genetic disorders of immune regulation. Consequently, it is sensible to order
pulmonary function tests including spirometry, body plethysmography, and
CO-diffusion even in asymptomatic patients at least once per year to identify patho-
logical changes early in the course of disease. Many syndromes presented in this
chapter show an increased rate of malignancies that might be further elevated by the
use of ionizing radiation. Chest X-rays are not sensitive enough to capture all abnor-
malities. Gold standard for the diagnosis of interstitial lung diseases is a chest CT,
but its use is only warranted if, e.g., a reduced diffusion capacity could be demon-
strated in a patient. Pathological lung function test results should be discussed with
a pulmonologist interested in immunology.
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Chapter 6
Pulmonary Manifestations of Defects
in Innate Immunity

Persio Roxo-Junior, Isabela Mina, and Catherine Sonaly Ferreira Martins

6.1 Introduction

The immune response consists of mechanisms involved in innate immunity and,
when necessary, in adaptive immunity. The innate response is phylogenetically
older, of a nonspecific nature, and rapid and is coded within the germline, while the
adaptive response is antigen specific, has been first described in vertebrates, is
slower and of longer duration, and results from somatic DNA recombination.

Examples of the innate immunity components are epithelial barriers, antimicro-
bial peptides, soluble factors (chemokines and proteins of the complement system),
and cell elements (neutrophils, monocytes, and natural killer cells). The humoral
and cellular components of the innate immune system are diverse, and their
responses are initiated by pattern recognition receptors (PRR) such as Toll-like
receptors (TLRs) and NOD-like receptors (NLR, NOD), which recognize the
pathogen-associated molecular patterns (PAMPs).

The innate immune responses play a fundamental role in the control of infections
by interfering with the replication and/or viability of the pathogen, in addition to
favoring the development of adaptive immunity [1]. The important role of innate
immunity in the defense against infections can be clearly seen by the presence of
severe infections secondary to the intrinsic defects of this immunity sector.

The way the innate immune system detects and responds to infections has been
clarified at the molecular level; and the function of the system in the defense against
various types of pathogens, as well as its importance in the physiopathology of
PIDs, is currently being revealed [2].
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This chapter will deal with the main respiratory manifestations occurring in the
presence of each innate immunity defect according to the molecular changes
involved.

(For further information, you may see Parvaneh P, Lilic D, Roesler J, Nichues T,
Casanova JL, Picard C. Defects in intrinsic and innate immunity: receptors and sig-
naling components. In: Rezaei N, Aghamohammadi A, Notarangelo LD, editors.
Primary immunodeficiency diseases: definition, diagnosis, and management, 2nd
ed. p. 339-392).

6.2 Anbhidrotic Ectodermal Dysplasia
with Immunodeficiency

Anbhidrotic ectodermal dysplasia with immunodeficiency (AED-ID) is a rare syn-
drome characterized by changes in the differentiation of ectoderm-derived struc-
tures such as the teeth, hair, and sweat glands and by impaired immunological
function. The main clinical abnormalities are conical teeth and teeth present in
reduced numbers, scarcity of body and scalp hair, reduced or absent sweating, and
severe repeated infections.

According to genetic inheritance, AED-ID can be classified into recessive
X-linked and autosomal dominant (AD) forms.

X-linked AED-ID is caused by hypomorphic mutations of the gene that codes
for the kinase kB inhibitor gene (/IKBKG), also known as NF-kB essential modula-
tor (NEMO), a regulatory component of the IkB (IKK) complex necessary for the
activation of the kB nuclear transcription factor (NF-kB) [3]. NF-«B is a regulatory
protein of the immunoglobulin gene expression in B lymphocytes, immune
response, inflammatory reactions, and protection against apoptosis, among other
functions [4].

Members of the NF-kB family are present in the cell cytoplasm, linked to NF-xB
inhibitors (IkB). During cellular activation, signals are generated that lead to the
activation of IKK, which phosphorylates IkB in specific serine residues, promoting
their ubiquitination and degradation by the proteasome, permitting translocation of
the NF-kB complex to the nucleus for the activation of its target genes [3].

Approximately 43 mutations that impair NF-kB activation have been reported
thus far [5].

The main disorder detected in X-linked AED-ID is related to the NEMO-
dependent NF-kB activation by TLR and interleukin 1 (TIR: TLR, IL-1R, and
IL-18R) and by tumor necrosis factor receptors (TNF-R: TNF-aR and CD40) [3].

The immunological investigation of patients with this disease may reveal various
changes such as deficiency of specific anti-polysaccharide antibodies, low serum
IgG levels [3], and variable IgA, IgM, and IgE levels, as well as increased IgM in
some cases. Abnormal CD40-CD40L signaling is observed in some individuals [6]
and reduced natural killer cell activity in others, causing these patients to be more
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susceptible to mycobacterial infections. Patients usually have normal numbers of
naive and memory T-cells [3].

The degree of impairment of the various pathways of NEMO activation depends
on the type of mutation. In general, patients fail to produce IL-10 in response to
activation with TNF-a, and many of them show an impaired antibody response,
especially glycans, including pneumococcal capsules. These characteristics are the
result of defective signaling by the signaling pathway of the ectodysplasin receptor
(EDA-R). More recently, mutations in the leucine zipper domain of the NEMO gene
have been diagnosed as the X-linked form of Mendelian susceptibility to mycobac-
terial diseases (MSMD), demonstrating the important role of NEMO in the IL-12/
IFNy pathway.

The AD form of AED-ID, also known as IkBa gain-of-function (GOF) mutation,
is caused by a hypermorphic heterozygous /KBA mutation that prevents the phos-
phorylation and degradation of the NF-kB o inhibitor (IkBa), resulting in partial
retention of NF-kB dimers in the cytoplasm. These dimers are involved in various
pathways, including those triggered by members of the TNF-R, IL-1R, TLR, T-cell
receptor (TCR), and B-cell receptor (BCR) families [5]. The quantity of mutant
IxBa inside the cell, its binding affinity for NF-kB, and its resistance to degradation
determine the degree of GOF and consequently the levels of NF-kB inhibition in
heterozygous cells [7].

IxkBa deficiency involves a severe impairment of TCR signaling. The patients
exhibit hypogammaglobulinemia with the absence of production of specific anti-
bodies. Some patients also have low proportions of CD4 and CD8 memory T-cells
and of memory B-cells, few or no T y/9 cells, and severe impairment of T-cell pro-
liferation in response to anti-CD3 [5].

Children with both X-linked and AD forms of AED-ID suffer recurrent infec-
tions by variable pathogens such as capsulated pyogenic bacteria, mycobacteria,
viruses, and fungi [3], with respiratory manifestations being the most frequent
consequences.

Pneumococcal infections are the most frequent ones in these patients, probably
due to the impaired responses related to TLR and IL-1R [5, 8], followed by
Haemophilus influenzae and Staphylococcus aureus infections causing recurrent
pneumonias and bronchiectasia [5].

Patients with AD mutations in /KBA suffer from severe pyogenic bacterial infec-
tions, especially pneumonias, due to [ hemolytic type A streptococcus,
Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, and
Serratia marcescens.

Infections with atypical mycobacteria such as Mycobacterium avium,
Mycobacterium bovis, and Mycobacterium kansasii are also frequent in patients
with NEMO mutations with defects of CD40-CD40L signaling and changes in the
immunity mediated by the IL-12/IFNy pathway [3, 8], with consequent recurrent
pneumonias, bronchiectasis, and pulmonary fibrosis. These patients also can pres-
ent viral respiratory infections, especially those induced by cytomegalovirus and
adenovirus, as well as respiratory infections caused by opportunistic fungi such as
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Pneumocystis jirovecii [8]. About one-third of NEMO-deficient patients can die
from invasive infections.

6.3 LUBAC Deficiency

The linear ubiquitin chain assembly complex (LUBAC), consisting of SHANK-
associated RH domain-interacting protein (SHARPIN), heme-oxidized IRP2 ubiq-
uitin ligase-1 (HOIL-1), and HOIL-1-interacting protein (HOIP), is an important
regulator of inflammation and of the innate response signaling [9]. HOIL-1 L and
SHARPIN are accessory HOIP proteins.

Ubiquitination was initially described as a mechanism of protein labeling as tar-
gets for degradation by proteasome. However, today we know that ubiquitination is
involved in several other cell functions such as activation of the canonic NF-xB
pathways, which occurs in a relatively rapid manner through stimuli from proin-
flammatory cytokines and PAMPs, such as lipoproteins and bacterial liposaccha-
rides (LPS).

The stimulation of retinoic acid-inducible gene (RIG)-like receptors, TLRs, and
NOD-like receptors induces NF-kB activation of type I IFN production. Recent
studies have indicated that LUBAC regulates the responses of the immune system
via TLR, NOD, and RIG.

Rats with spontaneous SHARPIN deficiency, denoted as carriers of chronic pro-
liferative dermatitis in mice (CPDM), exhibit, in addition to dermatitis, splenomeg-
aly, defects of secondary lymphoid organs, and significantly low serum IgG, IgA,
and IgE levels. On this basis, it was discovered that SHARPIN is a physiological
LUBAC component interacting with HOIP and that the lack of SHARPIN in rats
with CPDM causes LUBAC destabilization resulting in impaired NF-kB signaling.
The severe immunodeficiency detected in rats with CPDM resembles that of patients
with X-linked AED-ID caused by mutation of the NEMO gene [10].

The immunological investigation of patients with LUBAC deficiency reveals
lymphopenia, memory B-cell deficiency, deficient production of specific antibodies,
and hypogammaglobulinemia [11].

Thus, patients with LUBAC deficiency mainly suffer recurrent respiratory infec-
tions, especially pneumonias caused by pyogenic bacteria and Streptococcus pneu-
moniae, due to deficient production of specific antibodies against pneumococcal
glycans [12].

6.4 IRAK-4 and MyD88 Deficiencies

IRAK-4 is a kinase protein that plays a fundamental role in the signaling of the TLR
family (except for TLR3). After recognizing the pathogens, TLRs trigger intracel-
lular signaling pathways resulting in the induction of inflammatory cytokines and
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type I INF. TLRs share with members of the IL-1R family an intracellular domain
denoted Toll-interleukin-1 receptor (TIR) domain. MyD88 is a cytosolic adaptor
molecule that connects TLRs and IL-1Rs to the IRAK complex. The MyD88- and
IRAK-4-dependent TIR pathways lead to the production of proinflammatory
cytokines.

IRAK deficiency is an autosomal recessive (AR) immunodeficiency caused by
homozygous or heterozygous IRAK4 gene mutations.

MyDS88 deficiency is an AR immunodeficiency caused by homozygous or het-
erozygous MyDS88 gene mutations.

The immunological investigation of patients with IRAK4 and MyD88 deficiency
does not reveal changes in leukocyte development or in the proliferative responses
of B and T-cells to specific antigens. However, patients can show impairment of
neutrophil migration, markedly reduced marginal zone B (IgM*IgD*CD27*) cells,
and impairment of specific IgG and IgM antibody responses to pneumococcal infec-
tions and isohemagglutinins (in up to half the patients). Some patients also exhibit
increased serum IgE and IgG4 concentrations, although no association with allergic
asthma occurs in these individuals [5].

The clinical signs and symptoms of affected patients are variable, with greater
susceptibility to severe and invasive infections caused by pyogenic bacteria, but
with normal resistance to viruses, fungi, parasites, and other bacteria. The main
invasive bacterial infections of these patients are caused by Streptococcus pneu-
moniae, Staphylococcus aureus, and Pseudomonas aeruginosa. In more than 90%
of patients, the first bacterial infection occurs at 2 years of age, with high lethality.

These patients also have noninvasive infections by pyogenic bacteria that affect
the upper respiratory tract, manifesting as otitis, sinusitis, tonsillar abscess, necro-
tizing epiglottitis, pharyngitis, palatine infection, and pneumonia. The principal
bacteria involved in this type of infection are also Staphylococcus aureus,
Pseudomonas aeruginosa, and Streptococcus pneumoniae.

Both immunodeficiencies tend to improve with age, with the patients no longer
suffering invasive infections by pyogenic bacteria after adolescence. However, all
patients continue to have noninvasive infections such as sinusitis and pneumonia
even during adult life [5].

6.5 Herpes Simplex Encephalitis (TLR3, UNC93B1, TRAF3,
TRIF, TBK1, IRF3 Deficiencies)

This group of inherited deficiencies involves defects of TLR3 signaling and suscep-
tibility to herpes simplex encephalitis (HSE) caused by herpes simplex virus-1
(HSV-1) during childhood, a rare and potentially fatal manifestation [13].

The affected patients carry mutations in the TLR3, UNC93BI, TRAF3, TRIF,
TBKI, or IRF3 genes. The signaling pathway controlled by TRIF is mediated by
TLR3 and TLR4 and leads to activation of the transcription factors IRF3 and
NF-kB. TRIF recruits TRAF6, activates TAK1 for NF-kB activation, and also
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recruits a signaling complex consisting of TBK1 and IKKe via TRAF3 for IRF3
activation. This signaling pathway results in the production of inflammatory cyto-
kines and type I and IIT IFN with an important antiviral response [8].

Single-gene inborn errors of TLR3 immunity such as TLR3, UNC93B1, TRAF3,
TRIF, TBKI1, and IRF3 deficiencies predispose some individuals to HSE [14].
Heterozygous mutations of 7LR3 have been reported to cause HSE in children. The
AD form is the most common trait. AR UNC93B deficiency has been identified as
the first genetic etiology of isolated HSE. AD TRAF3 deficiency and HSE have been
described in a French patient 7 years ago. TRIF deficiency associated with HSE was
recently described in two kindreds (the first patient with a homozygous nonsense
mutation resulting in complete absence of protein and the other with a heterozygous
missense mutation). TBK1 deficiency associated with HSE has been reported in two
kindreds that carried different heterozygous mutations, both associated with an AD
trait. In a 2015 report, heterozygous mutation of /RF3 was found to be associated
with HSE, leading to impaired signaling trough the TLR3-TRIF pathway [15].

The peripheral blood mononuclear cells of patients with TLR3, UNC93Bl1,
TRAF3, TRIF, TBK1, and IRF3 deficiency do not produce type I or III IFN (espe-
cially IFNa, p, and A) [8, 16] in an appropriate manner or fibroblasts after infection
with HSV-1 or vesicular stomatitis virus. Deficient IFN production by fibroblasts
and induced pluripotent stem cells (iPSC) derived from the central nervous system
(CNS) results in viral replication and increased cell death [13].

Despite their multiple affected TLRs, patients with UNC93B1, TLR3, TRAF3,
TRIF, TBK1, and TRF3 deficiency seem to suffer only herpes simplex encephalitis,
with no systemic or cutaneous HSV-1 and without any other severe viral infections
[8]. Some patients are asymptomatic, while others may have neurological sequelae
such as blindness and epilepsy.

6.6 Mendelian Susceptibility to Mycobacterial Diseases
(IFNy Receptor 1/2 Deficiencies, I1.-12/23 Receptor
p1 Chain Deficiency, IL-12p40 Deficiency, AD STAT1
Deficiency, LZ-NEMO Deficiency, Macrophage-Specific
CYBB Deficiency, AD IRF8 Deficiency,
ISG1S5 Deficiency)

Most PIDs exhibit Mendelian inheritance, with mutation in single genes. However,
many factors contribute to the phenotypic expression of Mendelian PIDs in addition
to gene mutations, such as possible mitochondrial and somatic mutations and the
infectious environment.

The MSMD is a rare genetic syndrome that predisposes to infections caused by
mycobacteria of low virulence such as strains of the BCG vaccine and nontuberculous
environmental mycobacteria (EM). However, compromised individuals are also
vulnerable to more virulent species such as Mycobacterium tuberculosis. On the
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other hand, most patients are resistant to infections caused by all other pathogens,
except for isolated cases of disease caused by intracellular bacteria such as Nocardia
and Listeria, intracellular fungi such as Paracoccidioides and Histoplasma, intra-
cellular parasites such as Leishmania, and some viruses such as herpes virus [8].
Some of these infections must share pathogenic mechanisms with MSMD because
of their similar tropism for macrophages and clinical manifestations [17].

After contact with these intracellular mechanisms, macrophages secrete IL-12,
which binds to its receptors (IL-12RB1 and IL-12RB2) on the surface of T and NK
cells, culminating with the secretion of IFNy by these cells. IFNy, in turn, binds to its
receptors (IFNyR1 and IFNyR2) on macrophages, activating genes such as IL-12 and
respiratory burst NADPH oxidase, which permit the macrophages to destroy the patho-
gen. On this basis, IFNyR1 and IFNyR2, STAT1, IL-12B, and IL-12Rp1 are involved
in the immunity mediated by the IFNy-dependent pathway of IL-12/23. Mutations in
IFNGRI, IFNGR2, and STATI impair the cellular response to IFNy, while mutations
in IL12B and IL12Rf1 impair the production of IL-12-/23-dependent IFNy.

In addition, /RF8 mutations have been reported to impair IL-12 secretion by
monocytes and dendritic cells. Furthermore, CYBB mutations are responsible for
X-linked MSMD [18].

6.6.1 IFNyRI Deficiency

The high frequency of parental consanguinity and the occurrence of MSMD among
siblings born to unaffected parents are more probably inherited as an AR trait,
although there are cases of AD IFNyR1 deficiency.

The AR complete IFNYR1 deficiency was the first genetic etiology of MSMD to
be identified at the molecular level in patients with lack of receptor expression. The
lack or dysfunction of IFNyR1 does not permit the recognition of IFNy, which is
detected at high levels in the cytoplasm of affected patients. Patients with AR com-
plete IFNyR1 deficiency suffer early, severe, and fatal infections with BCG and EM
pathogens such as Mycobacterium fortuitum, Mycobacterium chelonae,
Mycobacterium smegmatis, and Mycobacterium peregrinum, which are the most
frequent among these patients. Other infections caused by viruses such as herpes
virus 8, cytomegalovirus, respiratory syncytial virus, and Listeria monocytogenes
have been separately detected in patients.

Patients with AR partial IFNyR1 deficiency, in turn, have residual responses to
high IFNy concentrations and for this reason have less severe clinical
manifestations.

Patients with dominant IFNyR1 deficiency commonly suffer from recurrent EM
and BCG infections with less severe clinical signs and symptoms than patients with
complete deficiency. In addition, mycobacterial infection usually occurs later, and
the intervals between infections are longer. Other infections caused by pathogens
such as Histoplasma capsulatum have been detected as isolated infections in patient
with this type of alteration [17].
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6.6.2 IFNyR?2 Deficiency

Based on the cellular response to IFNy, IFNy2R deficiency may be complete (unde-
tectable response to IFNy) or partial (residual response to IFNYy).

The clinical manifestations are similar to those of patients with AR IFNyR1 defi-
ciency, and the major pathogens detected include Mycobacterium bovis of BCG,
Mycobacterium avium, and Mycobacterium fortuitum [17].

6.6.3 IL-12/23 Receptor 1 Chain Deficiency

IL-12 comprises two subunits, p35 and p40, respectively, encoded by the /L12A and
ILI12B genes. 1L-23 also comprises the p40 subunit. Both IL-12 and IL-23 bind to
the IL-12 receptor f-subunit chain (IL-12Rp1).

IL-12 binding to IL-12RP1 in T lymphocytes and NK cells induces the produc-
tion of IFNy, while IL-23 binding to IL-12Rf1 and IL-23R promotes the production
of IL-17.

IL-12Rp1 deficiency is the most frequent known genetic cause of MSMD and
can be seen in about 40% of the patients. The mutations are of the loss-of-function
type and cause complete recessive deficiency [18, 19]. The activated T and NK
Iymphocytes of affected patients do not express IL-12Rp1 on their surface.

BCG diseases and salmonellosis are the infections most frequently affecting
these patients. Severe tuberculosis conditions may also appear in affected patients.
Granulomas can still be formed in the lungs but are often multibacillary.

Other infections such as leishmaniasis and paracoccidioidomycosis have been
detected in isolated cases [17].

6.6.4 IL-12p40 Deficiency

Deficiency of the /L12B gene, which codes for the IL-12p40 subunit, causes greater
predisposition to BCG, Mycobacterium tuberculosis, and EM infections. Fungal
Candida infections and infections with bacteria such as Klebsiella and Nocardia
appear in isolated cases [17, 19]. The clinical picture is similar to that of IL-12Rf1
deficiency but is mostly more severe.

6.6.5 AD STATI Deficiency

STAT is required for cellular responses to both type I (IFNo/fp) and type II (IFNY)
interferons. Heterozygous missense mutations in STAT/ cause partial dominant
STAT1 deficiency. These mutations mostly compromise IFNy. Thus, the patients
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show predisposition only to mycobacterial infections, without increased suscepti-
bility to severe viral infections.

The disease resembles that induced by partial forms of AR IFNyR1 and IFNyR2
deficiencies, and the patients may exhibit conditions ranging from atypical myco-
bacterial infections to more severe types of pulmonary tuberculosis [17].

6.6.6 LZ-NEMO Deficiency

Mutations in the leucine zipper domain of the NEMO gene (LZ-NEMO) were iden-
tified in the 1990 decade in male patients of the same family with Mycobacterium
avium infections and no other opportunistic infections, defining a recessive X-linked
cause of MSMD [17].

Patients selectively exhibit reduction of CD40-dependent IL-12 induction in
mononuclear cells [20] resulting in deficient IFNy production.

Most of the infections detected in these patients are limited to mycobacteria,
especially Mycobacterium avium. Infection with Haemophilus influenzae b has
been described in isolated cases [17].

6.6.7 Macrophage-Specific CYBB Deficiency

Chronic granulomatous disease (CGD) is characterized by the failure of phagocyte
NADPH oxidase to generate superoxides in order to fight the pathogens and is due
to mutations in the CYBB gene. Patients with mutations in this gene are more sus-
ceptible to infection with various catalase-positive pathogens, mainly in the muco-
cutaneous and respiratory systems.

One of the mutations in the CYBB gene causes an impaired respiratory burst in
monocyte-derived macrophages, but not in granulocytes. Patients with this altera-
tion only exhibit mycobacterial infections, without the remaining infections charac-
teristic of patients with CGD. Therefore, this mutation selectively affects the
respiratory burst in macrophages, which is a crucial mechanism for protective
immunity to tuberculous mycobacteria [21].

6.6.8 AD IRFS8 Deficiency

The interferon regulatory factor 8 (IRF8) is a member of the family of IFN regulator
factors that is expressed in high levels in mononuclear phagocytes and regulates the
differentiation of macrophages and granulocytes and the development of dendritic
cells. It can activate or suppress gene transcription under stimulation by IFNy, lipo-
polysaccharides (LPS), and other microbial stimuli. Thus, it plays an important role
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in the defense against intracellular pathogens, activating IL-12 production in
response to IFNy.

Patients with AD IRFS deficiency suffer recurrent infections related to BCG, as
well as pulmonary tuberculosis due to Mycobacterium tuberculosis, with a rapid
development of granulomas [22].

6.6.9 ISGIS5 Deficiency

The ISGIS5 (interferon-stimulated gene 15) is an intracellular protein produced by
neutrophils, monocytes, lymphocytes, and granulocytes, which acts on T and NK
cells, inducing IFNy production.

Thus, its deficiency impairs the synthesis of IFNy, rendering ISG15-deficient
patients susceptible to mycobacterial infections [23].

6.7 AR STAT1 and STAT2 Deficiency

Signal transducer and activator of transcription-1 (STAT-1) is a protein involved in
the transduction of cell responses to IFNo/f, A, and y and IL-27 through the forma-
tion of two transcriptor factor complexes: the interferon-stimulated gamma factor 3
(ISGF3) composed of STAT1-STAT2-p48/IRF9 trimers and the gamma-activated
factor (GAF) comprised of STAT1 homodimers.

Complete AR mutations of STAT lead to a full loss of the STAT1 proteins, and,
as a consequence, there is no STAT-dependent response to IFNa/f, A, and . This
favors infections with several viruses [8] such as HSV-1, CMV, and respiratory
syncytial virus (RSV) [24] and with intracellular bacteria, mainly low-virulence
mycobacteria such as BCG vaccine and Mycobacterium kansasii [8, 24]. Some
infections are similar to those detected in patients with combined T-cell immunode-
ficiencies but with normal lymphocyte numbers and function of T-cells [24].

A milder form of partial AR STATI deficiency has been described in some
patients [8], whose cells produce residual quantities of functional STATI corre-
sponding to approximately 10-25% of the normal levels, depending on the muta-
tion. The clinical signs and symptoms of these patients are less severe compared to
the complete form, with lighter infections with intracellular bacteria such as
Salmonella, Mycobacterium avium, and BCG and with viruses such as CMV, VSR,
and HSV-1 [24].

AR STAT?2 deficiency is associated with impaired type I IFN signaling and shows
incomplete penetrance for various viral infections with diverse signs and symptoms.
Severe pneumonitis caused by the measles vaccine strain has been described.

The impaired response to IFNa and infections with more aggressive viruses in
patients with AR STAT2 deficiency is part of the phenotype of patients with com-
plete AR STAT1 deficiency, although with a less severe clinical presentation [25].
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6.8 Warts, Hypogammaglobulinemia, Infections,
Myelokathexis (WHIM Syndrome)

WHIM syndrome is a rare immunodeficiency characterized by warts, hypogamma-
globulinemia, infections, and myelokathexis (retention of mature neutrophils in the
bone marrow).

Most patients carry heterozygous gain-of-function mutations in the CXCR4
gene.

The disease should be suspected in any patient with warts, leukopenia, and severe
neutropenia. Examination of the bone marrow shows myeloid hypercellularity and
morphologic abnormalities consistent with apoptosis (hypersegmented nuclei with
long filaments connecting nuclear lobes). Patients can also have variable hypogam-
maglobulinemia that may affect all isotypes, marked reduction of CD27+ memory
B-cells, reduction of T lymphocyte subsets and a proliferative response to mitogens
(in some patients only), and reduction in the number and function of dendritic cells
contributing to the high susceptibility to specific viral infections [26].

The clinical manifestations usually start in childhood, and in general bacterial
infections (especially those due to encapsulated germs) are more frequent than viral
ones [27].

Although it has been proposed that infection by human papilloma virus (HPV) is
the only one to which patients with WHIM syndrome are susceptible, lymphopro-
liferative disorders associated with Epstein-Barr virus (EBV), as well as herpes zos-
ter and recurrent serious oral and genital herpes simplex infections, have been
reported, demonstrating that these patients have a greater generalized susceptibility
to viruses of the herpes family.

Bacterial infections are recurrent, mainly involving the respiratory, gastrointesti-
nal, and cutaneous systems [26]. The respiratory infections mainly manifest as
pneumonias and sinusitis due to pathogens such as Haemophilus influenzae,
Streptococcus pneumoniae, Klebsiella pneumoniae, Staphylococcus aureus, and
Proteus mirabilis. In some cases, recurrent pneumonias may lead to severe bronchi-
ectasis with the possible occurrence of chronic Pseudomonas aeruginosa or
Burkholderia cepacia [27] infection.

6.9 Epidermodysplasia Verruciformis (EV)

Epidermodysplasia verruciformis (EV) is a rare disorder of genetic heterogeneity
characterized by abnormal susceptibility to skin infections caused by HPV, whose
serotypes are not pathogenic for the healthy population. There is a specific suscep-
tibility to HPV 3 and 10 in plane warts and to HPV 5 and 8 in skin carcinomas. UV
light is likely to be involved in the progression from benign warts to malignancy.
However, cancers develop slowly, but progressive lesions and metastases have been
observed in some patients.
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The lesions usually arise in childhood or at the beginning of adolescence and are
highly resistant to treatment.

The main manifestations of EV are hypo- and hyperpigmented reddish squa-
mous maculae, wart-like papillomatous lesions, seborrheic keratosis lesions, and
versicolor pityriasis lesions. Skin lesions tend to disseminate throughout the body,
although the mucosal membranes are spared.

The EVERI (TMC6) and EVER?2 (TMC8) genes are involved in resistance against
skin infections caused by HPV mostly by regulating the distribution of intracellular
zinc and by inducing TNF-a, which is important for the prevention of HPV persis-
tence inside the cells.

Most patients present mutations in the EVERI and EVER?2 genes. Both mutations
code for proteins that inhibit essential transcription factors and that negatively regu-
late cell-mediated immunity.

EV-like disease has been described in some T-cell deficiencies such as SCID and
mutations in the RHOH, MST1, COROIA, and IL-7 genes.

Patients with mutations in RHOH suffer bronchopulmonary diseases, patients
with mutations in COROIA have a high risk of bronchiectasis, and a patient with
mutation in MSTI has been reported to suffer recurrent chronic pulmonary
infections [28].

6.10 Chronic Mucocutaneous Candidiasis (IL-17RA
Deficiency, IL-17F Deficiency, ACT1 Deficiency,
STAT1 Gain of Function)

Chronic mucocutaneous candidiasis (CMC) is a term that describes a group of clini-
cal phenotype presenting as recurring or persistent infections of the skin, nails, and
mucous membranes caused by yeast Candida, mostly albicans, but alternatively by
other strains (C. glabrata, C. krusei, C. dubliniensis).

Resistance and tolerance mechanisms participate to the interplay between host
and pathogens. IL-17- mediated response has been shown to be crucial for host
resistance to respiratory infections, whereas its role in host tolerance during chronic
airway colonization is still unclear.

Evidence suggests that CMC can be present in patients with primary defects
affecting both the adaptive and innate immunities that activate Th17 pathway.
IL-17-mediated immunity plays a double-edged activity during chronic airway
infection: on one side, it contributes to the control of Pseudomonas aeruginosa
burden, modulating host resistance, while, on the other, it alters host tolerance,
propagating exacerbated pulmonary neutrophilia and tissue remodeling [29].
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6.10.1 IL-17RA and IL17F Deficiency

Studies of Th17 cells and IL-17A have revealed important roles for IL-17A in the
development of allergic and autoimmune diseases as well as in protective mecha-
nisms against bacterial and fungal infections, functions that were previously
believed to be mediated by Thl or Th2 cells [30].

Th17 cytokines protect hosts from pathogens at epithelial and mucosal tissues
including the skin, lungs, and intestine. Both IL-17A and IL-17F enhance protective
immune responses by inducing the production of CXC chemokines, G-CSF, and
antimicrobial peptides in epithelial cells and keratinocytes. Indeed, studies using
cytokine- and receptor-deficient mice showed that IL-17A and IL-17F were required
for responses to Klebsiella pneumoniae in the lungs [31].

6.10.2 ACT1 Deficiency

ACT1 is an adaptor protein acting downstream from IL-17RA, IL-17RC, and
IL-17RB in humans [32]. Mouse fibroblasts lacking ACT1 display low levels of
KC/CXCLI1 and IL-6 expression in response to stimulation with IL-17A and IL-17F
[33]. In addition, abolition of the IL-25-/IL-17E-induced expression of IL-4, IL-5,
IL-13, eotaxin-1 (CCL11), and pulmonary eosinophilia has also been observed in
the lung tissues of ACT1-deficient mice [34].

6.10.3 STAT1 Gain-of-Function (GOF) Mutation

GOF mutation reduces the dephosphorylation of activated STAT1 protein, leading
to accumulation of phosphorylated STAT1 in the nucleus. Persistently activated
STAT1 may shift the immune response toward STAT1-dependent interleukin-17
inhibitors and away from STAT3-mediated induction of IL-17 T-cell generation
[35]. GOF mutations affecting STAT1 lead to defective IL-17 T-cell development,
characterized by reduced production of IL- 17 and IL-22; these cytokines are essen-
tial for the antifungal defense of the skin and mucosa. Patients with AD GOF STAT
mutations present with CMC [35]. Clinical manifestations include chronic oropha-
ryngeal candidiasis, cutaneous dermatophytosis, and autoimmune phenomena, such
as hypothyroidism and autoimmune hepatitis [36].

Respiratory viral infections have been reported like respiratory syncytial virus
(RSV) bronchiolitis and influenza infections [37, 38]. Bacterial infections, mostly
caused by S. aureus, have also frequently been reported [37].
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6.11 CARD?9 Deficiency

Human CARDDO deficiency is an AR PID caused by biallelic mutations in the gene
CARD9Y, which encodes a signaling protein that was found downstream of many
C-type lectin receptors (CLRs). CLRs encompass a large family of innate recogni-
tion receptors, expressed predominantly by myeloid and epithelial cells, which bind
fungal carbohydrates and initiate antifungal immune responses. Although other
receptor families are involved in innate antifungal recognition, only mutations in the
CLR pathway have thus far been associated with the spontaneous development of
fungal infections in humans. CARD9 deficiency is associated with the spontaneous
development of persistent and severe fungal infections that primarily localize to the
skin and subcutaneous tissue, mucosal surface, and/or central nervous system
(CNS) [39].

The first manifestation associated with CARD9 deficiency affects the skin and
subcutaneous tissues. Patients in this category present with severe persistent fungal
infections of the skin, nails, and scalp, with occasional contiguous dissemination to
the subcutaneous layers, lymph nodes, and bones [40].

The second predominant manifestation of human CARD?9 deficiency is systemic
fungal disease, which primarily manifests as fungal meningoencephalitis caused by
Candida species. Some patients have also developed bone infection of the vertebra
[41]. Less often, CARD9-deficient patients develop phaeohyphomycosis caused by
Exophiala species that targets the CNS and/or other deep tissues including the liver,
bones, and lungs [42].

In relation to the role of CARD9 in neutrophil accumulation during fungal dis-
ease, it was demonstrated a neutrophil recruitment defect to the Aspergillus
Jfumigatus-infected lung in CARD9—/— mice, which was also linked to poor CXC
chemokine production in the lungs [43]. However, in that model, CARD9 was only
partially required in the later stages of infection for neutrophil accumulation in the
infected lung.

Thus, the collective dependence on CARD9 for neutrophil recruitment during
pulmonary mold infections appears relatively mild compared to the universal reli-
ance required for neutrophil accumulation and protection against Candida infection
in the CNS [44]. This dichotomy observed in mice between the CARD9 depen-
dence for protection against molds and yeasts may help justify why human CARD9
deficiency does not appear to associate with pulmonary fungal infections, despite
the continuous environmental exposure to fungal spores.

6.12 Autoimmune Polyendocrinopathy with Candidiasis
and Ectodermal Dystrophy (APECED)

Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) is
a rare disorder caused by mutations in the autoimmune regulator (AIRE) gene.
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Patients with APECED progressively develop multiple organ-specific autoim-
munity of endocrine and nonendocrine tissues. Loss of function of the AIRE protein
results in decreased expression of self-antigens in medullary thymic epithelial cells
and in failure to establish central tolerance to a range of different autoantigens [45].

Although the underlying mechanism is not well understood, some APECED
patients have significant pulmonary disease. Recently, in several APECED patients
with autoimmune pulmonary disease, a potassium channel regulating protein
(KCNRG) preferentially expressed in the epithelial cells of terminal bronchioles
was identified as the putative target antigen [46].

Lung disease was described in two Sicilian brothers with APECED. They were
compound heterozygotes with R203X/R257X. The elder brother had experienced
recurrent lower respiratory infections since 5 years of age and over the years devel-
oped severe obstructive lung disease resulting in bronchiectasis, cor pulmonale, and
terminal respiratory failure, which led to death at 18 years of age. Both brothers had
circulating autoantibodies against tryptophan hydroxylase, and serotonin-producing
cells were absent in the duodenal mucosa [46].

An obliterating bronchiolitis has been described also in a Hispanic child [47],
and another severe fatal chest disease was observed in an adult woman [48].

Finally, in two short reports, other respiratory illnesses were described. Asthma
and chronic hypersensitivity pneumonitis were described in a young girl [19, 49]
and autoimmune bronchiolitis in four French children and adolescents [9, 50]. In
this last report, the authors concluded that autoimmune bronchiolitis is a very rare
but potentially life-threatening component of APECED, emphasizing the diversity
of autoimmune targets in this disorder.

6.13 Monocyte Deficiencies (GATA2 Deficiency,
IRF8 Deficiency)

6.13.1 GATA2 Deficiency

GATAZ2 is a zinc finger transcription factor essential for differentiation of immature
hematopoietic cells. Among many other functions, GATA2 regulates the phagocyto-
sis of alveolar macrophages [51].

GATA?2 deficiency is a recently described disorder of hematopoiesis, lymphatics,
and immunity, caused by heterozygous mutations leading to haplo-insufficiency of
the transcription factor GATA?2. The deficiency presents with a complex array of
diagnoses and symptoms of varying extent including myelodysplastic syndrome;
acute myelomonocytic leukemia; chronic myelomonocytic leukemia; severe viral,
disseminated mycobacterial and invasive fungal infections; pulmonary arterial hyper-
tension; warts; panniculitis; human papillomavirus (HPV)-positive tumors; Epstein-
Barr virus (EBV)-positive tumors; venous thrombosis; lymphedema; sensorineural
hearing loss; miscarriage; and hypothyroidism. Lymphopenia, monocytopenia, and
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primary lymphedema also must be considered as part of the disease [52]. Most
patients have unremarkable childhood vaccination and infection histories. In relation
to infections, nontuberculous mycobacterial infections and general warts are the
most common manifestations.

However, Pneumocystis jiroveci is not a part of the spectrum of the pathogens
that affect these patients; Pneumocystis jiroveci pneumonia (PCP) must be consid-
ered in patients with profound CD4 dysfunction or lymphopenia. A woman with
GATA2 deficiency, lymphedema, lymphopenia, and monocytopenia was described
with recurrent PCP, complicated by severe acute respiratory distress syndrome in
the setting of influenza A HIN1 coinfection [53]. Experimental mouse models have
found a relationship between GATA2 expression and Prneumocystis jiroveci infec-
tion. Loss of GATA2 production reduces alveolar macrophage phagocytic activity
in response to Pneumocystis jiroveci infection in mice [52].

Pulmonary alveolar proteinosis is a characteristic feature of GATA2 mutation
that could be reported in about 18% of all subjects with GATA?2 deficiency [52].

6.13.2 IRF8 Deficiency

IRF8 is a member of the interferon regulatory factor family that is expressed in myeloid
cells such as macrophages and dendritic cells and that activates or represses gene tran-
scription upon stimulation with IFNy, lipopolysaccharide, and other microbial stimuli.
IRF8 plays an important role in several aspects of myeloid cells, including differentia-
tion and maturation of early progenitor cells, expression of intrinsic antimicrobial
defenses, and production of the IL-12 cytokine, which is essential for priming of early
T-cell-mediated immune response. IRF8 mutant mice are susceptible to a number of
intracellular infections including pulmonary tuberculosis [54].

Two types of IRF8 deficiency have been reported. The AR form (due to homozy-
gous K108E mutations) leads to a complete absence of circulating monocytes and
dendritic cells. One patient identified with this genotype presented in early infancy
with severe disseminated BCG infection, oral candidiasis, severe respiratory viral
infection, and striking myeloproliferation [55].

The milder AD form (due to heterozygous T80A mutation) causes selective
depletion of circulating dendritic cells. Two patients with this genotype had dis-
seminated BCG disease in early childhood [55].

6.14 NK Cell Deficiencies (MCM4 Deficiency)

Human NK cells play critical role in human innate immune response, particularly
the control of viral infection and antitumor surveillance functions. Differing to B
and T lymphocytes, NK cells do not possess antigen-receptor rearrangement and do
not require pre-activation in order to recognize and lyse target cells.

Patients with genetic defects of human NK cells present a primary immunodefi-
ciency affecting NK cell development (number), function, or both [56]. An impor-
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tant tool in the understanding of human NK cells and NK cell subsets has been the
discovery of PIDs that affect the generation or homeostasis of NK cells or specific
NK cell subsets as well as those that affect NK cell function. There are over 300
genetic deficiencies of human immunity, and nearly 50 are known to have at least
some impact on NK cells [57].

Human NK cell deficiencies can be divided into two categories. Those in the first
category are characterized by effects on the number of NK cells in the peripheral
blood, while effects on the function of NK cells characterize those in the second
one. NK cell deficiencies in the first category have been labeled “classical NK cell
deficiencies,” and those in the second category have been labeled “functional NK
cell deficiencies” [58, 59].

The first example of a classical NK cell deficiency was reported in 1989 in a girl
with severe varicella and other complicated herpes virus infections [60]. She was
determined to stably lack both NK cells in peripheral blood and peripheral blood
NK cell cytotoxic activity against the prototypical human NK cell target cell, the
K562 erythroleukemia cell line. The first example of a functional NK cell deficiency
was described in 1982 in three siblings with severe Epstein-Barr virus infection
[61]. All three individuals in this family presented deficient K562 target cell killing
activity, and the surviving affected individual has had persistently deficient function
over a 30-year period.

6.14.1 MCMH4 Deficiency

MCM4 is a highly conserved DNA helicase that is recruited to origins of replication
to promote the unwinding and polymerization of chromosomal DNA and cell pro-
liferation [62]. Patients with AR MCM4 deficiency presented with a developmental
syndrome including NK cell deficiency. The analyzed patients shared the same
spliced defect [63].

The NK cell pattern in the patients is especially unusual. There is a development
defect in transition of CD56"" (immature cells) to CD56%™ (mature) NK cells, as
evidenced by the lack of CD56%™ NK cells in the peripheral blood and the preserva-
tion of the small CD56"¢" NK cells®*®*. This observation suggests that MCM4 is
required for terminal NK cell maturation.

Clinically, patients usually present growth retardation, adrenal insufficiency, and
lymphoma. From an infectious standpoint, patients can experience complications
from EBV, unusual susceptibility to herpes viruses, and presumed complications of
viral illness symptoms clinically consistent with an NK cell deficiency [63, 64].

6.15 Pulmonary Alveolar Proteinosis

Pulmonary alveolar proteinosis (PAP) is a rare syndrome characterized by the accu-
mulation of surfactant in alveolar macrophages and alveoli resulting in hypoxemic
respiratory failure. These disorders are defined in the context of abnormalities of
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surfactant clearance and are caused by disruption of granulocyte-macrophage
colony-stimulating factor (GM-CSF) signaling (primary or idiopathic PAP) or by an
underlying disease that impairs alveolar macrophage number or functions including
surfactant catabolism (secondary PAP) [65].

The primary and the most common clinical form of PAP, which accounts for
90% of cases, is caused by anti-GM-CSF autoantibodies and is considered a pri-
mary immunodeficiency [66]. The other form of PAP is often secondary to hemato-
logic diseases (myelodysplastic syndrome, acute myelogenous leukemia, acute
lymphoblastic leukemia, chronic myelocytic leukemia, chronic lymphocytic leuke-
mia, aplastic anemia, multiple myeloma, lymphoma, and Waldenstrom macroglob-
ulinemia), nonhematologic malignancies (lung adenocarcinoma, glioblastoma,
melanoma), infectious diseases (CMYV, Mycobacterium tuberculosis, Nocardia,
Pneumocystis jirovecii), and immunosuppressive drugs or encountered in the set-
ting of defined primary immunodeficiency, such as ADA deficiency, GATA?2 defi-
ciency, and lysinuric protein intolerance [65].

Usually the onset of clinical manifestations is insidious, and the most important
symptom is progressive dyspnea [67]. Patients are also susceptible to pulmonary
and extrapulmonary infections frequently caused by opportunistic pathogens [68].

6.16 Trypanosomiasis

The trypanosomiases consist of a group of important animal and human diseases
caused by parasitic protozoa of the genera Trypanosoma and Leishmania. In South
and Central America, Chagas’s disease (American trypanosomiasis) remains one of
the most prevalent infectious diseases.

Chagas’s disease is caused by the protozoan Trypanosoma cruzi and is endemic
in Latin America. This protozoan is most commonly transmitted through the feces
of an infected triatomine but can also be congenital, via contaminated blood transfu-
sion or through direct oral contact. In the acute phase, the disease can cause cardiac
derangements like myocarditis, conduction system abnormalities, and/or pericardi-
tis. Untreated patients can advance to the chronic phase. Up to one-half of these
patients will develop a cardiomyopathy, which can lead to cardiac failure and/or
ventricular arrhythmias, both of which are major causes of mortality.

The parasite’s ability to escape and/or modulate both innate and adaptive immune
responses is crucial for their survival.

Leishmania can escape complement-mediated lysis by targeting host cells
through complement activation. Expression of a modified surface lipophosphogly-
can (LPG) [69] was found to enhance the synthesis of surface proteinase gp63 [70]
and PSA-2 [71] preventing insertion or deposition of the lytic C5b-C9 complex,
thereby enhancing tolerance of complement-mediated lysis (CML). Trypanosoma
cruzi blood forms can also survive complement activation as they express glycopro-
teins such as gp160, gp58/68, and T-DAF. These proteins can bind to C3b and C4b,
which allow evasion of complement [72, 73].
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Leishmania sp. and T. cruzi are able to resist the antimicrobial mechanisms
induced in phagocytic and even in non-phagocytic cells. During the acute phase of
infection, 7. cruzi replicates extensively and releases immunomodulatory molecules
(GPI-mucins, trans-sialidase, glycoinositolphospholipids (GPILs), the cysteine pro-
teinase cruzipain), which play an important role in subverting the host’s innate
immunity. GPI-mucins are responsible for parasite surface variability, leading to
differential tissue adherence and evasion of host innate immune responses.
Moreover, they render DCs dysfunctional for protective responses [74]. Persistence
of Leishmania and infection progression are caused by the inability of phagocytes
to elicit both effective innate and adaptative responses [75]. Leishmania alters some
biological functions (retention of intracellular iron, alteration of the DNA methyla-
tion status of many host genes with antimicrobial functions, and disruption of cho-
lesterol dynamics) to promote parasite growth.

Ten patients with congenital Chagas’s disease were reported with pneumonitis.
Amastigotes were found in the lungs in seven of these cases, and in two of these
patients, parasitized cells were seen in the alveolar lumen. Parasites were found
both in the lungs and in the amniotic epithelium of the extraplacental membranes
and umbilical cord in five patients. Probably the infection of the amniotic epithe-
lium in the lungs was carried by the amniotic fluid [76].

6.17 Isolated Congenital Asplenia (ICA)

The spleen represents the largest accumulation of lymphoid tissue in the human
body. It also filters the blood; splenic red pulp is primarily dedicated to picking up
foreign particles, in addition to worn-out, damaged, or otherwise altered erythro-
cytes. Meanwhile, the white pulp activates the immune response when antigens and
their antibodies are present in the blood [77].

Splenic phagocytes play a crucial role in removal of complement-opsonized pneu-
mococci from the blood, a process that is enhanced by the presence of specific anti-
body against the polysaccharide capsule of the organism. These immunological
observations are supported by clinical experience in which deficiency of specific anti-
body or hyposplenism led to an increase in the risk of pneumococcal disease [78, 79].

Congenital asplenia often occurs in the context of a recognized malformation
syndrome and is associated with complex visceral defects as part of heterotaxy syn-
dromes with bilateral right sidedness [80, 81].

In contrast, isolated congenital asplenia (ICA) is characterized by the absence of
heterotaxy or cardiac defects and was first thought to be very rare and sporadic [82].
Studies of case reports suggested probably autosomal dominant inheritance
pattern.

Clinical presentation of ICA can be varied based on the age of presentation with
increased severity in infants and decreasing severity with age likely due to matura-
tion of cell-mediated immunity beyond 2 years of age [83]. The most frequent
pathogens are encapsulated bacteria, especially Streptococcus pneumonia.
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Infants and young children with ICA presenting with overwhelming sepsis have
a high mortality, and the diagnosis is made after autopsy [84]. The Howell-Jolly
bodies are intraerythrocytic remnants of an immature erythrocyte, which is normally
removed in the spleen. Their presence is considered to signify a high likelihood of
splenic dysfunction [85]. The presence of Howell-Jolly bodies in the peripheral
blood smear may provide a clue for early diagnosis in patient presenting with sepsis
or recurrent febrile illness and trigger an evaluation of splenic function [86].
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Chapter 7
Pulmonary Manifestations
of Autoinflammatory Disorders

Ahmadreza Jamshidi, Saeed Aslani, and Mahdi Mahmoudi

7.1 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune and systemic inflammatory disorder,
which occurs in about 0.5-1% of the general population worldwide. This AID is
characterized by immune-mediated inflammatory complications of the synovium
[1-3]. Among the common symptoms of the RA are swelling and pain in joints due
to inflammation in the synovium, small joints involvement, fatigue, anemia, cardio-
vascular complications, and osteoporosis. Adalimumab, which is a humanized
monoclonal antibody against tumor necrosis factor (TNF), has been reported to be
effective at ameliorating the development of structural damage of joints and sooth-
ing the disease symptoms [4].

In RA patients, most common radiologic findings about the pulmonary compli-
cations are first, reticular unclear patterns with distortion of lung’s lobules and trac-
tion bronchiolectasis with honeycombing that associate with fibrotic interstitial
lung disease (ILD); second, airway-related complications like fuzzy centrilobular
nodules of ground-glass attenuation or wall thickening of bronchus with heteroge-
neous lung abnormalities; third, patchy and peripheral consolidation, which may be
accompanied with organizing pneumonia (OP); fourth, random parenchymal nod-
ules; and fifth, pleural effusions [5—7]. Honeycomb cysts, which may be seen fre-
quently, imply to developed phase of disease and represent usual interstitial
pneumonia (UIP) pattern on pathological biopsies. Implying to UIP histopathology,
fibrosis is seen with heterogeneous appearance [35, 8, 9].

The most usual form of pulmonary involvement in RA patients is pleural effu-
sions with pleuritis. Such histologic manifestations in lung biopsies in patients with
ILD suggest the diagnosis of a rheumatic disorder. A wide range of histopathologic
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patterns is seen in RA patients with lung complications [8, 10-14]. The most spe-
cific presentation of lung involvement by RA is rheumatoid nodules that are more
usually seen in the skin. Oftentimes, these nodules are found in the subpleural area
and may be restricted by giant cells and palisading histiocytes. Approximately a
diffuse, fibrosing lung disease with equal portions of UIP is observed in two-thirds
of RA lung biopsies [8, 15].

UIP is defined by remodeling of fibrotic lung that associates with honeycomb
modifications with healthy lung, mostly with fibroblastic points at the location of
fibrosis. In contrast, the alveolar septal fibrosis in nonspecific interstitial pneumonia
(NSIP) occurs with maintained underlying lung structure [16]. Inconclusive diagno-
sis is observed in a small group of RA patients who develop lung disease prior to
their systemic disease is diagnosed, since both patterns of fibrosis can idiopathically
be manifested.

Follicular bronchiolitis occurs in approximately 20% of RA cases [15], com-
monly presented underlying the UIP or NSIP. There is a chance of small airway
disease in RA cases that is commonly presented as constrictive bronchiolitis. This
presentation is mainly diagnosed before biopsy evaluation due to certain results of
pulmonary function examinations and manifestations of bronchiolar disease,
demonstrable by the presence of a mosaic pattern on high-resolution tomography by
computational approaches [17]. In patients with sudden respiratory failure, acute
lung injury patterns can be presented as OP or diffuse alveolar damage (DAD) [11].
In rare conditions, vasculitis and pulmonary hemorrhage are observed in RA
patients that are regarded as an acute pulmonary manifestation [18]. Most of the
pathologic presentations of RA assumed to be nonspecific [10]; however, some pri-
mary specifications are seen in most of the cases of RA-associated ILD. Often, there
is a lymphoid accumulation and follicles with germinal centers within the lung tis-
sues. These accumulations of immune cells are seen in follicular bronchiolitis, as
well as in the areas of fibrosis in pleura. Moreover, most of the lung biopsies from
RA patients demonstrate concurrent histologic changes in acute, subacute, and
chronic phases. Concurrence of acute, subacute, and chronic inflammatory reac-
tions such as involvement of the pleura could strongly be considered as lung disease
in subjects with RA [19].

7.2 Systemic Sclerosis

Systemic sclerosis (SSc), or scleroderma, is a systemic autoimmune disorder that
has been a challenging disease to be treated. While recent advancements have been
promising in the treatment of specific complications, such as pulmonary arterial
hypertension (PAH) with prostanoids, there are still no disease-modifying drugs
controlling the overall disease activity completely [20].

The most common radiologic presentations in SSc-associated ILD include bibas-
ilar ground-glass attenuation, reticulation, superimposed on mild architectural dis-
tortion, and different traction bronchiolectasis presented with a homogeneous
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appearance relating to NSIP. With respect to lung manifestations in SSc, the imme-
diate subpleural Iung is commonly spared, but honeycombing is rarely seen [21,
22]. The area of ground-glass attenuation in ILD underlying SSc is usually greater
than that in cases with idiopathic pulmonary fibrosis. Moreover, in SSc-associated
ILD, the reticular complications are less coarse [23]. On the other hand, the area of
radiographic modifications in SSc subjects seems to be associated with the level of
pulmonary hypertension. However, this association is not seen in cases with idio-
pathic pulmonary fibrosis [24, 25]. As a minor presentation, pleural thickening and
pleural effusion may also occur. However, esophageal dilatation is seen oftentimes
[26]. Multifocal consolidation or ground-glass attenuation in the posterior upper or
lower lobes of lungs may represent aspiration pneumonia due to esophageal dys-
motility. In contrast to the NSIP, there is segmental distribution pattern in radiologic
manifestations of SSc-associated ILD cases.

In SSc patients, the common pattern of ILD is nonspecific interstitial pneumonia
[27]. Its morphologic presentation is certain, which is manifested through a bland
and paucicellular fibrosis that involves the interstitium, with overall maintenance of
lung structure. Common interstitial pneumonia is rarely seen in SSc, and its diagno-
sis may depend on focal microscopic honeycombing [27, 28]. Occasionally, the
centrilobular fibrosis is the main manifestation, possibly associated with recurrent
aspiration because of esophageal dysmotility image of the disorder [29-31]. In SSc
patients, pulmonary hypertension is frequently seen that may occur without ILD
[32, 33]. As a result, biopsies are not necessarily required for careful evaluation of
the pulmonary vasculature. The vascular modifications in SSc cases are recognized
with intimal thickening of the pulmonary arteries, in which there is a connective
tissue presentation with mucopolysaccharide-rich fibromyxoid [33]. Furthermore,
OP and DAD are among the characteristics of SSc patients; nonetheless, they are
not clearly distinguishable from OP and DAD seen in other disorders [34, 35].
Alternately, alveolar hemorrhage with capillaritis can be seen rarely [36].

7.3 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is also a systemic autoimmune disorder and
characterized particularly by the production of a wide array of autoantibodies [37].

Pleural thickening and pericardial effusions are the most usual radiologic presen-
tation related to pulmonary complications in SLE [38—42]. Acute lupus pneumonitis
usually is manifested by bilateral, diffuse, and ground-glass attenuation. These pre-
sentations are frequently observed in the lower lobes of lungs, which may be accom-
panied by minimal or no associated architectural modifications while may be
manifested by pleural effusions in about 20% of the cases [43]. Rarely, acute lupus
pneumonitis may be accompanied with normal findings based on chest radiography
[44]. In specific cases of pulmonary hemorrhage or vasculitis, centrilobular nodules
of ground-glass attenuation may also be presented [45]. In SLE patients, high-
resolution computed tomography disorders may be frequently seen [46].
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In SLE patients, involvement of the lung is manifested by two main models of
injury, namely, acute lupus pneumonitis and cellular NSIP variation. Acute lupus
pneumonitis is presented by a damage with diffuse alveolar pattern, which may
occur with or without hemorrhage, different levels of interstitial inflammation, as
well as edema. In some cases, capillaritis may also occur, particularly during alveo-
lar hemorrhage and hemosiderin-laden macrophages [47, 48]. In some cases, dif-
fuse alveolar hemorrhage may frequently be seen with capillaritis. Furthermore,
acute fibrinous pleuritis may be observed in diffuse alveolar hemorrhage, implying
to the diagnosis of SLE or, rarely, RA. On the other side, SLE is seen with pulmo-
nary hypertension [49-51]. A number of pathogenetic approaches have been sug-
gested for underlying pulmonary hypertension in various subsets of SLE patients.
After chronic thromboembolic disease, some SLE patients are affected with pulmo-
nary hypertension, which is presented by pulmonary arteries intimal thickening as
well as complex intraluminal architecture [52, 53]. Some other SLE cases may
develop a vasculopathy, which is characterized by vascular remodeling without
inflammation that finally results in plexiform lesions [54]. However, in some cases,
SLE may be presented by an immune-mediated vasculopathy, which is accompa-
nied by pulmonary vasculitis [55]. Another lung complication pattern seen in SLE
patients is NSIP, manifested by an increased infiltration of lymphocytes and plasma
cells as well as cellular interstitial pneumonia with interstitial fibrosis [56].

Pulmonary hemorrhage negatively impresses the prognosis of SLE patients [57,
58]. Sometimes, OP is seen and can be the first presentation of the disease [59-61].
Among the other pulmonary complications in SLE patients which are rarely seen
include lymphoid interstitial pneumonia, acute fibrinous and OP, and pulmonary
fibrosis [57, 58, 62-65].

7.4 Polymyositis-Dermatomyositis

Polymyositis (PM) and dermatomyositis (DM) are considered as systemic inflam-
matory disorders that are characterized by symmetric muscle weakness. Based on
diagnostic criteria, the prevalence of ILD in PM-DM has been established to be
ranged from 5% to 30% [66, 67].

Radiologic specifications in PM-DM are presented by an increased incidence of
airspace consolidation and a decreased incidence of honeycombing [67]. Typically,
modifications involve the lung bases as well as the peripheral regions [68]. Ground-
glass and linear opacities in 92%, airspace consolidation in 52%, irregular inter-
faces in 88%, honeycombing in 16%, and parenchymal micronodules in 28% of
patients have been reported [67]. Among the radiographic changes occurred in
PM-DM are consolidation and peribronchovascular thickening, which seems to be
improvable by medications [69]. The most significant radiologic presentation in
PM-DM is the development of airspace consolidation, which associates with acute
clinical manifestations and acute lung injury in biopsies [70].
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In idiopathic inflammatory myopathies, lung involvement is the most usual
extramuscular presentation. Based on their clinical characteristics, patients with
idiopathic inflammatory myopathies are traditionally subclassified as PM and
DM. In these patients, NSIP is the most frequent form of lung abnormality [71, 72]
with a prevalence in biopsies fourfold higher than that of UIP in PM and a some-
what lower predominance in DM [72-74]. It is hard to discriminate the NSIP from
the idiopathic subtypes of NSIP. However, in case of further clinical specifications,
such as follicular bronchiolitis, diagnosis chance of rheumatic disorder is increased.
On the other hand, if there is extensive fibrosis, it can often be distinguishable from
idiopathic UIP, which occurs without centrilobular sparing. Approximately 50% of
the cases of fibrosing ILD exhibit superimposed OP, which sometimes is primary
manifestation [75-77]. Classification of PM-DM patients into distinct clinical sub-
sets has been facilitated through identification of myositis-specific antibodies.
Studies show that detection of antibodies against aminoacyl-transfer RNA synthe-
tases, namely, anti-synthetase antibodies such as PL-7, PL-12, Jo-1, EJ, KS, and OJ,
has been associated with ILD [78]. It has been stablished that the most prevalent
autoantibody, namely, anti-synthetase antibody of Jo-1, is detected in about 20% of
myositis patients, suggesting a greater prevalence of UIP than NSIP [79]. A bulk of
these patients seems to manifest a rapidly progressive hypoxemia and display super-
imposed and acute lung injury models [80-82]. In PM-DM individuals, pulmonary
hypertension and pulmonary capillaritis have been seen rarely [83, 84]. However,
bronchiolitis, pleuritis, and vascular changes are rarely presented in PM/DM
[85-87].

7.5 Sjogren’s Syndrome

Sjogren’s syndrome (SjS) is the second most common multisystem autoimmune
disorder after rheumatoid arthritis and is characterized by dryness of the eye and
mouth and lymphocytic infiltration of the salivary glands [88].

In SjS patients, the radiographic presentations are mostly nonspecific. However,
oftentimes it demonstrates lower lobe-predominant, homogeneous, and ground-
glass attenuation with minimum structure modification that displays no honey-
combing with subpleural sparing, suggesting the NSIP model [89-92]. In a study
evaluating 60 patients with primary SjS, centrilobular nodule was found in 78% of
patients, ground-glass opacity in 92% of patients, nonseptal linear opacity in 75%
of patients, bronchiectasis in 38% of patients, interlobular septal thickening in 55%
of patients, and cyst in 30% of patients [91]. Honeycombing has been less reported
in primary SjS (7%), while in secondary SjS is more common (29%) [93]. To diag-
nose LIP, some manifestations such as thin-walled cysts and small nodules, particu-
larly when concurred with ground-glass attenuation, are contributing [94]. In case
of pleural effusions or hilar and mediastinal lymphadenopathy, the risk of lym-
phoma in SjS patients increases [95].
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Diffuse, cellular interstitial pneumonia is the most common ILD in S;jS that can be
categorized as NSIP or LIP based upon the severity of inflammatory mediatory infiltra-
tion [96]. Parambil et al. evaluated 15 SjS patients and identified NSIP in 5 cases, OP in
4 cases, UIP in 3 cases, LIP in 3 cases, primary pulmonary lymphoma in 2 cases, and
finally diffuse interstitial amyloidosis in only 1 patient [97]. On the other side, some
evaluations have reported the lack of LIP in patients with SjS [96]. Chronic bronchiolitis
is another typical morphologic presentation in SjS patients that is represented with fol-
licular lymphoid hyperplasia, which is then called follicular bronchiolitis. With respect
to LIP pattern, small, nonnecrotizing, interstitial granulomas are seen that indicate the
hypersensitivity pneumonitis and frequently are seen during lymphoid infiltration.
Moreover, cysts may be prevalent in LIP-associated SjS. These patients also have an
increased chance of developing lymphoproliferative disorders [98—101].

7.6 Ankylosing Spondylitis

Ankylosing spondylitis (AS) is known as a chronic multisystem inflammatory dis-
ease, which is presented with articular and extra-articular characteristics. AS pri-
marily affects the joints of the axial skeleton [102, 103]. Inflammation and arthritis
of the joints lead to pain and developing stiffening of the spine, pelvis, and chest
[104]. In addition to the joint-related complications, pulmonary, ocular, cardiovas-
cular, renal, and neurologic manifestations have been the presentation of AS
patients. AS can involve the tracheobronchial airways as well as the pulmonary
parenchyma and is manifested by several certain pulmonary manifestations, like
chest wall limitations as well as upper lobe fibrocystic disease.

Chest radiographic findings of AS patients may present the severity of clinical
involvement. However, upper lobe fibrosis, apical nodular or linear infiltrates, and
pleural thickening may be manifested in patients lacking pulmonary implications
[103, 105]. Despite some modifications resulted from radiography, examinations
may be unilateral or asymmetric during the initial phases, and most of the patients
develop bilateral disease in the end [103]. In case of unilateral manifestations, the
right apex may more frequently be involved in comparison to the left upper lobe of
the lung [104]. Rarely, infiltration of the lower half of the lung lobes is seen [103].

In AS patients, pulmonary parenchymal abnormalities are usually progressive.
Oftentimes, nodules coalesce into larger opacities [106] and cavitation, cyst formation,
and fibrosis are presented in developed phases [103]. Intense fibrosis can eventuate in
bronchiectasis of upper lobe and upward retraction of the hila [105, 107]. In an exami-
nation of the chest radiographs of 42 AS cases, the presence of upper lobe fibrosis in 6
patients (14%) and focal parenchymal changes in 13 patients (31%) were reported
[108]. In another study, pulmonary modifications via radiography were detected in 5 of
39 AS patients that were 3 cases of apical fibrosis and 2 cases of cavitary lesions [109].
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7.7 Behcet’s Disease

Behget’s disease (BD) is an autoimmune multisystem vasculitis in which pulmo-
nary involvement has been associated with complex clinical manifestations. Two
major types of pulmonary vascular involvement in BD patients are pulmonary
artery aneurysms (PAA) and pulmonary artery thrombus (PAT). Nonetheless,
other complications related to parenchyma lesions, such as ground-glass opacity,
nodules, consolidations, and cavitations, have also been reported [110].
Misinterpretation of these radiographic parenchyma lesions is possible, and there
are limited bodies of studies evaluating these radiographic parenchymal modifi-
cations in patients.

Evaluation of 106 patients with BD demonstrated 15 patients (14%) with pulmo-
nary involvement. Pulmonary artery aneurysms (PAA) were seen in six patients
(5.6%), which also manifested thrombi, attenuation, or occlusion of Pas. Moreover,
five (4.7%) of them demonstrated radiographic parenchymal modifications. Three
patients (2.8%) had only pulmonary artery thrombus (PAT) without PAA. Patients
with PAA or PAT were presented with more frequency of hemoptysis and extrapul-
monary vascular lesions in comparison to isolated parenchymal involvement.
Radiographic parenchyma modifications were nonspecific, presented with ill-
defined ground-glass opacity, which were the most prevailing pulmonary radio-
graphic parenchymal modulation. It was also observed that patients with isolated
parenchymal changes had better prognosis in comparison to those with PAA or
PAT. It seems that BD with pulmonary involvement displays a wide range of aber-
rant clinical and radiographic manifestations, and several pulmonary lesions may be
present in the same patient.

7.8 Autoimmune Pancreatitis

Autoimmune pancreatitis is a benign autoimmune disorder characterized by swell-
ing of the pancreas, abnormal narrowing of the pancreatic duct, increased immune
cell infiltration, and fibrosis [111]. Autoimmune pancreatitis has not been limited
to the involvement of pancreas and is considered as a systemic autoimmune
disorder [112].

In a study, 30 patients with autoimmune pancreatitis were evaluated, among
which, pulmonary involvement was observed in 4 patients. Of these four patients,
two of them displayed respiratory failure. However, they indicated good response to
treatment with steroid, but a higher dose of prednisolone was required to maintain
remission in comparison to required dose in biliary involvement. Pulmonary
involvement of these patients was determined through increased Krebs von den
Lungen-6 and immunoglobulin G4 (IgG4) levels [113].
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7.9 Wegener Granulomatosis

Wegener granulomatosis is a systemic autoimmune disorder, which prevalently affects
males. The disease is characterized by granulomatous vasculitis complications seen in
upper and lower respiratory tracts, small-vessel vasculitis, and glomerulonephritis.
Histopathologically, the hallmark of Wegener granulomatosis is a necrotizing vasculitis
of veins and small arteries accompanied with granuloma formation [114].

Studies have demonstrated that most of the patients with Wegener granulomato-
sis develop pulmonary disease. The most typical radiographic presentation of
Wegener granulomatosis is multiple nodules or abnormal marginated masses with
no predominance of zonal manifestations [115, 116]. Multiple nodules or masses
are commonly seen but can be seen in single spots in approximately 25% of patients
[116]. Moreover, the nodule cavitation, with irregular and thick walls, has been
reported in about 50% of subjects. The nodules commonly show a pattern of irregu-
lar margins and typically possess a peribronchovascular distribution, as observed in
CT scans [117, 118]. Stiffness of airspace in localized or diffuse patterns might be
seen. These areas commonly exhibit pulmonary hemorrhage [116]. Involvement of
the bronchial or tracheal walls commonly manifests with granulomatous thickness
of mucosa or submucosa. Tracheal or bronchial wall thickness may be smooth or
nodular. The thickening may become intense, which may eventuate in narrowing of
the tracheal or bronchial lumen and, sometimes, calcification.

7.10 Churg-Strauss Syndrome

Churg-Strauss syndrome is a granulomatous necrotizing vasculitis and an allergic
angiitis that is exclusively seen in patients with asthma, aged 30-50 years, without
gender predominance. Patients commonly demonstrate asthmatic manifestations,
eosinophilia, allergic rhinitis, and fever [119]. Chest radiography outcomes are usu-
ally irregular containing patchy and non-segmental consolidation areas lacking
zonal predominance [120].

Consolidation areas may demonstrate an edged distribution pattern and are usu-
ally temporary. While the cavitation is rarely seen, nodules may occur more fre-
quently. Moreover, the pleural effusions are seen in about 30% of cases with
Churg-Strauss syndrome [120]. The marked findings in evaluation of 17 patients
were consolidation or ground-glass attenuation in 10 (59%) subjects. Other pulmo-
nary manifestations of these cases were less prevalent, including interlobular septal
thickening, pulmonary nodules, and thickness in bronchial wall [121].

7.11 Adult-Onset Still’s Disease

Adult-onset Still’s disease (AOSD), which is similar to the juvenile idiopathic
arthritis (JIA), has a systemic inflammatory presentation. Among the clinical mani-
festations of this disease are arthritis, spiking fevers, transient rash, increased liver
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enzymes, hepatosplenomegaly, lymphadenopathy, and serositis. Despite difficulties
in precise prognosis of AOSD during the onset of the disease with initial presenta-
tions, clinical presentations of the disease may imply to a more complicated disease.
Pulmonary microangiopathy has been observed in AOSD patients and may result in
thrombotic thrombocytopenic purpura and renal involvement [122—124].

Inflammatory mechanisms are involved in autoimmune disease-associated PAH,
in spite of different mechanisms in AOSD, in which players of innate immunity have
a main role. Autoantibodies against nuclear antigens, rheumatoid factor (RF), IgG,
and deposition of complement proteins in the walls of pulmonary vessels have been
reported in autoimmune disease-associated PAH [125]. Furthermore, microthrombi
formation, which is called veno-occlusive disease, and pulmonary fibrosis have fre-
quently been seen in AOSD patients. Among the key histological manifestations of
AOSD are plexiform lesion formation, intimal thickening, and hypertrophy of the
pulmonary arteries. Nonetheless, autoimmune diseases-associated as well as spo-
radic forms of PAH are presented with endothelial proliferation in AOSD cases [126].

Cardiopulmonary complications have been reported in 30-40% of cases with
AOSD. Pulmonary manifestations of AOSD are ILD, aseptic pneumonitis, serositis
alongside with pleural effusion, and in seldom cases acute respiratory distress syn-
drome (ARDS). AOSD patients may suffer from pleuritic chest pain, cough, and
dyspnea [127]. The association of PAH with AOSD was first described in a 29-year-
old Japanese woman who manifested precapillary, progressive severe hypertension
almost 2.5 years before the diagnosis of AOSD [128]. Afterward, in a case series
evaluating 19 patients, other 2 cases of PAH were reported in AOSD patients from
northern Taiwan, in which co-occurrence of PAH and several connective tissue
diseases was reported [129]. In a 29-year-old woman from the USA, a 9-year his-
tory of AOSD was reported. The patient had developed PAH and died 2.5 months
after PAH diagnosis [126]. Moreover, an 18-year-old female case was reported
from India in 2009, who was newly diagnosed with AOSD and immediately devel-
oped severe PAH manifestations [128]. A 27-year-old female case with a 7-year
history of AOSD was reported to have PAH, which was responsive to therapy with
anakinra [130].

7.12 Familial Mediterranean Fever

Familial Mediterranean fever (FMF) is genetically an autosomal recessive disorder.
The disease is specifically seen in Mediterranean populations but is seldom in the
rest of the world, particularly Asia. FMF is characterized by arthritis, recurrent
attacks of pyrexia, erysipelas-like skin lesions, and secondary amyloidosis. In a case
report study, a FMF patient demonstrated nephropathic and pulmonary amyloidosis
of the secondary amyloidosis of AA type [131]. FMF coexistence has been implied
with disorders, such as ulcerative colitis, spondyloarthritis, and various types of
systemic vasculitis [132]. A few reports have implied the lung involvement in FMF
patients, like amyloidosis, transient pleuritis during attacks, and mesothelioma of
the pleura [133]. A case report described a FMF patient with pulmonary necrotizing
granuloma with the MEFV mutation of S503C in exon5 [134].
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7.13 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) describes two distinct diseases, namely, ulcer-
ative colitis (UC) and Crohn’s disease (CD) [135]. Although the etiology and patho-
genesis of IBD have not been fully characterized, there is consensus, nowadays, that
the disease arises from an abnormal immune response against the normal flora pres-
ent in the gut in a genetically susceptible individual [136].

IBD has been reported with several respiratory complications, such as bronchitis,
tracheobronchitis [137-142], bronchiectasis [137, 143, 144], and bronchiolitis [145,
146]. None of these manifestations are specifically seen neither in UC nor
CD. Nonetheless, most of the cases display complications in distal or proximal
conducting airways in UC patients. Respiratory manifestations may occur alongside
with exacerbation in IBD complications [138, 147].

According to bronchoscopy, bronchoalveolar lavage, and biopsy finding reports,
hyperemia and mucosal edema are frequently seen [138, 140, 141]. Moreover, sup-
purative bronchitis is prevalently reported and chronic purulent expectoration is the
major manifestation [141, 147]. Restriction of airways in the trachea or bronchus
has been reported that may result from inflammatory nodules [141], widespread
submucosal fibrosis [141, 148], or mucosal infiltration [149]. Bronchial biopsy
demonstrated several symptoms, including thickening of basal membrane and
angioectasia [139], mucosal hyperplasia [141], cellular infiltrations of T and B lym-
phocytes and granulocytes [140, 141], or other chronic inflammatory infiltrates
[139]. Despite lymphocytosis dominance in the bronchoalveolar lavage (BAL) fluid
of IBD patients, BAL fluid may frequently be infiltrated by neutrophils during tra-
cheobronchial involvement [141].

Interstitial disease may occur before the initial symptoms of IBD and mostly is
revealed in patients with chronic form of the disease [150]. Moreover, interstitial
manifestations of disease are not associated with IBD activity and may also occur
in cases with inactive IBD [151-154]. General manifestations during interstitial
disease are prevalently described, including fever or subfebrile state, malaise,
arthralgia, and weight loss [151, 155, 156]. Alternately, the respiratory symptoms
may manifest as breathlessness on exertion or at rest, dry cough, and chest
tightness.

Radiological findings of interstitial lung involvement in IBD patients have diver-
sity. Opacities like pneumonia are very prevalent [157, 158], particularly in cases
with OP [155, 159]. Pulmonary nodules with different count, size, and location may
be seen. Moreover, small cavitations demonstrating central necrosis may also be
reported [160]. However, tumors with central necrosis reflecting granulomatosis
with polyangiitis (GPA) may need complete differentiation alongside with the dis-
ease progression, particularly in UC patients who are positive for anti-neutrophil
cytoplasmic antibodies (ANCA) in the serum samples [161-166]. Interstitial pneu-
monitis may be considered as another radiological finding. The high-resolution
computed tomography (HRCT) scans in these cases present alveolar filling,
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ground-glass opacities, or a reticular pattern [167-170]. Lung opacities may spon-
taneously migrate [171]. HRCT findings have also depicted that all the cases may
share patterns like bronchiectasis, air-trapping, and “tree-in-bud” [167]. These
observations as well as several case reports have shown the coexistence of different
forms of lung involvement in IBD cases. Nonetheless, most of the patients with
abnormal HRCT findings do not present respiratory symptoms [165, 172].

7.14 Cherubism

Cherubism is characterized by bilateral overgrowth of mandible and maxilla because
of substitution of bone fibers with fibrotic stromal cells and osteoclast-like cells.
The disease phenotype spans from lack of clinical symptoms to severe mandibular
and maxillary enlargement alongside with ocular, auditory, respiratory, and swal-
lowing complications [173]. In Cherubism, the respiratory complications can result
in obstructive sleep apnea and upper airway obstruction due to backward displace-
ment of the tongue [174].

7.15 Chronic Atypical Neutrophilic Dermatosis
with Lipodystrophy and Elevated Temperature
(CANDLE) Syndrome

A retrospective case series evaluation of patients with CANDLE syndrome and
Clg-deficient SLE identified respiratory problems. Of the evaluated cases, two of
them had unusual characteristics, including uveitis and pulmonary involvement.
Moreover, chest CT scan indicated diffuse pulmonary nodules [175].

7.16 Conclusion

Pulmonary complications in patients with AID may stem from various sources,
including either inherent presentations of the disease itself or infection in the treated
patient as well as adverse reactions to toxic medications. In order to obtain a contri-
bution, the surgical pathologist is better to be familiar with the pre-specified patterns
of pulmonary complications and distribution of the disorder concurred with AID
involving the pleura and the lungs. Being armed with this knowledge can be helpful
in estimation of occult AID as a possible cause and guide for serologic and clinical
evaluations.
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Chapter 8
Pulmonary Manifestations of Complement
Deficiencies

Anete Sevciovic Grumach and Kathleen E. Sullivan

8.1 Introduction

The complement system has an important role in host defense against infectious
agents, in the removal of apoptotic cells and immune complexes, and in the modula-
tion of the adaptive immune system [1]. It has also been described as a “double-
edged sword” since it defends the host against infection but can also cause harm
when activated in an uncontrolled manner, as in sepsis [2]. Besides numerous exper-
imental studies evaluating knockout mice, complement-deficient patients reveal the
role of this system in several functions related to immunity. Clinical data suggest the
importance of complement for preventing infections with pyogenic bacteria [3]; and
experiments using animal models of disease have confirmed the essential role of
complement for innate immunity to S. pneumoniae and other gram-positive patho-
gens such as group B streptococcus [4-6].

There are three activation pathways of the complement system. The classical
pathway is activated when the first component, C1q, binds to the Fc region of anti-
body complexed with antigen. Other serum components such as natural IgM or
C-reactive protein can activate classical pathway as well [4, 7]. Component Clq can
directly stimulate the phagocyte oxidative burst, chemotaxis, and phagocytosis
independently of the whole complement system activation [7]. All protein interac-
tions lead to a conformational change in C1q that allows autoactivation of Clr. Two
molecules of active Clr cleave the two molecules of Cls. Once cleaved, the active
Cls cleaves C4 into C4a and C4b. C4b is a highly reactive molecule that binds to
the pathogen surface near the antibody-C1 complex. The C4b-Cls, complex with
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the enzymatically active Cls can cleave C2 into C2a and C2b. The smaller C2b is
released, and the C2a becomes incorporated into the complex. The C3-converting
enzyme C4bC2a (C3 convertase) is formed, and C3 is cleaved into C3a, which dif-
fuses away, and C3b, which attaches to the pathogen, acting as an opsonin and ini-
tiating the activation of the terminal components. C3b deposited on the pathogen
surface, which is recognized by specific receptors on neutrophils, can enhance
phagocytosis. Cleavage products that result from this activation pathway incite
inflammation with erythema (vasodilatation) and edema (vascular leak) [1].

In humans, different pattern recognition molecules (PRMs) activate the lectin
pathway: mannose-binding lectin (MBL), ficolin-1 (also called M-ficolin or ficolin/
P35-related protein), ficolin-2 (also called L-ficolin, hucolin, EBP-37, or ficolin/
P35), ficolin-3 (also called H-ficolin, Hakata antigen, thermolabile -2 macroglyco-
protein, or thermolabile substance), and heteromers of collectin 10 (COLEC10, col-
lectin liver 1, or CL-L1) and collectin 11 (COLEC11, collectin kidney 1, or CL-K1).
Besides recognizing and binding different bacterial PAMPs (pathogen-associated
molecular patterns) [8], PRMs of the lectin pathway were reported to opsonize bac-
teria and elicit cytokine release from phagocytes [8]. The ficolins also bind surface
structures of various classes of microorganisms and of various acetylated com-
pounds. Moreover, they are involved in sequestration and removal of dying host
cells [9]. These pattern recognition molecules — MBL and the three ficolins — circu-
late in complexes with the MBL-associated serine proteases MASP-1, MASP-2,
and MASP-3, with two additional proteins, MAp19 and MAp44 (also termed sSMAP
and MAP-1, respectively). The MBL or lectin pathway is activated by binding of
these molecules to specific patterns of mannose or other sugar residues on the
pathogen’s surface. Although found sufficient to autoactivate and initiate the lectin
pathway of complement, MASP-2 is usually activated by MASP1 at physiological
conditions, afterward cleaving the complement components C4 and C2, thus gener-
ating the C3 convertase C4bC2b. The anaphylatoxin C4a is released. Once C3 con-
vertase is bound to the pathogen surface, the remaining protein-protein interactions
are identical to those in the classical pathway [10]. MASP-1 is required for efficient
activation of the lectin pathway. Compared to Cls, the serine protease of the classi-
cal pathway, MASP-2, is up to 1000 times more catalytic active and up to 50-fold
more rapidly inhibited by C1-inhibitor [10]. Nevertheless PRM-mediated phagocy-
tosis may potentially be inhibited by MASP-3 [11]. Thus, the relative concentration
and functional integrity of MASPs may regulate the lectin pathway-mediated anti-
bacterial response balancing complement activation/formation of the membrane
attack complex and opsonization/phagocytosis [12].

The alternative pathway is activated by spontaneous hydrolysis of C3 leading to
covalent binding of C3b in association with factor B to the hydroxyl groups on cell-
surface carbohydrates and proteins. This pathway does not require the existence of
preformed antibody. Pathogen specificity is provided by regulatory proteins, such as
factor H, which prevents alternative pathway activity against host cells [13]. Only
when factor B is complexed with hydrolyzed C3, it can be cleaved by the serum
protein factor D. The cleaved factor B is termed Bb; the small fragment liberated in
this enzymatic cleavage, known as Ba, is not thought to be biologically active.
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C3bBb is the alternative pathway C3-converting enzyme, which is stabilized by
properdin and cleaves additional C3 into C3b and C3a.

The central component of the complement system is C3. The activation of each
of the three pathways (CP, LP, and AP) results in cleavage of inactive complete C3
protein into the functional fragments C3a and C3b. C3a is an inflammatory mediator
and C3b is an opsonin, which can bind covalently and tag any surface in the imme-
diate proximity to the site of its generation [1].

Direct lysis of targets requires the terminal components. Once C3 is cleaved by
any of the activation pathways, it becomes a part of the next enzymatic complex, the
C5 convertase. This C5 convertase will be either C4b2a3b (in the classical and lectin
activation pathways) or C3b,Bb (in the alternative pathway). The cleavage of C5
follows the typical pattern, with the larger fragment becoming attached to a surface
and the smaller fragment diffusing into the fluid phase. C5a has relevance as ana-
phylatoxin. The C5b fragment bound to the active convertase initiates the terminal
pathway, which results in directed, nonenzymatic assembly of the terminal pathway
components C5, C6, C7, C8, and C9, leading to formation of the terminal comple-
ment complex (TCC) or membrane attack complex (MAC). C5b has a low affinity
for lipids, but when bound to C6, C7, and C8, it can firmly insert into a lipid mem-
brane. C5b, which remains more external than the other components, binds directly
to C8, which compromises the physical integrity of the membrane, so that leakage
of cytoplasmic proteins and ions begins to occur. The addition of C9 leads to forma-
tion of a true pore. Multiple C9 molecules can be associated with the C5-C6-C7-C8
complex [1, 14].

In view of the enormous capacity for damage, it is no surprise that a large num-
ber of regulatory proteins are involved in controlling complement system. Several
fluid-phase and membrane-bound proteins are involved in this regulation.

The main fluid-phase inhibitors of the classical pathway of complement are
Cl-inhibitor and C4b-binding protein (C4bp); factors H and I inhibit the alternative
pathway, while S-protein (vitronectin) and clusterin (SP-40,40/apolipoprotein) reg-
ulate the terminal pathway. Cl-inhibitor inhibits contact system proteases (factor
XII and plasma kallikrein), an intrinsic coagulation protease (factor XI), and the
fibrinolytic proteases (plasmin and tissue plasminogen activator) in addition to
complement system proteases Clr, Cls, and MASP-2. C4-binding protein displaces
C2a and dissociates the classical pathway convertase, and it is a cofactor for factor
I cleavage of C4b [1]. Factor I inactivates C3b by cleaving it to iC3b, and its activity
is enhanced in the presence of factor H. Both factors act to control spontaneous
activation of alternative pathway when an activator surface is not present. Although
factor H has always been considered a fluid-phase inhibitor of the alternative path-
way, it also plays a key role in regulating complement on tissue surfaces [14].

Membrane-bound regulatory proteins are decay-accelerating factor (DAF/
CD55), membrane cofactor protein (MCP/CD46), CD59 (HRF20), C8-binding pro-
tein, and complement receptor 1 (CR1/immune adherence receptor, CD35). Other
complement receptors, CR2, 3, and 4, have no complement regulatory activity [15].
Membrane-bound regulators control the three major complement activation path-
ways and inactivate both C3 and C4 (CR1 and CD46).
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8.2 Deficiencies of Classical Pathway Components

Homozygous hereditary deficiency of each classical pathway early proteins involved
in complement activation is very strongly associated with the development of sys-
temic lupus erythematous (SLE) [14, 16]. The association shows a hierarchy of
association with SLE and disease severity according to the position of the protein in
the activation pathway. The most prevalent and severe disease is associated with
deficiency of the proteins involved in the C1 complex and with total C4 deficiency,
where 93% and 75% of C1 and C4 deficient patients have SLE, respectively. C2
deficiency is associated with a much lower prevalence of disease, estimated at
approximately 10% [16, 17], and the SLE is typically mild.

The patients with complete deficiencies of classical pathway components (Clq/
1/s, C4, and C2) have been reported to be infected mostly with encapsulated bacteria
such as S. pneumoniae, Haemophilus influenzae, and Neisseria meningitidis. A
similar spectrum of infections is seen in patients with antibody deficiencies, because
classical pathway components form the “effector arm” of antibodies against these
bacteria [18].

Complement component C4 is encoded by duplicated genes C4A and C4B
within the major histocompatibility complex (MHC) III region in chromosome 6.
As reported in the literature, complete C4 deficiency was associated with recurrent
respiratory infections, pneumonias, and meningitis [19]. On the other hand, com-
plete deficiency of either C4A or C4B is relatively common and occurs in about 6%
of the population [20-22].

The role of C4 isoform (C4A and C4B) deficiency in determining predisposi-
tion to infections has been extensively studied. Because the capsules of most bac-
teria that cause meningitis, such as N. meningitidis, S. pneumoniae, and H.
influenzae, all possess OOH groups, but not ONH2 groups, it was hypothesized
that deficiency of C4B (which preferentially forms ester linkages) would result in
reduced complement activation on these bacterial pathogens and an increased inci-
dence of invasive infections would be the outcome. C4A deficiency was associated
with recurrent acute otitis media, sinusitis, and pneumonia in children and adoles-
cents [14, 23].

Homozygous C4B-deficient children with bacterial meningitis and bacteremia
caused by N. meningitidis, S. pneumoniae, and H. influenzae have been reported
[24, 25]. Nevertheless, bacteremia was only found in Caucasian children [24].
However, another study did not show an association between C4B deficiency and
the development of either bacteremia or meningitis [26]. Similarly, there was no
increase in the frequency of C4B deficiency in patients with meningococcemia and
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terminal complement deficiency [27]. Furthermore, no association between homo-
zygous C4 isoform deficiency and patients with pneumococcal bacteremia or recur-
rent pneumonia was noted either [28]. Regarding fungal infections, Brazilian
patients had increased susceptibility to paracoccidioidomycosis with either C4A or
C4B deficiencies. In summary, C4 gene deficiency should be evaluated in subjects
with recurrent respiratory infections as an additional predisposing factor [29].

Homozygous C2 deficiency is common (1 in 10,000 individuals of Caucasian
origin), while heterozygous C2 deficiency occurs in 1% of the population.
Individuals with C2 deficiency may remain healthy and not presenting infectious
complications. About 10-30% of C2-deficient individuals develop autoimmune dis-
orders, including SLE, cutaneous lupus, and discoid lupus erythematosus [30].
Among the homozygous C2-deficient patients described previously, N. meningiti-
dis, S. pneumoniae bacteremia, H. influenzae meningitis, and recurrent respiratory
infections were common [31]. Immunoglobulin (IgA, IgG4) and MBL deficiencies
have also been contributed with susceptibility to infections in C2-deficient patients
[14, 32].

Observation of 40 individuals with homozygous C2 deficiency from 33 Swedish
families over a 25-year period showed the occurrence of severe infections as septi-
cemia or meningitis caused by S. pneumoniae and, in addition, recurrent infections
as pneumonia [3]. Those authors also identified other bacteria related to invasive
infections as S. aureus, H. influenzae type b (Hib), Streptococcus agalactiae, N.
meningitidis, and others. These infections occurred mostly during infancy and
childhood. As mentioned before, SLE, undifferentiated connective tissue disease, or
vasculitis developed during the follow-up in some patients [3], and therefore,
immune suppression for these conditions may further increase the infectious
susceptibility.

8.3 Deficiencies of Lectin Pathway Components

8.3.1 Mannose-Binding Lectin (MBL)

Mannose-binding lectin (MBL) is a soluble pattern recognition protein that contrib-
utes to killing of a broad range of pathogenic microorganisms via the lectin comple-
ment pathway and through opsonophagocytosis [12, 33].

The serum levels of MBL are genetically determined as a consequence of single-
nucleotide polymorphisms (SNPs) embedded into the promoter and the exon 1 of
the human MBL2 gene [34, 35]. Homo- and heterozygous combinations of those
SNPs give rise to different genotypes responsible for high (A/A, XA/A), intermedi-
ate (O/A, XA/XA), or low (0/0, XA/O) serum MBL levels [36]. MBL levels vary
widely among individuals, with serum levels ranging from 5 ng/ml to over 10 ug/ml
[34, 37].

The frequency of MBL deficiency in the general Caucasian population has been
estimated between 5% and 10% [38] and may, therefore, be considered the most
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common congenital immunodeficiency. Studies that address the correlation of MBL
levels with infections must be interpreted with caution [39]. First, the cutoff value
that defines MBL deficiency varies from study to study, and values ranging from
50 ng/ml to 1 pg/ml have been used. Second, the finding that MBL levels were
genetically determined led to several investigators to use genotyping to correlate
MBL levels with disease. It must be noted that MBL levels in individuals with the
identical genotype for all MBL variants may significantly differ [14, 34, 40]. Even
considering those facts, several studies correlate MBL levels with respiratory infec-
tions and suggest its relevance to the defense of the lung. MBL can contribute to
respiratory mucosal and bloodstream defenses as it can be shown to bind to numer-
ous important respiratory pathogens, promoting C4 deposition [12, 33]. It may be
that in individuals with additional risk factors, MBL deficiency plays a more signifi-
cant role in predisposition to infection.

MBL is a serum protein produced in the liver, but it is also found at the sites of
inflammation, although at levels substantially less than in the blood [33]. No appre-
ciable MBL transcription was found by real-time PCR on lung tissue [41], so MBL
present in respiratory secretions most likely represents “leakage” from the serum.

Before the description of MBL, Soothill and Harvey [42] described recurrent
infections caused by several etiological agents affecting the skin and respiratory
tract and also associated with diarrhea and cutaneous rash. These patients did not
opsonize Saccharomyces cerevisiae (baker’s yeast) adequately, and no antibody
deficiency or hemolytic activity was identified either. Subsequently, Super et al. [43]
confirmed that about 5-7% of the general population failed to opsonize S. cerevi-
siae, and the addition of purified MBL in a dose-dependent fashion was corrected to
the defect. Sumiya et al. indicated association of mbl2 gene polymorphism, low
MBL levels, and infections in children. These studies preceded innumerous investi-
gations looking for the role of MBL deficiency and infections [44], supporting the
biological role of MBL and the infectious consequences of low levels.

It has been reported that low concentrations of serum MBL are associated with
recurrent infections not only in children but also in adults [14, 45]. Eisen et al.
observed higher risk of death due to S. pneumoniae sepsis in patients with low MBL
levels (less than 0.5 pg/ml) associated to different mbI2 genotypes [33]. Regarding
invasive pneumococcal disease, a higher frequency of MBL genotypes correspond-
ing to low MBL levels was observed [46]. MBL deficiency may not be a risk factor
for developing pneumococcal infection, but the prognosis is worst for patients with
homozygous variant MBL alleles.

Several studies have linked MBL deficiency, which arises through common
mutations in exon-1 of the mbI2 gene, with susceptibility to invasive pneumococcal
disease and severity of community-acquired pneumonia, although these have not
been universal findings [39, 47—-49].

Aittoniemi et al. [50] first suggested the concomitance of humoral immunodefi-
ciencies and MBL deficiency. IgG subclass deficiency was found in association
with MBL deficiency, and this finding was attributed as a risk factor for infection.
In contrast, 1 year later, the same group did not find the relationship of MBL and
IgG subclass deficiency in patients with IgA deficiency leading to recurrent
infections [51]. Cedzynski et al. [52] indicated that children with associated
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humoral deficiencies and MBL insufficiency are more susceptible to respiratory
infections.

Litzman et al. [53] evaluated 94 patients with common variable immunodefi-
ciency, and they observed that low MBL-producing genotypes predisposed CVID
patients to pulmonary complications such as bronchiectasis, fibrosis, and respira-
tory insufficiency. No other clinical manifestations in CVID patients were influ-
enced by MBL genotype. In contrast, Mullighan et al. [54] identified the relationship
of early-onset symptoms and autoimmunity in CVID.

Watkins et al. [55] reported a patient with severe X-linked chronic granuloma-
tous disease and very low MBL levels. Although only reported once, the authors
suggested that the concomitance of MBL deficiency could worsen the course of the
disease.

There appears to be evidence that a critical “intermediate” level of MBL may be
protective against intracellular pathogens such as Mycobacterium tuberculosis. One
possible explanation is that high levels of MBL binding would lead to C3b/iC3b
deposition and promote entry of bacteria into phagocytes through complement
receptors such as CR1 and CR3. MBL binds to lipoarabinomannan (LAM) on the
mycobacterial surface, which is also a mycobacterial ligand for mannose receptors
on monocytes and macrophages [56]. Not all mycobacteria bind MBL equally well,
e.g., Mycobacterium africanum binds recombinant human MBL more efficiently
than M. tuberculosis [57]. Low levels of MBL would result in limited complement
activation but sufficient to bind to LAM and block engagement of mannose recep-
tors. On the other hand, MBL itself can bind to CR1 and could enhance bacterial
uptake. In addition, MBL bound to bacteria could improve ligation of macrophage
receptors, which can modulate release of cytokines such as IL-12 that play a critical
role in host responses to infection [58]. MBL deficiency was shown to increase the
susceptibility to Mycobacteria in Northwestern Brazil [59].

Lambourne et al. [60] found lower mean MBL levels in persons with invasive
aspergillosis than in a control population. Another study found low MBL levels and
chronic necrotizing pulmonary aspergillosis (CNPA) (also known as “semi-invasive
aspergillosis™). This form of aspergillosis is usually seen in patients with preexisting
damage to the lung parenchyma and/or mild immunocompromised, as may occur
with alcoholism, diabetes, malnutrition, or low-dose steroid use [61]. Allergic bron-
chopulmonary aspergillosis (ABPA) was associated with higher MBL levels, higher
levels of circulating eosinophils and IgE, and disease severity [62].

8.3.2 Cystic Fibrosis

Cystic fibrosis (CF) is a hereditary disorder caused by a mutation in the cystic fibro-
sis transmembrane conductance regulator (CFTR) gene and affects the exocrine
glands of the lungs, liver, pancreas, and intestines. Pulmonary infections are a major
cause of morbidity in CF. Younger children become infected with bacteria such as
H. influenzae and S. aureus, but P. aeruginosa and Burkholderia cepacia predomi-
nate in older children. Several studies have been developed to evaluate the influence
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of MBL variants in CF. Lung function is significantly impaired in carriers of MBL
variant alleles according to some reports [63—-65]. MBL genotype does not influ-
ence colonization by P. aeruginosa; however, children colonized with this bacte-
rium who are carriers of variant MBL alleles have significantly impaired lung
function. According to the authors, variant MBL alleles also shorten survival [14,
65]. Other reports did not find an association between MBL levels and disease
severity in CF [66, 67].

8.3.3 MASP2 Deficiency

MASP?2 deficiency is estimated to affect 0.4—1 individuals in 1000 Europeans and
North Africans [68]. Stengaard-Pedersen et al. [69] reported the first patient with
MASP? deficiency and recurrent infections in adulthood. Pneumococcal pneumonia
was the main clinical manifestation associated with this defect in the lectin pathway.
Cedzynski et al. [70] found that both MBL deficiency and MASP2 insufficiency
represent risk factors for recurrence of infections independently of allergic disease.
In this study, one MASP2-deficient patient was identified.

MASP?2 deficiency caused by homozygosity for the p.120G amino acid substitu-
tion was also recently reported in two patients with pulmonary tuberculosis [71].
Another study including Spaniard volunteers detected two individuals with MASP2
deficiency, homozygous for D105G mutation. No relevant clinical symptoms were
present in both, raising the possibility of low penetrance in MASP2 deficiency [72].

8.3.4 Ficolin Deficiency

The ficolin family of proteins, ficolin-1 (FCN1 or M-ficolin), ficolin-2 (FCN2 or
L-ficolin), and ficolin-3 (FCN3 or H-ficolin), comprise the other members of the
recognition proteins of the lectin pathway. Human L-ficolin is mainly synthesized
in the liver and secreted into blood circulation. H-ficolin is expressed in the lung and
liver and can also be found in serum. M-ficolin is a secretory protein from neutro-
phils and monocytes in peripheral blood and from type II alveolar epithelial cells in
the lung [73].

Ficolins act as pattern recognition molecules that specifically bind to many clini-
cally important microorganisms. They also function as opsonins when binding to
certain types of oligosaccharides on the surfaces of pathogens via their lectin activ-
ity [9, 74]. The role of H-ficolin in A. fumigatus defense was demonstrated in vitro.
It occurs through the activation of the lectin complement pathway, enhanced fungus-
host interactions, and modulated immune responses [73].

L-ficolin (ficolin-2) is a serum lectin with multiple binding sites, able to recog-
nize and bind to various microorganisms [70]. Although inherited deficiencies of
ficolins are rare, polymorphisms that influence the concentration and function of
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ficolin-2 (L-ficolin) have been described [70]. Like MBL, the structure of L-ficolin
is based on multimerization of a basic collagen-like helical triplet (mainly 12-mers),
and exhibits considerable genetic polymorphism affecting both the promoter region
and exon 8, which encodes the fibrinogen (lectin) domain.

It has been reported that both L-ficolin and H-ficolin are able to inhibit influenza
A virus infection both in vitro and in vivo [74-76]. While H-ficolin has a role in the
airway, reducing viremia of influenza A virus [76], L-ficolin interacts with surface
glycoproteins of influenza A virus, hemagglutinin and neuraminidase [75].

Both L-ficolin and M-ficolin have been demonstrated to be associated with gram-
positive bacterial infectious diseases such as streptococci (GBS) and Staphylococcus
aureus. L-ficolin was shown to activate the lectin pathway through binding to car-
bohydrate on the bacterial surface, and it enhanced the opsonic activity of polymor-
phonuclear neutrophils [77]. L-ficolin insufficiency was associated with
susceptibility to infection of S. pneumonia. There was a tendency to fatal or adverse
outcome, but these differences were not statistically significant [78]. L-ficolin insuf-
ficiency enhances susceptibility to childhood respiratory infections only in patients
with allergic asthma or rhinitis [70]. H-ficolin binds to the gram-positive bacterium
Aerococcus viridans [74].

Low L-ficolin was associated with bronchiectasis, and it was hypothesized that
impaired innate immunity might influence susceptibility to this disease process. In
this study, no genotyping was performed. It was previously reported that L-ficolin is
present in high levels during pneumonia as acute phase reactant. In addition,
L-ficolin has variable levels according to the age in contrast with MBL, which has
stable concentrations during the life [79].

Munthe-Fog et al. reported a 32-year-old man, homozygous for ficolin-3 muta-
tion, who developed several respiratory infections during childhood, followed by
cerebral abscesses at 20 years old. The pulmonary condition progressed to bronchi-
ectasis and pulmonary fibrosis. The authors identified an additional 23 patients,
heterozygous for the same mutation, out of 1,282 individuals, expecting 1 person in
10,000 to be homozygous [80]. Further investigation has to be done considering that
no other patient was identified with FCN3 mutation [80].

L-ficolin can bind to gram-negative bacteria, such as the rough type of
Salmonella typhimurium TV119 and Pseudomonas aeruginosa [79]. It has an
opsonic effect facilitating phagocytosis by polymorphonuclear leukocytes and
monocytes. H- and M-ficolins also bind carbohydrate structures of gram-
negative bacteria [81].

Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis and
remains a major global health problem. It was previously found that L-ficolin (fico-
lin-2) serum levels were lower in patients with pulmonary TB [82]. The capacity of
L-ficolin to bind to virulent M. tuberculosis was demonstrated in vitro and that the
administration of exogenous L-ficolin had a protective effect in mice [82].
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8.3.5 Collectin 11

Collectin-11 (CL-11, also known as CL-K1 and encoded by COLEC11) is a recently
described component of innate defense that is synthesized by several types of non-
immune cells, including epithelial cells of the renal tract and mucosal cells in the
intestinal and bronchial tracts. The structure of CL-11 consists of a globular head,
followed by a neck region and a N-terminal collagenous domain. Each chain associ-
ates to form trimeric CL-11 subunits that combine to give CL-11 oligomers (100—
200 kDa). This oligomerization contributes to the high avidity of interaction with
monosaccharide ligands. The globular head of CL-11 contains a carbohydrate rec-
ognition domain (CRD), which is reported to preferentially bind L-fucose among
other possible ligands [83, 84]. Like MBL, CL-11 can interact with the surfaces of
bacteria, viruses, and fungi, which indicates a significant role for CL-11 in host
defense [83].

It has been reported that MBL does not bind to some investigated Streptococcus
pneumonia strains, while a clear binding of collectin-11 was observed [85]. These
findings clearly show that molecules like collectin-11 may compensate for MBL
deficiency and explain why MBL may be partly redundant. Collectin-11 may bind
to microorganisms with which MBL cannot interact and vice versa as well.

A role in embryogenesis is apparent in individuals with inherited deficiency of
CL-11. Together with CL-K1, MASP-3 seems to have an important role in early
embryonic development. Defects in the genes encoding either collectin-11 or
MASP-3 have been shown to cause the 3MC developmental syndrome [86]. The
3MC syndrome is a unifying term encompassing the overlapping Carnevale,
Mingarelli, Malpuech, and Michels syndromes. These rare autosomal recessive dis-
orders exhibit a spectrum of developmental features, including characteristic facial
dysmorphism, cleft lip and/or palate, craniosynostosis, learning disability, and geni-
tal, limb, and vesicorenal anomalies. However, it is difficult to reconcile that the
3MC syndrome could be caused by a complement defect per se. COLEC11 RNA
knockdown studies using embryonal zebra fish indicated that collectin-11 defi-
ciency hampered neural crest cell migration [86]. Thus, collectin-11 may be consid-
ered as the fifth recognition molecule of the lectin pathway besides MBL, ficolin-1,
ficolin-2, and ficolin-3.

8.4 Deficiencies of Alternative Pathway Components

The role of the AP in host defense has received great impetus from the identification
of individuals with deficiencies of AP components, which include fB, factor D (fD),
properdin, and C3.

Partial deficiency of fD was reported in twins who suffered from respiratory
infections with H. influenzae and Proteus and Pseudomonas spp. The diagnosis was
made in adulthood, but there was a history of recurrent infections since childhood
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(about 7-8 years of age). The first case of complete deficiency of fD (the mode of
inheritance is autosomal recessive) was of an adult with a history of N. meningitidis
meningitis and two episodes of disseminated gonococcal infection (DGI) [87]. It is
worth noting that immunization of all factor D-deficient patients in both of these
studies resulted in normal antibody responses.

Properdin deficiency has been described in several families and is the only
X-linked complement deficiency. It manifests with complete absence of the mole-
cule (type I), partial deficiency (type II), and normal level of a dysfunctional proper-
din (type III). The properdin-deficient individuals identified in a substantial number
are susceptible to meningococcal disease (MD), emphasizing the important role of
the AP to control the growth of meningococci. Meningococcal meningitis is fre-
quently complicated by sepsis; it occurs preferentially in adolescence and it is often
caused by uncommon serogroups. Other recurrent infections are rare in these case
[88]. Schejbel et al. reported a large Pakistani family with properdin deficiency. The
index case had a history of recurrent infections. Screening of 24 available relatives
revealed four affected males, four female carriers, and a male heterozygous carrier
who was subsequently diagnosed with Klinefelter syndrome. There was a strong
association between properdin deficiency and recurrent otitis media and recurrent
pneumonia. This study was the first to associate properdin deficiency with infec-
tions other than meningococcal disease [89].

8.5 Syndromes Associated with Deficiency
of Complement Component C3

8.5.1 C3 Deficiency

C3 occupies a central position in the complement cascade, and it is involved in sev-
eral critical functions, which include solubilization of immune complexes, enhanc-
ing bacterial killing either through membrane attack complex formation or
opsonophagocytosis, and potentiation of the humoral immune response.

Alper & Propp first described heterozygous C3 deficiency and C3 levels approxi-
mately 50% of normal values [90]. Those patients were healthy, although mild
impairment in functions mediated by complement was observed. Homozygous-
deficient patients have serum concentration less than 0.1% of normal values [91].

C3-deficient individuals develop autoimmune disorders, infections, or both.
Infections tend to be recurrent and severe. Invasive infections (meningitis, bacteremia,
pneumonia, and otitis media) with S. pneumoniae, N. meningitidis, and H. influenzae
have been reported [92, 93]. Because of its role in bridging innate immunity and adap-
tive immunity, patients with C3 deficiency show impaired responses to immunization.
Immunization of a 2-year-old child with total C3 deficiency and a history of recurrent
pyogenic infections did not induce a long-term antibody response [94]. Various
aspects of the adaptive immune responses are impaired in C3 deficiency.
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Secondary C3 deficiency can also result from excessive activation and consump-
tion of complement. Such a situation arises with deficiencies of factor H or factor I
or in the presence of C3 nephritic factor (antibodies against C3 factor). C3 levels
under conditions of excessive C3 consumption are less than 10% of normal levels.
However, the presence of even small amounts of C3 reduces the severity and fre-
quency of infections.

8.5.2 Factor I Deficiency

Total deficiency of the regulatory components of the alternative pathway, factors H
and I (both inherited in an autosomal recessive manner), leads to uninhibited activa-
tion of the alternative pathway. Factors H and I are primarily responsible for the
negative regulation of the fluid phase at the C3 convertase of the alternative path-
way. In the absence of one of these proteins, the spontaneous formation of C3 con-
vertase continues, leading to the consumption of C3 and its depletion [95].

The most consistent clinical feature of factor I deficiency is increased suscepti-
bility to infection, particularly by encapsulated bacteria such as Neisseria menin-
gitidis, Haemophilus influenzae, and/or Streptococcus pneumoniae. The most
frequently observed clinical consequences of factor I deficiency are respiratory
infections (sinusitis, otitis, tonsillitis, bronchitis, pneumonia), meningitis, and
arthritis [95, 96].

The spectrum of clinical manifestations of factor I deficiency may range from
asymptomatic to severe repeat pyogenic infections. There is no clear explanation for
this variability. Until recently, the partial deficiency had not been related to clinical
manifestations. In our experience, frequent episodes of less severe infections were
observed in heterozygotes, although the functional capacity of the complement sys-
tem (by hemolytic activity) was not diminished, as previously reported [96].

Factor I-deficient patients appear to develop a greater number of recurrences
and also display a broader range of infections. Recurrent otitis media, bronchitis,
sinusitis, tonsillitis, and cutaneous abscesses have been described. As seen with
C3 deficiency, invasive infections with S. pneumoniae, H. influenzae, and N. men-
ingitidis (groups B, C, and W-135) have been reported, and recurrences are com-
mon [97]. Because of uninhibited C3 activation and C3b production, constant
stimulation of CR1 on macrophages was thought to be responsible for lower CR1
expression and defective CR1-mediated opsonophagocytosis in factor I-deficient
patients [98]. Functional defects of CR3 were also described, although the mecha-
nism for this observation remains undefined. Factor I deficiency also leads to
autoimmune disorders, including immune complex glomerulonephritis and
vasculitis.

In factor I deficiency, a secondary reduction in circulating factor H levels occurs
which is thought to be a consequence of factor H-C3b interactions [99]. In contrast,
factor I levels remain normal in factor H deficiency [101].
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8.5.3 Factor H Deficiency

Complete factor H deficiency is a rare disorder, and it is also associated with an
increased incidence of infections, including recurrent otitis media (caused by H.
influenza) and bronchitis [100], and invasive disease with N. meningitidis (groups B
and X) [101]. About half of the reported patients with factor H deficiency do not
have infectious complications.

All the deficient individuals present hypocomplementemia, and the clinical man-
ifestations are very different [101]. Complete factor H deficiency results in damage
and formation of dense deposits in the glomerular basement membrane as in type II
membranoproliferative glomerulonephritis (MPGN II). Factor H mutations charac-
terize several clinical changes that may be polymorphisms associated with advanced
macular degeneration, atypical hemolytic uremic syndrome (aHUS), and type II
membranoproliferative glomerulonephritis (MPGN II) [102]. Furthermore, recur-
rent infections have been associated with the deficiency, especially the occurrence
of N. meningitidis-related processes such as meningitis and septicemia [97]. Despite
the severity of some cases, there are reports of asymptomatic individuals with total
factor H deficiency, detected through the evaluation of other family members.

8.6 Deficiencies of Terminal Pathway Components

As a major effector mechanism of the complement cascade, MAC is responsible for
complement-dependent serum bactericidal activity. MAC can also participate in tis-
sue injury in various diseases. Perhaps, for this reason, a small percentage (approxi-
mately 5%) of individuals reported with late component complement deficiency
(CDCD) have evidence of rheumatic or immune complex disease [103].

The most representative clinical picture of the terminal component deficiencies
is a greater susceptibility to Neisseria infections, especially meningococcal menin-
gitis, although gonococcal infections also occur. An important distinction between
C5 deficiency and deficiency of the other components of the terminal complement
pathway is that C5-deficient patients lack the ability to mount an efficient chemo-
tactic response because of the absence of C5a generation. Despite this additional
defect, the bacterial etiology of systemic infections does not differ in these individu-
als (more than 95% Neisseria spp.) [31, 104].

The median age of the first neisserial infection is in the second decade of life, a
significant difference in the general population and individuals with deficiencies of
classical components of the complement. Complement deficiencies are more related
to meningococcal meningitis caused by rare serogroups X, Y, Z, W132, and 29E
[105]. Although the incidence of meningococcal infection is much higher, the
frequency of death and the percentage of fulminant cases appear to be lower in termi-
nal complement-deficient individuals when compared to normal individuals [105].
Failure to generate the MAC with inability to lyse foreign and autologous cells may
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lead to milder forms of the disease with lower endotoxin concentration and less dam-
age to the host. In addition, few organisms are required for systemic infection [103].

The genes for C6, C7, C8a, C8p, and C9 were isolated and characterized. Protein
and DNA polymorphisms have been identified for members of the MAC protein
family. The association between C9 deficiency and neisserial infection is not as
strong as in C5-C8 deficiency. Individuals with total C9 deficiency exhibit delayed
and diminished bactericidal and hemolytic activity in vitro. C9 deficiency is very
common in the Japanese population, it is often asymptomatic, and several findings
suggest that the deficiency is a susceptibility factor for the development of menin-
gococcal disease [106].

8.7 Deficiencies of the Soluble Regulatory Proteins’

Hereditary angioedema is an autosomal dominant inherited disease resulting in het-
erozygous deficit of Cl-inhibitor and bradykinin accumulation leading to increased
vascular permeability and edema. C1-INH is a glycoprotein (serum a-globulin)
consisting of 478 amino acids and a signal peptide of 22 hydrophobic amino acids
from the protease inhibitor serpin family encoded on chromosome 11. The liver is
the main organ responsible for its synthesis, but some other cells also participate.
The synthesis is stimulated by interferon-y, mainly by an increase of its gene tran-
scription and, less frequently, by other cytokines. Its physiological function is to
inhibit the catalytic subunits of the first component of the classical complement
pathway (C1r-Cls), as well as to inhibit the function of kallikrein, plasmin, al anti-
trypsin, and activated clotting factors XI and XII [107].

Deficient production of C1-inhibitor associated with functional deficit represents
85% of the cases (type I), and normal quantitative production of the inhibitor, but
with altered function (type II), corresponds to 15% of case [108]. Another type of
hereditary angioedema was described with normal C1 esterase inhibitor and, in
these cases, a percentage of families have mutations in exon 9 of coagulation factor
XII (Hageman factor). Recently, plasminogen and angiopoietin 1 mutations were
also identified in small numbers of cases with hereditary angioedema [109].

Patients with HAE usually become symptomatic as early as childhood and pres-
ent great variability in the frequency of episodes. Most attacks occur without iden-
tification of the triggering factor, in three main sites: subcutaneous tissue (face,
hands, arms, genital area), abdominal organs (stomach, intestine, bladder), and
upper airways (larynx). The occurrence of laryngeal edema and asphyxia was asso-
ciated with death in 25-40% of untreated individuals [108, 110]. There is no
involvement of the bronchial tree in the symptomatology of angioedema, which
may be related to the rapid metabolism of the kinins in the pulmonary circulation
and activation of angiotensin. Stimuli that activate the fibrinolytic and contact sys-

!Deficiencies of factors H and I have been described with C3 deficiency syndromes, and properdin
deficiency has been described with alternative pathway deficiencies.
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tem, such as stress, trauma, and anxiety, often precede the attack. There is a ten-
dency to worsen during menstrual cycles and pregnancy or with the use of oral
contraceptives.

Laboratory diagnosis relies on quantitative and/or functional C1-INH evaluation.
C4 concentration can be a screening test for diagnosis; it is reduced in approxi-
mately 95% of the cases, particularly during an episode. In the case of HAE with
normal C1-INH, both C4 and C1-INH are normal and gene mutations represent the
only markers so far.

Long-term prophylaxis can utilize attenuated androgens, such as danazol, stano-
zolol, and oxandrolone, which act by increasing the transcription of CI
INH. Androgens have several side effects and are therefore less commonly used in
childhood and females. Anti-fibrinolytic agents as tranexamic acid and epsilon-
aminocaproic acid are plasmin blockers, and their efficacy is restricted although
they have few side effects [111].

Short-term prophylaxis is required for surgical or dental procedures. Plasma
derived Cl-inhibitor has been used for prophylaxis. It is administrated every 3—4
days intravenously, and recently, subcutaneously for this role [112].

In cases of acute attacks, antihistamines, glucocorticoids, and epinephrine have
no effect on angioedema due to C1-INH deficiency. The treatment of choice con-
sists of the replacement of C1-INH, application of the inhibitor of bradykinin
receptor 2 (icatibant), or anti-kallikrein (ecallantide) drugs. Due to the possibility
to develop upper airway obstruction, early intubation should be considered if no
specific therapy is available [112].

8.7.1 Deficiency of C4bp

The C4b-binding protein (C4BP) is a potent circulating soluble complement factor
and lectin pathway inhibitor. C4bp binds to C4b and accelerates the decay of C4b2a,
acting as a cofactor for C4b factor I inactivation. It is synthesized in the liver and
also acts on the coagulation system by binding to protein S and inactivating it. Only
one patient with C4bp deficiency was reported, and no specific genetic defect was
identified. This patient had angioedema, cutaneous vasculitis, and arthritis.

8.8 Deficiencies of the Regulatory Proteins
and Complement Receptors

Genetic deficiencies or mutations that result in altered membrane receptor or pro-
tein function or complement inhibitors may be associated with diseases such as
uremic hemolytic syndrome, age-related macular degeneration, glomerulonephritis,
and nocturnal paroxysmal hemoglobinuria.
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The decay-accelerating factor (CD55 or DAF) is a classic and alternative path-
way control protein anchored to the erythrocyte, lymphocyte, granulocyte, endothe-
lium, and epithelium membranes. Its primary function is to protect cells from
complement-mediated cytolysis, but it also has a role in T-cell activation. Deficiency
of DAF is not associated with spontaneous hemolysis, although DAF-deficient
erythrocytes are moderately susceptible to hemolysis when complement is activated
by the classical route. In patients with paroxysmal nocturnal hemoglobinuria, a pro-
portion of erythrocytes is susceptible to complement-mediated lysis due to defi-
ciency of DAF and other phospholipids anchored to membrane proteins [113]. DAF
deficiency is associated with a unique type of protein-losing enteropathy.

CD59 (reactive lysis membrane inhibitor) is anchored in erythrocytes, leuko-
cytes, and endothelial cells, where it prevents intravascular attack of the comple-
ment. CD59 deficiency has been described and differs from nocturnal paroxysmal
hemoglobinuria, which is an acquired deficiency of all cell-surface glycosylphos-
phatidylinositol proteins (CR1, CD59, CD55) [113].

Decreased expression of CR1 (complement receptor 1) in erythrocytes and other
cell types has been described in patients with SLE and has stimulated extensive
investigation of CR1 function in relation to pathogenic events in immune complex
disease. CR1 reduction was also found in another disease, the reactive arthritis by
Yersinia enterocolitica. Patients with SLE also have decreased CR2 expression in B
lymphocytes. Evidence suggests that these deficiencies are acquired through mech-
anisms related to the disease.

Complement receptor 3 (CR3, CD11b/CD18) binds complement and is found on
macrophages, neutrophils, and large granular lymphocytes. Complement receptor 4
(CR4, CD11c/CD18) also binds complement and is found on neutrophils, mono-
cytes, and macrophages. Both CR3 and CR4 bind bacterial lipopolysaccharide and
B-glucans and promote phagocytosis of unopsonized bacteria and yeast. Additionally,
they are upregulated at sites of inflammation and enhance the binding of monocytes
and neutrophils to endothelial cells, allowing diapedesis [114].

Leukocyte adhesion deficiency (LAD) syndromes are innate defense defects
against bacteria, fungi, and other microorganisms, resulting in the adhesion and
arrival of leukocytes to the sites of microbial invasion [115]. LAD is a rare disease,
affecting one in one million individuals. In this disorder, it is a failure to synthesize
CD18, which then is associated with CD11b to form CR3 and with CD11c¢ to form
CR4. LFA-1 (CD11a/CD18), important in cellular adhesion and trafficking, is also
deficient. These three receptor proteins are known as f2 integrins, part of the Ig
superfamily. LAD-1 inheritance is autosomal recessive with some variability in the
amounts of CDI18 expressed, resulting in two phenotypes (severe deficiency and
moderate deficiency). Omphalitis is a classic presenting infection with delayed sep-
aration of the umbilical cord. Infections from birth onward are usually seen with
prominent bowel, perirectal, respiratory, and cutaneous infections. Recurrent and
chronic bacterial infections are also seen. These are usually localized to the skin and
mucosal surfaces and often involve Staphylococcus aureus and gram-negative
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bacilli. The characteristic pathologic finding is the lack of neutrophils at sites of
infection and lymphoid tissues lacking lymphocytes. As expected, neutrophil counts
in peripheral blood are usually elevated [115].

8.9 Summary and Conclusions

Recurrent and severe respiratory infections are a hallmark of primary immunodefi-
ciencies. Nevertheless, complement deficiencies are often not considered as possi-
ble etiologies in this setting due to the much higher frequency of antibody
deficiencies in the general population. Recognition of complement deficiencies has
enormous implications for the patient because therapy is distinct from that of anti-
body deficiencies and can be lifesaving. Defects in the terminal complement path-
way are associated with neisserial infections, which are generally systemic and
abrupt in onset, although chronic meningococcemia can be a presentation. Defects
in the activation arms are more likely to be associated with respiratory infections
caused by encapsulated organisms. There may be a history of recurrent respiratory
infections prior to the diagnosis being established or a single severe episode with
sepsis. The severity may drive an intense focus on treatment and supportive care and
only in retrospect is there consideration of an underlying complement deficiency.
One ongoing impediment to the diagnosis of inherited complement deficiencies is
the inconsistent availability of CH50 and AHS50 tests. The recent development of a
plate-based assay which is technically simpler to execute may improve availability
and hence the diagnosis of patients.

The crucial first step in the approach to an individual patient is the consideration
of potential etiologies. In the setting of respiratory tract infections that are either
recurrent or severe in nature, primary immunodeficiency should be a consideration.
Complement deficiencies and antibody disorders should be among the prime con-
siderations with T-cell disorders added to the differential diagnosis in young chil-
dren. Once a complement deficiency is recognized, education on risks and initiation
of therapy is critical to prevent ongoing infections and death.
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Chapter 9 )
Pulmonary Manifestations of Other b
Well-Defined Immunodeficiencies

Man Amanat, Mona Salehi, and Nima Rezaei

9.1 Introduction

“Other well-defined immunodeficiencies” is a category of primary immunodeficiency
(PID) and consisted of different rare diseases with systemic manifestations often
combined with immune system dysfunction (Fig. 9.1). Combined immunodeficien-
cies with associated or syndromic features have a less profound immunophenotype
than severe combined immunodeficiencies, and this can make their diagnosis more
challenging [1]. Increasing our knowledge about characteristic manifestations of
these disorders can ease their diagnosis. For instance, the presence of ichthyosis, hair
abnormality, and recurrent infections are characteristics for Netherton syndrome [2].

Respiratory manifestations are common in most PIDs. Recurrent respiratory
infections and their concurrent complications such as bronchiectasis have been
reported in these conditions, including other well-defined immunodeficiencies. They
were also reported as the main cause of death in patients with associated diseases.
Therefore, by focusing on respiratory features of PIDs, we can increase the life-span
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and even quality of life of patients. Herein, we describe conditions classified as other
well-defined immunodeficiencies and their associated respiratory manifestations.

9.2 Ataxia Telangiectasia

9.2.1 Background

Ataxia telangiectasia (A-T) also known as Louis-Bar syndrome was first described
in 1957 as a familial syndrome of progressive cerebellar ataxia, oculocutaneous
telangiectasia, and frequent pulmonary infection [3]. It is now well-established that
A-T is an autosomal recessive cerebellar ataxia. The worldwide incidence of this
rare disease was estimated to be between 1 in 40,000 and 1 in 300,000 people [4].
Different neurological features have been identified in individuals with
A-T. Examples include ataxia, impaired coordination of eye movement, dysarthria,
loss of tendon reflexes, development of involuntary movements, and extrapyramidal
symptoms [5]. Telangiectasia of conjunctiva is another characteristic manifestation
of A-T. It can also appear on sun-exposed areas of the skin such as face and ear, in
the bladder, and even inside the brain [5, 6]. A-T is also associated with develop-
ment of many other systemic manifestations. Dysphagia and concurrent insufficient
caloric intake, endocrine abnormalities like gonadal dysgenesis, reduced insulin
sensitivity, sleep disturbance and cognitive dysfunction are some of the reported
manifestations [7-11]. Furthermore, people with A-T were at increased risk of
developing malignancies due to chromosomal instability and increased sensitivity
to ionizing radiation [12].

Approximately two-third of individuals with A-T suffer from immune system dys-
functions [13]. Defects in both cellular and humeral immunity were recognized. Low
total immunoglobulin levels (IgA, IgG, or IgM), defects in making antibody in
response to vaccines and infections, and lymphopenia which affects CD4+ cells are
the commonest immunological abnormalities in patients with A-T [14]. A-T is corre-
lated with increased risk of developing autoimmune disorders and chronic inflamma-
tory diseases including immune thrombocytopenia, and different types of arthritis,

9.2.2 Respiratory Manifestations

Pulmonary disease is responsible for about half of deaths in A-T patients [3, 17].
Prolonged cough, fever, and abnormal findings on auscultation of chest are the most
reported early signs and symptoms of respiratory tract diseases in A-T patients [18].
By ignoring these early findings, severe manifestations including bronchiectasis,
recurrent pneumonia, lung fibrosis, and interstitial lung disease (ILD) may
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occur [18]. Studies on common spirometry indices have demonstrated considerable
decrease in forced volume capacity (FVC) which is a feature of restrictive lung
disease [19]. Decreased FVC can affect other indices like tidal volume (VT). The
progression of A-T leads to more reduction in FVC, and VI/FVC ratio has been
shown to be an important marker in an A-T patient’s life-span [19]. Obstruction of
airway is another respiratory feature of A-T people. However, first second of expira-
tion (FEV1)/FVC ratio is not a suitable index to show this obstruction [20].

Different underlying mechanisms can be postulated for respiratory manifesta-
tions in A-T. Immunodeficiency in A-T can increase the risk of infections and leads
to different pulmonary conditions. Poor mucociliary clearance and aspiration due to
impaired bulbar function and dysphagia are other causal mechanisms for this cor-
relation [5]. Respiratory muscle weakness and their impaired coordination can lead
to decreased levels of spirometry indices and restrictive lung disease [5]. Of interest,
emerging evidence demonstrated that increased levels of cytokines like interleukin
(e.g., IL6) have been associated with decreased lung functions [21]. Cytokines are
soluble proteins with wide-range effects on functions of multiple organs such as the
nervous system, skin, and respiratory system [22], and changes in their levels due to
A-T may somewhat justify increased risk of different A-T manifestations.

9.3 Nijmegen Breakage Syndrome

9.3.1 Background

Nijmegen breakage syndrome (NBS) is a rare autosomal recessive condition first
introduced in 1981 [23]. Most patients with NBS carry founder mutation
c.657_661del5 in exon 6 of the NBN gene, called the Slavic mutation [24]. The
worldwide prevalence of NBS has not been estimated, but it has been realized that
eastern European populations are more prone to develop NBS [25]. The highest car-
rier frequencies of this condition are observed in the Czech Republic, Ukraine, and
Poland, with prevalence of 1:154, 1:182, and 1:190, respectively [25].

Various systemic manifestations have been described in individuals with
NBS. These include growth retardation, progressive microcephaly, intellectual dis-
abilities, and gonadal dysfunction [26]. Subjects with this condition are at increased
risk of developing cancer. A retrospective study reported that over 40% of NBS
people were diagnosed with malignancies, and they were the main causes of deaths
[27]. Lymphoma and leukemia are the commonest types of malignancies among
this population, but other types including medulloblastoma, neuroblastoma, dysger-
minoma, and thyroid cancer have also been identified [27]. Immunodeficiency is
another clinical feature of NBS. Highly variable combined defects in cellular and
humeral immune systems were recognized in NBS population. Low serum IgG and
IgA concentrations were reported in most of the patients. Conversely, serum IgM
levels were reported to be normal or even higher than normal in this population [27].
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Reduced number of total B- and T-cells and significant reduction in their functions
were also described [27].

9.3.2 Respiratory Manifestations

Respiratory infections are the most frequent infections reported in NBS people [26].
A retrospective cohort reported that pneumonia was the commonest clinical mani-
festation of NBS (46%), followed by acute bronchitis (39%) and chronic bronchitis
(23%), respectively [27]. Bronchiectasis (16%), recurrent upper respiratory tract
infections (12%), recurrent sinusitis (8%), chronic sinusitis with polyp (4%), fungal
pneumonia (4%), lung tuberculosis (2%), pulmonary fibrosis (1%), and chronic
respiratory insufficiency (1%) have also been reported as common respiratory mani-
festations of NBS [27]. It appears that most respiratory tract infections were caused
by community-acquired pathogens. Predisposition to recurrent and/or chronic
respiratory tract infections correlated with the severity of humoral immune defi-
ciency [27]. Intravenous immunoglobulin (IVIg) therapy can be a good option for
treatment of respiratory manifestations. However, this method of treatment failed to
prevent the progression of infections in some patients [27].

9.4 Bloom Syndrome

9.4.1 Background

Bloom syndrome (BS) is an autosomal recessive condition caused by mutations in
BLM gene located at 15g26. This gene codes for BLM protein, which is a DNA
helicase involved in DNA replication and repair. BS was first described in dwarfs
with congenital telangiectatic erythema in 1954 [28]. Only few individuals with BS
have been reported, and its prevalence has not been estimated. However, it appears
that this rare disease is more common among Ashkenazi Jews [29].

The involvement of multiple organs has been described in BS individuals. It is
characterized by growth retardation, sparseness of subcutaneous fat tissue, and
short stature. Skin lesions including erythematous, café-au-lait macules, and red,
sun-sensitive skin lesions are more frequent in people with BS compared to general
population. Gastroesophageal reflux (GER) is the main gastrointestinal symptom of
BS patients [29]. This can cause otitis and lung infections due to the aspiration of
gastric content. Men with BS are often infertile mostly caused by azoospermia and
severe oligospermia. However, women are frequently fertile but with premature
menopause [30]. Malignancy is the most frequent complication and the commonest
cause of death among BS subjects [31]. Immunodeficiency is another main feature
of BS, leading to an increased risk of different infections. One cohort study with six
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BS patients demonstrated defects in maturation of B-cells. In fact, the naive B-cell
subsets were in the normal range, but the absolute numbers of natural effector
B-cells and memory B-cells were significantly lower than the age-matched controls.
Decreased number of CD4+ T-cells was also recognized [32].

9.4.2 Respiratory Manifestations

Pneumonia is a very common infection among people with BS, and up to 20% of
these patients were reported to have pneumonia [29]. Studies indicated that pneu-
monia in this population did react well on antibiotics. It appears that the occurrence
rate of pneumonia and other infections is higher throughout infancy and early child-
hood and then decreases with time [32]. Chronic obstructive pulmonary diseases
including chronic bronchitis and bronchiectasis were described as serious compli-
cations in people with BS, and they were reported as the causes of deaths in few
individuals [29]. A case report study described a 7-year-old child with BS and com-
plete left lung volume loss with parenchymal destruction and areas of bronchiec-
tatic changes indicating a destroyed lung [33]. She finally died from pulmonary
complications. Upper and lower respiratory tract carcinomas are other associated
pulmonary complications in patients with BS [29]. To date, no study has evaluated
the efficacy of treatments may be useful for respiratory manifestations in these indi-
viduals. As immunodeficiency is the main cause of respiratory infections, IVIg may
be a good option for treatment. Furthermore, management of GER may decrease the
frequency of these infections.

9.5 ICF Syndrome

9.5.1 Background

The immunodeficiency, centromeric instability, and facial anomalies (ICF) syn-
drome is a rare autosomal recessive disorder, first described in 1978 [34]. About half
of ICF subjects carry mutations of DNA methyltransferase 3B (DNMT3B) gene and
are considered to have ICF type 1 [35]. About 30% of patients with ICF have muta-
tions of ZBTB24 and are considered to have ICF type 2 [36]. Recently ICF type 3
and 4 have also been described with the mutations of CDCA7 and HELLS [37].
Immunodeficiency, autoimmune conditions, facial abnormalities, growth retarda-
tion, and cognitive impairment are the main reported clinical manifestations in people
with ICF [38]. Immunodeficiency and recurrent infections are more frequent in indi-
viduals with ICF type 1, while mental retardation is more common in type 2 of this
condition (38). Different types of facial anomalies in this population include high
forehead with frontal bossing, flat nasal bridge, up-turned nose, hypertelorism, epican-
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thus, low-set ears, micrognathia, and macroglossia [38]. Regarding immunodeficiency,
agammaglobulinemia or hypogammaglobulinemia is more common in ICF type 1
compared to type 2 of the disease [39]. Decreased numbers of memory B-cells and low
levels of T-cell proliferation were also recognized in patients with ICF [38, 40].

9.5.2 Respiratory Manifestations

Respiratory infections are predominant clinical features in people with ICF, particu-
larly in its type 1. One retrospective study investigating the clinical data of ICF
patients indicated that bronchopneumonia was the most frequent infection among
all types of ICFs [39]. Noted, respiratory infections due to opportunistic organism
(Pneumocystis jirovecii) were also identified. Another cohort study with nine ICF
subjects demonstrated that all but one of patients had respiratory infections and
three of them had bronchiectasis [38]. Viral, bacterial, and fungal infections were all
described. It is worth to mention that the only patient in this study, who didn’t have
respiratory infection, had an early diagnosis of ICF and was treated with IVIg.
Overall, studies on few individuals reported the efficacy of IVIg and hematopoietic
stem cell transplantation in treatment and prevention of infections like respiratory
ones due to the reinforcement of immune system [38, 41], but further studies in this
area need to be performed.

9.6 PMS2 Deficiency

9.6.1 Background

Postmeiotic segregation increased 2 (PMS2) gene found in clusters on chromosome
7 expresses to produce PMS?2 protein. This product is involved in DNA mismatch
repair (MMR) [42]. Overall, in human, seven MMR proteins have been found
including MLH1, MLH3, MSH2, MSH3, MSH6, PMS1, and PMS2 [43]. Impaired
production of these proteins may affect genomic stability and manifest as different
malignancies at an early age, often colon and brain tumors [44]. Hereditary nonpol-
yposis colorectal cancer (HNPCC) or Lynch syndrome is a common condition
caused by defects in MMR [45].

Among the abovementioned MMR proteins, less is known about PMS2. Isolated
loss of PMS2 has been found in about 4% of tumors with microsatellite instability
[46, 47]. The clinical features of Lynch syndrome due to PMS2 deficiency were
reported to be unusual, and these patients had a lower lifetime risk of colorectal
carcinomas compared to people with MLH1 or MSH2 deficiencies [48]. Furthermore,
colorectal carcinomas associated with PMS?2 variants develop less frequently and in
patients of older ages [49].
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Immunoglobulin class-switch recombination (CSR) deficiencies are rare pri-
mary immunodeficiencies characterized by the lack of switched isotype (IgG/IgA/
IgE) production and mostly lead to increased levels of IgM (hyper IgM syndrome)
[50]. Impaired CSR due to PMS2 deficiency was first described by Péron et al. [51].
They reported three patients with CSR deficiency and deleterious, homozygous
mutations in the gene encoding the PMS2 component. Noted, studies also described
this rare type of immunodeficiency in A-T and NBS too [52, 53].

9.6.2 Respiratory Manifestations

To date, no study has investigated the pulmonary manifestations of PMS2 defi-
ciency. It appears that impaired CSR associated with PMS2 deficiency increases the
risk of infections [51]. However, increased risk of pulmonary infections has not
been clearly described. Future studies should focus on comorbidities of PMS2 defi-
ciency and its respiratory manifestations.

9.7 Wolf-Hirschhorn Syndrome

9.7.1 Background

Micro-deletion of the short arm of chromosome 4 causes a rare congenital disorder
first introduced by Cooper and Hirschhorn in 1961 [54]. They described a child
with defects of midline fusion, low birth weight, poor development, and seizures at
early ages. Similar features were also identified in another patient by Wolf et al. in
1965 [55]. Wolf-Hirschhorn syndrome (WHS) was then used to name this condi-
tion. The birth incidence of WHS was estimated to be at least 1 per 50,000 births
and was reported to be more frequent in females [56, 57]. One of the main clinical
findings in this population is their craniofacial features. They include wide bridge of
the nose, microcephaly, high forehead, prominent glabella, poorly differentiated
and low-set ears, highly arched eyebrows, widely spaced eyes, epicanthal folds,
short philtrum, distinct mouth, and micrognathia [58]. Many other systemic mani-
festations have also been reported, such as growth retardation, skeletal anomalies,
and defects in the heart, urinary tract system, and skin [58]. Epilepsy is the main
neurologic finding in individuals with WHS [59].

Defects in B-cells of immune system were reported in people with WHS. A prior
study on 13 infection-prone children with WHS demonstrated that 9 of them had
antibody deficiencies [60]. IgA and IgG2 deficiencies, as well as impaired polysac-
charide responsiveness, were recognized in these patients. However, it seems that
cellular immunity remained intact due to WHS [60].
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9.7.2 Respiratory Manifestations

A retrospective cross-sectional study investigating epidemiology, life expectancy,
and causes of deaths in individuals with WHS indicated that among 32 subjects,
lower respiratory tract infection was the leading cause of death (25%) [56]. Frequent
upper respiratory tract infections have also been reported in case reports [61].
Aspiration pneumonia, otitis media, sinusitis, and chronic coughs are common
respiratory manifestations in this population [62]. Although impaired humeral sys-
tem in WHS people may increase the risk of respiratory features, other factors
should not be discounted. High prevalence of GER and recurrent aspiration in
patients with WHS and muscular hypotonia are the examples which may also justify
the increased risk of respiratory manifestations [62].

9.8 Hyper-IgE Syndromes

9.8.1 Background

Hyper-IgE syndromes (HIES) were first described by Davis et al. [63] as Job’s syn-
drome. They reported two patients with eczematoid dermatitis, recurrent
Staphylococcal abscesses, and pneumonia. In 1972, Buckley et al. [64] identified
similar clinical findings and elevated levels of IgE and brought HIES for description
of this condition. Most cases are sporadic ones, but autosomal dominant (AD-HIES)
and recessive (AR-HIES) forms of HIES were also recognized. Mutations in signal
transducer and activator of transcription 3 (STAT3) were recognized to be the most
frequent genetic basis in AD-HIES [65]. On the other side, mutations in dedicator
of cytokinesis 8 (DOCKS), tyrosine kinase 2 (TYK2), and phosphoglucomutase 3
(PGM3) were reported in AR-HIES [66—-68].

HIES associated with mutations in STAT3, DOCKS8, TYK2, and PGM3 shows
some disease manifestations characteristic for each subtype. AD-HIES due to STAT3
mutations commonly presents with facial features; dental abnormalities; skin find-
ings including newborn rash, eczema, and recurrent abscesses; and abnormalities in
connective tissue and skeletal system [69]. In patients with AR-HIES, recurrent
viral infections, various allergic diseases, autoimmune conditions, and neurologic
impairments like developmental delay and cognitive dysfunction mainly occur [68,
70]. Connective tissue and skeletal abnormalities were rarely reported in AR-HIES
[68]. Comparing different types of AR-HIES, viral infections and allergies are more
common in individuals with mutations in DOCKS. Cutaneous viral infections are
the most distinguishing feature of DOCKS deficiency. The most common viruses
involved in this type are herpes simplex virus, human papillomavirus, molluscum
contagiosum virus, and varicella zoster virus [71]. Neurologic involvement mostly
presents in people with PGM3 mutations [68]. Unusual presentation of bacille
Calmette-Guérin (BCG) infection was described in TYK2-deficient patients [67].
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9.8.2 Respiratory Manifestations Due to AD-HIES

Recurrent bacterial pneumonias mainly occur in AD-HIES and typically lead to
pneumatocele formation [72]. Five cohort studies investigating different features in
STAT3-deficient individuals reported that recurrent pneumonia occurred in about
90-100% of their samples [69, 73—75]. Furthermore, pneumatocele was estimated
to occurinup to 75% of patients [75]. Streptococcus pneumoniae and Staphylococcus
aureus were the most common implicated bacteria. Haemophilus influenzae,
Pseudomonas aeruginosa, Stenotrophomonas maltophilia, anaerobic bacteria, and
Mpycoplasma pneumoniae were other frequently reported bacteria [69]. Delayed
diagnosis of pulmonary infections often occurs due to the lack of inflammatory
systemic signs and symptoms. Therefore, different complications may appear.
Bronchiectasis is a common respiratory manifestation and occurs more frequently
in patients with STAT3 deficiency compared to patients with other mutations. Its
prevalence was estimated to be about 65% [69]. Bronchopleural fistulas, hemopty-
sis, pneumothorax and/or pneumomediastinum, and tracheal stenosis were other
reported lung complications. It was identified that almost one-fifth of STAT3-
deficient patients required at least one lung lobectomy [69].

9.8.3 Respiratory Manifestations Due to AR-HIES

Different respiratory manifestations were reported in different types of
AR-HIES. One retrospective study on 136 individuals with mutations in DOCKS
demonstrated that recurrent respiratory infections occurred in approximately 90%
of patients [76]. Asthma was another common respiratory manifestation with the
frequency of 55%. Like STAT3-HIES, bronchiectasis and pneumatocele were also
identified in these patients, but their prevalence was significantly lower than
AD-HIES (bronchiectasis, 44%, and pneumatocele, 3%). Among bacterial organ-
isms, Staphylococcus aureus and Streptococcus pneumoniae were the commonest
causes of infections [76]. Cyfomegalovirus (CMV) was the most frequent viral
organism, and Aspergillus was the commonest fungus leading to infections. As
eosinophilia is a frequent feature in DOCKS8-HIES, increased risk of allergies and
asthma can be justified. Furthermore, eosinophilic pneumonia was reported in case
reports [77].

Two studies reporting clinical features of individuals with PGM3 deficiency
showed that about 75% to 100% of patients suffered from pneumonia [78, 79].
Bronchiectasis and asthma were also reported with the frequency of 65% and
10—40%, respectively. These complications can have significant negative impacts
on prognosis of patients as chronic respiratory failure was reported to be a cause of
death and bilateral lung transplantation in one study [79]. Noted, only few cases
with mutations in 7YK2 were identified, and its respiratory manifestations have not
been recognized.
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9.9 Wiskott-Aldrich Syndrome

9.9.1 Background

The characterization of Wiskott-Aldrich syndrome (WAS), a rare X-linked primary
immunodeficiency syndrome, was first described by Alfred Wiskott in 1937. He
described WAS in three brothers with episodic fever, microthrombocytopenia,
bloody diarrhea, recurrent otitis, and eczema [80]. The incidence of WAS is esti-
mated to be less than 1 in 100,000 live births [81].

WAS occurs as the result of mutations in WAS gene (position Xp11.22—p11.23)
leading to functional disturbances of WAS protein (WASP) which is responsible for
relaying signals from cell surface to the actin cytoskeleton [82]. The classic WAS
presents with microthrombocytopenia, recurrent infections especially upper respi-
ratory tract infections, eczema, and an elevated risk for autoimmunity and malig-
nancies. It occurs when the gene mutations cause complete absence of
WASP. Mutations with decreased protein expressions, known as X-linked thrombo-
cytopenia, mainly present with thrombocytopenia with a milder eczema and immu-
nodeficiency compared to the classic form [83-86]. The third type called X-linked
neutropenia includes symptoms like neutropenia and myelodysplasia [8§7-89].

WAS affects different domains of immune system, mainly cellular immunity.
Decreased numbers of T-cells and their impaired development are common in this
population and continue with aging due to abnormal thymic output in addition to
elevated rates of apoptosis [90, 91]. The development of B-cells, however, is not
mostly affected in WAS, but severe decrease in numbers of B-cells was reported
[92-94]. Of note there is an increased susceptibility for autoimmunity in WAS
patients which raises the possibility of T regulatory cell defects in WAS [95]. In WAS
patients, serum IgG levels mostly are normal, IgM levels are decreased, and IgA and
IgE levels are increased. Antibody responses are normal to some antigens (e.g., live
measles vaccine) and inadequate to some (e.g., polysaccharide antigens) [96, 97].

9.9.2 Respiratory Manifestations

Infections of upper and lower respiratory tract including otitis media (78% of WAS
patients), sinusitis (24%), and pneumonia (45%) are the most frequent infectious
and respiratory manifestations of WAS. Prneumocystis carinii pneumonia was also
reported in 9% of WAS patients [84]. Furthermore, there is a significant increase in
occurrence of Pneumocystis jirovecii pneumonia in classic form of WAS [98].

Increased risk of malignancies in respiratory tract system was also reported
which are mostly associated with EBV infections (30-60%). The general risk of
developing respiratory tract tumors among primary immune deficiencies varies
between 1% and 25%, but it is higher in common variable immune deficiency
(CVID) disorder and WAS [99].
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9.10 Netherton Syndrome

9.10.1 Background

Netherton syndrome (NS) is a rare autosomal recessive condition characterized by
ichthyosis, hair abnormality known as trichorrhexis invaginata (bamboo hair), and
atopy-prone state [2]. It mainly occurs during mutations in the serine protease inhib-
itor Kazal-type 5 (SPINKS) gene, located on chromosome 532, resulting in a loss
or reduced expression of the multi-domain serine protease inhibitor lympho-
epithelial Kazal-type 5-related inhibitor (LEKTT) [100, 101]. Infections are frequent
in these patients possibly due to the impairments of immune system. However, only
few studies investigated the occurrence of immune system dysfunction in this popu-
lation, and results were conflicting [102, 103].

9.10.2 Respiratory Manifestations

A study on nine NS individuals indicated that all but one of them had recurrent
upper and lower respiratory tract infections, most frequently recurrent otitis [102].
Pneumonia and infection-related respiratory distress were also described in patients.
Asthma is another frequent manifestation occurring in NS people. Kutsal et al.
reported the youngest Netherton patient (a 6-month-old girl) with infantile asthma
[104]. Respiratory distress as the result of pulmonary hypertension is another respi-
ratory manifestation of NS and was reported in two studies [105, 106].

9.11 Dyskeratosis Congenita

9.11.1 Background

Dyskeratosis congenita (DC) is a rare inherited condition caused by premature telo-
mere erosion at the ends of chromosomes in hematopoietic cells, immune cells, and
epithelial cells. It was first characterized by the triad of abnormal skin pigmentation,
nail dystrophy, and mucosal leukoplakia [107]. Three distinct patterns of inheri-
tance have been found, including X-linked recessive, autosomal recessive, and auto-
somal dominant [108—110]. Most DC patients have X-linked recessive inheritance
also known as Hoyeraal-Hreidarsson syndrome [111]. It appears that DC individu-
als with autosomal dominant form have lower severe manifestations and better
prognosis compared to other types [112]. Various systemic manifestations have
been reported in these individuals. Skeletal, dental, gastrointestinal, and genitouri-
nary involvements, as well as aplastic anemia due to the bone marrow failure, were
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all described in this population [113]. Increased risk of occurrence of malignancies
was also described [114].

Bone marrow failure and immunodeficiency are the main causes of death among
DC patients. Studies have indicated different dysfunctions of immune system in this
population. Both humeral- and cell-mediated immunities have been identified to be
impaired. Dramatic decreased numbers of B-cells and natural killer cells were the
most prominent findings, but decreased numbers of CD3, CD4, and CD8 T-cells
were also recognized in minority of patients [115, 116]. Furthermore, low levels of
IgM, IgG, and IgA were also reported.

9.11.2 Respiratory Manifestations

Over 20% of DC individuals have pulmonary complications. Postmortem examina-
tion revealed that pulmonary fibrosis and abnormalities in pulmonary microvascu-
lature are the commonest pulmonary findings of these patients [117]. Case reports
and small case series also detected pulmonary arteriovenous malformations in their
subjects [118-120]. Dyspnea, orthopnea, platypnea, cyanosis, and digital clubbing
are all the symptoms of patients with pulmonary fibrosis or arteriovenous malfor-
mations [120]. Aging and progression of DC are associated with progression of
pulmonary abnormalities. Of interest, different trials indicated that hematopoietic
stem cell transplant due to the treatment of aplastic anemia in DC patients increased
the risk of pulmonary complications [121, 122]. This can be due to the nature of DC
itself or underlying sensitivity to cytotoxic agents due to aberrant cellular DNA
damage repair and dysregulated reactive oxidative species [122].

Studies on spirometry of patients showed that about one-third of cases had
abnormal findings. Restrictive pattern (normal FEV1/FVC and low total lung capac-
ity (TLC)) was more frequent, but obstruction (low FEV1/FVC and normal TLC)
and mixed pattern (low FEVI/FVC and low TLC) were also noticed [123].
Individuals with abnormal spirometry were more likely to develop pulmonary com-
plications. These abnormal findings were more detected in DC cases with bone
marrow failure [123].
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Chapter 10
Treatment of Pulmonary Manifestations
of Primary Immunodeficiency Diseases

Nahal Mansouri and Davood Mansouri

10.1 Treatment of Infectious Pulmonary
Manifestations of PIDs

Respiratory infections are the most frequent presentation of PIDs. Depending on the
underlying immuno deficiency, these infections include a wide array of typical,
atypical, and opportunistic infections. The choice and duration of antibiotics vary
based on the clinical presentation, severity of symptoms, resistance patterns in the
community, and prior culture data.

Here are some examples of preventive measures and antimicrobial consider-
ations in different immunodeficiency states:

(i) In humoral immuno deficiencies, the initial empiric antibiotic choice should
cover the most common encapsulated microorganisms while taking the resis-
tance pattern into account.

In the outpatient setting, we recommend an initial antibiotic regimen with
good coverage for Streptococcus pneumoniae, Haemophilus influenzae,
Klebsiella pneumoniae, and Moraxella catarrhalis. Ceftriaxone or fluoroqui-
nolones (such as levofloxacin) are an appropriate initial therapy, while the lat-
ter is not recommended in the pediatric age group due to side effects. In
critically ill patients, initiation of vancomycin or linezolid plus an antibiotic
such as third-generation cephalosporin with anti-Pseudomonas coverage is
recommended. If an atypical infection like Mycoplasma pneumoniae is sus-
pected, the addition of a macrolide or respiratory fluoroquinolone should be
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considered as well. Immunoglobulin therapy reduces the frequency and dura-
tion of pulmonary infections and should be considered in all patients with
humoral immuno deficiencies and patients with history of serious infections as
soon as possible. A higher dose of immunoglobulin is indicated in individuals
with bronchiectasis and gastrointestinal symptoms [1].

In cellular and combined immuno deficiencies, in addition to typical organ-
isms, one should have a low threshold to consider coverage for opportunistic
infections such as fungal pneumonias and Prneumocystis pneumonia (PCP).
Besides, mycobacterial and viral infections such as Epstein-Barr virus (EBV)
and cytomegalovirus (CMV) are commonly seen. Treatment and prophylaxis
should be specific to the underlying diagnosis and history of previous infec-
tions. As soon as an innate or cellular immunodeficiency is identified,
trimethoprim-sulfamethoxazole for PCP prophylaxis should be initiated. The
routine use of antifungal prophylaxis in cellular immuno deficiencies with high
risk of fungal infections such as severe combined immunodeficiency or con-
genital neutropenia has not yet been studied. In patients with STAT3 defi-
ciency, antifungal prophylaxis is recommended in the presence of pulmonary
lesions [2].

Lung abscesses and necrotizing pneumonias are commonly seen in phagocytic
immuno deficiencies. In the presence of a cavitating lung lesion, catalase-
positive organisms such as Burkholderia cepacia, Pseudomonas aeruginosa,
Staphylococcus aureus, atypical mycobacteria, and molds particularly
Aspergillus species should be considered, and antibiotic coverage must be tai-
lored accordingly. In terms of prophylaxis, all patients with chronic granulo-
matous disease should receive trimethoprim-sulfamethoxazole for prophylaxis
against a broad spectrum of anticipated infections; in addition, antifungal pro-
phylaxis with itraconazole or posaconazole and immunization against H. influ-
enzae, pneumococci, and influenza virus are also recommended. In addition to
antimicrobial prophylaxis, chronic subcutaneous IFN-y therapy has been
shown to be well-tolerated, reduce the frequency of severe infections, and pro-
long infection-free survival in patients with chronic granulomatous disease
(CGD) [3-6].

In complement deficiencies, the coverage of encapsulated bacteria such as
Neisseria species or S. pneumoniae is imperative. Vaccination against encapsu-
lated bacteria in addition to influenza virus is recommended in patients with
complement deficiencies and asplenia [7].

The presence of Mendelian susceptibility to mycobacterial diseases (MSMDs)
puts patients at a high risk for mycobacterial infections, such as non-
tuberculosis or environmental mycobacteria and bacillus Calmette-Guérin
(BCG), as well as Salmonella species and viruses such as human papillomavi-
rus, molluscum contagiosum, EBV, CMV, and invasive fungal infections
including histoplasmosis, aspergillosis, and Exophiala species [8, 9]. In these
cases, treatment should be based on the results of culture and resistance
pattern [10].
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Given the high prevalence of viruses such as herpes simplex virus and cytomega-
lovirus in combined T- and B-cell deficiencies, early clinical suspicion leads to
prompt antiviral therapy.

One should note that in the presence of structural abnormalities, such as bronchi-
ectasis or tumors, the duration and choice of treatment would be different; as in
these cases, multidrug-resistant organisms are common; therefore, longer and com-
bination antibiotic therapy with high potency and synergistic effect may be needed.

Considering the severity of infections in these individuals, it is appropriate to
initiate an empiric coverage based on the PID and narrow the antimicrobial regimen
once an organism is identified.

Prolonged antibiotic prophylaxis should be considered in patients with recurrent
pneumonias.

10.2 Treatment of Noninfectious Respiratory Complications
of Primary Immunodeficiencies

10.2.1 Obstructive Lung Diseases
10.2.1.1 Bronchiectasis

Bronchiectasis due to recurrent pyogenic lower respiratory tract infections can
develop in any PID patient [11]. Early forms of bronchiectasis may be reversible;
however, more advanced forms such as varicose or saccular bronchiectasis may lead
to permanent lung impairment. Management of PID-associated bronchiectasis is
similar to non-cystic fibrosis bronchiectasis. Once the underlying PID is identified,
the focus should be on the prevention of recurrent infections, maintenance and
improvement of pulmonary function, minimizing exacerbations, and finally improv-
ing the patient’s quality of life by reducing daily symptoms [12, 13].

Common variable immunodeficiency (CVID) is an uncommon cause of bronchi-
ectasis; however, the prevalence of bronchiectasis is high in patients with CVID
[14-16].

Early diagnosis and prompt immunoglobulin therapy remain the mainstay for pre-
vention of infections, and therefore, bronchiectasis in CVID, hyper-IgM syndromes,
and X-linked agammaglobulinemia [1, 17]. A trial of intravenous immunoglobulin
(IVIG) therapy can also be used in other forms of humoral immunodeficiencies
notably IgG subclass deficiency if antibiotic prophylaxis fails [18].

The initial antibiotic therapy during an acute exacerbation of bronchiectasis
should be based on prior sputum cultures and sensitivities.

In the absence of prior culture result, an antipseudomonal antibiotic such as
beta-lactams or fluoroquinolones, is appropriate as the first-line empiric choice. The
musculoskeletal adverse effects, especially in the pediatric age group, should be
taken into account. Pseudomonas infection is associated with worsening of lung
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function and poor outcomes in patients with cystic fibrosis (CF), and the same may
be true in non-CF bronchiectasis. Therefore, in hospitalized patients, intravenous
antibiotic therapy with antipseudomonal coverage is recommended. Dual anti-
Pseudomonas coverage may be indicated for critically ill patients and those with
prior evidence of resistant P. aeruginosa infection [19, 20].

Inhaled antibiotics such as tobramycin, colistin, and aztreonam have been benefi-
cial in patients with CF bronchiectasis and may also have a role in non-CF bronchi-
ectasis as well. The British Thoracic Society guidelines recommend prolonged
inhaled antibiotics if there is evidence of three or more exacerbations per year and/
or P. aeruginosa colonization [21-23].

Mechanical airway clearance devices such as acapella and high-frequency air-
way chest wall oscillation can help with symptomatic relief [12, 24, 25]. The goal
of such therapies is to mobilize respiratory secretions and interrupt the vicious cycle
of inflammation and infection. Despite the absence of mortality reduction with the
use of airway clearance devices, their consistent use is associated with improvement
in hyperinflation, sputum production, and overall quality of life. Inhaled hypertonic
saline plus chest physical therapy can lead to improved sputum bacteriologic clear-
ance and may have some immune-modulating effects as well [26, 27]. On the other
hand, the use of aerosolized DNase (dornase alfa) has shown deleterious effect in
non-CF bronchiectasis in contrast to CF and has not been recommended in PID-
associated bronchiectasis [28].

In patients with recurrent exacerbations of bronchiectasis, chronic macrolide
therapy has been associated with decreased flares of bronchiectasis and improved
quality of life. In the absence of contraindications, such as prolong QT, the initiation
of a macrolide in any patient with three or more exacerbations per year is recom-
mended [29].

Based on a study in 2005, inhaled corticosteroids (ICS) can reduce sputum vol-
ume and lead to decreased inflammatory markers in the sputum; however, their use
has not been associated with improvement in lung function or reduction of exacer-
bations [30]. Further investigations are still required to assess the role of ICS in
non-CF bronchiectasis.

A meta-analysis of 6 placebo-controlled trials with a total of 278 subjects did not find
a significant difference in pulmonary function test results, exacerbation rates, or sputum
volume between patients using inhaled glucocorticoids and those on placebo [31].

Surgery may be beneficial in advanced localized disease, but is not helpful in
primary immunodeficient patients who mostly present with diffuse pulmonary
involvement. Finally, it is recommended to refer all patients with symptomatic air-
way disease to pulmonary rehabilitation and regular chest physical therapy.

10.2.1.2 Bronchiolitis Obliterans Syndrome (BOS)

Bronchiolitis obliterans has been reported in association with severe combined
immunodeficiency syndrome (SCIDS), CVID, and ataxia telangiectasia (A-T).
Treatment of BOS remains poorly defined. Given the fibrotic nature of BOS, there
is no approved effect for immunosuppressive therapies such as glucocorticoids.
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Although cytotoxic immunosuppressive therapy (such as azathioprine, methotrex-
ate, and cyclophosphamide) has been used in BOS associated with connective tissue
diseases, they have not been investigated in PID-associated BOS. Macrolides have
indicated immunomodulatory effects and may slow the progression of BOS follow-
ing hematopoietic stem cell transplantation (HSCT) [32]. Despite the lack of evi-
dence for the use of macrolides in PID-associated BOS, due to their beneficial
effects in inflammatory airway diseases, a trial of chronic macrolide therapy (e.g.,
azithromycin 250 mg three times a week or erythromycin 200 to 600 mg/day) may
be considered as well [33].

10.2.1.3 Other Uncommon Airway Involvements

Lymphocytic bronchiolitis and granulomatous involvement of the airways are
reported both in CVID and CGD. Besides, steroid therapy may be indicated in
patients with significant respiratory symptoms [34].

10.2.2 Interstitial Lung Disease (ILD)

ILD is one of the most common respiratory presentations of PIDs, especially
humoral immunodeficiencies.

Cryptogenic organizing pneumonia (COP) followed by lymphocytic interstitial
pneumonia (LIP) and granulomatous-lymphocytic ILD (GLILD) are the most com-
mon interstitial lung diseases in primary humoral immunodeficiencies; however,
other forms of ILD such as nonspecific interstitial pneumonitis (NSIP) and usual
interstitial pneumonitis (UIP) have been also reported [35, 36].

Importantly, decision on when and how to treat these complications should be
based on multidisciplinary discussions, patient’s symptoms, pulmonary function
tests (PFTs), and comorbidities.

Current studies on the treatment of PID-associated ILD are limited to case reports
and retrospective studies. Due to steroid responsiveness, organizing pneumonia
(OP) has the best prognosis among ILDs. Treatment includes a course of high-dose
steroids followed by slow tapering. Prior reports have found similar steroid respon-
siveness in PID-associated OP and COP as well [37].

Although investigated in a number of studies, there is still controversy regarding
the use of cytotoxic and immunosuppressive therapies in granulomatous ILD or LIP
[35, 38], and clinical trials investigating efficacy of GLILD treatments are required.
A small retrospective study by Chase and colleagues showed improvement in PFTs
and radiographic abnormalities in patients with CVID and GLILD treated with a
combination of rituximab and azathioprine [39].

In a retrospective study of 59 patients with GLILD by Boursiquot et al., complete
remission was achieved with the use of either prednisone, methotrexate, or cyclophos-
phamide in few number of patients [40]. On the other hand, few case reports support
the use of anti-TNF-a agents, such as infliximab, in granulomatous CVID; however
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further clinical studies are needed before considering this agent as the standard of care
[40-42]. Furthermore, IVIG was not effective in PID-associated ILD [43].

Similar to non-PID-related ILDs, there are limited therapeutic options for NSIP
and UIP associated with immunodeficiencies as well. Multiple studies have now
identified poor outcomes with the use of immunosuppressive therapy in idiopathic
pulmonary fibrosis (IPF); therefore, steroids or cytotoxic therapy such as azathio-
prine is not recommended in UIP associated with PID. To date, no study has inves-
tigated the beneficial effect of anti-fibrotic medications such as pirfenidone or
nintedanib in PID-related IPF. Although immunosuppressive therapies (such as ste-
roids or steroid-sparing immunomodulatory drugs) have been commonly used in
NSIP, nevertheless, further studies looking into the effect of these therapies in PID-
related NSIP are still required.

Diffuse parenchymal lung disease and progressive pulmonary alveolar proteino-
sis have been described in GATA2 deficiency (MonoMAC syndrome). As expected,
the treatment of pulmonary presentations in this syndrome should target the under-
lying immunodeficiency [44].

10.2.3 Granulomatous Lung Disease

Sterile granulomatous involvement of the lungs can be observed in CGD and as
mentioned before in association with CVID.

Prior case reports have shown successful results with the use of systemic corti-
costeroids in inflammatory complications of CGD such as granulomatous lung dis-
ease and fulminant mulch pneumonitis (hypersensitivity-like reaction to Aspergillus)
[45—48]. Given the high risk of infection in these patients, immunosuppressive
therapy should only be considered once adequate antibacterial and antifungal ther-
apy is initiated.

10.2.4 Structural Lung Disease

In addition to bronchiectasis, other structural changes such as cystic lung disease
and bullae can be observed in individuals with PID due to recurrent infections. For
instance, in STAT3 deficiency scar formation after primary necrotizing infection
(e.g., Staphylococcus pneumonia) or de novo mutation can lead to the formation of
giant pneumatoceles that can be secondarily infected with fungi such as Aspergillus
or Scedosporium species. In addition to a prolonged infectious process, fungus balls
can erode into the pulmonary vasculature and cause life-threatening hemoptysis or
fungemia [49]. Importantly, prophylactic antimicrobial therapy with anti-
staphylococcal and antifungal coverage can delay structural damage.
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The management of giant bullae depends on the clinical course and development
of complications. Supportive therapy with airway clearance devices, bronchodila-
tors, and pulmonary rehabilitation is the mainstay of therapy in symptomatic
patients with cystic lung disease. Bullectomy has been shown to improve symptoms
in patients with giant bullae and refractory dyspnea due to emphysema; however to
our knowledge, surgical approach in bullous lung disease in immunodeficiency has
not been studied yet.

10.2.5 Malignancy

Treatments of malignancies in PIDs are similar to that of immunocompetent
patients, but the prognosis of malignancy in PID patients is overall worse than non-
immunodeficient patients. Resistance to chemotherapy is similar between immuno-
competent and immunodeficient hosts. However, there is increased prevalence of
chemotherapy-induced toxicity and end-organ damage in patients with PID [50].

Shorter course of chemotherapy is preferred given the high risk of systemic tox-
icity and infections in these individuals. Meanwhile, chemotherapy should be com-
bined with prophylaxis against Pneumocystis jirovecii pneumonia (PJP) and other
opportunistic infections [51].

In the case of absolute need for radiotherapy, the lowest possible dose should be
considered. Increased radiosensitivity due to impaired DNA repair has been found
in patients with A-T and Nijmegen breakage syndrome (NBS) [52, 53]. In addition,
lymphocytes from CVID patients are more sensitive to radiation in vitro [41, 42].

Infection control remains crucial, and immunoglobulin therapy in humoral
immunodeficiencies can decrease the rate of bacterial infections during
chemotherapy.

In lymphoproliferative diseases (LPD), myeloablative stem cell transplantation
(SCT) may increase survival. However, there are significantly higher rates of mor-
bidity and mortality associated with transplantation in immunocompromised indi-
viduals. Cohn et al. reported 4 years of cancer-free survival in eight patients with
PID- and EBV-associated LPD after the receipt of reduced intensity conditioning
SCT plus pre- and posttransplant EBV treatment (including rituximab and EBV-
specific cytotoxic T-lymphocyte therapy) [54].

There is paucity of data in using prophylactic antiviral therapy such as acyclovir
for reduction of lymphoproliferative transformation.

In addition to LPD cure after HST, stem cell transplantation can be curative in
PIDs associated with high risk of malignancy, such as severe combined immunode-
ficiency (SCID), Wiskott-Aldrich syndrome (WAS), X-linked hyper-IgM syndrome,
and dedicator of cytokinesis 8§ (DOCKS) deficiency. Unfortunately, these patients
may still be at risk of developing cancer after transplantation [55].
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10.3 Other Therapies

Lung transplantation has been performed in few patients with immunodeficiency
and end-stage lung disease. Given the high mortality of lung transplant in already
immunosuppressed individuals, this should only be considered as a source of last
resort [56, 57]. One should postulate that this is logical only if the underlying immu-
nodeficiency has been totally corrected prior or concurrent to the lung transplanta-
tion by HSCT as the high risks of lung disease recurrence in the donor lung.

Unfortunately, the diagnosis of most PID patients, particularly in adults, is
delayed to the point that extensive structural lung damage has been ensued; thus
lung transplantation remains the only option for the reversal of respiratory
complications.

Therefore, the management of these patients requires a multidisciplinary
approach consisting of a team of immunologists, infectious disease specialists,
intensivists, and pulmonologists due to high rate of complications, mortality, and
unpredictable outcomes which occur as a result of multifactorial underlying
problems.

10.4 Prospect

HSCT and gene editing are considered as the ultimate cure for a considerable number
of immunodeficiency syndromes; however, HSCT continues to carry a high mortality
and morbidity risk, and therefore, newer treatment strategies are in urgent need.

Gene editing has shown promising results in the treatment of adenosine deami-
nase (ADA) deficiency and X-linked SCID [58].

Despite being at the early stages of stem cell manipulation and targeted gene
editing, ongoing advances in these technologies may lead to the discovery of new
curative therapies for PIDs in the near future with resultant considerable decline in
the rate of pulmonary complications.
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