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Abstract

Primary antibody deficiencies (PADs) are the most common form of primary immunodeficiency
and predispose to severe and recurrent pulmonary infections which can result in chronic lung
disease including bronchiectasis. Chronic lung disease is among the most common complications
of PAD and a significant source of morbidity and mortality for these patients. However, the
development of lung disease in PAD may not be solely the result of recurrent bacterial infection or
a consequence of bronchiectasis. Recent characterization of monogenic immune dysregulation
disorders and more extensive study of common variable immunodeficiency has demonstrated that
interstitial lung disease (ILD) in PAD can result from generalized immune dysregulation and
frequently occurs in the absence of pneumonia history or bronchiectasis. This distinction between
bronchiectasis and ILD has important consequences in the evaluation and management of lung
disease in PAD. For example, treatment of ILD in PAD typically utilizes immunomodulatory
approaches in addition to immunoglobulin replacement and antibiotic prophylaxis which are the
stalwarts of bronchiectasis management in these patients. Additionally, while all antibody deficient
patients are at risk of developing bronchiectasis, ILD occurs in some forms of PAD much more
commonly than others, suggesting that distinct but poorly understood immunological factors
underlie development of this complication. Importantly, ILD can have earlier onset and may
worsen survival more than bronchiectasis. Further efforts to understand the pathogenesis of lung
disease in PAD will provide vital information for the most effective methods of diagnosis,
surveillance, and treatment of these patients.
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Primary antibody deficiency (PAD) is the most common form of primary immunodeficiency
and consists of a group of disorders with impaired antibody production.! Yet, even though
PADs account for more than half of all primary immunodeficiencies,? 2 the genetic basis for
the majority of PAD cases remains undefined.* PAD continues to be under-recognized by
physicians and diagnostic delays of many years remain common.® Delayed diagnosis can
have significant consequences, including risk of severe acute infections and sequelae of
inadequately controlled chronic infections. Respiratory symptoms including productive
cough, wheeze, recurrent respiratory infections, and rhinosinusitus are the most common
presenting features of PAD.8 Notably, worsening of chronic lung disease due to structural
damage from severe or chronic infections is a paramount concern for PAD patients.”

Perhaps due to the prominent role of bacteria in lung diseases like bronchiectasis and
pneumonia and the importance of antibodies in protection against bacteria, lung disease is a
frequent issue for PAD patients. In addition to bacterial infection, respiratory viruses may
also lead to pulmonary exacerbations, yet there is a paucity of data regarding the role of
viruses in bronchiectasis or other forms of chronic lung disease in PAD. Increased
recognition and usage of appropriate therapy in PAD patients has reduced the incidence of
severe infections, including pneumonia, and improved survival.®: 10 However, lung disease
can progress in PAD patients despite conventional treatment with IgG replacement therapy
and/or antibiotic prophylaxis.” Importantly, interstitial lung disease (ILD) and other
pulmonary complications may not simply be the result of inadequately treated antibody
deficiency or infection, but may actually be a consequence of immune dysfunction inherent
to these patients.

OVERVIEW OF PRIMARY ANTIBODY DEFICIENCY SYNDROMES

PAD consists of a diverse group of disorders resulting from fundamental defects in the
ability to produce effective antibody responses against pathogens. This antibody deficiency
may be due to intrinsic B cell defects, but can also involve functional impairments of other
immune cells that promote antibody responses. As these numerous types of PAD each have
differing degrees of immunological compromise, non-infectious sequelae such as chronic
lung disease, much like susceptibility to infection, varies by specific disorder. To aid in
understanding the pulmonary complications that can emerge in PAD, it is helpful to briefly
review different etiologies of PAD commonly affected by lung disease.

Congenital agammaglobulinemia

Congenital agammaglobulinemia results in profound absence of antibody, with marked
reduction of all immunoglobulin (1g) isotypes. This typically results from a genetic defect
impairing expression or signaling of the pre-B cell receptor, leading to arrest of B cell
development. X-linked agammaglobulinemia (XLA) accounts for approximately 85% of
patients with congenital agammaglobulinemia and is due to mutations in the Bruton's
tyrosine kinase (BTK) gene, which is carried on the X chromosome.! Most BTK mutations
result in a lack of BTK protein expression and a severe block in B cell differentiation,
though there is some variability of presentation with a genotype-phenotype correlation.12
Autosomal recessive (AR) forms of congenital agammaglobulinemia have also been
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described, and the block in B cell development can be more severe than in XLA.13 In those
with congenital agammaglobulinemia the onset of bacterial infections is typically after the
first 6 months of life when maternal antibody acquired through the placenta has waned. The
sinopulmonary tract is the site of infection in 60% of patients, but pyoderma, chronic
conjunctivitis, gastroenteritis, arthritis, meningitis, osteomyelitis and septicemia are also
seen.1 While infections with encapsulated bacteria like Haemophilus influenzae and
Streptococus pneumoniae are the most frequent concern for these patients, susceptibility to
certain viral infections, such as hepatitis and enteroviruses, may also be increased.
Diagnostic delay in congenital agammaglobulinemia is significant, with average age of
diagnosis 2.6 years in those with family history and 5.4 years in those without.1

Hyper IgM syndrome

Hyper IgM (HIGM) syndrome includes a group of disorders with defective B cell isotype
class switching resulting in low concentrations of 1gG and IgA with normal to increased
levels of IgM. The most common and severe form accounting for 70% of cases is X-linked
and results from absent T cell-dependent costimulation of B cells as a result of mutations in
CD40 ligand (CD40L) making it truly a combined immunodeficiency.1> An extremely rare
AR form of HIGM syndrome affecting the CD40 molecule has also been described.16 Both
forms affecting CD40:CD40L interaction result in impaired g isotype class switching and T
cell activation of phagocytic cells, leading to susceptibility not only to bacterial pathogens
but also infections not typical for antibody deficiency alone, like Pneumocystis. The most
common AR form of HIGM syndrome results from mutations in activation-induced cytidine
deaminase (AID) which, along with HIGM syndrome due to AR mutations in another
enzyme involved in class switch recombination called uracil DNA glycosylase (UNG), is
characterized by profound lymphoid hyperplasia in addition to impaired Ig isotype class
switching.1’” Both the X-linked and AR forms of HIGM syndrome predispose to
sinopulmonary and gastrointestinal infections as well as autoimmune disease.18

Selective IgA deficiency

Selective IgA deficiency (IgAD), is the most common primary immunodeficiency overall,
with a prevalence of about 1 in 600 individuals in Europe and North America.1? It is defined
as a serum IgA of less than 7 mg/dL with normal IgM and IgG levels in individuals of 4
years of age or older.29 Approximately two-thirds of individuals identified with IgAD are
asymptomatic without any increased occurrence of infections, while the remaining one-third
suffer from bacterial infections, most often of the respiratory tract, as well as gastrointestinal
disorders, autoimmunity, and atopy.21: 22 There may be a moderately increased risk of
cancer, in particular of the gastrointestinal tract, associated with IgAD.23 In a recent study of
2100 Swedish individuals with IgAD it was found that individuals with IgA deficiency are
more likely to have a record of any infection compared to age matched controls with a risk
difference of 17.4%.24 Several studies have shown an increased incidence of 1gG subclass
deficiency among symptomatic patients with IgAD, particularly the 1gG2 subclass which has
the greatest role in recognizing carbohydrate antigens.1® Sinopulmonary infections, mostly
due to bacteria including H. influenzae and S. pneumoniae, are the most common
manifestation of symptomatic IgAD and, in some patients, recurrent and chronic infections
lead to bronchiectasis.2l 25 Though the genetic cause of IgAD is unknown in most cases, the
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common finding is a maturation defect in B cells resulting in failure to develop into IgA
secreting plasma cells.21: 2527 A higher frequency of IgAD has been found within families
in which common variable immunodeficiency (CVID) has been diagnosed and progression
of IgAD to CVID has been observed in a number of cases, suggesting the two diseases may
be related.28-30 Notably, genetic defects of transmembrane activator and CAML interactor
(TACI) have been found in association with both IgAD and CVID.3% 32

IgG subclass deficiency and specific antibody deficiency

Selective 1gG subclass deficiency is defined as a lack of one or more Ig subclasses (<5t
percentile) with levels of total IgG, IgA, and IgM in the normal range measured on at least
two occasions at least one month apart in a symptomatic patient.33 As with IgAD, many
individuals without recurrent infections and otherwise asymptomatic have low IgG subclass
levels, making the clinical significance of IgG subclass deficiency unclear. Impaired
polysaccharide vaccine responses can be found in those with 19G2 subclass deficiency and
associated infections are most commonly those with encapsulated bacteria. Impaired
response to polysaccharide vaccination can also be found in the absence of low total 1gG or
IgG subclasses, known as specific antibody deficiency.34 Impaired antibody response to
pneumococcal polysaccharide vaccination is also seen in patients with IgAD.3% 1gG subclass
deficiency and impaired pneumococcal response are also seen as components of other
primary immunodeficiencies, including Wiskott-Aldrich syndrome, ataxia-telangiectasia,
and monogenic immune dysregulation disorders that will be discussed further.22: 33. 36-38

Common variable immunodeficiency

CVID is the most commonly encountered symptomatic PAD with an estimated prevalence of
between 1:25,000 and 1:50,000, affecting men and women equally.3? It consists of a
heterogeneous group of disorders characterized by low levels of IgG and IgA, with or
without low IgM levels, along with defective antibody responses.4? In some cases, CVID is
associated with an increased incidence of autoimmunity, granuloma, lymphoid hyperplasia,
and malignancy.#! While the underlying defect of CVID impairs differentiation of B cells
into antibody-producing plasma cells and isotype-switched memory B cells, T cell
abnormalities are seen in approximately 50% of patients.*2: 43 Autosomal mutations have
been identified as genetic etiologies of a small subset of CVID patients, but the molecular
pathogenesis is not known in most cases. CVID is most commonly diagnosed in the second
to fourth decade of life, though the age of onset is quite variable. Recurrent sinopulmonary
infections are the most frequent presentation. While common pathogens affecting CVID
patients include the encapsulated bacteria seen in those with other forms of PAD, atypical
infections with organisms such as Mycoplasmaand Ureaplasma, have also been described.33
With widespread usage of 1gG replacement therapy, the emergence of “non-infectious”
complications, which include autoimmune cytopenias along with gastrointestinal, liver, lung
disease, and malignancy, have emerged as the most important cause of morbidity and
mortality in CVID patients.#4-46

Monogenic causes of PAD and lung disease

In recent years, genetic etiologies of monogenic immune dysregulation disorders with PAD
have been described. This review will discuss those in which chronic lung disease is
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frequently found and PAD is noted in the majority of cases. Cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) haploinsufficiency is an autosomal dominant (AD) disorder
with variable penetrance characterized by hypogammaglobulinemia and recurrent infections
as well as autoimmune phenomena and lymphocytic organ infiltration.#”- 48 CTLA-4 is an
inhibitory checkpoint protein expressed constitutively on regulatory T cells and also
expressed by activated T cells that inhibits cellular proliferation upon ligation.4% 50 In
addition to antibody deficiency and progressive loss of circulating B cells with concurrent
accumulation of B cells in non-lymphoid organs, CTLA-4 haploinsufficiency also causes
dysregulation of regulatory T cells and hyperactivation of effector T cells.

Lipopolysaccharide-responsive and beige-like anchor protein (LRBA) deficiency is a
primary immunodeficiency caused either by homozygous or compound heterozygous
mutations of LRBA that lead to loss of protein expression. LRBA is a cytosolic protein
highly expressed in B and T cells as well as other cell lineages and is involved in
cytoskeleton assembly, signal transduction, vesicular trafficking, transcriptional regulation,
chromatin dynamics and apoptosis.>l 52 Importantly, LRBA co-localizes with CTLA-4
within recycling endosomes and the trans-golgi network and has been implicated in the
maintenance of intracellular stores of CTLA-4 in T cells.>3 Manifestations of LRBA
deficiency typically begin in early childhood and include chronic diarrhea, autoimmune
disorders, and organomegaly in addition to hypogammaglobinemia and recurrent respiratory
infections.®* 95 Serious neurologic dysfunction including myasthenia gravis, cerebral lesions
and nervous tissue atrophy has also been seen in 23% of patients. Autoimmune features,
most commonly autoimmune hemolytic anemia and immune thrombocytopenic purpura are
prominent in this immune disorder and seen in up to 61% of patients.>*

Activated phosphoinositide 3-kinase & (PI3K8&) syndrome is an AD disease characterized by
recurrent infections, lymphoproliferation, and autoimmunity, with PAD also found in most
patients, particularly reduced levels of 1gG2.36 The immune dysregulation results from gain-
of-function (GOF) mutations in the PIK3CD gene encoding the p1108 subunit of PI3K
expressed in lymphocytes, leading to increased enzyme activity, excessive CD8+ T cell
proliferation, CD4+ T cell lymphopenia, reduced isotype-switched B cells, variable levels of
IgM along with hypogammaglobulinemia, 1gG subclass deficiency, or poor immune
responses to the pneumococcal vaccine.36: 56. 57 patients often present in childhood with
recurrent respiratory infections, lymphadenopathy, nodular lymphoid hyperplasia of mucosal
surfaces, and increased susceptibility to EBV and CMV viremia. Autoimmune
complications, including refractory thrombocytopenia and anemia, and inflammatory bowel
disease are also features as is an increased susceptibility to non-EBV associated
malignancies. Pulmonary complications in patients with PI3K& syndrome include
lymphocytic nodules, bronchiectasis, and airway damage due to recurrent respiratory
infections.36: 56

Signal transducer and activator of transcription 3 (STAT3) GOF mutations are AD and were
discovered after examining the exomes of patients with early-onset and severe multi-organ
autoimmunity.%8-60 These patients also have hypogammaglobulinemia, infection
susceptibility, and lymphoproliferative complications as with previous monogenic disorders
described. STAT3 is an important transcription factor that regulates the expression of target
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genes involved in proliferation, apoptosis, and differentiation. It is important in both the
innate and adaptive immune responses, and is critical to the development of IL-17 producing
CD4+ T cells (Th17 cells).81: 62 Although the phenotypes are highly variable, patients with
STAT3 GOF typically have postnatal short stature and early onset hematologic
autoimmunity followed by lymphoproliferation leading to enteropathies and/or lymphocytic
ILD. Other autoimmune manifestations include type 1 diabetes, thyroid disease, hepatitis,
and skin disease. The immune dysregulation leads to recurrent and severe infections
particularly of the respiratory tract and susceptibility to opportunistic infections including
mycobacterial disease. Hematologic abnormalities include lymphopenia and
hypogammaglobulinemia associated with decreased isotype-switched memory B cells.80
Elevation of double negative T cells in the blood may also be seen.

PULMONARY INFECTIONS IN PAD

The principal clinical manifestations of PAD are recurrent bacterial infections of the upper
and lower respiratory tract.33 Chronic bronchitis and recurrent pneumonia are commonly
seen, especially prior to initiation of 1gG replacement. Risk of pneumonia is particularly
substantial in PAD patients as it is reported that 75-84% of CVID patients?: 10: 63 and about
60-83% of XLA patients experience at least one episode of pneumonia prior to
diagnosis.14 64-66 Early identification of pulmonary involvement and prompt intervention
with prophylactic antibiotics and/or 1gG replacement therapy can decrease frequency of
infections and improve morbidity and mortality.® 10. 67-70 Delay in diagnosis on the other
hand is associated with progression to obstructive airway disease, chronic atelectasis,
bronchiectasis, and pulmonary fibrosis.5: 6

Predisposition to sinopulmonary infections is largely due to absence of antibody that would
typically prevent mucosal attachment, cellular entry, and/or facilitate destruction of bacterial
or viral pathogens. Encapsulated bacteria are the most common pathogens isolated from the
sputum of patients with PAD.”1: 72 Deficient antibody-antigen interaction may also result in
impaired complement activation, depressed chemotaxis, and deficient opsonization and
phagocytosis of pathogenic organisms.89 Interestingly, it has been suggested that recurrent
bacterial pneumonia in CVID patients with low IgM may be due to the loss of opsonization
and phagocytosis as a result of IgM deficiency that is not compensated for by 1gG
replacement therapy.”3 Patients with AR HIGM syndrome due to class switch recombination
defects had a lower incidence of acute respiratory tract infections and bronchiectasis as well
as a significantly lower risk of infection with non-typeable H. influenzae compared to
agammaglobulinemic patients.’#

Approximately 30-60% of CVID patients develop chronic lung disease.”® The most common
chronic pulmonary finding is likely to be bronchiectasis,’® however ILD is also frequently
found and has a higher rate of mortality.#> 77 In CVID, it has been found that upper and
lower respiratory tract infections caused by encapsulated bacteria, such as H. influenzae and
S. pneumoniae, can lead to acute complications including pleurisy, empyema, and
bronchospasm,®3 which are important clinical manifestations leading to chronic lung
disease, bronchiectasis, and possibly death. As in CVID, patients with XLA and AR forms
of agammaglobulinemia are highly susceptible to infections by encapsulated bacteria.
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However, the risk of chronic lung disease and bronchiectasis is higher in those with CVID
than XLA, which may be secondary to the fact that XLA is diagnosed earlier and thus
treated more promptly or perhaps due to the more profound T cell defects seen in CVID.53
As HIGM syndrome due to defects of CD40 or CD40L is a combined immunodeficiency
due to defective T cell interactions with monocytes, dendritic cells, and B cells these patients
have broader infection susceptibility that includes Pneumocystis, herpes family viruses
(including cytomegalovirus), Cryptosporidium, Cryptococcus, Candida, Histoplasma, and
Bartonella.’8

Bronchiectasis is an irreversible dilation of the bronchial airways caused by inflammatory
destruction of airway walls’® and is the most common complication of recurrent
pneumonia.83 The pathophysiology involves a vicious cycle of recurrent infections leading
to airway inflammation and impaired host defense allowing for bacterial colonization and
further chronic progressive inflammation eventually resulting in permanent tissue damage.8°
Patients usually present with shortness of breath, chronic cough, purulent sputum and
occasionally hemoptysis. It is characterized by mild to moderate airflow obstruction that
tends to worsen over time, with loss of forced expiratory volume in one second (FEV1).81-83
The diagnosis is made by high resolution computed tomography (CT) and may be missed on
conventional chest x-ray (Figure 1A). Despite 1gG replacement therapy and/or antibiotic
prophylaxis, some patients with PAD still develop bronchiectasis or have worsening of this
complication.84-86 Hurst et al showed that patients with PAD have a greater inflammatory
response in their airways and systemic circulation than immunocompetent patients with a
similar CT-extent of bronchiectasis.8” Once bronchiectasis has developed, colonization by
Pseudomonas aeruginosa or non-tuberculous mycobacteria may result in further respiratory
decline and complicate management.53: 88

In CVID patients followed at Mount Sinai, those with bronchiectasis were significantly
more likely to have CD4+ T cell counts below 700 cells/pL, history of pneumonia, and older
age.89 Other studies have also linked history of pneumonia and low IgM levels with the
development of bronchiectasis in CVID.%9: 91 As precursor findings to bronchiectasis such
as bronchial wall thickening can be identified on a CT scan,%2 baseline or surveillance
imaging may be indicated for CVID patients with low CD4+ T cell counts, history of
pneumonia, or low serum IgM levels. More subtle antibody deficiencies, such as specific
antibody deficiency and 1gG subclass deficiency, seem to increase risk of developing
bronchiectasis in some patients, both with and without concurrent IgAD.93-97 In PI3K8
syndrome patients in which 100% of those tested had impaired response to pneumococcal
vaccination and 91% had low 1gG2 levels, 75% had CT evidence of bronchiectasis.36

For treatment of bronchiectasis in PAD patients, inhaled corticosteroids with or without
long-acting B-agonist, long-term macrolide antibiotic therapy, increased 1gG replacement
dosage to goal trough of 1000 mg/dL, and pulmonary rehabilitation may be utilized at the
physician's discretion as supporting data is limited (Figure 2).98-101 The use of long-term
macrolide therapy is based upon studies of non-cystic fibrosis bronchiectasis that vary in
duration of treatment from 8 weeks to 24 months, but bronchiectasis in PAD has not
specifically been assessed and thus the optimal treatment for these patients is not known.
The most studied macrolide for bronchiectasis treatment is azithromycin, for which
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regimens include 250 mg daily or 500 mg three days a week, but clarithromycin and
erythromycin have also been used with success.101-103

INTERSTITIAL LUNG DISEASE

Incidence

Due to its distinct immunological and pathological characteristics, ILD should be considered
separately from lung damage related to chronic or recurrent pulmonary infections in PAD
patients. The development of ILD does not require the presence of bronchiectasis and is
associated with different clinical and immunological characteristics, such as elevated rather
than reduced serum IgM levels.#4 75 89. 91 Based upon the results of relatively small studies,
one can surmise that ILD occurs in at least 10-20% of CVID patients.104 However, the exact
incidence of ILD is unclear because most large studies have not distinguished ILD from
other forms of chronic lung disease, such as bronchiectasis. We found CT evidence of ILD
in 39 of 61 CVID patients referred to Mount Sinai, which suggests that the incidence may be
underestimated.89 The most common radiologic findings of ILD in CVID are pulmonary
nodules, ground glass opacities, and mediastinal lymphadenopathy (Figure 1B & 1C).
Adding further complication to the significance of radiologic findings in CVID is the fact
that despite abnormal CT findings pulmonary function does not always decline.86: 105
Typical symptoms of ILD in CVID patients are chronic cough and shortness of breath and
are hence quite nonspecific. Biopsies may be necessary for the diagnosis of ILD in PAD and
to differentiate pulmonary nodules from malignancies, particularly lymphomas, which may
arise in the lungs of these patients.1%6 Pulmonary function testing may reveal obstructive
pathology, particularly in PAD patients with bronchiectasis, or restrictive lung disease
resulting in reductions of forced vital capacity (FVC) and/or diffusing capacity for carbon
monoxide (DLCO) as a consequence of 1LD.86: 107 Significant decrease of DLCO may
precede decline of FVC in PAD patients with ILD, and therefore should be included in
pulmonary function assessment of these patients.10°

ILD appears to be a relatively common feature of CTLA-4 haploinsufficiency, with
pulmonary nodules and lymphocytic lung infiltrates frequently seen.” Granulomatous
infiltrative lung disease was found in 8 of 12 patients with CTLA-4 haploinsufficiency in
one study.*8 Pulmonary abnormalities including bronchiectasis, lymphocytic infiltrates, and
granuloma were found 52% of patients in one study of LRBA deficiency and lymphocytic
ILD specifically was noted in 3 of 31 patients with LRBA deficiency in another report.>4 55
ILD can also occur in patients with STAT3 GOF and include fibrosing pneumonitis and
lymphocytic interstitial pneumonia.>8 59 ILD is occasionally seen in 1IgAD, particularly
those with concurrent autoimmunity and 1gG subclass deficiency, and can mimic the
radiographic nodules and lung function impairment seen in CVID (Figure 1D).94 108,109 |p
stark contrast to the frequency seen in CVID and some monogenic immune dysregulation
disorders with PAD, ILD is not reported in numerous studies of large cohorts and registries
of HIGM syndrome patients, including those with X-linked and AR forms.1%: 110. 111
Similarly, ILD also appears to be very rare or absent in congenital agammaglobulinemia
patients. Two studies found CT evidence of ILD in CVID patients but not in XLA.64. 112
Likewise, there is no mention of ILD in numerous clinical reports of XLA patients.113-116
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As XLA is characterized by marked absence of B cells but a retained T cell compartment,
the development of ILD in PAD may be dependent on the presence of B cells and/or
dysregulation of T cells.

Pathogenesis

The ILD associated with PAD most commonly contains forms of benign lymphoproliferative
pathology, with follicular bronchiolitis, nodular lymphoid hyperplasia, and lymphocytic
interstitial pneumonia (LIP) being the most typical.””: 89 117 Granulomatous inflammation is
also frequently seen in CVID patients in lungs as well as other organs.118 Organizing
pneumonia is also found in PAD patients and is non-specific reactive inflammation that
results from diverse causes of lung injury and is characterized by plugs of granulation tissue
and whorls of fibroblasts, known as Masson bodies, in the alveolar spaces.19 Biopsy of ILD
in CVID patients can show both benign lymphoproliferative lung disease and granulomatous
inflammation, with organizing pneumonia often also observed as well, leading to usage of
the encompassing term granulomatous lymphocytic interstitial lung disease (GLILD) to
indicate the heterogeneous nature of this pathology.129 However, GLILD is a term used
exclusively for CVID and other immunodeficiency disorders and may not be a term familiar
to all pathologists and pulmonologists. Moreover, where exactly the line is drawn for lung
pathology to be termed GLILD is nebulous as LIP alone can have both granulomatous
inflammation and organizing pneumonia as features.121: 122 Accordingly, clinical
immunologists must be familiar with the full spectrum of ILD pathology seen in PAD
patients so that treatment is administered appropriately (Table I).

In a series of twelve CVID patients that had lung biopsies and were followed at Mount
Sinali, eleven had pathology consistent with benign lymphoproliferative lung disease,
including follicular bronchiolitis, LIP, and atypical or reactive lymphoid hyperplasia.8?
Follicular bronchiolitis manifests as hyperplasia of lymphoid follicles near bronchi and
bronchioles (Figure 3A).122 LIP is thought to be a progression of this pulmonary lymphoid
hyperplasia defining follicular bronchiolitis into involvement of the pulmonary interstitium,
resulting in expansion of the alveoli septum (Figure 3B). As mentioned, granulomas can be a
feature of benign lymphoproliferative ILD in PAD and can occur in conjunction with
follicular bronchiolitis and/or LIP (Figure 3C). Nodular lymphoid hyperplasia is also seen in
PAD, particularly in patients with CVID or PI3K§& syndrome, consisting of interstitial
inflammation with more well-demarcated follicles than LIP and may be a precursor of
mucosal-associated lymphoid tissue lymphomas but it's exact relationship with malignancy
is unclear (Figure 3D).117. 122 The ectopic B cell follicles that characterize these benign
lymphoproliferative ILD develop and express markers of germinal centers and proliferation
despite the B cell maturation defects inherent to PAD (Figure 4).107 This observation is
notable because CVID is characterized by poor T cell-dependent isotype-switched antibody
responses to vaccination and impaired development of memory B cells, both of which
classically utilize germinal center reactions.123 Such ectopic lymphoid tissue can serve
significant functions in both immune-mediated protection and disease pathology, directing
host defense against respiratory pathogens and cancer but also amplifying chronic
inflammatory disease.124 In CVID, this lymphoid hyperplasia and formation of pulmonary
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ectopic follicles appears to contribute to progression of ILD because B cell depletion with
rituximab improves pulmonary function and radiologic findings.105: 125126

Importantly, the lymphoid hyperplasia occurring in the lungs is consistent with the
generalized lymphoid hyperplasia occurring elsewhere in the same patients, as persistent
lymphadenopathy and splenomegaly are both strongly associated with ILD in
CVID.44.77.89,127,128 | _D may simply be a manifestation of immune dysregulation in
immunocompromised patients, as it is increasingly recognized that immune deficiency,
autoimmunity, and lymphoproliferation frequently go hand-in-hand.129-131 Notably,
autoimmunity is more frequent in CVID patients with ILD. 43 87. 124,125 pyrther evidence of
a role of intrinsic immune dysregulation is evidenced by the fact that CTLA-4
haploinsufficiency, LRBA deficiency, and STAT3 GOF as well as other immunological
disorders such as Sjogren's syndrome can lead to benign lymphoproliferative ILD in the
absence of apparent pulmonary infection.43: 89, 127,128,132, 133 Qther characteristics that can
be useful to differentiate CVID patients with ILD from those without this complication are
increased CD4:CD8 ratio, elevated serum IgM levels, and reduced isotype-switched memory
B cells (Table I1).44. 7789

While immune dysregulation alone could explain the emergence of ILD, infection is also a
possible etiology. Viral infections have been linked with development of lymphoproliferative
disorders, particularly in immunocompromised patients. Human herpes virus 8 (HHV-8) has
been suggested as an etiology in one report of CVID ILD though remains to be
confirmed.134 As postulated for Castleman's disease, there may be both HHV-8 associated
and non-associated forms of lymphoproliferative disease in CVID.135 Another possible viral
etiology is Epstein-Barr virus (EBV), which has been linked to benign lymphoproliferative
disorders in patients immunocompromised by human immunodeficiency virus infection or
transplant immunosuppression.136-138 One study found EBV in 2 of 10 biopsies of
hyperplasic lymph nodes from CVID patients.13? However, we found no evidence of EBV
infection in lung biopsies of a series of CVID patients with LD at Mount Sinai%7 and such
an association has not been reported by others. More sensitive detection methods, such as
next generation sequencing, may be needed to identify causative pathogens.140

CVID patients with ILD can be erroneously diagnosed with sarcoidosis because the
radiologic findings are similar and non-necrotizing granulomas are features of both
conditions. However, there are numerous clinical and radiological features that distinguish
CVID ILD and sarcoidosis (Table I11). CVID ILD can typically be distinguished from
sarcoidosis radiologically by larger pulmonary nodules and the fact that the upper lung
zones are not preferentially involved.14! Moreover, biopsies of CVID patients will much
more commonly demonstrate follicular bronchiolitis, LIP, or other forms of benign
lymphoproliferative ILD when compared with sarcoidosis. Additionally,
hypogammaglobulinemia, decreased levels of isotype-switched memory B cells, and
distinctive sequelae of CVID like autoimmune cytopenias, nodular regenerative hyperplasia
of the liver, recurrent infections, and splenomegaly can help differentiate the diagnoses. As
for why granulomas form in these patients, granulomatous inflammation is non-specific and
may simply be a consequence of excessive lymphoproliferation for which some PAD
patients, particularly those with CVID and monogenic immune dysregulation disorders, have
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a particular predilection. Notably, skin biopsies from patients with unrestrained
lymphoproliferation as a result of autoimmune lymphoproliferative syndrome show
granulomatous pathology.142 The progression of lymphoid hyperplasia to granulomatous
inflammation is also observed in broader patient populations, where granulomatous
inflammation was found in 22% of lymph node fine needle aspirations done to evaluate
lymphadenopathy243 as well as 20 of 38 biopsies for mediastinal lymphadenopathy in
patients without CVID or known primary immune dysregulation disorder.144

Management

ILD is typically present at the time of CVID diagnosis and noted in younger patients overall,
so it appears that a particular subset of CVID patients is most susceptible to this
complication.46. 89104 Thys, while all PAD patients require attention to respiratory
symptoms, ample use of pulmonary function testing, and concern for the development of
bronchiectasis, repeated chest CT scans to screen asymptomatic patients for the sudden
emergence of ILD may be unnecessary in many cases. This may particularly be true for
CVID patients without associated clinical and laboratory characteristics (Table 1) or other
PAD where ILD has not been reported, such as XLA, and risks of repeated CT scans
outweigh unlikely benefits.145-147 Conversely, in CVID patients with the associated clinical
and laboratory characteristics, or in those with monogenic immune dysregulation disorders
associated with ILD, presence of respiratory symptoms should trigger evaluation of ILD.
Thus, we advise strong consideration of clinical symptoms, pulmonary function test results,
type of PAD, as well as clinical and laboratory characteristics when determining the usage of
CT scans in this patient population.

First-line therapy in patients with concern for ILD includes ensuring adequate 19G
replacement dosage as this intervention alone can occasionally resolve the lung disease and
we found troughs of 1000 mg/dL significantly less likely to be associated with pulmonary
function decline.105. 148 Additionally, usage of inhaled corticosteroids with or without
bronchodilators as well as prophylactic macrolide therapy can be used in patients with
modest symptoms as both therapies can have efficacy in follicular bronchiolitis.149-151 |n
those with daily activity limited by respiratory symptoms, objective pulmonary function
decline of [.greaterequal] 10% predicted FVVC or < 15% predicted DLCO, or enlarging
pulmonary nodule lung biopsy is advisable. Thoracoscopic or open lung biopsies are
preferable over endobronchial specimens because they offer greater tissue yield and
improved diagnosis because, as mentioned earlier, the pathology in PAD patients can be
heterogenous. Oral corticosteroids can occasionally be effective for ILD in PAD patients,
though there are concerns for immunosuppression and consequences of long-term
corticosteroid usage in addition to the fact that many cases are refractory to this therapy.152
As a result, numerous immunomodulatory agents, including azathioprine, cyclosporine,
cyclophosphamide, hydroxychloroquine, methotrexate, and mycophenolate mofetil, have
been tried with mixed results.12% 153 Use of infliximab has had reported efficacy in CVID
patients where granulomatous inflammation is prominent.154: 155 |n our experience,
rituximab can be effective in CVID patients with benign lymphoproliferative ILD, but
improvement is transient and the therapy needs to be repeated.107 Better treatment success
for CVID ILD may be found by utilizing combination approaches such as the usage of
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azathioprine, mercaptopurine, or mycophenolate mofetil along with rituximab, but this
approach requires prolonged immunosuppression that includes repeating rituximab every 6
months.126 Chronic usage of immunosuppressive therapy may increase risk of infection or
malignancy as well as have numerous adverse effects.1%6: 157 Therefore, it is preferable to
limit these treatments to those with pulmonary function or symptomatic decline as some
PAD patients with radiologic evidence of ILD have stable lung disease.19% A suggested
approach to the management of ILD in PAD is outlined in Figure 5. An additional parameter
that may be useful to identify those CVID patients with progressive ILD is serum IgM,
which we found to increase in most patients who had significant pulmonary function
decline.105 Lung transplant has been conducted in particularly dire cases of pulmonary
disease in CVID, but outcomes have generally been poor and this intervention is typically
considered a last resort.158 Much work remains necessary in this area as no controlled
clinical trials have been conducted for the treatment of ILD in PAD patients. Moreover,
novel treatment strategies are needed as many patients are refractory to current therapies or
require perpetual rounds of immunosuppressive treatment with inherent risks.

Recent identification of monogenic immune dysregulation disorders that develop ILD may
provide useful information to devise more effective therapy for PAD patients with this
complication. Treatment with abatacept improved CT chest findings and pulmonary function
in three patients with LRBA deficiency and ILD, most likely due the role of LRBA in
CTLA-4 trafficking.53 While it stands to reason that abatacept could prove to be similarly
effective in CTLA-4 haploinsufficiency patients with ILD, the characteristics of CVID ILD
patients that would benefit from this therapy remain to be defined. Rapamycin has been
effective for treating lymphoid hyperplasia in patients with PI3K& syndrome, presumably
through the suppression of mTOR signaling in hyperactive effector T cell responses,>6 and
may prove to be useful as therapy for ILD in PADs with similarly low ratio of naive to
effector T cells. Further studies are necessary to determine whether CVID patients with
immunological characteristics mimicking that of specific monogenic immune dysregulation
disorders would benefit from similarly targeted therapy.

SUMMARY

Lung disease is a common complication of PAD that can worsen morbidity and mortality.
Importantly, chronic lung disease in these patients can take the form of bronchiectasis or
ILD. While bronchiectasis seems clearly to be a consequence of persistent infection and is
associated with pneumonia history, ILD susceptibility varies among forms of PAD, is
associated with autoimmune cytopenias, multi-organ lymphoproliferation, and distinct
immunological characteristics due to incompletely defined features of immune
dysregulation. More research is needed to unravel the underlying pathogenesis of lung
disease in PAD to improve the diagnosis and surveillance of this important complication as
well as devise targeted therapies that are safer and more effective than those currently
available.
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Figure 1. Radiologic findings of lung disease in PAD
A. Bronchiectasis (marked by white arrows) in a patient with CVID. B. CVID patient with

bilateral pulmonary nodules and mediastinal lymphadenopathy. C. CVID patient with
innumerable nodular opacities, bronchiectasis, and mediastinal lymphadenopathy. D. Patient
with IgA/1gG2 deficiency (IgA < 10 mg/dL, 1gG 997 mg/dL, 1gG2 < 16 mg/dL)
demonstrating multiple non-calcified lung nodules.
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Bronchiectasis
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Increase IgG replacement dosage
(trough 1000 mg/dL)

Pulmonary rehabilitation

|

If symptoms persist, add additional

treatment modality from list above

Figure 2. Therapeutic approach for bronchiectasis in PAD
Treatment algorithm for management of bronchiectasis in PAD patients. LABA, long-acting

[B-agonist.
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Figure 3. Pulmonary pathology from CVID ILD patients
A. Lymphoid follicle (black circle) near the airway with minimal involvement of other

parenchyma indicating follicular bronchiolitis (200X). B. Follicular bronchiolitis (black
circle) noted with lymphocytes in the interstitium and expanding the alveolar septum
characteristic of LIP (black arrows, 200X). C. Granulomatous inflammation with
circumscribed granuloma (black arrow) and ectopic lymphoid follicle (black circle, 200X).
D. Well-demarcated lymphoid follicles characteristic of nodular lymphoid hyperplasia
(100X).
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Figure 4. PLH contains ectopic lymphoid follicles in CVID
Wedge biopsy from CVID patient with LIP demonstrating diffuse lymphocytic infiltrate

(H&E) with ectopic B cell follicles (CD20) circumscribed by T cells (CD3) and containing
follicular dendritic cells (CD23), a germinal center marker (Bcl-6), and proliferating cells
(Ki67).
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Figure 5. Therapeutic approach for ILD in PAD
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Treatment algorithm for management of ILD in PAD patients. AZA, azathioprine; LABA,

long-acting B-agonist; MMF, mycophenolate mofetil; RTX, rituximab; 6MP, 6-

mercaptopurine.
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Table |

Lung pathology most commonly associated with primary antibody deficiency.

Pathology

Description

Non-necrotizing granulomatous inflammation

Inflammation characterized by circumscribed organized collections of
macrophages (histiocytes) +/- giant cells. Non-necrotizing granulomas lack areas
of central necrosis and may be a feature of many diseases both infectious and non-

infectious.

Organizing pneumonia

Non-specific response to lung injury characterized by organizing fibroblastic
tissue within alveolar spaces known as Masson bodies.

Benign lymphoproliferative lung disease

Nodular lymphoid hyperplasia

Well-circumscribed area of benign lymphoid hyperplasia effacing the lung
parenchyma with well-demarcated follicles. The process is polyclonal and the
relationship to lymphoma is unclear.

Follicular bronchiolitis

Lymphoid hyperplasia around airways with minimal involvement of the alveolar
septa.

Lymphocytic interstitial pneumonia (LIP)

Thought to represent part of a spectrum of pulmonary lymphoid hyperplasia with
follicular bronchiolitis but is characterized by lymphocytes in the interstitium
expanding the alveolar septum. May contain non-necrotizing granulomatous

inflammation. Organizing pneumonia is infrequent.

Granulomatous lymphocytic interstitial lung disease
(GLILD)

Similar to LIP, but has more frequent, larger granulomas and large areas of
organizing pneumonia are often present.
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Table Il

Clinical and radiological features differentiating CVID ILD and sarcoidosis.

Clinical Feature CVIDILD Sarcoidosis
Low serum 1gG Tt Vi
Autoimmune cytopenias (AIHA, ITP) T Vi
Splenomegaly Tt Vi
Nodular regenerative hyperplasia of the liver T Vi
Lymphocytic interstitial pneumonia Tt Vi
Follicular bronchiolitis (O Vi
Recurrent infection () Vi
High BAL CD4:CD8 ratio Vi rrt
Low percentage of IgM-IgD-CD27+ memory B cells () Vi

Radiological Feature

Nodule size

large (>1 cm is common)

small (>1 cm is uncommon)

Nodule location

random distribution

apical lung zones, perilymphatic

Associated with bronchiectasis

(O

Vi

M1 =increased likelihood

) = decreased likelihood

AIHA = autoimmune hemolytic anemia
BAL = bronchoalveolar lavage

ITP = immune thrombocytopenic purpura
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