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Pulmonary alveolar proteinosis in patients with adenosine

deaminase deficiency

Eyal Grunebaum, MD,*® Ernest Cutz, MD,° and Chaim M. Roifman, MD? Toronto, Ontario, Canada

Background: Inherited defects in the function of adenosine
deaminase (ADA) cause severe combined immunodeficiency
(SCID) and affect many other cells and tissues.

Objectives: We sought to characterize the frequency and
features of pulmonary alveolar proteinosis (PAP) in patients
with ADA deficiency.

Methods: Clinical and laboratory features of all patients with
SCID caused by ADA deficiency in a single center were analyzed.
Bronchoalveolar lavage (BAL) fluid and lung biopsy specimens
were stained with hematoxylin and eosin and periodic acid-Schiff,
visualized by means of electron microscopy, and studied for
associated infections. As a control group, BAL fluid and biopsy
specimens from 22 patients with SCID caused by other genetic
abnormalities were similarly assessed.

Results: Among 16 consecutive patients with ADA deficiency, 7
had BAL fluid containing periodic acid—Schiff-positive
surfactant-like material with macrophages engulfing
degenerating lamellar bodies and/or lung biopsy specimens with
alveolar spaces filled with homogeneous granular eosinophilic
material and large macrophages. The lung pathology was
typical of PAP. Identification of various pathogens coincided
with PAP in 3 of these patients. We have diagnosed PAP among
patients with ADA deficiency more commonly in the last 10
years than previously (P = .05), likely reflecting increased
awareness of this condition. There were no significant
differences in the clinical or immunologic characteristics
between patients with ADA deficiency with or without PAP.
Similar findings of PAP were not found among patients with
SCID caused by other genetic abnormalities (P = .001). ADA
coupled to polyethylene glycol or allogeneic hematopoietic stem
cell transplantation rapidly corrected this pulmonary
complication. PAP seems to have contributed to the death of
only 1 patient with ADA deficiency.

Conclusions: ADA deficiency predisposes to the development of
PAP, which could be reversed after enzyme replacement or
transplantation. (J Allergy Clin Immunol 2012;us8;au8-EEN,)
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Abbreviations used
ADA: Adenosine deaminase
BAL: Bronchoalveolar lavage
HSCT: Hematopoietic stem cell transplantation
PAP: Pulmonary alveolar proteinosis
PAS: Periodic acid—Schiff
PEG-ADA: Adenosine deaminase coupled to polyethylene glycol
SCID: Severe combined immunodeficiency

Inherited defects in the adenosine deaminase (ADA) enzyme
lead to severe abnormalities in the development and function of T,
B, and natural killer lymphocytes, resulting in increased suscep-
tibility to bacterial, viral, and opportunistic infections. Similar to
other causes of severe combined immunodeficiency (SCID),
defects in ADA are fatal without rapid intervention. Several
treatment options are currently available for patients with ADA
deficiency, including allogeneic hematopoietic stem cell trans-
plantation (HSCT), enzyme replacement therapy with bovine ADA
coupled to polyethylene glycol (PEG-ADA), and gene therapy.l

ADA catalyses the deamination of adenosine and deoxyaden-
osine to inosine and deoxyinosine, respectively. ADA deficiency
results in increased concentrations of adenosine and deoxyaden-
osine in the extracellular and intracellular compartments, which
can be phosphorylated to ATP and dATP. The changes in concen-
trations of these adenine metabolites, particularly the phosphory-
lated derivatives in patients with ADA deficiency, are thought to be
toxic to many cells and tissues, resulting in neurodevelopmental,
liver, bone, and bone marrow defects, as well as neutrophil and
macrophage dysfunction.”® Adenosine is also an important medi-
ator of inflammation and fluid homeostasis in the lungs.7’8 There-
fore adenosine receptor antagonists are being investigated for their
putative beneficial effects on capillary leak and cell trafficking in
the lungs of patients with several conditions, including asthma.””

Little is known about the effects of ADA deficiency on the
patient’s lungs. We reported lung pathology reminiscent of the
findings described among patients with pulmonary alveolar pro-
teinosis (PAP) in 1 patient with ADA deﬁciency,10 PAP is a rare
disorder with an estimated incidence of 0.36 cases per million
population, which is caused by the aberrant accumulation of
surfactant-derived components in the lungs, resulting in varying
degrees of respiratory difficulties.'’ In human subjects the gold
standard for diagnosis of PAP are histologic and electron micro-
scopic features detected in samples from bronchoalveolar lavage
(BAL) fluid or lung biopsy specimens.'? The histologic features
of PAP include abundant large foamy alveolar macrophages, fill-
ing of alveoli, and distal bronchioles with acellular granular amor-
phous surfactant—derived material that is periodic acid—Schiff
(PAS) positive and diastase resistant,'! whereas ultrastructural
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TABLE I. Clinical and genetic characteristics of patients with ADA deficiency with PAP

Age at ADA

Patient Age at deficiency Defects in ADA gene sequence (and putative

no. presentation Presenting features diagnosis consequences)

1 0.5 mo 1P 0.5 mo ¢.955_959delGAAGA and c.478+1G>A (splice site)
and heterozygous K80R

2 4 mo Failure to thrive, neurodevelopmental abnormalities, IP 5 mo Homozygous for ¢.424C>T (R142X)

3 3 mo Failure to thrive, neurodevelopmental abnormalities, IP 5 mo ND

4 2 mo Failure to thrive, pneumonia, IP, neurodevelopmental 3 mo ¢.608delG and ¢.948C>G (S290W)

abnormalities, disseminated CMV

5 1 mo 1P 1 mo ¢.955_959delGAAGA and c.646G>A (G216A) and
heterozygous K8OR

6 1.5 mo Diarrhea, erythroderma, IP 4 mo ¢.955_959delGAAGA and ¢.424C>T (R142X)

7 1 mo Urinary tract infection, IP 2 mo ¢.424C>T (R142X) and ¢.955_959del GAAGA and

heterozygous K8OR

CMYV, Cytomegalovirus; /P, interstitial pneumonitis; ND, not done.

analysis often demonstrates abnormal intra-alveolar “onion
skin”—shaped lamellar bodies.'?

PAP can be classified as congenital, primary, or secondary. The
congenital type is caused by rare defects in surfactant production
or macrophage function. The latter have been attributed to
inherited mutations in GM-CSF and its receptor. Primary PAP,
which accounts for nearly 90% of cases, often results from
autoantibodies that neutralize GM-CSF signaling in alveolar
macrophages. Secondary PAP occurs in patients with systemic
inflammatory diseases and malignancies, as well as in association
with lung infections, including cytomegalovirus, Mycobacterium
tuberculosis, Nocardia species, and Pneumocystis jiroveci.1 L13

Here we characterize the lung abnormalities in a cohort of
patients with ADA deficiency and identify among them a high
frequency of PAP-like abnormalities that improved rapidly after
PEG-ADA or allogeneic HSCT.

METHODS

All patients identified with SCID caused by ADA deficiency at the Hospital
for Sick Children, Toronto, Ontario, Canada, since 1985 were reviewed. The
diagnosis of ADA deficiency was based on the absence or near absence of
(£2%) ADA activity in red blood cells and confirmed by using molecular
analysis. Clinical and laboratory information was collected retrospectively
from patients’ medical records and censored June 30, 201 1. Normal laboratory
values for age were determined in accordance with previous reports.'*'* BAL
fluid and lung biopsy specimens were analyzed for the presence of bacteria;
viruses, including herpes viruses, adenoviruses, and metapneumovirus; and
fungi, as well as P jiroveci pneumonia and mycobacterial species. Samples
were stained with hematoxylin and eosin and PAS. When PAS staining was
pale or inconclusive, immunostaining for specific surfactant protein A was
performed. Samples were also analyzed by using electron microscopy.

As a control group, BAL fluid and lung biopsy specimens obtained before
HSCT from patients with non-ADA SCID who had lung disease without an
identified microbe were also analyzed. All lung samples were analyzed by a
pathologist (E.C.) unaware of the genetic causes of the immunodeficiency. The
institute’s Research Ethics Board approved the study. Statistical analysis was
performed with Fisher exact and Student ¢ tests.

RESULTS
Clinical and laboratory characteristics of patients
with ADA deficiency

Among the 16 patients with SCID given a diagnosis of ADA
deficiency during the 26.5 years of the study period, 7 (43.8%)

had PAP. In the most recent 10 years, PAP was recognized among
6 of the 9 patients with ADA deficiency compared with 1 of 7
patients given a diagnosis in the preceding 16.5 years (P = .05).
Two of the 9 patients who did not have PAP compared with
none of the 7 patients given a diagnosis of PAP (P = .30) were
identified at birth because of prior affected siblings. The remain-
ing 14 patients with ADA deficiency presented during the first 6
months of life with recurrent invasive infections, interstitial pneu-
monitis, failure to thrive, or neurodevelopmental abnormalities
(Table I). Patients had no clinical evidence of autoimmunity, al-
though 1 patient among those with PAP and another among the
patients without PAP had Omenn syndrome.'> The age of first
clinical symptoms among patients with ADA deficiency with
PAP (mean, 1.5 months; range, 0.5-4 months) did not differ
(P = .83) from that of patients without PAP (mean, 1.5 months;
range, 0-6 months). Similarly, the age of diagnosis of ADA defi-
ciency among patients with PAP (mean, 3 months; range, 0.5-5
months) and those without PAP (mean, 6 months; range, 0-18
months) were not significantly different (P = .28).

ADA activity was low (<2 nmol/min/mL) in all patients,
regardless of the identification of PAP, except for one in whom
activity could not be determined because of prior blood transfu-
sions. Sequencing of the ADA gene was available for the 7 patients
with PAP (Table I) and 7 of the 9 patients without PAP. The
¢.955_959 deletion was identified among 4 patients with PAP
compared with 1 patient without PAP (P = .13), and c.424 C>T
(putatively causing R142X) was found in 3 patients with PAP
and 1 without PAP. In contrast, homozygous c.7C>T (putatively
causing Q3X) was identified among 4 patients with ADA defi-
ciency without PAP but not in patients with PAP (P = .04).

At the time of diagnosis of ADA deficiency, leukopenia was
present in 5 of 7 patients with PAP and 8 of 9 patients without PAP,
and neutropenia was found in 1 patient with PAP (Table II) and 2
patients without PAP. Severe lymphopenia (<0.7 X 10° lympho-
cytes/mL) with markedly reduced CD3™ T-cell numbers was re-
corded in all 16 patients with ADA deficiency. Serum IgG levels
were reduced in 3 patients with PAP and 5 patients without PAP
(P = .22). The remaining patients with ADA deficiency, all 6
months of age or less, had normal IgG levels, likely reflecting
maternal-fetal IgG transfer.

By the time PAP was identified, 6 of the 7 patients with ADA
deficiency had received broad-spectrum antibiotics (Table III),
which is similar to the use of antibiotics in 7 of the 9 patients



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

GRUNEBAUM, CUTZ, AND ROIFMAN 3

TABLE Il. Laboratory evaluations at the time of ADA deficiency diagnosis

Patient no. Leukocytes (x 10°/L) Neutrophils (x 10°/L) Monocytes (x 10°/L) Lymphocytes (x 10°/L) CD3* T cells (x 10°/L) 1gG*
1 3.6 2.9 0.1 0.2 0.02 5.0
2 8.5 7.2 1.2 0.1 0.00 3.6
3 4.8 4.4 0.6 0.3 0.23 0.5
4 9.0 6.7 1.9 0.3 0.14 0.7
5 3.5 2.9 0.3 0.2 0.03 3.2
6 4.5 2.5 0.1 0.2 0.09 14
7 24 1.0 0.8 0.1 0.01 3.0
Boldface data are abnormal for age.

*Serum IgG levels before immunoglobulin replacement therapy (in grams per liter); normal age levels are 2.3 to 14.1 g/L.

TABLE lll. Characteristics of PAP in patients with ADA deficiency

Patient no. Treatment before PAP diagnosis Mono* (x 10°/L) T cellst (x 10%/L) BAL/Bx (age) Lung infection

1 BSA 0.2 0.02 Bx (1 mo) No

2 BSA, chemotherapy 0.7 0 Bx (9 mo) No

3 BSA 0.6 0.23 BAL (5 m) Yes (M catarrhalis)
4 BSA, ganciclovir 0.3 0.14 Bx (4 mo) Yes (CMV)

5 none 0.3 0.03 BAL (1 mo) No

6 BSA 0.1 0.09 BAL (5 mo) No

7 BSA 0.7 0.01 BAL (2 mo) Yes (adenovirus)

Boldface data are abnormal for age.

BSA, Broad-spectrum antibiotics; Bx, lung biopsy; CMV, cytomegalovirus; NA, not applicable.

*Blood monocytes (X 10°/L) at the time of BAL/Bx.
+Blood CD3™" cells (X 10°/L) at the time of BAL/BXx.

without PAP (P = .60). In addition, before the diagnosis of PAP,
1 patient was treated for disseminated cytomegalovirus infection
with ganciclovir, whereas another patient (patient 2) had received
busulfan (16 mg/kg) and cyclophosphamide (200 mg/kg) in prep-
aration for HSCT.

We also assessed the numbers of monocytes and CD3™ T cells
in patients with ADA deficiency at the time PAP was identified
(Table III). Less than normal monocyte numbers were found
among 2 of the patients with PAP but not in patients without
PAP (P =.18). The mean and SD values of CD3 " T-cell numbers
in patients with PAP (0.74 = 0.85 X 10° cells/mL) were not dif-
ferent (P = .10) than the numbers seen in patients without PAP
(0.192 = 0.157 X 10° cells/mL).

Lung findings in patients with ADA deficiency with
PAP

BAL fluid, lung biopsy specimens, or both identified PAP
within 1 month of the diagnosis of ADA deficiency in 6 patients,
whereas in another patient with ADA deficiency (patient 2), lung
biopsy identified PAP 4 months after allogeneic HSCT (Table III).
BAL fluid in 4 patients with PAP was described as milky and con-
tained PAS-positive surfactant-like material with macrophages
engulfing degenerating lamellar bodies. Lung biopsy specimens
from 3 additional patients with PAP revealed alveolar spaces
filled with homogeneous granular eosinophilic material (Fig 1,
A), whereas staining for surfactant protein A demonstrated that
the intra-alveolar material was consistent with surfactant (Fig 1,
B). Electron microscopy further showed that the intra-alveolar
material was composed of concentric lamellar bodies typical of
surfactant (Fig 1, C), whereas higher magnification of these lam-
ellar bodies was characteristic of phospholipids (Fig 1, D). Type
1 and 2 pneumocytes appeared normal.

Identification of Moraxella catarrhalis, cytomegalovirus, or
adenovirus in the lungs coincided with PAP in 3 different patients
with ADA deficiency with PAP (Table III). Staphylococcus au-
reus, Streptococcus pneumoniae, and respiratory syncytial virus
were all found in a single patient without PAP. Cumulatively, mi-
crobial isolates were identified in 3 of 7 patients with PAP and in
3 of 9 patients without PAP (P = .37). An additional patient given
a diagnosis at birth of ADA deficiency because of a previous fam-
ily member had BAL at 1 month of age because of interstitial
pneumonitis, with no evidence of PAP or infectious cause.

To determine whether PAP was more common in patients with
ADA deficiency, we assessed BAL fluid and lung biopsy spec-
imens from 22 patients with SCID caused by other genetic
defects, including 12 patients with IL-2 receptor v (IL2RG)
deficiency, 2 with Janus kinase 3 (JAK3) deficiency, 3 with
recombination-activating gene 1/2 (RAGI/2) mutations, 2 with
{ chain—associated protein 70 kd (ZAP70) deficiency, and 1 patient
each with MHC class II deficiency, RNA component of mitochon-
drial RNA processing deficiency, and IL-7 receptor o (IL7RA) de-
ficiency. Remarkably, the rate of PAP among patients with ADA
deficiency (7/16 patients) was significantly higher (P = .001)
than in patients with SCID caused by other genetic defects
(0/22 patients).

Management and outcome of patients with ADA
deficiency with PAP

Management options used for patients with ADA deficiency
with PAP included PEG-ADA enzyme replacement, allogeneic
HSCT, or both (Table IV). In all but 1 patient (patient 2), there was
rapid (usually 2-4 weeks) complete clinical and radiologic resolu-
tion of PAP after these treatments, well before any effects on lym-
phocyte number or function became evident. Moreover, repeat



4 GRUNEBAUM, CUTZ, AND ROIFMAN

J ALLERGY CLIN IMMUNOL
umm 2012

FIG 1. Lung sample from a patient with ADA deficiency. A, Hematoxylin and eosin staining demonstrating
alveolar spaces filled with homogeneous eosinophilic material. B, Immunostaining with antibodies to sur-
factant protein A demonstrating positive immunoperoxidase reaction (brown) of intra-alveolar material. C,
Electron micrograph demonstrating alveolar surfactant composed of concentric lamellar bodies. D, Electron
micrograph at higher magnification showing a lamellar body with characteristic phospholipids.

lung biopsy in patient 1, as well as autopsy in patient 6 (who died
accidentally), demonstrated histologic resolution of PAP.

Only 2 (28.6%) of 7 patients with ADA deficiency with PAP are
long-term survivors, which is similar (P = .14) to the 6 of 9 pa-
tients without PAP who survived. PAP contributed directly to
the death of 1 patient (patient 2). Immune reconstitution among
the surviving 2 patients with ADA deficiency is suboptimal be-
cause both have reduced numbers of B cells and 1 requires intra-
venous immunoglobulin replacement (Table IV). CD3™ T-cell
and CD56" natural killer cell numbers were also reduced in
1 patient.

DISCUSSION

ADA deficiency is among the most common forms of SCID,
and its effects on cellular and humoral immunity have been
extensively investigated.'® In addition, we and others have stud-
ied various neurologic, liver, skeletal, and bone marrow abnor-
malities in patients with ADA deficiency.” Here we report for
the first time that patients with ADA deficiency are also prone
to lung disease that is indistinguishable from PAP. The increased
frequency of PAP among patients with ADA-deficient SCID but
not other SCID types, together with the detection of PAP in the

absence of microbial isolates among 4 patients with PAP, all sug-
gest direct contribution of ADA deficiency to the development of
PAP. The latter hypothesis is also supported by the rapid resolu-
tion of the lung abnormalities after ADA enzyme replacement,
even before immune reconstitution. Hence we conclude that
PAP is a specific and previously unappreciated consequence of
ADA deficiency.

In an attempt to identify potential causes for the development
of PAP in patients with ADA deficiency, we compared the
clinical features, including ages of presentation and ages of
diagnosis, as well as immunologic and metabolic features,
among patients with ADA deficiency with PAP versus those of
patients without PAP. We did not find significant differences
between the groups. However, among patients with PAP, there
was a trend for a higher frequency of the ¢.955_959delGAAGA
mutation, which is expected to cause unstable mRNA'7 and
c.424 C>T (R142X), which are expected to significantly disrupt
the function of ADA. Further studies on a larger number of pa-
tients will be required to determine whether specific genetic ab-
normalities in patients with ADA contribute to the development
of PAP.

Although we did not assess autoantibodies to GM-CSF or its
receptor, the hypogammaglobulinemia found frequently in our
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TABLE IV. Management and outcome of patients with ADA deficiency with PAP

Patient PAP Patient status, age, major CD3 CcD19 CD56

no. ADA deficiency treatment (age) resolution complications, cause of death (x 10%/L) (x 10%/L) (x 10%/L) IgG (g/L)*

1 HSCT (2 mo) Yes Died at 300 mo, demyelinating brain NA NA NA NA
disease

2 HSCT (8 mo) No Died at 11 mo, graft-versus-host NA NA NA NA
disease and PAP

3 HSCT (11 mo) Yes Died at 11.5 mo, gastrointestinal NA NA NA NA
bleed

4 None Yes Died at 4.5 mo, severe NA NA NA NA
neurodevelopmental defects

5 PEG-ADA (1.5 mo) followed by Yes Alive at 65 mo, lipoblastoma 1.19 0.10 0.02 IVIG

gene therapy (at 16 mo)

6 HSCT (7 mo) Yes Died at 13 mo, severe NA NA NA NA
neurodevelopmental defects,
accidental death

7 HSCT (2.5 mo) Yes Alive at 25 mo, none 1.37 0.09 0.14 4.7

Boldface data are abnormal for age.
1VIG, Intravenous immunoglobulin; NA, not applicable.

*Normal IgG levels for age are 7.2 to 15.8 g/L for patients 1 and 3; 5.7 to 14.7 g/L for patients 7, 9, and 11; 5.0 to 14.6 g/L for patient 13; and 4.5 to 14.3 g/L for patients 15 and 16.

patients argues against a role of autoantibodies in the develop-
ment of PAP in patients with ADA deficiency. Moreover, the lack
of monocytopenia in peripheral blood of patients with ADA
deficiency with PAP suggests appropriate monocyte proliferation
and maturation from bone marrow progenitors, which are also
dependent on GM-CSF signaling,'® although direct evaluation of
GM-CSF and its receptor are still required.

Interestingly, 2- to 3-week-old ADA-deficient mice, even when
kept in a pathogen-free environment, have severe respiratory
disease that can be rapidly corrected with PEG-ADA treatment or
neonatal HSCT. The lungs of ADA-deficient mice contained
increased numbers of enlarged and foamy macrophages with a
prominent increase in the size of alveolar spaces and thickened
smooth muscle in the pulmonary blood vessels. In addition,
excessive PAS-positive mucus accumulated in the alveoli and
bronchi of these mice, although the nature of this substance and
the cause for its deposition were not elucidated, and hence
correlation with PAP was not established.'® Further studies with
the ADA-deficient mice indicated that excess adenine nucleotides
and abnormal signaling through various adenosine receptors in
the lungs resulted in altered expression and secretions of several
cytokines, chemokines, and metalloproteinases, including IL-4
and IL-13, eotaxin 2, CXCL1, and matrix metalloproteinases 9
and 12.2°22 In addition, IL-6 was recently found to contribute
to the inflammation, alveolar air-space enlargement, and mucus
metaplasia seen in the lungs of ADA-deficient mice, which could
be attenuated by pharmacologic neutralization of IL-6.>* Future
studies will help determine whether similar mechanisms also con-
tribute to the lung abnormalities in patients with ADA deficiency
and the role of adenosine receptor inhibitors or IL-6 neutralization
in treating PAP in these patients.

Various infections have been associated previously with PAP;
however, these have not commonly included M catarrhalis, cyto-
megalovirus, or adenovirus, which coincided with the identifica-
tion of PAP among our patients with ADA deficiency.** Thus the
role of these microbes in the development of PAP remains un-
clear. Moreover, impaired surfactant production has been shown
to directly impede innate immunity, as well as the function of neu-
trophils and 111a<:rophages,25’26 suggesting that PAP in patients

with ADA deficiency might further increase the susceptibility to
lung infections.

Regardless of the cause of PAP in patients with ADA deficiency,
increased awareness, early identification, and rapid treatment of
ADA deficiency—associated PAP with enzyme replacement or
HSCT might reverse this potentially fatal lung condition.

Key message

o Pulmonary alveolar proteinosis is frequent among pa-
tients with ADA deficiency.
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