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Abstract

Pleuropulmonary blastomas (PPB) is the most common primary malignant neoplasm of the lung
in children. Like the other solid dysontogenic neoplasms, this tumor typically presents before the
age of seven years. The earliest manifestation is the presence of a lung cyst(s) which is usually
recognized in the first year of life and is difficult on the basis of imaging studies to differentiate

it from non-neoplastic cysts of early childhood. From a multilocular cyst, PPB has the potential to
progress to a high grade multipatterned primitive sarcoma. Over 65% of all affected children have
a heterozygous germline mutation in D/CER1. The DICERI-PPB familial tumor predisposition
syndrome is initially recognized in most cases on the basis of PPB alone, but also several

other unique and characteristic extrapulmonary tumors including pediatric cystic nephroma, nasal
chondromesenchymal hamartoma, nodular lesions of the thyroid, embryonal rhabdomyosarcoma
of the cervix and ciliary body medulloepithelioma.
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Pleuropulmonary blastoma (PPB) is a neoplasm of the lung which presents in the first
seven years of life and is generally familiar to most pediatric pathologists and surgeons.
Because of the natural history of PPB, the initial clinical manifestation in the first year of
life and even prenatally is a pulmonary cyst with the differential diagnosis including cystic
lesions of the lung in the infancy period. Children beyond infancy are more likely to present
with respiratory symptoms resulting from a mass which has filled the chest. These clinical
extremes are correlated with the age at the time of diagnosis and with survival, since PPB
progresses from a multicystic lesion to a solid high grade sarcoma.

The purpose of this paper is to review our experience with PPB which began almost 40 years
ago when the first example of this neoplasm was seen by one of the authors (LPD). Over the
arc of these years, the breadth and depth of our understanding of this neoplasm have evolved
well beyond even our expectations at that time. Each stage of the process seemed to open
another pathway in the odyssey of PPB.

Setting the stage.

It can be argued that the stage for the eventual recognition was set over 60 years

when Barnard described a primary neoplasm of the lung in a 40-year-old female which

was thought to resemble embryo-fetal lung and was designated an “embryoma” (1).
Approximately 10 years later, Spencer reported three cases of a lung neoplasm in individuals
between the ages of 19-59 years whose histopathologic features were reminiscent of Wilms
tumor; he designated this tumor as “pulmonary blastoma” (PB) and suggested that it was the
pathogenetic equivalent of Wilms tumor and the other dysontogenetic neoplasms presenting
in childhood (2).

The hole in the story was the fact that unlike the other major dysontogenetic neoplasms

of childhood, PB occurred almost exclusively in adults. Like others with bronchogenic
carcinoma, there was a smoking history. The World Health Organization classification

of lung neoplasms includes PB as a subtype of sarcomatoid carcinoma whereas PPB is
classified with the mesenchymal tumors (3). In contrast to PB, most PPBs are diagnosed at
or before seven years of age or detected on prenatal ultrasonography as a cystic lung lesion
whose diagnosis of type | PPB is established after surgical resection (4,5).

It took almost 10 years to collect the first 11 cases of PPB; these tumors were all large
masses occurring in children between the ages of 21/2 - 12 years with mean and median
ages 5.5 and 3 years, respectively (Figure 1A,B) (6). Most tumors were unresectable at
the time of diagnosis which accounts in part for the fact that almost 70% of patients had
tumor-related deaths within two years of diagnosis.

What more was to be learned about PPB?

Following the publication of our study of 11 cases of PPB, the major question to be
answered was the direction of any future investigation. As with the study of any neoplasm
in children, we knew almost by definition that PPB was rare since only 10-11,000 newly
diagnosed malignancies are seen in children each year in the United States (7). In 1988,
our collaborator, John Priest, M.D., suggested that a registry should be established and so
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the International Pleuropulmonary Blastoma Registry (IPPBR) (www.ppbregistry.org) was
established. In 2003, with the advancement of the internet, the IPPBR began to proactively
curate all peer-reviewed medical journal articles to identify likely examples of PPB. When a
possible PPB case is identified, the IPPBR contacts the authors and requests the opportunity
to review the pathology and obtain recent follow-up. Over time the IPPBR began to see
more cases from pathologists and pediatric hematologists-oncologists of putative PPBs. It
was established early in the development of the IPPBR that all suspected cases of PPB must
have the diagnosis confirmed pathologically from the actual materials before entry into the
IPPBR.

Two important findings emerged from these initial cases which were referred to the IPPBR
and laid the foundation for future studies. The first of these related to the pathology of

PPB. Our perspective from the first 11 cases was that PPB like the other solid malignancies
presented as a fully developed pathologic process. However, it appeared that this mass stage
was preceded by a multicystic lesion of the lung which was followed by a cystic and solid
neoplasm whose histopathologic features in part resembled the purely cystic lesion whereas
the solid areas had the complex collage of a mixed pattern primitive sarcoma (Figure 2A-D).
These three lesions were regarded as progressive morphologic stages in the formation of
PPB and were designated type | or purely multicystic PPB, type Il or solid and cystic stage
and the ultimate type 111 PPB or solid only stage. In the report of 50 cases of PPB, there was
a remarkable correlation between the median age at diagnosis and the morphologic type of
PPB: type | (10 mo), type 11 (34 months) and type Il (44 months) (8). The age at diagnosis
and the type of PPB in turn correlated with the prognosis.

The second notable observation related to the fact that approximately 25% of the initial 45
children had a history of other tumors or had young relatives who also had PPB, cystic
nephroma (CN) and rhabdomyosarcoma as several examples (9). This finding was the initial
clue to a possible familial tumor predisposition syndrome.

In order to pursue the heritable aspects of PPB, it was necessary to not only identify

these families, but obtain a thorough pedigree analysis and to eventually acquire blood
samples. In the first year of this genetic study, 45 families with multiple affected family
members consented to participate in a study that would provide the opportunity to identify
the underlying genetic defect that might not only benefit their family, but other families in
the future. The strong support shown by the PPB families was critical in obtaining pilot
funding from Hope Street Kids Foundation and the Children’s Discovery Institute at St.
Louis Children’s Hospital. This funding supported history and sample collections, expertise
of a genetic counselor and financial resources for SNP array testing on germline DNA for
linkage analysis. A single narrow linkage peak was identified in the first four families tested
containing only 72 genes (10).

A clue as to a candidate gene was provided in the study by Harris, et al (11); these authors
reported that Dicerinactivation in murine lung epithelium resulted in branching arrest

and the formation of a few “large epithelial pouches” with a resemblance to the earliest
recognizable lesion of PPB, the type | or multicystic morphology. It was proposed that Dicer
has a specific role in the branching morphogenesis of lung.
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With the murine-D/CERI model in mind, the decision was made to sequence D/CERIin 11
probands with PPB. That decision proved to be a good one when all 11 probands showed
deleterious heterozygous germline D/CER1 mutations (10). The detection of a somatic
mutation in the second D/CER1 allele in PPB and other D/CERI-related tumors conforms
to the Knudson two-hit hypothesis (12,13). Later studies have expanded on Harris’ original
observations in the Dicer deficient murine model. Conditional embryonic DICER1 loss leads
to Fgf9 over-expression in the lung epithelium which drives cystic dilation and mesenchyme
proliferation and produces a type | PPB phenotype (14). Another important finding in the
pursuit of an experimental model of PPB has demonstrated that precise temporal and cell
type specific loss of D/CER1 is necessary and sufficient to recapitulate the pathology of type
| PPB (15).

Natural history.

The most important stage at which to recognize PPB is the multicystic or type | lesion
since it is the most “curable” phase (16). One complication in the pathologic diagnosis of
type | PPB is the co-existence of congenital cystic adenomatoid malformation/congenital
cystic pulmonary airway malformation type 4 (CCAM/CPAM 4) in the same morphologic
niche as PPB (17). Some of the potential problems in diagnosis emerged in the study of
malignant transformation of CCAM/CPAM and in particular CCAM/CPAM 4. One of the
four children who were two years of age or less diagnosed with CCAM/CPAM developed
a “grade 3 PPB” one year after the resection of a CCAM/CPAM 4 and “focal stromal
hypercellularity” was noted in three of four cases in this young age group (18) (Table

1). The authors of that study concluded that “a distinction between grade 1 (type | PPB)
pleuropulmonary blastomas and type 4 CPAMs was not possible using the conventional
criteria for malignancy” (18). In an exchange of letters to the editor, MacSweeney et al.
stated that “our views had advanced and it is likely that today, we would diagnose those
cases showing stromal cellularity as type | pleuropulmonary blastoma” (19). It is critically
important to the patient that a type | PPB should never be interpreted as CCAM/CPAM 4
since the opportunity for appropriate post-operative care and follow-up will be lost.

Type | PPB is a multilocular cyst which is found at the periphery of the lung and is

usually a collapsed structure when it is received for pathologic examination (20). The low
magnification architecture is a multicystic or locular structure with a pleura at the periphery
and lung parenchyma in most cases transitioned into a multilocular cyst (Figure 3A,B).
There is no entrapped lung parenchyma within the cyst itself in contrast to its presence

in most CCAM/CPAM types 1 and 2 (17). Once recognizing the architecture, the entire
specimen should be submitted for microscopic evaluation.

Histologically, the type | PPB can be a challenge if one is expecting to identify a uniform
subepithelial cambium layer of small primitive round cells or evidence of rhabdomyoblastic
differentiation in all cases (Figure 3C,D). A subepithelial fibrous stroma and prominent
small blood vessels may be identified in many of the septa and alternating or interposed
among those septa are other septae with immature small cells forming a cambium layer-like
appearance. The septa are typically uniform in width, but some may be expanded by
immature small cells and/or spindle cells; these hypercellular, expanded septa are thought to
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represent features of progression of a type | PPB. As long as there is no discernible grossly
visible mass; however, the lesion is still regarded as a type | PPB.

Two categories of type | PPB are recognized and the above discussion is focused on type

| PPB in the presence of immature mesenchymal cells with or without rhabdomyoblastic
differentiation. The second category of type | PPB has the “r” appended to designate
possible regression or failure to progress to a type Il or 111 PPB (20). The stroma has a bland
fibrovascular appearance without any foci of small primitive round cells after examination of
the entire specimen. Small nodules of cartilage within the septa may be seen in both type |
and type Ir PPBs. The median age at diagnosis of type Ir PPB was 47 months compared to 8
months in the case of type | PPB (16).

Regarding type | and type Ir PPB, it is our postulation that only some PPBs are fated to
progress to the more aggressive and potentially lethal type Il or type 111 PPB; this failure

of tumor progression is also seen in Wilms tumor (nephrogenic rests) and neuroblastoma.
Biallelic D/CERI mutations alone may be insufficient for malignant progression. Mutation
and/or loss of TP53 and mutations of NRAS have been detected in PPBs in support of the
notion that additional mutations are required for type | PPB to evolve into type Il or 11 PPB
with its lethal potential (21).

There are several lines of evidence in support of the progression of type | PPB to the
tumefactive type Il and 11 PPBs. The more compelling of these is the existence of

type Il PPB with its residual foci of type | PPB and solid areas of a multipatterned
primitive sarcoma with rhabdomyoblastic and chondroid (not all cases) differentiation
indistinguishable from type 111 PPB (Figure 4A-D) (8). In addition there are cases of type
I PPB which have been diagnosed earlier in infancy as CCAM/CPAM 4 which recurred
one or two years later as type Il or 111 PPB (22). Importantly, these cases are seen less
frequently today with the pathologic recognition of type | PPB. A third observation relates to
the median ages at diagnosis of types I, Il and I1l PPB at 8, 35 and 41 months, respectively
which was noted in our earlier study of 50 cases and confirmed in our recent study of 350
cases (8,16).

Type Il versus type lll PPB and prognosis.

The earlier experience with type 1l and type 111 PPBs was attempt at primary resection
with either a lobectomy or a debulking of the intrathoracic, friable mass (8). Our more
recent experience is that a biopsy is performed after imaging studies have confirmed

the presence of a mass. The biopsy demonstrates a primitive appearing, obviously
malignant neoplasm with or without rhabdomyaoblastic differentiation which has been
confirmed by immunohistochemistry. Prior to the recognition of PPB, these cases were
diagnosed as embryonal rhabdomyosarcoma (ERMS) and treated according to the former
Intergroup Rhabdomyosarcoma Study Protocol. One recent study of ERMS and the
rhabdomyosarcomatous component of PPB demonstrated an over-expression of insulin-like
growth factor (IGF2) in ERMS and its low expression in PPB (23). Obviously it is

not possible to perform IGF2 on a routine basis, but if there is a large intrathoracic or
pulmonary-based mass combined with a biopsy demonstrating ERMS, then a diagnosis of
PPB can be made in most cases or submitted to the IPPBR for consultation. In the course
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of our review, we have seen examples of Ewing sarcoma-primitive neuroectodermal tumor,
pleuropulmonary synovial sarcoma, congenital-infantile fibrosarcoma and a recent example
of malignant ectomesenchymoma (LPD).

Most children have a surgical resection of a type Il or 111 PPB after receiving chemotherapy
(16). Pathologic examination of the specimen is directed toward documenting the presence
of residual tumor, assessment of any surgical margins and a determination, if possible,
whether the PPB is type Il or type I11. There is prognostic importance to this distinction
since by all measures children with type Il PPB have a significant survival advantage over
those with type 111 PPB (16). Even though the solid area of type Il and type |1l PPBs are
indistinguishable pathologically, the unavoidable conclusion is that type 111 PPB is clinically
and biologically a more aggressive neoplasm. An explanation for this observation must await
future studies.

Congenital lung cyst and PPB.

A congenital lung cyst of one suspected type or another, usually a CCAM/CPAM, is the
clinical impression when such a case is submitted for pathologic examination. The diagnosis
of type | PPB is established on the basis of the microscopic review. The existence of type

| PPB has altered the landscape of congenital lung cysts and has resulted in the creation

of a dilemma in the management of these cases, especially when the cyst is asymptomatic
(24,25). Tagge, et al (26) were among the first in the pediatric surgery community to
introduce a cautionary note in the nonoperative approach to the asymptomatic cyst because
of the concern about a possible PPB. The resection of an asymptomatic lung cyst from an
infant is not without its complications as reported in a study by Hall and associates (27). The
latter authors reported that there were “no cases of PPB” among their 60 cases, but they had
one example of “CCAM type 4,” which we have discussed above. An earlier study also from
The Hospital for Sick Children, Toronto reported that 4% of resected lung cysts were PPBs
(28).

Without a thorough histopathologic evaluation, there is no reliable approach to discriminate
preoperatively one congenital pulmonary cyst from another including PPB (29). More than
one cyst in the lung should alert to the possibility of PPB since most other congenital

cysts are solitary, whereas type | PPB is considerably more likely to be multifocal. An
accompanying multicystic lesion in the kidney representing CN establishes the nature of the
lung cyst as a PPB. There is also the opportunity to perform genetic testing for the D/CER1
germline mutation. Serum microRNA testing may become available in the future (30). Until
that more reliable test is found, the controversy about the appropriate care of the child with
an asymptomatic lung cyst is unlikely to abate (31-33).

DICER1-PPB familial tumor predisposition syndrome.

It was initially thought that 25% of PPB cases were familial; however, it now appears

that 65%—70% of children with PPB have a heterozygous germline mutation in D/CER1
and approximately 84% of those germline mutations were inherited from a parent (34). In
terms of the other solid malignant neoplasms of childhood with an inherited component,
PPB is only superseded by medullary thyroid carcinoma (Table 2). The vast majority of the
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other examples of PPB are also attributable to D/CER1 mutations but in a mosaic or tumor
specific cellular level (34). Mosaicism for RNase I11b domain missense mutations appears to
predict a severe phenotype with multiple primary tumors of various sites (34).

Cystic nephroma of the pediatric kidney was the first documented extrapulmonary tumors
in the setting of the D/CERI tumor predisposition syndrome; it is estimated that 9%-12%
of children with PPB have a synchronous or metachromous CN (35). These multicystic
lesions are also accompanied by a somatic D/CERI mutation in 70% of cases and

are no longer regarded as histogenetically related to Wilms tumor or cystic partially
differentiated nephroblastoma (36). D/CER1-associated cystic nephroma, like type | PPB,
has the potential to progress to a primitive sarcoma which is likely the same neoplasm
previously reported as anaplastic sarcoma of the kidney (37). Notable also is the strong
association between D/CER1 and Sertoli-Leydig cell tumor (and gynandroblastoma) which
suggests that patients with the latter tumors should be tested for germline or tumor
DICERI mutations (38-40). Overall nodular hyperplasia of the thyroid with or without
papillary thyroid carcinoma may be the most commonly associated pathology in D/CER1
germline mutation carriers. Though a somewhat disparate group of tumors, embryonal
rhabdomyosarcoma of the cervix (not vagina), ciliary body medulloepithelioma, nasal
chondromesenchymal hamartoma, hamartoma-like polyps of the small intestine and pituitary
blastoma are the other D/CER1-associated neoplasms (42—-49). Like with a proportion

of PPBs, some of these tumors occur in the absence of a germline or somatic D/CER1
mutation, but rather have somatic mutations in the latter gene as in a recently reported case
of an intraocular medulloepithelioma in an 18-year-old female (50). Any one of these tumors
or any combination may be the presenting manifestation of the D/CER1-related syndrome,
so that it is particularly important for the clinician and/or pathologist to raise that concern
and the suggestion for genetic counseling and testing.

PPB has served as an introduction to a unique set of seemingly unrelated neoplasms,

all of which are manifestations of germline mutations in the D/CER1 gene. The protein
encoded by the D/CER1 gene is a ribonuclease 111 enzyme with RNase Illa and RNAase
I11b domains, which is essential for generation of miRNAs (51-53). Like most other

tumor suppressor genes, D/CER1 is critical in the regulation of cellular proliferation

and differentiation during early development. Because D/CER1 is intimately involved in
branching morphology in the lung and elsewhere (10), it is not surprising that one of the
earliest morphologic manifestations is the formation of cysts in the lungs and kidneys as two
examples.

If there is anything that is apparent at this stage of the IPPBR understanding, it is that there
is much more to be learned, but we have journeyed a long distance from those first 11 cases
of PPB in 1988. PPB is today the most common primary malignant neoplasm of the lung in
children (Table 3) (54).
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Figurel.
Pleuropulmonary blastoma presented in a 4-year-old girl with respiratory symptoms. A,B.

The entire left thoracic cavity is occupied by a 15 x 9.5 x 9.7 cm. heterogeneous enhancing
mass which has crossed the midline. Mass effect on the descending intrathoracic aorta, heart
and left hemidiaphragm has occurred. This appearance is typical of type Il or type 111 PPB.
Both rhabdomyablastic and chondroid elements were seen in the biopsy.
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Figure 2.
Pleuropulmonary blastoma has a heterogeneous appearance within the solid areas of either

type Il or type 111 PPB. A. Rhabdomyosarcomatous pattern includes large rhabdomyoblasts
with intense eosinophilic cytoplasm surrounded by smaller, more primitive rhabdomyoblasts
(x400). B. The periphery of a nodule of fetal appearing cartilage is adjacent to a focus

of rhabdomyosarcoma (x400). C. Nests of primitive malignant small cells within poorly
formed nests representing the blastemal pattern (x400). D. A focus of primitive sarcoma
with enlarged, hyperchromatic tumor cells and bizarre mitotic figures representing anaplasia
(x400).
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Figure 3.
Pleuropulmonary blastoma type | presented with spontaneous pneumothorax in a 14-month-

old girl. A cystic lesion was detected in the right lung. A. This low magnification
demonstrates the typical multicystic pattern. Note that the cyst is covered with pleura

along one edge (x40). B. The septal stroma is occupied by a uniform population of small
primitive cells (x400). C. The septa demonstrates a cambium layer of small primitive

cells and a fibrous stroma. Some septa only had the fibrous stroma (x400). D. Desmin
immunostain shows the presence of individual positive cells in the septa. A similar pattern of
immunostaining was obtained with myogenin (x400).
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Figure 4.
Pleuropulmonary blastoma type Il presented in this 3-year-old female as a solid and cystic

mass in the right chest. A. The only epithelium in a PPB is the remnant of the cyst lining
(x400). B. This field shows the presence of a continuous epithelium of a residual cyst and an
expanded stroma composed of uniform malignant small cells (x200). C. Focus of anaplastic
cells are identified among the primitive malignant cells (x400). D. p53 immunostaining is
especially intense in the nuclei of the anaplastic cells (x400).
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Table 1.
Malignant Transformation of “CCAM/CPAM 4”

CCAM/CPAM Ages At Presentation Follow-up

TYPEZ * 4 cases (13, 18, 26, 28y) | PPB type Ir (2NR, 2LTFU)

4 cases (1, 1, 2, 2y) Focal stromal HC (3)

(INR, 2 LTFU)
1-“grade 3” PPB at 2y

*
“TYPE 4 CCAMs show histologic overlap with grade 1 PPBs, and distinction between these entities may not be possible on histology alone.”
Adapted from MacSweeney, et al. Am J Surg Pathol 2003; 21:1139-1146.

Abbreviations: y = year; NR = no recurrence; LTFU = lost to follow-up; HC = hypercellularity
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Table 2.

Hereditary Component of Various Solid Neoplasms Presenting in Childhood

Page 25

Tumor Type Gene Hereditary (%)
Medullary Thyroid Carcinoma RET (10q11.2) >90%
Pleuropulmonary Blastoma DICERI (14932.13) 65— 70%
Adrenocortical Neoplasia TP53 (17p13.1) 50 — 80%
Optic Glioma NF1(17q11.2) 45%
Retinoblastoma RB1 (13914.2) 40%
Pheo-Paraganglioma VHL, NF1, RET, SDHB, SDHD 40%
ATRT/MRT SMARCBI1 (22q11.23) 25%
Hepatoblastoma APC (5021-922) 8-9%
Wilms Tumor WT1 (11p13) 3-5%
Rhabdomyosarcoma TP53, NF1, NBS1, ESC02, PTPH11, BUBIB, CREBBP, NF2, TSC1/2, WRN 2-4%
Neuroblastoma ALK1 (2p23) 1-2%
CNS Tumors PTCH1, RAS-NF1, NF2, WNT, RB1, TP53, VHL <1-3%

Abbreviations: ATRT/MRT = Atypical teratoid rhabdoid tumor tumor / malignant rhabdoid tumor; CNS = Central nervous system
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Table 3.
Primary Lung Tumors in Children™
BENIGN No (%) MALIGNANT No (%)
Inflammatory myofibroblastic tumor | 52 (44) Pleuropulmonary Blastoma 71 (22)
Hamartoma 22 (19) Neuroendocrine tumor 51 (16)
Neurogenic 9 (8) Bronchial carcinoid 51 (16)
Squamous papillomatosis 8 (7) Mucoepidermoid carcinoma 41 (13)
Other 27 (23) Bronchopulmonary fibrosarcoma | 29 (9)
“Bronchial adenoma” 27 (8)
Myosarcoma 23 (8)
Other 23(8)
TOTAL 118 (100) 316 (100)

*
Adapted from Dishop and Kuruvilla. Arch Pathol Lab Med 2008; 132:1079-1103
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