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ABSTRACT

This overview of the fifth edition of the WHO classification
of thymic epithelial tumors (including thymomas, thymic
carcinomas, and thymic neuroendocrine tumors [NETSs]),
mediastinal germ cell tumors, and mesenchymal neoplasms
aims to (1) list established and new tumor entities and
subtypes and (2) focus on diagnostic, molecular, and con-
ceptual advances since publication of the fourth edition in
2015. Diagnostic advances are best exemplified by the
immunohistochemical characterization of adenocarcinomas
and the recognition of genetic translocations in metaplastic
thymomas, rare B2 and B3 thymomas, and hyalinizing clear
cell carcinomas. Advancements at the molecular and tumor
biological levels of utmost oncological relevance are the
findings that thymomas and most thymic carcinomas lack
currently targetable mutations, have an extraordinarily low
tumor mutational burden, but typically have a programmed
death-ligand 1™&" phenotype. Finally, data underpinning a
conceptual advance are illustrated for the future classifica-
tion of thymic NETs that may fit into the classification
scheme of extrathoracic NETs. Endowed with updated
clinical information and state-of-the-art positron emission
tomography and computed tomography images, the fifth
edition of the WHO classification of thymic epithelial tu-
mors, germ cell tumors, and mesenchymal neoplasms with
its wealth of new diagnostic and molecular insights will be a
valuable source for pathologists, radiologists, surgeons, and
oncologists alike. Therapeutic perspectives and research
challenges will be addressed as well.

© 2021 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Thymoma; Thymic carcinoma; Thymic neuroen-
docrine tumor; NET G3; Germ cell tumor; WHO
classification

Introduction

The fifth edition of the “WHO Classification of
Thoracic Tumours”" is largely a revision of the fourth
edition that was entitled “WHO Classification of Tumours
of the Lung, Pleura, Thymus and Heart” and published in
2015 under the editorship of William D. Travis, Elizabeth
Brambilla, Allen Burke, Alexander Marx, and Andrew
Nicholson.? Similar to the fourth edition, the fifth edition
continues (1) to use the unique, globally accepted “type
A, AB, B1-B3 thymoma” nomenclature originally intro-
duced by the late Dr. Juan Rosai for the major thymoma
types in the second edition of the WHO Classification in
1999; (2) to cover all tumor types together with clinical,
pathologic, and genetic data in one book (introduced in
the third edition); and (3) to stress the interdisciplinary
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“tumor board approach” in mediastinal oncology that
has been prominently advocated and promoted by the
International Thymic Malignancy Interest Group
(ITMIG)® and led to the involvement of clinical experts
from radiology, thoracic surgery, and oncology as co-
authors in the fourth edition. Along these lines, the
incorporation of state-of-the-art computed tomography
and positron emission tomography/computed tomogra-
phy images and cytology has since been maintained.
Furthermore, the broad, interdisciplinary and interna-
tional consensus that underlies the fifth edition is re-
flected by a change in editorship: instead of five editors
who were in charge of the third and fourth editions
owing to their expertise in the fields of pulmonary,
pleural, thymic, and cardiac pathology, the fifth edition is
under the auspices of an editorial board comprising 16
experts from North America, Europe, and Asia with
expertise in pathology, surgery, radiology, and oncology.

The time period since the publication of the fourth
edition has seen highly dynamic new developments in
the fields of pathology, tumor biology, and medical
oncology related to thymic epithelial tumors (TETs) and
left their imprints on the fifth edition: First, a TNM
staging system for thymomas, thymic carcinomas (TCs),
and thymic neuroendocrine tumors (NETs) was
approved and published by the Union for International
Cancer Control (previously International Union Against
Cancer)” in 2017 on the basis of joint data from the In-
ternational Association for the Study of Lung Cancer and
ITMIG,” prompting the editors of the fifth edition to
adopt the TNM system as obligatory and the modified
Masaoka-Koga system as optional for the staging of
TETs.® Second, thymomas and TCs were the last cancer
group investigated by the multiomics-based The Cancer
Genome Atlas (TCGA) project, explaining why ground-
breaking new insights were mainly achieved in thymo-
mas and TC, including the realization that they exhibit
an extreme paucity of targetable mutations.”® Third,
immune checkpoint inhibitors (ICIs) targeting the
programmed cell death protein-1 or programmed death-
ligand 1 (PD-L1), approved for treatment of several
cancers since 2014,° have attracted the interest of
medical oncologists and pathologists given the frequent
expression of PD-L1 by TETs,'”"" resulting in initiation
of clinical trials to evaluate ICIs for treatment of
advanced TETs.'?"'* The results, in turn, have sparked
interest in paraneoplastic autoimmunity and bio-
markers, because the occurrence of severe immune-
related adverse events remains a major challenge."”

In the chapters on germ cell tumors (GCTs) and soft
tissue neoplasms, there are no changes in the concept or
diagnostic criteria in the fifth compared with the fourth
edition. Minor revisions concern new adaptation of
nomenclature and definitions to the fifth WHO
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Classifications of Tumours—Soft Tissue and Bone Tu-
mours'® and Tumours of the Urinary System and Male
Genital Organs."” “New” diagnostic pitfalls owing to
overlapping immunohistochemical features between
SMARCA4 thoracic tumors, NUT carcinomas, and GCTs
are also mentioned.

The subsequent review focuses on the differences
between the fourth and fifth editions of the WHO clas-
sification of solid tumors of the thymus and mediastinum
rather than providing comprehensive description of the
tumors.

Thymoma

Features Maintained

The concept of the classification, nomenclature,
diagnostic criteria, and reporting strategies for thymo-
mas and their interpretation as malignant tumors
(except for micronodular thymoma with lymphoid
stroma) have been maintained (Table 1)."® Thymomas
are classified as type A thymoma (including an atypical
variant), AB thymoma, type B thymoma (separated into
B1, B2, and B3 thymomas), micronodular thymoma with
lymphoid stroma, and metaplastic thymoma by histo-
logic features and, rarely, immunohistochemistry, such
as immature T cell content. The high frequency of the
GTF2I (p.L424H) mutation in type A and AB thymomas®
was confirmed,” although the low prevalence in type B
thymomas and TCs is less consistently reported.”**’

What Is New?

A formal new feature throughout the book is the
introduction of paragraphs termed “essential and desir-
able diagnostic criteria” where obligatory and optional
morphologic and molecular features of a given tumor
entity are listed as exemplified for each TET in the
Supplementary Table 1.

Two lesions previously listed as thymoma types are
no longer included in the fifth edition: Microscopic thy-
momas are now considered nodular epithelial hyper-
plasias because of persistent lack of evidence for their
progressive potential, and sclerosing thymomas are now
considered to represent conventional thymomas with
regressive changes.

The classification of thymomas and TCs is strongly
reinforced by new molecular findings. First, the TCGA
study’ revealed that type A and AB thymomas on one
hand and B1 to B3 thymomas on the other hand each
belong to a spectrum of tumors, with minimal overlap
between them. Both groups were genomically
completely distinct from TCs (Fig. 1). Second, gain-of-
function mutations of HRAS, such as the oncogenic
GTF2I mutation, segregated with type A and AB thymo-
mas, but loss-of-function mutations of TP53 were typical
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of type B thymomas (and TCs).” Third, chromosomal
translocations (gene fusions) have been newly recog-
nized in thymomas: metaplastic thymomas had a unique
YAP1-MAML?2 translocation,’’ whereas novel KMTZ2A-
MAML?2 translocations were restricted to 6% of pre-
treated aggressive types B2 and B3 and a combined TC
and B3 thymoma, but were not found in other thymomas
and “pure” TCs.”' Both translocations are thought to be
oncogenic drivers. Together with the well-established
MAML?2 translocation of thymic mucoepidermoid carci-
nomas, there are now three different TET types impli-
cating oncogenic involvement of the MAMLZ gene,
suggesting the possibility that the thymic niche could be
conducive to growth of clones harboring fusions
involving the MAMLZ2 gene. Fourth, micro-RNA profiles
(including overexpression of the micro-RNA cluster
miC19MC on chromosome 19) sharply separate type A
and AB thymomas from type B thymomas and TCs.****

With respect to the enigmatic triggering factors of
thymomas, the observation of an enrichment of C>T
mutations within CpG di-nucleotides is the first hint to
an aging-related pathogenesis.”

Unexpectedly, the TCGA study on thymomas did not
reveal oncogenic driver mutations amenable to
currently available targeted therapies.” Nevertheless,
the small molecule inhibitor, everolimus, is clinically
active and used for treatment of recurrent thymo-
mas.?* Furthermore, thymomas were found to exhibit
the lowest tumor mutational burden among all adult
human cancers, which might limit the value of
currently available ICIs.” Nevertheless, thymomas
count among human cancers to have the highest
prevalence of extensive and strong PD-L1 expression in
tumor cells’”"" (Fig. 24 and B), a predictive biomarker
of response to ICIs. It is the high frequency of ICI-
induced severe immune-mediated toxicity that
currently prohibits adoption of immunotherapy,
including ICIs for the management of thymomas.'®
Whether aneuploidy and particular transcriptomic
profiles that were found to be associated with the
presence of autoimmune myasthenia gravis in thymo-
mas”?® may serve as predictive biomarkers of
immune-mediated adverse events associated with ICI-
based interventions has not been evaluated.

Reporting of Heterogeneous TETSs. Although thymo-
mas composed of more than one histologic type are
common, other combinations of TETs are rare.’® Exam-
ples include combined thymic squamous cell carcinoma
and type B2 or B3 thymoma, combined TC and micro-
nodular thymoma with lymphoid stroma, combined
low-grade papillary adenocarcinoma and type A or AB
thymoma, combined sarcomatoid carcinoma and type A
or metaplastic thymoma, combined small cell carcinoma
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Table 1. WHO Classification of Thymic Epithelial Tumors, Including Thymomas, Thymic Carcinomas, and Neuroendocrine

Tumors

ICD-O Morphology and Behavior Codes

Epithelial tumors
Thymomas

8580/3

8581/3

8582/3

8583/3

8584/3

8585/3

8580/1

8580/3

9010/0

Squamous carcinomas

8070/3

8123/3

8082/3

Adenocarcinomas

8140/3

8260/3

8200/3

8144/3

Adenosquamous carcinomas

8560/3

NUT carcinomas

8023/3

Salivary gland-like carcinomas

8430/3

8310/3

8033/3

8980/3

Undifferentiated carcinomas

8020/3

Thymic carcinomas

8586/3

Thymic neuroendocrine neoplasms

Neuroendocrine tumors

8240/3

8240/3

8249/3

Neuroendocrine carcinomas

8041/3

8045/3

8013/3

Thymoma, NOS

Thymoma, type A*

Thymoma, type AB

Thymoma, type B1

Thymoma, type B2

Thymoma, type B3

Micronodular thymoma with lymphoid stroma
Metaplastic thymoma

Lipofibroadenoma

Squamous cell carcinoma, NOS
Basaloid carcinoma
Lymphoepithelial carcinoma®

Adenocarcinoma, NOS

Low-grade papillary adenocarcinoma“

Thymic carcinoma with adenoid cystic carcinoma-like features
Adenocarcinoma, enteric type®

Adenosquamous carcinoma

NUT carcinoma

Mucoepidermoid carcinoma

Clear cell carcinoma®

Sarcomatoid carcinoma

Carcinosarcoma’

Carcinoma, undifferentiated, NOS

Thymic carcinoma, NOS®

Carcinoid tumor, NOS/neuroendocrine tumor, NOS
Typical carcinoid/neuroendocrine tumor, grade 1
Atypical carcinoid/neuroendocrine tumor, grade 2
Small cell carcinoma

Combined small cell carcinoma
Large cell neuroendocrine carcinoma

Note: These morphology codes are from the International Classification of Diseases for Oncology, third edition, second revision (ICD-0-3.2) (IACR, 2019)."®
Behavior is coded /0 for benign tumors; /1 for unspecified, borderline, or uncertain behavior; /2 for carcinoma in situ and grade Ill intraepithelial
neoplasia; /3 for malignant tumors, primary site; and /6 for malignant tumors, metastatic site. Behavior code /6 is not generally used by cancer registries. This
classification is modified from the previous WHO classification, taking into account changes in our understanding of these lesions.

%Including atypical variant.

bpreviously labeled lymphoepithelioma-like carcinoma.

Previously labeled papillary adenocarcinoma.

dNewly delineated mucinous or nonmucinous adenocarcinoma with expression of at least one intestinal marker, CK20, CDX2, or MUC2.

€Including hyalinizing clear cell carcinoma.

Subtype of sarcomatoid carcinoma.

%Including hepatoid carcinoma, rhabdoid carcinoma, undifferentiated large cell carcinoma associated with Castleman disease-like reaction, and sebaceous
carcinoma.

IACR, International Association of Cancer Registries; NOS, not otherwise specified. Reprinted from WHO Classification of Tumours Editorial Board. Thoracic
Tumours. Lyon, France: International Agency for Research on Cancer; 2021 (WHO Classification of Tumours Series, 5th ed.; vol. 5, page 7, Copyright; 2021).
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Figure 1. Molecular thymoma subtypes (A-like, AB-like, B-like, and “C-like” TCs) derived from integrative unsupervised
clustering based on five data platforms largely reflect WHO histotypes.’ Key features derived from single platforms (e.g., the
overexpressed C19MC micro-RNA cluster in the A-like and AB-like cluster) are listed above the thin line, whereas results of
multiplatform analysis that integrate copy number alteration and RNA expression profiles are listed below the thin line. MNT,

micronodular thymoma with lymphoid stroma; TC, thymic carcinoma. Reproduced from Fig. 3 of Ref. 7 with permission from
Cancer Cell.
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Figure 2. PD-L1 expression in neoplastic epithelial cells of a type B3 thymoma (A and B) and undifferentiated thymic car-
cinoma (C and D). (A) Conventional histologic features of type B3 thymoma. (B) Strong, membranous PD-L1 expression in type
B3 thymoma (IHC). (C) Bone metastasis of an undifferentiated thymic carcinoma. (D) Strong, membranous PD-L1 expression

in apparently all tumors cells (IHC, TPS 100%). IHC, immunohistochemistry, using immunoperoxidase; PD-L1, programmed
death-ligand 1; TPS, tumor proportion score.
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and thymoma, and combined small cell carcinoma and
TC. The combinations usually occur not as random
events but are likely clonally related, owing to trans-
formation of a lower-grade neoplasm to a more aggres-
sive neoplasm or bidirectional differentiation of the
neoplasm. In the fifth edition of the WHO Classification
of Thoracic Tumours, the nomenclature is more
streamlined (Fig. 3). Whereas the reporting of hetero-
geneous thymomas is exclusively based on the preva-
lence of the different thymoma components, the
reporting of other combined TETSs takes the aggressive-
ness of the various components into account, when
applicable.

Open questions are addressed in the subsequent
texts together with those related to TCs.

Thymic Carcinoma

Features Maintained

The nomenclature and diagnostic criteria of most TCs
have remained unchanged. Nevertheless, changes
concern not only molecular aspects but also new histo-
logic types and subtypes (Table 1 and Supplementary
Table 1), diagnostic refinement through new immuno-
histologic criteria, and new names for old entities to
better convey tumor biology or streamline nomenclature
across thoracic cancers.”®
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What Is New?

The group of TCs now includes several new sub-
types (Table 1), which are as follows: (1) micro-
nodular TC with lymphoid hyperplasia is an
apparently less aggressive subtype of thymic squa-
mous cell carcinoma with “non-organotypic” lymphoid
stroma that otherwise mimics “micronodular thymoma
with lymphoid stroma””’ (Fig. 4A-C), (2) hyalinizing
clear cell carcinoma that resembles its salivary gland
analogue in terms of histologic featues and EWSRI
rearrangement”® (Fig. 4D-F), and (3) thymic sebaceous
carcinoma (Fig. 4G-I) that mimics its cutaneous
counterpart”’ and is currently grouped with other rare
TCs among the new, heterogeneous group of “Thymic
carcinoma NOS.”

New nomenclature and refined immunohistologic
criteria concern “papillary adenocarcinoma” that is now
labeled “low-grade papillary adenocarcinoma” to convey
its bland histologic features and mostly indolent clinical
course. High-grade adenocarcinomas with papillary fea-
tures are classified as “adenocarcinomas NOS” instead.
There have also been changes in nomenclature to align
with lung cancers, with the renaming of “lymphoepi-
thelioma-like carcinoma” as “lymphoepithelial carci-

” “Mucinous adenocarcinomas” are now either

noma.
reclassified as “enteric-type adenocarcinomas”*" if there

Combined tumors (more aggressive component first), e.g.
combined large cell neuroendocrine carcinoma and thymoma

Thymic L Small cell LargeceII.
Thymoma . Carcinoid . neuroendocrine
carcinoma carcinoma ;
carcinoma
‘ ‘ | | ‘ { * |
Thymoma | Thymoma, Thymoma (state components
different type in 10% increments)
Thymic Thymic Combined thymic carcinoma (state
carcinoma | | c2r¢homa, components in 10% increments)
different type

Figure 3. Reporting scheme for thymic epithelial tumors with heterogeneous components. Top: Any combinations of thy-
moma, thymic carcinoma, carcinoid, small cell carcinoma, and large cell neuroendocrine carcinoma can occur, as indicated
by the connecting lines. Such tumors are termed “combined tumor 1 and tumor 2,” with the more aggressive component
being listed first. *In line with the nomenclature of pulmonary neuroendocrine neoplasms, small cell carcinoma combined
with more than or equal to 10% large cell neuroendocrine carcinoma is termed “combined small cell carcinoma and large cell
neuroendocrine carcinoma,” whereas the combined tumor is only termed “small cell carcinoma” if the large cell neuro-
endocrine carcinoma component is less than 10%. Middle: Thymoma composed of two or more types are termed “thymoma,”
with listing of the components in 10% increments. Bottom: Thymic carcinomas composed of two different types are termed
“combined thymic carcinoma,” with the components listed in 10% increments.
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Figure 4. New thymic carcinoma (sub)types in the new WHO classification. (A-C) Micronodular thymic carcinoma with
lymphoid hyperplasia revealing islands of cohesive, atypical epithelial cells in a lymphoid stroma without desmoplasia; inset
highlights cytologic atypia of tumor cells. (B) Expression of CD117 (also called KIT) is common (IHC). (C) Absence of TdT(+)
immature T cells on IHC is distinctive compared with micronodular thymoma with lymphoid stroma (IHC). (D-F) Hyalinizing
clear cell carcinoma of the thymus: single or grouped clear cells in a collagen-rich stroma. (E) Diffuse p40 expression (IHC).
(F) Labeling of CK5/6(+) basal cells in the periphery of clear tumor cell groups (IHC). (G-I) Sebaceous carcinoma of the
thymus revealing multivacuolated clear cells (sebocytes) associated with basophilic squamoid cells and focal calcification.
(H) Nuclear expression of androgen receptor (IHC). (/) Adipophilin expression in “sebocytes.” IHC, immunohistochemistry

using immunoperoxidase.

is expression of one or more enteric markers, CK20,
CDX2, or MUC2, or are assigned to the new, morpho-
logically heterogeneous group of “adenocarcinomas
NOS.” Of note, enteric-type adenocarcinomas can also be
nonmucinous.

The TCGA study has revealed molecular pathogenesis
of TCs distinct from thymomas.” The identification of
only two combined TCs and B3 thymomas in an inde-
pendent cohort of more than 600 type B2 and B3 thy-
momas and TCs”' supports this conclusion.
Furthermore, the most common abnormality identified
in TCs, loss of chromosome 16q, was absent from thy-
momas, and the tumor mutational burden was higher in
TCs, particularly in the rare TC case with an inactivating
MLH1 mutation and mismatch repair deficiency (micro-
satellite instability).” Another novel disease mechanism

in TETs, chromoplexy, a single “catastrophic event”
resulting in multiple rearrangements, has been discov-
ered to result in formation of NUT-fusion oncoproteins,
the sole drivers of NUT carcinoma growth.’’ Neverthe-
less, apart from long-known rare actionable KIT muta-
tions, TCs, such as thymomas, lack recurrently mutated
genes that are currently targetable.” Nevertheless, phase
2 clinical trials have revealed the efficacy of the targeted
therapies, sunitinib, lenvatinib, and everolimus against
some recurrent TCs.”***** The underlying mechanisms
of action of these drugs remain to be clarified.

It seems promising that TCs have strong PD-L1
expression in tumor cells (Fig. 2C and D) almost as
often as in thymomas.'"** Indeed, early clinical trials
have revealed a correlation between PD-L1 expression in
TCs and the response to the ICI, pembrolizumab."*'*
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Nevertheless, severe ICI-induced immune-mediated
toxicity can occur quite often (~20%), even though TCs
are far less susceptible to develop paraneoplastic auto-
immunity compared with thymomas.'”

Open Questions in Relation to Thymomas and
TCs

The pathogenesis of most thymomas and TC remains
unknown, largely precluding targeted interventions.
Epigenetic, noncoding RNA-related and metabolic
mechanisms need further elucidation.?>***>3*¢ No bio-
markers are available to predict the response to
chemotherapy or kinase inhibitors except for rare KIT,
and even rarer PI3K mutations.”” A key challenge in
drug development for TETs is the paucity of thymoma
and TC cell lines*®*? and unavailability of more repre-
sentative preclinical models (e.g., xenografts or orga-
noids) for functional studies and high-throughput
screens. To better exploit the strong expression of
PD-L1 in TCs, new biomarkers are needed to better
predict both the response to ICIs and the risk for
development of severe immune-mediated toxicity,
including strategies to mitigate ICI toxicity while
maintaining therapeutic efficacy.
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Thymic Neuroendocrine Neoplasms

Features Maintained

The nomenclature and diagnostic criteria of NETs of
the thymus (TNETSs) and lung have remained unchanged
(Table 1 and Supplementary Table 1). TNETSs are clas-
sified into typical carcinoids, atypical carcinoids (ACs),
large cell neuroendocrine carcinomas (LCNECs), and
small cell carcinomas (SCCs). The separation of these
tumors is based on morphologic features, presence of
necrosis, and mitotic counts. Although the proliferation
marker Ki67 is very useful to exclude LCNEC or SCC in
crushed samples,*” it is unsuitable for the distinction
between typical carcinoid and AC (Fig. 5).

What Is New?

Emerging data reveal that pulmonary and thymic NETSs
fit into the common classification framework of neuroen-
docrine neoplasms elsewhere in the body*" and fall into
two main groups—low-grade (typical carcinoid, AC) and
high-grade (LCNEC, SCC) tumors. Similar to grade 3 NET in
the pancreas, recent data convincingly reveal the existence
of a group of thymic tumors with carcinoid morphologic
features and elevated mitotic counts and Ki67 index.*
Although these tumors are designated as LCNEC
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' \ /€ 3
TC AC »NET G3“ LCNEC SCC
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Figure 5. The group of atypical carcinoids with elevated mitotic counts (“NET G3”) shares morphologic, immunohisto-
chemical, and molecular features with TC and ACs and cases with relapses or metastases revealed that these tumors form a
continuum, whereas it remains to be found if such tumors can progress further to high-grade carcinomas (LCNEC and SCC).
NET G3 and LCNEC can be discriminated using a panel of immunohistochemical markers, notably chromogranin A and EZH2.
Ki67 staining is not helpful in individual cases owing to large overlap between the single entities (horizontal lines: range;
vertical lines: mean). AC, atypical carcinoid; LCNEC, large cell neuroendocrine carcinoma; mut, mutated; neg, negative;
SCC, small cell carcinoma; TC, typical carcinoid; WT, wild-type. Adapted from Dinter et al.*?
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according to current WHO criteria by virtue of high mitotic
activity, they seem more closely aligned with the low-
grade group of tumors, that is, typical carcinoid and AC.
Such “NET G3” tumors can be separated from true LCNEC
by a panel of immunohistochemical markers, including
chromogranin, EZH2, TP53, RB, and SSTR2A (Fig. 5).

Open Questions in Relation to NETs

Although the WHO classification of TNETs has
revealed prognostic relevance,”® it is currently un-
known which of the findings mentioned previously
should have an impact on clinical management. For
example, it is not known whether an “NET G3” with a
Ki67 index of 45% should be treated differently from a
true high-grade LCNEC with a Ki67 index of 55%.
Despite significant molecular overlap between low-
and high-grade NETSs, the current paradigm remains
that low-grade TNETs generally do not progress to
high-grade TNETs. It is unclear which molecular
pathways drive (and separate) these two tumor groups
and whether the essential oncogenic drivers in TNETs
are different from NETs of the lung. It is also currently
not possible to discriminate between primary TNETSs
and pulmonary NETs metastatic to the mediastinum by
immunohistochemistry.

Need for Global Cooperation to Resolve Open
Questions in Thymomas, TCs, and Thymic NETs
Research to identify molecular biomarkers,
especially those with therapeutic impact, has been
hampered by the paucity of TETs' with current
evidence mostly arising from limited, single-
institutional studies. Multi-institutional in-
vestigations driven by international organizations
such as International Association for the Study of
Lung Cancer and ITMIG were invaluable in building

Journal of Thoracic Oncology Vol. 17 No. 2
a staging system®° and uncovering molecular
properties of TETs.” In the future, more global col-
laborations are warranted to collect sufficient sam-
ples to further improve tumor classification (e.g., in
TNETs) and  discover clinically  actionable
biomarkers.

Mediastinal GCTs

Features Maintained

The concepts, nomenclature, histologic, and immu-
nohistologic criteria defining the main GCT categories
are maintained in the fifth edition of the WHO classifi-
cation (Table 2)."®

What Is New?

The term “endodermal sinus tumor” has been dis-
continued and is not recommended as a synonym for
yolk sac tumor.

New insights have been gained into the pathogenesis
of mediastinal GCTs: type I GCTs encompass infantile
teratomas and yolk sac tumors.** Somatic mutations are
usually not identified in type I teratomas. Type Il GCTs
are malignant, include seminomas and non-
seminomatous GCT, occur in adolescents and adult men,
and characteristically have gain of chromosome 12p,
most often as an isochromosome. A recent study further
suggests that mediastinal teratomas possibly develop
through two different pathways.*> Teratomas in chil-
dren, women, and a subset of men may arise from a
benign pluripotent cell, lack 12p copy number alter-
ations and cytologic atypia, often have organoid
morphologic features, and behave in a benign manner.
Pure teratomas resected in a subset of postpubertal men
after chemotherapy for mixed GCTs may derive from a
malignantly transformed precursor cell, most often
harbor 12p copy number gains and cytologic atypia, only

Table 2. 2021 WHO Classification of Mediastinal GCTs

ICD-O Morphology and Behavior Codes

9061/3
9070/3
9071/3
9100/3
9080/0
9080/1
9085/3
9084/3
9086/3

Seminoma

Embryonal carcinoma

Yolk sac tumor

Choriocarcinoma

Mature teratoma

Immature teratoma

Mixed germ cell tumor

Teratoma with somatic-type malignancies

Germ cell tumor with associated hematological malignancy

Note: These morphology codes are from the International Classification of Diseases for Oncology, third edition, second revision (ICD-0-3.2) (IACR, 2019)."®
Behavior is coded /0 for benign tumors; /1 for unspecified, borderline, or uncertain behavior; /2 for carcinoma in situ and grade Ill intraepithelial

neoplasia; and /3 for malignant tumors, primary site.
GCT, germ cell tumors; IACR, International Association of Cancer Registries.

Reprinted from WHO Classification of Tumours Editorial Board. Thoracic Tumours. Lyon, France: International Agency for Research on Cancer; 2021 (WHO

Classification of Tumours Series, 5th ed.; vol. 5, page 8, Copyright; 2021).
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rarely exhibit organoid morphologic features, and
behave in a malignant fashion. The latter teratoma likely
develops through differentiation from a malignant
component of a mixed GCT. After chemotherapy that
eradicates the primitive GCT component, persistence of
the teratoma component as malignant teratoma will
result. Although one study failed to confirm 12p copy
number gains in mature teratomas of postpubertal
men,*® none of these patients underwent presurgical
chemotherapy.

Some caveats are worth mentioning in connection
with “old” immunohistochemical GCT markers: thoracic
SMARCA4-deficient undifferentiated tumors®”*® that
most often invade the mediastinum often have SALL4,
SOX2, and vimentin expression, may or may not have
keratin positivity and, therefore, may be confused with
GCTs. Another pitfall is misinterpretation of SALL4- and
AFP-expressing NUT carcinomas as genuine GCTs,"” and
conversely, the frequent expression of wild-type NUT
protein in GCTs that can lead to the misdiagnosis of NUT
carcinoma.”’

Open Questions
An unresolved problem is lack of an official, mean-
ingful staging system for primary mediastinal GCTs.

Mesenchymal Tumors of the
Mediastinum

Features Maintained

Nomenclature and diagnostic criteria of all entities
are largely maintained (Table 3).'® The molecular pa-
thology of mediastinal mesenchymal tumors corre-
sponds to those occurring elsewhere. The current edition
re-emphasizes the importance of immunohistochemical
and molecular testing in establishing the correct diag-
nosis. No conceptual, diagnostic, or molecular changes
have been published on desmoid fibromatosis and most
lipomatous and malignant vascular tumors.

What Is New?

In contrast to the previous WHO classification of
thoracic tumors, the fifth edition discusses only the most
common mesenchymal tumors and those characteristi-
cally encountered in the thorax (Table 3). Thymolipoma
as the only thymus-specific mesenchymal tumor is
included in this section. The full repertoire of soft tissue
tumors is covered in the WHO classification of soft tissue
and bone tumor volume.'®

Lipomas and all types of liposarcoma have been re-
ported in the mediastinum and can occur in all mediastinal
compartments, particularly in the anterior (prevascular)
and posterior (paravertebral) compartments. MDM2 and
CDK4 nuclear expression or evidence of MDMZ gene
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(12p15) amplification is desirable diagnostic criterion for
well-differentiated and dedifferentiated liposarcomas. In
myxoid liposarcoma, DDIT3 immunohistochemistry is a
new option,SL52 and confirmation of DDIT3 gene rear-
rangement or detection of specific FUS-DDIT3 or EWSR1-
DDIT3 gene fusion is desirable criterion in selected cases.

Solitary fibrous tumor can rarely occur in the medi-
astinum. Immunohistochemistry to reveal nuclear STAT6
resulting from a NAB2-STAT®6 gene fusion is most helpful
in establishing the diagnosis.”® Rather than classifying
solitary fibrous tumor as benign, malignant, or of uncer-
tain malignant potential, the fifth edition recommends
reporting the risk according to the proposed three- and
four-variable risk stratification models®*> (Table 4).

Primary intrathoracic synovial sarcoma is uncom-
mon, and its diagnosis is facilitated by the demonstration
of one of the characteristic SS18-SSX fusions. A novel
antibody against the SS18-SSX fusion protein, not avail-
able at the time of publication of the WHO classification
blue book, is a welcome addition to aid in routine diag-
nosis of synovial sarcoma owing to its high sensitivity
and specificity.”®”” Nevertheless, rare cases stain nega-
tive and may still need $518-SSX translocation analysis
and exclusion of mediastinal spindle cell tumor mimics
through immunohistochemistry and molecular testing
(Supplementary Table 2).

Benign vascular tumors such as hemangiomas occur
in the thymus and slightly more often in the anterior
rather than the posterior mediastinum. Many lesions
previously described as cavernous or venous hemangi-
omas are now considered to be venous malformations as
defined by the classification of the International Society
for the Study of Vascular Anomalies.”®

Peripheral neuroblastic tumors (neuroblastoma,
ganglioneuroblastoma, ganglioneuroma) occur in the
posterior mediastinum. Rarely, neuroblastoma and gan-
glioneuroma occur in the thymus of adults presenting
with the syndrome of inappropriate secretion of antidi-
uretic hormone or with a thymic cyst. It is desirable to
perform molecular testing for MYCN, ALK, TERT, and
ATRX status, DNA index and segmental chromosomal
aberrations for predicting clinical behavior.””

Relevant Findings Since the Publication
of the WHO Classification

Frequent expression of cancer testis antigens, spe-
cifically MAGE-A, MAGE-C1, NY-ESO-1, SAGE, and GAGE?7,
was described in up to 43% of thymomas and TCs, and
expression of SAGE and GAGE7 was associated with a
poor prognosis in type B2 and B3 thymomas.®” In
TCs, higher expression of GAD1 in relation to GADI
hypermethylation was associated with an adverse
clinical course.** These findings might have an
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Table 3. 2021 WHO Classification of Mesenchymal Tumors of the Thorax

ICD-O Morphology and Behavior Codes

Adipocytic tumors

8850/0 Lipoma, NOS*

8850/0 Thymolipoma®

8850/3 Liposarcoma, NOS

8851/3 Liposarcoma, well-differentiated®
8852/3 Myxoid liposarcoma?®

8854/3 Pleomorphic liposarcoma®

8858/3 Dedifferentiated liposarcoma®
Fibroblastic and myofibroblastic tumors

8821/1 Desmoid-type fibromatosis®

8815/1 Solitary fibrous tumor, NOS?
8817/0 Calcifying fibrous tumor

8825/1 Inflammatory myofibroblastic tumor
8811/3 Myxofibrosarcoma

Vascular tumors

9120/0 Hemangioma, NOS

9121/0 Cavernous hemangioma

9122/0 Venous hemangioma

9132/0 Intramuscular hemangioma
9123/0 Arteriovenous hemangioma®
9170/0 Lymphangioma, NOS

9173/0 Cystic lymphangioma

9133/3 Epithelioid hemangioendothelioma
9120/3 Angiosarcoma®

Skeletal muscle tumors

8900/3 Rhabdomyosarcoma, NOS

8910/3 Embryonal rhabdomyosarcoma
8912/3 Spindle cell rhabdomyosarcoma
8920/3 Alveolar rhabdomyosarcoma
8901/3 Pleomorphic rhabdomyosarcoma
Peripheral nerve sheath and neural tumors

8693/3 Extra-adrenal paraganglioma
9580/0 Granular cell tumor

9580/3 Granular cell tumor, malignant
9560/0 Schwannoma

9540/3 Malignant peripheral nerve sheath tumor
9490/0 Ganglioneuroma®

9490/3 Ganglioneuroblastoma®

9500/3 Neuroblastoma®

Tumors of uncertain differentiation

9040/3 Synovial sarcoma, NOS

9041/3 Synovial sarcoma, spindle cell
9042/3 Synovial sarcoma, epithelioid cell
9043/3 Synovial sarcoma, biphasic

9364/3 Ewing sarcoma

9367/3° CIC-rearranged sarcomal

9368/3° Sarcoma with BCOR genetic alterations
9366/3° Round cell sarcoma with EWSR1-non-ETS fusions

Note: These morphology codes are from the International Classification of Diseases for Oncology, third edition, second revision (ICD-0-3.2) (IACR, 2019)."®
Behavior is coded /0 for benign tumors; /1 for unspecified, borderline, or uncertain behavior; /2 for carcinoma in situ and grade lll intraepithelial
neoplasia; and /3 for malignant tumors, primary site.

“Tumors that most often occur in the mediastinum are labeled (?). Mesenchymal tumors that are specific for the lung and heart are described separately in the
respective sections.

bCodes marked with an (°) were approved by the International Agency for Research on Cancer/WHO Committee for ICD-O at its meeting in October 2020.
IACR, International Associaton of Cancer Registries; NOS, not otherwise specified.

Reprinted from WHO Classification of Tumours Editorial Board. Thoracic Tumours. Lyon, France: International Agency for Research on Cancer; 2021. (WHO
Classification of Tumours Series, 5th ed.; vol. 5, page 6, Copyright; 2021)
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Table 4. Solitary Fibrous Tumor: New Four-Variable Risk Model for the Prediction of Metastatic Risk

Risk Factor Cutoff Value Points Assigned
Age (y) <55 0
>55 1
Mitoses/2 mm? 0 0
1-3 1
>4 2
Tumor size (mm) 0-49 0
50-99 1
100-149 2
>150 3
Tumor necrosis <10% 0
>10% 1
Risk Low 0-2 points
Intermediate 3-4 points
High 5-6 points

Note: Compared with the historic three-variable model, the new model takes necrosis into account.

immunotherapeutic perspective. Finally, 80% of thymic
squamous cell carcinomas, including all KIT(+) cases,
were just described as POU2F3-positive “tuft cell-like
cancers,” which share a unique gene expression profile
not only with normal chemosensory tuft cells*® but also
with 20% of small cell lung cancers®' and smaller subset
of NSCLC.>® Because almost all “tuft cell-like cancers”
lack targetable mutations, this hints to a currently un-
known carcinogenic mechanism in tuft cell-like cancers,
including thymic squamous cell carcinomas.*®
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