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Introduction
Epidemiology

Thymic epithelial tumors (TETs) are rare malignancies. The global annual incidence ranges from 1.3 to 3.2 per
million. The Italian Association of Cancer Registries (AIRTUM) monograph on rare cancers reports an overall
incidence of TETs of 3.6 per million/year (around 230 new cases/year). Most of TETs are thymomas (incidence
rate 2.8/1,000,000), whereas thymic carcinoma is extremely rare (incidence < 0.1/1,000,000). Around 1,900
patients are estimated to be living with TET in Italy in 2010. These data, referring to the period of diagnosis
2000-2010, are likely to be underestimated. Indeed, they are based on the old WHO classification, where

some encapsulated tumors were not included in the definition of “malignant”.t

The survival rates of patients at one and five years from diagnosis are 85% and 68%, respectively. However,
survival is quite different between thymoma and thymic carcinoma, with 70% and 37% of patients surviving
at five years, respectively. The median age is 50-60 years at diagnosis, but cases have also been observed in
childhood and old age. Incidence is the same in all genders, although a slight female predominance has been
observed for thymoma types A, AB, and B1. In contrast, a slight male predominance has been observed for

thymic carcinoma.?

Neither genetic nor environmental risk factors have been identified for TETs. Some reports describe a
moderate risk increase after exposure to ionizing radiations and in states of immunodepression (e.g., HIV
infection, solid organ transplantation). However, these observations are unreliable due to the difficult
differential diagnosis between a TET and a rebound thymic hyperplasia, common in such conditions. A
higher incidence of TETs has been observed in some families with Multiple Endocrine Neoplasia (MEN) 1, in
the context of general susceptibility to cancer. On the contrary, the patients with a previous diagnosis of
TETs have a higher risk of developing second extra-thymic malignancies (e.g., gastric, colorectal, pancreatic,
thyroid carcinomas; diffuse large B cell lymphoma, leukemia). This observation is obscure; shared etiologic

factors, immunologic impairment, or a surveillance bias may be implied.?

One-third of TET patients are asymptomatic at diagnosis; one third have signs and symptoms of mediastinal
invasion (e.g., thoracic pain, cough, dyspnea); one third are diagnosed after the onset of a TET-associated

immune-mediated disease.*

Diagnostic workup
The diagnostic suspicion starts from anamnesis, physical examination, lab tests, and imaging. A TET is the

most likely diagnosis of an anterior mediastinal mass. The differential diagnosis among TETs, thymic
hyperplasia, and the thymic remnant is often challenging. Thymic lymphoid hyperplasia is more frequently
observed in myasthenia gravis (MG), but also hyperthyroidism, connective tissue diseases, and vasculopathy.
Other differential diagnoses include lymphoma, teratoma, seminoma, and non-seminomatous germ cell

tumors.®



The thorax computed tomography (CT) is the gold standard for TET diagnosis and evaluation of surgical
excision. Magnetic resonance (MRI) is helpful for patients with allergies to CT contrast and differential
diagnosis between thymoma and thymic hyperplasia. Positron-emission tomography (*¥FDG-PET) is not
generally recommended for the differential diagnosis of mediastinal masses, as both thymoma and thymic
hyperplasia can be similarly ®FDG-avid. However, FDG-PET can be useful for staging TET more aggressive

histotypes.®

A diagnostic biopsy is not indicated if the diagnosis of TETs is likely (based on clinical and radiological data),
and a radical surgical excision can be obtained. Nonetheless, the biopsy should be considered if radical
surgery involves resectioning extra-thymic mediastinal structures (e.g., pleura, pericardium, vessels). Indeed,
in this case, a pre-operative treatment should be multidisciplinary discussed, particularly for aggressive
histologies (e.g., thymoma type B3, thymic carcinoma). The diagnostic assessment can be performed through
percutaneous biopsy or surgical access (either mediastinoscopy or mini-thoracotomy or video-assisted
thoracic surgery [VATS]). In any case, large and multiple tissue samplings are required to obtain the correct

diagnosis. Fine-needle aspiration biopsy for cytology is usually considered inadequate.”®

Pathologic classification
The definition “TETs” encompasses a heterogeneous group of malignancies with a complex histopathological

classification.

All TETs are composed of a lymphocytic and an epithelial component; only the latter is malignant. TET
histotypes are distinguished by the different histologic appearance and architecture of the epithelial cells,
the abundance and distribution of the intra-tumor lymphocytes. All TETs are malignant: the previously
diffused definition “benign thymoma” used for the most indolent subtypes is now considered misleading.
The classification of TET histotypes is currently based on the World Health Organization (WHO) 2015, in
association with the “refined criteria” proposed by the International Thymic Malignancies Interest Group

(ITMIG) pathology workshop (Table 1).1%*2

Table 1. Diagnostic criteria of thymoma subtypes and thymic carcinoma, according to WHO and ITMIG.

Histotypes WHO diagnostic criteria ITMIG “refined criteria”
Thymoma A Bland, spindle-shaped epithelial | - Encapsulated, lobulated
cells (at least focally); paucity or tumor
absence of immature T cells | - Micro-cysts
throughout the tumor - Spindle-like  cells  without
atypia
- Cells organized in rosettes,
glands, glomeruloid




structures, meningioma-like
fascicules, storiform
distribution

- Hemangio-pericytic
vascularization

- Rare peri-vascular spaces

(<10%) or

- Rare absent

lymphocytes (<10%)

e Atypical thymoma A

Diagnostic criteria of thymoma A
and at least one of the following:
comedo-type necrosis; increased

mitotic count (>4/2mm?); nuclear

\\

crowding
Thymoma AB Bland, spindle-shaped epithelial | - Often well defined, lobulated
cells  (at least  focally); tumor
abundance of immature T cells | - Areas of thymoma type A with
focally or throughout the tumor fascicles of spindle-like cells
and lymphocyte-enriched
areas in variable proportions,
separated or mixed
- Isolated epithelial cells within
the lymphocyte-enriched
areas
Thymoma B1 Thymus-like architecture and | - Thymus-like architecture

cytology: abundance of immature
T cells, with areas of medullary
differentiation (medullary
islands); paucity of polygonal or
dendritic epithelial cells without

clustering (i.e., <3 contiguous

epithelial cells)

- Large lobules

- Scarce epithelial cells, with an
oval nucleus and small
nucleolus, not forming nests

- Always medullary

differentiation (mature B and

T lymphocytes, Hassall

corpuscles, myoid cells)

- Perivascular spaces




Thymoma B2 Increased numbers of single or | - Often well defined, lobulated
clustered polygonal or dendritic tumor
epithelial cells, intermingled with | - Lymphocyte-enriched (“blue
abundant immature T cell tumor”)

- Epithelial cells with a round
nucleus and vesicular
chromatin, forming nests

- Peri-vascular spaces

- Scarce medullary
differentiation

Thymoma B3 Sheets of polygonal slightly to | - Often well defined, lobulated

moderately atypical epithelial
cells; absent or rare intercellular
bridges; paucity or absence of

intermingled T cells

tumor with septa

- Few lymphocytes (“pink
tumor”)

- Polygonal cells with moderate

atypia
- Pushing borders on the
invasive front
- Peri-vascular  spaces  with
palisades
- Absence  of intercellular
bridges
Micronodular thymoma with | Nodules of bland spindle or oval | \\
lymphoid stroma epithelial cells, surrounded by an
epithelial  cell-free  lymphoid
stroma
Metaplastic thymoma Biphasic tumor composed of solid | \\
areas of epithelial cells in a
background of bland-looking
spindle  cells; absence of
immature T cells
Other rare thymoma subtypes Microscopic thymoma, sclerosing | \\

thymoma, lipofibroadenoma




Thymic carcinoma - Atypical epithelial cells

; - Absence of immature
e Squamous cell carcinoma
lymphocytes
* Basaloid carcinoma - Nests of polygonal epithelial
e Mucoepidermoid cells
carcinoma same diagnostic criteria for - Desmoplastic stroma with

Lymphoepithelioma-like

carcinoma
Clear cell carcinoma

Sarcomatoid carcinoma

carcinomas originating in other lymphocytes and plasmacytes

organs .
g - Absence of peri-vascular
spaces

- Inter-cellular bridges

Besides these histotypes, other even rarer tumors diagnosed in the thymus include thymic adenocarcinoma,

NUT middle-line carcinoma, thymic neuroendocrine tumors, germ cell tumors, mediastinal lymphomas,

mediastinal histiocytic and dendritic cell neoplasms, myeloid sarcoma and extramedullary acute myeloid

leukemia, mediastinal soft tissue tumors. Mixed tumors composed of two or more histotypes are not rare.

The pathologist must list the different components in these cases, starting from the prevalent one. As an

exception, if an even small component of thymic carcinoma is identified, the tumor must be defined as a

thymic carcinoma combined with a thymoma subtype or another type of carcinoma.

8,13

The ITMIG has proposed the following recommendations for TETs pathological analysis:

Macroscopic examination

O

e}

O

Direct communication with the surgical team is crucial to identify the areas where a tumor
invasion is suspected. These regions must be marked before dissection.

The correct orientation of the surgical piece through yarns or ink is essential.

The surgical specimen must be examined through at least one section for a centimeter or
totally in case of small tumors. Surgical reference points must mark the tumor section. If
possible, also some specimens of surrounding normal thymus should be analyzed.

The anatomic correlative of the surgical reference points must be specified.

If possible, some tumor samples should be preserved frozen.

Evaluation of resection margins

O

Margins can be defined as negative if the whole tumor is surrounded by normal tissue, the
tissues invaded by cancer (e.g., pleura, pericardium) are surrounded by normal tissue, or the
thymic capsule/ink-marked surgical margins are free from tumor invasion.

Margins must be defined as positive if the tumor is extended to an ink-marked surgical

specimen or the distance between the cancer and the resection margin cannot be identified.



e Evaluation of the tumors resected after pre-operative treatment

o The percentage of vial cells must be specified by increments of 10% on at least five tumor

sections.'>*

The standard panel of immunohistochemical staining for the differential diagnosis of TETs includes CK

AE1/AE3, p63, TdT, CD20, CD5, CD117, and Glut-1. In particular, the co-expression of the markers CD5 and

CD117 is found in more than 80% of thymic carcinomas, while it is sporadic in other thoracic malignancies

(e.g., lung cancer). In the case of undifferentiated mediastinal carcinomas, the pathologist should also look

for neuroendocrine markers, NUT rearrangements, and SMARC4 inactivation to differentiate a thymic

carcinoma from a middle line NUT carcinoma (with the typical BRD4-NUT rearrangement) and a mediastinal

sarcoma (with SMARC4 inactivation). The complete panel of most relevant immunohistochemical markers

and their significance is exposed in Table 2,15

Table 2. Recommended immunohistochemical panel for differential diagnosis of TETs.

Immunohistochemical staining

Expression and utility

Cytokeratins

- Cortical and medullary thymic epithelial cells

CK19 - Cortical and medullary thymic epithelial cells
CK10 - Mature medullary thymic epithelial cells, Hassall
corpuscles, and epidermoid thymic epithelial cells
- Focally positive in thymomas type B and
squamous thymic carcinoma
- Negative in thymoma types A and AB
CK20 - Negative in normal and neoplastic thymic
epithelial cells
- Sometimes positive in rare thymic
adenocarcinoma (differential diagnosis:
mediastinal metastasis from other organs)
p63 - Cortical and medullary thymic epithelial cells
- Cross-reaction with neoplastic cells of large B cell
mediastinal lymphoma
CD5 - Tlymphocytes

- Epithelial cells of about 70% of squamous thymic

carcinoma




CDh20 - B lymphocytes
- Epithelial cells of about 50% of thymoma types A
and AB

CD117 - Epithelial cells of about 80% of squamous thymic

carcinoma

PAX8 - Positive in thymomas and most cases of thymic

carcinoma

Terminal deoxynucleotidyl transferase (TdT) - Immature T lymphocytes in normal thymus and
thymoma

- Lymphoblastic lymphoma

Desmine - Myoid cells in thymic medulla, thymoma type B1,
rarely thymoma types B2-B3, and thymic

carcinoma

Ki-67 - All proliferating cells (immature T lymphocytes in
the cortex of normal thymus, most thymomas,

lymphoblastic lymphoma...)

GLUT1 - Cortical and medullary thymic epithelial cells
- 80% of thymic carcinoma (diffuse) and thymoma

type B3 (focal)

Considering the diagnostic complexity of TETs, the diagnosis should always be made on histologic samples
from core biopsies or (preferentially) surgical specimens; cytology is generally regarded as inadequate.
Furthermore, a second look at the diagnostic specimens from an experienced pathologist in a reference
Center is highly recommended. Literature data have shown a diagnostic discordance among pathologists in

40% of cases, with a potential therapeutic shift in almost 10%.%7/18

Staging
TET staging consists in defining the anatomical boundaries of the disease. The different staging systems

developed help assess tumor prognosis.

In general, TET staging has a surgical basis. The Masaoka-Koga staging system has been the most widely used
for routine TET staging (Table 3). In 2011, the International Association for the Study of Lung Cancer (IASLC)
and the ITMIG proposed the first version of the TNM staging system dedicated to TETs (Table 4a-b). Although
most guidelines consider both methods, this new classification has formally replaced the Masaoka-Koga
staging system. Although some similarities exist, the new TNM classification leads to a different distribution

of some stages: stages | and Il of Masaoka-Koga are included in stage | of the TNM system, and pericardium



invasion is classified as stage Il of TNM. In contrast, stage Ill of TNM is further divided into llla and lllb

according to the invasion of surrounding structures.'®>

Table 3. The Masaoka-Koga staging system.

Stage Definition

I Grossly and microscopically completely

encapsulated tumor

lla Microscopic trans-capsular invasion

lb Macroscopic trans-capsular invasion into thymic or
surrounding fat tissue; or tumor grossly adherent to

mediastinal pleura/pericardium without invasion

[ Macroscopic or microscopic invasion into neighbor
organs (i.e., pleura, pericardium, prominent vessels,

lung)

IVa Pleural or pericardial metastases (nodules

separated from the primary tumor)

IVb Lymphogenous or hematogenous metastases

Table 4a. The eighth edition of the TNM staging system.

Category Descriptor
T Local extension/invasion
TX Primary tumor cannot be assessed
T0 No evidence of primary tumor
Tla Tumor encapsulated or extending into the

mediastinal fat, without mediastinal pleural

involvement

Tlb Tumor encapsulated or extending into the
mediastinal fat, with direct invasion of the

mediastinal pleura

T2 Tumor with direct invasion of the pericardium

(either partial or full-thickness)




T3 Tumor with direct invasion into any of the following:
lung, brachiocephalic vein, superior vena cava,
phrenic nerve, chest wall, extra-pericardial
pulmonary artery or vein

T4 Tumor with direct invasion into any of the following:
aorta, arch vessels, intra-pericardial pulmonary
artery, myocardium, trachea, esophagus

N Loco-regional nodal involvement °

NX Regional lymph nodes cannot be assessed

NO No regional lymph node metastases

N1 Metastasis in anterior peri-thymic lymph nodes °

N2 Metastasis in deep intra-thoracic or cervical lymph
nodes ©

M Distant metastases

MO No distant metastatic sites

M1la Separate pleural or pericardial nodule

M1b Distant metastasis beyond the pleura or
pericardium (including intra-parenchymal lung
nodules)

2 Lymph node involvement should be histologically proven.

® The anterior peri-thymic region is extended from the hyoid bone to the diaphragm, anteriorly delimited by

the sternum, posteriorly delimited by the trachea and the pericardium, laterally delimited by mediastinal

borders of the carotidal case in the neck and mediastinal pleura in the thorax.

¢The deep intra-thoracic and cervical regions are laterally delimited by the medial margin of the trapezium

in the neck and lung hilum in the thorax, posteriorly delimited by the esophagus and spine. N2 stations

include para-tracheal, sub-carinal, aortopulmonary, hilar, jugular, and supraclavicular lymph nodes.

Table 4b. Stage grouping into categories according to the eighth edition of the TNM staging system.

Stage

T

N M

T1

NO MO




Il T2 NO MO

E T3 NO MO

b T4 NO MO

IVa T any N1 MO
T any NO,1 M1la

IVb T any N2 MO, M1a
T any N any M1b

TET-associated autoimmune diseases
About one-third of TET patients are diagnosed with an autoimmune disease. These TET-associated conditions

are due to a dysregulation in T lymphocyte differentiation within the thymus and an aberrant antigen
expression by the TET. One of the most critical pathogenetic mechanisms is the loss of the Auto-Immune
Regulator (AIRE) transcription factor, responsible for the transcription of the genes that regulate self-antigens
expression within the thymus. Therefore, TET-associated autoimmune diseases are not properly
paraneoplastic syndromes. Most of them are antibody-mediated, even if a T lymphocyte-mediated reactivity

has been sometimes identified.?*?*

The most common autoimmune disease is myasthenia gravis (MG), diagnosed in almost one-third of TET
patients; conversely, only 10-15% of myasthenic patients have a concomitant thymoma. Considering the
higher prevalence of thymic hyperplasia in this context, a diagnostic biopsy is required. The MG screening
through the dosage of specific circulating antibodies is recommended at TET diagnosis, particularly when
surgery is planned. Indeed, paucisymptomatic myasthenic patients can experience severe exacerbations
after general anesthesia or surgery. Almost all the TET patients with MG are seropositive for the anti-
acetylcholine receptor (AChR) antibodies; few cases with the positivity of other antibodies (anti-muscular
tyrosine-kinase [MUSK], anti-low-density lipoprotein 4 [LRP4]) have been described, whereas seronegative
MG is very rare. These atypical cases of MG are more often severe and resistant to treatments.
Electromyography is not required in the case of antibody positivity, except for patients with ambiguous
clinical manifestations. The diagnosis of TET and MG can be synchronous, or MG can manifest some years
before/after the diagnosis of the TET. In general, any unexplained exacerbation of MG should suggest ruling
out the presence of a TET (or a TET relapse/progression, in case of a previous diagnosis). MG symptoms
include fatigue and fluctuating muscle exhaustion involving different body districts (extrinsic ocular, skeletal,
and respiratory muscles in a progressive severity gradient). TET-associated MG is often more refractory and
symptomatic than the idiopathic counterpart, although it can substantially improve after tumor removal.
Consequently, radical surgery is mandatory, whenever feasible, in all cases of MG associated with a TET.

Medical treatment includes anticholinesterase agents (pyridostigmine), immunosuppressant drugs (steroids,



cytostatic agents), and immune-modulatory therapies (plasmapheresis, high dose intravenous human

immunoglobulins). Many novel agents are being tested in the context of clinical trials.?>%

Many other autoimmune disorders have been described as associated with TETs, mostly involving the
neurologic system but potentially interfering with any organ or apparatus. They are all rare, diagnosed in <5%

of TET patients. Main TET-associated autoimmune diseases include:30-32

Neuromuscular disorders

o MG

o Limbic encephalopathy
o Peripheral neuropathy
o Neuromyotonia

o Stiff person syndrome

o Polymyositis

Hematologic disorders
o Pure red cell aplasia
o Pernicious anemia
o Pancytopenia
o Hemolytic anemia

Connective tissue disorders

o Systemic lupus erythematosus
o Rheumatoid arthritis

o Sjogren syndrome

o Scleroderma

o Interstitial pneumonia

Immune deficiency disorders
o Hypogammaglobulinemia (Good syndrome)
o T-cell deficiency syndrome

Endocrine disorders

o Autoimmune polyglandular syndrome
o Addison syndrome

o Thyroiditis

Dermatologic disorders
o Pemphigus
o Lichen planus
o Chronic mucocutaneous candidiasis

o Alopecia areata



e Miscellanea
o Giant cell myocarditis
o Glomerulonephritis/nephrotic syndrome
o Ulcerative colitis

o Hypertrophic osteoarthropathy

The essential diagnostic screening for most common autoimmune diseases, which should be proposed to all

TET patients at diagnosis, includes:®

e Full blood cell count with reticulocyte count

e Electrophoresis of serum proteins with dosage of immunoglobulin subclasses
e Dosage of creatine phosphokinase (CPK)

e Dosage of anti-nuclear autoantibodies

e Dosage of anti-AChR antibodies

e Dosage of thyroid stimulating hormone (TSH)

Principles of treatment
The treatment of TETs is complex, often implying the concomitant or sequential intervention of different

specialists (thoracic surgeon, radiation oncologist, medical oncologist). Indeed, each case of TET should
always be multidisciplinary discussed since diagnosis. It is also highly recommended that TET patients are
taken in charge of dedicated and experienced institutions.

Surgery

Whenever feasible, the radical excision of the tumor and all its localizations is the cornerstone of TET

treatment. Radical surgery is the most critical favorable prognostic factor for this disease.’

For stage I-1l TETs, the surgical procedure is generally an en bloc thymo-thymectomy, enlarged to peri-thymic
and anterior mediastinal fat tissue, involving the mediastinal pleura if necessary. For stage IlI-IV TETs, the
surgical approach usually implies an en bloc resection of the tumor and surrounding structures (lung -atypical
resection preferred to lobectomy and pneumonectomy-, pleura, pericardium, big vessels). However, a pre-
operative treatment is often indicated in these cases. Simple thymomectomy and partial/unilateral
thymomectomy are not recommended. The surgical procedure should be completed by systematic lymph
node dissection, and removal of all suspect enlarged lymph nodes. An N1 dissection is adequate for stage I-
Il thymoma, while at least a sampling of N2 stations is required for stage Ill-IV thymoma; complete N1 and
N2 dissection is mandatory in thymic carcinoma, considering the high rate of lymphatic spread (20% vs. 3%

of thymoma). An exploration of the pleural cavity is needed in any case of pleural involvement.333°

The surgical access depends on the localization and the extension of the tumor. The traditional access
consists of median sternotomy. Bilateral anterior thoracotomy with transverse sternotomy or partial

longitudinal sternotomy with anterolateral extension in thoracotomy can be considered for high volume



masses or when a pleural/lung excision is likely. Nowadays, mini-invasive surgical approaches are proposed
for TETs <4 cm without suspect of invasion. Mini-invasive surgery encompasses a variety of techniques,
including video-assisted thoracic surgery (VATS) and robotic surgery. Despite the growing appeal of these
approaches, reliable guidelines on their indications and limits are still lacking for TETs. They can be proposed
for stage | TETs, must be discussed for stage Il TETs, and are not applicable for stage IlI-IV TETs. In any case,
they must guarantee the complete excision of the tumor, the residual thymus, and the peri-thymic/anterior
mediastinal fat tissue. The risk of the conversion to an open procedure is justified in case of unforeseen

capsule invasion, incomplete resection, tumor rupture, or difficult dissection.3¢37

The thoracic surgeon should guarantee the correct orientation of the surgical specimen for pathology. Any
resection margin where the presence of tumor invasion or incomplete resection is suspected should be

marked with clips to point to the subsequent radiation therapy.**

Debulking/cytoreductive surgery can be an option for thymoma to ease the administration of radiation
therapy, reducing the radiation field. Furthermore, protocols of intra-pleural hyperthermic chemotherapy
with mitomycin, cisplatin, or adriamycin can be proposed, preferably in the context of a clinical trial. Anyway,
a multidisciplinary discussion is mandatory for all these cases.3®3°

Radiation therapy

Radiation therapy indications for TETs are not homogeneous due to the lack of prospective randomized trials.
Evidence derives primarily from pooled retrospective analyses and small single-institution prospective
experiences. The trend is to question the generalized administration of post-operative mediastinal irradiation
after thymic resection, reserving radiation for high-risk patients. Several pieces of evidence suggest this

indication:*%43

o lack of survival benefit with radiation therapy for resected stage | thymoma, but survival benefit for
resected stage Il-1ll thymoma

e no difference in relapse rate after complete resection of thymoma, but a survival benefit with
radiation therapy

e a benefit in terms of relapse-free survival (RFS) and overall survival (OS) with radiation therapy for

thymic carcinoma

The tumor stage and the radicality of the surgical procedure are also criteria for balancing the risks and
benefits of mediastinal radiation therapy. We must consider that TETs usually relapse in extra-mediastinal

sites (60% of cases).**
The dose constraints of mediastinal radiation therapy are defined in the ITMIG specific guidelines.*®

High-dose conformation radiation techniques, particularly intensity-modulated radiation therapy (IMRT),

should be preferred to spare mediastinal structures. Innovative methods of radiation therapy with heavy



particles (e.g., protons) have shown promising activity and dosimetric advantages in comparison with IMRT,
thanks to the high spatial selectivity, which allows optimal mediastinal organ sparing. Based on these
preliminary results, proton therapy could be considered in the context of clinical trials.*®%”

Post-operative radiation therapy

In terms of dose and fractioning, the optimal modality of radiation delivery has not been set yet.
Recommendations are based on expert consensus. The field of mediastinal radiation therapy should include
the whole thymic lodge and all sites of tumor invasion (pericardium, pleura, lung, big vessels). The pre-
operative imaging aids in defining the correct radiation volume, and the positioning of radio-opaque clips by
the surgeon is often of help. In the case of administration of pre-operative chemotherapy, the volume should
be defined according to the pre-chemotherapy imaging instead of the pre-surgical evaluation. The irradiation

of supra-clavicular regions is not recommended, given the lack of proven benefit for this procedure.*®

A dose of 45-50 Gy is standard after TET complete resection. In case of incomplete resection, the dose should
increase to 56 Gy, with boosts on the high-risk sites marked by clips. Post-operative radiation therapy should

begin within three months after surgery.?

Regarding indications, postoperative radiation therapy is never indicated after complete resection of a stage
| thymoma and is generally not proposed after complete resection of a stage Il thymoma. In this case,
radiation can be discussed only for the most aggressive histologies (B2, B3) or in the presence of massive
capsular invasion (stage Ilb according to Masaoka-Koga). On the contrary, postoperative radiation therapy is

recommended to prolong RFS and OS after complete resection of a stage Ill thymoma.*

In the context of thymic carcinoma, radiation therapy is an option after complete resection of stage | disease,
is recommended after complete resection of stage Il disease, and is mandatory after resection of stage Il

disease.”®

Similarly, postoperative radiation therapy is recommended after incomplete resection of a stage IVa
thymoma or thymic carcinoma.*®

Definitive radiation therapy

Definitive radiation therapy can be proposed for locally advanced TETs, which are not amenable to radical
surgery. In this case, it is often associated with chemotherapy, which can be concomitant or sequential.
Cisplatin and etoposide are the preferred regimen. The dosage of radiation therapy is usually 260 Gy. The
same strategy, alone or in association with chemotherapy, can be applied to R2 resection (i.e., macroscopic
residual disease) and with debulking indications. Definitive radiation therapy can be proposed for both
thymoma and thymic carcinoma but finds most of its indications in the last category.>!

Palliative radiation therapy

Radiation therapy has a palliative role in metastatic disease (i.e., stage IVb). Doses are usually decided based

on the patient’s conditions, the symptoms, the nature, and the extension of the target lesion. The most



common target is bone, which can receive different doses and schedules of radiation (8 Gy in one fraction,

20 Gy in five fractions, 30 Gy in ten fractions).>?

A particular case is the oligo-metastatic disease, defined as the presence of one to three distant localizations.
In selected patients, radiation therapy with radical doses (more rarely surgery) on the primary tumor
associated with radiation therapy on the metastases can obtain long-term disease control and prolonged

survival. A dedicated multidisciplinary team should carefully discuss all these cases.>

Chemotherapy
Chemotherapy can be indicated in three contexts for the treatment of TETs.

Adjuvant chemotherapy
Post-operative chemotherapy to reduce relapse risk has never shown benefits for thymoma. Therefore, it is
not indicated. Very few data suggest that it can be proposed in the cases with the worst prognosis

(incompletely resected thymoma type B3), but this point is controversial.>*

On the other hand, adjuvant chemotherapy can be discussed for stage IlI-Ill-IVa thymic carcinoma, particularly
after incomplete resection and if the patient has not received preoperative systemic therapy. The most

commonly prescribed regimens are carboplatin and paclitaxel, or cisplatin and etoposide for four cycles.>>>®

Induction chemotherapy
Induction chemotherapy for locally advanced TETs aims to reduce disease burden and convert the tumor to

resectability or sequential definitive radiation therapy if surgery is not feasible.

Indeed, the optimal treatment of locally advanced TETs (stages IlI-IVa according to Masaoka-Koga) is always
multimodal, including three to four cycles of induction chemotherapy followed by radical resection and often
postoperative radiation therapy. The regimens of choice are the same recommended for metastatic disease
(CAP for thymoma, carboplatin, and paclitaxel, or cisplatin and etoposide for thymic carcinoma). The
response rate to chemotherapy is 70-80%, with a conversion rate to surgery of 30-50%. About 20-30% of
patients are not eligible for surgery after induction treatment and receive sequential definitive radiation
therapy. Only 10% of cases are not candidates for any local treatment after induction chemotherapy. The

indication for induction chemotherapy must always be multidisciplinary discussed.>”-¢°

Notably, primary concomitant chemoradiation therapy should be considered for locally advanced TETs
(particularly thymic carcinoma) with uncertain resectability or if a risk of poor response to chemotherapy is
foreseen. The most suitable regimen, in this case, is the combination of a platinum salt with etoposide for

four cycles.®152

Palliative chemotherapy
Exclusive chemotherapy is the treatment of choice for metastatic and unresectable relapsing TETs. The

response rate is 20-60% in the different case series.®



The regimen CAP (cisplatin + adriamycin + cyclophosphamide) is the most used and likely the most effective
one, particularly for thymoma. The associations of carboplatin and paclitaxel, or cisplatin and etoposide, are
potential alternative regimens commonly preferred in thymic carcinoma. These regimens are usually

administered to a maximum of four to six cycles in the absence of limiting toxicity.54®

A rechallenge with a previously active regimen should be considered in case of relapse after multimodal
radical treatment or progression to first-line chemotherapy. For anthracyclines, this strategy is limited by the
maximum cumulative dose (e.g., 550 mg/m? for adriamycin), which is allowed to avoid cardiac toxicity,
particularly for patients who have previously been treated with thoracic radiation therapy. Given the absence
of standard further line treatments, participation in clinical trials is highly recommended in all the other cases.
In the absence of available trials, the most common regimens include CAP, carboplatin and paclitaxel, a
platinum salt and etoposide (if not previously administered), capecitabine and gemcitabine. Other frequently

prescribed alternative treatments include targeted agents, like sunitinib and everolimus (cf. infra).5357/8

Data are even more limited for subsequent treatment lines (third or further). Some options include oral
etoposide, ifosfamide, and pemetrexed. Inclusion in clinical trials, whenever available, should be the first

choice.®>7*

Rare cases of thymoma with the expression of somatostatin receptors have been described. They can be
identified through an octreoscan or a ®Ga-PET. In these cases, treatment with a somatostatin analog (es.
octreotide), alone or in combination with prednisone, is an option after failure of chemotherapy.”?

Target therapy

The administration of target agents to TET patients is not a standard approach, except for a few drugs, as
most are not approved in Italy for use in clinical practice.

Targeting c-KIT

About 10% of thymic carcinomas entail a ¢c-KIT mutation. After the failure of first-line chemotherapy, some
c-KIT inhibitors have shown efficacy in obtaining disease stabilization. Most of the data on c-KIT inhibition in
TETs consist of case reports and small case series. However, several c-KIT mutations seem to be responsive

to different target agents, as shown in Table 5.7

Table 5. Sensitivity of most common c¢-KIT mutations to target drugs.

Mutation Exon Imatinib Sunitinib Dasatinib Nilotinib
E490K 9 ++ +++ NE NE
Y553N 11 +++ NE NE NE
W557R 11 +++ +++ NE NE
V559A 11 +++ +++ NE NE




V560del 11 +++ +++ +++ +4+
L576P 11 + ++ ++ +
P577-D579del 11 NE NE NE NE
D579del 11 +++ NE NE NE
H697Y 14 + +++ NE NE
D820E 17 0 0 ++ ++

Table legend: 0 = resistance; + = low sensitivity; ++ = intermediate sensitivity; +++ = high sensitivity; NE = not

evaluated.

None of these drugs is approved for this indication in Italy, but they can sometimes be obtained through
dedicated channels for rare diseases by the National Drug Agency.

Targeting angiogenesis

A phase Il trial has shown the efficacy of the multi-kinase inhibitor sunitinib in TETs after the failure of at least
one line of chemotherapy. The results are more favorable with thymic carcinoma, while thymoma rarely
obtains objective responses despite achieving a fair rate of disease stability. Sunitinib is available in Italy for

second or third-line treatment of TETs (irrespective of histology) through 648 law.”

A recent phase Il trial on a Japanese population with thymic carcinoma has proven an exciting activity of
another multi-kinase agent, lenvatinib. However, data are lacking on the European population, and lenvatinib
is unavailable in Italy.”®

Evidence is scarce on other anti-angiogenic drugs in TETs.

Targeting mTOR

The interest in mTOR inhibitors for TETs has followed some preliminary case series, showing a 70-80% disease
control rate with progression-free survival (PFS) of 10-12 months. A phase Il trial has confirmed a promising
activity of everolimus in pre-treated TETs, with a manageable toxicity profile. Everolimus is not approved for
this indication in Italy, but it can sometimes be obtained through dedicated channels for rare diseases by the
National Drug Agency.”®

Immunotherapy

Thymic carcinoma often expresses Programmed Death Ligand 1 (PD-L1), the most reliable marker of
immunotherapy efficacy in other cancers (e.g., non-small cell lung cancer). This observation has been the

rationale for developing trials using immunotherapy in TETs.””

After initial promising case reports, four trials have been conducted. The most important one is a phase Il
study with the anti-programmed death 1 (PD1) pembrolizumab, which was administered to TET patients after

failure of at least one line of chemotherapy. The trial excluded all the patients with anamnesis of



autoimmunity requiring treatment. Six out of 41 enrolled patients (15%) developed severe immune-
mediated adverse events, mostly polymyositis, hepatitis, and myocarditis. The response rate was 23%, with
a median duration of response of 23 months; median PFS and OS were 4.2 and 24.9 months, respectively.
The expression of PD-L1 correlated with response. Surprisingly, a subsequent trial with another anti-PD1

agent, nivolumab, was closed due to futility in the interim analysis (no patients with partial response).”®8°

Indeed, according to the available data, immunotherapy with pembrolizumab seems to have a promising
efficacy in TETs, with response rates and survival similar to those reported in other solid cancers. However,
toxicity is a significant concern for patients with thymoma due to the non-negligible incidence of severe and
sometimes fatal immune-mediated adverse events. Consequently, despite promising results,
immunotherapy is not a standard treatment for TETs, and it should not be administered outside clinical trials.

Its use will likely be limited to thymic carcinoma for the excess toxicity observed in thymoma patients.

The treatment indications according to disease histology and stage are summarized in Table 6. Table 7 reports

the dose and schedules of the main therapies mentioned above.

Table 6. Treatment algorithm for TETs according to histology and Masaoka-Koga stage.

Stage Thymoma Thymic carcinoma

I Upfront surgery (no biopsy) Upfront surgery (no biopsy)
If RO = no post-operative RT If RO = no post-operative RT
If R1 = post-operative RT If R1 = post-operative RT

lla Upfront surgery (no biopsy) Upfront surgery (no biopsy)
If RO = no post-operative RT If RO = consider post-operative RT
If R1 - post-operative RT If R1 > post-operative RT and consider

adjuvant CT
lIb Upfront surgery (no biopsy) Upfront surgery (no biopsy)

If RO = no post-operative RT for types A-B1, | If RO = consider post-operative RT

consider postoperative RT for types B2-B3

If R1 > post-operative RT and consider

If R1 2 post-operative RT adjuvant CT
Il resectable Upfront surgery (no biopsy) Upfront surgery (no biopsy)
If RO 2 post-operative RT If RO = post-operative RT and consider post-

If R1 -> post-operative RT and consider operative CT

adjuvant CT for type B3 If R1 = post-operative RT and adjuvant CT




Il unresectable

Biopsy
Primary CT

If conversion to resectability = surgery
followed by postoperative RT (in both cases

of RO and R1)

If persistent unresectable tumor or R2 >

definitive RT (or consider concurrent CT-RT)

Biopsy
Primary CT

If conversion to resectability = surgery
followed by postoperative RT (in both cases

of RO and R1)

If persistent unresectable tumor or R2 >

definitive RT (or consider concurrent CT-RT)

Alternative to primary CT 2 consider

concomitant definitive CT-RT

IVa Biopsy Biopsy
Primary CT Primary CT
If conversion to resectability = surgery | If conversion to resectability = surgery
followed by postoperative RT only in N+ (with | followed by postoperative RT only in N+ (with
boost on residual in case of R1) boost on residual in case of R1)
If persistent unresectable tumor or R2 = | If persistent unresectable tumor or R2 2>
definitive RT (or consider concurrent CT-RT) | definitive RT (or consider concurrent CT-RT)
Alternative to primary CT 2 consider
concomitant definitive CT-RT
IVb Biopsy Biopsy
Definitive CT Definitive CT

Table legend: RT = radiation therapy; CT = chemotherapy.

Table 7. Main regimens used in the treatment of TETs.

Drug/regimen Dose Administration route Schedule
PAC Cisplatin 50 mg/m? Intravenous dlqg21
Adriamycin 50 mg/m? Intravenous dlqg21
Cyclophosphamide 500 mg/m? | Intravenous dlqg21
Carboplatin + | Carboplatin AUC5-6 Intravenous dlqg21
paclitaxel Paclitaxel 175-200 mg/m? Intravenous dlqg21




Cisplatin Cisplatin 75 mg/m? Intravenous dlqg21

(or carboplatin) + | (or carboplatin AUC5) Intravenous dlg21

etoposide Etoposide 100 mg/m? Intravenous di-3g21

Capecitabine + | Capecitabine 650 mg/m? Oral BID d1-14 g21

gemcitabine Gemcitabine 1000 mg/m? Intravenous d1,8 921

Etoposide 75 mg Oral QD 3w on/1 w off g4w
(or 50 mg) Oral Qb

Ifosfamide 1.5 mg/m? Intravenous d1-5qg21

Pemetrexed 500 mg/m? Intravenous dlqg21

Octreotide 30 mg Intramuscular dlqg28

Imatinib 400 mg Oral Qb

Sunitinib 50 mg Oral QD 4w on/2 w off gbw

Everolimus 10 mg Oral Qb

Pembrolizumab 200 mg Intravenous dlg21

Table legend: AUC = area under the curve; d1 q21 = administered the first day of a 21-day cycle; d1-3 q21 =
administered the first three days of a 21-day cycle; BID = bis in die; d1-14 g21 = administered from the first
to the 14™ day of a 21-day cycle; d1,8 q21 = administered on the first and the eighth days of a 21-day cycle;
QD = quaque die; 3w on1/1 w off g4w = administered for three out of four weeks a month; d1-5 21 =
administered for the first five days of a 21-day cycle; d1 28 = administered the first day of a 28-day cycle;
4w on/2 w off géw = administered for four consecutive weeks followed by a pause of two weeks, on a six-

week cycle

Follow-up
Evidence is lacking on the optimal timing of follow-up for operated TETs. A common approach modulates the

frequency of controls on tumor aggressiveness and stage. Anyway, a shared opinion of expert consensus is
that an adequate follow-up is essential, considering the potential for radical treatment of loco-regional

relapses.’
Most guidelines recommend planning a follow-up strategy for TETs patients as follows:*3

o first CT scan three to four months after surgery
e for radically excised stage I-1l thymoma = annual thorax CT scan for five years, then thorax CT scan

every two years for at least five years



e for radically excised stage Ill-IV thymoma, thymic carcinoma, or incomplete resection = thorax CT
scan every six months for five years, then annual for at least five years

e prosecution of controls for at least 10-15 years

Patients with autoimmune disorders should be followed for this issue by a dedicated specialist. The
reappearance or worsening of symptoms of autoimmune diseases, particularly MG, should suggest
anticipating imaging tests to exclude a disease relapse. However, a sudden worsening of the autoimmunity
can also happen some years after the complete resection of the disease and in the absence of relapse,
sometimes in concomitance with episodes of stress or infections. For MG, the persistence of autoantibodies

after surgery on thymoma is a predictor of relapse risk.%!

The EUDRACT 2017-004494-13 trial

Background and rationale
TETs are rare and very heterogeneous diseases from a biological point of view. Several genomic aberrations

have been identified, but few extensive sequencings have been performed due to their rarity. Therefore, TET
biology is largely unknown, and there are currently few drugs for specific targets. A deeper understanding of
TET biology would be crucial in patients with more aggressive histologies (thymic carcinoma and thymoma
type B3 with areas of carcinoma). These histologies remain a challenge for clinicians, as treatment options
are scant for several reasons. Most patients have advanced disease at diagnosis, so they are not candidates
for locoregional therapies (surgery and radiotherapy). In advanced/metastatic thymomas, studies with
chemotherapy showed responses in 55-90% of patients, with a 5-year survival of 30-55%. However, these
studies included a small proportion of thymic carcinomas and B3 thymomas, which are less chemo-

responsive.>®%3

The combination of carboplatin and paclitaxel in the first line is the most studied in thymic
carcinoma/thymoma type B3 and has the highest response rates (21.7%).%° However, survival rates are still
low. Ramucirumab (CyramzaTM, IMC-1121B, Eli Lilly e Company, Indianapolis, IN, USA) is a recombinant
human IgG1 monoclonal antibody with a high affinity for the extracellular domain of the Vascular Endothelial
Growth Factor Receptor 2 (VEGFR-2). Its binding to the receptor leads to inhibition of downstream
proangiogenic pathways.® Several studies have shown that ramucirumab could act in a synergistic way to
taxanes.®8% Based on this rationale, we designed a phase Il study to evaluate the activity and safety of the
combination of ramucirumab (10 mg/kg) with carboplatin (AUC5) and paclitaxel (200 mg/m?) in patients with
thymic carcinoma/thymoma type B3, relapsed or metastatic, in the first line (RELEVENT trial). Furthermore,
due to the lack of knowledge of the biology of these tumors, the study includes in-depth research on
genomics, transcriptomics, proteomics, and metabolomics on fresh tissue, paraffin, and blood (BIOTET trial).

In parallel, the study allows the collection of clinical data of all TET patients prospectively starting from 2018



(TOPS trial) and retrospectively from 2010 to 2017 included (TRY trial). This effort aims to fill the gap of

knowledge on TETs due to the rarity of the disease and to provide the basis for future collaborative studies.

Patient population
The sample reference for the present study are patients with TETs of any histological type. Following the

histological evaluation performed by each participating Center, patients are screened for inclusion in one of

four sub-studies based on the following categorization:

e all prospective patients, regardless of histological status, are invited to participate in the
observational clinical follow-up (TOPS)

e clinical data on patients with TETs of any histological type treated or followed since 2010 are
collected and recorded in a shared registry (TRY, which includes all cases whose oncologic history
began before the activation of the trial, therefore not a candidate for prospective enrolment into
TOPS)

e operable patients or patients for whom at least one cm? of fresh tissue is available are offered the
opportunity to participate in the biological BIOTET study

e patients with thymic carcinoma or thymoma type B3 with an area of carcinoma receive a centralized
pathological revision of the tumor block or slides and are screened to participate in phase Il

pharmacological RELEVENT study

As a result of this screening procedure, the patient population of this project is divided into the following

groups:

e TOPS: all patients with a TET, diagnosed during or after 2018, who do not have a fresh tissue
sample as well as RELEVENT and BIOTET study screening failures

e TRY: all patients with a TET diagnosed, treated, or followed from 2010 to 2017 included
(retrospective data collection)

e BIOTET: all patients with a TET who have a fresh tissue sample

e RELEVENT: all patients with thymic carcinoma or thymoma type B3 with areas of carcinoma who

do not have a fresh tissue sample and fulfill the below-specified entry criteria

The flow chart of study enroliment is exemplified in Figure 1.
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Figure 1. Flow chart of the four sub-studies of the EUDRACT 2017-004494-13 trial.

RELEVENT study

Objectives of the study
The RELEVENT study’s primary objective is to evaluate the activity of ramucirumab in association with

carboplatin and paclitaxel in subjects with advanced or previously untreated recurrent thymic carcinoma and

thymoma type B3 with an area of carcinoma.
The secondary objectives are:

e to assess the PFS, defined as the time from treatment start to the date of first progression or death
from any cause, whichever comes first

e to estimate the OS, defined as the time from treatment start to the date of death from any cause

e to collect the frequency and severity of side effects, graded according to the National Cancer
Institute Common Terminology Criteria Adverse Events (NCI CTCAE) version 4.0%°

Patient population
The specific inclusion criteria for the RELEVENT study are:

1. provision of written informed consent before study procedures initiation



10.

11.

12.

pathologically confirmed locally advanced, recurrent, or metastatic thymic carcinoma or thymoma type
B3 with areas of carcinoma, not amenable to radical treatments

age 218 years old

provision of archival tumor tissue

measurable disease (defined according to Response Evaluation Criteria for Solid Tumors [RECIST] v1.1
modified for TETs)%87

Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1%

adequate hematologic function, as evidenced by an absolute neutrophil count 21500/uL, hemoglobin
>9 g/dL (5.58 mmol/L), and platelets >100,000/uL

adequate coagulation function as defined by International Normalized Ratio (INR) <1.5 and a partial
thromboplastin time (PTT) <5 seconds above the ULN (unless receiving anticoagulation therapy)
adequate hepatic function as defined by total bilirubin <1.5 times the upper limit of normal (ULN)
(except for patients with Gilbert’s syndrome, who may be included if the total bilirubin is <3 x ULN or
direct bilirubin <1.5 x ULN), aspartate transaminase (AST) and alanine transaminase (ALT) <3 times the
upper limit of normal (or <5 times the ULN in the setting of liver metastases)

adequate renal function, as defined by a serum creatinine <1.5 times the ULN or creatinine clearance
(measured via 24-hour urine collection) 240 mL/minute (if serum creatinine is >1.5 times the ULN, a 24-
hour urine collection to calculate creatinine clearance must be performed), and urinary protein <1+ on
dipstick or routine urinalysis (if urine dipstick or routine analysis is 22+, a 24-hour urine collection for
protein must demonstrate <1,000 mg of protein in 24 hours)

sexually active patients must be postmenopausal, surgically sterile, or using effective contraception
(hormonal or barrier methods); female patients of childbearing potential must have a negative serum
pregnancy test within seven days before the first dose of protocol therapy; males who are sexually active
with potentially fertile women must agree to follow contraception methods

prior radiation therapy is allowed, provided an adequate interval before study treatment initiation (28
days in case of chest radiation therapy; seven days in case of palliative radiation therapy; 14 days in case

of brain radiation therapy)

The exclusion criteria of the RELEVENT study are:

1.

previous systemic treatment for locally advanced/metastatic thymic carcinoma or thymoma type B3
with an area of carcinoma (patients treated in the neoadjuvant or adjuvant setting can be enrolled after
discussion with the study principal investigator)

untreated brain metastases (patients with treated brain metastases are eligible if they are clinically
stable in neurologic function, off steroids after cranial irradiation ending at least two weeks before the

start of treatment, or after surgical resection performed at least 28 days before the start of treatment)



10.

11.

12.
13.

14.
15.

16.

17.
18.
19.
20.

history of deep vein thrombosis, pulmonary embolism, or any other significant thromboembolism during
the three months before the first dose of protocol therapy

clinically significant peripheral neuropathy

hemoptysis (defined as bright red blood or 2% teaspoon) within two months before the first dose of
protocol therapy

radiographic evidence of intra-tumor cavitation or radiologically documented evidence of significant
blood vessel encasement by cancer

history of uncontrolled hereditary or acquired thrombotic disorder

diagnosis of cirrhosis at a level of Child-Pugh B (or worse), or cirrhosis (any degree) and a history of
hepatic encephalopathy, or clinically meaningful ascites resulting from cirrhosis

clinically relevant congestive heart failure (NYHA 1I-1V) or poorly controlled cardiac arrhythmia®

any arterial thromboembolic events, including but not limited to myocardial infarction, transient
ischemic attack, cerebrovascular accident, or unstable angina, within six months before the first dose of
protocol therapy

uncontrolled or poorly controlled hypertension (>160 mmHg systolic or >100 mmHg diastolic for more
than four weeks) despite standard medical management

severe or no healing wound, ulcer, or bone fracture within 28 days before the start of treatment
significant bleeding disorders, vasculitis, or clinically meaningful gastrointestinal bleeding within three
months before the start of treatment

history of gastrointestinal perforation or fistulae within six months before the start of treatment
history or presence of bowel obstruction, inflammatory enteropathy, extensive intestinal resection,
Crohn's disease, ulcerative colitis, or chronic diarrhea

serious illness or medical conditions including known human immunodeficiency virus (HIV) infection or
acquired immunodeficiency syndrome (AIDS)-related illness; active or uncontrolled clinically severe
infection; previous or concurrent malignancy except for basal or squamous cell skin cancer or in situ
carcinoma of the cervix, or other solid tumors treated curatively and without evidence of recurrence for
at least three years before the start of treatment; uncontrolled metabolic disorders or other non-
malignant systemic diseases or secondary effects of cancer that induce a high medical risk or make an
assessment of survival uncertain; other severe acute or chronic medical or psychiatric condition or
laboratory abnormality that may increase the risk associated with study participation

significant third-space fluid retention (for example, ascites or pleural effusion)

known allergy or hypersensitivity reaction to any of the treatment components

known history of active drug abuse

pregnancy or breastfeeding



21. major surgery within 28 days before the first dose of protocol therapy, or minor surgery/subcutaneous

venous access device placement within seven days before the first dose of protocol therapy

22. elective or planned major surgery to be performed during the clinical trial

23. concurrent treatment with other anticancer therapy

24. chronic antiplatelet therapy, including aspirin, nonsteroidal anti-inflammatory drugs, dipyridamole,

clopidogrel, or similar agents. Once-daily aspirin use (maximum dose 325 mg/day) is allowed

25. clinically significant arterial aneurism (not surgically corrected) or history of arterial dissection

Study procedures

Screening
The screening visit is scheduled within 28 days from treatment start. During this visit, the following

procedures are carried out:

informed consent form: the study is described in detail, and the informed consent form is left to the
potential patients. All patients need to sign the preliminary informed consent form authorizing the
use of their biological material for research purposes before biopsy or the use of archived samples.
At this time point, the patients are notified that they will be asked to sign and date the second
informed consent form to be enrolled in the pharmacological study only if found eligible. All the
patients who are found not eligible are offered participation in the clinical observational study. The
patients who are operable or have fresh tissue samples of at least one cm? are offered participation
in the biological BIOTET study

complete medical history, ECOG performance status, height, weight, physical examination, and vital
signs

electrocardiogram (12-lead ECG) with QTcF measurement

echocardiogram; patients presenting with recent echocardiograms (performed within 28 days from
study treatment start) are not required to repeat the examination as the pre-screening test is
considered a baseline

referral to radiological assessment: radiological assessment should be performed within 28 days
before the start of the study drug. This radiological evaluation must include a CT or MRI of the chest,
abdomen, and pelvis and should meet the standard of care for imaging lesions in the respective
organs. All additional suspected sites of disease should be investigated. CT or MRI of the head must
be conducted to rule out brain metastases. Patients presenting with recent CT scans (performed
within 28 days from study treatment start) are not required to repeat the examination, and the pre-
screening scan is considered a baseline

collection of archival tumor sample

histological specimens: samples should consist of tissue fragments from the primary tumor or any

metastatic site, obtained by biopsies or major surgical procedures



Baseline visit
Once the centralized histological review confirms the patient’s eligibility for the RELEVENT trial, the trial site

receives a notice to schedule the baseline visit, which needs to be performed within seven days of treatment

start. During the baseline visit, the following procedures are performed:

Day one

verification of inclusion and exclusion criteria

main informed consent signature

registration of baseline radiological evaluation parameters

enrollment in the RELEVENT trial

vital signs, weight, height

complete blood tests (blood count, creatinine, electrolytes, total bilirubin, AST, ALT, ALP, albumin,
glucose, urea, LDH, yGT, PT, PTT, INR, uric acid, phosphate)

urine or serum pregnancy test for women of childbearing potential

On day one, all patients receive a complete physical examination with an evaluation of vital signs. Eventual

adverse events occurring after enrolment are reviewed, and treatment is dispensed. If the day one visit

occurs after more than seven days from the baseline visit, the following baseline tests and evaluations need

to be repeated:

ECOG performance status, weight, physical examination, and vital signs
review of eventual adverse events from previous therapies

complete blood tests

urinalysis/dipstick

pregnancy test

Each treatment cycles
The following procedures are performed every three weeks (+ three days):

ECOG performance status, physical examination, weight, and vital signs

complete blood tests

urinalysis/dipstick (within 72 hours before treatment on day one of the third and fifth cycles, and
every two cycles after that) and, if clinically indicated, microscopic analysis. If urine dipstick or
routine analysis indicates proteinuria 22+, a 24-hour urine collection must be obtained

treatment dispensation

adverse events review

ECG with QTcF calculation (only baseline and before starting maintenance)

urine or serum pregnancy test for women of childbearing potential



Radiological evaluation during treatment
Clinical and radiological tumor assessment is performed every six weeks (+ seven days) for the first six cycles

of chemotherapy + ramucirumab. Radiological evaluation is performed every nine weeks (+ seven days)
during ramucirumab maintenance or after treatment discontinuation. The re-evaluations need to employ the
same technique performed at baseline to allow for a good grade of repeatability.

End of treatment

The end of treatment (EOT) visit is the last visit after the patient’s discontinuation. When the decision to
discontinue treatment occurs between cycles (i.e., in the case of an adverse event), patients are invited to
come for an EOT visit within 30 days of treatment discontinuation. The following procedures are scheduled

for the EOT visit:

e physical examination, vitals sign, ECOG performance status

e complete blood tests

e urinalysis

e ECG with QTcF calculation

e adverse events review
Follow-up period
After the study treatment ends, the patients continue their follow-up in the study frame. The patients are
visited at least once every six months to determine survival status, adverse events, disease progression, and
post-progression treatments.
Study treatment
The patients are treated with intravenous (IV) ramucirumab (10 mg/kg) followed by IV paclitaxel (200 mg/m?)
and IV carboplatin (AUC5) on day one of each 21 days cycle. This treatment combination is administered as
first-line therapy. The therapy continues for up to six cycles or until evidence of disease progression or
intolerable toxicity. In the absence of any withdrawal criteria, the patients completing the combination
therapy could continue to receive ramucirumab monotherapy every three weeks, provided ongoing evidence

of clinical benefit.

Ramucirumab is administered first. The first dose of ramucirumab depends on the patient’s baseline body
weight in kilograms. Subsequent doses of ramucirumab must be recalculated if there is a 210% change in
body weight from the previous dose calculation; subsequent doses may be recalculated if there is a <10%
change in body weight from the previous dose calculation. The infusion should be delivered in approximately
60 minutes. The infusion rate should not exceed 25 mg/minute. Infusions of longer duration are permitted
in specific circumstances (for larger patients to maintain an infusion rate that does not exceed 25 mg/minute
or prior ramucirumab infusion-related reaction). A one-hour observation period is required after
administering the first and second doses of ramucirumab. If there is no evidence of an infusion-related

reaction during the two initial cycles of ramucirumab, then no observation period is required for the



subsequent treatment cycles. If an infusion-related reaction occurs, the one-hour observation needs to be

reinstituted.

Paclitaxel is administered after ramucirumab, followed by carboplatin. Paclitaxel is administered as an IV
infusion of 200 mg/m? over approximately 180 minutes. Carboplatin is administered after paclitaxel as an IV

infusion of AUC5 over about 60 minutes.

Criteria for dose interruption, delays, and reductions

Criteria for cycle start
The following criteria must be fulfilled to administer each treatment cycle:
e total bilirubin 1.5 x ULN (<3.0 x ULN for patients with Gilbert’s syndrome)
e AST and ALT <3 x ULN (<5 x ULN if the transaminase elevation is due to liver metastases)
e ANC2>1.5x10%/uL (21.5 x 10%/L), platelets 2100 x 103/uL (=100 x 10%/L)
e grade <2 adverse events according to the Common Terminology Criteria for Adverse Events (CTCAE)

v4.0

If these criteria are not met, the start of the next cycle should be delayed for up to two weeks to allow for
recovery. If a delay of more than two weeks is necessary due to unresolved toxicity, ramucirumab and/or
chemotherapy must be discontinued (depending on the causality of the drug). If clinically indicated, the other
agent can be continued, with the patient remaining on study.

Ramucirumab dose modifications

Dose modifications are permitted for the investigational product in non-life-threatening and reversible grade
3 adverse events (for example, fever) considered to be possibly related to the investigational product, which
resolve to grade <1 or pre-treatment baseline within one treatment cycle. If a grade 4 adverse event is
deemed at least possibly related to the investigational product, then the investigational product should be
discontinued except in the specific case of grade 4 fever or laboratory abnormalities. If grade 4 fever or
laboratory abnormalities resolve to grade <1 or pre-treatment baseline within one treatment cycle,
treatment with the investigational product may be continued at the investigator’s discretion. If the second
instance of such a grade 4 adverse event occurs, the investigational product should be re-administered at an
8 mg/kg dose every three weeks. A second dose reduction to 6 mg/kg every three weeks is permitted for
grade 3 or 4 events. If the dose of the investigational product is reduced because of potentially related

adverse events, subsequent dose increases are not allowed.

Adverse events of concern, which may or may not be associated with ramucirumab therapy, include infusion-
related reactions, hypertension, arterial or venous thrombotic events, hemorrhagic events, proteinuria,

gastrointestinal perforation, and reversible posterior leukoencephalopathy syndrome (RPLS).



Infusion-related reactions
Consistently with usual medical practice, selected parenteral medications may be utilized for grade 2

allergic/hypersensitivity reactions. The following are treatment guidelines for infusion-related reactions:

Grade 1: slow the infusion rate by 50%. Monitor the patient for worsening condition. For subsequent
infusions, pre-medicate with IV diphenhydramine hydrochloride 50 mg (or equivalent); additional
premedication may be administered at the investigator’s discretion.

Grade 2: stop the infusion. Administer IV diphenhydramine hydrochloride 50 mg (or equivalent), oral
acetaminophen 650 mg for fever, and oxygen. Resume the infusion at 50% of the initial rate once the
infusion-related reaction has resolved or decreased to grade 1; the infusion duration should not
exceed two hours. Monitor for worsening of the condition. For subsequent infusions, premedicate
with IV diphenhydramine hydrochloride 50 mg (or equivalent); additional premedication may be
administered at the investigator’s discretion. For a second grade 1 or 2 infusion-related reaction,
administer IV dexamethasone 8-10 mg (or equivalent); then, for subsequent infusions, premedicate
with IV diphenhydramine hydrochloride 50 mg (or equivalent), oral acetaminophen 650 mg, and IV
dexamethasone 8-10 mg (or equivalent).

Grade 3: stop the infusion and disconnect the infusion tubing from the patient. Administer IV
diphenhydramine hydrochloride 50 mg (or equivalent), IV dexamethasone 10 mg (or equivalent),
bronchodilators for bronchospasm, and other medications/treatment as medically indicated.
Patients who have a grade 3 infusion-related reaction cannot receive the further investigational
product but can continue to be followed on the protocol.

Grade 4: stop the infusion and disconnect the infusion tubing from the patient. Administer IV
diphenhydramine hydrochloride 50 mg (or equivalent), IV dexamethasone 10 mg (or equivalent), and
other medications/treatment as medically indicated. Give epinephrine or bronchodilators as
indicated. Hospital admission for observation may be indicated. Patients who have a grade 4 infusion-
related reaction cannot receive further investigational product but can continue to be followed on

the protocol.

Hypertension

The following are treatment guidelines for hypertension that develops during the study:

Grade <3: if the hypertension is not associated with symptoms, continue the investigational product,
and initiate antihypertensive therapy. If the hypertension is associated with symptoms, hold the
investigational product until symptoms resolve and begin antihypertensive treatment. If the
investigational product is held more than once for hypertension (i.e., symptomatic hypertension,
markedly elevated blood pressure unresponsive to antihypertensive therapy), the dose of the

investigational product should be reduced upon re-treatment to 8 mg/kg every three weeks. A



second dose reduction to 6 mg/kg every three weeks should be undertaken if an additional
postponement of the investigational product is required.

e Grade 3: for grade 3 hypertension not associated with symptoms, continue the investigational
product with more intensive antihypertensive therapy. If systolic blood pressure remains 2160
mmHg or diastolic blood pressure remains 2100 mmHg more than three weeks after initiating
additional antihypertensive treatment, hold the investigational product while continuing
appropriate antihypertensive therapy. If the hypertension is associated with symptoms, hold the
investigational product until symptoms resolve and initiate antihypertensive treatment. If the
investigational product is held more than once for hypertension, the dose of the investigational
product should be reduced upon re-treatment to 8 mg/kg every three weeks. A second dose
reduction to 6 mg/kg every three weeks should be undertaken if an additional postponement of the
investigational product is required.

e Grade 4 or refractory: patients with grade 4 hypertension (life-threatening consequences) or poorly
controlled hypertension (>160 mmHg systolic blood pressure or >100 mmHg diastolic blood pressure
for more than two weeks) despite appropriate oral medication (more than two oral agents at the
maximum tolerated dose) must be discontinued from the investigational product. If appropriate, in
the investigator’s opinion, treatment with chemotherapy may be continued.

Thrombotic events

The investigators should perform all testing required to characterize arterial or venous thrombotic/vascular
events fully. The patients who develop grade <3 venous thrombotic events (deep vein thrombosis or
pulmonary embolism) may continue the study therapy if the event is not considered life-threatening, the
patient is asymptomatic, and the event can be adequately treated with low molecular weight heparin-based
therapy. The investigational product should be discontinued in the setting of a deep vein thrombosis or
pulmonary embolism that occurs or intensifies while the patient is receiving therapeutic anticoagulation
therapy.

Hemorrhagic events

Hemorrhagic severe adverse events have been reported from clinical studies investigating ramucirumab. The
investigational product should be discontinued in the event of any grade 3 or 4 hemorrhagic events.
Proteinuria

If a patient has proteinuria 22+ per a dipstick or routine urinalysis test, the investigational product continues
as scheduled, and a 24-hour urine collection is conducted before the subsequent treatment cycle. If the
protein level is <2 g/24 hours, the patient continues on the investigational product at the same dose without
interruption. If the protein level is 2 to 3 g/24 hours, the investigational product for the subsequent cycle is
held for three weeks, and a 24-hour urine collection is repeated. Treatment with the investigational product

is resumed at a reduced dose level (8 mg/kg every three weeks) once the protein level returns to <2 g/24



hours. A second dose reduction of the investigational product to 6 mg/kg every three weeks is permitted if
proteinuria >2 g/24 hours recurs. The investigational product must be discontinued if the protein level is >3
g/24 hours, if there is a third occurrence of proteinuria >2 g/24 hours, or if the protein level does not return
to <2 g/24 hours within three weeks.

Gastrointestinal perforation

An infrequent incidence of gastrointestinal perforations has been associated with some antiangiogenic
agents. Ramucirumab must be permanently discontinued in patients who experience a gastrointestinal
perforation.

Reversible posterior leukoencephalopathy syndrome

Reversible posterior leukoencephalopathy syndrome (RPLS) is a clinical and radiologic syndrome typically
consisting of reversible cortical neurological dysfunction and brain-imaging findings of subcortical edema
involving the posterior circulation, particularly the occipital lobes. The symptoms of RPLS most often include
generalized seizures, headache, delirium, and cortical blindness, although these may vary significantly and
occasionally include focal neurological deficits. MRI represents the most reliable method for the diagnosis.
With proper management, clinical symptoms and MRI abnormalities usually recover within days to weeks,
although permanent neurologic dysfunction has been reported. RPLS has been associated with multiple
clinical conditions, including hypertensive encephalopathy, eclampsia, renal failure with hypertension, and
immunosuppressive and cytotoxic drugs. More recently, RPLS has been associated with using the anti-VEGF
agent bevacizumab. Although the pathogenesis of RPLS appears to be multifactorial, drug-induced
endothelial damage and acute hypertension are frequently proposed causes of cerebrovascular dysfunction
in RPLS. RPLS should be identified and treated promptly to minimize the potential for permanent neurological
damage. The investigators should consider a diagnosis of RPLS in the setting of seizures, headache, nausea,
delirium, visual changes, or other unexplained neurological symptoms, especially in combination with
hypertension and MRI findings of hyperintensity on T2-weighted fluid-attenuated inversion recovery images.
If the diagnosis of RPLS is confirmed, ramucirumab must be permanently discontinued.

Carboplatin and paclitaxel dose modifications

The investigators must consult the manufacturer’s instructions for carboplatin and paclitaxel for complete
prescribing information. All dose modifications are permanent. The doses must be modified according to the
lowest hematological values and the highest degree of non-hematological toxicities observed at any time
during the previous cycle.

Discontinuation criteria

Patients with the following adverse events will be permanently discontinued from treatment with

ramucirumab:

e an unacceptable adverse event (for example, persistent moderate toxicity that is intolerable to the

patient), which is attributed to ramucirumab in the opinion of the investigator



e a grade 3 or 4 infusion-related reaction which is attributed to ramucirumab in the opinion of the
investigator

e agrade 3 or 4 arterial thromboembolic event

e agrade 3 or 4 venous thrombotic event occurring or worsening during anticoagulant therapy or that
is considered by the investigator to be life-threatening

e agrade 3 or 4 bleeding or hemorrhagic event

e agrade 4 hypertension or persistent/recurrent hypertension

e proteinuria >3 g/24 hours, or a third occurrence of proteinuria >2 g/24 hours, or proteinuria with the
protein level not returning to <2 g/24 hours within two weeks

e any grade 4 non-hematological toxicity considered by the investigator to be related to ramucirumab

e any event which would warrant the dose of ramucirumab to be modified by more than two dose
reductions, or a delay of ramucirumab administration of more than five weeks

e hemoptysis that exceeds the severity grade present at baseline

e any sign of hepatic encephalopathy or other serious liver impairment such as hepatorenal syndrome

e RPLS

e gastrointestinal perforation or fistula formation

The patients discontinued from ramucirumab continue to be in the study and may be further treated with
carboplatin and paclitaxel for up to six total cycles of chemotherapy. Discontinuation of carboplatin and
paclitaxel due to adverse drug reactions should be per the drug label and local institutional practice.

Study variables

The primary activity analysis of the study is objective response rate [ORR] (complete responses + partial
responses) evaluated according to RECIST 1.1 with caveats for thymic malignancies. Tumor evaluations are
performed within 28 days before treatment starts and every six weeks (+ seven days) for the first six cycles
until disease progression or death is documented. Subjects who have disease progression must be withdrawn
from the study. After completing the six cycles of ramucirumab + chemotherapy, tumor evaluation is
performed every nine weeks (+ seven days). Radiological evaluation of tumor burden incorporates up to five
target lesions. Primary tumor mass and distant metastases are measured along their longest diameter. Vice
versa, pleural lesions are measured by evaluating the short diameter perpendicular to the thoracic wall. Short

diameters are also used for the measurement of lymph node lesions.

All subjects who receive any amount of study drugs (ramucirumab or paclitaxel, or carboplatin) are valid for
safety analysis, regardless of their eligibility for the study. Results of physical examinations, vital signs, weight,
the incidence of adverse events, and abnormal lab values are summarized. A summary of reasons for dose
delays or modifications is also produced. This study will utilize the CTCAE v 4.0 criteria to assess toxicity and

serious adverse event reporting.



Statistical considerations
RELEVENT is a phase Il, open-label study investigating the response to ramucirumab in association with

carboplatin and paclitaxel in patients with previously untreated metastatic or locally advanced thymoma type
B3 and thymic carcinoma. A two-stage Green-Dahlberg design is utilized. The null hypothesis that the actual
ORR is 20% is tested against a one-sided alternative. In the first stage, 30 patients are being accrued. If there
are four or fewer responses in these 30 patients, the study will be stopped. Otherwise, 25 additional patients
will be accrued for a total of 55. The null hypothesis will be rejected if 18 or more responses are observed in
55 patients. This design yields a type | error rate of 5% and power of 80% when the confirmed ORR is 35%.
To avoid disruptions in the study, subjects' enrollment and treatment will not be halted to conduct the
interim analysis. To get 55 (30+25) evaluable patients, considering an attrition proportion of approximately

10%, 60 subjects should be included.

The per-protocol analysis set will include all the registered patients, who started treatment with no major

violations of the eligibility criteria, and whose disease is assessed.

Descriptive statistics will summarize patient characteristics, diagnoses, treatment administration and
compliance, activity endpoints, and safety parameters. The distribution of follow-up time of the response
evaluation will be described, and the number of patients lost to follow-up will be given. The primary endpoint
analysis will be on the per-protocol analysis set. ORR will be reported by providing the absolute and relative
frequencies of patients with a response; the 95% confidence intervals (95%Cls) will be computed using exact
binomial methods. Logistic regression models will explore the relationship between response and histological
type, biological markers status, and histopathological characteristics. Results will be presented as odds ratios

(ORs) and 95%Cls.

An Independent Data Safety Monitoring Committee (IDSMC) will evaluate the results of interim and final
analyses. Two expert clinicians and one statistician, who are not involved in the study and have no conflict of
interest regarding study results, will compose the IDSMC. The IDSMC will look at the data from an ethical

standpoint, the safety, rights, and well-being of the trial participants being paramount.

PFS and OS analysis will be performed on per-protocol and intention-to-treat analysis set. PFS and OS will be
described by employing the Kaplan-Meier method. Kaplan-Meier estimates will be calculated for median and
quartile event times and event-free rates at selected times. The impact of clinical-biological features on PFS

and OS will be analyzed through Cox’s models. Results will be presented as hazard ratios (HRs) and 95%Cls.

The safety assessment will be mainly based on adverse events and conducted on the safety analysis set. For
each patient and type of adverse event, the worst degree ever suffered during treatment will be used for the
analysis. All safety data will be presented and analyzed in listings and summary tables. Serious adverse events

(SAEs) will be summarized by giving the number and percentage of patients with any SAE and a SAE in each



system organ class. Other information collected (e.g., severity or suspected relationship to study medication)

will be listed as appropriate.

BIOTET study
Within the biological sub-study of the EUDRACT 2017-004494-13 trial, a pathological centralized review is

done at Istituto Nazionale Tumori Regina Elena, Rome, to allow the correct characterization of samples.

Whole blood (1x EDTA Blood Collection tube 3-5 mL) is collected immediately before or during the surgery
for polymorphism and mutational analyses. Plasma samples (1x BD P100 K2 EDTA Blood Collection tube 8.5

mL) is collected immediately before or during the surgery for validation.

A fresh tumor sample (at least one cm? in optimal cutting temperature [OCT]) stored at -80°C is collected for

mutations, RNA-sequencing, proteomic and metabolomic analyses, and pathological review.

Whole-exome sequencing libraries are prepared according to TruSeq DNA Exome Kit guidelines adapted for
Next-Seq 500 platform. The Next-Seq 500 High Output kit (v.2.5, 300 Cycles) from Illumina is used, aiming to
obtain coverage of about 100X for the 45 MBases-long human exomes. Subsequently, by running the
established variant calling pipeline based on GATK (v4.1.8.0) and Mutect, somatic mutations are detected,

and somatic copy number amplifications or losses are assessed in tumor samples.

RNA-sequencing libraries are generated using TruSeq Stranded Total RNA Library Prep Kits, adapted for Next-
Seq 500 platform. Libraries are loaded on NextSeq 500/550 High Output Kit v2.5 (150 cycles). This approach
allows the detection also of gene fusions. The downstream analysis is performed in High-Performance-
Computing (HPC) environment. The overall quality of sequencing reads is evaluated using FastQC. Sequence
alignments to the reference human genome (GRCh38) is performed using STAR (v.2.6.1c) in two-pass mode.
Gene expression is quantified at the gene level using the comprehensive annotations made available by
Gencode (v29 GTF-File). Downstream analyses is performed in R statistical environment, where samples are
adjusted for library size and normalized with the variance stabilizing transformation using the DESeq2
(v1.28.1) pipeline. Genes characterized by low mean normalized counts are filtered out by the Independent

Filtering feature embedded in DESeqg2 (a=0.05).

RNA is purified from tumor tissues with the Single Cell RNA Purification Kit (Norgen Biotek Corp.). RNA quality
control is performed with the Agilent 4200 Tape Station system using the High Sensitivity RNA ScreenTape
analysis kit (Agilent, Santa Clara, CA, USA), selecting RIN>7.5 for library preparation. Libraries for mRNA
sequencing are prepared from total RNA for each sample using the SMART-Seq v4 Ultra Low Input RNA Kit
(Clontech-Takara). cDNAs is processed with the Nextera XT DNA Library Preparation Kits (Illumina, San Diego,
CA, USA). After being checked with the High Sensitivity DNA ScreenTape analysis kit, libraries are sequenced

on lllumina NextSeq 500. BCL and fastq files are obtained through the BaseSpace platform.



Study size and statistical analysis
No formal statistical hypothesis is planned. It is estimated that in the entire study period, 70 patients will be

enrolled in the Centers involved. The generated omics data sets (DNA, RNA protein, and metabolite level)
will provide a comprehensive platform for deconstructing the factors behind variation in clinical phenotypes.
The complexity of biological systems, the technological limits, the considerable number of biological
variables, and the relatively small number of biological samples make integrative analyses a challenging issue
for which no defined or standardized workflow exists. Our statistical pipeline typically requires 30-60 million

reads per sample to detect low-expression genes and alternative splicing.

Wald-statistics values will be used as input for gene-set enrichment testing performed with the pre-ranked
version of Camera (inter-gene correlation equal to 0.1, parametric test procedure). Statistical enrichments
will be determined for gene sets obtained from the Hallmark collection, curated by the Molecular Signature
Database. All the statistical analyses will be corrected for multiple comparisons using the Benjamini-
Hochberg correction method. To evaluate the overall activity of gene sets within individual samples, we will

apply a single-sample gene-set enrichment analysis.

Descriptive analyses will be provided for patients included in the clinical database. Descriptive analyses will
report the type of treatment used per stage, age, and gender. Association between treatment and PFS or OS

will be assessed using the Cox regression model.

TOPS and TRY studies
The ITMIG electronic database will collect clinical information on all the patients diagnosed with TETs,

providing informed consent to the trial. The clinical report form (CRF) includes information on diagnosis (CT
scan, PET scan, OCTREOTIDE scan, biopsy, histology, tumor dimension, clinical Masaoka-Koga stage, presence
and sites of metastases, local infiltration), related disorders, neoadjuvant therapy, surgery, adjuvant therapy,
potential new surgeries, different treatment lines for advanced disease, the best response to each treatment
line, disease progression and site of progression, life status. The database also allows a “virtual biobank”
through systematic data collection on tissue and blood samples stored in the participating Centers to ease

the centralization of material whenever useful for specific research purposes.

Results
EUDRACT 2017-004494-13 trial is still ongoing, as the target patient population has not been reached yet.

Preliminary results will be separately presented for each arm, limited to the patients enrolled in the sponsor

Center (Fondazione IRCCS Istituto Nazionale dei Tumori, Milan).

RELEVENT study
Twelve patients were screened for the study. Four of them resulted in screening failure due to lack of an

adequate tissue sample, a pathological diagnosis other than TET, or any clinical exclusion criteria (in detail,

diagnosis of segmental pulmonary embolism and symptomatic brain metastases at screening) (Figure 2).
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Figure 2. Consort diagram of the study population.

Patients and tumor characteristics
Most patients were male (5/8). Almost all were Caucasian, except for one Hispanic patient. The median age

at screening was 42 years (range 36-74). According to the study inclusion criteria, all the patients had a
confirmed diagnosis of thymic carcinoma; areas of thymoma type B3 were also diagnosed in two of them. All
the patients had advanced disease at the study entry: AJCC disease stage was IVb in four cases and IVa in two
cases. The two patients diagnosed with thymic carcinoma at the IVa stage had a history of relapse after
previous radical therapy for localized disease: radical surgery in one case, surgery followed by radiation
therapy in the other. All the patients received the first diagnosis of a thymic carcinoma at the IVb stage,
except one (REL-005), who relapsed after initial surgery and radiation therapy. None of the patients had a
history of MG or other paraneoplastic autoimmune conditions. In relation to the inclusion and exclusion
criteria of the study, three patients had an anamnesis of hypertension, which was uncomplicated and under
reasonable control with anti-hypertensive medications; one patient was receiving acetylsalicylic acid 100 mg
QD for a transient ischemic attack diagnosed five years before study entry. All the other patients did not have
remarkable medical or pharmacological histories. Patients and tumor characteristics are reported in detail in

Table 8.

Table 8. Patients and tumor characteristics.

Age AJCC Sites of Autoimmune
Patient N | Gender | Ethnicity Histology
(years) stage metastases conditions

Pleura, lung,
REL-001 Female | Caucasian 46 TC IVb No
liver

Lung, lymph
REL-002 Male Caucasian 70 TC IVb No
nodes




Pleura,

pericardium,

REL-003 Male Caucasian 74 B3 T-TC IVb No
lung, lymph
nodes
IVa Pleura, lymph
REL-004 Female Caucasian 62 TC No
(relapse) nodes

Pleura, bone,

REL-005 Male Caucasian 51 TC IVb No
liver
IVa Pleura, chest
REL-006 Male Caucasian 36 B3 T-TC No
(relapse) wall

Lymph nodes,
REL-007 Male Caucasian 49 TC IVb bone, brain No

(asymptomatic)

REL-008 Female Hispanic 57 TC IVb Pleura, liver No

Table legend: N = progressive number; T = thymoma; TC = thymic carcinoma; AJCC = American Joint
Committee on Cancer

Treatment characteristics and outcomes

All the patients received four cycles of chemotherapy with carboplatin and paclitaxel. The median number of

ramucirumab maintenance cycles was nine (range: 4-20).

The first response, assessed as per protocol after the first two cycles of chemotherapy, was partial response
(PR) in three cases and stable disease (SD) in the remaining five cases. The best response was PR in most
cases (5/8). No patients had disease progression (PD) as the first or best response. Notably, the best response
assessment for the four patients still under treatment should be cautioned. Treatment was ongoing at data
analysis (March 2022) in four patients. The remaining four cases discontinued the experimental therapy due
to progressive disease. ORR was 62.5% (6/8), DCR 100% (8/8). The median duration of response (DOR) was

nine months (range: 6-15 months).

No treatment interruption for toxicities or reasons other than PD was registered. Moderate adverse events
were reported in three patients: a case of grade 3 nausea after the first cycle of chemotherapy which
regressed after potentiation of antiemetic premedication; a case of grade 3 proteinuria after seven cycles of
ramucirumab (four in association with chemotherapy, three as maintenance therapy), which resolved after
temporary drug discontinuation and did not relapse after its reintroduction at a reduced dose; a case of grade
3 febrile neutropenia after the second cycle of chemotherapy which required the prescription of granulocyte

colony-stimulating factor at the subsequent two treatment cycles. Proteinuria was the only toxicity related



to the experimental agent, which required dose reduction. Neither severe nor persistent adverse events were
registered. Mild (grade 1-2) toxicities were common (7/8 patients) and mainly consisted of hematologic
adverse events (2/8), infusion reactions to paclitaxel (1/8), and gastrointestinal adverse events (5/8),

hypertension (4/8), and proteinuria (2/8). The details of treatment characteristics are reported in Table 9.

Table 9. Treatment characteristics.

N Reason
NCT First Best Tx Dose G34
Patient N maintenance for tx
cycles response | response | ongoing reduction toxicity
cycles stop
REL-001 4 4 SD SD No PD No Nausea
REL-002 4 10 PR PR No PD No No
Yes
REL-003 4 8 SD PR No PD Proteinuria
(-1 level)
REL-004 4 18 PR PR Yes NA No No
REL-005 4 4 PR PR No PD No No
REL-006 4 7 SD SD Yes NA No No
REL-007 4 4 SD PR Yes NA No No
Febrile
REL-008 4 3 SD SD Yes NA No
neutropenia

Table legend: N = progressive number; CT = chemotherapy; SD = stable disease according to RECIST; PR =
partial response according to RECIST; PD = disease progression according to RECIST; NA = not applicable; G =
grade according to CTCAE v5.0

At the time of data cut-off, six patients were alive; two were dead of the disease (REL-001, REL-003). All the
patients experiencing disease progression could receive further treatments for the disease: chemotherapy in

three cases and immunotherapy in one case.

BIOTET study
Forty patients were screened for the study. Eight of them resulted in screening failure due to a lack of an

adequate tissue sample or pathological diagnosis other than TET (Figure 3).
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Figure 3. Consort diagram of the study population.

Patients and tumor characteristics

Most of the 32 patients enrolled were male (56.2%). The median age was 57 years (range: 26-78). Twenty-
eight patients were diagnosed with thymoma, mostly in AB histologic subgroup (40.6%), followed by the A
(15.6%), B2 (12.5%), B1 and B3 subgroups (9.4% each); the remaining four cases received a diagnosis of
thymic carcinoma. The surgical tumor stage according to AJCC was mostly | (68.7%); ten tumors were at stage
II, while no cases had a stage Ill or IV disease. As assessed by standard serology performed before surgery,
myasthenic status was positive in 34.4% of cases and negative in 62.5%; one patient could not be tested for
myasthenia due to refusal. Only seven of the 11 patients with positive myasthenic serology had myasthenic
symptoms at the time of surgery. The clinical and histological characteristics of the 32 enrolled patients are

detailed in Table 10.

Table 10. Patients and tumor characteristics.

Characteristic N (%)
Gender
Male 18 (56.2)
Female 14 (43.8)
Age (years)
<60 17 (53.1)
260 15 (46.9)
Histology
AT 5 (15.6)
ABT 13 (40.6)
B1T 3(9.4)




B2T 4(12.5)
B3T 3(9.4)
TC 4(12.5)
AJCC stage
| 22 (68.7)
I 10 (31.3)
Il 0
v 0
Myasthenic status (Abs)
Yes 11 (34.4)
No 20 (62.5)
Unknown 1(3.1)

Table legend: N = number; T = thymoma; TC = thymic carcinoma; AJCC = American Joint Committee on

Cancer; Abs = assessed by serological positivity

RNA sequencing analysis

The results of the RNA-sequencing on the 32 samples led to the construction of a phylogenetic tree based on
the similarities and differences among each of them with the others. The comparison among the gene
expression patterns allowed us to identify segregation reflecting the different tumor histotypes, although the

detachment was incomplete. Nonetheless, thymomas type A and thymic carcinomas showed strong

segregation compared to thymomas types AB, B1, B2, and B3 (Figure 4).
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Figure 4. 4A) Phylogram and 4B) unrooted tree of the 32 samples of thymoma and thymic carcinoma.

The principal component analysis confirmed a moderate trend toward histotype-based segregation of the
samples (Figure 5), particularly thymomas type A and thymic carcinomas against all the other histotypes;

thymomas type AB also had a tendency towards segregation from all other different tumor subgroups.
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Figure 5. Results of the PCA.

The hotspot analysis revealed a gradient of cancerogenic pathway activation across the different histotypes:
a low pathway activation in thymoma types A and AB, a low-moderate pathway activation in thymoma types
B1 and B2, a moderate-high pathway activation in thymoma type B3, and a high pathway activation in thymic
carcinoma. However, the most evident difference emerged between all the thymoma subtypes except the

B3 on one side, the thymoma type B3 and the thymic carcinoma on the other side.

Among the most relevant differentially expressed pathways, the gene GTF2/ appeared to be mutated in most
of the thymoma subtypes with good prognosis (A and AB), while no thymomas belonging to subtypes B1, B2,
and B3 were GTF2/ mutated. On the other hand, the GTF2/ wild-type tumors showed a higher
PI3K/AKT/mTOR pathway expression. Compared with the GTF2! wild-type specimens, the GTF2/ mutated

tumors had a deficient expression of the DNA repair pathway. Lastly, GTF2] mutated tumors were




characterized by a higher expression of genes belonging to the Hedgehog signaling pathway than wild-type

TETs (Figure 6).

From a clinical perspective, all the patients with MG were affected by thymoma. No relevant differences in
terms of thymoma subtype or gene expression pathways emerged when comparing MG-positive and MG-
negative subpopulations. All the other clinical variables (gender, age, AJICC tumor stage) were unremarkable

(data not shown).
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Figure 6. Hotspot analysis of main differentially expressed pathways.

Figure legend: WHO = histologic subtype according to the WHO classification; GTF2l+ = presence of
mutations in the gene GTF2/; MG+ = patients with myasthenia gravis; UK = unknown myasthenic status

TOPS and TRY studies
The database for data collection has been created and shared among the participating Centers. Data sharing
agreements have been pledged to allow its fulfillment. The studies have been submitted and approved by

the Ethics Committee of all the participating Centers.



To date, data about 74 TET patients have been compiled by the sponsor Center; twenty-one of them
belonged to the prospective TOPS trial, while the remaining 53 entered the retrospective TRY study. All the

other Centers are also working to introduce their TET cases in the shared database.

Discussion
TETs are exceedingly rare tumors that suffer most of the problems related to uncommon diseases. First, the

comprehension of their biology is limited by the difficulty of conducting translational studies. The insufficient
knowledge of their etiology, pathogenesis, and behavior hinders the development of innovative treatment
strategies. The rarity of the condition and the frequent obstacles to patients’ referral magnify the efforts to
conduct successful clinical research. A recent work focusing on several rare conditions reported that trials on
rare diseases tend to have slower accrual and fewer patients recruited than those focusing on common
diseases. Furthermore, they are often non-randomized and unblinded, producing lower quality clinical
evidence. TETs are particularly complex due to a heterogeneous biology, a multifaceted and unforeseeable
disease history, a problematic pathologic diagnosis, the frequent association with paraneoplastic conditions,
and a scarcity of available therapeutic options. All these variables negatively influence the possibility of

designing, developing, and conducting clinical trials on the disease.%%!

The EUDRACT 2017-004494-13 trial aspires to comprehensively cover all the aspects of TET research. The
RELEVENT study combines the backbone of standard chemotherapy with an innovative anti-angiogenic
agent, which has provided promising preliminary results and has a solid biological rationale for this disease.
It aims to offer an alternative first-line treatment option to TET patients with the worst prognosis, those
affected by thymic carcinoma and thymoma type B3 with an area of carcinoma. BIOTET study uses the most
innovative translational techniques (genomics, transcriptomics, proteomics) to enlighten the biological
pathways underlying TETs. Through a complete clinical characterization and a deep biological analysis, it
wishes to clarify the reasons for the different biologic behavior of these tumors. TOPS and TRY studies aim
to collect a vast amount of clinical, epidemiological, radiological, and biological data on TET patients. The
database they will generate will be the basis for a better understanding of TET characteristics and developing
future research. Furthermore, TOPS and TRY create the opportunity to link the main Italian Centers with
expertise on TETs. This network is instrumental in spreading guidelines on disease therapy, supporting

research, aligning treatment standards, and promoting further research.

The present manuscript presents the preliminary results of the EUDRACT 2017-004494-13 trial. Indeed, the
study has not reached its enrollment target yet and its conclusion had to be prorogated. This delay is
undoubtedly linked to the extreme rarity of the disease. However, the trial also suffered the consequences
of the SARS-CoV-2 pandemic, which impeded patients’ referral from other Institutions for an extended

period. This argument underlines the importance of centralizing patients' diagnostic and therapeutic



pathways with a rare disease. Patients’ referral to expert Centers is crucial to maximize their opportunity to

access clinical trials and innovative treatment options.

In this perspective, several national and international networks have been created. In Europe, the first of
these realities has been the French network RHYTHMIC, founded in 2012, which connects the foremost
expert Institutions across the country. Besides promoting clinical research and creating guidelines, the
network also coordinates patient management by sharing complex clinical cases and direct patient referral.
Itis also equipped with facilities to guarantee a centralized second pathologic look to all TET cases diagnosed
in France. Its US counterpart is ITMIG, which is a no-profit association for the study of TETs. Its main merits
are to promote collaboration for research purposes and to produce shared guidelines for diagnosis and
treatment. ITMIG has also created the first international collaborative database to collect data about the
disease from the many US and non-US reference Institution. This database has led to some of the most
relevant advances in the field, including developing one of the currently used staging systems. In 2017, the
European Union created the European Reference Networks (ERNs), virtual networks of clinicians and
researchers across Europe devoted to dealing with rare diseases requiring highly specialized care. The ERNs
dedicated to rare cancers are called EURACAN (European Reference Networks for Rare Adult solid Cancers),
and one of them is focused on TETs. A national network dedicated to TETs was also created in Italy, named
TYME. One of its main aims is to promote patient recruitment in active clinical trials throughout the country.
In this perspective, the activity of TYME has been and will be instrumental to the successful completion of

the EUDRACT 2017-004494-13 trial.?>%

Regarding the preliminary results of the RELEVENT study, the backbone of this treatment consists of the
combined chemotherapy, which was established several years ago as the standard first-line approach for
thymic carcinoma. The data on carboplatin and paclitaxel come from a single-arm phase Il trial on 40 patients
with untreated thymic carcinoma. The study documented an ORR of 36.5% and a median PFS of 7.5 months
with median OS not reached. These data aligned with those obtained with previous anthracycline-based
regimens (e.g., PAC) but with lower toxicity.?® Therefore, the combination of carboplatin and paclitaxel has
become the standard first-line regimen for thymic carcinoma. The rationale for combining ramucirumab with
chemotherapy comes from preclinical data, evidencing the importance of angiogenesis in the pathogenesis
of thymic carcinoma.®® For example, some experimental models of thymic cancerogenesis from hyperplasia
showed the formation of neovascular tumor networks as a crucial step toward malignancy.” From a clinical
point of view, several antiangiogenic agents have already proved efficacy in treating TETs. To cite only the
most important of them, the multi-target TKI sunitinib showed activity in a phase Il trial with 41 pre-treated
TET patients; ORR was remarkably high (26%) in the cohort of thymic carcinoma in comparison with
thymomas (6%), suggesting that the most aggressive TET histotype is particularly sensitive to the interference
with angiogenesis.”* These results have been confirmed with another multi-target TKI, everolimus. A phase

Il trial on 51 pre-treated TET patients produced an ORR of 9%, irrespective of the histology (two patients with



thymic carcinoma, three patients with thymoma).”® More recently, the phase Il trial REMORA proved the
activity of lenvatinib in a cohort of 42 Japanese patients with advanced pre-treated thymic carcinoma, with
an ORR of 38%.7% In the end, the RESOUND trial tested the activity of regorafenib in 19 pre-treated TET
patients. Results showed an ORR of only 5% with conventional RECIST criteria. However, ORR increased to
68.4% with the Choi criteria, which consider the modification of tumor density due to intra-lesional necrosis

instead of a reduction in dimension to assess the benefit.®

The rationale of the RELEVENT study is to combine the high response rate and the cytotoxic effect of
chemotherapy with the antiangiogenic potential of the biological drug. Furthermore, the combined regimen
has the benefit of providing a maintenance phase with ramucirumab alone. If proved effective, this strategy
could maintain the advantage gained with the initial four cycles of combined treatment without the burden
of adverse events associated with chemotherapy. Although very preliminary, our results support a favorable
activity of the experimental regimen. The experimental therapy was associated with an exceptionally high
ORR and DCR. Data are immature to draw conclusions about PFS and OS, but DOR compares favorably with
the data reported above. The toxicity profile of the experimental regimen was in line with the expected
adverse events of chemotherapy and antiangiogenics. In general, toxicity was manageable, and no
unexpected safety concerns emerged from the first patients treated. Only one ramucirumab dose reduction
due to grade 3 proteinuria was reported, with a resolution of the adverse event after temporary

discontinuation of the drug.

If the activity of the RELEVENT regimen was confirmed in the final data analysis, it could become a new
standard treatment option for thymic carcinoma. To date, all clinical trials testing anti-angiogenic drugs for
TETs enrolled patients progressed to at least one line of chemotherapy. The concept of anticipating the use
of antiangiogenics in the first line and associating them with chemotherapy is innovative and could open the
path to new combination strategies. Furthermore, ramucirumab is an antiangiogenic antibody, which
substantially differs from the antiangiogenic TKls. First, it is specific for the VEGFR-2, critically involved in the
cancer-associated neoangiogenesis. On the contrary, the anti-angiogenic TKls entail their activity mainly by
inhibiting VEGF-related pathways, but they have a pleiotropic effect on several other pathways with low
specificity. If this could potentially contribute to their anti-tumor effect, it is undoubtedly related to a more
unfavorable toxicity profile. Indeed, several trials conducted in more common malignancies (e.g., non-small
cell lung cancer) have shown that combining these TKls with chemotherapy is hard due to a too high incidence
of severe adverse events.”® On the contrary, the association between chemotherapy and ramucirumab is

known to be safe and feasible.?*

If the experimental regimen tested in the RELEVENT study becomes the new first-line treatment standard, it
will likely have to compete neither with chemotherapy alone nor with TKls, but with immunotherapy. Indeed,

several recent trials have proved a substantial activity of immunotherapy with the anti-PD1 agent



pembrolizumab in untreated thymic carcinoma. The most recent phase Il study on 42 patients with untreated
thymic carcinoma showed an ORR of 22.5%, with three complete responses.”* The duration of response,
recently updated, reached three years.'® The toxicity profile showed an unexpectedly high incidence of
severe immune-related adverse events (15%), even if this rate was inferior to that documented in the first
trials conducted on thymomas (40%).7® These data seem to suggest that all TET patients are predisposed to
develop immune deregulation after stimulation with immune checkpoint inhibitors. From a theoretical point
of view, both the RELEVENT regimen and immunotherapy have the potential to obtain prolonged and
profound disease responses in thymic carcinoma: the first one maintaining the cytoreduction obtained with
chemotherapy through continuous maintenance of antiangiogenesis; the second one inducing a sustained
activation of the immune system against cancer antigens. Only future indirect comparisons among the final
data of the two trials will answer the question about the most performing first-line regimen for thymic
carcinoma (a direct comparison in a randomized trial will likely be impossible due to the rarity of the disease).
It is interesting to argue that future studies will be able to test a triple combination of chemotherapy,
antiangiogenic agents, and immunotherapy. The activity and feasibility of such regimens have already been
proved in other malignancies (e.g., carboplatin, paclitaxel, atezolizumab, and bevacizumab in non-small cell
lung cancer) and could give unprecedented benefits to such a rare disease.’®® Furthermore, it could be
interesting to investigate the potential activity of the RELEVENT regimen in the most aggressive histotypes
of thymoma (e.g., thymoma type B3). This disease is linked to thymic carcinoma and has intermediate biology
between carcinoma and other thymoma subtypes. However, thymoma type B3 is almost always excluded
from trials with immunotherapy due to the substantial risk of severe immune-related toxicities that immune
checkpoint inhibitors can elicit in all thymoma subtypes. The potential use of an immunotherapy-free first-
line regimen that potentiates standard chemotherapy could be a crucial issue for such an aggressive

thymoma subtype.

Regarding the results of the BIOTET study, despite being preliminary, they can shed some light on the TET
biology, which is scarcely understood. Indeed, some studies have been published about this topic, but they
are primarily small case series and are very heterogeneous in terms of experimental methods. Furthermore,
very few studies have been conducted systematically using the most recent techniques of broad-spectrum

analysis.

The first point that emerges from the RNA-sequencing results is the transcriptomic differentiation among
TET histotypes. Despite not showing complete histotype-based segregation, our data confirm that the
different histological entities of TETs have substantially different biology. In particular, almost all the cases of
thymoma type AB had a moderate to strong transcriptomic linkage. Furthermore, they showed relevant
similarities with thymoma types B1 and B2. Thymoma type B3 was relatively underrepresented in our case
series, with three cases only, which segregated half with the other thymoma subtypes and half with thymic

carcinoma. Thymic carcinoma appeared to have a radically different profile in comparison to most thymoma



subtypes, except for thymoma type B3 (with the above-discussed caveat) and type A. Lastly, thymoma type
A showed a moderately strong intra-histotype concordance in terms of gene expression, but almost complete
segregation from all the other thymoma subtypes. It had more similarities with the biology of the four cases
of thymic carcinoma. In other words, RNA-sequencing supports that thymoma types AB, B1, B2, and B3 are
a continuum of similar biological entities, as emerges from their histological appearance; on the contrary,
thymoma type A and thymic carcinoma are entirely different diseases, with a peculiar gene expression
pattern. This finding is consistent with the clinical behavior of the two histotypes: on the one hand, thymoma
type A has a peculiarly indolent natural history, is almost refractory to medical and radiation therapies, and
has excellent curative chances with surgery; on the other hand, thymic carcinoma is an aggressive disease,
with an early trend toward distant dissemination, it is chemo- and radio-sensitive, and behaves similarly to
squamous cell carcinomas of any other origin.* Notably, the mixed AB histology appears more similar to
thymoma type B than to thymoma type A, suggesting that B aspects intensely condition the tumor biology,
overtaking the A-related pathways. The apparent similarity between thymoma type A and thymic carcinoma
is a novel finding in contrast with the clinical behavior of the two diseases. To our knowledge, no previous
works have specifically compared these two TET subtypes. Only a deeper genetic analysis and clinical data

correlation could clarify this apparent biological paradox.

Analyzing the differentially expressed genetic pathways more in detail, a role emerges for the gene GTF2I.
This gene is located on chromosome 7 and encodes for a multifunctional phosphoprotein (General
Transcription Factor II-1), which regulates transcription and signal transduction. The pathways regulated by
this pleiotropic protein include AKT and MAPK3.1°% Previous literature data have unveiled a differential
expression of GTF2/ among TET subtypes. In particular, Petrini et al. discovered a specific missense mutation
(c.74146970T>A) occurring at high frequency in thymoma type A and sometimes in thymoma type AB. On
the contrary, this mutation was almost absent in the most aggressive thymoma subtypes and thymic
carcinoma. /n vitro analyses performed by the same authors showed that GTF2/-mutated thymic cells do not
undergo malignant transformation but have a sustained growth proliferation. Therefore, despite the exact
mechanism being unclear, data support that GTF2| acts as a stimulator of tumor progression instead of a
proper tumor promotor.1® Our data support the strong association between GTF2/ mutations and indolent
TET subtypes, as all the GTF2/-mutated cases belonged to the A and AB thymoma histotypes. With the
limitation of the small sample size, no significant differences in gene expression pathways emerged among
the GTF2l-mutated and the GTF2/-wild type A and AB thymomas. Notably, GTF2l has a role in the
differentiation and activation of B lymphocytes, as it is required to form functional ARID3A DNA-binding
complexes and activates immunoglobulin heavy-chain transcription.’®® This function could lead to the
hypothesis that GTF2/ is involved in developing the autoimmune manifestations, which are more common in
the most indolent thymoma subtypes than, for instance, in thymic carcinoma. Despite this biological

rationale, at least in our case series, no differences in the incidence of MG could be observed after



stratification for GTF2/ mutation. The potential role of the gene in promoting TET-associated autoimmunity

deserves clarification.

Although being apparently not involved in autoimmunity, our data support that GTF2/ mutation critically
influences tumor biology. Indeed, the GTF2/ wild-type samples have a higher expression of the
phosphatidylinositol-3 kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway compared to
GTF2/-mutated tumors. The PI3K/AKT/mTOR pathway is an intracellular signaling route with a crucial role in
regulating the cell cycle. In detail, PI3K activation phosphorylates and activates AKT, localized in the plasma
membrane. AKT has several downstream effects, including but not limited to the activation of CREB, the
inhibition of p27, the localization of FOXO in the cytoplasm, and the activation of PtdIns-3ps and mTOR. Some
of the numerous mediators which can enhance the PI3K/AKT/mTOR pathway include epidermal growth
factor (EGF), shh, insulin-like growth factor 1 (IGF-1), insulin, and CaM. On the contrary, PTEN, GSK3B, and
HB9 are antagonists of the path. In physiology, the PI3K/AKT/mTOR pathway is crucial in the proliferation
and differentiation of stem cells. However, the path is also activated in many malignancies, with the effect
of inhibiting apoptosis and boosting cell proliferation.'®® The mutual exclusion between GTF2/ and the
PI3K/AKT/mTOR pathway suggests that the last one is peculiar to the most aggressive TET subtypes. If these
data were confirmed, TETs could be divided into two major categories, overcoming the histological
classification: the GTF2/ mutated tumors (mainly corresponding to the thymoma types A and AB), with an
indolent behavior and a slow growth, and the PI3K/AKT/mTOR dependent tumors (represented mainly by
the thymoma type B3 and the thymic carcinoma), with an aggressive proliferation and a poor prognosis. From
a clinical perspective, the mTOR inhibitor everolimus has shown activity in treating TETs, particularly the most
aggressive variants.”® Furthermore, a study by Hellyer et al. documented a high incidence of genetic
alterations belonging to the PI3K/AKT/mTOR pathway in the patients with an excellent response to the drug,
despite the absence of a complete correlation.'% In clinical trials, many other PI3K, AKT, and mTOR inhibitors
are being tested for solid and hematologic malignancies.'®” Given the apparent relevance of this pathway in
the most aggressive TET subtypes, it could be interesting to try these compounds in the treatment of
thymoma and thymic carcinoma, for example, in the context of a basket trial including different malignancies

with the same genetic drivers.

Another genetic pathway that appears to be differentially expressed between GTF2/-mutated and wild-type
samples is that one involved in DNA repair. In particular, the GTF2/-mutated TETs have a peculiar down-
regulation of the DNA repair genes. DNA repair is a multi-enzyme, multi-pathway system required to ensure
the integrity of the cellular genome. DNA damage is frequent in all living cells and can arise from harmful
exogenous agents or as a consequence of random errors during DNA replication. The DNA repair machinery
continuously scans the genome and maintains genome integrity by removing or mending any detected
damage. Depending on the type of DNA damage and the cell cycle status, the DNA repair machinery utilizes

several pathways to restore the genome to its original state. When the damage and circumstances are such



that the DNA cannot be repaired, the DNA repair machinery attempts to minimize the harm and patch the
insulted genome to ensure cell viability. A deficit in DNA repair mechanisms leads to the accumulation of
DNA alterations associated with senescence and cancerogenesis. Germline mutations of DNA repair genes
cause familial cancer syndromes, such as Fanconi anemia, xeroderma pigmentosum, and Lynch syndrome.%®
Our findings support that GTF2/-mutated TETs are defective in one or more DNA repair mechanisms and
could be potentially sensitive to the DNA damage response inhibitors. Indeed, several compounds targeting
the DNA repair of defective cancer cells have been developed and tested in different malignancies. The poly-
ADP-ribose-polymerase (PARP) inhibitors are the best known, selectively blocking this enzyme when
repairing DNA damage through homologous recombination. The blockage of homologous recombination
induces DNA single-strand breaks, which in normal cells are amended by other repair mechanisms such as
those depending on breast related cancer antigens (BRCA). Malignant cells that are BRCA defective cannot
repair DNA damage in the presence of PARP inhibitors and dead of the accumulation of DNA instability.%®
Further studies to understand the relevance and mechanisms of DNA repair deficit in GTF2/-mutated TETs
could open new therapeutic perspectives for such tumors, which are slowly growing but typically insensitive

to medical treatment.

The last pathway which appears to be differentially regulated according to GTF2/ mutational status is the
Hedgehog one. In particular, the GTF2/-mutated TETs have a higher expression of the Hedgehog-related
genes than the wild-type counterparts. The Hedgehog signaling pathway is responsible for proper cell
differentiation in the embryo. Still, its signaling also remains essential in adults, promoting the proliferation
of adult stem cells from various tissues, including hematopoietic cells and mammary and neural stem cells.
Aberrant activation of the Hedgehog pathway is implicated in the development of different malignancies,
including brain, lung, breast, prostate, and skin (e.g., basal cell carcinoma). The Hedgehog signaling pathway
is complex, and its correlation with cancer development is incompletely understood. However, the aberrant
activation of the Hedgehog genes probably leads to transforming adult stem cells into malignant stem cells,
stimulating abnormal growth, proliferation, and invasion.!!%!! The interference with the Hedgehog pathway
has already entered the clinical practice of anti-cancer treatment since the introduction of the SMO inhibitors
(sonidegib and vismodegib), which have been approved to treat advanced basal cell carcinoma. Itraconazole
and arsenic trioxide can inhibit SMO activity through a different mechanism from the classical inhibitors,
potentially overcoming their resistance.'? Whether the higher expression of the Hedgehog pathway in
GTF2/-mutated TETs has clinical significance in terms of sensitivity to specific inhibitors needs further

investigation.

Besides the role of GTF2I, thymic carcinomas showed a much higher burden of pathway up-regulation than
thymomas. Some of the most expressed pathways include those related to hypoxia, mitogenesis, epithelial-
mesenchymal transition, inflammatory response, fatty acid metabolism, oxidative phosphorylation,

glycolysis, angiogenesis, MYC, and KRAS signaling. These pathways are typically up-regulated in malignant



cells of many other origins and define the most well-known cancer-specific hallmarks.'*® Indeed, a typical
feature of cancer cells is the up-regulation of oncogenes and the inhibition of onco-suppressor genes, which
cumulatively lead to abnormal tumor behavior (e.g., uncontrolled proliferation, tissue invasion, aberrant
angiogenesis, distant metastatization, suppressed apoptosis). Thymic carcinoma appears to have the typical
gene expression picture of the most common epithelial malignancies, confirming that this disease
substantially differs from thymoma, an exquisitely organ-specific neoplasm with unique characteristics. On
the contrary, thymic carcinoma completely resembles the much more common squamous cell carcinomas
originating, for example, from the lung and the head and neck district. Collaterally, the angiogenesis pathway
is one of the most up-regulated in this disease and can be seen as a further confirmation of the biological

rationale of the RELEVENT trial.

As expected from epidemiology, all the cases of MG-positive patients belong to the thymoma subgroup, while
no cases of MG were diagnosed in the subset of thymic carcinoma. Most of the cases have been diagnosed
in thymoma type AB, but some also in thymoma types A, B1, B2, and B3, in line with the incidence described
in most case series. The bioinformatic analysis of RNA-sequencing results was not focused on the differences
between the subpopulations of patients with and without MG. Nonetheless, no visible differences in gene
expression pathways emerge when stratifying the patients according to the presence of MG. This observation
seems to suggest that TET behavior is not substantially influenced by the concomitance of autoimmunity. A
dedicated analysis could be instrumental in unveiling the genetic mechanisms that lead to autoimmunity

development in some TET cases, with a particular preference for some thymoma histotypes.

Several previous works have focused on the genetic characterization of TETs in an attempt to clarify their
biology. The most comprehensive case series, which have been analyzed through wide genetic panels or
multi-omic methods, has led to the identification of TET clusters, proposed as alternative or additive to the
classical histological characterization. For example, Badve et al. performed whole-genome expression
analysis on 34 thymoma samples. They identified four molecular clusters of thymomas, which correlated with
histology but not with outcome. Furthermore, amino acid metabolisms, biosynthesis of steroids and
glycosphingolipids, cell cycle checkpoint proteins, and Notch signaling were pathways related to distant
metastatization and poor prognosis.!** Lee et al. used cDNA microarray based-comparative genomic
hybridization on 39 thymoma samples. They identified the most significant genes able to differentiate the
histological subtypes, confirming that differences in behavior and prognosis correspond to the genetic
differences among histotypes.!’> Girard et al. profiled 45 TETs through array-based comparative genomic
hybridization, and they screened the same samples through immunohistochemistry for the expression of
EGFR, KIT, and KRAS. They evidenced a low incidence of EGFR, KIT, and KRAS expression mostly limited to
thymic carcinomas. Furthermore, they showed that gene expression showed more substantial differences
between thymoma types A-B2 and thymoma type B3-thymic carcinoma, which seemed to be reasonably

related biological entities.'*® Yu et al. analyzed 31 cases of thymoma through mRNA microarray analysis. First,



they found that several pathways, including some oncogenes, were up-regulated in thymoma cells compared
to peri-tumoral normal thymic cells. They also were able to identify six clusters of thymomas differentiated
by gene expression, only partially overlapping with histology. Lastly, they recognized that CCL25 was
upregulated, while MYC, GADD45B, and TNFRSF12 were downregulated in MG-associated thymoma.!"’
Radovich et al. performed one of the widest analyses conducted on the disease. They characterized 117 TET
samples through multi-platform omic analyses. In this way, they were able to identify four tumor subtypes
correlating with prognosis and histotypes. They also confirmed the high prevalence of GTF2/ mutation in
thymomas compared to thymic carcinoma. In the end, they showed that MG-positive thymomas had a tumor
over-expression of muscle auto-antigens and increased aneuploidy compared to MG-negative cases.!'® All
these studies are difficult to compare among them and with ours, as they are very heterogeneous in many
aspects: the number of patients analyzed, homogeneity of TET histotypes, presence or not of centralized
histological confirmation, nature of the collected samples, methods of biological and bioinformatic analyses,
clinical characterization of cases, the purpose of the analysis. Despite incomplete segregation among
subgroups, our results generally seem to support a fair concordance between TET biological characteristics
and histological subtype. This conclusion partially contrasts with the works which used TET genetic and
transcriptomic features to define new classes in substitution to the histological classification. According to
our data, the differences among TET histotypes seem to reflect underlying biological differences, which could

explain the heterogeneous behavior of the various subgroups.

In comparison to the above-reported works, our study has several strengths: it includes a pretty significant
case series of TETs, considering the rarity of the disease; the enrolled patients are homogeneous for stage
and absence of previous treatments; the biological samples have been collected according to strict
procedural guidelines; the biological analysis has been conducted through a comprehensive output method,
and the results have been subject to complex bioinformatic analyses. This work also has some important
weak points. First, the reported results are still preliminary and will need confirmation after completing the
trial enrollment. Furthermore, the study samples include a remarkably high prevalence of thymomas type
AB, scarce in the general population. This imbalance among histotypes is likely a causality effect, as our
patients were unselected. Still, it may have influenced the results as some of the other more frequent
histotypes (e.g., thymoma types B1-B3) were relatively under-represented. At this stage of the study, we do
not have information about disease outcomes after surgery. For this reason, we cannot look for potential
associations between specific gene expression pathways and natural disease history, as some previous works
have done, for example, evidencing an association between peculiar genetic characteristics and the

likelihood of disease relapse.

Regarding TOPS and TRY studies, the data collection is ongoing, and the first data extractions have not been
performed yet. These studies are very innovative, as they will finally lead to the construction of the first

Italian registry dedicated to TETs.



One of the main hurdles in conducting research about rare diseases is the lack of high-quality data as a
background for innovative studies. This problem relies on the rarity itself of the condition, the lack of
collaboration among reference Institutions, and the poor patients’ referral from other Centers throughout
the country. The few data available across some Institutions are often scarce in quality and completeness,

and inhomogeneous in nature and form.

From such a perspective, developing a high-quality, validated database and its sharing across all the reference
Institutions for TETs throughout the country could be a crucial advance. It could allow the collection of
reliable, homogeneous clinical, pathological, and biological data, which could be used in the future to answer
specific questions still open on the disease. The database could also be an instrument to boost the

cooperation among reference Centers, which are formally united by a dedicated network.

The success of the French experience within the RHYTHMIC association has inspired the development of a
similar infrastructure in Italy, with the TYME network, which manages the registry. The final purpose of this
project is to include all the Italian patients with a diagnosis of TET in the network to obtain two crucial gains:
to ensure all TET patients high-quality care and to collect all the data available on the disease, with the

guarantee of homogeneous criteria for diagnosis, histological classification, and staging.

The database includes specific fields to collect data about blood and tissue samples stored in each Center.
Such an amount of data will constitute a virtual biobank, which will ease the collection of specific samples
potentially needed for future studies. As discussed above, one of the critical issues related to rare cancers is
the lack of knowledge about their biology and the difficulty in developing translational research. In this
perspective, the virtual biobank included in the registry could be a crucial instrument to allow the conduction
of preclinical research. It could be viewed as the first step of a bench-to-bedside approach which is rarely

warranted for rare diseases.

In conclusion, the EUDRACT 2017-004494-13 trial is a rare example of a comprehensive clinical and
translational study dedicated to TETSs. Its results are still preliminary because the rarity of the disease and the
difficulties related to the Covid-19 pandemic slowed down the enroliment. Nonetheless, the RELEVENT study
seems to support the activity and safety of a new first-line treatment regimen with chemotherapy and
antiangiogenics for the most aggressive TET subtypes. If preliminary results are confirmed in the final
analysis, this regimen will replace the previous standard therapy for the disease and will be competitive with
the other innovative agents which recently entered the therapeutic arsenal for TETs (e.g., immunotherapy).
The BIOTET study gave the first insights into the complex and poorly understood biology of TETs, confirming
that their histological differences rely on a true biological diversity expressed by up- and down-regulation of
specific cancer-related pathways. Further analyses of the most involved pathways could hopefully lead to the
development of new personalized treatment approaches based on the biological weaknesses of each

subtype. The TOPS and TRY studies substantially contribute to the collaboration among the Italian reference



Centers dedicated to TETs. The data collected in their context will help shed light on the most relevant grey

areas of TET biology, diagnosis, and treatment. Furthermore, these studies will lay the foundation for future

research projects finalized to understand the biology of TETs better and identify the most promising

innovative treatment strategies for the disease. Taken together, these substudies constitute a unique

opportunity to enhance the therapeutic options for particularly neglected and rare diseases like TETs. Only

similar collaborative projects, based on the support of national and international networks, will allow

improving the prognosis of the disease substantially. Even more importantly, the success of the EUDRACT

2017-004494-13 trial could be viewed as a proof of concept that complex clinical and translational research

can be conducted even on rare diseases, thanks to the power of collaborative networks.
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