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ABSTRACT

Introduction: Paraneoplastic autoimmune diseases
(ADs) are a hallmark of thymic epithelial tumors (TETs)
and affect treatment management in patients with
advanced-stage tumors, yet the risk factors for
development of AD in advanced TET remain poorly
understood.

Methods: All patients with advanced TET treated at Stan-
ford University between 2006 and 2020 were included.
Charts were retrospectively reviewed for the presence of
AD, demographic information, and treatment history. Next-
generation sequencing was performed on available TET
tissue. Multivariate regression was used to evaluate vari-
ables associated with AD.

Results: A total of 48 patients were included in the
analysis with a median follow-up of 5.4 years. One-third
(n ¼ 16, 33%) were diagnosed with having ADs, with 28
distinct ADs identified. The only significant difference
observed in the AD cohort compared with the non-AD
cohort was a higher proportion of thymoma histotype
(81% versus 47%, p ¼ 0.013). The most common AD
events were myasthenia gravis (n ¼ 7, 44%) followed by
pure red cell aplasia (n ¼ 5, 31%). In the multivariate
models, there were no independent factors associated
with AD, either at TET diagnosis or subsequent to TET
diagnosis. Genomic data were available on 18 patients, and
there were no overlapping mutations identified in the nine
patients with AD.

Conclusions: ADs are common in patients with advanced
TETs. Prior total thymectomy does not affect the devel-
opment of subsequent AD. Patients who developed AD
other than myasthenia gravis were more likely to do so
several years after TET diagnosis. Additional work,
including multiomic analyses, is needed to develop pre-
dictive markers for AD in advanced TET.
� 2022 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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Introduction
Thymic epithelial tumors (TETs), particularly thy-

momas, are associated with paraneoplastic autoimmune
diseases (ADs).1,2 Myasthenia gravis (MG) is the most
common AD observed in patients with TET, with 30% to
44% of patients with thymoma developing MG either at
the time of diagnosis or subsequently thereafter.3,4 Other
described paraneoplastic ADs include cytopenias such as
pure red cell aplasia and hypogammaglobulinemia, sys-
temic lupus erythematous, and polymyositis.5,6
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Although the pathophysiology of AD in TET is poorly
understood, it is postulated to be related to dysregula-
tion of the normal immune function of the thymus. In
normal thymic epithelial tissue, immature T-cell pro-
genitors undergo positive and negative selection to
prevent reaction with self-antigens.7,8 In thymomas, the
risk of AD is increased owing to abnormal thymic ar-
chitecture combined with additional pathologic features
that affect positive and negative selection of T-cells. The
neoplastic epithelial cells minimally express major his-
tocompatibility complex class II, which plays a vital
function in T-cell positive selection. The autoimmune
regulator protein, which is an important factor for T-cell
negative selection, is absent in more than 95% of thy-
momas.8,9 In contrast, ADs are rare in thymic carcinoma
(TC), and as a result, there is a paucity of data on the
potential mechanisms leading to AD in this subgroup.8

Prior studies describing AD in TET were primarily in
patients with early stage disease.3,5,6 A previous retro-
spective study by Padda et al.5 of patients in the Interna-
tional Thymic Malignancy Interest Group retrospective
database found improved recurrence-free survival and
overall survival (OS) in patients with TET who had con-
current AD compared with those without AD.5 Similarly,
Filosso et al.10 reported improved OS in patients with TET
and MG compared with those without MG. Nevertheless,
AD was associated with earlier stage TET in both studies,
whichmay suggest that the reported favorable prognosis is
a result of lead-time bias rather than favorable TET tumor
biology. Additional research isneeded tobetterunderstand
the potential impact of AD on prognosis.5,10

Little is known regarding the characteristics and
prognostic features of AD in patients with advanced-
stage TET. Here, we retrospectively reviewed all pa-
tients with advanced TET treated at our institution to
determine the demographic, clinical, molecular, and
treatment characteristics of patients who develop AD.
Materials and Methods
Database and Study Cohort

We performed a retrospective cohort study of patients
with advanced-stage or recurrent TET treated between
2006 and 2017 using the Stanford Cancer Institute
Research Database (SCIRDB).11 The SCIRDB identified pa-
tients for potential inclusion in the cohort by means of
programmed searches of the electronic medical record
(EMR) which included International Classification of Dis-
eases (ICD) Ninth and Tenth Revision codes that matched
TET diagnoses. Patient eligibility for this cohort study was
subsequently confirmed manually in the EMR. Patients
were additionally included in the cohort who were identi-
fied by manual searches of the medical thoracic oncology
clinics between 2017 and 2020. Patients were excluded if
they (1) did not have a pathologic diagnosis of TET and (2)
did not have imaging or pathologic diagnosis confirming
advanced-stage or recurrent TET. The Stanford University
Institutional Review Board approved this study, including
web-based informed consent for patients who participated
in themolecular analysis andwaiver of consent granted for
retrospective data analysis.
Outcomes and Measurements
There were 2 members of the research team (SS, JH)

who abstracted the following data from the EMR: de-
mographic characteristics, including age at diagnosis, race,
and sex; clinical characteristics, including pathologic clas-
sification, stage, presence of AD at TET diagnosis, and AD
onset after TET diagnosis; and treatment characteristics,
including total thymectomy, radiation therapy, and sys-
temic treatments for TET and AD. Pathologic diagnosiswas
classified using the 2004 or 2015 WHO criteria depending
on the year of diagnosis.12,13 We reclassified cases diag-
nosed before 2004 per the 2004 WHO criteria. Stage was
described by Masaoka-Koga classification with Interna-
tional Thymic Malignancy Interest Group clarifications.14

Date of TET diagnosis was the date of initial pathologic
confirmation; date of advanced or recurrent disease,
whether at initial diagnosis or recurrence, was defined as
the date of radiologic or pathologic confirmation of
advanced or recurrent disease; and date of AD onset was
thedate of initial cliniciannote in theEMRdocumenting the
AD diagnosis. For patients with two or more ADs, the
unique events were evaluated separately to determine
onset of AD before or at the time of TET diagnosis versus
after TET diagnosis. We determined TET and AD-specific
treatments by review of clinician documentation for indi-
cation. A subgroup of patients provided written informed
consent as part of a Stanford University Institutional Re-
view Board–approved protocol for next-generation
sequencing (NGS) on tumor specimens. Targeted NGS
was performed by means of The Solid Tumor Actionable
Mutation Panel (STAMP) covering 130 genes,15 Founda-
tionOne covering 324 genes,16 or NCI-Match NGS Assay
covering 323 genes.17 Pathogenic versus variant of un-
known significance statuswas determined by independent
pathologist (MO) review by means of evaluation of func-
tional data published in literature, previously published
expert panel review,18 and search of ClinVar, Catalogue of
Somatic Mutations in Cancer, OncoKB, and Jax Clinical
Knowledgebase databases.
Statistical Analysis
All analyses were performed by means of STATA 16

(StataCorp 2019, College Station, TX). The baseline de-
mographic, clinical, NGS, and treatment characteristics
were summarized using descriptive statistics. The



Table 1. Demographic, Clinical, and Treatment Characteristics

Characteristic

N (%)

p ValueTotal AD No AD

N 48 16 32
Mean age at diagnosis (y) (SD) 54 (15) 51 (17) 55 (14) 0.37
Male sex 30 (63) 8 (50) 22 (69) 0.21
Race
Black 0 (0) 0 (0) 0 (0) 0.46
Native American or Alaskan Native 1 (2.1) 0 (0) 1 (3.1)
Asian 22 (46) 10 (63) 12 (38)
White 18 (38) 5 (31) 13 (41)
Native Hawaiian or Other Pacific Islander 2 (4.2) 0 2 (6.3)
Other 5 (10) 1 (6.3) 4 (13)

WHO classification
Thymoma 28 (58) 13 (81) 15 (47) 0.01
Thymic carcinoma 18 (38) 2 (13) 16 (50)
Not defined 2 (4) 1 (6) 1 (3)

Masaoka-Koga stage at diagnosis
I 2 (4.2) 1 (6.3) 1 (3.2) 0.81
II 2 (4.2) 1 (6.3) 1 (3.2)
III 9 (19) 3 (19) 6 (19)
IV 30 (63) 8 (50) 22 (69)
Not defined 5 (10) 3 (19) 2 (6.3)

Total thymectomy 29 (60) 10 (63) 19 (59) 0.84
Radiation therapya 36 (75) 11 (69) 25 (78) 0.48
Systemic treatment for thymic neoplasm 46 (96) 15 (94) 31 (97) 0.61
Median number of systemic treatments (range) 3.0 (0–8) 3.0 (0–5) 3.0 (0–8) 0.83

Note: Data are expressed as number and percentage, n (%) except where otherwise stated. Bold values indicate statistical significant.
aIndications for radiation therapy included the following: adjuvant, definitive, oligometastatic, and palliative.
AD, autoimmune disease.
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continuous variables were summarized as means with SD
or medians with range, and the categorical variables were
summarized as frequencies with relative percentages.
Student’s two-sided t test and Pearson’s chi-square test
were used to compare continuous and categorical vari-
ables, respectively. To evaluate the association of de-
mographic and clinical factors with the presence of AD at
time of TET diagnosis, we used multivariate logistic
regression. To determine the association of demographic,
clinical, and treatment factors with the onset of AD after
TET diagnosis, we used Cox proportional hazards regres-
sion, adjusting for covariates. Patients with AD before TET
diagnosis and subsequent new AD after TET diagnosis
were included in both the multivariate logistic and Cox
regression analyses. The full list of variables included in the
analyses is listed in Supplementary Tables 1 and 2,
respectively. Patients with missing data were excluded
from the multivariate analyses. The p value less than 0.05
was defined as statistically significant.
Results
Overall Cohort Characteristics

The analysis cohort consisted of 48 patients
(Table 1). The mean age at time of TET diagnosis was 54
years (SD ¼ 15), and 30 patients (63%) were males.
Type B thymoma (n ¼ 18, 38%) and TC (n ¼ 18, 38%)
were the most common TET subtypes, although defini-
tive subtype classification was not always possible given
75% were samples obtained by core biopsy. Most
patients were diagnosed with advanced or recurrent
disease at the time of TET diagnosis (n ¼ 30, 63%). One-
third of the patients (n ¼ 16, 33%) had AD either at TET
diagnosis or developed AD subsequently.

Most patients received systemic medical treatment
for TET (n ¼ 46, 96%), along with 29 patients (60%)
also undergoing total thymectomy and 36 patients
(75%) undergoing radiation either postoperative or for a
variety of other indications. Of the 13 patients who
presented with stages I to III disease, 11 patients (85%)
underwent total thymectomy and 11 patients (85%)
underwent radiation therapy. Those with stage IV
disease underwent these local treatments less
frequently: 13 patients (43%) and 20 patients (67%)
underwent total thymectomy and radiation, respec-
tively. Patients received a median of 3 (range: 0–8)
systemic medical treatments. The most common
regimen was cyclophosphamide, doxorubicin, and
cisplatin (n ¼ 27, 56%), followed by carboplatin and
paclitaxel (n ¼ 24, 50%). One patient with thymoma



Figure 1. OncoPrint of genomic information using targeted NGS panel STAMP (n¼ 15), Foundation One (n ¼ 2), and NCI-Match
(n ¼ 1). Pathogenic or likely pathogenic mutations are reported separately from VUS. AD, autoimmune disease; NCI, National
Cancer Institute; NGS, next-generation sequencing; OS, overall survival; STAMP, Solid Tumor Actionable Mutation Panel; TC,
thymic carcinoma; VUS, variant of unknown significance.
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received immunotherapy in the fourth-line line setting
as part of a clinical trial and did not have a diagnosis
of or develop AD. The median length of follow-up for
the cohort was 5.4 years.

Molecular Abnormalities
A total of 18 patients (38%) had NGS performed with

the distribution of gene mutations and aberrations
illustrated in Figure 1. Half of the patients with NGS data
had AD (n ¼ 9, 50%). There was one patient with AD and
thymoma with pathogenic or likely pathogenic muta-
tions in two genes: APC and FBXW7. Two additional
patients with AD had a pathogenic mutation in KEAP1
(TET pathology unknown) and MLH1 (thymoma),
respectively. Of the patients without AD, there were two
with pathogenic mutations in TP53 (one TC and one
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thymoma) and two with pathogenic mutations in
CDKN2A/B (both with TC).
Paraneoplastic Disease and AD Characteristics
There were 28 ADs among 16 patients (Table 2).

There was a median of one AD event per patient and a
range of one to six AD events per patient (Table 2). Nine
deaths occurred in the 16 patients with AD (56%) during
a median follow-up time since TET diagnosis of 100
months. There were six patients (38%) with first onset
of AD before TET diagnosis and all patients had thy-
moma. Of the six patients with AD before TET diagnosis,
four were diagnosed with MG only, one was diagnosed
with autoimmune neuropathy, and one was diagnosed
with MG, pemphigus vulgaris, and dermatomyositis.
There were 10 patients who had first onset of AD after
TET diagnosis with a median time to onset of 65 months
(interquartile range: 32–164 mo), and this included two
patients with TC. The total number of AD per patient was
not significantly different between those who had initial
AD onset before or at onset of TET diagnosis and those
who had AD onset after TET diagnosis (p ¼ 0.13).

The most common AD was MG in seven patients
(44%), followed by pure red cell aplasia in five patients
(31%) and Good syndrome (thymoma-associated
Table 2. AD Onset and Characteristics

Patient AD (n) AD Events
WHO
Classification

1 6 CASPR2 encephalitis; Good
syndrome; enteropathy;
minimal change disease;
MG; Sweet syndrome

Type B

2 1 MG Type B

3 1 MG Type B
4 2 Good syndrome; MG Type B

5 1 Neuropathy Type B
6 1 MG Type B
7 3 Amegakaryocytic

thrombocytopenia;
arthritis; PRCA

Type B

8 1 MG Type AB
9 1 PRCA Type AB
10 1 PRCA Thymoma, NO
11 2 Enteropathy, neutropenia Thymoma, NO
12 1 PRCA Thymoma, NO
13 3 Dermatomyositis, pemphigus

vulgaris, MG
Thymoma, NO

14 1 PRCA TC
15 1 ITP TC
16 2 Arthritis; Good syndrome Thymic neopl
aThymoma listed as type A, type B, or type AB.
bCases where AD preceded TET diagnosis, including those with multiple ADs if a
AD, autoimmune disease; ITP, immune thrombocytopenic purpura; IVIG, intrave
otherwise specified; PRCA, pure red cell aplasia; TC, thymic carcinoma; TET, th
hypogammaglobulinemia and immunodeficiency) in
three patients (19%). MG occurred before TET diagnosis
in five of seven (71%) cases. Other ADs before TET
diagnosis included one patient with neuropathy and one
patient with both dermatomyositis and pemphigus vul-
garis. All other ADs, including all autoimmune cytopenias
(Good syndrome, amegakaryocytic thrombocytopenia,
pure red cell aplasia, neutropenia, and immune throm-
bocytopenic purpura) occurred after TET diagnosis.
Treatment Course of TET-Associated AD
Patients with AD received a median of 2.5 AD-

directed treatments (interquartile range: 1–3).
Acknowledging the different types and numbers of AD,
we noted a trend for a higher median number of AD
treatments for those who had AD onset after TET diag-
nosis versus those who had AD onset before TET diag-
nosis (4 versus 3, respectively, p ¼ 0.058). In total,
patients received 15 unique AD-directed treatments
(Table 2). The most common AD-directed treatment for
MG was pyridostigmine (n ¼ 4 of 7; 57%), whereas two
patients with MG did not require AD-directed treatments
beyond treatment of the TET (29%). Of the five patients
with pure red cell aplasia, three patients received sys-
temic steroid monotherapy (60%); one patient received
a
TET Diagnosis to
First AD (mo)b AD Treatments

N/A Azathioprine, cyclophosphamide,
cyclosporine, daratumumab,
everolimus, IVIG, plasmapheresis,
rituximab, steroids, tacrolimus

N/A IVIG, mycophenolate,
pyridostigmine, steroids

84 None
N/A Azathioprine, pyridostigmine,

plasmapheresis
N/A IVIG, steroids
N/A Pyridostigmine
160 Steroids

1 None
39 Steroids

S 172 Steroids
S 47 Everolimus, octreotide, steroids
S 168 None
S N/A Mycophenolate, pyridostigmine,

steroids
30 Cyclosporine, IVIG, steroids
30 Steroids

asm 184 IVIG, methotrexate, steroids

t least one AD occurred before TET diagnosis, were designated as N/A.
nous immune globulin; MG, myasthenia gravis; N/A, not applicable; NOS, not
ymic epithelial tumor.
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combination cyclosporine, intravenous immunoglobulin,
and systemic steroid; and another patient received
supportive transfusions alone.
Factors Associated With AD
There were no demographic, clinical, or treatment

characteristics associated with AD except for an
increased proportion of patients with thymoma histo-
type (81% versus 47%, p ¼ 0.013; Table 1). After
adjusting for covariates, demographic and clinical factors
were not associated with increased odds of AD at the
time of TET diagnosis (Supplementary Table 1) or
development of AD after TET diagnosis (Supplementary
Table 2). Treatment variables of total thymectomy and
radiation therapy were also not associated with devel-
opment of AD after TET diagnosis.

Discussion
In this single-institution retrospective cohort study,

our goal was to analyze factors associated with AD in
patients with advanced TET along with describing the
onset, chronology, and characteristics of these ADs. The
types of AD observed varied depending on whether the
AD onset occurred before or after TET diagnosis. Pa-
tients who developed AD before TET diagnosis most
often had MG, whereas patients who developed AD after
TET diagnosis (often several years after) had AD other
than MG, particularly autoimmune cytopenias and Good
syndrome. There was a higher proportion of thymomas
observed in the patients who had AD, but thymoma
histotype was not independently associated with AD.
There were no independent demographic and clinical
factors associated with AD at or after TET diagnosis. A
molecular analysis was performed on a subset of 18
patients, and there was no overlap in pathogenic or
likely pathogenic mutations in those with AD, although
there was only a total of seven tumors with pathogenic
mutations observed.

Similar to prior findings in early stage disease,5,19

one-third of our cohort with advanced TET had an
associated paraneoplastic AD. Of the patients diag-
nosed with having AD before a diagnosis of TET, most
had neurologic phenomena (MG, neuropathy) with
dermatologic (pemphigus vulgaris, dermatomyositis)
phenomena observed in one patient. Although prior
studies revealed the trend for MG onset before TET
diagnosis, this has not been described for dermatologic
phenomena and needs further study.6,20 For patients
who developed AD after a TET diagnosis, the timeline
to onset of these AD in our cohort was substantially
longer than previous reports.6 We speculate that this,
in part, may reflect a delay in AD diagnosis for
patients with autoimmune cytopenias or recurrent
infections associated with Good syndrome, which could
initially be attributed to myelosuppressive chemo-
therapy treatment.

In agreement with previously reported literature, we
identified AD more frequently in patients with thymoma
compared with those with TC.5,10 Interestingly, two of
the TC patients with AD had an autoimmune cytopenia
develop 30 months after diagnosis: pure red cell aplasia
(PRCA) and immune thrombocytopenic purpura,
respectively. Although rare to develop AD in TC, prior
studies reported patients with TC and concurrent PRCA,
Sjogren syndrome, and MG.21–23 Although we did not
identify age or sex to be associated with AD, either
before or after TET diagnosis, other retrospective studies
conducted in patients with primarily early stage TET
found that patients who had a TET-associated AD were
more likely to be female and younger.5,6,10 The associa-
tion of age and sex with AD in patients with TET may
vary based on the specific AD diagnosis. For example, in
some studies, men and women have been reported to be
equally affected by thymoma-associated MG, but women
are more likely to develop PRCA than men.6,24 Although
we did not observe these demographic associations in
our study, this could represent an inherent difference
between patients who have early stage versus advanced
TET, or could reflect a limitation in our sample size and
inability to perform independent comparisons of unique
AD diagnoses.

In our study, treatment characteristics, including to-
tal thymectomy, radiotherapy in various settings, or
number of systemic therapies, did not significantly affect
the risk of developing AD after a TET diagnosis. Treat-
ment with immunotherapy has been extensively associ-
ated with the development of AD in patients with both
thymoma and TC.25,26 This was recently confirmed in a
phase 2 clinical trial of pembrolizumab in relapsed and
refractory TET in which 71% of patients with thymoma
and 15% of patients with TC experienced grade 3 to 4
immune-related adverse events and 24% of patients
discontinued treatment owing to immune-related
adverse events.27 Prior case reports and series have
revealed that systemic treatment for TET can also treat
the AD—sunitinib for autoimmune neutropenia,
platinum-based chemotherapy for autoimmune hepatitis,
and everolimus for enteropathy and PRCA.28–30 Never-
theless, we did not identify larger scale studies that
evaluate the impact of anticancer systemic therapy on
outcomes of AD, as one may hypothesize that tumor
response correlates with improvement of AD. This lack
of data may be because most published literature eval-
uates patients with early stage TET where systemic
therapy is generally not used. Nevertheless, these data
are important to help guide management of patients
with TETs and AD.
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Although we did not identify a substantial association
between total thymectomy and development of a sub-
sequent AD, a retrospective study conducted in patients
who underwent thymectomy for diverse reasons (MG,
TET, benign conditions, etc.) found that patients were
more likely to subsequently develop AD if they under-
went thymectomy compared with those without thy-
mectomy.31 This is particularly interesting because
thymectomy is part of the treatment for non-
thymomatous MG but may be associated with develop-
ment of other unique AD in the future, or could reflect
selection bias of this treatment as patients with initial AD
requiring thymectomy may have a greater propensity for
future AD. Several case reports have even described the
appearance or worsening of systemic lupus erythema-
tous after thymectomy.32–34 In our cohort, there were
five patients who underwent total thymectomy for
thymoma-associated MG, four of whom had stages I to III
TET where the total thymectomy was part of the initial
definitive TET treatment. Two of the five patients who
underwent total thymectomy, both with initial diagnosis
of early stage TET, developed a subsequent new AD
years after initial thymectomy. It is also possible that the
presence of a thymic abnormality, particularly malig-
nancy, may disrupt development of the immune reper-
toire in an irreversible way, and therefore, total
thymectomy is not effective in mitigating this impact.6

We also conducted tissue NGS to evaluate whether
genetic differences exist in patients with TET stratified
by AD status. Previous large-scale genomic sequencing
efforts detected molecular abnormalities in TET,
including mutations in TP53, GTF2I, c-KIT, BCL2, EGFR,
HRAS, and NRAS.35–38 Consistent with CDKN2A/B and
TP53 mutations previously reported in TC, we also
identified these mutations more frequently in patients
with TC than thymoma.39 Ardeshir-Larijani et al.40

recently presented the genomic characterization of a
cohort with advanced TET and identified frequent TP53
and CDKN2A/Bmutations, with TP53 mutations frequent
in both thymoma and TC (affecting approximately one-
third) and cell cycle alterations more frequent in TC
than thymoma. This group also identified pathogenic
PIK3CA and NF1 mutations, which were not observed in
our cohort, and did not evaluate molecular associations
with AD status.40 This difference in genomic findings
could be because Ardeshir-Larijani et al.40 conducted
NGS on advanced TET specimens (i.e., recurrent or
metastatic sites), whereas we conducted NGS on TET
specimens at various time points in the clinical course
(i.e., some from the initial diagnosis primary site and
others from recurrent or metastatic sites). A study in
mostly early stage TETs found increased aneuploidy in
patients with concurrent thymoma and MG, but no as-
sociation between MG and mutations in single genes.35
Here, we identified nonoverlapping pathogenic muta-
tions in four genes—KEAP1, MLH1, APC, and FBXW7—
across three of nine patients with AD; none of these
mutations were detected in patients without AD.
Although chromosomal aneuploidy has been implicated
in paraneoplastic autoimmunity of TETs in The Cancer
Genome Atlas study,35 we could not identify any existing
literature describing if and how genomic alterations
affect AD in TET, and further studies are necessary to
elucidate the potential role of KEAP1, MLH1, APC, and
FBXW7 on development of AD in patients with TETs.

These data have limitations due to their observa-
tional and retrospective nature. Our cohort originates
from a single institution. NGS data could not be per-
formed on all patients, were not completed with a single
assay, and were not conducted at the same time point in
clinical course.

To the best of our knowledge, we provide the first
description of patients with advanced TET and the
characteristics of their associated AD. Given we did not
identify any factors associated with developing AD after
an advanced TET diagnosis, clinicians must maintain a
high index of suspicion for AD years after TET diagnosis
given the latency from TET diagnosis to AD diagnosis
and should be aware that multiple ADs can develop in a
single patient throughout their TET disease course.
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