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SUMMARY

Thymic carcinomai is rare and has a poorer prognosis than thymomas. The treatment options are limited after
failure of platinum-based chemotherapy. We previously performed a single-center phase Il study of pembro-
lizumab in patients with advanced thymic carcinoma, showing a 22.5% response rate. Here, we characterize
the genomic and transcriptomic profile of thymic carcinoma samples from 10 patients (5 non-responders
versus 5 responders) in this cohort, with the main aim of identifying potential predictors of response to immu-
notherapy. We find that expression of PDL1 and alterations in genes or pathways that correlated with PD-L1
expression (CYLD and BAP1) could be potential predictors for response or resistance to immunotherapy in
patients with advanced thymic carcinoma. Our study provides insights into potential predictive markers/
pathways to select patients with thymic carcinoma for anti-PD-1 immunotherapy.

INTRODUCTION

Thymic carcinoma is a rare and highly aggressive malignancy
derived from the thymic epithelial cells.” They often metastasize
to distant organs, and overall survival is much shorter than that of
thymomas. Five-year survival rates for thymic carcinoma at
stages I+ll, lll, and IV are 88.2%, 51.7%, and 37.6%, respec-
tively, whereas they are 100%, 98.4%, 88.7%, 70.6%, and
52.8% for thymoma at stages |, II, lll, IVA, and IVB, respectively.2
Often, thymic carcinomas are identified at an advanced stage re-
sulting in poor prognosis.® Platinum-based chemotherapy is the
standard treatment for patients who are not operable, but re-
sponses are usually short lived in patients with advanced dis-
ease. There is a paucity of available treatments after failure of
platinum-based chemotherapy. This is partly due to a poor un-
derstanding of the biology of these tumors.

The molecular drivers of thymic epithelial tumors (TETs)
remain largely unknown. We previously identified a recurrent mu-
tation in the GTF2/ gene that is present in over 70% of type A and
AB thymomas and rare in thymic carcinomas and identified
recurrent mutations in TP53, CYLD, CDKN2A, BAP1, and
PBRM?1 genes in thymic carcinomas.” Other reports described
recurrent mutations in HRAS, NRAS, SETD2, FBXW?7, and RB1
genes in thymic carcinoma.”® TETs have a very low average tu-
mor mutation burden (TMB) compared to most adult tumor
types, but thymic carcinomas have a higher TMB than thymo-
mas.” Recently, high PD-L1 expression has been reported in
TETs,”® and immunotherapy, targeting PD-1/PD-L1, has shown
activity in patients with TETs.'%"*

We completed a single-center phase Il study of the PD-1 anti-
body pembrolizumab in patients with advanced thymic carci-
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noma, for which 22.5% of 40 patients achieved a durable
objective response.’ In that study, patients with a high expres-
sion of PD-L1 and a gamma-interferon signature in the tumor
cells were more likely to respond to pembrolizumab.'* To better
understand the molecular predictors of response to anti PD-1
therapy in patients with thymic carcinoma, we characterized
the genomic profile of 10 patient samples (5 responders versus
5 non-responders) by using whole-exome sequencing and
whole-transcriptome sequencing. We found that expression of
PDL1 and alterations in genes or pathways that correlated with
PD-L1 expression (CYLD and BAP1) could be potential predic-
tors for response or resistance to immunotherapy for patients
with advanced thymic carcinoma.

RESULTS

A total of 10 patients with recurrent thymic carcinoma were
included (Table 1; Figure S1). Four out of the five non-responders
had progressive disease as best response and one had a stable
disease of short duration (82 days), and all are deceased. Four of
the five responders had a partial response and one a complete
response, and all were alive at the time of manuscript publica-
tion. Three patients developed serious autoimmune disorders
after pembrolizumab exposure, two were non-responders, and
one was a responder.

Mutational landscape

We performed whole-exome sequencing on 10 paired tumor/
normal (blood) samples from thymic carcinoma patients. The
average sequencing depth observed in the tumor samples and
normal samples was 150x and 50x, respectively. PD1-027
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Table 1. Patient characteristics

PD-L1 Response to Autoimmune Survival

PatientID ECOG  Sex Race Histology expression (%) pembrolizumab  disorder status
PD1-001 1 Female Caucasian Poorly differentiated 0 PD No Deceased
PD1-003 O Female Caucasian  Poorly differentiated 10 PD Polymyositis, Deceased

myocarditis, hepatitis
PD1-019 0 Female Asian Squamous 5 SD Diabetes type |, Deceased

pancreatitis, hepatitis
PD1-020 0 Male Caucasian  Squamous PD No Deceased
PD1-027 1 Female Caucasian Poorly differentiated PD No Deceased
PD1-004 1 Female Caucasian Squamous 80 PR Hepatitis Alive
PD1-005 0 Male Black Squamous 80 CR No Alive
PD1-011 0 Male Caucasian  Squamous 80 PR No Alive
PD1-017 0 Male Caucasian  Poorly differentiated 10 PR No Alive
PD1-032 0 Male Caucasian  Poorly differentiated 15 PR No Alive

PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response. ECOG, Eastern Cooperative Oncology Group.

was removed from the analyses because the quality of the data
was poor. The pipeline detected both somatic and germline
variants, and there was a total of 13,383 non-coding and 2,187
coding mutations (Figure 1A). These variants were further inves-
tigated using criteria described previously.'”

The TMB was calculated as the non-synonymous mutations/
megabase (mut/Mb) of the whole-exome sequencing data. The
TMB data ranged from 0.44 to 3.95 mut/Mb (Table 2). There
was no significant difference in TMB between the responders
and the non-responders (p = 0.4241). However, the two re-
sponders PD1-017 and PD1-032 showed significantly higher
TMB than the rest of the responders (p < 0.0001) or the non-re-
sponders (p = 0.007). Next, the SNVs with allelic frequency
greater than 10% were analyzed in the two groups. The non-
responder group had an average of 44 SNVs with a total of
176, whereas the responder group showed a total of 397 variants
(79.4 on average). However, consistent with the TMB data, most
SNVs were detected in the two responder samples PD1-017 and
PD1-032 with 165 and 154 SNVs, respectively (Figure 1B). The
distribution of variants in the chromosomes was analyzed using
a circos plot (Figure S2). The number of mutations in chromo-
somes 7 and 13 was more pronounced in the responders than
in the non-responders, whereas that of chromosome 3 was
greater in the non-responders.

The somatic variants observed in genes with known clinical
significance or detected in the COSMIC database were further
analyzed. Genes that are recurrently mutated in the non-re-
sponders include BAP1 and TP53. In the responders, CDKN2A,
CYLD, and TET2 were mutated in more than one sample
(Figure 2A; Table 3). All of these genes were reported as recur-
rently mutated genes in thymic carcinoma.'® TP53, the most
frequently mutated gene in thymic carcinoma, was mutated
in two non-responders (PD1-001 and PD1-003) and one
responder (PD1-017). From our previous study, TP53 mutations
were found in 13 samples, namely, in 11 non-responders
(84.6%) and 2 responders (15.4%)."'* Although TP53 mutations
was not exclusively found in non-responders, it is interesting
that TP53 mutations were found in more non-responders than
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responders in both studies. Moreover, mutations in BAP1
were found in three out of four samples in the non-responder
group but none in the samples from the responders. We previ-
ously reported that BAP1 mutations were correlated with low
PD-L1 expression in thymic carcinoma.' Whether mutations
of BAP1 may affect PD-L1 expression and therefore the
responsiveness of thymic carcinoma to immunotherapy re-
mains to be investigated.

We also found unique alterations in the samples from the
responders. CYLD mutations p.S331* and p.R850* occurred in
the two responders PD1-004 and PD1-011, respectively, but
not in the non-responders (Figure 2A). We previously showed
that mutations of CYLD are associated with high PD-L1 expres-
sion in thymic carcinoma,'*and recently, we have demonstrated
that downregulation of CYLD is associated with PD-L1 expres-
sion mediated by interferon-gamma in TET cells.” Consistent
with our previous findings, PD1-004 and PD1-011 showed higher
mRNA expression of PD-L1 than the non-responders (p =
0.0031) (Table S1). Our finding suggests that CYLD mutations
are positively correlated with PD-L1 expression and could be a
potential predictor for response to immunotherapy.

In addition, alterations in the CDKN2A gene occurred in four
out of five samples. PD1-004 and PD1-011 had CDKN2A mu-
tations (stop gain and frameshift), whereas PD1-005 and
PD1-017 had copy number loss of CDKN2A (Figures 2A and
2B). Interestingly, the two responders (PD1-005 and PD1-
017) who had copy loss of CDKN2A also showed MTAP
copy loss (Figure 2B). Deficiency of the MTAP gene occurs in
multiple tumor types, and this gene is frequently co-deleted
with CDKN2A or CDKN2B genes.'® Our sequencing data
from the two responders are consistent with those of previous
reports.’®?° The MTAP gene encodes methylthioadenosine
phosphorylase (MTAP), which is an important enzyme in the
salvage of both adenine and methionine. MTAP cleaves meth-
ylthioadenosine (MTA) into 5-methylthioribose-1-phosphate.?’
Loss of the MTAP gene results in production of MTA, which at-
tenuates antitumor immunity.*” The role of MTAP loss in thymic
carcinoma is unclear. In addition, two responders, namely,
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Figure 1. Summary of mutations and SNVs in the thymic carcinoma samples

(A) Summary of mutations, gene function, and sequence ontologies in samples of patients with thymic carcinoma (n = 9) (4 non-responders versus 5 responders).
Distribution of indicated mutations by gene functions and sequence ontologies are displayed as pie charts.

(B) Number of SNVs with allelic frequency greater than 10% in samples of patients with thymic carcinoma (n = 9) are shown in the bar graph (4 non-responders

versus 5 responders). See also Figures S1 and S2.

PD1-004 and PD1-005, harbored TET2 mutations and one
responder, PD1-032, had a TET71 mutation. Deletion of TET2
in myeloid cells increased tumor-infiltrating T cells.?® Mutations
in TET1 were shown as a potential predictor for response to im-
mune checkpoint inhibitors (ICls) in multiple tumor types,
including non-small-cell lung cancer (NSCLC).%* Although the
number of samples is small, the observation that mutations
of TET2 and TET1 were only found in the responders is inter-
esting, and the precise role of these genes in thymic carcinoma
remains to be explored in a larger cohort of patients.

Germline variants were identified from the blood control sam-
ples (Figure 2C). PD1-005 had the highest number of germline
variants (Figure 2C; Table S2). All nine samples, including both
responders and non-responders, showed germline variants in
APOB with unknown significance, and seven samples out of
nine showed variants in CACNA1S (Table S2). These two genes
are not frequently mutated in thymic carcinoma.

Moreover, we also found recurrently mutated genes with un-
known clinical significance, including CKAP2 and YWHAE in
the non-responders and NPTX2, NAA35, and TGFB2 in the re-
sponders (Figure S3). Interestingly, the non-responders who
had a CKAP2 alteration also harbored TP53 mutations. CKAP2
was identified as a novel TP53 target gene.”® Overexpression
of CKAP2 resulted in aneuploidy with aberrant centrosome
numbers in the absence of TP53.%° Tumor aneuploidy was re-
ported to correlate with a reduced response to immuno-

Table 2. Summary of tumor mutation burden

Tumor mutation

Responder category Sample burden (Mut/Mb)
Non-responder PD1-001 1.05
Non-responder PD1-003 1.03
Non-responder PD1-019 0.95
Non-responder PD1-020 1.77
Responder PD1-004 0.74
Responder PD1-005 0.64
Responder PD1-011 0.44
Responder PD1-017 3.95
Responder PD1-032 3.92

therapy.”® The role of these genes with unknown significance
in response to immunotherapy for patients with advanced thymic
carcinoma remains to be determined.

Differential gene expression and pathway enrichment
analysis using RNA sequencing

The full transcriptional landscape of all samples was investigated
by RNA sequencing. However, samples PD1-032 and PD1-019
were removed from the final analysis due to poor quality, leaving
eight samples, including four responders and four non-re-
sponders (Figure S1). We identified a total of 2,801 differentially
expressed genes (DEGs), including 1,341 upregulated and
1,460 downregulated DEGs, in the non-responders when
compared to the responders, by using strict filtering parameters
with a significance level of false discovery rate (FDR) of <0.1%
and log fold change of 2 (Figure 3A; Table S3). To assess the path-
ways involved, we performed pathway analysis with gProfiler
(https://biit.cs.ut.ee/gprofiler/gost),?” by using both the upregu-
lated and the downregulated DEG lists of non-responders versus
responders. Only three pathways were significantly enriched in
the upregulated DEGs (Figure S4A; Table S4). However, none of
them was related to immune response or tumorigenesis. Interest-
ingly, 37 pathways were significantly enriched in the downregu-
lated DEGs (Table S5), among which 10 pathways were related
to immune response or tumorigenesis, including cytokine-cyto-
kine receptor interaction, hematopoietic cell lineage, cell adhe-
sion molecules, chemokine signaling pathway, intestinal immune
network pathway, natural killer cell mediated cytotoxicity, tumor
necrosis factor (TNF) signaling pathway, antigen processing and
presentation, nuclear factor kB (NF-kB) signaling pathway, and
Peroxisome proliferator-activated receptors (PPAR) signaling
pathway (Figure 3B; Figure S4B; Table S5). We also performed
the gene set enrichment analysis (GSEA) with Kyoto Encyclopedia
of Genes and Genomes (KEGG) gene sets by using a pre-ranked
DEG list and found 21 signaling pathways that were negatively en-
riched in the DEGs of the non-responders versus the responders
(Table S6).?% A total of 13 of 21 pathways overlapped with those
identified by gProfiler analysis (Tables S5 and S6). Particularly,
cytokine-cytokine receptor interaction, natural-killer-cell-medi-
ated cytotoxicity, and antigen processing and presentation path-
ways were revealed from both analyses, and they have been
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reported to be involved in resistance to immunotherapy (Fig-
ure S5A).2°2" Next, we assessed the expression of genes from
each pathway above in samples from both the non-responders
and the responders (Figure 3C; Figure S6). The expression of
most genes in the indicated pathways was much lower in the
samples from the non-responders than that in the samples from
the responders, which is consistent with the result of the pathway
analysis. In addition, we performed GSEA analyses with hallmark
gene sets by using the pre-ranked DEGs of the non-responder
versus the responders (Table S7). A total of 11 hallmark pathways
were negatively enriched in the DEGs, among which 6 pathways
were related to immune response and/or tumorigenesis. These
pathways include interferon gamma response, inflammatory
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significant, in the non-responder samples

than that in the responder samples. Inter-

estingly, the average expression of CD276

was slightly higher in the non-responder
group than that in the responder group. PD1-001 and PD1-003
expressed a higher level of CD276 than all other samples (p =
0.0054).

Immune signature analysis

To profile immune infiltration in the non-responder and the
responder samples, we performed immune cell gene signature an-
alyses with CIBERSORT, which allowed us to identify 22 immune
subpopulations based on the expression signatures of 547 genes.
We found that the non-responders had an increased fraction of M2
macrophages (p = 0.02), whereas the responders showed a higher
fraction of CD4+ memory resting T cells (p = 0.01) and activated
dendritic cells (p = 0.04) (Figures 4A and B). To validate the results
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Table 3. Summary of somatic variants

Variant for:

Non-responder

Responder

Gene PD1-001 PD1-003 PD1-019  PD1-020

PD1-004

PD1-005 PD1-011 PD1-017 PD1-032

ABL1
ACVR1
ACVR2A
ARID1A
BAP1
BRAC1
CDKN2A
Cux1
CYLD
EP300
ERBB3
EZH2
FANCG
FBXW7
FGFR2
FGFR4
FLCN
KAT6A
KMT2C
KMT2D
NFKBIE
PTPN13
ROS1
SETD2
SOCS1
TET1
TET2
TP53
WAS

p.L6fs p.Q36* p.E200*
p.R80*
p.S331*

p.Y646F
p.E436Q

p.R40TH
p.R1877H
p.l4448fs

p.H240L

p.C135Y
p.R9AW

p.M237|

p.D607fs

p.P4241R

p.T1063fs

p.E274K
p.V135A
p.E214K
p.R2236fs

p.T276R
p.V51fs
p.D1400N
p.R850*
p-M169I
p.V104L

p.S432L
p.R78H

p.S1678L
p.E395Q
p.E1036*
p.A44V
p.V1312M
p.E1166*/p.Q1083*
p.D148_153del

from the CIBERSORT, we performed multiplex immunofluores-
cence staining with CD3, CD4, CD25, CD45R0O, CD45RA, and
CD163 antibodies. We found that there are more CD163+ cells
in the non-responder tissue than that in the responder tissue (Fig-
ures 4G, 4E, and 4F), which is consistent with the increased frac-
tion of M2 macrophages in the non-responders. Interestingly,
most of CD3+ cells are CD4— in both the non-responder and
the responder tissues (Figure S7). To investigate whether the
CD3+CD4— cells are CD8+ cells, we next performed immunohis-
tochemistry (IHC) staining with both CD8 and CD4 antibodies (Fig-
ure 4D). We found that there are more CD8+ cells than CD4+ cells
in both the non-responder and the responder tissues (Figure 4l).
Interestingly, there are more CD4+ cells in the responder tissues
than in the non-responder tissues (Figures 4G and H).

DISCUSSION

ICls have been approved to treat many malignancies.'® %3

However, most patients do not respond to the treatment, and

there has been growing interest in identifying predictive
markers for response to immunotherapy.®* The characterized
predictive markers of response are PD-L1 expression and
TMB, which have been used to guide treatment decisions for
multiple tumor types.>*" Many other potential predictors of
response have also been identified, such as mutations in
SERPINB3 and SERPINB4 genes, and high expression of
CTLA4 along with interferon gamma target genes.*®**° In addi-
tion, predictors of resistance to immunotherapy have also been
identified, such as a decrease in major histocompatibility com-
plex class | (MHC class I) expression, impaired interferon
gamma pathway, deregulation of wnt/beta-catenin pathway,
loss of PTEN, and mutations in LKB1.°%*9~** These predictors
of response appear to be somewhat dependent on the tumor
type. The predictors of response or resistance to immuno-
therapy remain largely unexplored for rare tumor types such
as thymic carcinoma. Through whole-exome sequencing and
whole-transcriptome sequencing, we characterized five re-
sponders and five non-responders with the aim of discovering

Cell Reports Medicine 2, 100392, September 21, 2021 5
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Figure 3. Determining the signaling pathways and molecular predictors in the non-responders and the responders using RNA sequencing
(RNA-seq)

(A) Pie diagram showing the number of differentially expressed genes (DEGs) in the non-responders versus the responders, including 1,341 upregulated DEGs
and 1,460 downregulated DEGs.

(B) Ten significantly enriched pathways in downregulated DEGs. Pathway analysis was performed with downregulated DEG list using gProfiler. Ten pathways
related to immune response or tumorigenesis were selected and presented in a bar graph. The x axis represents —log2 (p value). *, represents the pathways being
validated in (C).

(C) Heatmap of 10 representative DEGs involved in the indicated pathways (n = 8; 4 non-responders versus 4 responders). Heatmap with additional genes in the
indicated pathway is shown in Figure S6.

(D) GSEA analyses with hallmark gene sets reveal negative enrichment of pathways in DEGs of the non-responders versus the responders. Six pathways related
to immune response or tumorigenesis were selected and presented in a bar graph. The x axis represents Normalized enrichment score (NES) scores.

(E) GSEA pilot of interferon gamma response pathway.

(F) Heatmap showing the expression pattern of representative immune checkpoint regulators in the indicated samples (n = 8; 4 non-responders versus 4 re-
sponders). *, stands for the genes from the DEG list that statistically significant. See also Figures S4-S6 and Tables S1, S3, S4, S5, S6, and S7.

potential predictors. Although the sample size is small, this
exploratory analysis identified biomarkers that should be vali-
dated in larger cohorts of patients in the future.

Through whole-exome sequencing, we found that two re-
sponders, namely, PD1-017 and PD1-032, showed significantly

higher TMB than either the rest of the responders (p < 0.0001) or
the non-responders (p = 0.007). A TMB of 10 mut/Mb or more
was reported as a predictor for better response to ICls in NSCLC
patients.** The TMB of TETs is lower than that of most adult tu-
mors and is similar to that of pediatric tumors for which only a
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Figure 4. CIBERSORT analysis of immune gene signatures in the non-responders and the responders

(A and B) Different proportion of 22 types of immune cells that are associated with the samples were identified with CIBERSORT in both non-responders (A) and
responders (B). (A) Result of CIBERSORT analysis in the non-responders. *, stands for the cell population that is significantly different in the non-responders, in
comparison to the responders. (B) Result of CIBERSORT analysis in the responders. *, stands for the cell population that is significantly different in the re-
sponders, in comparison to the non-responders. The non-responders had higher fraction of M2 macrophages (p = 0.02), whereas the responders showed a
higher fraction of CD4+ memory resting T cells (p = 0.01) and activated dendritic cells (p = 0.04).

(C) Representative images of IF staining with thymic carcinoma tissues from the non-responder and the responder using CD163 antibody (magenta). DAPI was
used as a nuclear marker (dark blue). The scale bar represents 100 pm.

(D) Representative images of double IHC staining with thymic carcinoma tissues from the non-responder and the responder by using both CD8 (red) and CD4
(brown) antibodies. The scale bar represents 40 um.

(E) Bar graph shows the percentage of CD163+ cells in both the non-responder and the responder groups, based on the IF staining. Six areas from each group
were selected, and CD163+ and CD163— cells were counted using ImagedJ. ****p < 0.0001.

(F) Bar graph shows the percentage of CD163+ cells among CD163+ and CD3+ cells in both the non-responder and the responder groups, based on the IF
staining. Six areas from each group were selected, and CD163+ and CD3+ cells were counted using Imaged. ****p < 0.0001.

(G) Bar graph showing the percentage of CD4+ cells in both the non-responder and the responder groups, based on IHC staining. Six areas from each group were
selected, and CD4+ cells and CD4— cells were counted using Imaged. ***p < 0.001.

(H) Bar graph showing the percentage of CD4+ cells among CD4+ and CD8+ cells in both the non-responder and the responder groups, based on IHC staining.
Six areas from each group were selected, and CD4+ cells and CD8+ cells were counted using Imaged. **p < 0.01. The above data are presented as the mean +
SEM (n = 6).

(I) Bar graph showing the percentage of CD8+ and CD4+ cells in both the non-responder and the responder groups, based on the counting results from (H); the
average percentage in each group was used to generate the graph. Also see Figure S7.

limited number of genetic abnormalities are identified.” whetherthe TMB can be a predictive marker for response needs

The mean TMB was 0.48 mut/Mb for patients with TETs,
whereas it was 9.1 mut/Mb for patients with lung adenocarci-
noma.>*® Although the TMBs of the two responders (3.92 and
3.95 mut/Mb) were much higher than the average TMB in
TETs, the other two responders had low TMB. Therefore,

to be further validated in a larger cohort of patients.
Whole-exome sequencing also allowed us to identify recurrent
mutations that may predict response. Particularly, we found that
alterations in genes that correlated with PD-L1 expression (CYLD
and BAPT1) are promising predictors for response or resistance
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to immunotherapy, although further validation in a larger cohort of
patients is needed. CYLD mutations occurred in the two re-
sponders PD1-004 and PD1-011 but not in the non-responders
(Figure 2A). We have reported that CYLD is recurrently mutated
in these tumors (five responders), and it was positively correlated
with PD-L1 expression in thymic carcinoma.'* More recently, we
also reported that downregulation of CYLD was associated with
PD-L1 expression mediated by interferon gamma in TET cells."”
In the current study, we demonstrated that, in comparison to the
non-responders, the response of the interferon gamma pathway
was enhanced in the responder and that mRNA expression of
PD-L1 was also higher in the responders, especially in the samples
with CYLD mutations (PD-1-004 and PD1-011) (Figure 3F). Our
findings are consistent with the previous data and suggest that
CYLD mutations could be a potential predictor of response to
ICls. Intriguingly, we found three out of four samples in the non-
responder group that had mutations in the BAP7 gene (Figure 2A).
The BAP1 gene encodes a deubiquitinating enzyme, which func-
tions as a tumor suppressor and regulates multiple cellular path-
ways including cell cycle, cell differentiation, cell death, and DNA
damage response.*“*® Loss of function of BAP1 induced chemo-
resistance of mesothelioma cells and was associated with an
immunosuppressive microenvironment in uveal melanomas.*%*°
Mutation of BAP7 in TETs has been reported previously’ and
was correlated with low PD-L1 expression.' It is worth noting
that the status of the BAP7 gene in PD1-001 was inconsistent be-
tween whole-exome sequencing in the current study and targeted
exome sequencing from previous study.'* Although mutations in
EZH2, TP53, and WAS were found in both whole-exome and tar-
geted exome sequencing, mutation of BAP71 was only revealed
from whole-exome sequencing but not in the targeted exome
sequencing. In addition, a GTF2/ mutation was found in PD1-003
by targeted sequencing in our previous study but was not revealed
by whole-exome sequencing in the current study. The inconsis-
tency may be caused by the heterogeneity of the tumor.

The association between the transcriptome profile and
response to immunotherapy has been studied in various tumor
types, such as NSCLC, head and neck squamous cell carcinoma,
melanoma, and renal cell carcinoma.®®~>° However, there are only
afew studies in thymic carcinoma.''* Through RNA sequencing,
we found that all the responders had significantly higher PDL1
expression than the non-responders. High expression of PD-L1
has been reported to predict response to immune checkpoint in-
hibitors in NSCLC and melanoma patients**°°~°" and is approved
in some settings for selection of patients. Our finding in the current
study is consistent with previous results. Through GSEA, we
found that the interferon gamma response gene set was signifi-
cantly reduced in the non-responders, in comparison to the re-
sponders. Impaired interferon gamma signaling pathways have
been reported to be involved in resistance to immunotherapy,®®
and an interferon-gamma-related mRNA profile has been used
to predict clinical response to PD-1 blockade in melanoma and
NSCLC patients.’®°'" We previously performed NanoString
gene expression profiling and found that the interferon gamma
signature was higher in the responders than that in the non-re-
sponders, suggesting a predictive role of the interferon gamma
pathway in response to anti-PD-1 in thymic carcinoma patients.'*
In the current study, by using RNA sequencing and GSEA,
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we observed that the interferon gamma response gene set
was downregulated in the non-responders, compared to the
responders, which is consistent with our previous findings. How-
ever, Cho et al.’? did not find a correlation between interferon-
gamma-related genes and clinical outcomes in their patient
cohort. These conflicting observations may be caused by the
different methods used. Further investigation with a larger cohort
of patients is needed in the future. In addition, CIBERSORT al-
lowed us to identify differences in immune infiltrates between re-
sponders and non-responders, and we validated the results by
multiplex immunofluorescence (IF) and double-staining IHC.
However, we were only able to validate the increased fraction of
M2 macrophages in the non-responders in comparison to that
in the responders. Immunohistochemistry has limitations in iden-
tifying many immune populations and is not very effective in
capturing functional phenotypes.®® Other techniques, such as
CYTOF, might be used for validation of CIBERSORT results.

Taken together, our study provides insights into potential pre-
dictive markers of response to anti-PD-1 immunotherapy in
advanced thymic carcinoma. In the future, prospective validation
of these findings will need to be performed. Targeted sequencing
using a customized panel of genes, which are not usually
included in most platforms, will likely be necessary.

Limitations of study

The sample size of the current study is small. A validation will be
performed in larger cohorts of patients in future studies. Multi-
plex IF and IHC were performed to validate the CIBESORT re-
sults. However, these methods are unable to reliably identify
many subtypes of immune cells. CYTOF might be a better
method, which will be used in future studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD3 Sigma Cat# Sab5500058; RRID: AB_:2813777
Anti-CD4 Leica Cat# PA0427

Anti-CD25 Leica Cat# PA0305

Anti-CD45RA Abcam Cat# Ab755; RRID: AB_305970
Anti-CD45RO Abcam Cat# Ab23; RRID: AB_449887
Anti-CD163 Leica Cat# PA0090

Anti-CD8 Leica Cat# PA0183; RRID: AB_10555292
Biological samples

Tumor and normal (blood) Georgetown NCT02364076

samples from the responders and University

the non-responders

Critical commercial assays

Tempus XE Next-Generation The Tempus N/A

sequencing

RNA sequencing The Tempus N/A

Deposited data

Tempus xE Next-Generation This paper GEO: GSE181815
sequencing

RNA sequencing This paper GEO: GSE181815

Software and algorithms

Graphpad Prism 7.0 Graphpad software N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Giuseppe
Giaccone (gig4001@med.cornell.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Whole exome and transcriptome sequencing data have been deposited in GEO. Accession numbers are listed in the Key resources
table. This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient cohort

The 10 patient samples included in the study are summarized in Table 1 and Figure S1. The patients were selected from a single-arm
single center phase 2 study of pembrolizumab in patients with recurrent thymic carcinoma who had progressed after at least one line
of chemotherapy (NCT02364076).'* Patients with a history of autoimmune disease were excluded. Pembrolizumab 200 mg was
given IV every 3 weeks for up to 2 years. In this phase Il study 40 patients were enrolled, 9 patients experienced a major response
and 6 developed severe autoimmune disorders. The selection of samples was based on availability of sufficient sample material to
perform whole exome sequencing and whole transcriptome (RNA) sequencing. The selection of non-responders was also based on
patients who either had progressive disease or short stable disease as best response.
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METHOD DETAILS

Isolation of genomic DNA and RNA

Tumor DNA and RNA samples were extracted from formalin-fixed-paraffin-embedded (FFPE) tissue blocks of patients with thymic
carcinoma using the DNA/RNA AllPrep Kit (QIAGEN, Valencia, CA), as described previously.* Briefly, FFPE blocks were cut and sub-
jected to hematoxylin and eosin (H&E) staining, and the tumor component was macrodissected from unstained slides that matched
to the H&E staining slides. Control DNA for whole exome sequencing was extracted from paired patients’ peripheral blood samples
using Genfind v2 kit (Beckman Coulter, Brea, CA).

Whole exome sequencing and data analysis

The whole exome library construction was performed using The Tempus XE hybrid capture Next-Generation sequencing panel
(~20,000 gene) consisting of IDT xGen LockDown probes. The panel was sequenced to a depth of at least 150x for tumor and
50x for germline using 126 bp paired end reads on the lllumina HiSeq 4000. The raw sequencing reads were processed to filter
out low quality bases prior to alignment to the human genome and variant calling on the Seven Bridges Cloud Platform and additional
variant analysis was performed using CRAVAT that maps variants to genes, identifies base and amino acid alterations, annotates
pathogenic and variants of unknown significance, and reports on the depth of coverage and genomic tumor cellularity.

RNA sequencing

The library construction for RNA-seq was performed by Tempus using KAPA HiFi Library Amplification kit.'® The raw FASTQ files
were filtered for high quality reads and aligned to Human Reference Genome Version GRCh38.84. The differential gene expression
analysis was performed to compare the non-responder versus responder cohort, using EdgeR.%® Pathway enrichment analysis was
performed with gProfiler and GSEA using the differentially expressed genes identified from the above analyses.?’*®

Immune signature analysis

The transcriptome data was further analyzed using CIBERSORT®? that identifies the immune signature of the samples based on the
immune cell fraction of the gene expression profile. The tumor infiltrating immune cell profile was analyzed using both responder
versus non-responder cohorts. A set of 547 previously validated immune related genes were filtered out from the differentially ex-
pressed genes from the comparisons and input into the CIBERSORT analysis pipeline. The analysis identifies the different proportion
of 22 immune cells that are associated with the samples.

Multiplex immunofluorescence and immunohistochemistry staining

Multiplexed immunofluorescence (mlIF) was performed by staining 4-um-thick FFPE thymic carcinoma sections from both the non-
responders and the responders in a BondRX automated stainer, as previously described.®* Tonsil tissues were used as positive con-
trol. One panel of primary antibody/fluorophore pairs was applied to all cases: (1) anti-CD3 (SP7, 1:100), (2) anti-CD4 (4B12, RTU), (3)
anti-CD25 (4C9, RTU), (4) anti-CD45R0O (UCH-L1, 1:2000), (5) anti-CD45RA (4KB5, 1: 1000), and (6) anti-CD163 antibody (10D6,
RTU). Antibody/Opal fluor combinations were utilized as follows: CD3/480, CD4/620, CD25/570, CD45R0/520, CD45RA/690, and
CD163/780. All slides were also stained with 4’,6-diamidino-2-phenylindole (DAPI) for nuclear identification. The images were
scanned using the Vectra Polaris quantitative platform (Akoya Biosciences). In brief, whole slides scans were first performed at
20X resolution. Regions of interest were selected, and spectral unmixed in InForm VS 2.4. Unmixed images were analyzed using
a combination of QuPath and Imaged to generate quantitative outputs.

IHC double staining was performed with Leica biosystems BOND Il system. Sequential staining with CD4 (PA0427, RTU, Leica)
and CD8 (PA0183, RTU, Leica) antibodies was done based on the manufactory’s instruction. BOND polymer refine detection
(DS9800) and BOND polymer refine Red detection (DS9390) kits were used to detect CD4 and CD8 respectively. Hematoxylin
was used for counter staining. The images were scanned with Aperio system at 20X and regions of interest were selected and the
images were analyzed using Imaged to generate quantitative outputs.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance between the two groups was calculated with a two-tailed Student’s t test, and a value of p < 0.05 was consid-
ered statistically significant. Statistical calculations were conducted using GraphPad Prism 7 software (GraphPad Software, San

Diego, CA).

Additional Resources
The clinical identifier for this study is (NCT02364076).
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