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Treatment options for rare tumors are limited, and comprehensive genomic profiling may
provide useful information for novel treatment strategies and improving outcomes. The
aim of this study is to explore the treatment opportunities of patients with rare tumors
using immune checkpoint inhibitors (ICIs) that have already been approved for routine
treatment of common tumors. We collected immunotherapy-related indicators data from
a total of 852 rare tumor patients from across China, including 136 programmed cell death
ligand-1 (PD-L1) expression, 821 tumors mutational burden (TMB), 705 microsatellite
instability (MSI) and 355 human leukocyte antigen class I (HLA-I) heterozygosity reports.
We calculated the positive rates of these indicators and analyzed the consistency
relationship between TMB and PD-L1, TMB and MSI, and HLA-I and PD-L1. The
prevalence of PD-L1 positive, TMB-H, MSI-, and HLA-I -heterozygous was 47.8%,
15.5%, 7.4%, and 78.9%, respectively. The consistency ratio of TMB and PD-L1, TMB
and MSI, and HLA-I and PD-L1 was 54.8% (78/135), 87.3% (598/685), and 47.4% (54/
114), respectively. The prevalence of the four indicators varied widely across tumors
systems and subtypes. The probability that neuroendocrine tumors (NETs) and biliary
tumors may benefit from immunotherapy is high, since the proportion of TMB-H is as high
as 50% and 25.4% respectively. The rates of PD-L1 positivity, TMB-H and MSI-H in
carcinoma of unknown primary (CUP) were relatively high, while the rates of TMB-H and
MSI-H in soft tissue tumors were both relatively low. Our study revealed the distribution of
immunotherapeutic indicators in patients with rare tumors in China. Comprehensive
genomic profiling may offer novel therapeutic modalities for patients with rare tumors to
solve the dilemma of limited treatment options.
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INTRODUCTION

Currently, there exists no consensus definition for the category of
“rare tumors,” either worldwide or in China. Because of the low
incidence rate, it is difficult to carry out large-scale studies on
these diseases. Due to this lack of study, patients with rare tumors
are often unable to take advantage of therapeutic advances. In
China, there is a lack of research on rare tumors, leading to
limited options for effective treatment and poor survival and
prognosis for these patients compared to those with
common tumors.

Based on the definition of rare tumors by Food and Drug
Administration (FDA), National Cancer Institute and European
Society for Medical Oncology (1, 2), Professor Li Ning’s team
from Clinical Trial Canter, National Cancer Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical
College, proposed the definition of rare tumors in China first
time. This definition was based on data from the National Cancer
Registration Office of China National Cancer Canter, combined
with the incidence rate of cancer, the characteristics of the
population in China, classification according to the
International Classification of Diseases and the OncoTrees
(http://oncotree.mskcc.org/). The incidence threshold for a
“rare tumor” was initially set at 2.5/100,000. In a previous
study, we compared the incidence of therapeutic targets in rare
tumors in the cBioPortal database (https://www.cbioportal.org/
datasets) and a Chinese population database (Geneplus
database). We found that the incidence of therapeutic targets
in rare tumors in the Chinese population was significantly higher
than in the general population (53.43% vs. 20.40% respectively).
Moreover, in the Chinese population, prevalence of targetable
genomic alterations within those rare tumors (ALK, BRAF,
BRCA2, CDKN2A, EGFR, HER2, KIT, MET, ROS1) was
32.4%, which is more than 3 times that which is found in the
general population according to cBioPortal (3).

Using the National Comprehensive Cancer Network and
Chinese Society of Clinical Oncology guidelines as the main
data sources (https://www.nccn.org, http://www.csco.org.cn), we
collected records for the tumor types that fit the current
definition of “rare tumors,” and investigated the availability
and efficacy of various treatment modalities. With respect to
targeted therapy, of more than 100 rare tumor subtypes, only 16
tumor types were involved in targeted therapy studies, but the
disease control rate and objective response rate of rare tumors
with targetable mutations are better than those treated with
standard treatment. With respect to immunotherapy, of more
than 100 rare tumor subtypes, the research on immunotherapy
involved less than 17 tumor types. Some curative effect has been
preliminarily observed, but only skin squamous cell carcinoma
Abbreviations: CSF, cerebrospinal fluid; CUP, carcinoma of unknown primary;
dMMR, mismatch repair-deficient; FDA, Food and Drug Administration; FFPE,
formalin-fixed paraffin-embedded; HLA-I, human leukocyte antigen class I; ICIs,
immune checkpoint inhibitors; IHC, immunohistochemistry; InDels, Small
insertions and deletions; MSI, microsatellite instability; NETs, neuroendocrine
tumors; NGS, next generation sequencing; NSCLC, non-small-cell lung cancer;
OS, overall survival; PCR, polymerase chain reaction; PD-L1, programmed cell
death ligand-1; SNV, single nucleotide variants; TMB, tumor mutational burden.

Frontiers in Immunology | www.frontiersin.org 2
has been approved by the FDA as an indication for Libtayo (PD-
1, cemiplimab-rwlc). These results suggest that even in the
context of scarcity of clinical trials and guidelines for diagnosis
and treatment, there are still some rare tumors included in these
studies, which has yielded promising preliminary results for
targeted therapy and immunotherapy.

Immunotherapy is revolutionary cancer treatment.
Programmed cell death protein-1 and programmed cell death
ligand-1 (PD-L1) checkpoint inhibitors can benefit a variety of
malignant tumors patients, which has been shown in many
studies (4–6). PD-L1 overexpression (7, 8), mismatch repair
deficiency (dMMR) (9–11), microsatellite instability-high
status (MSI-H) (10–12), or high tumor mutational burden
(TMB-H) (13–15) are the main predictive molecular
biomarkers in these studies. Human leukocyte antigen class I
(HLA-I) is a prognostic biomarker of great concern,
representing the impact of host germline genetics on immune
checkpoint inhibitors (ICIs) therapies response. CD8 + T cells
have been shown to be the main factor in the antitumor activity
of ICIs, and the peptide presentation process on the cell surface
depends on HLA-I (16, 17). More diverse tumor antigens
presented to T cells can benefit from heterozygous HLA-I
genotypes (18). Some studies support that patients with HLA-
I heterozygosity, had longer overall survival (OS) in pan-
cancers (17), while others show that it wasn’t the case in non-
small-cell lung cancer (NSCLC) (19).

Within rare tumors, some reports have shown that
immunotherapy has demonstrated the efficacy in some
subtypes, including biliary tumors, neuroendocrine tumors
(NETs), and carcinoma of unknown primary (CUP), among
others (20–23). The same predictive molecular biomarkers that
are used for common cancers (described above) were used in
these studies (20, 22, 23), and whether HLA-I heterozygosity
improves OS is still unknown.

The purpose of this study was to analyze the prevalence of the
immunotherapy-related indicators described above within rare
tumors in China, so as to provide more insight into the treatment
options for these patients.
METHODS

Patient Recruitment
According to the definition and update of rare tumors published/
established by the China National Cancer Center (3), we collected
and retrospectively analyzed data on immunotherapy-related
indicators from a total of 852 rare tumors patients in the
Geneplus database, including 136 reports of PD-L1 expression,
821 reports of TMB, 705 of MSI and 355 of HLA-I heterozygosity.

The patients were enrolled from multiple medical canters and
hospitals in China from September 2015 to February 2020. After
signed written informed consent, all patients were tested by next
generation sequencing (NGS) in Geneplus-Beijing Institute.
Meanwhile, all patients were stratified into different
clinicopathological groups according to the OncoTrees. During
data analysis, two subtype tumors namely biliary tumors (including
gallbladder cancer and extrahepatic cholangiocarcinoma) and
February 2021 | Volume 12 | Article 631483
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NETs drew our attentions due to the high prevalence of TMB.
(Supplementary Table 1)

PD-L1 Expression
PD-L1 expression was assessed in formalin fixed paraffin
embedded (FFPE) tumor tissues using the PD-L1 IHC 22C3
pharmDx assay (Dako, Carpinteria, CA, USA) in 94 patients;
using the SP263 pharmDx assay (Ventana Automated Systems,
Inc., Tucson, AZ, USA) in 21 patients; and using an unknown
method in 21 patients (The PD-L1 test results of these patients
were obtained from the previous medical records, and the
detection method was not described).

The 22C3 pharmDx assay were performed according to the
manufacturers’ instructions. The sections were stained with the
anti-PD-L1 22C3 mouse monoclonal primary antibody, and then
the EnVision FLEX visualization system (Agilent, Santa Clara, CA,
USA) was performed on an Autostainer Link 48 system (Dako).
The negative control reagents and cell line were also tested
simultaneously as control (24).

For SP263 pharm Dx assay, OptiView DAB IHC Detection kit
(Ventana Medical Systems, Basel, Switzerland) was used to stain
the sections with SP263 anti-PD-L1 rabbit monoclonal primary
antibody, and the analysis was performed on Ventana Bench-Mark
XT automated staining platform (Ventana Automated Systems).

The results of PD-L1 immunohistochemistry (IHC) were
interpreted by pathologists. The expression of PD-L1 in both
tumor cells and immune cells was evaluated. The criterion of PD-
L1 positive staining in tumor cells was that the complete or partial
circumferential linearmembrane staining can be distinguished from
background and diffuse cytoplasmic staining at any intensity (25).
After recording the proportion of positive cells on thewhole section,
thePD-L1positive rateof tumorcellswas scored relative to thewhole
tumor area (26). PD-L1 expression in tumor infiltrating
lymphocytes was defined as any staining intensity in cell
membrane or cytoplasm. The threshold of PD-L1 positive was 1%.

Next-Generation Sequencing
All tissue samples included in this study were reexamined
pathologically to confirm the histological classification and to
ensure that at least 20% of the tumor cells were present for
adequate detection. Genomic profiling was performed by Gene
+Seq 2000 instrument or Illumina Nextseq CN 500 in the
Geneplus-Beijing laboratory, which was accredited by
American College of Pathologists (27, 28). Briefly, QIAamp
DNA FFPE Tissue kit (Qiagen, Valencia, CA) was used to
extract genomic tumor DNA from serial sections of FFPE
tumor tissues. ctDNA was isolated from 4 to 5mL of plasma
using the QIAamp Circulating Nucleic Acid Kit (Qiagen,
Valencia, CA). DNA from leukocytes was extracted using the
DNeasy Blood Kit (Qiagen, Valencia, CA). Sequencing libraries
were prepared from ctDNA using KAPA DNA Library
Preparation Kits (Kapa Biosystems, Wilmington, MA, USA),
and genomic DNA sequencing libraries were prepared with
Illumina TruSeq DNA Library Preparation Kits (Illumina, San
Diego, CA). Libraries were hybridized to custom-designed
biotinylated oligonucleotide probes (Roche NimbleGen,
Madison, WI, USA) targeting 1,021 genes (~1.4 Mbp genomic
Frontiers in Immunology | www.frontiersin.org 3
regions of 1,021 cancer-related genes) (Supplementary Table 2)
and HLA-I locus (A, B, and C). Prepared libraries were
sequenced on using the Illumina Nextseq CN 500 (Illumina,
San Diego, CA) or Gene+Seq 2000 (Geneplus-Beijing, China).
Target capture sequencing required a minimal mean effective
depth of coverage of 100× in leukocytes, 300× in tumor tissue
and 1,000× in cell-free DNA samples.

Sequencing data were analyzed using default parameters.
After removing adaptor sequences and low-quality reads,
Burrows-Wheeler Aligner (BWA; version 0.7.12-r1039) was
used to aligned the clean reads to the reference human genome
(hg19). GATK (version 3.4-46-gbc02625) was performed for
realignment and recalibration. MuTect (version 1.1.4) and
NChot were used for single nucleotide variants (SNV) calling
(29). GATK and CONTRA (v2.0.8) were performed to identify
small inserts and deletions (InDels), and somatic copy number
alternations, respectively. Finally, Integrative Genomics Viewer
was used to manually verified all of the final candidate variants.

Biomarker Analysis
TMB Analysis
Somatic nonsynonymous SNV and InDels mutations in coding
regions, with allele frequency ≥ 0.03 in tumor tissue sample or ≥
0.005 in ctDNA sample respective, were included in TMB
calculation. TMB was defined as the number of above mutations
per megabase of genome. Based on 2000 samples from Geneplus
database, the threshold of TMB-H was identified as the top quartile
and determined to be ≥ 9 mutations per megabase (30, 31).

MSI Status
MSIsensor (v0.2) was used to inferred the MSI statuses, which
reported the percentage of somatic unstable microsatellites in
predefined microsatellite regions in our panel based on chi-
squared test (32). All parameters used the default settings.
According to the MSIsensor scores of tumor samples and
matched normal samples, the MSI-H threshold was established
by MSI polymerase chain reaction (PCR) and MMR IHC cross
validation. And the threshold of MSI-H was 8.

HLA-I Typing
HLA-I typing was done using the OptiType v1.0 to obtain the
four-digit HLA type at each locus of a patient (33). OptiType
performs HLA typing using a combinatorial optimization
approach. Reads were mapped to a reference panel consisting
of HLA Class I allele sequences centered around their most
polymorphic, and functionally most important region, exons 2
and 3 (34). HLA I-homozygous was defined as homozygosity for
at least one HLA-I locus (A, B, or C), and HLA I- heterozygous as
heterozygosity for all of the three HLA-I locus.
RESULTS

Clinicopathological Characteristics
of Patients
Eight hundred and fifty-two patients (852) with rare tumors
were included in this study. Table 1 summarized the
February 2021 | Volume 12 | Article 631483
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clinicopathological characteristics of all patients. The median age
was 54, and male patients accounted for 53.6% (457/852).
Among these patients, 671, 160, 10, 10, and 1 patients
respectively used tumor tissue, ctDNA, pleural effusion,
peritoneal effusion, as well as cerebrospinal fluid (CSF) samples
for genetic analysis. These 852 cases included 91 tumor subtypes
in rare tumor types, with neural, soft tissue, CUP, digestive, and
respiratory systems as the top 5 tumors systems including 264,
180, 113, 98, and 78 patients, respectively.
Frontiers in Immunology | www.frontiersin.org 4
Predictive Factors
With in th e 136 pa t i en t s who unde rwen t PD-L1
immunohistochemistry, 65 patients had PD-L1 positive tumors
(47.8%). CUP, respiratory, multiple system, digestive and soft
tissue systems were the top 5 systems with 76.5% (13/17), 65.4%
(17/26), 44.4% (4/9), 40.0% (8/20), and 39.4% (13/33) positivity
rates, respectively.

Somatic mutations were detected in most patients (98.9%,
843/852). The most common mutant genes were TP53
(40.8%), TERT (17.2%), and CNKN2A (13.4%) (Top 20
mutant genes were summarized in Figure 1). Except NF2,
KIT and TERT were the most common mutant genes in
multiple system, soft tissue system and neural system,
respectively, TP53 was the most common mutant gene in the
other nine systems (Top 5 mutant genes in 12 systems were
summarized in Figure 2).

TMB-H was identified in 127 patients among 821 patients
(15.5%). Prevalence of TMB-H varied widely across tumor
systems, ranging from 0% in patients with bone system
disease to 50.0% in patients in urinary or endocrine system
disease. Urinary, endocrine, respiratory, skin and CUP systems
were the top 5 systems with 50.0% (3/6), 50.0% (1/2), 27.8%
(20/72), 26.7% (4/15), and 21.2% (24/113) TMB-H rate,
respectively. Considering the tumor subtypes, NETs and
biliary tumors were both higher, reaching 50% (9/18) and
25.4% (15/59) respectively.

MSI-H was identified in 7.4% patients (52/705). Bone, neural,
respiratory, reproductive and head and neck systems were the
top 5 systems with 25.0% (1/4), 15.6% (39/250), 5.0% (3/60),
5.0% (1/20), and 4.8% (1/21) positivity rates, respectively.

It should be noted that the rates of PD-L1 positivity, TMB-H,
and MSI-H in CUP were relatively high, with 76.5% (13/17),
21.1% (24/113), and 4.5% (4/89), respectively. While the
proportion of both TMB-H and MSI-H in soft tissue sarcomas
FIGURE 1 | Top 20 mutant genes of all samples.
TABLE 1 | Clinicopathological characteristics of patients.

Characteristic Pts. (N=852) (%)

Age, years
median 54
range 1–91
Gender
female 395(46.4%)
male 457(53.6%)
Specimen.
tumor tissue 671(78.8%)
ctDNA 160(18.8%)
pleural effusion 10(1.2%)
peritoneal effusion 10(1.2%)
CSF 1(0.1%)
System
1.head and neck 33(3.9%)
2.digestive 98(11.5%)
3.respiratory 78(9.2%)
4.reproductive 31(3.6%)
5.urinary 6(0.7%)
6.multiple system 25(2.9%)
7.skin 16(1.9%)
8.soft tissue 180(21.1%)
9.bone 6(0.7%)
10.endocrine 2(0.2%)
11.neural 260(30.5%)
12.CUP 117(13.7%)
February 2021 | Volume 12 | Article 631483
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FIGURE 2 | Top 5 mutant genes in 12 systems.
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was very low, with 4.1% (7/171) and 2.1% (3/143) respectively.
(Prevalence of immunotherapy related indicators in rare tumor
samples are summarized in Table 2 and Figure 3).

Among the above patients, 135 patients were tested for both
TMB and PD-L1, while 685 patients were tested for both TMB
andMSI. The consistency ratio of TMB results and PD-L1 results
was 54.8% (78/135), while that of TMB and MSI was 87.3% (598/
685) (Table 3). We summarized the consistency data of five
systems with larger sample size, including soft tissue, respiratory,
digestive, CUP, and neural system. The consistency data of most
systems were consistent with the overall consistency data, but
there were some special cases in some systems, including the
consistency ratio of TMB and PD-L1 in digestive system was as
high as 70.0% (14/20), and that of TMB and MSI in respiratory
system was as low as 69.5% (41/59) (Figure 4).
Frontiers in Immunology | www.frontiersin.org 6
Prognostic Factors
A total of 78.9% (280/355) patients were identified as HLA class
I-heterozygous. The top 5 systems were urinary, multiple
TABLE 2 | Prevalence of immunotherapy related indicators in rare tumor samples.

Systems PD-L1
test

PD-
L1(+)

% 22C3
test

22C3
(+)

% SP263
test

SP263
(+)

% TMB
test

TMB-H % MSI
test

MSI-H % HLA-I HLA-I
Het

%

Total 136 65 47.8 94 38 40.4 21 18 85.7 821 127 15.5 705 52 7.4 355 280 78.9
1.head and
neck

8 3 37.5 5 1 20.0 1 1 100.0 31 6 19.4 21 1 4.8 17 15 88.2

2.digestive 20 8 40.0 13 3 23.1 6 5 83.3 96 19 19.8 78 0 0.0 68 52 76.5
biliary 11 5 45.5 7 2 28.6 3 3 100.0 59 15 25.4 51 0 0.0 40 29 72.5
3.respiratory 26 17 65.4 13 9 69.2 5 5 100.0 72 20 27.8 60 3 5.0 33 28 84.8
neuroendocrine 6 2 33.3 2 1 50.0 1 1 100.0 18 9 50.0 17 1 5.9 6 5 83.3
4.reproductive 3 1 33.3 2 1 50.0 30 2 6.7 20 1 5.0 9 7 77.8
5.urinary 6 3 50.0 6 0 0.0 2 2 100.0
6.multiple
system

9 4 44.4 7 3 42.9 1 0 0.0 23 2 8.7 20 0 0.0 18 16 88.9

7.skin 6 1 16.7 4 0 0.0 2 1 50.0 15 4 26.7 13 0 0.0 13 10 76.9
8.soft tissue 33 13 39.4 24 7 29.2 4 4 100.0 171 7 4.1 143 3 2.1 80 63 78.8
9.bone 5 0 0.0 4 1 25.0 4 3 75.0
10.endocrine 2 1 50.0 1 0 0.0
11.neural 14 5 35.7 12 4 33.3 257 39 15.2 250 39 15.6 47 36 76.6
12.CUP 17 13 76.5 14 10 71.4 2 2 100.0 113 24 21.2 89 4 4.5 64 48 75.0
February 20
21 | V
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FIGURE 3 | The prevalence of programmed cell death ligand-1 (PD-L1) positive, tumors mutational burden (TMB)-H, microsatellite instability (MSI)-H, and human
leukocyte antigen class I (HLA)-I Het in 12 systems.
TABLE 3 | Consistency analysis of tumors mutational burden (TMB) and human
leukocyte antigen class I (HLA-I) with programmed cell death ligand-1 (PD-L1)
and microsatellite instability (MSI).

Testing method TMB (tissue) TMB (ctDNA) HLA-I

High Low High Low Het Hom

PD-L1 (+) 8 50 1 6 40 12
PD-L1 (−) 4 60 1 5 48 14
MSI-H 37 14 0 0
MSS 59 533 14 28
3
1483
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system, head and neck, respiratory and soft tissue system with
100% (2/2), 88.9% (16/18), 88.2% (15/17), 84.8% (28/33), and
78.8% (63/80) heterozygous rate, respectively (Figure 3).
Among them, 114 patients were tested for PD-L1, and the
consistency ratio of HLA-I results and PD-L1 results was 47.4%
(54/114) (Table 3). The consistency of the five systems with
larger sample size were also summarized, and the consistency
Frontiers in Immunology | www.frontiersin.org 7
ratio of HLA-I and PD-L1 in CUP was as high as 78.6% (11/14)
(Figure 4).

DISCUSSION

The purpose of this study is to explore potential novel indications
for the treatment of rare tumors in China. Results show that the
FIGURE 4 | Consistency analysis of tumors mutational burden (TMB) and human leukocyte antigen class I (HLA-I) with programmed cell death ligand-1 (PD-L1) and
microsatellite instability (MSI) in main systems. (A–C) soft tissue systems, (D–F) respiratory system, (G-I) digestive system, (J–L) CUP, (M–O) neural system.
February 2021 | Volume 12 | Article 631483
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clinical benefit-related indicators for immunotherapy are
frequently present in rare tumors, though their prevalence
varied widely across tumor systems and subtypes.

PD-L1 is the first internationally recognized therapeutic
indicator in immunotherapy. PD-L1 positivity is required in
some indications approved for immunotherapy, including in
NSCLC, gastric cancer, esophageal cancer, cervical cancer, head
and neck tumor and triple negative breast cancer. We compared
the prevalence of PD-L1 positivity in this study (47.8%) to those
of several common cancers with approved indications of
immunotherapy (Figure 5) (35–37). We found that the overall
prevalence of PD-L1 positive in this study was higher than that of
the above approved common tumors, except NSCLC (54.2%
~66%) and head and neck tumor (64.9%). This suggests that rare
tumors have a greater chance to benefit from immunotherapy
than most common tumors. In addition to advanced tumors,
studies are also underway to assess the predictive value of PD-L1
expression for early-stage tumors. In a neoadjuvant study of
NSCLC, major pathologic response was found to be positively
correlated with PD-L1 expression. In patients who have never
given anti-tumor therapy, if pathological remission can be
proved to be related to PD-L1 expression, other interference
factors that lead to the heterogeneity of tumor PD-L1 detection
are excluded (38). The predictive value of PD-L1 in early-stage
rare tumors is another interesting area to explore.

TMB is another promising immunotherapeutic biomarker.
Many studies have found that high TMB in immunotherapy is
highly correlated with clinical benefit. For example, TMB-H in
tissue (defined as >200 mutations in exome) was associated with
durable clinical benefit and longer progression-free survival in
NSCLC patients treated with pembrolizumab as monotherapy.
Similarly, in patients with melanoma given ipilimumab, higher
TMB in tissue (evaluated by whole-exome sequencing and
measured as a continuous variable) was also associated with
improved outcomes (39, 40). Additionally, in NSCLC patients
treated with nivolumab combined with ipilimumab, at least 10
mutations per megabase of tissue TMB were associated with
improved clinical outcomes (41, 42). It was also observed that in
Frontiers in Immunology | www.frontiersin.org 8
NSCLC patients treated with durvalumab plus tremelimumab or
atezolizumab, TMB with ≥16 mutations per megabase in ctDNA
based on blood samples was associated with improved clinical
outcomes (43, 44). Data of some small retrospective studies also
showed that issue TMB was associated with improved outcomes
in ICIs for multiple tumor types (45, 46), other studies including
the prospective KEYNOTE-158 study suggested that, across
multiple tumor types patients with ICIs therapy, increased
levels of tissue TMB were associated with higher response rates
(20, 47).

However, some studies have shown that TMB cannot predict
the efficacy of immunotherapy. Several studies, including
KEYNOTE-021 and KEYNOTE-189, have shown that TMB
cannot predict the clinical outcomes of corresponding first-line
immunotherapy for NSCLC (48, 49). The overall prevalence of
TMB-H in this study was 15.5%, similar to that reported in the
KEYNOTE-158 study. Also, in our study, NETs and biliary
tumors had much higher TMB-H rates than that in the
KEYNOTE-158 study (43.8% vs 29.3%, 25.5% vs 4.0%,
respectively) (20, 50). Given the high prevalence of TMB-H
status in rare tumors, the effect of TMB on immunotherapy
response in rare tumors deserves further exploration.

MSI status, along with PD-L1 and TMB, is another possibly
independent, predictive indication for ICIs. MSI-H has been
confirmed in many studies to predict the response of various
solid tumors to ICIs and has been approved by FDA as the first
indication biomarker for pan-cancer immunotherapy (9, 51).
MSI is most common in colon and endometrial cancer (highly
associated with Lynch syndrome), where it can be as high as 15%
and 28% respectively, but relatively low in other cancers (52, 53).
According to several large-scale studies, the overall incidence of
MSI-H in all cancers is about 3% (36, 51, 54). In these studies, in
addition to colon and endometrial cancer, the incidence of MSI-
H in gastric adenocarcinoma (3.4%~9%) and small intestinal
malignancies (4.6%~8%) is also relatively high, while it is low in
NSCLC (<1%) and melanoma (nearly 0). In our analysis, the
prevalence of MSI-H in rare tumors in China was 7.4%, which
was higher than that reported across all cancers. Additionally,
FIGURE 5 | Comparison of programmed cell death ligand-1 (PD-L1) positive rates between rare tumors and common tumors in different studies.
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prevalence of MSI-H in head and neck, CUP and soft tissue
systems tumors in this study was still higher than that reported in
previous studies abroad (4.8% vs. 0.5%, 4.5% vs. 1.9%, 2.1% vs.
0.2%, respectively) (54).

This study also included HLA-I heterozygosity as a prognostic
indicator of immunotherapy and was the first study on HLA-I
heterozygosity in rare tumors. Previous studies have shown that in
ICIs treatment patients across multiple cancer types (including
NSCLC and melanoma), heterozygous HLA-I genotyps improved
OS compared with patients who were homozygous for at least one
HLA locus (17). Our data show a heterozygous rate of HLA-I of
78.9% in rare tumors, which was similar to that previously
reported in NSCLC (77.5%~78.4%) (19).

In our analysis of the relationship between the indicators, the
concordance between TMB and PD-L1 was only 54.8%,
indicating they are independent in predicting the benefit of
immunotherapy, which is the same as that of common tumors
(55). The same situation was found in HLA-I and PD-L1, with a
consistency of 47.4%. However, TMB and MSI showed a high
positive correlation (87.3%), which was similar to that of
colorectal cancers (36). The consistency data of most systems
were consistent with the overall consistency data, but some
systems shown particularity, which reminds us that further
research can be put into these tumors.

Within the subgroups of rare tumors, we noted that the
positivity rates of PD-L1, TMB-H and MSI-H in CUP were
relatively high, indicating that immunotherapy is a worthwhile
treatment option. The proportion of both TMB-H and MSI-H in
soft tissue sarcomas is very low, suggesting that patients with
such tumors are less likely to benefit from immunotherapy.

Due to the small number of cases in each rare tumor subtype,
it is difficult to compare the details of each tumor subtype in this
study. So we classified tumor subtypes into various tumor
systems, and then compared the indicators. In addition, since
the patients of some rare tumor systems were limited, especially
in the urinary, bone and endocrine systems, the prevalence of the
four indicators analyzed in this study may be divergent from the
actual situation. However, this study captures the overall
situation of immunotherapy-related indicators of rare tumors
and supports that a considerable proportion of patients with rare
tumors can benefit from immunotherapy.

Based on the previous study (CITE) and this study, we
designed the PLATFORM study. PLATFORM is an open, non-
randomized, multicohort, single arm, single center phase II
clinical study in advanced rare solid tumors that have been
treated with or without standard treatment. The main purpose
of the PLATFORM study is to evaluate the safety and efficacy of
targeted drugs approved in China and to evaluate/test targeted
therapy for specific tumor driver genes in patients with advanced
rare solid tumor patients who have corresponding targets, as well
as to evaluate the safety and efficacy of ICIs (PD-1 antibodies) in
patients with advanced rare solid tumors who have no druggable
target mutations. Patients with advanced rare solid tumors who
failed or did not have standard treatment will be included in the
study. Based on the results of gene detection, the subjects carrying
the targets “EGFR mutation, ALK gene fusion, ROS-1 gene
Frontiers in Immunology | www.frontiersin.org 9
fusion, MET gene amplification or mutation, BRAF mutation,
BRCA1/2 mutation, HER-2 positive, KITmutation and CDKN2A
mutation” will be divided into 13 arms according to the types of
gene variation, and will be divided into 9 targeted treatment study
groups and given the corresponding targeted drug/agent
(Almonert inib , Dacomit inib , Alect inib , Crizot inib ,
Vemurafenib, Niraparib, Pyrotinib, Imatinib, Palbociclib).
Subjects without the above targets will be enrolled in the
immunotherapy group and treated with PD-1 inhibitor
monotherapy. During the treatment, the usage and dosage of
the above drugs, the principle of dose adjustment and matters
needing attention will all be referred to the drug labels and
instructions. All AE/SAE of the above drugs in advanced rare
solid tumors will be collected for safety analysis. After the patients
are enrolled in the corresponding targeted treatment group, they
will be treated according to the standard dosage/manufacturer’s
recommended dosage until the disease progresses or intolerable
adverse reactions occur. The PLATFORM study is the first
platform study for rare tumors in the world. We look forward
to increasing opportunities for Chinese patients with rare tumors
to benefit from targeted therapy and immunotherapy through this
world leading research method and innovative structure/
design. (NCT04423185)

The most important purpose of this study is to raise awareness
of the necessity of rare tumor research among Chinese clinical
workers, government officials and drug investigators around the
world. Even though there is no consensus and effective treatment
guidelines in China, we think that promoting the development of
new drugs and treatment strategies of rare tumors will be fruitful.
In view of the high prevalence of immunotherapy related
indicators in the rare tumors population and limited treatment
options of these patients, adequate efforts should be made for rare
tumors in the near future.
CONCLUSIONS

This study included 852 tumor samples from patients whose
tumors met the definition of rare tumor in China. We analyzed
the prevalence of immunotherapy predictors and prognostic
indicators, including PD-L1, TMB, MSI, and HLA-I, and their
consistency. The results showed that a considerable proportion
of rare tumor patients are positive for the above indicators, and
especially that nearly half of patients were PD-L1 positive,
suggesting that they could benefit from immunotherapy.
Comprehensive genomic profiling may offer novel therapeutic
modalities for patients with rare tumors to solve the dilemma of
limited treatment options. All of the above facilitates the
development of new drug investigations and treatment
improvement for rare tumors in the future.
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