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INTRODUCTION

Utilization of checkpoint inhibition therapy in the
management of malignant diseases is increasing.
However, response to these therapies is highly vari-
able, and robust predictive markers remain elusive.
Identification of predictive biomarkers is crucial con-
sidering the toxicities and high financial cost associ-
ated with this approach. Here, we report an adolescent
with relapsed clear cell adenocarcinoma of the cervix
(CCAC) who experienced a complete response to
checkpoint blockade despite not exhibiting positive
PD-L1 immunohistochemical (IHC) staining, micro-
satellite instability (MSI), or a high tumor mutational
burden (TMB). Using whole-genome sequencing
(WGS) and RNA sequencing (RNA-seq), we identified
a high neoantigen burden and an APOBEC mutational
signature that we suggest may explain her exceptional
response.

Although the standard of care for relapsed cervical
carcinoma is conventional cytotoxic chemotherapy
(cisplatin and paclitaxel) with bevacizumab, this
therapy yields dismal outcomes in adults, with a me-
dian overall survival time of 17 months.1 In the
CheckMate 358 trial evaluating nivolumab, five of 19
patients with advanced gynecologic cancers had an
objective response.2 More favorable responses were
achieved with nivolumab plus ipilimumab at shorter
intervals.3 Intriguingly, results were similar among
women with and without PD-L1–positive disease.
Therefore, we elected to treat the patient with nivo-
lumab (3 mg/kg every 2 weeks) instead of cytotoxic
chemotherapy despite the absence of biomarkers
believed to predict favorable responses in other
cancers.

CASE REPORT

The patient is a previously healthy 15-year-old girl who
presented with vaginal discharge. Biopsy of an exo-
phytic mass protruding into the vagina confirmed

a human papillomavirus–/p16-negative CCAC (Fig 1).
Family history was notable for paternal clear cell renal
carcinoma. The patient underwent radical hysterectomy,
bilateral salpingectomy, oophoropexy, and lymph node
dissection, followed by cisplatin and 45 Gy of radiation
to the pelvis. Sixteen months after entering remission,
surveillance positron emission tomography (PET)–
computed tomography (CT) revealed new hypermeta-
bolic disease, including a new right upper lobe (RUL)
pulmonary nodule, enlarged prevascular right internal
mammary, and right paratracheal nodes (Fig 2A) and
a left supraclavicular node. Biopsy of the supraclavicular
node confirmed recurrence of CCAC (Fig 3).

Her relapsed tumor exhibited 0% staining for PD-L1 by
IHC, microsatellite stability (1,149 of 1,157 tested
microsatellite regions were stable), and a low TMB (1.9
single nucleotide variants per megabase on WGS, less
than the pediatric threshold of 2; Appendix). CD8+
lymphocytes were absent (Appendix Fig A1). Genomic
assays performed included targeted DNA sequencing,
WGS, and RNA-seq (Appendix Table A1).

A targeted institutional DNA-seq panel assaying
479 cancer-relevant genes4 showed that both di-
agnostic and relapsed tumors had a broad approxi-
mately 11-fold amplification on chromosome 20
containing Aurora kinase A as a putative driver.5 The
diagnostic sample also displayed a chromosome 1p
deletion containing ARID1A, a gene frequently mu-
tated in cervical cancer,6 which was absent at relapse.
No pathogenic point mutations, insertions/deletions
(indels), or germline alterations were detected on this
panel at diagnosis or relapse. Findings from WGS and
targeted sequencing were concordant (Appendix Fig
A2). RNA-seq demonstrated normal expression of PD-
L1 at diagnosis and relapse (Appendix Fig A3) and also
detected the chromosome 20 amplification and 1p
deletion at diagnosis.

After four doses of nivolumab monotherapy, PET-CT
scan showed decreased size and hypermetabolism of
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the RUL pulmonary nodule and the prevascular lymph
node (Fig 2B). The other mediastinal lymph nodes de-
creased in size, although hypermetabolism was not
evaluable as a result of development of an intense back-
ground of hypermetabolic brown fat. Nivolumab was
continued as monotherapy for 11 doses, with only the
prevascular node and small RUL pulmonary nodule per-
sisting. Ipilimumab (1 mg/kg every 3 weeks), a monoclonal
antibody against CTLA-4, was then added based on su-
perior outcomes with the combination in adults with
melanoma.7 After one combined dose, CT demonstrated
continued interval decrease in the size of the prevascular
node and complete resolution of the pulmonary nodule, but
therapy was discontinued as a result of inflammatory colitis.
One month later, nivolumab monotherapy was restarted,
and the patient achieved a complete radiographic re-
mission, which has persisted for 18 months (Fig 2C).

We used the epitope prediction algorithm Prediction of
T-Cell Epitopes for Cancer Therapy (ProTECT)8 to evaluate
the relapsed tumor, yielding a neoepitope burden of
35 high-affinity neoepitopes (of which 14 had a variant
allele frequency . 0.4, suggesting that a large fraction of
tumor cells express these neoepitopes). In contrast, the
mean neoepitope burdens for available control cohorts,
including neuroblastoma and prostate, were only 6.7
(95% CI, 5.6 to 7.7 neoepitopes) and 12.7 (95% CI, 10.6 to
14.9 neoepitopes), respectively.9 The tumor’s neoepitope
burden was a statistical outlier relative to these cohorts,
crossing the outlier thresholds for both (Fig 4).

We next sought to evaluate the mutational signatures at
relapse. Somatic mutations in cancer genomes are caused
by mutational processes including DNA damage, modifi-
cation, repair, and replication, which generate character-
istic mutational signatures.10 Single base substitution
mutational signature analysis of WGS data identified five
active signatures out of 30 (Fig 5), including the AID/
APOBEC family of enzymes.11 Although the APOBEC
mutational signature is common in adult cancers, it is rare
in pediatric cancers.11 Using pediatric cancer genomic and
transcriptomic data from 915 tumor samples published by
Ma et al,11 we determined that 98 (10.7%) of 915 had
signature 2, 17 (1.9%) had signature 13, and only 14
(1.5%) had both APOBEC signatures (Fig 6).

DISCUSSION

CCAC, which is historically linked to prenatal exposure to
diethylstilbestrol, represents only 4% to 9% of cervical
adenocarcinomas.12 A recent multi-institutional review of
CCAC identified 34 patients with CCAC, of whom two had
CCAC associated with diethylstilbestrol. The median age was
53 years, and only three patients were , 30 years of age,13

making the patient presented here one of the youngest
patients ever reported with idiopathic CCAC. The genomic
landscape of CCAChas not been published, although among
24 patients in a 1996 analysis, more than half had evidence
of MSI,14 suggesting a possible role for checkpoint inhibition.
An isolated case of POLE-mutated DES-associated CCAC
with high PD-L1 expression and elevated tumor-infiltrating
lymphocytes has also been reported.15
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FIG 1. Pathologic confirmation of
clear cell carcinoma of the cervix.
(A) Primary clear cell carcinoma of
the cervix, showing hyperchromatic
tumor cell nests in the stroma at left
and normal endocervical glandular
epithelium at the right (×40). (B)
The tumor cells grow in small nests
and trabeculae and have vesicular
nuclei with prominent nucleoli. Mi-
totic figures are sparse, as is typical
of this tumor type. The cells have
abundant amphophilic to clear cy-
toplasm (×400). (C) An immuno-
histochemical stain for hepatocyte
nuclear factor 1-β, which is a marker
of clear cell carcinoma, shows strong
positive nuclear staining in the tumor
cells, a positive test result (×200).
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Known biomarkers for response to checkpoint inhibition are
IHC staining for PD-L1, presence of MSI, and high TMB.
This patient, who achieved a complete and durable re-
mission from checkpoint inhibition without any of these
markers, highlights the need for additional biomarkers. We
sought to analyze the genomics of her tumors to explain her
dramatic response.

Somatic variations that give rise to amino acid substitutions
in tumors yield neoepitopes, or mutated, tumor-specific
peptides on the surface of cancer cells that can serve
as neoantigens for the adaptive immune system, even if
they are not oncogenic. Determinants of neoantigen fitness

are the likelihood of their presentation by the major his-
tocompatibility complex and of subsequent T-cell recog-
nition.16 The number of neoepitopes per tumor can bemore
functionally relevant than the TMB. This idea is supported
by the fact that renal cell cancers (including clear cell
carcinoma) respond well to checkpoint inhibition despite
having low TMB but display an exceptionally high fre-
quency of immunogenic indel-derived tumor-specific
neoantigens.17 In fact, renal cell carcinomas have the
highest pan-cancer number of indels.17

The ProTECT epitope prediction algorithm yielded a neo-
epitope burden of 35 high-affinity neoepitopes in our
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FIG 2. Radiographic response to
checkpoint blockade. (A) Patient
developed a new hypermetabolic
pulmonary nodule in the right up-
per lobe (blue arrow), along with
prominent hypermetabolic pre-
vascular nodes (red arrow). (B)
After initial nivolumab therapy, pa-
tient’s right upper lobe nodule de-
creased in size (blue arrow), and
the prevascular node had nearly
resolved (red arrow). (C) Approxi-
mately 16 months after initial re-
current disease, the pulmonary
nodule has nearly completely re-
solved (blue arrow), and no new
pathologic nodes have developed.
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patient’s relapsed tumor, higher than that of available (al-
though biologically distinct) comparison cohorts, supporting
the idea that high neoepitope burden may predict favorable
response to immunotherapy. Single base substitution mu-
tational signature analysis of WGS data identified five active
signatures. Of these, signatures 1 (aging) and 3 (homologous
recombination deficiency; Appendix Fig A4) are commonly
found in cancer.18,19 Signatures 2 and 13 represent activity of
the AID/APOBEC family of enzymes.18,19

APOBEC, a family of zinc-coordinating enzymes that
convert cytosines to uracils, has been implicated in mu-
tagenesis of non–small-cell lung cancer. Systematic cancer
genomic and transcriptomic association studies have
shown that overexpression of one of the family members,
APOBEC3B, is associated with expression of immune
genes and known immunotherapy response biomarkers
such as PD-L1.20 A positive correlation was recently
documented between strength of the APOBEC signature
and the neoepitope burden in many cancers, including
cervical.21 The authors also found that this mutational
signature corresponded to increased abundance of tumor-
infiltrating lymphocytes in some cancers,21 although these
were absent in this case. Clinically, the APOBECmutational
signature is enriched in patients with durable clinical
benefit after immunotherapy, and an APOBEC signature
may be better than TMB in predicting immunotherapy
response.22,23 Finally, there was a small contribution from
signature 8 of uncertain etiology (it is perhaps related to
nucleotide excision repair deficiency).24

The present patient is of interest for several reasons. This
patient is one of the youngest reported individuals with

non–diethylstilbestrol-associated CCAC. Upon relapse, she
demonstrated a complete response to anti–PD-1 and
anti–CTLA-4 checkpoint blockade, despite the fact that her
tumor did not exhibit PD-L1 staining by IHC and had a low
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FIG 4. High neoepitope burden compared with pediatric neuro-
blastoma and adult prostate adenocarcinoma cohorts using Pre-
diction of T-Cell Epitopes for Cancer Therapy (ProTECT) neoepitope
analysis. Box-and-whisker plots display the interquartile range (box)
and outlier thresholds (whiskers) for the Therapeutically Applicable
Research to Generate Effective Treatments neuroblastoma and The
Cancer Genome Atlas prostate adenocarcinoma data sets. A solid
black line represents the patient. CACC, clear cell adenocarcinoma of
the cervix.
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FIG 3. Biopsy of supraclavicular
node confirms metastatic disease.
(A) Metastatic clear cell carcinoma
in a supraclavicular lymph node.
The tumor cells line glands or grow
in nests and are surrounded by
lymphocytes, seen at the lower left
(×200). (B) Metastatic clear cell
carcinoma in a supraclavicular
lymph node. The tumor cells are
mainly polygonal with abundant
clear or amphophilic cytoplasm
and vesicular nuclei with prom-
inent nucleoli. The appearance is
similar to that seen in the cervical
primary (×400). (C) Metastatic clear
cell carcinoma in a supraclavicular
lymph node. An immunohisto-
chemical stain for PD-L1 shows
minimal staining in the tumor
cells and staining of scattered
lymphoid cells around the tumor
(×200).
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TMB and MSI. The case highlights the promise of
checkpoint blockade in relapsed cervical cancer and the
need for more comprehensive biomarker development in
the field of immunotherapy. Although there may be other
factors that contributed to the patient’s dramatic re-
sponse, this case supports emerging evidence that a high

neoepitope burden and an APOBEC mutational signature
are potentially actionable biomarkers of response to
checkpoint blockade. Finally, these findings support the
routine use of larger-footprint sequencing panels or, where
possible, WGS in children with advanced cancer to detect
potentially actionable mutational signatures.
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FIG 5. Mutational signature analysis identifies five active signatures. (A) Each signature is shown as a segment on the plot, with the names of the signatures
overlaid. The size of the segment corresponds to its weight. The greater the weight, the more active the signature is (ie, the more mutations it has caused).
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FIG 6. APOBEC mutational signature frequency in a large pediatric
cancer cohort. (A) Numbers of pediatric cancer samples with one or
both APOBEC signatures (signatures 2 and 13). Fourteen (1.5%) of
915 samples from Ma et al11 display both signatures. (B) Violin plot of
the fraction of mutations in each sample attributed to the combined
APOBEC signatures. Samples with both signatures are shown in blue,
samples with one or neither signature are shown in gray, and the
patient sample is shown in red.
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APPENDIX

Tissue Source, Processing, and Analysis

The cervical resection from the patient was formalin fixed and paraffin
embedded (FFPE). The lymph node from the patient was snap frozen
and FFPE into optimal cutting temperature (OCT) medium. All tissues
were sectioned to a depth of 5 μm and stained with hematoxylin and
eosin. Samples were evaluated for tumor content by a certified pa-
thologist. For FFPE samples, sections were deparaffinized with xylene
and nucleic acid extracted using the Allprep DNA/RNA FFPE micro kit
80234 (QIAGEN, Hilden, Germany).

For FFPE samples, tumor was macrodissected from the OCT block to
a depth of up to 5 mm, disrupted with a mortar and pestle under liquid
nitrogen, and homogenized with a QIAshredder 79654 (QIAGEN).
Nucleic acids were extracted using the AllPrep DNA/RNA micro kit
80204 (QIAGEN). RNA integrity was quantified with the High Sensi-
tivity RNA kit DNF-472 (Advanced Analytical Technologies, Orange-
burg, NY) on the Fragment Analyzer (Advanced Analytical
Technologies). Immunohistochemical PD-L1 staining was performed
on tumor cells with the US Food and Drug Administration–approved
PD-L1 28-8 pharmDx antibody for OPDIVO (NeoGenomics Labora-
tories, Fort Myers, FL).

Whole blood was collected during lymph node metastasectomy in a 4-
mL EDTA vacutainer. Germline DNA was extracted using the DNeasy
Blood and Tissue kit 69504 (QIAGEN).

DNA was quantified using the Nanodrop 2000 (Thermo Fisher,
Waltham, MA) and QuBit High Sensitivity dsDNA assay Q32851
(Thermo Fisher) and integrity quantified using the High Sensitivity
gDNA kit DNF488 (Advanced Analytical Technologies) on the
Fragment Analyzer (Advanced Analytical Technologies). RNA was
quantified using the Nanodrop 2000 and integrity quantified with the
High Sensitivity RNA kit DNF-472 (Advanced Analytical Technolo-
gies) on the Fragment Analyzer. RNA proceeded on to library
generation if the RIN was . 7 or DV200. 30. DNA proceeded if the
DIN was . 7.

RNA Sequencing

Preparation. Libraries from FFPE samples were made using the
TruSeq RNA Access kit (RS-301-2001; Illumina, San Diego, CA) with
an input of 100 ng in accordance with manufacturer’s instructions.
Libraries from FFPE samples were made using the TruSeq Stranded
mRNA kit (RS-122-2101; Illumina) with an input of 400 ng in ac-
cordance with manufacturer’s instructions. All manufacturer’s controls
were used in preparation. Libraries were quantified using the High
Sensitivity NGS kit (DNF-474; Advanced Analytical Technologies) on
the Fragment Analyzer. Libraries from FFPE and FFPE samples were
sequenced on the Illumina NovaSeq using chemistry for 2 × 150 bp
reads and on the Illumina HiSEquation 400 using chemistry for 2 ×
100 bp reads, respectively.

Analysis. All external cancer data were downloaded from the Uni-
versity of California, Santa Cruz (UCSC) treehouse childhood cancer
initiative public portal site (https://treehousegenomics.soe.ucsc.edu/),
version v11 (Vaske OM, et al: JAMA Netw Open 2:e1913968, 2019).
The Genotype-Tissue Expression (GTEx) data set was downloaded
directly from the xena browser (UCSC Genomic Institute). To compare
the two RNA sequencing (RNA-seq) samples, we derived transcripts
per million (TPM) counts using the same UCSC rnaseq-cgl-pipeline
(https://github.com/BD2KGenomics/toil-rnaseq/tree/master/docker),
docker version 6d5313d0706 (Vivian J, et al: Nat Biotechnol 35:314-
316, 2017). This pipeline aligns the reads using STAR (hg38) and
RSEM for the final TPM counts. Thereafter, gene counts were ag-
gregated with summation and transformation with log2 (X + 1). By
producing TPMwith this method, we are ensuring that the TPM counts
were harmonized with the two external data sets. To calculate outliers,
we plotted expression against either the entire cancer cohort or normal
GTEx cohort. Outliers (ie, under- or overexpression) were identified
using Tukey outlier definition.

Targeted DNA Sequencing

An institutional DNA sequencing panel assaying 479 cancer-related genes
was used.4 As per Kline et al,4 genomicDNAwas extracted fromperipheral
blood and tumor tissue microdissected from FFPE blocks. Capture-based
next-generation sequencing (NGS) was performed at the University of
California, San Francisco (UCSF) Clinical Cancer Genomics Laboratory,
using an assay targeting the coding regions of these genes, TERT pro-
moter, select introns from40genes (for detection of gene fusions and other
structural variants), and intergenic regions at regular intervals along each
chromosome (for chromosomal copy number assessment), altogether
with a total sequencing footprint of 2.8Mb (UCSF500 Cancer Gene Panel,
Appendix Fig A2). Sequencing libraries were prepared from genomic DNA
with target enrichment performed by hybrid capture using a custom ol-
igonucleotide library. Sequencing was performed on an Illumina HiSEq-
uation 2500. Duplicate sequencing reads were removed computationally
to allow for accurate allele frequency determination and copy number
estimates. The analysis was based on the human reference sequence
UCSC build hg19 (NCBI build 37). Single nucleotide variants and small
insertions/deletions (indels) were visualized and verified using Integrated
GenomeViewer. A list of genes included can be found at the followingURL
(although some genesmay have been added or deleted since this patient’s
analysis in 2017): https://genomics.ucsf.edu/content/ucsf-500-cancer-
gene-panel-test-ucsf500-uc500.

Whole-Genome Sequencing

Libraries were generated using the TruSeq Nano kit FC-121-4001
(Illumina) with a 350-bp insert, per manufacturer’s instructions. Li-
braries were made using 200-ng input gDNA, and then quantified on
the TapeStation 4200 (Agilent, Santa Clara, CA) and sequenced on the
HiSeq X Ten (Illumina) using 2 × 150 bp paired-end reads. One
germline library and two sets of somatic libraries were sequenced for
30× and 60× coverage, respectively. Whole-genome sequencing
(WGS) data were aligned to the GRCh38 reference genome using
bwa-mem (Li H: https://arxiv.org/abs/1303.3997) and variants called
using MuTect2 (Cibulskis K, et al: Nat Biotechnol 31:213-219, 2013).
Tumor mutation burden was calculated as the total number of single
nucleotide variants over the length of the female reference genome (in
megabases). Nonsynonymous variants were annotated using Variant
Effect Predictor (McLaren W, et al: Genome Biol 17:122, 2016).

Predicted Tumor Neoepitope Analysis

We used the Prediction of T-cell Epitopes for Cancer Therapy (ProTECT)
pipeline v 2.6.18 to investigate the patient’s neoepitope burden. ProTECT
is built on a scalable pipeline management system and uses state-of-
the-art mutation calling and MHC binding prediction algorithms to
identify and rank neoepitopes. We identified neoepitopes using tumor
WGS and RNA-seq data generated from our patient’s biopsied me-
tastasis and normal WGS data. We used the hg38_references under the
AWS S3 bucket protect-data. The GRCh38 reference sequence and the
GENCODE v25 reference annotation were used to generate the indexes
and reference files. Default ProTECT parameters were used for all tools,
except the Transgene tool was updated to version 2.6.1. Neoepitopes
derived from fusion genes were manually filtered to remove fusions
associated with mitochondrial and immunoglobulin genes as well as
transcription read-through events. We compared the patient’s tumor
mutation and neoepitope burden to publicly available ProTECT data for
the Therapeutically Applicable Research to Generate Effective Treat-
ments neuroblastoma (PMID: 23334666) and The Cancer Genome
Atlas prostate adenocarcinoma data sets (PMID: 26544944) and
assessed for significance using Tukey’s outlier definition.

APOBEC Signature Analysis

Single base substitution mutational signatures were extracted from the
sample’s WGS data using deconstructSigs (Rosenthal R, et al: Genome
Biol 17:31, 2016), with default parameters. The COSMIC V2 Muta-
tional Signature Set19 was used as the reference signature set.
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A B

FIG A1. Few CD8+ lymphocytes are present within and around the patient’s relapsed tumor. (A) He-
matoxylin and eosin stain at ×10 magnification. (B) CD8 stain at ×10 magnification shows rare intra-
tumoral CD8+ lymphocytes without convincing peritumoral condensation of CD8+ lymphocytes, which are
confined to the interfollicular zones of the background lymph node.
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FIG A2. Copy number variant (CNV) analyses are concordant between targeted sequencing and whole-genome sequencing (WGS). (A) CNV plot fromWGS.
(B) CNV plot from targeted sequencing panel.
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FIG A3. The patient’s primary and relapsed samples have normal PD-L1 expression on RNA sequencing (RNA-
seq) when compared with cancer and normal tissue cohorts. Both primary and relapsed or metastatic (Met)
samples have normal PD-L1 expression on RNA-seq. Transcripts per million (TPM) were plotted against (A)
a cancer cohort (n = 12,748) and (B) Genotype-Tissue Expression (GTEx; normal tissue; n = 7,795) cohorts.
Green and red lines represent the lower and upper Tukey outlier bounds, respectively.
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FIG A4. The patient’s sample is notable for a signature 3
(homologous recombination deficiency [HRD]) signature.
Violin plot of the fraction of mutations in each sample fromMa
et al11 attributed to signature 3. The patient’s sample is
represented as a red triangle.

TABLE A1. Genomic Assays Applied to the Patient’s Germline
(peripheral blood), Diagnostic Cervical Carcinoma Sample, and
Relapsed Supraclavicular Lymph Node Sample
Sample RNA Genome Panel

Germline Not applicable Yes Yes

Diagnosis Yes No Yes

Relapse Yes Yes Yes
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