Oncotarget, 2017, Vol. 8, (No. 17), pp: 28312-28327

www.impactjournals.com/oncotarget/

Research Paper

HLA class I loss in metachronous metastases prevents continuous T
cell recognition of mutated neoantigens in a human melanoma model

Barbara Schrors?, Silke Liibcke!, Volker Lennerz!, Martina Fatho!, Anne Bicker?,
Catherine Wolfel!, Patrick Derigs', Thomas Hankeln?, Dirk Schadendorf3, Annette
Paschen3, Thomas Wolfel*

Internal Medicine III, University Cancer Center (UCT) and Research Center for Immunotherapy (FZI), University Medical

Center (UMC) of the Johannes Gutenberg University and German Cancer Consortium (DKTK), Partner Site Frankfurt/Mainz,
Mainz, Germany

2Institute for Molecular Genetics, Johannes Gutenberg University, Mainz, Germany

3Department of Dermatology, University Hospital, University Duisburg-Essen and German Cancer Consortium (DKTK),
Partner Site Essen/Dusseldorf, Essen, Germany

Correspondence to: Thomas Wdélfel, email: thomas.woelfel@unimedizin-mainz.de
Keywords: melanoma, mutated neoantigens, high-throughput sequencing, immune escape, HLA class I loss
Received: July 05, 2016 Accepted: February 27, 2017 Published: March 09, 2017

Copyright: Schrors et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC-BY),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT

T lymphocytes against tumor-specific mutated neoantigens can induce tumor
regression. Also, the size of the immunogenic cancer mutanome is supposed to
correlate with the clinical efficacy of checkpoint inhibition. Herein, we studied the
susceptibility of tumor cell lines from lymph node metastases occurring in a melanoma
patient over several years towards blood-derived, neoantigen-specific CD8* T cells.
In contrast to a cell line established during early stage III disease, all cell lines
generated at later time points from stage IV metastases exhibited partial or complete
loss of HLA class I expression. Whole exome and transcriptome sequencing of the four
tumor lines and a germline control were applied to identify expressed somatic single
nucleotide substitutions (SNS), insertions and deletions (indels). Candidate peptides
encoded by these variants and predicted to bind to the patient’s HLA class I alleles
were synthesized and tested for recognition by autologous mixed lymphocyte-tumor
cell cultures (MLTCs). Peptides from four mutated proteins, HERPUD16%61S, INSIG15238F,
MMS22L5437F and PRDM10s%5°F were recognized by MLTC responders and MLTC-
derived T cell clones restricted by HLA-A*24:02 or HLA-B*15:01. Intracellular peptide
processing was verified with transfectants. All four neoantigens could only be targeted
on the cell line generated during early stage III disease. HLA loss variants of any
kind were uniformly resistant. These findings corroborate that, although neoantigens
represent attractive therapeutic targets, they also contribute to the process of cancer
immunoediting as a serious limitation to specific T cell immunotherapy.

INTRODUCTION

Immune checkpoint inhibitors elicit impressive
responses in a series of tumor entities [1]. There is
growing evidence that tumors with a high mutation load
are particularly responsive to checkpoint blockade [2—5].
Indeed, checkpoint inhibitors can boost T cell reactivity
against neoantigens generated by somatic mutations [6].
However, a preexisting anti-tumoral T cell immunity is
required for these immunomodulatory antibodies to show
an effect [7]. Neoantigens represent optimal targets as
they are truly tumor-specific, which prevents autoimmune

responses, and they are lacking immunological tolerance
[8]. The therapeutic potential of targeting mutated antigens
has been shown before in mice [9,10] and men [11,12],
and it has been reported that responses against neoantigens
can occur at high frequencies among circulating T cells or
even dominate the anti-tumoral T cell repertoire [13—15].
CD8" T cells appear to play a key role. They can directly
recognize and lyse tumor cells and tumor infiltration with
CDS8" T cells was shown to be associated with better
prognosis [16]. Using exome sequencing, several groups
succeeded in identifying mutated tumor antigens in
individual patients during the recent years [6, 8, 17-19].
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Herein, we searched for potentially immunogenic
single nucleotide substitutions (SNS) and insertions
and deletions (indels) using exome and transcriptome
sequencing data generated from four melanoma cell
lines derived from distinct lymph node (LN) metastases
of patient Ma-Mel-86 [20] and from an autologous
lymphoblastoid cell line as germline control. By this
means, 181 expressed non-synonymous somatic SNS and
ten expressed non-synonymous indels were identified in
the four melanoma cell lines. Using autologous mixed
lymphocyte-tumor cell cultures (MLTCs) and T cell
clones derived thereof, four mutations were found to
encode patient-specific HLA class I-restricted neoantigens.
Notably, tumor cell lines derived from late occurring
metastases did not present the mutated antigens.

RESULTS

Melanoma model Ma-Mel-86

The human melanoma model was derived from
patient Ma-Mel-86. Her clinical course is summarized in
Supplementary Figure 1 and detailed in [20]. Permanent
melanoma cell lines Ma-Mel-86a, -86b, -86¢ and -86f
were established from four distinct LN metastases
occurring during stage I1I disease in 01/2002 and during
stage IV disease in 02/2004, 05/2005 and 12/2008,
respectively. Ma-Mel-86b and -86f represented HLA class
I loss variants due to a biallelic beta-2-microglobulin gene
(B2M) inactivation. Ma-Mel-86¢ was lacking one complete
HLA class I haplotype [20]. Autologous peripheral blood
mononuclear cells (PBMCs) were isolated in 05/2002,
04/2004 and 08/2004. The model system provided a rare
opportunity to analyze T cell reactivity against somatic
mutations throughout the course of disease.

Sequencing results

For a systematic identification of immunogenic SNS
and indels, we performed whole exome and transcriptome
sequencing on the four melanoma cell lines and on
autologous EBV-B cells as germline control. Considering
biological variance, we sequenced DNA duplicates and
RNA triplicates isolated from separate cultures and two
different time points each (Supplementary Figure 2A).
Replicates were processed in parallel (Supplementary
Figure 2B). In the exome data, a mean coverage of 49.3-
fold was achieved with on average 82.7% of the targeted
bases being covered by at least 15 reads (Table 1). The
alignment of the transcriptome reads resulted in an average
of 91.2% uniquely mapped reads.

Alterations compared to the reference genome
were detected and mutations with an error probability
of more than 5% (i.e. Phred score < 13) and a coverage
of less than five transcriptome or ten exome reads were
rejected. Applying these criteria, 72—74% of the exomic

variants were detected in both replicates and 56-64% of
the variants found in the transcriptomes were confirmed
by at least a second transcriptomic replicate. The variants
detected in both exomes and at least two transcriptomes of
a tumor cell line accounted on average for about 10% of
all variants detected in a tumor cell line.

Somatic mutations were located by subtraction
of the variants found in the autologous EBV-B cells.
Per melanoma cell line, 2,099-3,108 somatic mutations
consisting of SNS and indels were detected in both exome
replicates (Table 1) and about 85% of these somatic
variants were SNS. 46-56% of the somatic SNS were
cytosine-to-thymine transitions typically indicating UV-
induced DNA damage [21]. In the transcriptomes, a higher
total number of putative somatic mutations (2,914-8,974)
was determined. For the final selection of potentially
immunogenic SNS in the transcriptomes only those were
considered as somatic mutations for which only wild-type
alleles were detected in the germline control. However, in
some cases, the mutated site was not covered in the EBV-B
data. Among these variants only those were included in
further analysis for which at least one of the melanoma
cell lines carried only wild-type alleles.

The identified putative somatic mutations confirmed
by at least a second replicate of the same sequencing
procedure were filtered for non-synonymous SNS in
protein-coding regions. Comparison of the SNS lists
from the exome and transcriptome of each melanoma cell
line and manual curation with the Integrative Genomics
Viewer (IGV) [22] validated 181 of 244 non-synonymous
SNS detected in the transcriptomes as somatic as described
above. Remarkably, one third (61) of these SNS had been
rejected from the exome data due to a too low coverage.
As depicted in the Venn diagram in Figure 1, 63 of the
SNS were common to all four tumor cell lines, while the
remaining were heterogeneously distributed. Thirty-six
SNS were only expressed by the HLA class I loss variants
Ma-Mel-86b or -86f.

Only 2.5-3.8% of the somatic indels observed in
the melanoma cell lines in both exome replicates induced
changes in the amino acid sequence. This corresponded
to 17 different non-synonymous indels in total. For ten
of them, at least 20 supporting reads could be detected in
the transcriptome data of at least one melanoma cell line.
These indels were assumed to be expressed on mRNA
level. Only one insertion was specific for an HLA class
I-negative melanoma cell variant (Ma-Mel-86b).

Prediction of HLA-binding peptides from
selected non-synonymous somatic SNS and
indels

For each of the 145 SNS and nine indels detectable
in at least one of the HLA class I-expressing cell lines Ma-
Mel-86a and -86c¢, the respective proteins were screened
for mutated peptides that could be presented by the
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Table 1: Metrics of the exome and transcriptome sequencing

Quality Mean exome Number of
Cell line Replicate Type filter passing coverage putative somatic
reads [-fold] mutations
Ma-Mel-86a 1 51,085,483 39.9
Exome 2,099
2 51,368,377 39.9
1 77,792,234 -
2 Transcriptome 68,766,926 - 5,992
3 84,137,830 -
Ma-Mel-86b 1 51,665,217 39.8
Exome 2,504
2 65,238,045 51.1
1 80,666,672 -
2 Transcriptome 105,562,290 - 8,974
3 104,192,306 -
Ma-Mel-86¢ 1 63,704,508 48.7
Exome 2,236
2 79,512,089 61.8
1 59,468,122 -
2 Transcriptome 42,750,918 - 2,914
3 33,877,483 -
Ma-Mel-86f 1 67,931,163 48.7
Exome 3,108
2 72,904,674 52.5
1 55,071,615 -
2 Transcriptome 36,056,083 - 4,074
3 59,223,897 -
Ma-Mel-86-EBV-B 1 59,068,661 45.8
Exome -
2 83,437,818 64.9
1 80,424,119 -
2 Transcriptome 26,741,378 - -
3 75,696,328 -

patient’s HLA class I alleles. In total, 207 SNS-derived and
30 indel-derived octa-, nona- and decamers were predicted
to bind to at least one of the six HLA class I alleles with
a binding affinity of <500 nM according to NetMHC 3.4
[23] and a percentile rank of <10 as calculated with the
IEDB MHC class I-binding prediction tool [24]. Some of
these peptides originated from splice variants that were not
expressed as at least one of the peptide-encoding exons
lacked coverage in the patient’s RNA-seq data and were
excluded. Furthermore, we decided to test only indel-
derived nona- and decamers. Thus, 174 SNS-derived
and 22 indel-derived peptides (Supplementary Table 1)
were finally selected. They were encoded by 80 different
somatic non-synonymous SNS (marks below bar graphs
in Figure 1) in 79 distinct genes and six different somatic
non-synonymous indels in six distinct genes. Eleven
of the peptides were encoded by seven SNS that were
present in Ma-Mel-86¢, but not in -86a, and that were
predicted to bind to the HLA class I alleles not expressed
by Ma-Mel-86¢ cells due to the haplotype loss. In the

following, these peptides are referred to as 86¢™* peptides
(NP: not presented). In order to stimulate T cells against
86¢N? peptides, we generated three stable Ma-Mel-86¢
transfectants that were reconstituted with the HLA class I
alleles lost in Ma-Mel-86c¢.

Immunogenicity of the selected synthetic octa-,
nona- and decamer peptides

Eight independent MLTCs were generated from
PBMCs or CD8" T cells isolated from blood donated by
the patient (Table 2). The lymphocytes were stimulated
with the melanoma cell lines Ma-Mel-86a (MLTCs
1A, 3A and 4A), -86¢ (MLTCs 1C, 2C, 7C and 15C) or
with HLA transfectants of Ma-Mel-86¢c (MLTC 16C).
After three to eight weekly stimulations (Table 2), CD8"
MLTC responders were tested with IFNy ELISpot assays
for recognition of the 196 mutated candidate peptides
(Supplementary Table 1). 86¢™? peptides were analyzed
with MLTC 16C responders only and indel-derived
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peptides could not be tested with MLTC 15C and MLTC
1A due to lack of material. In total, we found eleven SNS-
derived peptides to be reproducibly recognized by up to
three of the MLTCs with average spot counts above the
threshold (mean background count plus three SD, Figure
2). The responsive MLTCs 1A, 3A and 16C had been
stimulated with either Ma-Mel-86a or HLA-reconstituted
Ma-Mel-86¢. None of the 86¢NF peptides were recognized
(Figure 2). None of the MLTCs stimulated with

unmodified Ma-Mel-86¢ cells showed peptide reactivity
(not shown). And no reactivity was observed against any
of the indel-derived peptides (not shown).

The immunogenic peptides were encoded by the four
mutated genes HERPUDI¢'%'S (homocysteine-inducible,
endoplasmic reticulum stress-inducible, ubiquitin-like
domain member 1), INSIGIS*¥F (insulin-induced gene
1), MMS22L5%F (MMS22-like, DNA repair protein) and
PRDMI105"%% (PR domain containing 10) as listed in
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% ("10013
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SRS Cay, 3055 7
Gy, Y

Figure 1: Localization of potentially immunogenic mutations in Ma-Mel-86. Filtering according to the scheme in Supplementary
Figure 2B resulted in a list of 181 somatic expressed non-synonymous SNS. Their distribution to the four melanoma cell lines is depicted
in the Venn diagram (center). The 178 affected genes are listed on the outer ring of the Circos plot sorted by their genomic coordinates.
Genes listed twice carried two different mutations (LOC100130357 und SEZ6L2) or two isoform-specific amino acid exchanges caused
by the same mutation (/NSIG1). Gene expression levels are given as normalized read counts (means of three replicates) in the bar graphs
determined from the RNA-seq data of Ma-Mel-86a (yellow), -86b (green), -86¢ (magenta) and -86f (blue). Expression values above 2,000
are indicated with shading. Black dots on the bar graphs mark which cell line carried the mutations and mutations present in all four tumor
cell lines are gray-shaded. Marks below the bar graphs indicate which SNS led to at least one peptide candidate with a predicted HLA class
I binding affinity of < 500 nM (NetMHC) and a percentile rank of < 10 (IEDB).
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Table 2: MLTC responder populations used for the analysis of the immunogenicity of the selected

peptide candidates
Culture time at
MLTC generated from Blood donation Stimulator cells peptide-reactivity test
(days)
1A PBMCs 08/2004 Ma-Mel-86a 37
3A CD8* 04/2004 Ma-Mel-86a 34
4A PBMCs 05/2002 Ma-Mel-86a 62
1C PBMCs 08/2004 Ma-Mel-86¢ 28
2C CD8* 08/2004 Ma-Mel-86¢ 29
7C CD8* 08/2004 Ma-Mel-86¢ 40
15C CD8* 08/2004 Ma-Mel-86¢ 28
16C CD8* 04/2004 Ma-Mel-86¢ + HLA-A*24:02 43

Ma-Mel-86¢ + HLA-B*15:01
Ma-Mel-86¢ + HLA-C*03:03

Table 3. In case of INSIG1™", for which peptide candidates
encoded by two distinct isoforms were tested, only peptides
derived from isoform 1 were recognized. For MMS22L™*",
INSIG1™ and PRDM10™, we observed reactivity against
two to four peptides that varied in length only. Among
the four antigens, only HERPUD1™* had been identified
independently via cDNA library expression screening with
MLTC 1A responders (S. Liibcke, unpublished material).

Generation of peptide-specific CD8" T cell clones

MLTCs 1A (day 35), 1A (day 45), 3A (day 32) and
16C (day 41), all consisting of at least 90% CD8" T cells,
were cloned by limiting dilution. After three to four weeks,
clones were tested with [IFNy ELISpot assays for peptide
recognition. Four of 123 T cell clones derived from MLTC
1A (day 45) recognized HERPUD 1™, INSIG1™-directed
T cell clones could be expanded from all three MLTCs [1A
(day 35): 32 of 67 T cell clones, 3A: 6 0f 276 T cell clones,
16C: 4 of 124 T cell clones]. Clonal T cells targeting
PRDM10™" were derived only from MLTC 1A (day 35;
14 of 67) and MMS22L™-reactive T cell clones were
isolated from MLTC 16C (17 of 124). T cell clones 1A/39
(anti-HERPUD1™), 3A/115 (anti-INSIG1™), 1A/1003
(anti-PRDM10™") and 16C/114 (anti-MMS22L™") were
selected for further functional analyses.

The TCR VB c¢DNA sequences of two T cell
clones were determined for each neoantigen specificity.
While T cell clones against HERPUD1™, PRDM10™*
and MMS22L™ carried identical TCRS clonotypes, two
distinct CDR38 regions were identified for T cell clones
against INSIG1™ (Supplementary Table 3).

Confirmation of intracellular peptide processing
and presentation

Peptide-reactive T cell clones were tested for their
ability to recognize COS-7 or 293T cells transfected

with mutated or wild-type cDNAs together with cDNAs
encoding the patient’s HLA class I alleles (Figure 3A).
The recognition of HERPUDI™ was restricted by
HLA-B*15:01 as already known from cDNA library
expression screening (S. Liibcke, unpublished). cDNAs
encoding INSIG1™, MMS22L™" and PRDM10™" were
recognized only upon cotransfection of HLA-A*24:02. A
weak reactivity was observed against targets cotransfected
with MMS22L™ and HLA-A*24:02-cDNA as well as
HERPUDI* and HLA-B*15:01-cDNA. The detected
spot counts, however, were about 5-fold lower than
those achieved with the respective mutated cDNAs
under the same expression conditions. There was no or
only weak and irreproducible recognition of autologous
EBV-B cells naturally expressing wild-type MMS22L and
wild-type HERPUD! (Figure 3B), which indicated that
overexpression of the wild-type cDNAs was required to
induce T cell reactivity.

Table 3 summarizes the distribution and recognition
patterns of the mutated antigens among the patient’s
melanoma cell lines. Although HERPUDI, INSIG1 and
MMS22L were mutated in more than one of the melanoma
cell lines, only Ma-Mel-86a cells were recognized by the
respective T cell clones (Figure 3B). The determined HLA
restrictions confirmed the predictions of the algorithms
and explained the exclusive recognition of Ma-Mel-86a
as HLA-A*24:02 and HLA-B*15:01 were not expressed
by the other melanoma cell lines.

Determination of the C-terminal peptide ends

Due to their low purity, testing of the synthetic
peptides could not provide reliable information about
the minimal length of the immunogenic peptides. To
identify the C-termini of the mutated peptides, 3‘-deletion
fragments were generated from c¢DNAs encoding
HERPUDI1™ INSIGI™, PRDM10™ and MMS22L™",
The cDNA fragments were co-transfected with the
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Figure 2: Peptide recognition by autologous MLTC responder populations. One hundred seventy-four selected SNS-encoded
synthetic peptides (numbered and allocated to the respective coding mutated gene, peptide sequences are listed in Supplementary Table
1) were tested for their recognition by CD8" responder lymphocytes of eight independent MLTCs (see Table 2) in IFNy ELISpot assays.
Peptide reactivity was observed with three MLTCs. These were MLTC 1A (day 37, 30,000 cells/well), 3A (day 34, 23,000 cells/well) and
16C (day 43, 30,000 cells/well). Shown are mean spot counts of duplicates (error bars indicate standard errors of the mean, SEM). Peptides
were added at a concentration of 10 pg/ml in the presence (MLTC 3A) or absence (all other MLTCs) of 6x10* 293T cells that had been
electroporated with the patient’s HLA class I alleles one day before. 86CN peptides are marked with asterisks in the axis label of the left
panel and were only tested with MLTC 16C. Background reactivities were determined in the absence of peptides (not shown) and peptides
inducing at least mean background counts plus three SD (dotted lines) were defined as positive. Mutated genes encoding recognized
peptides are marked in red.
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Table 3: Characteristics of mutated Ma—Mel—86 neoantigens recognized by autologous CD8* T

cells
Mutations present Reactivity
Cod and expressed in Recognized against
Mutated neoantigen cl:)anml HLA Peptide Ma—Mel-86 by MLTC Ma—Mel-86
(amino acid exchange) (wt /n%u t) restriction sequence® cell lines® cell lines®
86a 86b 86c 86f| 1A 3A 16C [86a 86b 86c 86f
PRDMI 0“““1042 1050 *
- . — — — + — — —
(S1050F) tCc/tTc  A*24:02  TYLPSAWNE X x
INS]G]mmZ}} 241 *
- : + + - + — - -
(S238F) tCc/tTc  A*24:02  VYQYTEPDF X X X
MMSZZL mm429 438 *
- : + + + + + - - -
(S437F) tCc/tTc  A*24:02  YYSKNLNSFF X X
HERPUDI™ _, o "
- . - + - + — — —
(G1618) Ggt/Agt B*15:01 GLGPGFSSY x x x

a: peptide sequences were deduced from truncation experiments, testing of synthetic peptides and HLA class I binding predictions (mutated
residue underlined and bold), b: as detected in at least two of three RNA—seq replicates and at least one of two exome replicates, c: as

determined with clonal T cells against the mutated neoantigens.

restricting HLA allele into COS-7 or 293T cells and
transfectants were tested for recognition by the respective
neoantigen-specific T cell clones (Figure 3C). C-terminal
residues critical for recognition were phenylalanine
(F) on position 241 for INSIG1™ the mutated residue
phenylalanine (F) on position 1050 for PRDM10™,
phenylalanine (F) on position 438 for MMS22L™" and
tyrosine (Y) on position 162 for HERPUD1™". These data
proved that the mutated amino acid residues were integral
components of the respective immunogenic peptides for
all four neoantigens. Hence, based on the recognized
peptides, the cDNA fragmentation experiments and the
predicted HLA class I binding affinity, we postulated the
peptide-coding regions and peptides listed in Table 3.

Low frequency of neoantigen-specific T cells in
the patient’s peripheral blood

We performed a standardized ex vivo IFNy ELISpot
assay [25] with PBMCs from 08/2004. The detection
limit was assumed to be 5 in 10° PBMCs with an at
least twofold increase of spot counts over background
[26]. However, there was no reactivity detectable
against any of the four neoantigens (data not shown).
Therefore, deep sequencing of TCRB CDR3 regions
was performed on PBMCs collected in 05/2002 and in
08/2004 (Supplementary Table 3). The clonotypes of T
cells against all four mutated neoantigens were detectable
in the 08/2004 sample. The frequencies of the neoantigen-
specific T cells were consistently below 4 clonotypic
reads per 10° productive rearrangements (HERPUD1™*:
1.6, MMS22L™: 1.3, PRDM10™% 0.7, INSIG1™: 0.2
and 3.8). This explained the failure to detect the T cells in
the ex vivo ELISpot assay. In the 05/2002 blood sample,
only the clonotype against MMS22L™" was detected at

a frequency of 6.1 clonotypic reads per 10° productive
rearrangements.

Expression levels of mRNAs encoding mutated
neoantigens

We determined the expression levels of the mutated
mRNAs in the generated RNA-seq data in comparison
to publicly available data of melanocytes [27]. In
Ma-Mel-86a, INSIGI was found to be higher expressed
than HERPUD| (Figure 4). 62% of the reads aligning to the
mutated genomic coordinate in /NSIG1 were derived from
the mutated allele. In case of HERPUDI, the wild-type
allele was dominating and only 33% of the aligned reads
contained the mutation. However, MMS22L and PRDM10
were expressed at much lower levels. The wild-type allele
of MMS22L was detected in none of the four melanoma
cell lines. The expression level of PRDM10 in Ma-Mel-
86a and -86f was comparable to the reference melanocytes,
whereas it was lower in Ma-Mel-86b and -86¢. This gene
was only mutated in Ma-Mel-86a and 37% of the reads
aligning to the mutated position carried the SNS.

DISCUSSION

Whole exome and transcriptome sequencing was
applied to identify neoantigens encoded by somatic non-
synonymous SNS and indels in the human melanoma
model Ma-Mel-86. While exome sequencing has been used
by others for the same purpose [6,8,17—19], transcriptome
sequencing has so far mainly served to validate the
expression of the mutations detected by exome sequencing.
Remarkably, we initially detected 61 of 181 somatic non-
synonymous SNS only in the transcriptome data. Manual
curation confirmed their presence in at least one of the
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replicates of the corresponding exome sequencing results
where the coverage is highly dependent on the efficiency of
the enrichment protocol. One of these SNS, PRDM [ (51%5F,
was found to be immunogenic. Especially splicing and
dynamic gene expression ranges complicate robust variant
detection in RNA-seq data as compared with variant
detection in exome or genome sequencing data [28].
Further development of mapping tools and variant callers
specifically for RNA-seq data will enable more reliable
detection of expressed mutations. Based on our experience
in the Ma-Mel-86 model we would recommend to include
a priori transcriptome sequencing for the identification of
immunogenic mutations.
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Ma-Mel-86a cells, carrying all HLA class I alleles
on their cell surface, and Ma-Mel-86¢ cells, characterized
by a haplotype loss, harbored 145 of the 181 somatic non-
synonymous SNS (Figure 1) and nine of the ten somatic
non-synonymous indels. Eighty of these 145 SNS and
six of these nine indels were predicted to encode HLA
class I-binding peptides, which were finally subjected to
immunogenicity testing. As effectors for peptide testing
we chose autologous CD8" MLTC responder populations.
Stimulators were Ma-Mel-86a and -86¢ cells as well
as Ma-Mel-86¢ cells reconstituted with the HLA class
I alleles of the lost haplotype (Table 2). These HLA
transfectants were generated to detect also T cell responses
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Figure 3: Characterization of neoantigen recognition. (A) Mutated or wild-type antigen-coding cDNAs (300 ng/well) and cDNAs
encoding the patient’s HLA class I alleles (100 ng/well) were transfected into COS-7 cells (INSIGI, PRDM10 and MMS22L) or 293T cells
(HERPUDI) (each 20,000 cells/well), and transfectants were tested in IFNy ELISpot assays for recognition by MLTC-derived, neoantigen-
specific T cell clones (3A/115 anti-INSIG1™ and 1A/1003 anti-PRDM10™*: 20,000 effector cells/well, 16C/114 anti-MMS22L™": 44,000
effector cells/well, 1A/39 anti-HERPUD1™": 10,000 effector cells/well). Data represent mean spot counts of duplicates (error bars: SEM).
They are representative of at least two independent experiments. Abbreviation: n.d., not done. (B) Recognition of autologous tumor cell lines
and Ma-Mel-EBV-B cells (each 50.000 cells/well) by neoantigen-specific T cell clones was determined under assay conditions described
in (A). (C) Full-length antigen-encoding cDNAs and 3'-fragments of the cDNAs were transfected into COS-7 or 293T cells together with
the restricting HLA alleles HLA-A*24:02 (for INSIG1, PRDM10 and MMS22L) or HLA-B*15:01 (for HERPUD1) and the recognition of
the transfectants was tested under the conditions described in (A), but with 30,000 effector cells/well in case of T cell clone 16C/114 (anti-
MMS22L™"). cDNA fragment names indicate the number of the C-terminal codon and amino acid in parentheses.
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against mutated peptides, named 86™', that were encoded
by somatic non-synonymous mutations present in Ma-
Mel-86¢, but not in Ma-Mel-86a, and that were predicted
to bind solely to allele products of the lost HLA class 1
haplotype of Ma-Mel-86c¢. In the blood samples tested, no
responses were detected against any of the 86¢ peptides.
All mutated neoantigens were restricted by HLA alleles
that were present in Ma-Mel-86a and absent in Ma-Mel-
86¢. Therefore, HLA class I reconstitution of Ma-Mel-86¢
did not lead to the detection of additional immunogenic
SNS. None of the indel-derived peptide candidates were
immunogenic. Thirty-six of 181 SNS were only found
in Ma-Mel-86b and -86f (Figure 1) and one expressed
insertion was specific for Ma-Mel-86b. These were not
included in immunogenicity testing.

Four of the 80 tested SNS (5%) were found to
encode immunogenic peptides. Others reported similar
success rates [8,19]. Limitations of HLA-binding
prediction algorithms, in particular uncertainties with
respect to HLA-C binding [29] and a bias favoring
peptides with predicted high binding affinity [30], are
considered to lead to an underestimation of immunogenic
SNS. Testing the actual peptide-binding affinity to the
patients’ HLA alleles in vitro beforehand might lead to
superior detection rates [17]. This is in line with a recent
HLA peptidomics study that detected a mutated peptide
presented on tumor cell surface that was predicted to be
a weak binder [31]. The screening of tandem minigene
libraries to bypass peptide prediction has not been shown
to improve the detection of mutated neoantigens so far
[18].

Only one of the four neoantigens, HERPUD 1™, had
been identified via cDNA expression screening performed
as described [15]. In general, the failure to identify the
other three could be due to several reasons. cDNAs
encoding the immunogenic mutations might have been
underrepresented in the screened cDNA libraries due to
low-level expression of the affected genes, due to a growth
disadvantage of bacteria upon transformation with the

antigen-encoding plasmids or due to a 3’-bias in cDNA
libraries generated with oligo-dT primers. Furthermore,
neoantigen-specific T cells within the T cell populations
used for library screening might not have been sufficiently
enriched to detect their signal.

Ma-Mel-86 neoantigens were identified with MLTC
responder lymphocytes stimulated with autologous
tumor cells for several weeks prior to testing of synthetic
peptides. This a priori implied that they were able
to induce T cell expansion when they were naturally
expressed in autologous tumor cells. Intracellular
processing and specific recognition of all four mutated
neoantigens was unequivocally demonstrated by testing of
cells transfected with mutated and wild-type cDNA with
tumor-reactive clonal T cells (Figure 3).

In a retrospective analysis of 35 known T cell-
defined mutated human tumor antigens, Fritsch et al.
found that the mutations were predominantly located
at non-anchor positions [32]. In contrast, profiling of
mutational neoepitopes in mouse tumor models revealed
that immunoprotective peptides preferentially carried
mutations creating new anchor residues and were even
characterized by MHC class I affinities considerably above
the 500 nM threshold [30]. From the identified mutated
Ma-Mel-86 neoantigens, only the serine-to-phenylalanine
exchange at position 1050 of PRDMI1O™ .
had generated an anchor residue known to enable or
considerably improve peptide binding to HLA-A*24:02
[33]. Whereas HERPUDI1™ and MMS22L™* cannot be
categorized with sufficient certainty, we assumed for
INSIG1™ ., ., that the amino acid exchange at position
238 involved a T cell receptor-facing residue [34].

Among the four immunogenic mutations, only
the mutation in MMS22L, which was located within a
conserved region of the gene [35], was present in all four
melanoma cell lines (Figure 1 and Table 3). MMS22L has
been described as an oncogene in lung and esophageal
cancer [36]. Therefore, MMS22L™ in Ma-Mel-86
might carry a driver mutation, whereas the other three
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Figure 4: mRNA expression levels of the genes harboring immunogenic mutations. Mean normalized expression values
of three RNA-seq replicates per melanoma cell line and germline control Ma-Mel-86-EBV-B are depicted in comparison to a publicly
available melanocyte data set (no replicates). The mean proportion of the mutated allele is visualized by shading and the corresponding

percentages are given on top of the bars.
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immunogenic neoantigens are more likely attributable to
passenger mutations.

With an ex vivo ELISpot assay no reactivity
against any of the four neoantigens was detectable in
PBMCs cryopreserved in 08/2004. Deep sequencing of
TCRP CDR3 regions allowed to detect T cells against
all four mutated neoantigens in PBMCs from 08/2004 at
frequencies below 4 in 10°. Low frequency and transient
responses against mutated neoantigens have also been
observed by others [19]. Notably, only the clonotype
against MMS22L™ was detectable in PBMCs from
05/2002. T cells against the stably expressed neoantigen
MMS22L™ obviously contributed to the anti-tumor
response already during the early disease phase.

From all Ma-Mel-86 melanoma cell lines only
Ma-Mel-86a expressed HLA-A*24:02 and -B*15:01
that restricted the recognition of the four mutated
neoantigens. This explained why only Ma-Mel-86a cells
were recognized by neoantigen-specific T cells. Ma-Mel-
86a had been derived from the earliest LN metastasis.
The resistance of melanoma cell lines derived from
later occurring metastases to neoantigen-reactive T cells
supports the notion that T cells directed against tumor-
specific mutations are strongly involved in immunoediting
[37]. Accordingly, Zhao et al. [20] observed distinct T cell
repertoires stimulated by Ma-Mel-86a and Ma-Mel-86c.
In analogy to observations e.g. in renal cell cancer [38],
we detected a considerable heterogeneity for somatic non-
synonymous SNS across the metastases-derived tumor
cell lines and phylogenetic reconstruction revealed a
branched and not sequential evolution [20]. This indicated
that tumor heterogeneity existed early on, and that the
interaction with the patient’s immune system led to the
outgrowth of pre-existing immunoresistant tumor cell
variants. Sequential immune escape was also observed in
other patient models [39,40] as discussed in [20].

T  cell-oriented active immunotherapeutic
interventions aim at augmenting inefficient T cell
responses and broadening the anti-tumor T cell repertoire
by recruiting also responses against subdominant epitopes.
These objectives can be achieved both by checkpoint
inhibition and by vaccination with neoantigens [7,41].
Clinical testing of combined modalities is an obvious
next step to go for [42], which is encouraged by animal
studies [43]. Using mutated neoantigens for vaccination
is supported by their strict tumor specificity, the lack of
central immune tolerance, evidence that neoantigen burden
of tumors correlates with the clinical effects of checkpoint
inhibitors [2—-5], and the increasing ease, with which they
can be identified in individual patients.

In the light of a branched evolution, it appears
unlikely that immunotherapeutic interventions relying on
the presence of an intact HLA class I presentation will be
sufficiently effective to prevent the outgrowth of HLA loss
tumor cell variants even when applied in early disease.

Increasing effectivity of treatments leading to longer survival
in the presence of metastatic disease might even cause an
increasing incidence of metastatic lesions exhibiting HLA
class I loss [44]. But other, HLA class I-independent effector
mechanisms might step in, such as CD4* tumor-reactive T
cells with direct effects on HLA class II-positive and indirect
effects on HLA class II-negative tumors [45—47] as well as
natural killer cells [48]. Immunotherapies involving diverse
mechanisms of tumor recognition will therefore have best
chances to induce sustained effects.

MATERIALS AND METHODS

Patient material

The human melanoma model Ma-Mel-86
(Supplementary Figure 1) consisted of the four melanoma
cell lines Ma-Mel-86a, -86b, -86¢ and -86f, PBMCs from
three blood donations and the autologous lymphoblastoid
cell line Ma-Mel-86-EBV-B. Ma-Mel-86a cells expressed
HLA-A*01:01, -A*24:02, -B*08:01, -B*15:01, -C*03:03
and -C*07:01, while Ma-Mel-86b and -86f were lacking
HLA class I expression. Ma-Mel-86¢ expressed only one
HLA class I haplotype with HLA-A*01:01, -B*08:01 and
-C*07:01 [20].

Cell lines

All patient-derived cell lines, COS-7 and 293T cells
were maintained in standard culture medium (RPMI 1640
with L-glutamine supplemented with 10% FCS and 1%
penicillin/streptomycin; Sigma, Steinheim, Germany).

Preparation of genomic DNA and total RNA
samples

Cryopreserved samples of all four melanoma cell
lines with passage numbers >20 were thawed and seeded
in culture flasks in standard culture medium to obtain a
confluency of 70-80% within seven days (Supplementary
Figure 2A). Medium was exchanged every 2-3 days. On
day 7, the cells were harvested after trypsinization (Sigma,
Steinheim, Germany). For each line, part of the cells was
reseeded in culture for another week. From the other part
genomic DNA (gDNA) or total RNA (first replicates)
were isolated with QIAGEN kits QlAamp DNA Mini
and RNeasy Mini (Hilden, Germany) according to the
manufacturer’s instructions. The reseeded cells were
harvested on day 14 and applied to gDNA and RNA
isolation as described above (second replicates). For the
third RNA replicate, further cryopreserved samples of all
four melanoma cell lines were thawed and the procedure
was repeated until day 7. In addition, total RNA and
gDNA were extracted from continuous cultures of the
germline control line Ma-Mel-86-EBV-B.
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Construction of sequencing libraries and
sequencing

Exome and transcriptome sequencing libraries were
constructed by GENterprise Genomics (Mainz, Germany)
using TruSeq™ DNA and RNA sample preparation
kits (Illumina, Eindhoven, The Netherlands). Exome
enrichment in the gDNA library was performed with the
TruSeq™ Exome Enrichment Kit (Illumina, Eindhoven,
The Netherlands). Average library sizes were 465 bp for
exomes and 320 bp for transcriptomes. Exome (duplicates)
and transcriptome (triplicates) libraries were subjected to
high throughput sequencing on the Illumina HiSeq 2500
platform (NGS Unit, Johannes Gutenberg University,
Mainz) generating 100 bp paired-end reads.

Mapping and variant calling

Adapter sequences in the raw sequencing
reads (100 bp, paired-end) were removed and quality
trimming was performed using Trimmomatic v.0.22
[49] with trimming steps ILLUMINACLIP (allowed
seed mismatches: 2, palindrome threshold: 40, simple
threshold: 15), LEADING and TRAILING (minimal
required quality: 13) and SLIDINGWINDOW (window
size: 4, minimal required quality: 15). Trimmed reads
shorter than 30 bp were rejected (MINLEN). Quality
filter-passing exomic and transcriptomic reads were
aligned to the human reference genome hgl9 (UCSC,
February 2009) using Bowtie2 version 2.0.0-beta6 [50]
and TopHat version v2.0.3 [51], respectively. Variant
calling in the exomes and transcriptomes was performed
using SAMtools varFilter version 0.1.18 [52]. The tool
snpEff version 3.1m [53] was used for the annotation of
the detected mutations.

Determination of expressed somatic non-
synonymous SNS and indels

Somatic mutations were determined by subtracting
variants found in the exome or transcriptome sequencing
data of germline control Ma-Mel-86-EBV-B. Replicates
were compared and variants lacking validation by at least
a second replicate of the same sequencing procedure were
excluded. Subtractions and intersections were generated
with VCFtools version v0.1.9.0 [54]. Non-synonymous
mutations in protein-coding regions were identified via
snpEff annotation. The Integrative Genome Viewer (IGV)
[22] was used for manual inspection of the detected SNS
that were selected if they were present in at least two
of three transcriptome replicates and at least one of two
exome replicates. The context sequences of all somatic
indels that were present in both exome replicates of at
least one melanoma cell line were extracted and used to
quantify indel-spanning RNA-seq reads using kallisto

(version 0.43.0, [55]). Indels that were confirmed by at
least 20 reads were considered as expressed.

Prediction of HLA class I binding probability
and synthetic peptides

For the prediction of the HLA binding capacity
of peptides (octa-, nona- and decamers) containing the
defined SN, the relevant portions of the mutated protein
sequences were extracted in an automated manner using
own Perl scripts. These fragments were centered at
the mutated residue and had a length of 15, 17 and 19
amino acids, respectively. For indels causing a frameshift,
the protein region considered for peptide prediction
comprised seven, eight or nine amino acids upstream of
the mutation and the novel amino acid stretch until the
first downstream stop codon. For in-frame indels, seven,
eight or nine wild-type amino acids up- and downstream
of the indel were considered for prediction. Novel amino
acid stretches within the predicted peptides are underlined
in Supplementary Table 1.

HLA binding prediction was performed with the
algorithms of NetMHC 3.4 [23] and the [IEDB MHC class
I prediction tool [24]. Peptides with a predicted binding
affinity of < 500 nM (NetMHC) and a percentile rank of
< 10 (IEDB) were chosen for further analysis.

Synthetic peptides (see Supplementary Table 1)
were synthesized by Peptide2.0 (Chantilly, VA, USA) ata
purity of 20-80%. Lyophilized peptides were reconstituted
in DMSO (40 mg/ml, Merck, Darmstadt, Germany) and
diluted in PBS (200 pg/ml, Sigma, Steinheim, Germany).

MLTCs and T cell clones

MLTCs were generated as described before [15].
MLTC:s and clonal T cells were cultured in AIM-V medium
(Gibco, Berlin, Germany) supplemented with 10% human
serum. MLTC-derived CD8"* T cell clones were isolated via
limiting dilution of the respective CD8" MLTC responder
populations and expanded in the presence of 250 U/ml rhIL-
2 by weekly restimulation with 3 x 10° Ma-Mel-86a or HLA-
reconstituted Ma-Mel-86¢ cells per well and 5 x 10* allogeneic
lymphoblastoid cells per well as feeder cells that both were
irradiated with 100 Gy. Expanding T cell clones were
transferred into 48- or 24-well culture plates and restimulated
with 5 x 10* or 1 x 10° stimulator cells and 1 x 10° or 2 x
10° feeder cells per well. Additionally, T cell clones 1A/1003,
3A/115 and 16C/114 were non-specifically expanded over
14 days with the anti-CD3 monoclonal antibody OKT3
(30 ng/ml), 250 U/ml rhIL-2 (Novartis Pharma, Niirnberg,
Germany), 2.5 ng/ml rhIL-15 (Miltenyi Biotech, Bergisch
Gladbach, Germany), irradiated PBMCs pooled from at
least three healthy donors (2.5 x 10’ PBMCs per 0.1-0.2 x
105 T cells) and irradiated allogeneic lymphoblastoid cells
(5 x 10 cells per 0.1-0.2 x 10° T cells).
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Cloning of HLA class I alleles and generation of
HLA transfectants

cDNAs encoding HLA-A*01:01, -A*24:02,
-B*08:01, -B*15:01, -C*03:03 or -C*07:01 were cloned
by RT-PCR in pcDNA3.1 as described [56]. Three
stable transfectants of Ma-Mel-86¢c were generated by
electroporation (140 V, 25 ms) with plasmids encoding
HLA-A*24:02, HLA-B*15:01 and HLA-C*03:03,
respectively. For each of the patient’s HLA class I alleles,
293T transfectants were generated via electroporation (110
V, 25 ms) of 3 x 10% 293T cells with 10 pg transgene-
encoding plasmid-DNA in 100 pl OptiMEM (Sigma,
Steinheim, Germany). On day 1 after electroporation,
10,000 transfected cells per allele and per well were
pooled and used as peptide-presenting cells in IFNy
ELISpot assays.

Cloning of full length and fragmented cDNAs
encoding mutated neoantigens

HERPUDI- (isoform 1, NM_014685) and INSIG -
encoding (isoform 1, NM 005542) full-length and
truncated cDNAs (mutated and wild-type) as well as
truncated MMS22L-cDNAs (NM_198468) ending with
codon 438 were cloned into pcDNA™3,1/V5-His TOPO®
using the pcDNA3.1/V5-His TOPO TA Cloning Kit®
(Invitrogen, Leek, The Netherlands). Full-length and
truncated PRDM10-cDNAs (isoform 2, NM_199437)
were inserted into the Gateway-compatible destination
vector pcDNA3.1 DEST #6 using the Gateway system
(Invitrogen, Leek, The Netherlands). 3’-fragmentation
of the cDNAs was performed by PCR. Specific sense
primers (containing the natural ATG start codon) were
used together with different antisense primers that
contained artificial stop codons for the amplification
and cloning of different 3'-truncated fragments. For the
3'-fragments of PRDM 10, an internal open reading frame
starting with codon 845 encoding methionine was used.
All primers used for cloning are listed in Supplementary
Table 2. Correct orientation of the fragments was verified
by restriction digestion as well as sequencing. In the
recognition assays, 20,000 COS-7 or 293T cells per well
were cotransfected on MultiScreen filter plates (Millipore,
Eschborn, Germany) with the antigen-encoding cDNAs
(300 ng/well) and ¢cDNA encoding one of the patient’s
HLA class I alleles (100 ng/well) using 0.4-0.5 ul
Lipofectamine®2000 (Invitrogen, Leek, The Netherlands)
per reaction. T cell recognition of the cDNA recipient cells
was assayed after 24 h in [IFNy ELISpot assays.

IFNy ELISpot assays

IFNy ELISpot assays were performed as described
[15] with 1-5 x 10* effector cells per well in RPMI 1640
(Sigma, Steinheim, Germany) with 10% FCS (Sigma,
Steinheim, Germany) and 250 U/ml rhIL-2 (Novartis

Pharma, Niirnberg, Germany), if not otherwise specified.
Peptide recognition was assayed with 10 pg/ml peptides
in the presence (MLTC 3A) or absence (all other MLTCs)
of 6 x 10* 293T cells per well that had been electroporated
with the patient’s HLA class I alleles one day before. For
the ex vivo assay [25], the recognized peptides encoded
by HERPUDI™, INSIG ™, MMS22L™" and PRDM10™",
respectively, were pooled and the reactivity of the
patient’s PBMCs (5 x 10° cells per well) against the four
pools was analyzed in serum-free AIM-V (Gibco, Berlin,
Germany) without rhIL-2. The final concentration for each
peptide was adjusted to 1 pg/ml. PBMCs incubated with
phytohaemagglutinin E (Biochrom, Berlin, Germany) served
as positive controls. All samples were tested in duplicates
or triplicates. Readout was performed on an ImmunoSpot®
Analyzer (CTL Europe, Bonn, Germany). For peptide
screening in ELISpot assays, the threshold for positivity was
set to mean background plus three SD. Response definition
in ex vivo ELISpot assays followed the first empirical rule
given in [26], i.e. five spots per 10° PBMCs with at least
twofold increase of counts over background.

Determination of the TCR VJ sequences and
TCR VP repertoire analysis by deep sequencing

As a first approximation, the TCR Vf usage of
neoantigen-specific T cell clones was analyzed with
the IOTest Beta Mark TCR V repertoire kit (Beckman
Coulter, Krefeld, Germany). Their TCR VB sequences
were determined by TCR VB-RT-PCR using primers
published in [57] and Sanger sequencing of PCR products
(Supplementary Table 3). TCR V[ deep sequencing was
performed on PBMC:s collected in 05/2002 and in 08/2004
(Supplementary Figure 1) using the ImmunoSEQ assay
platform (Adaptive Biotechnologies, Seattle) and the
frequencies of the neoantigen-specific TCRp clonotypes
were calculated (Supplementary Table 3).

mRNA expression analysis

Raw read counts determined with R/Bioconductor
package GenomicRanges version 1.10.7 [58] were
normalized to library size factors with DESeq version
1.10.1 [59] and to the length of the open reading frame of
the respective genes. Circos version 0.67-pre5 [60] was
used for the visualization of the expression levels of the
SNS-affected genes in Figure 1.

Data access

Raw sequencing data of the four melanoma cell lines
and the EBV-B cells have been submitted to the Sequence
Read Archive (SRA) under SRA project ID SRP068803.
Mutated immunogenic cDNA sequences are accessible at
NCBI GenBank (/NSIGI™*: KU720376, HERPUD ™"
KU720377, PRDM10™": KU720378 and MMS22L™":
KU720379).
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