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KEY PO INT S

l Driver mutations in
CALR or MPL encode
for predicted
neoantigens that bind
MHC class I with high
affinity in MPN
patients.

l The majority of MPN
patients show
evidence of recurrent
candidate neoantigens,
suggesting a potential
use for targeted
immunotherapy.

Ph-negative myeloproliferative neoplasms (MPNs) are hematological cancers that can be
subdivided into entities with distinct clinical features. Somatic mutations in JAK2, CALR,
andMPL have been described as drivers of the disease, together with a variable landscape
of nondriver mutations. Despite detailed knowledge of disease mechanisms, targeted
therapies effective enough to eliminateMPN cells are still missing. In this study of 113MPN
patients, we aimed to comprehensively characterize the mutational landscape of the
granulocyte transcriptome using RNA sequencing data and subsequently examine the
applicability of immunotherapeutic strategies forMPNpatients. Following implementation
of customized workflows and data filtering, we identified a total of 13 (12/13 novel) gene
fusions, 231 nonsynonymous single nucleotide variants, and 21 insertions and deletions in
106 of 113 patients. We found a high frequency of SF3B1-mutated primary myelofibrosis
patients (14%) with distinct 39 splicing patterns, many of these with a protein-altering
potential. Finally, from all mutations detected, we generated a virtual peptide library and
used NetMHC to predict 149 unique neoantigens in 62% of MPN patients. Peptides from
CALR and MPL mutations provide a rich source of neoantigens as a result of their unique

ability to bind many common MHC class I molecules. Finally, we propose that mutations derived from splicing defects
present in SF3B1-mutated patients may offer an unexplored neoantigen repertoire in MPNs. We validated 35 predicted
peptides to be strongMHC class I binders through direct binding of predicted peptides toMHCproteins in vitro. Our results
may serve as a resource for personalized vaccine or adoptive cell–based therapy development. (Blood. 2019;134(2):199-210)

Introduction
Ph-negative myeloproliferative neoplasms (MPNs) are clonal
hematological malignancies with frequent mutations in JAK2,
CALR, and MPL genes. Transformation to blast phase or sec-
ondary acute myeloid leukemia (post-MPN sAML) can occur.
MPN patients testing negative for disease driver gene mutations
are often referred to as “triple negative.”1,2 Targeted and whole-
exome sequencing efforts have identified single nucleotide
variants (SNVs) and small insertions and deletions (indels) with
low overall mutation frequency in essential thrombocythemia
(ET), polycythemia vera (PV), and primary myelofibrosis (PMF).1,3,4

Other mutation classes, such as gene fusions and splicing-related
defects, have never been systematically mapped and explored in

MPNs. RNA sequencing (RNA-seq) is the preferred method for
the transcriptome-wide discovery of these mutation classes.5

One of the aims of our study was to extensively characterize the
mutational landscape of MPN patients using a transcriptome-
based approach.

Spontaneous T-cell responses of CD81 andCD41 T lymphocytes
against MPN driver mutations JAK26 and CALR7,8 have been
described, establishing MPNs as potentially immunogenic neo-
plasms and suggesting the use of personalized cancer vaccines,
checkpoint inhibitors, adoptive T-cell therapy, or combinations
thereof9 for the treatment of MPN. Neoantigens that also function
as oncogenic driver mutations in the respective disease are highly
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Figure 1. Large aberrations and small mutations (SNVs and indels) shape the MPNmutational landscape. (A) Distribution of diagnosis within the MPN cohort (outer ring).
Occurrence of the MPN driver mutation status within each diagnosis (inner ring). Number of patients with each diagnosis (center). Healthy controls are in gray. (B) Transcriptome
sequencing was performed on granulocyte RNA from 113 MPN patients and 15 healthy controls. Independent workflows for fusion calling, variant calling (SNVs and indels), and
differential splicing analysis (in SF3B1-mutated patients) were established. Mutations were called, filtered, and validated; those leading to protein changes were translated to
amino acid sequences. Neoantigens were predicted on a personalized level, taking each patient’s MHCI haplotype into consideration. (C) A total of 123 MPN patient samples is
depicted and sorted by diagnosis, MPN driver mutation status (JAK2, CALR, orMPL positive), and nondriver mutation frequency. Patient sample replicates (n5 10) sequenced
across or with the same batch (A-E) are indicated in capital letters (A-J). Chromosomal aberrations panel: uniparental disomies (UPDs), deletions, and gains were called with
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attractive targetsbecause they are sharedbetweenpatients, essential
for tumor survival, and expressed in the disease-causing clone.10-12

However, the huge diversity in HLA haplotypes significantly restricts
the abundance of neoantigens. Therefore, further exploration of the
neoantigen repertoire in MPN is essential to evaluate whether the
MPN somatic mutational landscape offers the ability to identify
candidate neoantigens for immunotherapy. In this study, we provide
a framework for further systematic identification ofMPN neoantigens
for mutation classes, such as SNVs, indels, gene fusions, and splicing
abnormalities,13 solely based on RNA-seq data obtained from
granulocytes, the most abundant clonal myeloid cell type in MPN.
Many of these mutation classes lead to frameshift mutations and
the introduction of novel amino acid sequences; therefore, the
distinction from the nonmutated protein sequence is more dra-
matic compared with SNVs. These mutation classes have also
been shown to act as potent and specific immunogens.14,15 We
predicted neoantigens for each patient in our MPN cohort on
a personalized level, taking into account each patient’s MHC class
I (MHCI) genotype. Finally, we validated the peptide:MHCI
binding affinity for a subset of candidate neoantigenic peptides
and, thereby, established a resource for immunotherapy in MPN.

Material and methods
Patient and control samples
A total of 104 MPN patients and 15 healthy controls was
recruited into the study at the Medical University of Vienna, and
9 post-MPN sAML patients were recruited from the Fondazione
IRCCS Policlinico SanMatteo (Figure 1A; Table 1). The study was
reviewed and approved by local ethics committees, and all
patients and healthy controls provided informed consent in
accordance with the Declaration of Helsinki. Criteria applied for
the diagnosis of patients were described previously1 (supple-
mental Table 1, available on the Blood Web site).

Transcriptome library preparation and sequencing
Total RNA was isolated, applying standard procedures, from
peripheral blood granulocytes. Next-generation sequencing
of complementary DNA libraries of polyA-enriched RNA was
performed using different library preparation kits and sequenced
in various configurations on an Illumina HiSeq 2000 instrument,
as listed in supplemental Table 2.

Driver mutation analysis
The presence of mutations and the mutational burden of JAK2,
MPL, and CALR were determined in all patients, as described by
Klampfl et al.1

Transcriptome data analysis for fusion detection
and validation
Sequencing reads were mapped and processed indepen-
dently with fusion detection tools deFuse, TopHat-Fusion, and

SOAPfuse using human genome version GRCh37 or hg19. The
results of these fusion-detection algorithms were merged and
filtered further, as described in supplemental Methods. The
fusion candidates that passed the filtering steps were validated
by reverse-transcription polymerase chain reaction using RNA
isolated from human peripheral granulocytes, followed by Sanger
sequencing of the polymerase chain reaction products, as de-
scribed in supplemental Methods.

Variant calling on RNA-seq data and targeted
resequencing of patients’ genomic DNA
For the purpose of identification of SNVs and indels, we de-
veloped a workflow combining the Genome Analysis Toolkit’s
(version 3.4-46)16 “Best Practices workflow for RNAseq” with in-
house algorithms for reducing false-positive calls (see supple-
mental Methods). Variants were filtered to enrich for somatic
mutations, as described in supplemental Methods. For 77 pa-
tients, additional targeted resequencing of genomic DNA was
performed (supplemental Methods).

Estimating expression values on the gene level and
differential expression analysis
Sequencing reads were trimmed (Trimmomatic) and aligned with
the STAR aligner to the UCSC hg38 reference genome. Reads
overlapping transcript features were counted with the summarize-
Overlaps function of Bioconductor library GenomicAlignments.
A detailed description of the workflow is described in supple-
mental Methods. The Bioconductor package DESeq2 was then
used tomodel the data set and call differentially expressed genes.

Identification of aberrant 39 splicing in
SF3B1-mutated patients and validation
RNA-seq reads were aligned to the human genome, as de-
scribed above in the section entitled “Variant calling on RNA
sequencing data and targeted resequencing of patients’ ge-
nomic DNA.” Splice junction coverage files SJ.out.tab from
STAR aligner were used for further splice junction analysis. Aberrant
39 splicing was detected following published instructions.17 Novel
splice junctions were defined as described in supplemental
Methods. Differential splice site usage was tested with the
testForDEU function of the DEXSeq Bioconductor package
(version 1.14.2). Obtained P values were adjusted for false dis-
covery rate using the Benjamini-Hochberg procedure. Hierar-
chical clustering was performed using the R package pheatmap.
Percent-spliced-in (PSI) scores for alternative 39 splice sites (39ss)
were calculated as described in Figure 4A. Aberrant 39ss were
validated with fragment length analysis using capillary electro-
phoresis, as described in supplemental Methods.

Neoepitope prediction and prioritization
We generated FASTA sequences of peptides from mutation
classes, such as SNVs, indels, fusions, and aberrantly spiced

Figure 1 (continued)Affymetrix SNP 6.0 arrays (supplemental Table 5). Fusion panel: fusions were private among patients and colored by rearrangement type. Two fusions were
reported for patient P106A#A. For fusion calling, we combined the results of 3 fusion detection tools (deFuse, SOAPfuse, and TopHat-Fusion) to overcome algorithm-specific biases,
a practice that is frequently suggested in fusion benchmarking studies.39,40 MPNdrivermutation panel:MPNdrivermutation status (JAK2,CALR, andMPL) was determined as described
in supplementalMethods. SNVs and indels panel: genes are groupedby occurrence in pathways andbymutation frequency.Mutations are coloredbymutation type, and a gradient for
high and low SIFT score was applied (only for SNVs). Small rectangles with black frame enhance visibility for mutations with low SIFT score. Only those genes with$2 mutations across
the cohort, with the exception of genes involved in the splicing machinery (SRSF2, SF3A1), are shown. Gene names in blue are part of the TruSight Myeloid Sequencing Panel. For
validation, variants from77 RNA/DNApairs were compared (supplemental Figure 6). Of 113 variants, 91 (81%)were concordant between RNA andDNA, 6 (5%) variants were only called
on the RNA level, and 16 (14%) variants were only called on the DNA level (supplemental Table 10). Of the 16 variants called on DNA only, 4 were filtered out because of RNA-specific
filters (supplemental Methods: RNA-specific filter a-e), and the remaining 12 were not called because of low gene expression and low variant allele frequency.
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genes, as described in supplemental Methods. Predicted HLA-I
alleles for each patient (seq2HLA,18 release 2.2) and the mu-
tated peptide sequences were used as input for NetMHCpan19

(version 4.0) to predict the binding affinities of 8-, 9-, and 10-
mer peptides to MHCI proteins. We further filtered the
NetMHCpan results based on criteria defined in supplemental
Methods.

Peptide:MHCI binding validation through
peptide-exchange technology
HLA Flex-T monomers (HLA*A03:01, HLA*A11:01, HLA*B07:02,
HLA*B08:01), as well as positive and negative control peptides
with known binding affinities, were purchased from BioLegend.
The peptides were custom designed by Eurogentec. Monomers
were mixed 1:1 with the appropriate peptides, incubated for
30 minutes under UV light (365 nm), and then kept in the dark
for 30 minutes. A total of 1 mL of this mixture was used 1:1000 in
duplicates in the enzyme-linked immunosorbent assay (ELISA)
following the Flex-T HLA Class I ELISA protocol from BioLegend.
The read-out is shown as mean absorbance.

Statistical analysis
Pairwise associations of genes and diseases were calculated
using Fisher’s exact test followed by false discovery rate cor-
rection (Benjamini-Hochberg). All statistical analyses were per-
formed using R (version 3.2.3 2015-12-10).

Results
Using whole-transcriptome sequencing, we analyzed RNA from
granulocytes of 104 patients with chronic MPN (32 ET, 17 PV,
55 PMF) and 9 patients with disease that transformed to post-
MPN sAML, as well as 15 healthy controls (n 5 128). (Figure 1A;

Table 1; supplemental Tables 1 and 2). We established a tran-
scriptome-based bioinformatics workflow to enable the identi-
fication of gene fusions, variants (SNVs and indels), and splicing
abnormalities (Figure 1B, supplemental Figure 1).

Fusion discovery
To establish the fusion discovery workflow, we first performed RNA-
seq of 20 patient samples from various hematological malignancies
with known fusion genes validated with fluorescence in situ hy-
bridization. With the exception of fusion rearrangements involving
promoter exchange (most IGH fusions), which are known to be
difficult to capture with RNA-seq, we were able to recover all val-
idated fusions and identify novel fusion partners (supplemental
Figure 2; supplemental Table 3). Next, we applied the same
workflow to the MPN patient cohort and identified a total of
13 fusions that passed all filtering criteria (supplemental Figure 3A-F;
supplemental Table 4). All complementary DNA breakpoints were
validated by Sanger sequencing (supplemental Figure 4). Eleven
of 13 fusions were detected in chronic-phase MPN, and 2 were
detected in post-MPN sAML patients (Figure 1C; supplemental
Figure 5A). Themajority (8/13) of fusions had fusion partners in trans
(ie, on different chromosomes) and, therefore, were suspected to
be causedby translocations. The remaining 5 fusionswere formed in
cis by inversions (n 5 3), by a large-scale deletion (n 5 1), and by
a tandem duplication (n 5 1) (supplemental Figure 5A-B).

Fusion discovery results were merged with cytogenetic aber-
rations data obtained from Affymetrix SNP 6.0 arrays to verify
whether breakpoints coincided (supplemental Figure 5B; sup-
plemental Tables 4 and 5). A large chromosome 13q deletion
detected by single nucleotide polymorphism arrays in a PMF
patient led to a FRY-MYCBP2 gene fusion (supplemental Figure
4D). None of the other fusion genes overlap with previously
detected chromosomal aberrations or were not within the

Table 1. Description of the patient cohort and clinical parameters

Controls ET PMF PV
Post-MPN

sAML

WHO classification (2016)
n (%) 15 (11.7%) 32 (25.0%) 55 (43.0%) 17 (13.3%) 9 (7.0%)

Demographics
Sex, n 7 (f), 8 (m) 21 (f), 11 (m) 29 (f), 26 (m) 9 (f), 8 (m) 4 (f), 5 (m)
Age, mean 6 SD, y 37.4 6 11.2 67.2 6 11.8 65.5 6 12.8 64.4 6 11.0 74.3 6 8.2

Genotype
Driver mutation status, n NA 17 JAK2-V617F

11 CALR (type 1 & 2)
4 triple-negative

26 JAK2-V617F
29 CALR (type 1 & 2)

16 JAK2-V617F
1 JAK2 exon 12

8 JAK2-V617F
1 MPL-W515A

Blood parameters at diagnosis
Hemoglobin level, g/dL NA 14.0 6 1.3 12.6 6 1.8 NA NA
White blood cell count, g/dL NA 9.4 6 2.8 9.9 6 5.3 NA NA
Platelet count, 3109/L NA 853.6 6 294.1 762.7 6 444.6 NA NA

Outcome
Overall survival, mean 6 SD, mo NA 185 6 77 158 6 87 145 6 86 NA

WHO, World Health Organization.

*PV patients were all JAK2 positive (16 JAK2-V617F, 1 JAK2 exon 12), 26 PMF patients were JAK2-V617F positive and 29 wereCALR positive (17 type 1 or type 1-like, 12 type 2 or type 2-like),
17 ET patients carried JAK2 mutations and 11 carried CALR mutations (4 type 1, 7 type 2 or type 2-like), and 4 patients were triple-negative cases. All post-MPN sAML patients were
JAK2-V617F positive, with the exception of 1 patient with an MPL (W515A) mutation (Figure 1A; supplemental Table 1).
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detection range of single nucleotide polymorphism arrays. RNA
expression values for all fusion genes were low (mean, 3.2;
standard deviation, 2.3; per kilobase of seed region and per
million mapped reads) with the exception of FRY-MYCBP2
(106.7 per kilobase of seed region and per million mapped
reads) (supplemental Figure 5C); however, the respective wild-
type gene expression value for each gene-forming part of the
fusion varied considerably (supplemental Figure 5D).

Among the 13 fusions found in MPN and post-MPN sAML
patients, BCR-ABL1 t5,19 and INO80D-GPR1 inv2 were the only
in-frame fusions (supplemental Figure 4A,H). For the INO80D-
GPR1 inversion, we identified the genomic breakpoint region
to be in intron 8 (genomic position chr2:206 584716; hg19)
of INO80D and exon 4 (chr2:206 750070; hg19) of GPR1
(supplemental Figure 4I). We screened an additional 96 MPN
patients for the presence of INO80D-GPR1; however, no other
occurrence was found, suggesting that this inversion is likely
a private somatic aberration.

Variant calling at transcriptome-level and mutation
frequencies in MPN
Next, we applied the variant discovery workflow to RNA data
and called variants in 87 genes recurrently mutated in myeloid

malignancies and/or MPN (supplemental Table 7). After applying
RNA-specific filtering criteria (supplemental Methods: RNA-
specific filter a-e), we identified 262 variants in 59 of 87 genes
in 106 of 113 patients. Of the 262 variants, 221 were non-
synonymous SNVs, 13 were deletions, 18 were insertions,
and 10 were stop-gain mutations (Figure 1C; supplemental
Table 8).

To cross-validate variant calling based on RNA, 77 matching
genomic DNA samples from the same patient were sequenced
via the TruSight Myeloid Sequencing Panel (Illumina) (supple-
mental Table 9). We found an overall concordance of 82.2%
for SNVs (103 coverage, variant allele frequency [VAF] . 0.1),
which is consistent with published findings20,21 (supplemental
Figure 6D; supplemental Table 10). To test whether VAFs vary
significantly between RNA and DNA, we compared VAFs for
JAK2-V617F assessed with allele-specific polymerase chain re-
action on genomic DNA with VAFs obtained from RNA-seq.
We observed a highly significant correlation between these 2
methods (R2 5 0.86, P5 2.23 10216) (supplemental Figure 6C).
In addition, most of the called RNA variants were called on clonal
cell populations and were expressed in myeloid cells. More than
half of the variants were annotated in the COSMIC database as
“confirmed somatic mutation” and were frequently located in
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Figure 2. Recurrent genemutations, VAF of mutations, and gene expression inMPN cohort. Thirty-five of 87 myeloid-related genes (Figure 1C; supplemental Table 7) with
the highest mutation frequency within the cohort are depicted (left panel). Mutations are sorted as described in Figure 1C and colored by diagnosis. VAF for each mutation colored by
mutation type (middle panel). Gene-expression valueswere reported for eachpatient as fragments per kilobasepermillion reads (FPKM) (supplemental Table 12) (right panel). Expression
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oncogenic hotspots (Figure 2; supplemental Figure 7; supple-
mental Tables 11 and 12).

We identified a high frequency of mutations in epigenetic
modifiers, such as TET2 (18.8% ET, 21.8% PMF, 17.7% PV) and
DNMT3A (3.2% ET, 12.7% PMF, 11.8% PV), as well as an

unexpectedly low frequency of ASXL1 mutations in PMF (3.13%
ET, 3.64% PMF, 11.76% PV) compared with published data3,4

(Figure 2; supplemental Table 11). We also found unexpectedly
high frequencies of mutations in NOTCH1 (3.1% ET, 7.3% PMF,
17.7% PV), SH2B2 (3.1% ET, 3.6% PMF, 17.7% PV), and SF3B1
(0% ET, 14.6% PMF, 0% PV).

A
BB

SF3A1
SRSF2
U2AF1
SF3B1

Diagnosis

Batch

MPL

CALR

JAK2

Sex

P
031A

#A

P
061A

#A

P
058A

#B
P

034A
#C

P
034A

#B
P

069A
#A

P
093A

#A

P
009A

#B
P

074B
#A

P
064A

#B
P

055C
#B

P
048A

#C
P

040B
#A

P
110A

#D
P

108A
#D

P
111A

#D

R594L
K666T-4

K700E

1304 aa

SF3b1 HEAT domain

K666R-3
K666N-1,2

1
2
3
4

SF3B1

1

5

50

500

Nu
m

be
r o

f
m

ut
at

io
ns

CO
SM

IC
 

B

A B

A

5'ss

B

3'ss

novel 5'ss

0 200 400 600

Number of events

novel 3'ss

C

0

20

40

60

−15 −10 −5 0 5 10 15

Nu
m

be
r o

f n
ov

el
 3

'ss

0

10

20

30

−30 −20 −10 0

Distance from exon
(number of nucleotides)

Log2 distance from exon
(Number of nucleotides)

mut wt

SF3B1

mut wt

SF3B1

D

−2

−1

0

1

2

log2
(normalized

z-scores)

Genotype

Diagnosis

SF3B1 status

Batch

Patients

Ju
nc

ti
o

ns

SF3B1 mut

SF3B1 wt

E

CALR−type1
CALR−type2
JAK2−V617F
wildtype

Genotype

PMF
Control

DiagnosisBatch
A B C

P048A#C K666T
P009A#B K666N
P040B#A K666N
P064A#B K666R
P069A#A K700E
P034A#B K700E
P055C#B K700E
P058A#B K700E

F
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SF3B1-mutated patients display a distinct pattern
of 39 splicing abnormalities
The high frequency of mutations in the SF3B1 gene in our RNA
cohort was restricted to PMF patients (9/55; 16.3%). Further-
more, SF3B1 mutations were mutually exclusive with mutations

in other genes of the splicing machinery (U2AF1, SRSF2, and
SF3A1), and the patients were either JAK2-V617F positive or
CALR-mutation positive (Figure 3A). The 9 PMF patients with
SF3B1 mutations had nonsynonymous amino acid changes
(K700E, K666N/R/T, and R594L) and, with the exception of
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Figure 4. Top 20 genes, ranked by highest PSI value, have putative alterations on the protein level. (A) PSI values for alternative 39ss were calculated by dividing the number
of reads spanning the alternative 39ss by the number of reads spanning the alternative 39ss1 the number of reads spanning the canonical splice site. (B) Hierarchical clustering of PSI
values of novel 39ss vs canonical 39ss of the top 20 genes ranked by ascending PSI values. Only junction sites introducing novel peptide sequences were considered. (C) PSI-specific
splicing patterns wereobserved for amino acid changes K700 andK666. (D) Fragment length analysis was used to validate RNA-based PSImeasurements. (E) Validationof PSI values for
4 patients and 3 healthy controls with fragment length analysis. Experimental PSI values were calculated using relative peak heights of canonical and alternate 39ss. No alternative
39 splicing forUBL7was present in patients or healthy controls. (F) Summary of differential splice junction (junction expression, columns 4 and 5) and gene expression analysis (wild-type
gene expression, columns 7 and 8) of SF3B1mutated versus wild-type patients. Differential splice junction and gene expression identified 850 and 828 significantly regulated junctions
andgenes, respectively (supplemental Tables 13 and 17). Normalized junctionandgene read counts wereextracted for thepreviously identified top 20geneswithhighest PSI. Columns
6 and 9: log2(fold change) mutant vs wild-type for junction and gene expression. Column 10: predicted amino acid sequences introduced by the splicing defects. *P, .05, ***P, .0005
(adjusted P values). chr., chromosome; Dst., distal (distal acceptor distance 2 number or nucleotides between aberrant and canonical splice site); mut, mutant; wt, wild-type.

NEOANTIGEN DISCOVERY IN MPN blood® 11 JULY 2019 | VOLUME 134, NUMBER 2 205

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/134/2/199/1553963/bloodbld2019000519.pdf by guest on 02 January 2023



A

P
016A

#A
P

079C
#A

P
036A

#A
P

011D
#A

P
103A

#A
P

050B
#A

P
081B

#A
P

083B
#A

P
052A

#A
P

101A
#A

P
031A

#A
P

028B
#A

P
004A

#A
P

018A
#A

P
014A

#A
P

076B
#A

P
010A

#A
P

047B
#A

P
047A

#A
P

005C
#A

P
022A

#A
P

030C
#A

P
049A

#A
P

057A
#A

P
045A

#A
P

061A
#A

P
023A

#A
P

066A
#A

P
068A

#A
P

097A
#A

P
062A

#A
P

008C
#A

P
035C

#A
P

026A
#B

P
107A

#A
P

089B
#A

P
094B

#A
P

058A
#B

P
044A

#B
P

034A
#C

P
034A

#B
P

069A
#A

P
093A

#A
P

100A
#A

P
100A

#C
P

078A
#A

P
053A

#B
P

075A
#C

P
059B

#A
P

090A
#A

P
042A

#B
P

067A
#B

P
009A

#B
P

087A
#C

P
105A

#A
P

056A
#B

P
073A

#A
P

046C
#B

P
104A

#A
P

074B
#A

P
064A

#B
P

029A
#A

P
051D

#B
P

032A
#C

P
096A

#A
P

065C
#B

P
041C

#B
P

021A
#A

P
021A

#C
P

020A
#A

P
001B

#B
P

001B
#E

P
055C

#B
P

033C
#A

P
060A

#A
P

060B
#B

P
048A

#C
P

019B
#A

P
037B

#A
P

082B
#A

P
077C

#A
P

015A
#A

P
040B

#A
P

027A
#A

P
003B

#A
P

006C
#A

P
098A

#A
P

098A
#C

P
039C

#B
P

106A
#A

P
013B

#A
P

080B
#A

P
085A

#A
P

099A
#C

P
099A

#A
P

063A
#E

P
063A

#A
P

002A
#A

P
024A

#A
P

025A
#E

P
025A

#A
P

017B
#A

P
088A

#A
P

102A
#A

P
091A

#A
P

007B
#A

P
084A

#A
P

086A
#A

P
043C

#A
P

071A
#A

P
072A

#A
P

095A
#A

P
038A

#A
P

012B
#E

P
112A

#D
P

115A
#D

P
114A

#D
P

109A
#D

P
110A

#D
P

113A
#D

P
108A

#D
P

111A
#D

P
116A

#D

JAK2-mut CALR-mut MPL-mut Triple-neg

Diagnosis
MPN driver

mutation status
Diagnosis sAMLPVET PMF

0

10

20

30

A A J JI IH HG GF fE ED DBatch C CB B

Nu
m

be
r o

f p
re

di
cte

d
ne

oa
nt

ig
en

s p
er

 p
at

ie
nt

Strong binder

Weak binder

0

25

50

75

SF3B1
CALR

-
+

-
-

+
-

+
+

Weak binder

Strong binder

Nu
m

be
r o

f p
re

di
cte

d 
ne

oa
nt

ig
en

s

D

1 5 10 15 20 25 30 35 40 45 50 55

K N A K R R R R QR T R R MMR T K MR MR R MR R T R R K MR R K MSP A R P R T S C R E A C L QGWT E A

8 9 10

CALR- Start position of predicted neoantigen

CALR type1
del52

CALR type2
ins5

E

C

SF
3B

1

Weak binder Strong binder

log2(%rank)

TBRG1_RTACVPHRTR_10
TBRG1_SLRTACVPHR_10
CC2D1A_ITKPRPPQV_9
CBY1_AESHLMEKEL_10
MAP3K7_SLYNVCAFL_9

FLT3LG_AAAELGTQW_9
C7orf43_SRSHLMSL_8

TMCC2_YERARDIQPL_10
CC2D1A_QVPPAPVNK_9

RWDD4_TRSITLYL_8
FLT3LG_LLLPTQPHLL_10

ACOT11_KSTADLDTFK_10
ZNF397_FPFCFLEL_8

TBRG1_KENNKLEDL_9
ZNF397_QEPSFRGITF_10

ACOT11_SRPKSTADL_9
FLT3LG_LPTQPHLLRL_10

TTI1_DFDNEEVVLF_10
ACOT11_DTFKTPETL_9
ZFYVE27_FLILQVHGT_9

RWDD4_FISDGTRSI_9
FLT3LG_GLLLPTQPHL_10
RWDD4_MSANEDQEF_9

FLT3LG_LPTQPHLL_8
ZFYVE27_NEVFLILQV_9

CC2D1A_KPRPPQVPP_9
VWA7_FPNPGKCSH_9

CC2D1A_RPPQVPPAPV_10
ACOT11_STADLDTFK_9

FLT3LG_LLPTQPHLL_9
MAP3K7_AEGGSLYNV_9
FLT3LG_TQWDPGLLL_9
CBY1_HLMEKELDEL_10
RWDD4_SANEDQEFF_9

ZNF397_SFRGITFPF_9
TTI1_SDFDNEEVVL_10
TBRG1_HRTRGSNSI_9
CBY1_SWIDQPGRW_9

ZFYVE27_LFLTLNEVF_9
ACOT11_RPKSTADL_8
TBRG1_LRFSSEENM_9

PPM1M_MVFTGSQSW_9
ZFYVE27_VLFLTLNEV_9
PRPF38A_SLFYSPSPR_9

OXA1L_LPWWGAIAAF_10
CC2D1A_KPRPPQVPPA_10

CBY1_SESTAESHL_9
ZFYVE27_TLNEVFLIL_9
ZFYVE27_FLTLNEVFL_9
PRPF38A_RRSLTSLFY_9

TTI1_MRMTPVQM_8
FLT3LG_SPTHPLPCSL_10

PRPF38A_SLFYSPSPRR_10
CBY1_STAESHLMEK_10

PPM1M_QEDPHRMVF_9
TTI1_FFQRNSQSL_9

OXA1L_PWWGAIAAF_9
VWA7_HPPKPPVPF_9

PRPF38A_KRRSLTSLF_9
ZNF397_EPSFRGITF_9

TTI1_DFDNEEVVL_9
TTI1_MRMTPVQMW_9
FLT3LG_SPPAAAAEL_9

C7orf43_QPSRSHLMSL_10
FLT3LG_LLLPTQPHL_9

PRPF38A_SRSPKRRSL_9
FLT3LG_APAWSPTHPL_10

FLT3LG_QWDPGLLL_8
PRPF38A_SPKRRSLTSL_10

0.10.52

B

LQFPAHYRR [8]
RLQFPAHYRR [8]
LRLQFPAHYR [7]
RLQFPAHYR [7]

RLQFPAHY [6]
VLGLLLLRL [0]

KQFPAHYRRL [9]
KQFPAHYRR [8]

VLGLLLLRK [0]
AVLGLLLLRK [0]

AQFPAHYRRL [9]
RAQFPAHYRR [8]

AQFPAHYRR [8]
RAQFPAHYR [7]

LLRAQFPAHY [6]
VLGLLLLRA [0]

RPRTSCREAC [38]
RPRTSCREA [38]

SPARPRTS [35]
SPARPRTSC [35]

MSPARPRTSC [34]
KMRRKMSPAR [29]

TRRKMRRKM [26]
RTRRKMRRK [25]
RMRRTRRKM [22]

RRMRRTRRKM [21]
RMRRMRRTR [19]

KMRMRRMRR [17]
RTKMRMRRM [15]

MRTKMRMRRM [14]
MMRTKMRMR [13]

RMMRTKMRMR [12]
RMMRTKMRM [12]

RRMMRTKMRM [11]
RRMMRTKM [11]

TRRMMRTKM [10]
RTRRMMRTK [9]
RQRTRRMMR [7]
RRQRTRRMM [6]

RRQRTRRM [6]
RRRQRTRRMM [5]

RRRQRTRRM [5]

0.10.52

C
A

LR
M

P
L

Weak binder Strong binder

log2(%rank)
A*01:01(14%)

A*02:01(26%)

A*03:01(15%)

A*24:02 (11%)

B*07:02 (9%)

B*35:01(8%)

B*40:01(7%)

B*51:01(9%)

C*04:01(15%)

C*06:02 (13%)

C*07:01 (11%)

C*07:02 (8%)

A*03:01

A*24:02

B*07:02

B*40:01

C*06:02

C*07:01

C*07:02
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R594L, all mutations coincided within mutation hotspot sites
compared with mutation data extracted from the COSMIC
database22 (Figure 3B). To evaluate whether these mutations
introduce splicing abnormalities, we performed differential
junction expression analysis comparing PMF patients carrying
canonical SF3B1 mutations (K666/N/R/T and K700E) with the
remaining 47 SF3B1 wild-type PMF patients and 15 healthy
controls. Using DEXSeq, we identified 330 031 junctions, of
which 850 differentially expressed junctions [adjusted P value
, 0.1; log2(fold change). 0] exhibited a novel 39ss or 59ss in the
SF3B1-mutant patients (supplemental Table 13). Aberrant novel
39ss were ;4.9-fold more abundant than 59ss (705 vs 145;
Figure 3C). Focusing on aberrant 39ss, we calculated the nu-
cleotide distance for the aberrant 39ss from the canonical splice
site and observed a high enrichment between nucleotides
10 and 30 (Figure 3D). For 271 aberrant 39ss within 10 to 30 nt
from the canonical splice site, we could show distinct clustering
of canonical (K700E, K666N/R/T) SF3B1 mutations and non-
mutated or noncanonical SF3B1 (R594L) mutations (Figure 3E;
supplemental Table 14). We observed shared and mutation-
specific aberrant 39 splicing patterns between K700E and K666N/
R/T (Figure 3F). To examine whether other mutations in the
splicing machinery (U2AF1, SRSF2, and SF3A1) have a similar
impact on 39ss, we included patients with mutations in these
genes and performed hierarchical clustering. As previously
reported for other cancer types,23 only K700E and K666N/R/T
SF3B1mutations showed a strong penetrance for the 39 splicing
abnormality phenotype (supplemental Figure 8). To examine

whether the 39 splicing abnormalities that we identified in PMF
are shared with other malignancies, we compared differentially
spliced junctions among 6 additional cancer types for which
mutations in the splicing machinery have been described.24-27

This analysis revealed that the 39 splicing abnormalities that we
discovered in SF3B1-mutated PMF are disease specific. How-
ever, genes with the highest percentages of aberrant transcripts
showed more frequent overlap among the analyzed cancer types
(supplemental Figure 9).Whenwequantified the overlap across all
cancer types, 2 genes with aberrant splicing (OXA1L and SLC3A2)
were shared among all 7 analyzed cancer types (supplemental
Figure 9C). In SF3B1-mutated PMF patients, we detected 141
unique splicing aberrations (supplemental Table 15).

Identification of 39ss with highest impact on
predicted amino acid changes
Next, we aimed to identify those 39 splice junction sites with the
greatest impact on the protein sequence. We calculated the PSI
value for each splice site and patient (Figure 4A), which repre-
sents the percentage of abnormal transcripts in the total number
of transcripts. A total of 43 novel 39 splice junctions showed
a median PSI 20% for SF3B1-mutated patients (supplemental
Table 16). After predicting the impact of each splicing abnormality
on the amino acid sequence, we selected 20 splicing abnor-
malities that resulted in a frameshift mutation and truncation of
the protein or introduced a stretch of novel amino acids in frame
to the native protein sequence. Hierarchical clustering of PSI
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Figure 6. In vitro validation of NetMHCpan predictions.
Selected peptides (supplemental Table 24) were synthesized
and tested for binding to 4 MHCI molecules using an ELISA-
based peptide-exchange assay. The threshold for predicted
binding was set as described for Figure 5A. For experimental
binding validation, the threshold was set at 2 standard
deviations (2SD) from the mean absorbance value for
3 positive-control peptides (colored in red). Peptides above
this threshold were considered strong binders. Of the
20 predicted strong binders, 15 exhibited binding values
above the threshold (75.0%). Of the 15 predicted weak binders,
8 were above the threshold (53.3%). Color coding: green,
CALR-derived peptides; yellow rectangle, MPL-derived pep-
tides; magenta, SF3B1-derived peptides. Abbreviations are
listed in supplemental Table 24.

Figure 5 (continued) (all mutation classes combined) for each patient with no CALR or SF3B1mutation, 1 of the 2 mutations, or both mutations, separated into weak and strong
binders.CALR-mutated patients had amean of 8.0 weak binders and 2.3 strong binders, whereas SF3B1-mutated patients, without a cooccurringCALRmutation, had an average of
38.2 weak binders and 16.2 strong binders. For JAK2-V617F–mutated patients, we found an average of 0.9 and 0.1 predicted neoantigens for weak and strong binders, respectively
(supplemental Table 23). (E) CALR mutant tail “consensus sequence” as reported by Klampfl et al.1 The dots indicate the starting positions of peptides colored by peptide length.
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values for aberrant 39ss in relation to canonical splice sites
showed preferential usage of aberrant 39ss by SF3B1-mutated
patients compared with SF3B1 wild-type patients (Figure 4B).
Aberrant 39ss usage was also dependent on specific SF3B1
mutants (K700 and K666) (Figure 4C). We confirmed the pres-
ence of 19 of 20 abnormal splice events detected by RNA-seq
using an alternative methodology (fragment length analysis of
reverse-transcription polymerase chain reaction products) in
4 patients (P009A, P040B, P048A, P069A) (Figure 4D-E). Several
attributes for the selected 20 genes are summarized in Figure 4F.
Interestingly, of the 16 out-of-frame truncations, only the TTI1
gene showed a significant [log2(fold change) 5 20.38; adjusted
P value 5 .034] decrease in the messenger RNA (mRNA level),
suggesting that non-sense–mediated decay does not influence
the transcript abundance in most of the selected genes. Moreover,
OXA1L even showed a significant elevation [log2(fold change) 5
0.86; adjusted P value 5 2.02 3 1027] in the mRNA level, despite
the presence of a truncation (supplemental Table 17).

RNA-based workflow for systematic identification
of neoantigens
Published workflows for neoantigen discovery rely on exome se-
quencing combined with transcriptome sequencing to focus only
on expressed variants.28-30 In our approach,webypassed the exome
sequencing step by calling the expressed mutation classes directly
from transcriptome data. In addition, we called MHCI haplotypes
directly from transcriptome data for 113 MPN patients and controls
(supplemental Table 18). For each of theHLA-A,HLA-B, andHLA-C
genes, we identified the 4 most frequent alleles in our cohort
(supplemental Table 19). Next, we used the peptide-to-MHCI
(peptide:MHCI complex) binding prediction algorithm NetMHC-
pan19 to predict tumor-specific neoantigens for MHCI presentation.

To examine the number of predicted neoantigens for the 12
most common HLA alleles in our patient cohort, we generated
a virtual peptide library based on the mutations detected at the
RNA level. This peptide library consisted of 541 patient-specific
(or 149 unique) peptides predicted to have a binding affinity for
1 of the 12 commonMHCI proteins. At the cohort level, 102were
predicted to have a strong binding (%Rank , 0.5), whereas 439
wereweak binders (%Rank, 2) (Figure 5A; supplemental Table 20).
In 86% of peptide:MHCI pairs, the peptide was derived from
frameshift-causing mutations, emphasizing their potential role
as a source of neoantigens (supplemental Figure 10). Although
CALR occupied the majority (n 5 403; 86.9%) of peptide:MHCI
pairs, neoantigens derived from frameshift mutations in TET2
(n5 16; 3.5%) were also present, but none of these were shared
within the MPN cohort.

MPN driver mutations CALR and MPL are a rich
source of neoantigens
Driver mutations in MPN are well characterized and are repre-
sented by JAK2-V617F, MPL-W515K/L/A, and a frameshift mu-
tation in CALR. Because the more frequent MPL-W515L and
MPL-W515K point mutations were not present in our cohort,
we tested these separately for peptide:MHCI interactions. Pre-
dictions of 4 of the most common HLA-A, HLA-B, and HLA-C
alleles resulted in 42 peptide:MHCI pairs forCALR and 17 peptide:
MHCI pairs for MPL-W515K/L/A (Figure 5B; supplemental Tables
20 and 21). The CALR ins5 mutation forms more unique predicted
neoantigens than the CALR del52 mutation toward the N terminus

of the CALR protein (Figure 5E). We did not identify any binding
peptides derived from the JAK2-V617F driver mutation for any of
the HLA genotypes tested.

Identification of neoepitopes in aberrantly
spliced genes
Next, we wanted to examine whether the peptide sequences
derived from abnormally spliced genes in SF3B1-mutated
patients may serve as putative neoantigens. Of the 850 differ-
entially expressed junctions, 21 aberrant splice sites (supple-
mental Table 13) were not expressed in SF3B1wild-type patients.
Although these 21 splice sites may, from a tumor-specificity point
of view, present suitable candidates for neoantigens derived from
aberrant splice sites, none of them met the other equally im-
portant criteria defined in supplemental Methods. Therefore, we
focused our analysis on our previously defined set of 19 genes
affected by aberrant splicing listed in Figure 4F, leaving the
question of true tumor specificity open. We used NetMHCpan
to predict peptide:MHCI binding, applying the same criteria
for weak and strong binders as previously described. A total of
169 peptides had $1 MHCI protein with a predicted binding
%Rank , 2 (Figure 5C; supplemental Table 22). We counted
the number of predicted neoantigens considering each
patient’s personal MHCI haplotype. Patients with SF3B1 and
CALR co-occurring mutations had the highest number of
neoantigens presented by the patient’s own MHCI variants
(a mean of 68.0 predicted weak binders and a mean of 21.6
predicted strong binders) (Figure 5D; supplemental Table 23).

In vitro validation of predicted peptides to
MHCI protein
An ELISA-based peptide-exchange assay was used to validate
the predicted peptide:MHCI binding.31 We tested 35 peptides
predicted to bind weakly (n 5 15) or strongly (n 5 20) to
4 commercially available HLA monomers (A*03:01, A*11:01,
B*07:02, and B*08:01). Control peptides of known strong or
weak binding affinity were available for A*03:01, A*11:01, and
B*07:02 (Figure 6; supplemental Table 24).We defined a threshold
for binders vs nonbinders as 2 standard deviations from the mean
of the absorbance values of 3 positive-control peptides in the ELISA
assay. Using an in vitro binding assay, we could validate 23of the 35
(65.7%) predicted peptide:MHCI interactions.

Discussion
We studied the global transcriptome of 113 MPN patients using
RNA-seq technology and described their mutational landscapes in
detail. We established an RNA-seq–based pipeline utilizing high-
quality transcriptome data as an alternative method for neoantigen
discovery. This is the first study to globally annotate the MPN tran-
scriptome with the aim to identify and systematically mine MPN-
relevant putative neoantigens for targeted immunotherapy of MPN.

Another novel aspect of this study is the global analysis of gene
fusions inMPN that aremissed by targeted or exome sequencing.
We detected and annotated gene fusions in a systematic and
unbiased high-throughput transcriptome-wide approach. Fusion
genes found in chronic MPN (JAK2 or CALR positive) were
scarce. With the exception of known and in-frame BCR-ABL1
oncogenic fusion found in 1 PMF patient, 10 fusions detected
in chronic MPN were novel and out of frame. For some fusions,
we observed high expression of the wild-type gene and low
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expression of the fusion transcript, which are suggestive of fusion
formation through trans-splicing events, as suggested by pre-
vious studies.32,33 Lack of recurrence for any of the identified
fusions prohibited any mechanistic studies. Two of 9 post-MPN
sAML patients had fusion genes (INO80D-GPR1 and XPO5-
RUNX2) that have not been previously described. Surprisingly,
no typical de novo acute myeloid leukemia fusion oncogenes
were detected, emphasizing the distinct nature of disease pro-
gression in post-MPN sAML comparedwith de novo acutemyeloid
leukemia.34 Interestingly, predicted protein products of fusion
genes, in particular frameshift mutations or their junction regions,
were not a significant source of neoantigens.

We focused our analysis on 86 genes frequently mutated in
clonal myeloid diseases. In addition, we reported HLA geno-
types extracted from RNA-seq data in a cohort of 113 MPN
patients. This enabled us to make a truly personalized prediction
of neoantigen occurrence for each MPN patient. Although the
numbers of indels and SNVs identified per patient were low, as
expected for MPN,4 we could still identify 149 unique neo-
antigens in 62% of MPN patients that might have potential use
for personalized cancer immunotherapy approaches.

Having defined a gene set with the highest impact on protein
sequence, we hypothesized that splicing abnormalities induced
by canonical SF3B1mutationsmay serve as potential neoantigens
for MPN. Several findings strengthened our assumptions that
frameshift mutations caused by aberrant splicing might indeed
serve as potent neoantigens. We could show high expression and
high VAF of the mutant copy of SF3B1. The aberrantly spliced
genes thatwedescribeddid not show frequent downregulation at
mRNA levels (with exception of TTI1), arguing against the in-
volvement of non-sense–mediated decay of aberrant transcripts,
as previously suggested by other studies.26,35 Furthermore, for 15
peptides derived from abnormally spliced genes, we showed
a strong affinity to common MHCI molecules using an in vitro
binding assay. Although additional studies are needed to
demonstrate their immunogenicity, peptides derived from
splicing defects may represent recurrent immunotherapy tar-
gets, perhaps as valuable as peptides derived from the fra-
meshifted CALR oncogenic MPN driver. Finally, although our
research did not provide evidence of these aberrant transcripts
at the protein level, a recent study identified so-called “neo-
junctions” in SF3B1-mutated cancers and confirmed the
presence of these neojunctions at the protein level using mass
spectrometry approaches.39 We believe that it would be of
great interest for future research to formally show that our can-
didate splicing-derived putative neoantigens are indeed trans-
lated to proteins and, therefore, are potentially capable of being
presented in MHCI complexes on the cell surface.

Another important question is the tumor specificity of the
splicing defects. Aberrant splicing at a specific junction may
also occur at a lower frequency in healthy cells so that targeting
the resulting protein sequence may cause autoimmunity and
toxicity.37,38 For several candidate genes, our results show a weak
presence of the aberrant transcripts in SF3B1-nonmutated patients.
Nevertheless, a search through the human proteome database with
the translated novel protein sequences did not yield any significant
matches, excluding the possibility that any of these aberrant tran-
scripts are merely alternative isoforms. Thus, further experimental
evidence to show tumor specificity at the protein level is required

to classify whether aberrant 39ss are true neoantigens or tumor-
associated antigens overexpressed in tumor cells.

Our future studies will be aimed at annotating the candidate
neoantigenic peptides identified in this study for the ability
to induce T-cell activation in healthy controls and in SF3B1-
mutated MPN patients to prove that these are truly immuno-
genic antigens. In summary, our study may serve as a foundation
and resource for the development of individualized vaccines or
adoptive cell-based therapies for MPN, in particular for PMF
patients, in whom the unmet medical need is greatest.
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