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Abstract

Background Standard care for patients with high-risk myelodysplastic syndrome (MDS) is hypomethylating agents such as
azacitidine (AZA), which can induce expression of methylated tumor-associated antigens and therefore potentiate immu-
notherapeutic targeting.

Method In this phase 1 trial, we combined AZA with a therapeutic peptide vaccine targeting antigens encoded from NY-
ESO-1, MAGE-A3, PRAME, and WT-1, which have previously been demonstrated to be upregulated by AZA treatment.
Result Five patients who had responded to AZA monotherapy were included in the study and treated with the vaccine. The
combination therapy showed only few adverse events during the study period, whereof none classified as serious. However,
no specific immune responses could be detected using intracellular cytokine staining or ELISpot assays. Minor changes in
the phenotypic composition of immune cells and their expression of stimulatory and inhibitory markers were detected. All
patients progressed to AML with a mean time to progression from inclusion (TTP) of 5.2 months (range 2.8 to 7.6). Mean
survival was 18.1 months (range 10.9 to 30.6) from MDS diagnosis and 11.3 months (range 4.3 to 22.2) from inclusion.
Sequencing of bone marrow showed clonal expansion of malignant cells, as well as appearance of novel mutations.
Conclusion The patients progressed to AML with an average time of only five months after initiating the combination
therapy. This may be unrelated to the experimental treatment, but the trial was terminated early as there was no sign of clini-
cal benefit or immunological response.

Why the manuscript is especially interesting

This study is the first to exploit the potential synergistic effects of combining a multi-peptide cancer vaccine with epigenetic
therapy in MDS. Although our results are negative, they emphasize challenges to induce immune reactivity in patients with
high-risk MDS.

Keywords Myelodysplastic syndrome - Immunotherapy - Vaccine - Cancer testis antigens - Epigenetic therapy - Clinical
trial

Introduction

Myelodysplastic syndrome (MDS) is a clonal hematopoietic
malignancy of the bone marrow with an incidence of around
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4 per 100.000. It mostly affects the elderly, with a median
age of 77 [1]. The only curative treatment for MDS is alloge-
neic bone marrow transplantation, which is a procedure with
considerable treatment-related morbidity and few eligible
candidates. In high-risk MDS patients, standard treatment
is the hypomethylating agent (HMA) azacitidine (AZA), a
DNA methyltransferase inhibitor (DNMTi) which covalently
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binds to DNA methyltransferase, and thereby inhibits copy-
ing of the methylation pattern to newly synthesized DNA
as the cell divides [2, 3]. There are several hypotheses to
AZA’s anti-neoplastic effects on malignant clones in the
bone marrow[4]; including demethylation and reactivation
of tumor suppressor genes [5], upregulation of HLA class
I'in tumor cells [6], depletion of myeloid-derived suppres-
sor cells (MDSCs) [7], and as more recently discovered,
activation of viral defense pathways through expression of
endogenous retroviruses [8].

It is well-documented that HMAs induce expression of
cancer-testis antigens (CTAs) in tumor cells in vitro [9-14],
which could be an important contributor to the mechanism
of AZA’s clinical efficacy. CTAs are downregulated by pro-
moter hypermethylation and are normally only expressed
during fetal development or at immune-privileged sites. In
cancer cells, epigenetic instability may lead to hypomethyla-
tion and expression of CTAs, which leads to the presentation
of its peptide fragments on HLA class I molecules and, due
to lack of central tolerance, recognition by cytotoxic T-cells
[9-13]. Both cellular and humoral spontaneous immuno-
genicity toward CTAs have been recorded in many cancer
types and have in some cases been associated with remis-
sion of disease [15—17]. Other studies have successfully
used vaccines to induce T-cell responses toward CTAs in
cancer patients [18-20], however, its clinical benefit remains
to be confirmed in larger clinical trials. There is, therefore,
rationale for testing the combination of a HMA with immu-
notherapy targeting CTAs, since those treatments could have
synergistic effects. The approach is being investigated for
solid malignancies, and results from initial trials are encour-
aging [21, 22].

Here, we report the results of a Phase 1 clinical trial com-
bining AZA with a peptide vaccine targeting four tumor-
associated antigens (NY-ESO-1, MAGE-A3, PRAME, and
WT-1) in patients with high-risk MDS. It is to our knowl-
edge the first study of a HMA in combination with a multi-
peptide vaccine in a hematological malignancy.

Method
Clinical trial design

The study was an open-label uncontrolled clinical trial
(EudraCT no. 2014-002,432-14; ClinicalTrials.gov iden-
tifier: NCT02750995). Patients were recruited from the
Department of Hematology, Copenhagen University Hos-
pital, Herlev, Denmark. Inclusion criteria were age above
18 years, with histologically confirmed high-risk MDS[23]
or acute myeloid leukemia (AML). Prior to inclusion, the
patients should have received six courses of AZA and
achieved a clinical response of at least stable disease (SD),
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as determined by the 2006 International working group
(IWG) response criteria [24]. If there was an indication
for continued AZA therapy following the six treatment
cycles, and the bone marrow was not hypocellular, the
patient could be included in the study.

Vaccinations were given on day one of the following
three courses of AZA (Fig. 1a). A bone marrow evaluation
was performed after six courses or earlier if deemed neces-
sary by attending physicians. Progressive disease (PD) at
any time point resulted in discontinuation from the trial.
If the patient did not have PD at the evaluation time point
then he/she could continue in the study, with a new vac-
cination every six months for up to two years.

The primary endpoint was safety, as measured by
adverse events (AEs). Secondary endpoint was induced
immune response toward vaccine peptides, and third end-
point time-to-progression (TTP) and survival.

Vaccine formulation

Four long synthetic peptides, from tumor-associated anti-
gens, containing previously described class I and class II
epitopes for a variety HLA types (Fig. 1b, see Supplemen-
tary Fig. 1 for mapping of known T cell epitopes to the
peptide sequences in the vaccine). NY-ESO-1,,4_,43[25,
26], PRAME ;55 447127, 28], and MAGE-A3,55 ,79[26,
29] are well-described CTAs known to be upregulated in
response to HMAs. WT1,3, ,59[30-32] is another antigen
associated with hematological malignancies and is also
heavily methylated under normal conditions [33-35].
Clinical grade peptides (sequences PGVLLKEFTVS-
GNILTIRLTAADHR, LQSLLQHLIGLSNLTHVLYPV-
PLES, YLEYRQVPGSDPACYEFLWGPRALYV, and
SQLECMTWNQMNLGATLKGVAAGSSSSVK) were
purchased from Pepscan (Lelystad, Netherlands) at a
purity of >97% measured by high-performance liquid
chromatography (HPLC). Stability tests were performed
continuously to ensure purity > 90%. Lyophilized peptides
were dissolved in sterile dimethyl sulfoxide (DMSO, Cryo-
Sure) and sterile filtered through a 0.20 um RC-membrane
filter (Corning). The dissolved peptides were then pooled
and cryopreserved so that one tube contained one dose
of vaccine, corresponding to 50 pg of each of the four
peptides. Each batch was evaluated for endotoxins (using
Endosafe®, threshold < 500 EU/ml) and sterility tested at
the department for clinical microbiology before release. At
days of vaccination, tubes of peptide-mixture were thawed
in sterile PBS and emulsified with adjuvant Montanide
ISA 51VG (SEPPIC, France)[30] using dual syringes and
an I-connector (Promepla) shortly before administration
to the patient. The vaccine was injected subcutaneously
in the deltoid or triceps region.
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Fig.1 Trial and vaccine design. a Trial design. All participants
received six courses of AZA prior to inclusion and were evaluated
with bone marrow biopsy for treatment response. Vaccination was

Safety monitoring

All AEs were registered from the time of the first vaccina-
tion and were evaluated for seriousness, causality, and toxic-
ity grade (CTCAE version 4). Disease progression was not
recorded as an adverse event (AE) but as an endpoint leading
to discontinuation from the study. Due to the nature of the
disease studied, and as stated in our protocol, an abnormal
laboratory value was only considered to be an AE if the
abnormality: (1) resulted in discontinuation from the study;
(2) required treatment, or any other therapeutic intervention;
or (3) was deemed to be of clinical importance.

Biomaterial

Bone marrow aspirates (10 ml) were taken at the inclusion
time point (following the patient’s sixth AZA treatment after
MDS diagnosis) and again after receiving an additional six
courses of AZA and three vaccinations. If there were signs
of disease progression, a bone marrow biopsy was per-
formed ahead of schedule. Blood samples for biobanking
were taken at multiple time points (see Fig. 1a). Bone mar-
row was split into three fractions, where the first two parts
of the bone marrow aspirate were treated with red blood
cell lysis (Ortho-Lysing buffer), and the third part was used
for isolating mononuclear cells by centrifugation through
Leucosep® tubes. Peripheral blood mononuclear cells were
isolated from whole blood using Leucosep®. All cells were

H-PGVLLKEFTVSGNILTIRLTAADHR-OH
H-LQSLLQHLIGLSNLTHVLYPVPLES-OH
H-YLEYRQVPGSDPACYEFLWGPRALV-OH
H-SQLECMTWNQMNLGATLKGVAAGSSSSVK-OH

given together with the next three courses of AZA. b Vaccine com-
position. Synthetic long peptides from NY-ESO-1, PRAME, MAGE-
A3, and WT-1 were emulsified in adjuvant Montanide ISA 51

frozen in 90% human AB serum+ 10% DMSO to preserve
high viability, except for one part of the bone marrow aspi-
rate, intended for sequencing, which was snap-frozen.

Laboratory analysis
Intracellular cytokine staining

Frozen cells from before vaccinations (baseline) and
from after the first and third vaccination were thawed in
preheated RPMI 1640, Gibco, with 10% fetal calf serum
(FCS), Gibco, (R10), then washed and resuspended in
X-vivo media (Lonza) with 5% human serum (Sigma-
Aldrich) to a concentration of 1 million cells per 100 ul
and split to wells on 96-well plate. In order to stimulate
the cells, a pool of vaccine peptides (NY-ESO-1, PRAME,
MAGE-A3 and WT-1) were added to cells at a concen-
tration of 1 pg/ml per peptide. Two controls were used
per time point; one well with an irrelevant peptide (HIV
derived) and one without any peptide. Cells incubated
for two hours, after which additional media containing
GolgiPlug™ (BD Biosciences) at a concentration of
0.1 pl per 100 pl cells was added together with 5 pl of
anti-CD107a-BV711 antibody (Biolegend). Thereafter
cells were incubated at 37 °C for 10 h. After incubation,
cells were washed and stained with surface lineage mark-
ers and then fixed and permeabilized using Intracellular
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Fixation & Permeabilization Buffer Set (eBioscience™).
Intracellular cytokine staining (ICS) was performed using
anti-IFN-y-PE (BD Biosciences) and anti-TNF-a-BV650
(BD Biosciences). Samples were then acquired and ana-
lyzed using LSR Fortessa (BD Biosciences). Peripheral
Blood Mononuclear Cells (PBMCs) from healthy donors
stimulated with Leucocyte Activation Cocktail (LAC, BD
Biosciences) were stained with the fluorescent antibodies
and analyzed prior to running experiments with patient
samples to validate the assay.

Enzyme-Linked Immune absorbent Spot

Enzyme-Linked Immune absorbent Spot (ELISpot) was per-
formed using cells pre-stimulated with vaccine or control
peptides. First, cells were thawed in preheated R10, washed,
and resuspended in X-vivo+ 5% human serum+IL-15 and
IL-21, before split into wells. Vaccine peptides were added
to wells on day two at a final concentration of 0.5 pg/ml. A
mix of peptides from cytomegalovirus, Epstein-Barr virus,
influenza virus, and tetanus toxin (CEFT) was used as a pos-
itive control. Cells were cultured in wells for ten days, with
new media and cytokines (IL-2, IL-15 and IL-21) added
every second or third day as cells expanded. After pre-stim-
ulation, cells were rested overnight in X-vivo media with
5% human serum without cytokines. ELISpot was next per-
formed in triplicates using human IFN-y ELISPOT, ELIS-
POT Streptavidin Horseradish Peroxidase, and ELISPOT
AEC Substrate Set (BD Biosciences) according to the manu-
facturer manual. An irrelevant murine peptide and medium
without peptide were used as negative controls, while CEFT
peptides or phytohaemagglutinin (PHA) were added to posi-
tive controls. For one patient (P4), all vaccine peptides were
pooled, and experiments were performed in duplicates due
to low cell count and poor viability of the PBMCs.

Exploratory analysis of immune subsets

Patient samples were stained with fluorochrome-labeled
antibodies to distinguish changes in CD4 and CD8 T cell
memory and effector subsets and their expression of mark-
ers associated with activation and inhibition. We also inves-
tigated regulatory T-cells, NK and NKT-cells, monocytes,
dendritic cells (DC), myeloid-derived suppressor cells
(MDSCs), and CD34 + hematopoietic stem cells. Samples
were acquired on LSR Fortessa (BD bioscience) and gated
in FlowJo (LLC, version 10.6). Percentage of parent popula-
tions were exported and analyzed in R (version 3.6.1) using
the Tidyverse packages (version 1.2.1) [36]. See Supplemen-
tary Table 1 for a definition of cell subtypes analyzed and
Supplementary Table 2 for the full list of antibodies.
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Cytogenetics and sequencing

Cytogenetic analyses were performed on bone marrow
samples, in accordance with routine clinical practice, at
diagnosis, inclusion, and evaluation time points. Samples
were analyzed at the Cytogenetic Laboratory, Depart-
ment of Clinical Genetics, Rigshospitalet, Copenhagen,
Denmark. For next-generation sequencing (NGS), snap-
frozen pellets from the bone marrow samples were dis-
solved in 200 pL PBS and DNA isolated with QiaAmp®
DNA Blood Mini kit (Qiagen). NGS library preparation on
DNA was done with the Ion Torrent™ Oncomine™ Mye-
loid Research Assay (Thermo Fisher) with DNA input of
10-30 ng / reaction. The library concentrations were nor-
malized using lon Library Equalizer™ kit before template
preparation on the Ion Chef™ System (Thermo Fisher).
Sequencing was performed on Ion S5™ XL System, and
data analyzed with Ion Reporter software (Thermo Fisher,
version 5.10) using the default workflow settings. In addi-
tion to the default filter, the data were filtered with a local
filter setting to include splice site variants and more clini-
cally relevant variants. Raw data on all detected variants
were reviewed manually using the Integrative Genomics
Viewer (http://software.broadinstitute.org, version 5.01)
and classified using Varsome [37].

Result
Patient characteristics

The trial was planned to include 15 patients treated with
a minimum of three vaccinations each. Due to a pause in
inclusion to investigate whether bone marrow hypoplasia
was related to the vaccine and slower recruitment than
anticipated, only five patients entered the trial and received
the experimental treatment. All patients were classified as
high-risk MDS, with an IPSS score of at least 1.5 (Table 1).
The average age at inclusion was 80 years (all patients
were over 75). Both men and women were included. All
patients had been diagnosed within ten months prior to
inclusion and had received exactly six courses of AZA treat-
ment at full or reduced AZA dose. At the inclusion time
point, all but one patient (P4) had achieved complete remis-
sion (CR) with persisting bone marrow dysplasia (due to the
underlying MDS) and normalization of peripheral cytope-
nias. The response of P4 was characterized as stable disease
(SD) with hematological improvement in the erythrocyte
compartment (HI-E). Three patients had a bone marrow
cellularity of 20% at the inclusion time point, which were
not assessed to be pathological due to the high age of the
participants and normal peripheral hematology.
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Table 1 Patients Characteristics P1 P2 P3 P4 P5
Diagnosis
Age at diagnosis Mean: 79 years (all >75)
Blasts in BM (%) 2 12 15 18 12
IPSS 1.5 3 >2 % 2 2
IPSS-R 4.5 9 >4 * 5 6
Cytogenetics Complex Complex NA Normal Normal
MDS subtype MLD EB-2 EB-2 EB-2 EB-2
Blasts peripheral (%) 0 10 0 1 2
ECOG performance 1 2 0 1 1

status
Inclusion
Age at inclusion Mean: 80 years (all >75)
AZA cycle 6 6 6 6 6
Blasts in BM (%) 1 2 2 16 0
Cytogenetics Normal Complex NA NA NA
IWG response criteria CR with dys- CR with dys- CR with dysplasia  HI-E CR
plasia plasia with
dys-
plasia
Blasts peripheral (%) 0 0 0 0 0
ECOG performance 1 1 0 1 1
status

" =Cytogenetic analysis at diagnosis failed for P3. IPSS and IPSS-R risk score is therefore based on per-
centage of blast and degrees of peripheral cytopenia for this patient

NA =Cytogenetic analysis not available at time point

Complex = Three or more cytogenetic abnormalities

Safety

AEs with probable causality to the vaccine were injec-
tion site reactions, localized edema, and pruritus, while
AEs with possible causality were vomiting, dizziness,
chills, malaise, and all registered blood and lymphatic
system disorders, such as bone marrow hypoplasia and
decreased neutrophil and platelet counts. One case of
grade 4 toxicity (neutropenia, resulting in administration
of prophylactic antibiotics), two cases of grade 3 toxic-
ity (thrombocytopenia and neutropenia), and two cases
of bone marrow hypoplasia were recorded (assessed by
histological examination of the trephine biopsies). Three
out of five patients experienced bone marrow hypoplasia
or decreased platelet or neutrophil count. No AEs in the
clinical trial were classified as serious, and all AEs reg-
istered (apart from one grade 1 case of eye floaters) have
previously been described in single-agent AZA studies.
A detailed summary of safety data can be seen in Sup-
plementary Table 3.

Clinical and molecular outcome

Two patients were evaluated at cycle 12. P4, who were in
SD at inclusion, were still in SD at the evaluation follow-
ing 12 cycles of AZA and three vaccinations and could
therefore continue to receive a fourth vaccination. The
patient continued in the trial for another three months
before showing signs of PD. P1 showed signs of disease
progression at cycle 12 and shortly thereafter developed
secondary AML. After discontinuing the study, P1 contin-
ued with AZA for a few cycles and was then shifted to low
dose cytarabine, and managed to survive 30.6 months from
MDS diagnosis, which was twice as long as the average
survival of the four other participants. The remaining three
patients (P2, P3, and P5) showed signs of PD after AZA
cycle 9, which was confirmed by a bone marrow biopsy.
P3 had a hypoplastic bone marrow when progressing to
AML (see Supplementary Table 5) and the AML diagnosis
was therefore based on a high prevalence of blasts in the
peripheral blood.
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The average time to progression (TTP) from inclusion
was 5.2 months (range 2.8 to 7.6), while average survival
was 11.3 months (range 4.3 to 22.2). The average survival
from time of diagnosis was 18.1 months (range 10.9 to 30.6)
in our patient cohort (Table 2).

Targeted NGS for common mutations in MDS showed a
decrease in variant allele frequency (VAF) for most muta-
tions during the period from diagnosis to inclusion; however,
the frequency of a few variants remained around 50% in P2,
P3, and P4 (Fig. 2). At the evaluation time points, when
patients progressed to AML, many of the mutations present
at diagnosis had a secondary increase to high VAF levels. P5
had the highest mutational load and showed both reoccur-
rence of mutations present at diagnosis and new mutations in
classical tumor suppressors and oncogenes at the evaluation
time point. P5 had also developed de-novo trisomy 8 during
progression to AML, which, interestingly, is associated with
inflammatory disease, high WT-1 levels and T-cell induced
suppression of hematopoiesis in some patients [38]. P3 also
showed trisomy 8 at the evaluation time point, but due to
missing data at diagnosis and inclusion, we do not know if
the aberration also was present earlier. See Supplementary
Table 4 for a detailed list of mutations and frequencies.

Specificimmune responses

No vaccine-specific immune response could be detected for
patients included in this clinical trial. For ICS, cells were
stimulated with vaccine peptides for 12 h before analysis.
There was no detectable secretion of IFNy and TNFa nor
increased expression of CD107a (a sign of degranulation)
compared to the control peptides, and there was no trend
for increased signal intensity at later time points compared
to baseline (Fig. 3a, b). ICS was also performed on bone
marrow samples from the various time points, and no dif-
ferences from control peptides were found in this material
(Supplementary Fig. 2).

Table 2 Clinical outcome

For ELISpot, where cells were pre-stimulated for ten
days, there was no significant difference from control pep-
tides (Fig. 3c). For P4, stimulation was done with a pool
of vaccine peptides instead of individual peptides due to
the limited availability of frozen viable cells. Here, there
was increased unspecific activation at the time point before
vaccination compared to after vaccination; however, no sig-
nificant difference was observed when comparing the pool
of vaccine peptides to the irrelevant peptide control (Sup-
plementary Fig. 3).

Changes in immune subsets

Exploratory multicolor flow cytometry revealed changes
in the prevalence of several immune cell populations and
expression of inflammatory markers at the evaluation time
point compared to baseline (Supplemetary Fig. 4). How-
ever, the results were not significant, which partly could
be due to the low sample size. There was a tendency for a
decrease in central memory (CM: CD45RA~ CCR7Y) cells
and an increase in naive (CD45RA* CCR7%) cells in the
CD4 T cell population. In the CD8 population, a tendency
for increased terminal effector (TE: CD45RA* CCR77)
cells, and decreased CM, naive, and effector memory
(EM: CD45RA™ CCRT77) cells were seen. Tregs remained
unchanged, as did both checkpoint markers and markers of
activation on CDS cells. Not surprisingly, there was also
an increase in CD34 positive cells at the later time point,
reflecting the patients’ disease progression to AML. The
fraction of circulating myeloblasts increased, as indicated by
standard evaluation (Table 2), and more pronounced so on
flowcytometric evaluation of CD34 + cell counts in the frac-
tion of myeloid (CD3- and CD19-) PBMCs (Supplemetary
Fig. 4). Comparing the flow cytometry data at the inclusion
time point to PBMC from one healthy donor (HD), which
was included in the experiment as a technical quality control,
indicated similar exhaustion profiles in the MDS patient and

P1 P2 P3 P4 P5
Evaluation time point AZA cycles received (total) 12 9 9 12
Vaccinations received 3 3 3 3 3
Blasts in BM 5 67 30 19 29
Blasts peripheral 0 8 8 1 1
Cytogenetics Complex NA Trisomy 8§, -Y NA Trisomy 8
Progression time point AZA cycles received (total) 12 9 9 15 9
Vaccinations received 3 3 3 4 3
TTP and survival Time to progression (months from inclusion) 7.5 2.8 4.8 7.6 3.5
Survival (months from inclusion) 222 4.3 12.8 8.7 8.3
Survival (months from diagnosis) 30.6 10.9 19 14.2 15.7
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Fig.2 Molecular outcome. Evolution of genetic clones, as measured
by targeted NGS, together with the percentage of bone marrow blasts
and cytogenetic profile for patients 1-5(a—e). Missing data for cytoge-
netics is due to poor sample quality or because the cytogenetic analy-

the HD, but with more terminally differentiated T cell sub-
sets in the MDS patients (see Supplementary Fig. 5).

Discussion

In this clinical trial, we combined epigenetic therapy in
the form of AZA with a peptide vaccine composed of long
synthetic peptides from NY-ESO-1,,9_143. PRAME 53 447,
MAGE-A3,55.579, and WT1,3, 559, in patients with high-risk
MDS. The peptides chosen represent antigens upregulated
in malignant hematopoietic cells when exposed to HMAs
[9-13]. As an adjuvant, Montanide ISA56 VG was used
because of its well-established safety profile and capabil-
ity of eliciting cellular immune responses in cancer patients
[30, 39, 40].

sis was not performed. P4 did not have clinical progression at the first
evaluation time point and was consequently re-evaluated later, show-
ing progression to AML

Blood samples and bone marrow aspirates from before
and after vaccination were analyzed using two independent
methods for detecting immune responses toward the vaccine
peptides. Neither ICS nor ELISpot showed a difference in
response compared to control peptides that would support
the induction of a vaccine-specific immune response in the
trial participants. There were some changes in immune sub-
sets during the trial, e.g., a reduction in CM cells in the
CD4 population, an increase in TE cells in the CD8 popula-
tion, and reduced expression of common immune check-
point markers on both CD4 and CD8 cells. The changes
were, however, not significant across the cohort, and since
no specific immune response was found, it likely reflects
the participants’ disease progression or could be secondary
to the AZA treatment rather than a response induced by the
vaccine.
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Fig.3 Immune response monitoring. Detection of specific immune
responses. (a+b) Intracellular cytokine staining (ICS) performed
on mononuclear cells from time points before and after vaccination,
stimulated with either an irrelevant control peptide (red) or a pool of
peptides from the vaccine (blue). Gated on (a) CD4 or (b) CDS cells
positive for CD107a, Interferon-gamma (IFNy) or Tumor Necrosis
Factor-alpha (TNFa). (c) ELISpot comparing T cell reactivity before

Our primary endpoint was safety. In accordance with pre-
viously reported clinical trials investigating therapeutic can-
cer vaccination in patients with myeloid malignancies, [22,
30, 32, 35, 41, 42] the vaccine was well tolerated. AEs in this
clinical trial were few, and there were none that classified as
serious, indicating the vaccine was well tolerated. Two cases
of bone marrow hypoplasia were reported by the pathology
department in accordance with standard protocols. Since
bone marrow hypoplasia had not been anticipated, further
inclusion of patients to the clinical trial was put on hold.
However, a second evaluation of all collected bone marrow
samples with a semi-quantitative assessment of the cellular-
ity by a hematopathologist later showed that only one of the
reported cases was hypoplastic (Supplementary Table 5).
Indeed, the observed myelosupression post-vaccination
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(red) and after (blue) vaccination. Experiment performed on PBMCs
pre-stimulated with the individual vaccine peptides, an irrelevant pep-
tide control, no peptide, or a cocktail of viral peptides (CEFT). Spot
forming units (SFU) per 100.000 cells were normalized by subtract-
ing the background signal from wells containing the irrelevant control
peptide. ELISpot experiments were performed in triplicates. ELISpot
for P4 is showed separately in Supplementary Fig. 3

could be an early indication of vaccine efficacy, however,
due to the lack of specific immune responses in laboratory
assays and confounding factors, such as the myelosupressive
potential of HMAs, the causality is graded as possible, yet
unlikely.

All five patients progressed to AML after the third or
fourth vaccination, with a mean TTP of 5.2 months (range
2.8 to 7.6) from inclusion. Survival was 18.1 months (range
10.9 to 30.6) from MDS diagnosis. Sequencing data from
the different time points indicated that some clones that were
suppressed by the AZA treatment reappeared at the evalua-
tion time point when patients progress to AML, while other
clones were unchanged throughout the treatment period.

There are conflicting results reported in the literature
regarding the efficacy of vaccinations against CTAs and
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WT1 and their ability to generate a sustainable immune
response.

Anguille et al. treated 30 patients with AML in post-
remission phase with three DC vaccines loaded with differ-
ent WT1 mRNA constructs. WT1 specific T cell responses
increased > 1.5 fold in 6 out of 12 of their HLA-A0201 posi-
tive patients, and 13 of the 30 patients (43%) registered nor-
malization of their WT1 transcript levels. They also found
that patients receiving vaccination in their first complete
remission had a relapse reduction rate of 25% [42]. In a
study by Ueda et al., 26 MDS patients were treated with
an affinity matured WTI peptide in a water/oil emulsion.
Here there was no clear relationship between outcome and
induced T cell response, but they noted that 11 patients who
were azacitidine non-responders survived for > six months
after termination of the vaccination, which was longer than
predicted based on their risk profile [32]. Liu et al. rand-
omized seven patients with AML, MDS, and CML to pep-
tide vaccination against WT1 with either Montanide or poly-
ICLC as an adjuvant. In their cohort, only one patient in
the Montanide arm developed a specific immune response
and none in the poly-ICLC group [30]. Van de Loosdrecht
et al. matured DCs from an allogeneic AML cell line to
create an off-the-shelf cancer vaccine. When treating 12
elderly AML patients in a phase I study, they found that
four out of eight evaluable patients developed specific T cell
responses against WT1, PRAME, NY-ESO-1, or MAGE-A3
[41]. They also found that patients with low blast count were
more likely to develop an immune response, implying that
anti-cancer vaccination should be given to patients with less
advanced disease stage.

Few clinical trials have investigated the combination of
HMAs with anti-cancer vaccinations.

In a phase I trial investigating the combination therapy of
the HMA decitabine and a DC vaccine targeting MAGE-A1,
MAGE-A3, and NY-ESO-1 in children with relapsed or
therapy-refractory neuroblastoma and sarcoma, Krishnadas
et al. reported treatment success in two out of ten patients.
One patient had a complete response following the com-
bination therapy and remained disease-free 3.5 years after
therapy, and the other, who was in remission at trial ini-
tiation, remained disease-free two years post-therapy [21].
One trial applied a similar approach in patients with MDS.
Griffiths et al. treated 9 MDS patients with a combination of
decitabine and a vaccine containing a full-length NY-ESO-1
protein fused to an antibody that selectively binds DCs. Out
of the seven patients that reached the end of the study (two
patients were lost to unrelated AEs), 86% developed a CD4
T cell response, as measured by ELISpot, compared to 33%
at pre-treatment. 57% of patients developed a CD8 response,
which was absent in all patients pre-treatment [22].

In our study, AZA was used instead of decitabine since
AZA is the standard of care for high-risk MDS patients in

the EU. It is worth considering if the efficacy of our vac-
cine would have been better in combination with decitabine
instead of AZA, but pre-clinical studies suggest that the
two HMAs are comparable in their capacity to upregulate
methylated tumor antigens [14]. Trial participants entered
the trial following six cycles of AZA in order to exclude
those who tolerated AZA poorly and enrich the study with
clinical responders. We hypothesized that AZA more likely
would induce expression of the selected vaccine antigens in
the AZA responding patients compared to the non-respond-
ers and that the responding patients, therefore, more likely
would benefit from the vaccine. Recent data indicate that
waiting six months after AZA initiation before treating
patients with a therapeutic cancer vaccine, can negatively
influence a vaccine’s ability to mobilize T cell responses
toward the tumor cells [43, 44]. Lopez et al. performed lon-
gitudinal studies on the expression of CTAs following HMA
therapy and found that in AZA responding patients, the
peak derepression of CTAs on both gene and protein level
occurred already after completion of the first AZA series
[43]. The authors concluded that the ideal timing for a CTA-
targeted vaccine would be early during the AZA treatment.
Another argument for reducing the time from MDS diagno-
sis to immunotherapy initiation is that the MDS microenvi-
ronment may become more suppressive with time, with an
expansion of inhibitory mesenchymal stem cells, MDSCs
and regulatory effector cells, as well as immune tolerance
due to continuous exposure of tumor antigens and impaired
DC function. [44, 45]

The reasons why our combinatorial approach failed to
induce a detectable immune response or clinical benefit
are presumably multifactorial. Firstly, the vaccine epitopes
chosen from the full-length proteins, based on earlier
described immune responses in cancer patients, might not
have been immunogenic enough. Since the planning of
this clinical trial commenced, studies have emerged with
epitopes that could be better for therapeutic vaccination.
However, the peptide sequences utilized for vaccination
in this clinical trial do contain several strong and weak
binders for all HLA-types of the trial participants when
evaluated using NetMHCpan 4.0 [46]. Secondly, although
the targeted peptides in our vaccine were chosen based on
their upregulation following AZA treatment, the patients
in our trial were not included based on verification of their
expression in the individual patient. Thirdly, the immune
system of high-risk MDS patients is more dysfunctional
than that of patients with other cancer types where thera-
peutic cancer vaccination reportedly has been successful
[44, 45, 47]. Although AZA also can induce demethyla-
tion of genes coding for inhibitory checkpoint molecules
by itself which could aggravate T cell exhaustion [48],
no difference in expression of checkpoint markers was
evident when patients in our study were compared to a

@ Springer



442

Cancer Immunology, Immunotherapy (2022) 71:433-444

healthy donor control. Finally, even though some studies
have shown that it is possible to induce immunological
responses in patients with MDS [22, 32, 35, 49], there is
reason to speculate if a therapeutic cancer vaccine strategy
would be better suited for patients with lower-risk MDS.
Another solution could be to co-treat patients with a potent
immune stimulant, such as a checkpoint inhibitor, or by
including epitopes in the vaccine that target immune regu-
latory pathways [50].
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