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Introduction: Acute myeloid leukemia (AML) has a dismal prognosis, mostly due
to minimal residual disease-driven relapse, making an elimination of persisting
therapy-resistant leukemia progenitor/stem cells (LPCs) the main goal for novel
therapies. Peptide-based immunotherapy offers a low-side-effect approach
aiming to induce T cell responses directed against human leukocyte antigen
(HLA) presented tumor antigens on malignant cells by therapeutic vaccination.
Mass spectrometry-based analysis of the naturally presented immunopeptidome
of primary enriched LPC and AML samples enabled the selection of antigens
exclusively expressed on LPC/AML cells, which showed de novo induction and
spontaneous memory T cell responses in AML patients, and whose presentation
and memory T cell recognition was associated with improved disease outcome.

Methods: Based on these data the therapeutic vaccine AML-VAC-XS15 was
designed, comprising two mutated HLA class |-restricted peptides from the
common AML-specific mutation in NPM1 and seven HLA class Il-restricted
peptides (six non-mutated high-frequent AML/LPC-associated antigens and
one mutated peptide from the AML-specific mutation R140Q in IDH2),
adjuvanted with the toll like receptor 1/2 ligand XS15 and emulsified in
Montanide ISA 51 VG. A phase | open label clinical trial investigating AML-VAC-
XS15 was designed, recruiting AML patients in complete cytological remission
(CR) or CR with incomplete blood count recovery. Patients are vaccinated twice
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with a six-week interval, with an optional booster vaccination four months after
2nd vaccination, and are then followed up for two years. The trial's primary
objectives are the assessment of the vaccine’'s immunogenicity, safety and
toxicity, secondary objectives include characterization of vaccine-induced T
cell responses and assessment of preliminary clinical efficacy.

Ethics and dissemination: The AML-VAC-XS15-01 study was approved by the
Ethics Committee of the Bavarian State medical association and the Paul-Ehrlich
Institut (P01392). Clinical trial results will be published in peer-reviewed journals.

acute myeloid leukemia, peptide vaccine, immunotherapy, clinical trial,
translational immunology

1 Introduction

Acute myeloid leukemia (AML), a malignant disorder of the
bone marrow characterized by the clonal expansion and
differentiation arrest of myeloid progenitor cells (1), is the most
common form of acute leukemia in adults, yet shows the worst
outcome of all leukemias with a 5-year survival rate of only 30% (2).
Despite numerous treatment advances in recent years and high
initial remission rates, disease relapse occurs in a large proportion of
patients, resulting in the still very high mortality rate of AML (3).
Most treatment advances that were achieved over the last decades
have mainly led to a benefit for younger patients, as they tend to be
based on intensive chemotherapy and the increased use of
allogeneic stem cell transplantation. Moreover, attempts to find
treatment strategies based on the increasing knowledge on the
molecular subgroups of AML have led to the approval of a
number of new substances like enasidenib, ivosidenib or
gilteritinib. However, none of them have so far shown a
significant impact on overall survival (4). The prognosis for
medically unfit patients and patients above the age of seventy
remains dismal due to their ineligibility for intensive treatment
and the resulting high relapse rates (5, 6). The main reason for
disease relapse is the presence of minimal residual disease (MRD),
which is characterized by the persistence of therapy-resistant
leukemia stem and progenitor cells (LPCs) in the patients’ bone
marrow (7). To eliminate these cells and achieve long-lasting
remissions and potential cure, the development of novel
therapeutic approaches that specifically target these residual cells
is urgently needed.

One option to achieve this goal is T cell-based immunotherapy,
which harnesses the immune system to eliminate malignant cells.
The immunogenicity of AML, which is documented by graft-
versus-leukemia effects after hematopoietic stem cell
transplantation (8) as well as the favorable immune effector-to-
target cell ratios in the MRD setting, suggests that AML might be
effectively targeted by T cell-based immunotherapy (9). In recent
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years, the breakthrough clinical success of T cell-based
immunotherapy approaches, including immune checkpoint
inhibitors, chimeric antigen receptor T cells, bispecific antibodies
and adoptive T cell transfer, have revolutionized the treatment of
many malignant diseases (10-12). However, the majority of patients
and cancer entities, including AML, still do not benefit from
available immunotherapeutic strategies, others for a limited time
only (13-16). Remaining challenges to augment the efficacy of T
cell-based immunotherapy are therefore to improve specificity of
treatment, to increase the frequency of anti-tumor immune
responses, as well as to reduce toxicity and to expand the
spectrum of targetable cancer entities. A rational and promising
low side-effect approach to achieve this goal is peptide-based
immunotherapy (17, 18), which aims to induce a T cell response
directed against tumor antigens (TAs), presented on the surface of
tumor cells via human leukocyte antigen (HLA) molecules, by using
therapeutic vaccination (19). These TAs can arise from tumor-
specific mutations or from non-mutated, differentially expressed
and presented gene and protein products in the tumor cell (19).
For the development of novel immunotherapeutic approaches
for AML, the specific therapeutic targeting of the relapse-inducing
LPC subpopulation is of central importance. To identify widely
applicable and naturally presented LPC antigens, we used a well-
established mass spectrometry-based immunopeptidomics
workflow within a large cohort of primary AML samples (taken
from patients at first diagnosis as well as in a relapse situation), to
identify frequent HLA class I- and HLA class II-restricted antigenic
peptides presented exclusively on the CD34"CD38 LPC
subpopulation or on both LPCs and AML blasts (20). By
comparative immunopeptidome profiling using a large and
diverse benign immunopeptidome database (20-22), antigens
were selected based on their frequent and exclusive presentation
within the AML cohort, with no detection on any benign tissue of
hematologic or non-hematologic origin (23). Additionally,
screening of the AML/LPC immunopeptidomes for peptides
derived from common AML-specific mutations (e.g. FLT3,

frontiersin.org


https://doi.org/10.3389/fonc.2024.1458449
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Jung et al.

NPM1, IDH2, DNMT3A) enabled the identification of naturally
presented neoepitopes of NPMI1 and IDH2. Functional
characterization of these novel mutated and non-mutated AML/
LPC antigen targets showed de novo induction and spontaneous
memory T cell responses in samples of AML patients and healthy
volunteers (23). Of note, it was further shown that a diverse
presentation of these AML-exclusive antigens is associated with
an improved disease outcome in AML patients (23), highlighting
the clinical relevance of these antigens.

Based on these analyses, an AML/LPC peptide vaccine was
designed, comprising nine mutated and non-mutated AML- and
AML/LPC-associated HLA class I and HLA class II-restricted
peptides. As an adjuvant our toll like receptor (TLR) 1/2 agonist
XS15 (24) emulsified in Montanide ISA 51 VG was chosen, which
has already been used in several clinical trials (25-27), showing a
beneficial safety profile as well as the induction of strong and long-
lasting T cell responses even in immunocompromised cancer
patients (19, 25, 26, 28). The first-in-human (FIH) study
described here has been designed in accordance with the
recommendations of the SPIRIT 2013 Statement (29) to evaluate
the resulting multi-peptide vaccine AML-VAC-XS15, with regard
to overall safety and tolerability, as well as first signs of clinical
efficacy in AML patients.

2 Materials

The vaccine AML-VAC-XS15 evaluated in this trial consists of
nine AML-specific peptides, the adjuvant XS15 and the emulsifier
Montanide ISA 51 VG (Figure 1). The peptide mixture contains 300
ug each of one AML-specific mutated (R140Q in IDH2) peptide and
six immunopeptidome-defined non-mutated AML- and LPC-
associated HLA class II-restricted peptides with promiscuous
binding to multiple HLA class II allotypes, as well as 300 pg each
of two immunopeptidome-defined mutation-derived AML-
associated HLA class I-restricted neoepitopes from the common
AML-specific mutation in NPM1. All peptides were selected from a
collection of AML- and AML/LPC-associated antigens characterized
on primary AML blasts and LPCs by direct isolation of naturally
presented HLA class I and HLA class II ligands from leukemia cells
and subsequent identification via mass spectrometry. The peptides
had been functionally characterized regarding their ability to induce
T cell responses and their clinical relevance (23).

The lipopeptide XS15, chemical name N-Palmitoyl-S-[2,3-bis
(palmitoyloxy)-(2R)-propyl]-Icysteinyl-GDPKHPKSF, is a water-
soluble synthetic Pam3Cys-derivative. Due to its function as TLR1/
2 ligand, it was chosen as a suitable adjuvant to complement the
peptide cocktail in the AML-VAC-XS15-01 trial. Peptide mix and
0.12 mg XS15 are reconstituted in 33% dimethyl sulfoxide (DMSO)/
water for injection.

Prior to application, the cocktail of AML-associated peptides
and XS15 is emulgated in a water-oil emulsion 1:1 with Montanide
ISA 51 VG. Montanide ISA 51 VG is based on a blend of mannide
monooleate surfactant and mineral oil, has been used as an adjuvant
in more than 200 human vaccine trials and renders stable water-in-
oil emulsions when mixed with water-based antigenic media.
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3 Methods
3.1 Participants

The trial enrolls 20 AML patients who have achieved complete
remission (CR) or CR with incomplete blood count recovery (CRi)
with first line therapy and are not eligible for an allogeneic stem cell
transplantation (Figure 2). This includes AML patients who will
continue to receive low-dose or maintenance therapy during the trial,
with ongoing therapy being coordinated by the primary responsible
oncologist. Patients must have achieved cytological CR/CRi but may
be MRD positive or negative. By defining the study population in this
fashion, adult patients from all age and fitness categories may be
included, independent of risk classification or ongoing therapy. Only
patients who are eligible for allogeneic stem cell transplantation are
excluded, as in the course of an allogeneic stem cell transplantation
the complete T cell compartment is replaced by the donor’s immune
system. T cells of the patient are specifically destroyed as part of graft
rejection and GvHD prophylaxis, T cells induced by the trial vaccine
will thus be eliminated and replaced by donor cells without any effect
of the vaccination being expected to remain. There will be no healthy
control subjects in the study. Detailed inclusion and exclusion criteria
are therefore as follows:

Inclusion criteria

» Ability to understand and willingness to sign a written
informed consent document.

* Males or females aged > 18 years of age.

* Documented diagnosis of AML according to
WHO guidelines.

0 Morphological CR or CRi, positive MRD is permitted.
o Completion of previous intensive therapy (first
vaccination 4-28 weeks after last application of
intensive chemotherapy).

o Ongoing low intensity treatment, e.g. with
hypomethylating agents (HMA) and venetoclax,
is permitted.

o Ongoing maintenance treatment, e.g. with oral

azacytidine or midostaurin, is permitted.

o Not eligible for allogeneic stem cell transplantation.

* Eastern Cooperative Oncology Group (ECOG)
performance status score of < 2.
e Adequate organ function laboratory values.

o Bilirubin < 3 times upper limit range [exception isolated
indirect hyperbilirubinemia (Morbus Gilbert-Meulengracht)].

o Alanine aminotransferase and aminotransferase, < 5
times upper limit range.

o Creatinine clearance > 30 ml/min (according to Chronic
Kidney Disease Epidemiology Collaboration formula).

o Platelets > 50.000/pl.
o Absolute CD3" T cell count > 200/pl.
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FIGURE 1

Construction of the vaccine. After an extensive comparison of immunopeptidomes of acute myeloid leukemia (AML) cells (red), leukemia stem and
progenitor cells (LPC) (blue) and benign tissue cells (green), the LPC/AML non-benign overlap (red-black hatched) was isolated and used to provide
six human leukocyte antigen (HLA) class Il-restricted non-mutated (blue dots), one HLA class ll-restricted mutated (green dot) and two HLA class |-
restricted mutated (yellow dots) peptides for the peptide mix, including the adjuvant XS15. The peptide mix is emulsified with Montanide ISA 51 VG to
formulate the multi-peptide vaccine.

Negative serological Hepatitis B test or negative PCR in case
of positive serological test without evidence of an active
infection, negative testing of Hepatitis C RNA, negative
HIV test within 6 weeks prior to study inclusion.

Female patients of childbearing potential and male patients
with partners of childbearing potential, who are sexually
active, must agree to the use of two effective forms (at least
one highly effective method) of contraception. This should
be started from the signing of the informed consent and be
continued until 3 months (both female and male patients)
after last vaccination).

For female patients of childbearing potential two negative
pregnancy tests (sensitivity of at least 25 U/mL) prior to first
vaccination, one at screening and the other prior (< 24 h) to
first vaccination.

Postmenopausal or evidence of non-child-bearing status.

Exclusion criteria

Pregnant or breastfeeding.

Unwilling or unable to follow the study schedule for
any reason.

Chemotherapy or other systemic therapy or radiotherapy,
up to 14 days prior to the first dose of study drug (ongoing
low intensity or maintenance treatment with e.g. HMA,
venetoclax or midostaurin is permitted).

Concurrent or previous treatment within 28 days in another
interventional clinical trial with an investigational
anticancer therapy or any other investigational therapy,
which would interfere with the study’s primary and
secondary endpoints.

Major surgery within 28 days of dosing of study drug.
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* Treatment with immunotherapy agents within 28 days of
dosing of study drug.

» Diagnosis of acute promyelocytic leukemia (APL).

* Autoimmune disease that requires or has required
treatment with systemic immunosuppressive treatments,
except low dose corticosteroids (< 10 mg/day), in the past
1 year.

e Prior history of malignancies, other than AML/
myelodysplastic syndrome (MDS), unless the subject has
been free of the disease for > 5 years. Exceptions include the
following: basal cell carcinoma of the skin, carcinoma in situ
of the cervix, carcinoma in situ of the breast, histological
finding of prostate cancer of TNM stage T1.

* Prior stem cell allograft.

* Ongoing or active infection (including SARS-CoV-2).

* Any live vaccination within 28 days prior to the first dose of
the study drug.

* Known hypersensitivity against components of the vaccine.

3.2 Study design

Trial duration will be approximately 26 months for each
patient, however, the actual treatment phase will cover only 1.5
months (Figure 3). During that time, patients will receive two
vaccine doses of AML-VAC-15, six weeks apart, administered
subcutaneously into the skin of the lower abdomen. If an
insufficient T cell response is measured four weeks after the
second vaccination, a booster vaccination may be applied four
months after the second vaccination, which will then be followed
up with an extra safety visit four weeks later. This particular dosing
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| Patient with AML (except APL) |
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depending on individual
circumstances (genetics,
tolerability, etc.), until

if allo-Tx in case of CC-486 or
relapse not possible:

CC-486

L]

midostaurin
disease progression or
loss of tolerability

Study population within the framework of current treatment guidelines of the medical societies in hematology and medical oncology of the German
speaking countries (DGHO) (4). Study patients must have reached complete remission (CR) or CR with incomplete blood count recovery (CRi) with

any type of first-line therapy. Allogeneic stem cell transplantation (allo-Tx) must not be a viable treatment option. AML, acute myeloid leukemia; APL,
acute promyelocyte leukemia; 7 + 3, combinatorial treatment with cytarabine (7 days) and daunorubicin (3 days); CBF, core binding factor mutation;

| Maintenance | | Consolidation | =] | Induction |

study population

10.3389/fonc.2024.1458449

GO, gemtuzumab ozogamicin; mut, mutated; sAML, secondary AML; tAML, therapy-associated AML; LDAC, low-dose cytarabine; IDAC,
intermediate-dose cytarabine; HDAC, high-dose cytarabine; CC-486, oral azacytidine; CPX-352, liposomal cytarabine and daunorubicin; HMA,

hypomethylating agent.

scheme is based on results of our previous vaccination trials in
healthy adults (P-pVAC-SARS-CoV-2, NCT04546841) (25), cancer
patients with B cell/antibody deficiency (B-pVAC-SARS-CoV-2,
NCT04954469) (26), glioblastoma patients (GLIO-XS15,
NCT04842513) and patients with chronic lymphocytic leukemia
(CLL) (XS15-iVAC-CLLO01, NCT02802943). Data available from

those studies so far shows that the dose of 300 pg per peptide
adjuvanted with the TLR1/2 ligand XS15 (50 pg) emulsified 1:1 in
Montanide ISA 51 VG is safe and effective to induce profound and
long lasting CD4" and CD8" T cell responses that by far exceed
those induced by previous peptide vaccines as well as by mRNA-
based vaccines (25, 26). Therefore, to balance minimal side effects

no response

g/

treatment follow-up
6 weeks 1 month 3 months 3 months 6 months 6 months 6 months
safety
peptide vaccination); follow-
up 1 month
FU-B FU2 FU3 FU4 EOS

low intensity/ maintenance treatment and regular check-ups remain with primary responsible hemato-oncologist

FIGURE 3

Study schedule. AML patients receive two vaccine doses (V1 and V2), six weeks apart. After one month, an end-of-treatment (EOT) visit is scheduled,
followed by two follow-up visits (FUL and FU2), three months apart. Evaluation of immune response by IFN-y ELISpot assay is done at every visit
except screening. If immune response at EOT is insufficient, a booster vaccination (B) can be applied at FU1, which will then be followed by an
additional follow-up visit (FU-B) after one month. After FU2, two more follow-up visits (FU3 and FU4) and an end of study (EOS) visit are performed,
spaced six months apart. Throughout the study, any ongoing therapy and its monitoring are conducted by the primary responsible hematologist/
oncologist. CR, complete remission; CRi, complete remission with incomplete blood count recovery; n, number.
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with maximum immune response induction, two vaccinations
spaced six weeks apart are applied within the trial, with the
option of a booster for those patients whose T cell responses are
still insufficient after two vaccinations.

During the follow-up period, patient care will be supervised by
the primary responsible hemato-oncologist center, but patients will
report every six months for evaluation of safety, toxicity and
primary efficacy, defined as the immunogenicity of the vaccine.
Same as during treatment phase, at each scheduled visit the number
of AEs according to CTCAE V 5.0 will be recorded and the
induction of a T cell response will be determined by IFNy ELISpot.

3.3 Safety and toxicity

Results of repeated safety assessments performed from
screening through EOS at scheduled intervals throughout the
trial, recruitment rates and trial status will be presented to an
independent data and safety monitoring board (DSMB),
comprising independent experts in the field of hematology,
oncology and immunology. They will evaluate progress, safety
data and critical efficacy endpoints in meetings taking place once
a year. An extraordinary meeting may be arranged at any time if
patient safety appears to be jeopardized (for example, in case a
vaccine-related SAE occurs). Thus, the DSMB will regularly assess
whether any stopping rules defined in the protocol have been
reached and will formulate recommendations for the sponsor on
whether to modify, continue or terminate the trial. General
stopping rules in this case are an unacceptable profile or
incidence rate of adverse events revealed in this or any other
study in which at least one of the investigational products of this
trial is administered (predefined as the occurrence of more than
three vaccine-related SAEs), a demonstration that the study
treatment is ineffective or insufficiently active, a significant
number of deaths associated with the study treatment and any
other factor that in the view of the sponsor constitutes an adequate
reason for terminating the study as a whole.

3.4 Statistical considerations

According to usual practice in early phase I studies, statistical
planning is designed so that a statistically reasoned decision regarding a
subsequent phase II study (for or against) can be made. The trial’s
sample size was chosen based on the assumption that, in case of the
induction of a peptide-specific immune response in < 30% of patients
the therapeutic concept will be extended with a probability of at most
5% (type one error, one-sided). Contrastingly, in case of the induction
of a peptide-specific immune response in > 60% of patients, the
therapeutic concept should be followed with a probability of at least
80% (power). Given a sample size of n = 20 patients, this entails that at
least 10 patients must show an immune response for the therapeutic
concept to be evaluated in a phase II study. The exact power is 87%, the
exact type 1 error is 4.8% (with calculations based on the binomial
distribution with n = 20, p = 0.3 or p = 0.6, k < 10 or k > 10).
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4 Objectives and endpoints of
the study

One primary objective of the trial is to evaluate the safety and
tolerability of the multi-peptide vaccine AML-VAC-XS15, as
determined by the number of adverse events (AEs) according to
the common terminology criteria for adverse events (CTCAE) V 5.0.
The second primary objective of the trial is to evaluate the efficacy,
defined as the immunogenicity, of AML-VAC-XS15 as determined
by induction of T cell immunity. This will be evaluated by the
percentage of patients with induction of a peptide specific T cell
response until 28 days after last vaccination compared to baseline
before first vaccination by interferon (IFN) y enzyme-linked
immunosorbent spot (ELISPot), using T cells from peripheral blood.

Secondary objectives of this trial include the induction of
peptide specific T cell responses until end of study (EOS), as well
as safety and toxicity of the peptide vaccine until EOS. For this
purpose, the percentage of patients with induction of a peptide
specific T cell response at all scheduled visits after vaccination will
be calculated, using T cells from peripheral blood, and the number
of patients receiving a booster vaccination will also be documented.
Incidence and severity of AEs, serious AEs (SAEs) and suspected
unexpected severe adverse reactions (SUSARs) will be documented
from first vaccination until EOS. Additional secondary objectives
include evaluation of first signs of clinical efficacy, determined by
progression-free (PFS) and overall survival (OS) defined as the time
from baseline (prior to first vaccination) to the first objective
leukemia progression, allogeneic stem cell transplantation or
death from any cause until EOS. Finally, secondary objectives
include quality of life, analyzed by overall Quality of life scores
(EORTC QLC C-30) at all visits during and after vaccination.

Exploratory objectives of the trial are to correlate the
inducibility of AML-VAC-XS15 immune responses with clinical,
biological, and immunopeptidome-based patient characteristics, as
well as a further characterization of the phenotype and functionality
of vaccine-induced T cells, which should also enable detection of
possible T cell exhaustion. Induction of T cell responses will be
determined by IFN-y ELISpot assays at regular timepoints
throughout the trial, compared to baseline and correlated with
patient characteristics, as assessed at baseline through to the EOS
visit. The vaccine-induced T cell response will be characterized by
phenotype and functionality analysis of peptide-specific T cells
using flow cytometry and single cell sequencing. These analyses
will be correlated to alterations in the number and percentage of
lymphocyte subset counts from baseline through EOS. Specific
analyses of bone marrow-derived T cells will be conducted as well
within expanded exploratory endpoints.

5 Discussion

Despite numerous treatment advances for AML in recent years
and initially high remission rates, disease relapses occur in a large
proportion of patients (1-3). The main reason for disease relapse is
the presence of MRD mediated by therapy-resistant LPCs in the
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patient’s bone marrow (1, 3, 4, 7). Therefore, current efforts are
focused on eliminating these cells to achieve long-lasting remissions
and potential cures. A rational and promising approach to reach
this goal is peptide-based immunotherapy, which represents a low
side-effect treatment relying on specific immune recognition of
HLA-presented peptides on the tumor cell surface (17, 18). Several
peptide vaccination studies have reported promising results in
terms of in vivo immunogenicity, but so far lack broad clinical
responses (30-37). This is likely due to several so far unmet
prerequisites for clinical effective peptide vaccination, including
the selection of antigens, adjuvant formulations, combinatorial
treatments and vaccination time points (18). We present here a
first-in-human phase I, single-arm, open-label, interventional
multi-peptide vaccination trial that aims to overcome these
former limitations by addressing several key prerequisites for
clinical effective vaccine design:

Based on our recent work characterizing the immunopeptidomic
landscape of LPC in primary AML (23), we designed an AML/LPC
peptide vaccine, comprising nine mutated and non-mutated AML- and
AML/LPC-associated HLA class I- and HLA class II-restricted
peptides. The non-mutated vaccine peptides were selected based on
their high frequent natural presentation on AML blasts and particularly
on LPCs in a large primary AML cohort. Furthermore, they were
validated to be tumor-exclusive, as they were never detected on any
benign tissue in an extensive benign immunopeptidome reference
database (23). The mutated vaccine peptides comprise two HLA
class I-restricted neoepitopes derived from a frameshift insertion in
NPMLI, which is the most common AML-specific mutation occurring
in 35% of all AML patients (38), as well as an HLA class II-restricted
neoepitope derived from the AML-specific mutation R140Q in IDH2.
In stark contrast to previously conducted neoepitope-based peptide
vaccination trials, in which the selection of vaccinated neoepitopes
solely relies on in silico predictions (39, 40), the neoepitopes included in
this vaccine were shown to be naturally presented on AML cells by
mass spectrometry-based immunopeptidome analysis and to be
targeted by memory T cell responses in AML patients. Of note, for
both mutated and non-mutated AML antigens a correlation of HLA
peptide presentation as well as peptide-specific memory T cell
responses in AML patients with disease outcome was shown, which
underscores the pathophysiological relevance of these antigens (23).

The AML-VAC-XS15 vaccine constitutes an off-the-shelf
peptide vaccine mainly composed of HLA class II-restricted
peptides with promiscuous binding to multiple HLA class II
allotypes. The high promiscuity of HLA class II molecules enables
the binding to and presentation of the vaccinated peptides by
different HLA allotypes and therefore the HLA allotype-
independent application of these peptides (41). The feasibility of
this approach was recently proven in the P-pVAC-SARS-CoV-2
(NCT04546841) and B-pVAC-SARS-CoV-2 (NCT04954469) trials
where 100% and 86% of participants developed a vaccine-induced
peptide-specific T cell response independent of their HLA allotypes
(25, 26). In silico binding predictions demonstrate that the HLA
class II-restricted peptides included in the AML-VAC-XS15 vaccine
should be able to bind to multiple HLA class II allotypes, which will
enable universal patient coverage, in contrast to other approaches
employing vaccines limited to particular HLA allotypes (42-44).
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Beside the selection of optimal antigen targets, the use of a
potent adjuvant formulation able to induce strong and long-lasting
immune responses is a key prerequisite for efficient peptide
vaccination. In the AML-VAC-XS15-01 study we apply an
innovative immune stimulator adjuvant formulation based on the
TLR1/2 agonist XS15 that has already proven safety and tolerability
as well as potent T cell activation in clinical trials [NCT04546841
(25), NCT04954469 (26)]. XS15, a water-soluble derivative of the
TLR1/2 ligand Pam3Cys (24), is combined with the peptide cocktail
and emulsified with Montanide ISA 51 VG, resulting in an oily
vaccine formulation for subcutaneous injection into the abdominal
tissue. This formulation is designed to provide continuous immune
stimulation without systemic side effects and has been shown to
induce highly potent CD8" and Thl CD4" T cell responses after
single dosing, which exceed those elicited by other peptide and
mRNA-based vaccines (25). In addition, the specific adjuvant
formulation creates a depot at the injection site where the
vaccinated peptides persist, thereby facilitating the induction of a
robust immune response lasting up to several years (24-26, 45, 46).
Importantly, so far no significant systemic side effects have been
reported in healthy volunteers (NCT04546841) (25) or in cancer
patients (46), in particular no allergic or anaphylactic reactions or
immune-related side effects have occurred as yet.

Peptide vaccination will be applied in AML patients who have
achieved CR with first-line therapy. This remission stage ensures an
optimal effector-to-target cell ratio for peptide-based immunotherapy,
as most of the tumor cells are eliminated and the T cell compartment
should be recovered (47-49). Vaccination will start up to 20 weeks
after completion of an intensive previous therapy. This time frame will
give patients enough time to recuperate the immune system from first-
line therapy. With patients receiving maintenance therapy due to an
intermediate or high-risk situation, the shortest gap possible between
reaching CR and the start of vaccination will be aimed for to minimize
the risk of relapse while undergoing vaccination. Patients receiving
continuous low-intensity therapy may enter the study as soon as CR/
CRi has been achieved.

In summary, the AML-VAC-XS15 vaccine to be evaluated in
this study promises to be an innovative treatment to prevent MRD-
driven relapse in AML patients who have reached CR with standard
therapy. For this particular patient population, which despite initial
successes still faces a dismal prognosis, it is expected that the trial
will demonstrate preliminary clinical efficacy of an effective, safe
and easily applicable new therapeutic option.

6 Ethics and dissemination

The clinical trial will be performed in accordance with the
Declaration of Helsinki and will comply with the International
Conference on Harmonization and Good Clinical Practice. In
particular, no study examinations, treatments or procedures will
be undertaken without first obtaining written informed consent
from the patients. The trial was approved by the Ethics Committee
of the Bavarian state medical association and the Paul-Ehrlich-
Institut (P01392). During trial conduct, the responsible authorities
will be informed on a regular basis about the progress of the trial.
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The results of this clinical trial will be presented at relevant
national and international meetings and published in peer-reviewed
journals regardless of outcome. Written informed consent for
publication will be obtained from patients as part of the informed
consent form. All planned publications will be reviewed by the
principal investigator and the biostatistician prior to publication to
avoid violation of patients’ rights.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Author contributions

SJ: Conceptualization, Investigation, Project administration, Writing
— original draft. AN: Investigation, Methodology, Resources, Writing —
review & editing. YM: Investigation, Methodology, Resources, Writing —
review & editing. MD: Investigation, Methodology, Resources, Writing
- review & editing. LZ: Investigation, Methodology, Resources,
Writing - review & editing. CK: Investigation, Methodology,
Resources, Writing - review & editing. MO: Investigation,
Methodology, Resources, Writing — review & editing. PM: Data
curation, Formal analysis, Writing - review & editing. CH:
Investigation, Writing — review & editing. AE: Investigation, Writing —
review & editing. JH: Investigation, Writing — review & editing. HS:
Conceptualization, Investigation, Supervision, Writing — review &
editing. JW: Conceptualization, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Visualization,
Writing — original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This clinical

References

1. Chakraborty S, Park CY. Pathogenic mechanisms in acute myeloid leukemia. Curr
Treat Options Oncol. (2022) 23:1522-34. doi: 10.1007/s11864-022-01021-8

2. National Cancer Institute. Surveillance E, and End Results Program. Cancer Stat
Facts: Leukemia — Acute Myeloid Leukemia (AML). (2017) Maryland: National Cancer
Institute. Available at: https://seer.cancer.gov/statfacts/html/amyl.html.

3. Huerga-Dominguez S, Villar S, Prosper F, Alfonso-Pierola A. Updates on the
management of acute myeloid leukemia. Cancers (Basel). (2022) 14:4756. doi: 10.3390/
cancers14194756

4. Rollig C. Akute myeloische leukimie (AML). Available online at: https://www.
onkopedia.com/de/onkopedia/guidelines/akute-myeloische-leukaemie-aml/@@
guideline/html/index.html. (Accessed Sep 30, 2024)

5. Shah A, Andersson TM, Rachet B, Bjorkholm M, Lambert PC. Survival and cure
of acute myeloid leukaemia in England, 1971-2006: a population-based study. Br |
Haematol. (2013) 162:509-16. doi: 10.1111/bjh.12425

6. Thein MS, Ershler WB, Jemal A, Yates JW, Baer MR. Outcome of older patients
with acute myeloid leukemia: an analysis of SEER data over 3 decades. Cancer. (2013)
119:2720-7. doi: 10.1002/cncr.28129

Frontiers in Oncology

10.3389/fonc.2024.1458449

trial is financed by an Applied Clinical Research (AKF) grant of the
Medical Faculty of the University Tiibingen (grant number 1009-0-0)
as well as a grant of the Else-Kréner-Fresenius-Foundation (EKFS,
grant number 2022_EKTP29_GMP).

Acknowledgments

We thank the members of the Data Safety Monitoring Board,
the technical and clinical staff of the Clinical Collaboration Unit
Translational Immunology, Department of Internal Medicine,
University Hospital Tiibingen, and the Department for Peptide-
Based Immunotherapy, Institute of Immunology, University and
University Hospital Tibingen; the Pharmacy of the University
Hospital Tiibingen; the data management team at the Institute for
Clinical Epidemiology and Applied Biometry, University Hospital
Tiibingen, and the “Zentrum fiir Klinische Studien” at the University
Hospital Ttibingen for support and coordination. We acknowledge
support from the Open Access Publication Fund of the University
of Ttbingen.

Conflict of interest

Authors AN and JW are listed as inventors on patents related to
peptides described in this manuscript.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

7. Hope K], Jin L, Dick JE. Acute myeloid leukemia originates from a hierarchy of
leukemic stem cell classes that differ in self-renewal capacity. Nat Immunol. (2004)
5:738-43. doi: 10.1038/ni1080

8. Versluis J, Kalin B, Zeijlemaker W, Passweg ], Graux C, Manz MG, et al. Graft-
versus-leukemia effect of allogeneic stem-cell transplantation and minimal residual
disease in patients with acute myeloid leukemia in first complete remission. JCO Precis
Oncol. (2017) 1:1-13. doi: 10.1200/PO.17.00078

9. Daver N, Alotaibi AS, Bucklein V, Subklewe M. T-cell-based immunotherapy of
acute myeloid leukemia: current concepts and future developments. Leukemia. (2021)
35:1843-63. doi: 10.1038/s41375-021-01253-x

10. Armand P, Shipp MA, Ribrag V, Michot JM, Zinzani PL, Kuruvilla J, et al.
Programmed death-1 blockade with pembrolizumab in patients with classical hodgkin
lymphoma after brentuximab vedotin failure. J Clin Oncol. (2016) 34:3733-9.
doi: 10.1200/JCO.2016.67.3467

11. Topp MS, Gokbuget N, Stein AS, Zugmaier G, O’Brien S, Bargou RC, et al. Safety
and activity of blinatumomab for adult patients with relapsed or refractory B-precursor

frontiersin.org


https://doi.org/10.1007/s11864-022-01021-8
https://seer.cancer.gov/statfacts/html/amyl.html
https://doi.org/10.3390/cancers14194756
https://doi.org/10.3390/cancers14194756
https://www.onkopedia.com/de/onkopedia/guidelines/akute-myeloische-leukaemie-aml/@@guideline/html/index.html
https://www.onkopedia.com/de/onkopedia/guidelines/akute-myeloische-leukaemie-aml/@@guideline/html/index.html
https://www.onkopedia.com/de/onkopedia/guidelines/akute-myeloische-leukaemie-aml/@@guideline/html/index.html
https://doi.org/10.1111/bjh.12425
https://doi.org/10.1002/cncr.28129
https://doi.org/10.1038/ni1080
https://doi.org/10.1200/PO.17.00078
https://doi.org/10.1038/s41375-021-01253-x
https://doi.org/10.1200/JCO.2016.67.3467
https://doi.org/10.3389/fonc.2024.1458449
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Jung et al.

acute lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol.
(2015) 16:57-66. doi: 10.1016/S1470-2045(14)71170-2

12. Garfall AL, Maus MV, Hwang WT, Lacey SF, Mahnke YD, Melenhorst JJ, et al.
Chimeric antigen receptor T cells against CD19 for multiple myeloma. N Engl ] Med.
(2015) 373:1040-7. doi: 10.1056/NEJMoal504542

13. Guijarro-Albaladejo B, Marrero-Cepeda C, Rodriguez-Arboli E, Sierro-Martinez
B, Perez-Simon JA, Garcia-Guerrero E. Chimeric antigen receptor (CAR) modified T
Cells in acute myeloid leukemia: limitations and expectations. Front Cell Dev Biol.
(2024) 12:1376554. doi: 10.3389/fcell.2024.1376554

14. Kaito Y, Imai Y. Evolution of natural killer cell-targeted therapy for acute myeloid
leukemia. Int ] Hematol. (2024) 120(1):34-43. doi: 10.1007/s12185-024-03778-0

15. Santoro N, Salutari P, Di Ianni M, Marra A. Precision medicine approaches in
acute myeloid leukemia with adverse genetics. Int J Mol Sci. (2024) 25. doi: 10.3390/
ijms25084259

16. Benelli ND, Brandon I, Hew KE. Immune checkpoint inhibitors: A narrative
review on PD-1/PD-L1 blockade mechanism, efficacy, and safety profile in treating
Malignancy. Cureus. (2024) 16:e58138. doi: 10.7759/cureus.58138

17. Perez SA, von Hofe E, Kallinteris NL, Gritzapis AD, Peoples GE, Papamichail M, et al. A
new era in anticancer peptide vaccines. Cancer. (2010) 116:2071-80. doi: 10.1002/cncr.24988

18. Nelde A, Rammensee HG, Walz JS. The peptide vaccine of the future. Mol Cell
Proteomics. (2021) 20:100022. doi: 10.1074/mcp.R120.002309

19. Bauer J, Nelde A, Bilich T, Walz JS. Antigen targets for the development of
immunotherapies in leukemia. Int J Mol Sci. (2019) 20. doi: 10.3390/ijms20061397

20. Nelde A, Maringer Y, Bilich T, Salih HR, Roerden M, Heitmann JS, et al.
Immunopeptidomics-guided warehouse design for peptide-based immunotherapy in
chronic lymphocytic leukemia. Front Immunol. (2021) 12:705974. doi: 10.3389/
fimmu.2021.705974

21. Bilich T, Nelde A, Bichmann L, Roerden M, Salih HR, Kowalewski DJ, et al. The
HLA ligandome landscape of chronic myeloid leukemia delineates novel T-cell epitopes
for immunotherapy. Blood. (2019) 133:550-65. doi: 10.1182/blood-2018-07-866830

22. Marcu A, Bichmann L, Kuchenbecker L, Kowalewski DJ, Freudenmann LK,
Backert L, et al. HLA Ligand Atlas: a benign reference of HLA-presented peptides to
improve T-cell-based cancer immunotherapy. J Immunother Cancer. (2021) 9.
doi: 10.1136/jitc-2020-002071

23. Nelde A, Schuster H, Heitmann JS, Bauer J, Maringer Y, Zwick M, et al. Immune
surveillance of acute myeloid leukemia is mediated by HLA-presented antigens on
leukemia progenitor cells. Blood Cancer Discovery. (2023) 4(6):0F1-OF22.
doi: 10.1158/2643-3230.BCD-23-0020

24. Rammensee HG, Wiesmuller KH, Chandran PA, Zelba H, Rusch E,
Gouttefangeas C, et al. A new synthetic toll-like receptor 1/2 ligand is an efficient
adjuvant for peptide vaccination in a human volunteer. ] Immunother Cancer. (2019)
7:307. doi: 10.1186/s40425-019-0796-5

25. Heitmann JS, Bilich T, Tandler C, Nelde A, Maringer Y, Marconato M, et al. A
COVID-19 peptide vaccine for the induction of SARS-CoV-2 T cell immunity. Nature.
(2022) 601:617-22. doi: 10.1038/s41586-021-04232-5

26. Heitmann JS, Tandler C, Marconato M, Nelde A, Habibzada T, Rittig SM, et al.
Phase I/II trial of a peptide-based COVID-19 T-cell activator in patients with B-cell
deficiency. Nat Commun. (2023) 14:5032. doi: 10.1038/s41467-023-40758-0

27. Hackenbruch C, Bauer J, Heitmann JS, Maringer Y, Nelde A, Denk M, et al.
FusionVAC22_01: a phase I clinical trial evaluating a DNAJB1-PRKACA fusion
transcript-based peptide vaccine combined with immune checkpoint inhibition for
fibrolamellar hepatocellular carcinoma and other tumor entities carrying the oncogenic
driver fusion. Front Oncol. (2024) 14:1367450. doi: 10.3389/fonc.2024.1367450

28. Tandler C, Heitmann JS, Michel TM, Marconato M, Jaeger SU, Tegeler CM, et al.
Long-term efficacy of the peptide-based COVID-19 T cell activator CoVac-1 in healthy
adults. Int J Infect Dis. (2023) 139:69-77. doi: 10.1101/2023.06.07.23291074

29. Chan AW, Tetzlaff J]M, Altman DG, Dickersin K, Moher D. SPIRIT 2013: new
guidance for content of clinical trial protocols. Lancet. (2013) 381:91-2. doi: 10.1016/
S0140-6736(12)62160-6

30. Weihrauch MR, Ansen S, Jurkiewicz E, Geisen C, Xia Z, Anderson KS, et al.
Phase I/IT combined chemoimmunotherapy with carcinoembryonic antigen-derived
HLA-A2-restricted CAP-1 peptide and irinotecan, 5-fluorouracil, and leucovorin in
patients with primary metastatic colorectal cancer. Clin Cancer Res. (2005) 11
(16):5993-6001.

Frontiers in Oncology

09

10.3389/fonc.2024.1458449

31. Peoples GE, Gurney JM, Hueman MT, Woll MM, Ryan GB, Storrer CE, et al.
Clinical trial results of a HER2/neu (E75) vaccine to prevent recurrence in high-risk
breast cancer patients. ] Clin Oncol. (2005) 23(30):7536-45.

32. Walter S, Weinschenk T, Stenzl A, Zdrojowy R, Pluzanska A, Szczylik C, et al.
Multipeptide immune response to cancer vaccine IMA901 after single-dose
cyclophosphamide associates with longer patient survival. Nat Med. (2012) 18
(8):1254-61.

33. Feyerabend S, Stevanovic S, Gouttefangeas C, Wernet D, Hennenlotter J, Bedke J,
et al. Novel multi-peptide vaccination in Hla-A2+ hormone sensitive patients with
biochemical relapse of prostate cancer. Prostate. (2009) 69(9):917-27.

34. Mailander V, Scheibenbogen C, Thiel E, Letsch A, Blau IW, Keilholz U.
Complete remission in a patient with recurrent acute myeloid leukemia induced by
vaccination with WT1 peptide in the absence of hematological or renal toxicity.
Leukemia. (2004) 18(1):165-6.

35. Oka Y, Tsuboi A, Taguchi T, Osaki T, Kyo T, Nakajima H, et al. Induction of
WTI1 (Wilms' tumor gene)-specific cytotoxic T lymphocytes by WT1 peptide
vaccine and the resultant cancer regression. Proc Natl Acad Sci U S A. (2004) 101
(38):13885-90.

36. Van Tendeloo VF, Van de Velde A, Van Driessche A, Cools N, Anguille S, Ladell
K, et al. Induction of complete and molecular remissions in acute myeloid leukemia by
Wilms' tumor 1 antigen-targeted dendritic cell vaccination. Proc Natl Acad Sci U S A.
(2010) 107(31):13824-9.

37. Schmitt M, Schmitt A, Rojewski MT, Chen ], Giannopoulos K, Fei F, et al.
RHAMM-R3 peptide vaccination in patients with acute myeloid leukemia,
myelodysplastic syndrome, and multiple myeloma elicits immunologic and clinical
responses. Blood. (2008) 111(3):1357-65.

38. Falini B, Mecucci C, Tiacci E, Alcalay M, Rosati R, Pasqualucci L, et al.
Cytoplasmic nucleophosmin in acute myelogenous leukemia with a normal
karyotype. N Engl ] Med. (2005) 352(3):254-66.

39. Hu Z, Leet DE, Allesoe RL, Oliveira G, Li S, Luoma AM, et al. Personal
neoantigen vaccines induce persistent memory T cell responses and epitope
spreading in patients with melanoma. Nat Med. (2021) 27(3):515-25.

40. Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immunogenic
personal neoantigen vaccine for patients with melanoma. Nature. (2017) 547
(7662):217-21.

41. Southwood S, Sidney J, Kondo A, del Guercio MF, Appella E, Hoffman S, et al.
Several common HLA-DR types share largely overlapping peptide binding repertoires.
J Immunol. (1998) 160(7):3363-73.

42. Saijo A, Ogino H, Butowski NA, Tedesco MR, Gibson D, Watchmaker PB, et al.
A combinatory vaccine with IMA950 plus varlilumab promotes effector memory T-cell
differentiation in the peripheral blood of patients with low-grade gliomas. Neuro Oncol.
(2024) 26(2):335-47.

43. Migliorini D, Dutoit V, Allard M, Grandjean Hallez N, Marinari E, Widmer V,
et al. Phase I/II trial testing safety and immunogenicity of the multipeptide IMA950/
poly-ICLC vaccine in newly diagnosed adult malignant astrocytoma patients. Neuro
Oncol. (2019) 21(7):923-33.

44, Ninmer EK, Zhu H, Chianese-Bullock KA, von Mehren M, Haas NB, Ross MI,
et al. Multipeptide vaccines for melanoma in the adjuvant setting: long-term survival
outcomes and post-hoc analysis of a randomized phase II trial. Nat Commun. (2024) 15
(1):2570.

45. Tandler C, Heitmann JS, Michel TM, Marconato M, Jaeger SU, Tegeler CM, et al.
Long-term efficacy of the peptide-based COVID-19 T cell activator CoVac-1 in healthy
adults. Int ] Infect Dis. (2024) 139:69-77.

46. Bauer ], Kohler N, Maringer Y, Bucher P, Bilich T, Zwick M, et al. The oncogenic
fusion protein DNAJB1-PRKACA can be specifically targeted by peptide-based
immunotherapy in fibrolamellar hepatocellular carcinoma. Nat Commun. (2022) 13
(1):6401.

47. Alanko S, Salmi TT, Pelliniemi TT. Recovery of blood T-cell subsets after
chemotherapy for childhood acute lymphoblastic leukemia. Pediatr Hematol Oncol.
(1994) 11(3):281-92.

48. Yaniv I, Danon YL. Immune reconstitution after chemotherapy for malignant
solid tumors in children. Pediatr Hematol Oncol. (1994) 11(1):1-3.

49. Zanussi S, Serraino D, Dolcetti R, Berretta M, De Paoli P. Cancer, aging and
immune reconstitution. Anticancer Agents Med Chem. (2013) 13(9):1310-24.

frontiersin.org


https://doi.org/10.1016/S1470-2045(14)71170-2
https://doi.org/10.1056/NEJMoa1504542
https://doi.org/10.3389/fcell.2024.1376554
https://doi.org/10.1007/s12185-024-03778-0
https://doi.org/10.3390/ijms25084259
https://doi.org/10.3390/ijms25084259
https://doi.org/10.7759/cureus.58138
https://doi.org/10.1002/cncr.24988
https://doi.org/10.1074/mcp.R120.002309
https://doi.org/10.3390/ijms20061397
https://doi.org/10.3389/fimmu.2021.705974
https://doi.org/10.3389/fimmu.2021.705974
https://doi.org/10.1182/blood-2018-07-866830
https://doi.org/10.1136/jitc-2020-002071
https://doi.org/10.1158/2643-3230.BCD-23-0020
https://doi.org/10.1186/s40425-019-0796-5
https://doi.org/10.1038/s41586-021-04232-5
https://doi.org/10.1038/s41467-023-40758-0
https://doi.org/10.3389/fonc.2024.1367450
https://doi.org/10.1101/2023.06.07.23291074
https://doi.org/10.1016/S0140-6736(12)62160-6
https://doi.org/10.1016/S0140-6736(12)62160-6
https://doi.org/10.3389/fonc.2024.1458449
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	AML-VAC-XS15-01: protocol of a first-in-human clinical trial to evaluate the safety, tolerability and preliminary efficacy of a multi-peptide vaccine based on leukemia stem cell antigens in acute myeloid leukemia patients
	1 Introduction
	2 Materials
	3 Methods
	3.1 Participants
	3.2 Study design
	3.3 Safety and toxicity
	3.4 Statistical considerations

	4 Objectives and endpoints of the study
	5 Discussion
	6 Ethics and dissemination
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


