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2. Einleitung Introduction 
 
2.1. Acute myeloid leukemia (AML) 
AML is a hematopoiesis illness caused by clonal stem cells that also causes unchecked prolifer-
ation of myeloid progenitor cells (blasts), which renders hematopoiesis ineffective. Typical symp-
toms are fatigue, frequent infections, hemorrhage and fever (Hou et al., 1997, Lowenberg et al., 
1999). The most prevalent type of leukemia, AML, usually affects older patients and has a worse 
prognosis (Appelbaum et al., 2006). For diagnosis and staging of AML, a venous blood sample 
collection and an invasive bone marrow aspiration is necessary. A combination of morphological 
analyzes, cytochemistry, immunophenotyping, cytogenetics and molecular biological investiga-
tions enables the diagnosis of AML (Malcovati and Nimer, 2008). Prognostically most relevant 
are chromosomal aberrations, mutations, blast counts and age (Marcucci et al., 2011). High-dose 
chemotherapy, hypomethylating drugs, and hematopoietic stem cell transplantation (HSCT in pa-
tients under 65) are the mainstays of standard AML treatment. These treatments result in signifi-
cant rates of remission (more than 65% of cases within the first 1-2 therapy cycles), but they also 
cause high rates of relapses in up to 80% of cases in the next two years (Röllig, 2019, Gardin 
and Dombret, 2017, Ansprenger et al., 2020). Examples for new treatment strategies are anti-
leukemic protein-kinase-inhibitors (e.g., FLT3-inhibitors), epigenetic modulators, new cytotoxic 
agents, mitochondrial inhibitors which include apoptosis-based therapies and therapies that affect 
specific oncogenic proteins (Ansprenger et al., 2020). Additionally, new immunotherapeutic ther-
apies are investigated. 

 
2.2. DC-based immunotherapy 
DCs are antigen-presenting cells (APCs), which use the major histocompatibility complex (MHC) 
to mediate immune responses (Al-Daccak et al., 2004). Tumor cells are eliminated until cells of 
the adaptive immune system, particularly T cells, are activated by activating cells of the (fast, first 
line) innate immune system, such as NK cells or invariant natural killer cells (iNKT). DCs create 
immunological synapses that lead to a powerful and clonally restricted T-cell activation against 
the antigens that are presented. As a result, DCs are essential for the interface and communica-
tion between the innate and adaptive immune systems (Amberger and Schmetzer, 2020). Hem-
atopoietic stem cells and monocytes are the progenitor cells for in vivo DCs. Following danger 
signaling (e.g., by nucleic acids, infectious particles), they are activated and mature, leading to 
the upregulation of chemokine receptors (like CD197), MHC-antigens, and other costimulatory 
factors (Amberger et al., 2019, Amberger and Schmetzer, 2020, Sabado et al., 2017, Schutti et 
al., 2024). Through the application of various combinations of response modifiers (Kits), ex vivo 
DCs can be produced from CD14+ monocytes, loaded with tumor antigens (DCmon, monocyte 
derived DC) or from myeloid blasts (DCleu, leukemia derived DC; without the induction of blast 
proliferation) from whole blood (WB) from AML patients (Klauer et al., 2021, Amberger and 
Schmetzer, 2020, Unterfrauner et al., 2023): After T cell-enriched mixed lymphocyte culture 
(MLC), leukemic blasts acquire a characteristic DC morphology, express more costimulatory mol-
ecules, and have a far stronger capacity to deliver antigens to activate innate and adaptive im-
mune system cells than blasts do. These concepts have been shown to qualify for a treatment of 
AML patients: Ex vivo generated DC or DCleu might be an useful option for an adoptive transfer. 
However, these ex vivo preparations are time-consuming and elaborating and lead to limited fre-
quencies of cells. Direct use of Kits to patients with AML DCleu from blasts could be generated in 
vivo, activating the immune system and afterwards leading to an antileukemic immunoreaction 
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(Amberger and Schmetzer, 2020, Baudrexler, 2024). The composition of granulocyte macro-
phage colony stimulating factor (GM-CSF) and prostaglandin E1 (PGE1) (immunomodulatory Kit 
M) has been demonstrated to be one of the most effective combinations of immune response 
modifiers. It activates the immune system, particularly against blasts, and downregulates the im-
munosuppressive mechanism without causing blast growth (Amberger and Schmetzer, 2020, 
Plett et al., 2022, Schwepcke et al., 2022, Pepeldjiyska et al., 2022, Unterfrauner et al., 2023). In 
this thesis/these publications Kit M was used. 

 

2.3. Methodological techniques to monitor AML disease 

Understanding leukemia-related and antileukemic processes is essential. As a result, it's im-
portant to examine and monitor the various (inhibitory or activating) cells, soluble compounds, 
and even the smallest ones that are involved (Amberger et al., 2019, Boeck et al., 2017, Vogt et 
al., 2014, Schutti et al., 2024). In the last years impact of physical elements (e.g., physiological 
hypoxia (Doraneh Gard et al., 2024) or circulating vesicles (e.g., extracellular vesicles (EVs) 
(Tkach et al., 2017, Li et al., 2020)) were tested to potentially refine monitoring. Their involvement 
in immune system or tumor stimulation or in the observation of leukemia-related processes may 
help us comprehend AML illness better. 

 
2.3.1. Cytomorphology, cytochemistry, immunophenotyping and cytogenetics 
Diagnostic of AML is based on morphological classification, immunophenotyping (evaluation of 
individual patients’ blast phenotype), cytochemical assays and cytogenetic/molecular classifica-
tion. 

Modern immunophenotyping of hematological malignancies by flow cytometry is conducted by 
monoclonal antibodies conjugated to various fluorochromes, enabling (with a reduced number of 
cells) the identification and quantification of malignant cells (e.g., CD34+ blasts) and different 
subtypes as well as the determination of the degree of immunophenotypic heterogeneity of the 
malignant cell population was simplified (Campana and Behm, 2000, Paulose and Fathima, 
2023). 

A very important diagnostic tool for determining prognosis in AML are cytogenetic analyzes. Some 
specific chromosomal abnormalities (e.g., CEBPA or FLT3 mutation) correlate with cytomorpho-
logic features, immunophenotype and clinical outcome. The WHO-classification as well as the 
ELN (European LeukemiaNet) risk stratification uses the cytogenetic information as a major cri-
terion (Schoch and Haferlach, 2002, Harada et al., 2018, Döhner et al., 2022).  

For diagnosis and classification of AML stage all those options depend on both an invasive ve-
nous blood sample collection and an invasive bone marrow aspiration. Moreover, diagnosis of 
leukemia is technically demanding, needs experience of the performer and is time-consuming. 

 
2.3.2. VOC analysis as a novel method for characterizing and monitoring (malignant) dis-
eases 
All living things, including humans and animals, release organic chemicals into the environment. 
Through chemicals in exhaled air, they can reflect the state of the body's metabolism in both 
healthy and diseased settings (Mazzatenta et al., 2015). ‘Biomarkers in exhaled air might qualify 
as a systemic tool to classify and monitor disease’ (Baudrexler, 2024). The benefit of volatile 
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profiling of exhaled volatile organic compounds (VOCs) is that VOCs may be easily and noninva-
sively collected. This can be achieved by either directly measuring VOCs in an electronic nose 
(eNose) or by analyzing collected VOCs coupled to carriers (such as fleeze or earloop masks) 
(Biehl et al., 2019). VOCs are hydrocarbon-containing organic molecules. Proof of principle has 
been brought, that VOC analysis can contribute to detect disease associated markers: e.g., Par-
kinson, Alzheimer, lung cancer (Bach et al., 2015, Dragonieri et al., 2009, Biehl et al., 2019). 
Another study concluded that VOC analyzes are a promising tool to detect bladder tumor by 
headspace measurements of urine samples (Heers et al., 2018). Moreover, it has been demon-
strated, that the volatile compounds above cell culture supernatants can predict VOC patterns 
that correspond to the underlying disease subtypes (e.g., higher content of granzyme A in the 
serum and supernatant in active Bechet’s disease (Accardo-Palumbo et al., 2004, Baudrexler et 
al., 2023)).  

 

2.4. Detection of VOCs and experimental set-up of the eNose 

VOC samples (taken from breath masks or cell culture supernatants) were collected in a sealed 
environment and quantified using the Cyranose 320® electronic nose (eNose) in Marburg 
(Koczulla et al., 2011, Greulich et al., 2013). The Cyranose 320® is a polymer sensor composed 
of 32 thin-film carbon polymer chemiresistors (NoseChip). The sensor response is based on the 
binding of volatile organic compounds (VOCs) based on their structure, size, polarity, and proton 
affinity. Chemical signals are converted to electronic signals by the sensors (Lewis, 2004). Smell-
prints with a distinctive pattern are produced for single substances or mixtures. These smell prints 
are made up of 32 separate signals. Here, eNose technology was applied using a consistent 
methodology (Biehl et al., 2019, Boeselt et al., 2022). The sensors were trained using the so-
called training set before to each measurement series. Among them were aromatics, menthol, 
licorice, etc. The samples were compared with the standard values (Boeselt et al., 2022, 
Baudrexler et al., 2023). Each measurement was carried out in three stages: Medicinal air was 
used to determine a reference value (Aer medicinalis, Linde Gas Therapeutics GmbH, Unter-
schleißheim, Germany) (1). The second phase took place in 60 seconds, during which the volatile 
surface of the cell supernatants was measured (2). Then, in another 60 seconds, the eNoses’ 
sensors were cleaned using exposed ambient air (3) (Biehl et al., 2019). Principal component 
analysis was performed using arithmetic mean values derived from triple measurements of each 
sample. Subsequently, the results of linear discriminant analysis (LD) were utilized for additional 
analyses, particularly contingency table analyses. The Mahalanobis distance between groups 
was calculated (Greulich et al., 2013, Koczulla et al., 2011, Baudrexler et al., 2023). 

 
2.5. Immune system 
The immune system (mediating the innate and the adaptive immunity) is an interactive network 
of cells, humoral factors, and cytokines (Parkin and Cohen, 2001). The innate immune system, 
which includes natural killer (NK) cells, cytokine-induced killer (CIK), invariant natural killer T cells 
(iNKT cells), and APCs (monocytes, macrophages, DC) mediates the first interactions with path-
ogens and is in charge of tumor immunosurveillance (Shimizu et al., 2020, Klauer et al., 2021, 
Robertson et al., 2014). Cytokines and chemokines producing NK cell subtypes (CD56+CD3-) 
modulate the adaptive immunity. With characteristics of both T and NK cells, CIK cell 
(CD56+CD3+) and iNKT cell subtypes (6B11+; expressing a semi-invariant T cell receptor) can 
suppress the immune system or fight tumors. CIK cells identify target cells independent of T cell 
receptor or MHC molecules (Wongkajornsilp et al., 2019, Klauer et al., 2021, Boeck et al., 2017, 
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Schutti et al., 2024). Key players of the adaptive immunity are B cells (CD19+) and T cells (CD3+) 
and their subtypes (e.g., early proliferating T cells: Tprol-early; late proliferating T cells: Tprol-late, 
memory T cells: Tem/eff). The primary functions of the adaptive immune system include generating 
immunologic memory, controlling immunological homeostasis, and responding specifically to an-
tigens (Liu et al., 2020, Laumont et al., 2022). T cells express a T cell receptor that identifies 
antigens on blasts, which need to be presented by APCs on their MHC I or MHC II molecules. 
Following activation, naive T cells (Tnaive, CD3+CD45RO-) transform into non-naive T cells (Tnon-

naive, CD3+CD45RO+), which mediate different immunological responses (e.g., T helper cells: 
TCD4+, CD3+CD4+ or cytotoxic T cells: TCD4-, CD3+CD4-) or create long-living central memory 
cells (Tcm, CD3+CD45RO+CD197+) or effector memory cells (Tem/eff, CD3+CD45RO+CD197-) to 
speed up the immune system's reactivation against recurrent antigens (Bonilla and Oettgen, 
2010, Amberger et al., 2019). All subtype analyzes quantify these cell subtypes to understand 
immunological processes. Cell subtype abbreviations are given in e.g. Publication II+III (Table 1). 

 
2.6. Leukemia specific cells and antileukemic processes 
Induction of apoptosis or lysis of malignant target cells are achieved via granules (e.g., granzymes 
and perforins) (Smyth and Trapani, 1995, Keefe et al., 2005), or via death receptor ligands (e.g., 
FasL and TRAIL) (Pistritto et al., 2016). In ex vivo assays these antileukemic reactions can be 
quantified. Granules are important for the mediation of cell apoptosis and released by the granule-
dependent-pathway. The degranulation assay (DEG) can be used to identify this pathway: 
Granzymes and perforin are stored in the cytoplasm of immune cells encircled by a membrane 
containing lysosome-associated membrane glycoproteins (LAMPs) such as LAMP-1 (CD107a) 
and are transported to the cell surface, where CD107a can be stained using antibodies. Interferon 
gamma (INFy) and tumor necrosis factor alpha (TNFa), which are immune response triggers and 
mediators of cell apoptosis, can be quantified intracellularly using the intracellular cytokine assay 
(InCyt) and cytokine secretion assay (CSA). The simultaneous phenotypic characterization of an-
tigen specific immunoreactive T cells is possible (Klauer et al., 2021, Letsch and Scheibenbogen, 
2003, Schutti et al., 2024). The DEG and InCyt assay indicate a leukemia specific activation. 
Cytotoxicity assays (CTX) allow the assessment of viable target cells (blasts) in Kit M pretreat-
ment vs. not pretreated samples by assessing the antileukemia potential of stimulated and un-
stimulated effector cells (Klauer et al., 2021, Unterfrauner et al., 2023). 

The DEG test, when combined with the InCyt assay and the CTX, offers a sophisticated and 
intricate examination of the functioning of cells, particularly their (leukemia-specific) activity and 
cytotoxicity of several immune reactive cells (Klauer et al., 2021). 

 

2.7. Outline and aims of this thesis 

The aims of this thesis were to:  

I. Generate and quantify DC/DCleu, (leukemia specific) immune cell (subpopulations) 
and antileukemic effects using Kit M treated (vs. not treated) WB (and BM) or MLC 
from healthy probands and refractory AML patients ex vivo (and in vivo (in the course 
of the disease));  

II. Analyze VOCs of collected healthy and leukemic serum, cell culture supernatants (or 
breath samples in the course of the disease using an eNose);  

III. Correlate cell biological-/immunological- with VOC results in order to potentially de-
rive a VOC-based profile approach. 
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Publication I: Granulocyte-Macrophage-Colony-Stimulating-Factor Combined with Prosta-
glandin E1 Create Dendritic Cells of Leukemic Origin from AML Patients’ Whole Blood and 
Whole Bone Marrow That Mediate Antileukemic Processes after Mixed Lymphocyte Cul-
ture 

Within this publication, as a basis of our further studies, especially for publication II, we wanted 
to demonstrate the ex vivo immune modulatory capacity of Kit M (GM-CSF + PGE1) in WB and 
BM. 

We evaluated Kit-M's possible impacts on WB and BM in order to assess the antileukemic effects 
of Kit-M on the two compartments. To produce DC/DCleu, WB and BM samples from AML patients 
were treated with Kit M. Following MLC enrichment with the patients' T cells, the degranulation, 
intracellular IFNγ production, and cytotoxicity fluorolysis assays were used to evaluate the leuke-
mia-specific antileukemic effects. We were able to demonstrate that, in comparison to untreated 
WB and BM samples, Kit M significantly improved blast lysis and resulted to much higher fre-
quencies of DCleu or leukemia specific immune cells. We could show comparable Kit M-impacts 
on WB and BM samples concerning the DCleu-production and antileukemic immune cell-activation 
regardless of cells conducted before or after SCT (Unterfrauner et al., 2023). 

Since our research demonstrates that Kit M in WB produces DC/DCleu most effectively, we used 
it for additional studies. 

 

Publication II: Volatile Phases Derived from Serum, DC, or MLC Culture Supernatants to 
Deduce a VOC-Based Diagnostic Profiling Strategy for Leukemic Diseases  

Within this publication we investigated the potential of VOC based profiling strategy ex vivo.  

To yield proof of concept we quantified cells in DC cultures and innate and adaptive immune cell 
subsets after MLC by flow cytometry. Moreover, we characterized and quantified leukemia-spe-
cific cells by degranulation assay (Deg) and an intracellular cytokine assay (InCyt). Anti-leukemic 
cytotoxicity was explored with a cytotoxicity fluorolysis assay (CTX). The eNose was used to ac-
quire VOC profiles from serum or DC- and MLC culture supernatants (before vs. after culture, and 
with vs. without Kit M pre-treatment) (Baudrexler et al., 2023). ‘The eNose could significantly dis-
tinguish between healthy and leukemic patients’ serum, DC and MLC culture supernatant-derived 
volatile phases and could significantly differentiate several supernatants (with vs. without Kit M 
treatment, cultured vs. uncultured)-derived VOCs within subgroups (healthy DC or leukemic DC, 
or healthy MLC or leukemic MLC supernatants). Interestingly, the eNose could indicate Kit M- 
and culture-associated effect’ (Baudrexler et al., 2023).  

In summary, our ex vivo investigation suggests that the eNose could be a viable choice for the 
derivation of a VOC-based profiling technique using serum or cell culture supernatants, and it 
might also be a helpful diagnostic tool to identify or qualify AML illness (Baudrexler et al., 2023). 

 

Publication III (in addition): Volatile Profiling using an eNose – Exploiting Breath Volatile 
Organic Compounds for Disease Monitoring in Refractory Acute Myeloid Leukemia Pa-
tients 

Within this publication we investigated the potential of VOC based profiling strategy in vivo. 

We combined clinical and immunological data with the volatile organic compound (VOC) results 
of breath samples taken in the course of the disease in order to profile the immunological changes 
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in vivo in patients with acute myeloid leukemia (AML). Three patients with refractory acute myeloid 
leukemia were observed throughout their treatment, each receiving a different medication. P1511, 
the control patient, underwent chemotherapy. Kit M (GM-CSF and PGE1) was used to treat P1482 
and P1601. Throughout the course of the treatment, these patients were kept under close clinical, 
hematological, and immunological observation. During the observation blood samples were col-
lected to monitor (leukemia specific) immune cells using flow cytometry, CSA, and InCyt. VOCs 
were measured by an eNose using earloop masks that contained exhaled air from healthy pro-
bands and from AML patients in the course of the disease. Treatment with Kit M in vivo was 
demonstrated to be safe, to increase clinical parameters (neutrophils, thrombocytes, and reduc-
tion of blast counts), and to stimulate (leukemia specific) immunological activation; however, the 
effects subsided when the Kit M treatment was stopped. It was possible to distinguish between 
leukemic and healthy VOC profiles from P1511, P1482, and P1601 over the whole observation 
period. Additionally, there were significant differences in the VOC profiles obtained from healthy 
vs. AML breath donors and the VOC prints obtained during chemotherapy vs. Kit M therapy 
(Baudrexler, 2024).  

In summary, breath profiling (in vivo-profiling) with the use of an eNose helps determine a dis-
ease-related monitoring tool based on volatile organic compounds (VOCs) and offers a potential 
option for a diagnostic tool (healthy vs. leukemia) (Baudrexler, 2024). 

 

2.8. Conclusion 

We assume, that: 

1) Kit M (GM-CSF+PGE1) pretreated patients’ WB leads to induced/improved antileukemic 
reactions ex vivo and in vivo 

2) VOCs, as biomarkers in cell cultures’ supernatants or in exhaled air reflect the metabo-
lism under healthy or pathological conditions and may be considered a systemic tool to 
monitor (underlying) disease (e.g., AML). Therefore, an eNose is generally suitable for 
VOC detection from cell culture supernatants and exhaled patients’ breath. These find-
ings contribute to investigate -and potentially confirm- the correlation between patients’ 
cell biological- and VOC status to improve the field of AML diagnostic and disease mon-
itoring. 
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3. Zusammenfassung Summary 
VOCs sind flüchtige organische Chemikalien, die Kohlenwasserstoffverbindungen enthalten, den 
Stoffwechsel und pathologische Zustände von Gesunden und Patienten widerspiegeln und mit 
einer eNose gemessen werden können. Die VOC-Analyse kann zum Nachweis krankheitsbezo-
gener Marker verwendet werden. Ihre Rolle bei der Monitorierung von tumor- oder immunaktivie-
rungs-assoziierten Prozessen könnte dazu beitragen, antileukämische Prozesse zu überwachen, 
und könnte ein verfeinertes Diagnose- und Biomonitoring-Instrument darstellen.  

VOCs wurden über Serum, DC- und MLC-Kulturüberständen oder aus Atemmasken (direkt aus 
der Ausatemluft der Patienten) gewonnen. Um immunologische (tumorassoziierte) Veränderun-
gen in VOC-Proben von AML-Patienten und gesunden Probanden zu erkennen, korrelierten wir 
zellbiologische Analysen mit den VOC-Ergebnissen. In einer Studie (Publikation I) konnten wir 
den zellulären, antileukämischen Effekt von Kit M (GM-CSF+PGE1) vorbehandeltem Vollblut und 
Knochenmark zeigen. Schließlich konnten wir in einer Ex-vivo-Studie (Publikation II) VOCs über 
Zellkulturüberständen analysieren und anschließend in einer In-vivo-Studie (Publikation III) VOCs 
in Ausatemluft von gesunden Probanden und leukämie-erkrankten Patienten analysieren. 

1) Wir kultivierten dendritische Zellen (DC) aus leukämischem und gesundem Vollblut (WB) ohne 
(Kontrolle) oder mit immunmodulatorischem Kit M (bestehend aus Granulozyten-Makrophagen-
Kolonie-stimulierendem Faktor (GM-CSF) und Prostaglandin E1 (PGE1)), um DC/DCleu zu erzeu-
gen. Mit Kit M vorbehandeltes/nicht vorbehandeltes Vollblut, das DC/DCleu enthielt, wurde zur 
Stimulierung von mit T-Zellen angereicherten immunreaktiven Zellen in gemischten Lymphozy-
tenkulturen (MLC-Kultur) verwendet. Leukämiespezifische Zellen des erworbenen und angebo-
renen Immunsystems wurden mit einem Degranulationstest (Deg) und einem intrazellulären Zy-
tokintest (InCyt) nachgewiesen. Die antileukämische Zytotoxizität wurde mit einem Zytotoxizitäts-
Fluorolyse-Assay (CTX) bewertet.  

2) VOCs aus Serum oder DC- und MLC-Kulturüberständen (mit vs. ohne Kit M-Vorbehandlung 
und vor vs. nach der Kultivierung) wurden mit einer eNose gemessen. Im Vergleich zur Kontrolle 
(ohne Zusatz von Kit M) bildete leukämisches und gesundes Blut nach MLC-Kultivierung höhere 
Werte von (Kit M vorbehandelten) DC-Subtypen und von aktivierten und (Gedächtnis-)T-Zellen. 
Darüber hinaus wurden antigen-(leukämie-)spezifische Zellen verschiedener Abstammungslinien 
(Zellen der angeborenen und erworbenen Immunität) induziert, die zu Blasten-lysierenden Zellen 
führten. Die eNose war in der Lage, signifikant zwischen den flüchtigen Phasen aus dem Über-
stand von Seren, DCs und MLCs von gesunden und leukämischen Patienten zu unterscheiden. 
Auch konnte sie mehrere Überstände (mit vs. ohne Kit M-Behandlung, kultiviert vs. unkultiviert) 
innerhalb von Untergruppen (gesunde DCs oder leukämische DCs oder gesunde MLCs oder leu-
kämische MLC-Überstände) signifikant differenzieren. 

3) Drei therapie-refraktäre AML-Patienten wurden unterschiedlich therapiert: P1511 erhielt eine 
Chemotherapie und diente als Kontrolle. P1482 und P1601 wurden mit Kit M (GM-CSF bzw. 
PGE1) behandelt. Diese Patienten wurden während des gesamten Behandlungszeitraums kli-
nisch, hämatologisch und immunologisch überwacht. Während des Beobachtungszeitraums wur-
den Blutproben entnommen, um (leukämiespezifische) Immunzellen zu überwachen (Durch-
flusszytometrie, CSA, InCyt). Flüchtige organische Verbindungen (VOC) wurden in Atemmasken 
(Ausatemluft von AML-Patienten) im Krankheitsverlauf und von gesunden Probanden gesammelt 
und mit einer eNose gemessen. Die In-vivo-Behandlung von Patienten mit Kit M erwies sich als 
sicher, verbesserte klinische Parameter (Neutrophilen-, Thrombozyten- und Blastenzahl) und in-
duzierte eine (leukämiespezifische) Immunaktivierung, wobei die Effekte nach Absetzen der Kit 
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M-Behandlung abnahmen. Die VOC-Ergebnisse der gesunden und leukämischen Patienten 
P1511, P1482 und P1601 konnten während des gesamten Beobachtungszeitraums voneinander 
unterschieden werden. Darüber hinaus unterschieden sich die VOC-Profile von gesunden und 
AML-Patienten sowie die VOC-Ergebnisse während der Chemotherapie und die unter Kit M-The-
rapie signifikant. 

Diese Proof-of-Concept-Studie, die auf Ex-vivo- und In-vivo-Ergebnissen beruht, bestätigt, dass 
VOCs, die aus Zellkulturüberständen und Atemmasken unter Verwendung einer eNose gewon-
nen werden, eine zukünftige Option für ein verfeinertes Diagnoseinstrument (gesund vs. Leukä-
mie) darstellen und eine VOC-basierte krankheitsbezogene Überwachungsstrategie ableiten kön-
nen. 
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4. Abstract 
Hydrocarbon molecules found in volatile organic compounds (VOCs) are indicative of pathological 
states and metabolism in both healthy individuals and patients and can be measured by an 
eNose. VOC analysis can be used to detect disease associated markers. Their role in tumor and 
immune activation could contribute to monitor antileukemic processes and might offer a refined 
diagnostic- and biomonitoring tool. VOCs were collected from serum, DC- and MLC culture su-
pernatants or from breath masks (directly derived from patients’ exhaled breath). To prove immu-
nological (tumor associated) changes in AML patients’ and healthy probands’ VOC samples we 
correlated cell biological analyzes with the VOC results. After we demonstrated the antileukemic 
effect of Kit M on whole blood and bone marrow (publication I), we first conducted an ex vivo 
study (publication II) and then an in vivo study (publication III).  

1) To create DC/DCleu, we established dendritic cell cultures (DC cultures) from leukemic and 
healthy whole blood (WB) either without (Control) or with immunomodulatory Kit M (which con-
sists of prostaglandin E1 (PGE1) and granulocyte macrophage colony stimulating factor (GM-
CSF). In mixed lymphocyte cultures (MLC cultures), T cell-enriched immunoreactive cells were 
stimulated using Kit M-pretreated/not pretreated WB including DC/DCleu. Using an intracellular 
cytokine test (InCyt) and a degranulation assay (Deg), leukemia-specific adaptive and innate im-
mune cells were identified. Using a cytotoxicity fluorescence test (CTX), anti-leukemic cytotoxicity 
was assessed. 

2) An eNose was used to assess volatile organic compounds (VOCs) extracted from serum or 
DC- and MLC culture supernatants (with vs. without Kit M pretreatment and before vs. after cul-
ture). Kit M-pretreated leukemic and healthy WB resulted in increased frequencies of (leukemia-
derived) DC subtypes of activated and (memory) T cells after MLC compared to the Control (with-
out treatment). Additionally, blast-lysing cells were produced by inducing antigen (leukemia)-spe-
cific cells of several lines (innate and adaptive immune cells). Between healthy and leukemic 
patients’ serum, DC and MLC culture supernatant-derived volatile phases, and several superna-
tants (with vs. without Kit M treatment, cultured vs. uncultured)-derived VOCs within subgroups 
(healthy DC or leukemic DC, or healthy MLC or leukemic MLC supernatants) could all be signifi-
cantly distinguished by the eNose. Moreover, the eNose could indicate a culture-associated and 
Kit M-effect. 

3) Throughout the course of the disease, we monitored three refractory AML patients receiving 
various treatments: P1511, who had chemotherapy, acted as a control. Kit M (GM-CSF and 
PGE1) was used to treat P1482 and P1601. During treatment period these patients were kept 
under close clinical, hematological and immunological observation. In the course of the disease 
blood samples were collected and analyzed to monitor (leukemia specific) immune cells using 
flow cytometry, CSA, and InCyt. VOCs were measured using an eNose after being collected in 
earloop masks (containing exhaled air from healthy probands and AML patients) in the course of 
the disease. Treatment with Kit M in vivo was demonstrated to be safe, to increase clinical pa-
rameters (neutrophils, thrombocytes, and a reduction of blasts), and to stimulate (leukemia spe-
cific) immunological activation; The effects subsided when the Kit M treatment was stopped. It 
was possible to distinguish between leukemic and healthy VOC profiles from P1511, P1482, and 
P1601 over the whole observation period. Additionally, there were significant differences in the 
VOC profiles obtained from healthy vs. AML breath donors and the VOC prints obtained during 
chemotherapy vs. Kit M therapy. 
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This proof-of-concept-study, based on ex vivo and in vivo results, confirms, that VOCs derived 
from cell culture supernatants and breath masks using an eNose contribute to be a prospective 
option for a refined diagnostic tool (healthy vs. leukemia) and help determine a disease-related 
monitoring strategy. 
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Abstract: Although several (chemotherapeutic) protocols to treat acute myeloid leukemia (AML)
are available, high rates of relapses in successfully treated patients occur. Strategies to stabilize
remissions are greatly needed. The combination of the (clinically approved) immune-modulatory
compounds Granulocyte-Macrophage-Colony-Stimulating-Factor (GM-CSF) and Prostaglandine
E1 (PGE-1) (Kit-M) converts myeloid blasts into dendritic cells of leukemic origin (DCleu). After
stimulation with DCleu ex vivo, leukemia-specific antileukemic immune cells are activated. Therefore,
Kit-M treatment may be an attractive immunotherapeutic tool to treat patients with myeloid leukemia.
Kit-M-mediated antileukemic effects on whole bone marrow (WBM) were evaluated and compared
to whole blood (WB) to evaluate the potential effects of Kit-M on both compartments. WB and WBM
samples from 17 AML patients at first diagnosis, in persisting disease and at relapse after allogeneic
stem cell transplantation (SCT) were treated in parallel with Kit-M to generate DC/DCleu. Untreated
samples served as controls. After a mixed lymphocyte culture enriched with patients’ T cells (MLC),
the leukemia-specific antileukemic effects were assessed through the degranulation- (CD107a+ T
cells), the intracellular IFN� production- and the cytotoxicity fluorolysis assay. Quantification of cell
subtypes was performed via flow cytometry. In both WB and WBM significantly higher frequencies
of (mature) DCleu were generated without induction of blast proliferation in Kit-M-treated samples
compared to control. After MLC with Kit-M-treated vs. not pretreated WB or WBM, frequencies
of (leukemia-specific) immunoreactive cells (e.g., non-naive, effector-, memory-, CD3+�7+ T cells,
NK- cells) were (significantly) increased, whereas leukemia-specific regulatory T cells (Treg, CD152+

T cells) were (significantly) decreased. The cytotoxicity fluorolysis assay showed a significantly
improved blast lysis in Kit-M-treated WB and WBM compared to control. A parallel comparison of
WB and WBM samples revealed no significant differences in frequencies of DCleu, (leukemia-specific)
immunoreactive cells and achieved antileukemic processes. Kit-M was shown to have comparable
effects on WB and WBM samples regarding the generation of DCleu and activation of (antileukemic)
immune cells after MLC. This was true for samples before or after SCT. In summary, a potential Kit-M
in vivo treatment could lead to antileukemic effects in WB as well as WBM in vivo and to stabilization
of the disease or remission in patients before or after SCT. A clinical trial is currently being planned.

Keywords: AML; whole blood; whole bone marrow; immune escape; leukemia-derived dendritic
cells; dendritic cell-based therapy
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1. Introduction
1.1. Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a hematological malignancy defined by uncon-
trolled expansion of myeloid blasts [1]. According to the hypothesis of the simplified
“two-hit model of leukemogenesis”, in many cases, two types of mutations are involved in
AML pathogenesis: one resulting in uncontrolled proliferation (e.g., FLT3, NRAS) and the
other leading to impairment of physiological myeloid differentiation (e.g., TP53, CEBPA) [2].
Clinical symptoms of AML patients are heterogeneous and include hemorrhages and severe
infections due to bone marrow failure [3,4].

1.2. The Physiologic and Leukemic Bone Marrow Niche
The bone marrow (BM) represents the main site of hematopoiesis [5]. The endosteum

with its vessels forms the niche responsible for maintaining a constant pool of hematopoietic
stem cells (HSCs) [5,6]. In a dense network of vasculature and fenestrated sinusoids occupy-
ing most of the space of BM, HSCs differentiate into erythrocytes, progenitor, myeloid and
lymphoid cells. The highly-regulated interplay of reticular cells, endothelial cells, HSCs,
mesenchymal stromal cells (MSCs), osteoblasts, adipocytes, immune cells, chemokines,
and growth and adhesion factors is instrumental for the controlled differentiation of all
blood cell lineages in the steady-state and in response to stress [5,7,8].

In AML however, the physiological BM niche is disrupted and remodeled into an
environment favorable for leukemic growth and progression [8,9]. MSCs seem to play
an important role in this development since MSCs isolated from AML patients vs. those
from healthy donors showed a higher immunosuppressive effect. A dysregulated cytokine
production from MSCs and leukemic blasts (e.g., inhibited IFN� and increased IL-10 produc-
tion) was shown to lead to impaired T cell functions and further blast proliferation [10–12].
In consequence, it was shown that the number of regulatory T cells (Treg) was increased,
and dendritic cell (DC) and natural killer (NK) cell functions were inhibited [10]. Leukemic
blasts were shown to adhere to stromal cells, leading to the persistence of minimal residual
disease and chemoresistance [9]. Furthermore, AML cells can change adipocytes’ function
to promote their own metabolism. The transport of fatty acids from adipocytes was shown
to be induced and thus benefits the proliferation of blasts [13]. Moreover, in leukemia, the
number of osteoblasts, important for the physiological differentiation of HSCs, was shown
to be decreased [8]. Furthermore, neoangiogenesis in BM might be induced by angiogenic
growth factors secreted by blasts and could play a role in the progression of leukemia [9].

1.3. Standard Treatment and Advances in AML Therapy
For decades, the standard AML therapy has been the administration of a “7 + 3”

chemotherapy regimen (7 days Cytarabine and 3 days Daunorubicin) [2]. Until today,
allogeneic hematopoietic stem cell transplantation (HSCT) is the only curative treatment
option for most patients [14]. Relapse rates after chemotherapy varying from 30% (younger
patients with favorable risk) to 80% (elderly patients with adverse risk) [15], and relapse
rates after HSCT of 40% demonstrate that therapies to stabilize remissions are highly
needed [16]. Enhanced understanding of the molecular mechanisms behind AML and the
potential of blasts to escape the immune system has led to the development of targeted
therapies using specific antibodies and cells [17]: e.g., antibodies targeting CD33 (e.g.,
Gemtuzumab-Ozogamicin), CD123 [17–19] or checkpoint molecules (e.g., Nivolumab) [20].
Furthermore, Midostaurin, inhibiting FLT3 mutations (being present in 30% of newly
diagnosed adults) [21], Venetoclax, inhibiting the anti-apoptotic protein BCL2 [22], and
Ivosidenib or Enasidenib, inhibiting IDH1 or IDH2 mutations (being present in 7–19% of
AML patients) [3], have become crucial components in AML therapy. The only approved
drug for maintenance therapy (for patients in first remission following chemotherapy) is
an oral hypomethylating agent: Azacytidine [23].

Another very promising approach is the use of chimeric antigen receptor (CAR) T cells,
genetically modified T cells binding leukemia-specific antigens and inducing antileukemic



5 Publication I 24 

Int. J. Mol. Sci. 2023, 24, 17436 3 of 26

effects [3,17,24]. Finally, even if the AML blasts might be effectively combated by treatment,
leukemic stem cells (LSCs) often persist (in the bone marrow or in the body tissue) through
immune escape mechanisms that are not entirely understood and are responsible for
relapses [2].

1.4. DC/DCleu-Based Therapy
DCs are potent antigen-presenting cells (APCs) bridging the gap between the innate

and adaptive immune system and have the potential to express a full spectrum of (infectious
or tumor) antigens in a costimulatory manner to immune cells [19,25].

In blood, DC can be subdivided into two major DC subsets: conventional DC (cDC),
further divided into cDC1 (main surface markers: CD141+, CLEC9A+, XCR1+) and cDC2
(main surface markers: CD1c+ and CD172a+), found in blood, lymphoid and non-lymphoid
tissue and recognized as the major antigen-presenting cells and plasmacytoid DC (pDC;
main surface markers: CD123+, CD303+ and CD304+) secreting type 1 interferon [26–28].
DCs have the ability to recognize pathogen- or damage-associated patterns (PAMP or
DAMP), subsequently undergo maturation processes (through, e.g., CCR7 expression),
migrate to secondary lymphoid organs, present antigen fragments via major histocompat-
ibility complex (MHC) I or II to naive T cells, and activate them through costimulatory
molecules (e.g., CD80) and cytokine release [29].

A specialty of (myeloid) leukemic blasts is that they can be directly converted to
“leukemia-derived dendritic cells” (DCleu) [30]. Their leukemic derivation can be proven by
“FISH-IPA”, combining FISH-analysis of chromosomal aberration with surface staining (for
DC phenotype) on slides [31] or flow cytometry (codetecting DC and blast markers) [32].
This is the best method to prove leukemic derivation of DC in all patient samples and is
regularly used by us [33,34].

These DCleu, presenting both DC- and individual patients’ blast antigens, can ini-
tiate (patient-specific) anti-leukemic immune responses [30,32]. The comparison of sev-
eral DC/DCleu-generating protocols showed that Kit-M, a combination of Granulocyte-
Macrophage-Colony-Stimulating-Factor (GM-CSF) and Prostaglandin E1 (PGE1), had the
highest potential to produce DC/DCleu from blast-containing leukemic whole blood (WB)
(thereby stimulating physiological conditions) without induction of blast proliferation [33]
(thereby simulating physiological conditions in the blood) and to induce anti-leukemic
activity in AML patients [35,36]. In contrast to peripheral blood mononuclear cells (PBMCs)
previously used to generate DCs, WB contains the broad spectrum of individual patients’
soluble and cellular components [36]. With regard to potential future applications of Kit-M
to convert blasts (in the hematopoietic system) to DCleu in vivo, its effect on whole-bone-
marrow-(WBM)-blasts in their inhibitory microenvironment and the primary center of
leukemic origin needs to be further evaluated.

1.5. Aim of the Study
The aim of this study was to explore whether Kit-M treatment could overcome WBM’s

inhibitory microenvironment and lead to similar antileukemic effects as already shown in
WB. Therefore, experiments with leukemic WB and WBM were performed in parallel, and
results were compared.

In detail, we assessed:
• Composition of immune cells in uncultured (as well as after mixed lymphocyte culture

(MLC) with Kit-M-treated vs. untreated) WB and WBM
• DC (subsets) from Kit-M-treated vs. untreated leukemic WB and WBM
• Platelet counts in WB and WBM DC culture supernatants under the influence of Kit-M

vs. GM-CSF
• (Leukemia-specific/antileukemic) immunoreactive cells (activating/inhibitory cells

of the adaptive and innate immune system: NK-, CIK-, iNKT- and T-cell subtypes)
were specified using degranulation (DEG), intracellular cytokine (INCYT) as well as
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cytotoxicity (CTX) assays in uncultured WB and WBM and after MLC with Kit-M-
treated vs. untreated WB and WBM

• Differences of results obtained in WB vs. WBM
• Correlation analyses of ex vivo generated data with patients’ allocation to clinical

risk groups

2. Results
2.1. Uncultured WB and WBM
2.1.1. Composition of T and Innate Immune Cells in Uncultured Leukemic WB and WBM

No significant differences in the composition of T and innate immune cells were found
in uncultured WB as compared to WBM (Figure 1).
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Figure 1. Composition of T and Innate Immune Cell Subtypes in Uncultured WB and WBM.

Flow cytometric analyses were performed to quantify T and innate immune cell
subtypes in uncultured WB and WBM. Mean frequencies ± standard deviation (SD) of
cell subtypes are given. Differences were considered as “highly significant” in cases
with p-values  0.005, as “significant” with p-values  0.05, as “borderline significant”
with p-values between 0.05 and 0.1, and as “not significant” (n.s.) with p-values � 0.1.
Abbreviations of cell subpopulations are given in table in Section 4.3.

2.1.2. Composition of (Leukemia-Specific) Degranulating or Intracellularly IFN�- (and
TNF↵-) Producing Immunoreactive Cells in Uncultured WB and WBM

In WB (Figure 2A, left side), we found no significant differences in degranulating
(CD107a+) immunoreactive cells with LAA stimulation (WB+LAA) vs. without (WB�LAA). We
found significantly higher frequencies of intracellularly IFN�-producing (IFN�+) CD3+IFN�+,
CD3+CD4+IFN�+, and CD3+�7+IFN�+ cells in WB+LAA as compared to WB�LAA (Figure 2B,
left side).

Similar results were obtained comparing degranulating WBM+LAA vs. WBM�LAA

(Figure 2A, right side). In WBM, we found significantly higher frequencies of CD3+CD8+IFN�+,
central memory (Tcm) IFN�+, and CD3+�7+IFN�+, and borderline significantly higher fre-
quencies of CD3+IFN�+ cells (Figure 2B, right side) in WBM+LAA as compared to WBM�LAA.

We detected significantly lower frequencies of CD4+TregCD107a+ in WB�LAA as com-
pared to WBM�LAA. No significant differences in frequencies of CD107a+ cells were found
comparing WB+LAA to WBM+LAA (Figure 2A, left side vs. right side).
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Figure 2. Composition of Leukemia-Specific Degranulating (A) or IFN�-Secreting (B) Immunoreac-
tive Cells in Uncultured WB and WBM.

Significantly higher frequencies of CD3+CD8+IFN�+ T cells were found comparing
WB�LAA with WBM�LAA. We detected no significant differences in WB+LAA vs. WBM+LAA

(Figure 2B, left side vs. right side).
Similar results were obtained studying intracellularly TNF↵-producing immune

cells [37].
The degranulation (Figure 2A) and the intracellular cytokine (Figure 2B) assay were

performed to detect leukemia-specific cells in uncultured WB and WBM. Cells were stained
with CD107a to detect degranulation activity and with IFN� to examine intracellular
cytokine production. Mean frequencies ± standard deviation (SD) of degranulating and
IFN�-secreting T and innate immune cells with or without previous LAA stimulation are
given. Differences were considered as “highly significant” in cases with p-values  0.005,
as “significant” with p-values  0.05, as “borderline significant” with p-values between
0.05 and 0.1, and as “not significant” (n.s.) with p-values �0.1. Double-sided arrows give
(significant) differences between defined immunoreactive cell subtypes in WB and WBM.
Abbreviations of cell subpopulations are given in table in Section 4.3.

2.2. Effects of Kit-M on the Generation of Mature DC/DCleu from Leukemic WB and WBM
In WB, we generated significantly higher frequencies of DC, DCleu, and mature DC

(DCmat) after treatment with Kit-M (WBDC(M)) compared to control (WBDC(Control)) (e.g.,
%DCleu/WB: WBDC(M): 9.59 ± 8.09; WBDC(Control): 5.99 ± 4.08, p = 0.04). Blasts’ proliferation
was not induced under the influence of Kit M (Figure 3A,B, left side).



5 Publication I 27 

Int. J. Mol. Sci. 2023, 24, 17436 6 of 26

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  6  of  27 
 

The degranulation (Figure 2A) and the intracellular cytokine (Figure 2B) assay were 
performed  to  detect  leukemia-specific  cells  in  uncultured WB  and WBM.  Cells were 
stained  with  CD107a  to  detect  degranulation  activity  and  with  IFNγ  to  examine 
intracellular  cytokine  production.  Mean  frequencies  ±  standard  deviation  (SD)  of 
degranulating and IFNγ-secreting T and innate immune cells with or without previous 
LAA stimulation are given. Differences were considered as “highly significant” in cases 
with p-values ≤ 0.005, as “significant” with p-values ≤ 0.05, as “borderline significant” with 
p-values between 0.05 and 0.1, and as “not significant” (n.s.) with p-values ≥0.1. Double-
sided arrows give (significant) differences between defined immunoreactive cell subtypes 
in WB and WBM. Abbreviations of cell subpopulations are given in Table in Section 4.3.   

2.2. Effects of Kit‐M on the Generation of Mature DC/DCleu from Leukemic WB and WBM 
In WB, we generated significantly higher frequencies of DC, DCleu, and mature DC 

(DCmat)  after  treatment with  Kit-M  (WBDC(M))  compared  to  control  (WBDC(Control))  (e.g., 
%DCleu/WB: WBDC(M): 9.59 ± 8.09; WBDC(Control): 5.99 ± 4.08, p = 0.04). Blasts´ proliferation was 
not induced under the influence of Kit M (Figure 3A,B, left side). 

In WBM,  we  found  significantly  higher  frequencies  of  DC-subtypes  comparing 
WBMDC(M) with WBMDC(Control)  (e.g., %DCleu/WBM: WBMDC(M): 11.35 ± 9.11; WBMDC(Control): 
8.42 ± 7.15, p = 0.008). Blasts´ proliferation was not induced under the influence of Kit-M 
(Figure 3A,B, right side). 

A parallel comparison of frequencies of DC-subtypes obtained with WBDC(Control) vs. 
WBMDC(Control) and WBDC(M) vs. WBMDC(M) (Figure 3A,B, left side vs. right side) revealed no 
significant differences. 

 
(A) 

 
(B) 

Figure 3. Effects of Kit-M on the Generation of (Mature) DC/DCleu referred to WB (A) or Blasts (B) 
and on Blast Proliferation (A) in Leukemic WB and WBM. 

WB and WBM samples were cultured in parallel for 7 days with Kit-M or without 
added Kit as control. Results with Kit-M (WBDC(M) and WBMDC(M)) and without added Kit 
as  control  (WBDC(Control)  and WBMDC(Control))  are  given. Mean  frequencies  ±  SD  of  DC 
(subtypes)  and  proliferating  blasts  from  leukemic  WB  (left  side,  Figure  3A,B)  and 
leukemic WBM (right side, Figure 3A,B) samples are given. Differences were considered 

Figure 3. Effects of Kit-M on the Generation of (Mature) DC/DCleu referred to WB (A) or Blasts (B)
and on Blast Proliferation (A) in Leukemic WB and WBM.

In WBM, we found significantly higher frequencies of DC-subtypes comparing WBMDC(M)

with WBMDC(Control) (e.g., %DCleu/WBM: WBMDC(M): 11.35 ± 9.11; WBMDC(Control):
8.42 ± 7.15, p = 0.008). Blasts’ proliferation was not induced under the influence of Kit-
M (Figure 3A,B, right side).

A parallel comparison of frequencies of DC-subtypes obtained with WBDC(Control) vs.
WBMDC(Control) and WBDC(M) vs. WBMDC(M) (Figure 3A,B, left side vs. right side) revealed
no significant differences.

WB and WBM samples were cultured in parallel for 7 days with Kit-M or without
added Kit as control. Results with Kit-M (WBDC(M) and WBMDC(M)) and without added
Kit as control (WBDC(Control) and WBMDC(Control)) are given. Mean frequencies ± SD of DC
(subtypes) and proliferating blasts from leukemic WB (left side, Figure 3A,B) and leukemic
WBM (right side, Figure 3A,B) samples are given. Differences were considered as “highly
significant” in cases with p-values  0.005, as “significant” with p-values between 0.05 and
0.1, and as “not significant” (n.s.) with p-values � 0.1. Abbreviations of cell subpopulations
are given in table in Section 4.3.

2.3. Effects of Kit-M-Treated WB and WBM on Immunoreactive Cells before and after T
Cell-Enriched Mixed Lymphocyte Culture (MLC)

We noticed a generally higher activation status of immune cells in WB after MLC
(WBDC-MLC) vs. WBDC and in WBMDC-MLC vs. WBMDC due to the stimulating effect of
IL-2 [38].

After MLC, we found significantly higher frequencies of early proliferating (Tprol-early),
non-naive (Tnon-naive), effector memory (Tem/eff) and CD3+�7+ T cells comparing WBDC-MLC(M)

with WBDC-MLC(Control) (e.g., %Tnon-naive/CD3+: WBDC-MLC(M): 62.28 ± 22.74; WBDC-MLC(Control):
50.08 ± 25.37, p = 0.001). Furthermore, we found a significant decrease in frequencies of CD152+

expressing T cells (CD3+CD152+) in WBDC-MLC(M) vs. WBDC-MLC(Control). Regarding cells of
the innate immune system, we found significantly higher frequencies of NK and iNKT cells
comparing WBDC-MLC(M) with WBDC-MLC(Control) (e.g., %NK/cells: WBDC-MLC(M): 10.42 ± 9.14;
WBDC-MLC(Control): 5.57 ± 4.84, p = 0.03). Other cell subsets showed no significant differences in
the groups compared (Figure 4, left side).
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In WBM, we found significantly higher frequencies of CD3+4+, CD3+CD8+, Tprol-early,
Tnon-naive, Tcm, and CD3+�7+ T cells comparing WBMDC-MLC(M) with WBMDC-MLC(Control)

(e.g., %Tnon-naive/CD3+: WBMDC-MLC(M): 58.32 ± 21.67; WBMDC-MLC(Control): 49.22 ± 23.43,
p = 0.01). We detected significantly lower frequencies of CD3+CD8+ and CD4+Treg in
WBMDC-MLC(M) vs. WBMDC-MLC(Control). Significantly higher frequencies of NK and CIK
cells were found comparing WBMDC-MLC(M) with WBMDC-MLC(Control) (e.g., %NK/cells:
WBDC-MLC(M): 6.08 ± 2.67; WBDC-MLC(Control): 4.08 ± 3.11, p = 0.02). No other significant
results were obtained from the groups compared (Figure 4, right side).

A parallel comparison of WB and WBM samples revealed significantly lower frequen-
cies of CD3+CD152+ in WBDC-MLC(M) as compared to WBMDC-MLC(M) (Figure 4, left side vs.
right side).

WBDC and WBMDC were enriched with autologous T cells, stimulated with IL-2, and
cultured for 7 days in MLC. Given are the mean frequencies ± SD of T cell subsets and
of cells of the innate immune system after MLC in WBDC-MLC(Control) and WBDC-MLC(M)

(left side) and in WBMDC-MLC(Control) and WBMDC-MLC(M) (right side). Differences were
considered as “highly significant” in cases with p-values  0.005, as “significant” with
p-values  0.05, as “borderline significant” with p-values between 0.05 and 0.1, and as “not
significant” (n.s.) with p-values � 0.1. Double-sided arrows give (significant) differences
between defined cell subtypes in WB and WBM. Abbreviations of cell subpopulations are
given in table in Section 4.3.

2.4. Effects of Kit-M-Treated WB and WBM on the Degranulation Activity of Immunoreactive
Cells after MLC

In WB, significantly higher frequencies of CD3+CD107a+, Tnon-naiveCD107a+,
Tem/effCD107a+, and TcmCD107a+ were found comparing WBDC-MLC(M) with WBDC-MLC(Control)

(e.g., %Tnon-naiveCD107a+/Tnon-naive: WBDC-MLC(M): 54.54 ± 24.65; WBDC-MLC(Control):
47.32 ± 22.55, p = 0.002). We showed a significant decrease in CD4+TregCD107a+ in
WBDC-MLC(M) vs. WBDC-MLC(Control) (Figure 5, left side).
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Figure 5. Effects of Kit-M-Treated WB and WBM on the Degranulation Activity of T cells After MLC.

In WBM, we obtained similar results to WB comparing WBMDC-MLC(M) to
WBMDC-MLC(Control) (e.g., %Tnon-naiveCD107a+/Tnon-naive: WBMDC-MLC(M): 69.70 ± 27.06;
WBMDC-MLC(Control): 53.88 ± 24.68, p = 0.02). However, we could not detect significant
differences of CD4+TregCD107a+ in the groups compared (Figure 5, right side).

A parallel comparison of frequencies obtained from WBDC-MLC vs. WBMDC-MLC

showed no significant differences (Figure 5, left side vs. right side).
Kit-M-pretreated WBDC-MLC(M) and WBMDC-MLC(M) and untreated WBDC-MLC(Control)

and WBMDC-MLC(Control) were stained with an antibody against CD107a to detect degranu-
lating T cells as a marker for induced cell cytotoxicity. Given are the mean frequencies ± SD
of T cell subsets expressing CD107a in leukemic WB (left side) and leukemic WBM (right
side) without LAA stimulation. Differences were considered as “highly significant” in cases
with p-values  0.005, as “significant” with p-values  0.05, as “borderline significant”
with p-values between 0.05 and 0.1, and as “not significant” (n.s.) with p-values � 0.1.
Abbreviations of cell subpopulations are given in table in Section 4.3.

2.5. Effects of Kit-M-Treated WB and WBM on the Intracellular IFNg (and TNFa) Production of
Immunoreactive Cells after MLC

In WB, we found significantly higher frequencies of CD3+IFN�+, CD3+CD8+IFN�+,
CD3+�7+IFN�+, Tnon-naiveIFN�+, Tem/effIFN�+ and TcmIFN�+ comparing WBDC-MLC(M)

with WBDC-MLC(Control) (e.g., %CD3+IFN�+/CD3+: WBDC-MLC(M): 43.79 ± 18.77;
WBDC-MLC(Control): 34.99 ± 18.05, p = 0.00002) (Figure 6, left side).

In WBM, higher frequencies of almost all previously mentioned cells were identi-
fied comparing WBMDC-MLC(M) with WBMDC-MLC(Control), though only CD3+IFN�+ and
CD3+�7+IFN�+ showed significant differences in the 7 parallelly studied cases (e.g.,
%CD3+IFN�+/CD3+: WBMDC-MLC(M): 55.25 ± 18.90; WBMDC-MLC(Control): 38.98 ± 25.57,
p = 0.008) (Figure 6, right side).

A parallel comparison of frequencies obtained from WBDC-MLC vs. WBMDC-MLC

showed no significant differences (Figure 6, left side vs. right side).
The same applies to intracellularly TNF↵-producing immune cells [37].
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cases of WBDC-MLC(M), whereas in WBDC-MLC(Control), in only 79% of cases (Figure 7A left side). 
After 3 h, average frequencies of blasts showed an increase in blasts in WBDC-MLC(Control) and 
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Figure 6. Effects of Kit-M-Treated WB and WBM on the Intracellular IFN� Production of T cells After
MLC.

Kit-M-pretreated WBDC-MLC(M) and WBMDC-MLC(M) and untreated WBDC-MLC(Control)

and WBMDC-MLC(Control) were intracellularly stained with an antibody against IFN� to
detect cytokine-secreting T cells. Given are the mean frequencies ± SD of T cell subsets
secreting IFN� in cultured leukemic WB (left side) and leukemic WBM (right side) with-
out LAA stimulation. Differences were considered as “highly significant” in cases with
p-values  0.005, as “significant” with p-values  0.05, as “borderline significant” with
p-values between 0.05 and 0.1, and as “not significant” (n.s.) with p-values � 0.1. Abbrevia-
tions of cell subpopulations are given in table in Section 4.3.

2.6. Effects of Kit-M-Treated WB and WBM on the Anti-Leukemic, Blastolytic Functionality
after MLC

In WB, after 3 h, we observed blast lysis in 69% of Kit-M-treated cases (WBDC-MLC(M))
and in 62% of untreated cases (WBDC-MLC(Control)). After 24 h, blast lysis was achieved
in all cases of WBDC-MLC(M), whereas in WBDC-MLC(Control), in only 79% of cases
(Figure 7A left side). After 3 h, average frequencies of blasts showed an increase in blasts in
WBDC-MLC(Control) and blast lysis in WBDC-MLC(M). After 24 h, we found a highly significant
decrease in frequencies of blasts in WBDC-MLC(M) vs. WBDC-MLC(Control) (Figure 7B left side).
Concerning the lysis of blasts in WBDC-MLC(M) in relation to WBDC-MLC(Control), we could
observe improved lysis in 85% of cases after 3 h and in 93% of cases after 24 h (Figure 7C
left side). Frequencies of improved lysis were lower after 24 h as compared to after 3 h
(Figure 7D). Overall, choosing the best lysis and the most-improved lysis after 3 h or 24 h
showed the same results as after 24 h.

In WBM, after 3 h, we observed blast lysis in 58% of cases in WBMDC-MLC(M) and in
67% of cases in WBMDC-MLC(Control). After 24 h, blast lysis was achieved in 92% of cases
in WBMDC-MLC(M) and in WBMDC-MLC(Control) in 69% of cases (Figure 7A right side). After
3 h, blasts increased and average frequencies of increased blasts were (n.s.) higher in
WBDC-MLC(M) as compared to WBDC-MLC(Control). After 24 h, we found significantly lower
frequencies of lysed blasts in WBMDC-MLC(M) vs. WBMDC-MLC(Control) (Figure 7B right
side). Concerning the lysis of blasts in WBMDC-MLC(M) in relation to WBMDC-MLC(Control),
we could observe improved lysis in 50% of cases after 3 h and in 92% of cases after 24 h
(Figure 7C right side). After 3 h, the average frequencies did not show an improvement in
blast lysis of WBDC-MLC(M) in relation to WBDC-MLC(Control). However, after 24 h, improved
lysis could be seen. (Figure 7D). Analogous to WB, the best lysis and the most-improved
lysis after 3 h or 24 h coincide with the results obtained after 24 h.
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Figure 7. Cont.
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Figure 7. Effects of Kit-M-Treated WB and WBM on the Antileukemic Activity after MLC including
Cases with Lysis (A), Cytotoxicity (B), Cases with Improved Lysis (C) and Improved Cytotoxicity (D).
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Comparing the improved lysis in WB with WBM showed a significant difference
(p = 0.02) in frequencies after 3 h, but not after 24 h (Figure 7D).

After MLC, WBDC-MLC(M),(Control) and WBMDC-MLC(M),(Control) served as “effector cells”
and were cocultured with blasts (“target cells”) for 3 h and 24 h to evaluate the lytic activity
of Kit-M-Treated WB and WBM. Given are the proportions of cases with lysis (Figure 7A),
the mean frequencies ± SD of increased or lysed blasts (Figure 7B), the proportion of cases
with improved blast lysis (Figure 7C) and the mean frequencies ± SD of improved lysed
blasts of Kit-M-Treated samples in relation to control (Figure 7D) after 3 h, 24 h and the best
after 3 h or 24 h in WB (left side) and WBM (right side). Differences were considered as
“highly significant” in cases with p-values  0.005, as “significant” with p-values  0.05, as
“borderline significant” with p-values between 0.05 and 0.1 and as “not significant” (n.s.)
with p-values � 0.1. Abbreviations of cell subpopulations are given in table in Section 4.3.

2.7. Correlation of Results with Patients’ Allocation to First Diagnosis and to Relapse after SCT
In patients at first diagnosis (n = 10) as well as at relapse after SCT (n = 6) higher

frequencies of mature DC (subtypes) could be generated in Kit-M pretreated vs. control
in WB as well as in WBM without induction of blast proliferation (e.g., at first diagnosis:
%DCmat/WB: WBDC(M): 11.20 ± 5.17; WBDC(Control): 8.29 ± 3.20, p = 0.14; at relapse after
SCT: %DCmat/WB: WBDC(M): 13.59 ± 9.77; WBDC(Control): 7.23 ± 3.14, p = 0.15; at first
diagnosis: %DCmat/WBM: WBMDC(M): 11.49 ± 5.28; WBMDC(Control): 9.15 ± 4.36, p = 0.08;
at relapse after SCT: %DCmat/WBM: WBMDC(M): 13.17 ± 2.47; WBMDC(Control): 8.26 ± 3.72,
p = 0.07).

After MLC no significant differences in frequencies of (CD107a+ and IFN�+) im-
munoreactive cells were found comparing samples at first diagnosis vs. at relapse after
SCT in WB and WBM (e.g., %Tnon-naiveCD107a+/Tnon-naive (first diagnosis): WBDC-MLC(M):
55.00 ± 26.55; WBDC-MLC(Control): 45.71 ± 24.13, p = 0.01; %Tnon-naiveCD107a+/Tnon-naive
(relapse after SCT): WBDC-MLC(M): 53.91 ± 24.76; WBDC-MLC(Control): 49.76 ± 22.4, p = 0.04).

Improved lysis was not different between cases at first diagnosis and relapse after SCT
in WB as well as in WBM.

2.8. Correlation of Antileukemic Cytotoxicity with Patients’ Allocation to Risk Groups
Cases with improved lysis after 3 h and 24 h and the best after 3 h or 24 h were

allocated to patients’ favorable (n = 3) vs. adverse (n = 6) cytogenetic risk allocation.
In WB, 100% of cases with favorable risk and 83.33% of cases of adverse risk achieved

improved lysis after 3 h and 24 h (Figure 8A, left side).
In WBM, 100% of cases with favorable risk achieved improved lysis after 3 h and

24 h. In cases of adverse risk improved lysis was achieved in 16.67% of cases after 3 h and
in 83.33% of cases after 24 h (Figure 8A, right side).

2.9. Correlation of Antileukemic Cytotoxicity with Patients’ Allocation to Response to Induction
Chemotherapy

Cases with improved lysis after 3 h, 24 h, and the best after 3 h or 24 h of coincubation
were allocated to patients responding (“responders”) (n = 3) and non-responding (“non-
responders”) (n = 5) to induction chemotherapy. In WB, 100% of responders and 80% of
non-responders achieved improved lysis after 3 h and 24 h (Figure 8B, left side). In WBM,
100% of responders achieved improved lysis after 3 h and 24 h. Non-responders achieved
improved lysis in 20% of cases after 3 h and in 80% of cases after 24 h (Figure 8B, right side).

WB (left side) and WBM (right side) samples were allocated to cytogenetic ELN risk
groups (Figure 8A) and patients’ response to induction chemotherapy (Figure 8B). Given the
proportions of cases with improved blast lysis after 3 h, 24 h and the best after 3 h or 24 h.
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2.10. Effects of Kit-M-Treated WB and WBM on Platelet Counts
We found an average platelet count of 110.8 ⇥ 103/µL in WB (range: 59–215 ⇥ 103/µL)

and of 82.8 ⇥ 103/µL in WBM (range: 35–225 ⇥ 103/µL). We studied the influence of
Kit-M vs. GM-CSF alone on the provision of platelets in the course of culture in 5 cases:
we found that in WB, on average platelet counts increased under the influence of GM-CSF
alone as well as of GM-CSF+PGE-1 (Kit-M) (Figure 9). A detailed analysis showed that in
two cases (1601, 1620) in WB results after GM-CSF vs. Kit-M treatment were comparable,
leading to increased platelet counts, whereas in another case (1618), they decreased. In case
1621 platelets were more increased under the influence of GM-CSF vs. Kit-M, while in case
1624 Kit-M produced more platelets vs. GM-CSF.

In WBM, average platelet counts increased under the influence of GM-CSF alone
as well as after Kit-M pretreatment. In two cases (1620, 1621), results of GM-CSF and
Kit-M were comparable-leading to increased platelet counts, whereas in others (1624) they
decreased. In cases 1601 and 1618 platelets decreased under GM-CSF treatment, whereas
Kit-M treatment led to an increase.

Platelets were counted on day 0, 3, and 7 after culture of Kit-M-treated WB (Kit-M WB)
and WBM (Kit-M WBM). GM-CSF-treated WB (GM-CSF WB) and WBM (GM-CSF WBM)
served as a control. The average fold change values of platelets ± SD as well as single case
fold changes are given in WB (Figure 9A) and WBM (Figure 9B).
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3. Discussion
3.1. WBM-the Immunosuppressive Leukemic Microenvironment

The physiological WBM-microenvironment (consisting of osteoblasts, MSC, HSC,
adipocytes etc.) enables a strictly regulated hematopoiesis in the steady state as well as un-
der stress [6,7]. However, the same microenvironment seems crucial in the transformation
into a leukemic microenvironment through defective signaling pathways in specific cell
types (e.g., �-catenin in osteoblasts, Notch signaling in endothelial cells) [39–41]. Leukemic
cells and LSC express the chemokine receptor CXCR4 [42], which binds CXCL12, present
on many WBM stromal cells [43]. With this binding, LSC replace HSC from their niche
and remodel the microenvironment to their benefit in order to proliferate and migrate (e.g.,
adipocytes’ fatty acids as a source for leukemic metabolism [13], neoangiogenesis in WBM
induced by blasts secreting angiogenic growth factors [9]). The leukemic microenvironment
is furthermore characterized by its ability to support (immune) cells to bypass the immune
system through a wide variety of mechanisms (e.g., impairing T cell function by downreg-
ulation of MHC II, expression of inhibitory checkpoint receptors (e.g., PD-1), increasing
frequencies of Treg, inhibiting NK cell function, production of immunoinhibitory cytokines
such as transforming growth factor beta (TGF �) and IL-10) [10,19]. These conditions and
other mechanisms, which still need to be discovered in detail (e.g., LSC’s niche protection,
self-renewal capacity, phenotypic/epigenetic plasticity), favor the persistence of quiescent
and therapy-resistant LSC and were found mainly responsible for relapse [2,44].

Although promising approaches targeting blasts of any kind (e.g., PD-1 Inhibitors,
CAR T cells, . . .) are in the focus of research [17], the greatest challenge remains to find a
targeted therapy that attacks specifically these quiescent LSCs, bypasses immune escape
mechanisms, acts throughout the body and does not affect healthy tissue.

3.2. DC-Based Immunotherapy
We successfully showed in previous studies that blasts can be turned regularly into

DCleu treating leukemic PBMC or WB ex vivo with combinations of response modifiers
like Kit-M (GM-CSF and PGE-1) [35]. DC/DCleu are cells able to migrate to tissues in the
whole body, present patient-specific blast antigens in a costimulatory manner to immune
cells, and thus, induce potent patient-specific anti-leukemic activity [32,45]. To expand our
understanding of the potential effects of Kit-M, in this study, we treated WBM with Kit-M
and compared results to Kit-M-treated WB.
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3.3. Composition of Uncultured WB and WBM
Since average blast counts were 20% in uncultured WB and 26% in uncultured WBM as

detected by flow cytometry, achieved results in WB and WBM were comparable. Frequen-
cies of uncultured and leukemia-specific (degranulating or IFN�-producing) immunoreac-
tive cells with or without LAA (WT-1 and PRAME) stimulation were comparable in WB
vs. WBM (Figures 1 and 2). Interestingly, we found significantly higher frequencies of
IFN�-producing Tcm in WBM+LAA compared to WBM�LAA (Figure 2). This data confirm
that LAA stimulation can increase the provision of leukemia-specific immunoreactive
cells [46]. Here, we could confirm these findings in some subtypes. Comparing uncultured
WB�LAA vs. WBM�LAA significantly lower frequencies of degranulating Treg were found
in WB. This was consistent with previous studies suggesting WBM being the preferential
site of migration and function of Treg going along with a higher activity of suppressive
cells [11].

3.4. Generation of (Mature) DC/DCleu in Kit-M-Treated WB and WBM
We could confirm preliminary data and generated significantly higher frequencies of

DC/DCleu in Kit-M-treated WB vs. control [32,35,46]. Comparable results were obtained
in WBM. By generating higher frequencies of DCmat/leu-mat in both Kit-M-treated WB and
Kit-M-treated WBM vs. control (Figure 3) we yield proof that in both compartments (WB
and WBM) DC/DCleu with migratory capacities (allowing their migration to lymph nodes
and activating immune cells and allowing immunoreactive effects all over the body) were
created [47]. Regarding safety considerations, we could confirm previous findings that
blast proliferation was not induced in either WB or WBM [34].

3.5. Provision of Immunoreactive Cells after MLC in Kit-M-Treated WB and WBM
As previously shown, we could observe a generally higher activation status of im-

mune cells comparing leukemic WB after a T cell-enriched MLC and before. Similar re-
sults were found in WBM. These results can probably be attributed to the effects of IL-2
stimulation [38,48,49]. In WB, Kit-M treatment led to significantly higher frequencies of (acti-
vated) T cell subsets (e.g., Tprol-early, Tnon-naive) after MLC as compared to control (Figure 4).
Here, we could confirm previous findings [48] and expand the potential effects of Kit-M
to WBM, as comparable results were obtained. In the past, reduced �7-expressing T cells
in leukemic compared to healthy samples were found, resembling an effect of leukemia-
associated immunosuppression [50]. We showed increased �7-expressing T cells in Kit-M-
treated leukemic WB and WBM as compared to control. This was previously correlated with a
higher antileukemic potential in WB samples [46] and could now be confirmed also for WBM.
High frequencies of regulatory cells (e.g., Treg and CD152 expressing T cells) could already
be correlated with immunosuppressive effects in leukemia [48,51,52]. In both Kit-M-treated
WB and WBM, we were able to show decreased frequencies of these subtypes compared to
control, suggesting a transformation into a less immunosuppressive environment. Comparing
frequencies of WB’s and WBM’s control groups after MLC, we found significantly higher
frequencies of CD3+CD152+ cells in WBM, confirming findings described in Section 3.3 about
WBM being the preferential site of immunosuppression mediated by Treg [11]. Innate immune
cells, like NK, CIK, and iNKT cells, were shown to crosstalk with DC and lead to antitumor
reactions [53,54]. We could already show a (significant) increase in NK, CIK, and iNKT cells
in Kit-M-treated WB vs. control (e.g., [53]).

As already shown, we could demonstrate that in cultures with patients’ cells at
relapse after SCT (characterized by different chimerism), comparable antileukemic effects
could be achieved, indicating a general blast modulatory/immune-activating mechanism
in samples before or after SCT [55]. Here, we confirm these findings also for WBM,
supporting the hypothesis that Kit-M treatment can contribute to overcome leukemic
WBM’s immunosuppressive environment, although these findings might not be true for
iNKT cells in WBM (pointing to a more immunosuppressive environment in WBM vs. WB
as shown before) [8,10].
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3.6. Enhanced Degranulation Activity of T Cells after MLC in Kit-M-Treated WB and WBM
We could show an increased degranulation activity (CD107a+) of T cell (e.g., CD3+CD107a+,

Tnon-naiveCD107a+, Tem/effCD107a+, and TcmCD107a+) subtypes, proving the induction of
leukemia-specific effector and memory cells, as demonstrated before [34,46]. Moreover, we
found decreased frequencies of degranulating Treg in Kit-M-treated WB vs. control (Figure 5).
We thereby confirm previous studies indicating that Kit-M treatment leads to an enhanced
anti-leukemic response in WB [46,56]. In WBM, similar results were obtained. However, Kit-M
treatment seemed not to reduce frequencies of degranulating Treg in WBM, which might confirm
previous findings that WBM resident Treg might be characterized by more immunosuppressive
effects than Treg detected in WB [10,57].

To evaluate potential proleukemic effects of Treg’ composition, blastolytic activities
must be analyzed (Section 3.8).

3.7. Enhanced IFNg Production of T Cells after MLC in Kit-M-Treated WB and WBM
We could confirm preliminary data by showing increased IFN� production of an-

tileukemically active �7-expressing, non-naive, as well as memory T cells (probably respon-
sible for long-lasting immunity) in Kit-M-treated WB vs. control [34]. Results obtained in
WBM were comparable, thereby proving the induction of leukemia-specific effects also in
WBM (Figure 6). This means that the decrease of IFN� production (being an immunoin-
hibitory effect in uncultured leukemic WB and WBM) could be overcome, as an increase in
active anti-leukemic cells was detected in both compartments [10].

3.8. Improved Blastolytic Activity after MLC in Kit-M-treated WB and WBM
We could demonstrate a (significantly) improved lytic activity against leukemic blasts

in WB and WBM through Kit-M-mediated pretreatment (Figure 7). In WB, more cases
achieved lysis and improved lysis after 24 h compared to after 3 h. In WBM, only 50% of
cases achieved improved lysis after 3 h. However, after 24 h, the results were comparable
to WB. This occurrence might be explained by different cytotoxic mechanisms induced
in immunoreactive cells in WB vs. WBM: the early and fast-acting perforin-granzyme
pathway and the late and slow-acting Fas/FasL pathway, which can run separately or
synergistically [35,58].

Interestingly, after collocating patients to adverse and favorable risks, as well as to
responders (to induction chemotherapy) and non-responders, cases with no improved lysis
after 3 h could be correlated in the majority to WBM of patients with adverse risk profiles
and non-responders (Figure 8). In these cases, the immunoinhibitory mechanisms might be
more pronounced, thus taking longer for the immune system to bypass them and elicit an
anti-leukemic response [59].

3.9. Correlation of Results with Patients’ Allocation to First Diagnosis and to Relapse after SCT
Comparison of results of Kit-M treatment (of WB and WBM) at first diagnosis vs.

relapse after SCT showed no significant differences, suggesting potential effects of Kit-M
treatment independent of patients’ disease stages, before or after SCT, thereby confirming
data of Ugur et al [55].

3.10. Influence of Kit-M or GM-CSF on Platelet Counts in WB and WBM
Studying the influence of Kit-M or GM-CSF (without added PGE-1) on the provision

of platelets in WB or WBM in five cases in the course of the culture, we found an average
increase in platelets in WB (twofold) and in WBM (twofold) compared to the start of culture.
This was true in the presence of GM-CSF alone or Kit-M, thereby pointing to a potential
of GM-CSF to stimulate thrombocytopoiesis as shown before [60,61]. Interestingly, these
effects were seen without adding thrombopoietin or other thrombocytopoiesis-stimulating
factors, which might point to the presence of these factors in WB or WBM [62]. However,
the induction of platelets was not observed in every given case, which may have been
due to insufficient thrombocytopoiesis-stimulating factors in these cases. Moreover, Kit-
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M was shown to increase platelet counts compared to GM-CSF. This could point to an
important potentially platelet-stimulating influence of Kit-M. These potential effects have
to be explored in further (clinical) studies.

4. Materials and Methods
4.1. Sample Collection

Sample collection of heparinized WB and WBM was conducted after obtaining the
written informed consent of the patients in accordance with the Declaration of Helsinki
and the ethics committee of Ludwig-Maximilians-University-Hospital Munich (vote
No. 339-05). Patient samples and clinical reports were provided by the University Hospi-
tal of Augsburg, the Diakonieklinikum Stuttgart, the Rotreuzklinikum Munich, and the
St.-Josefs-Hospital Hagen.

4.2. Patients’ Characteristics
WB and WBM samples were collected from 17 AML patients with an average age of

62 (range 22–78) years and a female-to-male ratio of 1.8:1. The average blast frequencies (as
detected by flow cytometry) were 20% in WB and 26% in WBM. Patients were categorized
based on the French American British (FAB) and World Health Organization (WHO)
classification, the cytogenetic risk stratification (in favorable, intermediate, and adverse
risks according to the European Leukemia Network (ELN) guideline 2017, molecular
mutations and numeral and structural chromosomal aberrations are given), the stage of
the disease (first diagnosis, persisting disease, relapse after SCT) and the etiology (primary,
secondary, or therapy-related AML). Moreover, blast counts and phenotypes, as evaluated
by flow cytometry, in WB and WBM are given. In patients at first diagnosis, the response to
induction chemotherapy, and in patients after SCT, the leukocyte chimerism are given. An
overview is given in Table 1.

4.3. Flow Cytometry
To assess and quantify phenotypes, frequencies, subgroups and functionality of

leukemic blasts, DCs, T cells, NK cells, CIK cells, and iNKT cells flow cytometric analyses
before and after culture were performed. Abbreviations of all cell types are given in Table 2.

Panels with various monoclonal antibodies (moAbs) labelled with Fluorescein isoth-
iocyanate (FITC), Phycoerythrin (PE), Phycoerythrin Cyanin 7 (PC7) or Allophycocyanin
(APC) were selected for cell staining. Antibodies were provided by Beckman Coultera

(Krefeld, Germany), Becton Dickinsonb (Heidelberg, Germany), BioLegendc (Amster-
dam, Netherlands), Miltenyi Biotecd (Bergisch Gladbach, Germany), and Santa Cruz
Biotechnologye (Heidelberg, Germany).

Cells were stained with FITC-conjugated moAbs CD3b, CD4b, CD25a, CD33a, CD34a,
CD71a, CD107ac, CD117c, CD154b, CD45ROa, IPO38e; PE-conjugated moAbs CD3d, CD4b,
CD56a, CD80a, CD117a, CD127a, CD152b, CD206a, 6B11b, IFN�c, TCR��b; PC7-conjugated
moAbs CD3a, CD4a, CD25b, CD33a, CD34a, CD56a, CD117a, CD197b, TNF↵c; and APC-
conjugated moAbs CD3a, CD33a, CD34a, CD56a, CD80c, CD117a, CD137b, CD206b, CD45ROc,
Integrin�7b. Death cells were detected using 7AADb. Isotype controls were conducted
according to the manufacturer’s instructions.

Prior to staining, erythrocytes in WB and WBM samples were lysed with lysing
buffer (Becton Dickinson). Cells were then incubated with the corresponding moAbs for
15 min in the dark using a staining medium containing 95% PBS and 5% FCS (Biochrom,
Berlin, Germany). Intracellular staining (IPO38, IFN�, and TNF↵) was conducted with
the FIX&PERMTM Cell Fixation and Permeabilization Kit (ThermoFisher Scientific,
Darmstadt, Germany).
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All flow cytometric analyses were performed using the fluorescence-activated cell sort-
ing flow cytometer FACSCalibur (Becton Dickinson) and the analysis software CellQuestPro
6.1 (Becton Dickinson) applying a refined gating strategy [34].

4.4. Sample Preparation
A fraction of WB and WBM was used directly to set up dendritic cell cultures and

to perform the Degranulation Assay and the Intracellular Cytokine Assay. Peripheral
blood mononuclear cells (PBMC) were isolated from WB using the Ficoll-Hypaque density
gradient centrifugation (Biocoll separating solution, Biochrom, Berlin, Germany). Using
the AML patients’ PBMC T cell separation was carried out with the MACS® MicroBead
Technology according to the manufacturer’s protocol (Miltenyi Biotec).

PBMC and T cells were frozen in a freezing medium with 70% RPMI-1640 (Biochrom)
containing 100 U/mL penicillin and 0.1 mg/mL streptomycin (PAN-Biotech, Aidenbach,
Germany) (RPMI/PS), 20% human serum (PAN-Biotech), and 10% dimethyl sulfoxide
(Sigma Aldrich Chemie GmbH, Steinheim, Germany) and stored at �80 �C until use.

4.5. Dendritic Cell Culture
Dendritic cells (DC) and leukemia-derived dendritic cells (DCleu) were generated by

treating WB and WBM in parallel with the DC/DCleu-generating protocol “Kit-M”, containing
800 U/mL Granulocyte-Macrophage-Colony-Stimulating-Factor (GM-CSF; Sanofi-Aventis,
Frankfurt, Germany) and 1 µg/mL Prostaglandin-E1 (PGE1; Santa Cruz Biotechnology).

Therefore, WB and WBM were cultivated in sterile 24-well-plates (Cellstar®, Greiner
Bio-One, Kremsmuenster, Austria) using 500 µL X-VivoTM 15 medium (Lonza, Verviers,
Belgium) and 500µL WB and WBM. “Kit-M” was added on day 0 and after 2–3 days as
described [35]. Untreated WB and WBM served as negative controls. DC cultures were
incubated at 37 �C, 21% O2, and 10% CO2 for 7 days.

Flow cytometric analyses of DC-subtypes and proliferating blasts from both Kit-M-
treated WB (WBDC(M)) and WBM (WBMDC(M)) and untreated WB (WBDC(Control)) and
WBM (WBMDC(Control)) were performed before and after culture using a refined gating
strategy [33,34]. In case of less than 1% blasts in the cell fractions, DCleu and associated
subgroups could not be evaluated.

4.6. T Cell-Enriched Mixed Lymphocyte Culture (MLC)
DC/DCleu cultures were used as stimulators to activate T cell-enriched immune cells

after MLC. Therefore, 2.5 ⇥ 105 cells from WBDC(Control)/(M) and WBMDC(Control)/(M) were
cocultured in parallel with 1 ⇥ 106 previously thawed autologous T cells, diluted with
RPMI/PS and incubated at 37 �C, 21% O2 and 10% CO2. 50 U/mL Interleukin-2 (IL-2,
PeproTech, Berlin, Germany) was added to all cultures on day 0 and again after 2–3 and
5–6 days. Cells, later referred to as WBDC-MLC(Control)/(M) and WBMDC-MLC(Control)/(M), were
harvested after 7 days.

Flow cytometric analyses of different immune cell subtypes were performed before
and after culture [34].

4.7. Degranulation Assay (DEG)
As a marker for induced cell cytotoxicity, cell degranulation was quantified in un-

cultured WB and WBM and in WBDC-MLC(Control)/(M) and WBMDC-MLC(Control)/(M) using
a FITC-conjugated antibody against CD107a. Uncultured WB and WBM were stimu-
lated in parallel with leukemia-associated-antigens (LAA): 2 µg/mL “Wilms Tumor 1”
(PepTivator®WT1, Miltenyi Biotec) and 2 µg/mL “Preferentially Expressed Antigen of
Melanoma” (PepTivator®PRAME, Miltenyi Biotec). Unstimulated WB and WBM served
as controls.

In previous studies, we showed that the addition of LAA after MLC had no further effect
on immunoreactive cells [34]. Therefore, WBDC-MLC(Control)/(M) and WBMDC-MLC(Control)/(M)

were not stimulated with WT1 and PRAME.
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To avoid loss or weakening of CD107a antibodies’ fluorescence, 2 µg/mL Monensin
solution (BioLegend) was added to the cultures. After an incubation of 16 h at 37 �C,
21% O2, and 10% CO2 cells were harvested, stained, and analyzed by flow cytometry [48].

4.8. Intracellular Cytokine Assay (INTCYT)
To quantify the intracellular production of Interferon-� (IFN�) and Tumor Necrosis

Factor-↵ (TNF↵) of different immune cells in uncultured WB and WBM and in
WBDC-MLC(Control)/(M) and WBMDC-MLC(Control)/(M), the Intracellular Cytokine Assay was
performed. In analogy to the DEG, only uncultured WB and WBM were stimulated with
LAA. To avoid spontaneous cytokine secretion, 5 µg/mL Brefeldin A solution (BioLe-
gend) was added. All cultures were incubated for 16 h at 37 �C, 21% O2, and 10% CO2.
After harvest, intracellularly produced IFN� and TNF↵ were evaluated (as described in
Section 4.3) [34].

4.9. Cytotoxicity Fluorolysis Assay (CTX)
The Cytotoxicity Fluorolysis Assay was conducted to assess the lytic activity of T

cell-enriched immunoreactive cells in WBDC-MLC(Control)/(M) and WBMDC-MLC(Control)/(M)

(“effector cells”) against leukemic blasts (“target cells”). Therefore, effector and target cells
(with a ratio of 1:1) were cocultured in a medium containing 85% RPMI/PS and 15% human
serum and incubated for 3 and 24 h at 37 �C, 21% O2, and 10% CO2. Target cells were
stained with respective antibodies before incubation. After harvest, 7AAD and a defined
number of Fluorosphere beads (Beckman Coulter) were added. As a control, effector, and
target cells were cultured separately and mixed shortly before measurements.

Flow cytometric analyses were performed after 3 and 24 h using a refined gating
strategy [49]. The lytic activity against blasts (“blast lysis”) is defined as the difference in
frequencies of viable blasts in the effector-target-cell-cultures as compared to controls, and
“improved blast lysis” is defined as the difference in proportions of “blast lysis” achieved
in WBDC-MLC(M) as compared to WBDC-MLC(Control) and in WBMDC-MLC(M) as compared to
WBMDC-MLC(Control).

4.10. Platelet Counts
To assess the influence of Kit-M on platelet counts, Kit-M-pretreated WB and WBM

were analyzed on day 0 and after 3 and 7 days of DC cultures using the Automated
Hematology Analyser XP-300 (Sysmex, Norderstedt, Germany). GM-CSF-treated WB and
WBM served as control groups.

4.11. Statistical Methods
Statistical analyses and figures were implemented with Excel 2022 (Microsoft, Red-

mond, WA, USA) and Prism 9 (GraphPad Software, San Diego, CA, USA). Data are pre-
sented as mean ± standard deviation (SD). Statistical comparisons between the two groups
were performed using the two-tailed t-test. Differences were considered as “highly sig-
nificant” in cases with p-values  0.005, as “significant” with p-values  0.05, as “border-
line significant” with p-values between 0.05 and 0.1, and as “not significant” (n.s.) with
p-values � 0.1.

5. Conclusions
In this ex vivo study, we showed that DCleu-generation is possible in comparable

frequencies in WB as well as in WBM with Kit-M (GM-CSF and PGE-1). Furthermore,
we showed that Kit-M induces leukemia-specific/antileukemic innate immune cells and
effector, as well as memory T cells in both WB and WBM. We showed increased antileukemic
activity in WB and WBM. Studies are currently being planned to examine if these cells
could qualify to overcome the inhibitory microenvironment in vivo, specifically eradicate
leukemic cells and stabilize remissions in patients with leukemia before or after SCT.
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Abstract: Volatile organic compounds (VOCs) reflect the metabolism in healthy and pathological
conditions, and can be collected easily in a noninvasive manner. They are directly measured using
electronical nose (eNose), and may qualify as a systemic tool to monitor biomarkers related to disease.
Myeloid leukemic blasts can be transformed into leukemia-derived dendritic cells (DCleu) able to
improve (anti-leukemic) immune responses. To profile immunological changes in healthy and acute
myeloid leukemic (AML) patients’ ex vivo cell cultures, we correlated the cell biological data with the
profiles of cell culture supernatant-derived VOCs. DC/DCleu from leukemic or healthy whole blood
(WB) were generated without (Control) or with immunomodulatory Kit M (Granulocyte macrophage-
colony-stimulating-factor (GM-CSF) + prostaglandin E1 (PGE1)) in dendritic cell cultures (DC culture).
Kit-pretreated/not pretreated WB was used to stimulate T cell-enriched immunoreactive cells in
mixed lymphocyte cultures (MLC culture). Leukemia-specific adaptive and innate immune cells were
detected with a degranulation assay (Deg) and an intracellular cytokine assay (InCyt). Anti-leukemic
cytotoxicity was explored with a cytotoxicity fluorolysis assay (CTX). VOCs collected from serum
or DC- and MLC culture supernatants (with vs. without Kit M pretreatment and before vs. after
culture) were measured using eNose. Compared to the Control (without treatment), Kit M-pretreated
leukemic and healthy WB gave rise to higher frequencies of mature (leukemia-derived) DC subtypes
of activated and (memory) T cells after MLC. Moreover, antigen (leukemia)-specific cells of several
lines (innate and adaptive immunity cells) were induced, giving rise to blast-lysing cells. The eNose
could significantly distinguish between healthy and leukemic patients’ serum, DC and MLC culture
supernatant-derived volatile phases and could significantly separate several supernatant (with vs.
without Kit M treatment, cultured vs. uncultured)-derived VOCs within subgroups (healthy DC or
leukemic DC, or healthy MLC or leukemic MLC supernatants). Interestingly, the eNose could indicate
a Kit M- and culture-associated effect. The eNose may be a prospective option for the deduction
of a VOC-based profiling strategy using serum or cell culture supernatants and could be a useful
diagnostic tool to recognize or qualify AML disease.

Keywords: leukemia-derived DC; acute myeloid leukemia; anti-leukemia functionality; leukemia-
specific cells; volatile phases above serum and cell culture supernatants; immune monitoring

1. Introduction
1.1. Acute Myeloid Leukemia (AML)

AML is a clonal stem cell disorder of the hematopoiesis, which comes with uncon-
trolled proliferation of myeloid progenitor cells (blasts) [1]. Cytochemistry, immunophe-
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notyping, cytogenetics and molecular biological investigations are usually conducted to
confirm diagnosis and to allocate patients to prognostic risk groups [2,3]. The standard
treatment of AML leads to high rates of remission; however, there are high rates of relapses
in up to 80% of cases in the following two years [4–6]. Currently, new treatment strategies
based on new chemotherapies or (targeted) passive or active immunotherapies are being
developed (e.g., hypomethylating agents, venetoclax) [6,7].

1.2. DC-Based Immunotherapy
DCs are professional antigen-presenting cells (APCs). They are activated and maturate

after danger-signaling adhesions (e.g., nucleic acids, infectious particles), resulting in
upregulated chemokine receptors (e.g., CCR7), MHC-antigens and other costimulatory
factors [8–11]. Ex vivo DCs can be generated from CD14+ monocytes (and loaded with
tumor antigens) or from myeloid blasts (DCleu, leukemia-derived DC; without induction
of blast proliferation) from AML patients’ WB in the presence of different combinations
of response modifiers (Kits) [9,12,13]; the resulting DCs express costimulatory molecules
together with individual patients’ leukemic antigens, and gain the capacity to activate
the cells of the immune system against blasts. Ex vivo-generated (and manipulated) DCs
or DCleu could be used for an adoptive transfer; applying Kits directly to AML patients
could induce DCleu from blasts, leading to an antileukemic immunoreaction in vivo [9].
Immunomodulatory Kit M, composed of granulocyte macrophage colony-stimulating factor
(GM-CSF) and prostaglandin E1 (PGE1), has proved to be one of the best combinations of
immune response modifiers to generate DC/DCleu from leukemic WB [9,13]; therefore, it
was used in this ex vivo study.

1.3. Immune System
The key players of the innate immune system are APCs (e.g., monocytes, macrophages,

DC), cytokine-induced killer (CIK), invariant natural killer T cells (iNKT cells) and natural killer
(NK) cells; they mediate the earliest interactions with pathogens/tumors [12–14]. Antigen-
specific response and generation of immunologic memory are the central tasks of the adaptive
immune system [12,13]. After activation, naive T cells (Tnaive, CD3+CD45RO�) are probably
converted to non-naive T cells (Tnon-naive, CD3+CD45RO+), which mediate various immune
responses or develop into long-living central memory cells (Tcm, CD3+CD45RO+CD197+) or
effector memory cells (Tem/eff, CD3+CD45RO+CD197�) to facilitate a faster reactivation of the
immune system against recurring antigens [8,15]. These immunoreactive cells can be detected
using flow cytometry (abbreviations are given in Table 1).
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1.4. Leukemia-Specific Cells and Antileukemic Process
The degranulation assay (Deg) allows the detection and quantification of lysosomal-

associated membrane glycoproteins (LAMPs), such as LAMP-1 (CD107a), which are in-
volved in granzyme/perforin-associated degranulation granules. The intracellular cy-
tokine assay (InCyt) allows the intracellular (antigen specific) quantification of cytokines
(interferon gamma (INFy) and tumor necrosis factor alpha (TNFa) on a single-cell level,
representing triggers of immune responses and mediators of cell apoptosis [12,15,21]. Cyto-
toxicity assays (CTX) evaluate the antileukemic potential of stimulated and unstimulated
effector cells [12]. The Deg assay in combination with the InCyt assay and the CTX pro-
vides a refined and complex analysis of the functionality of cells, especially with respect to
immune cells’ (leukemia-specific) activity and cytotoxicity [12].

1.5. Methodological Tools to Monitor AML Disease or Antileukemically Related Processes
Analyses of different (activating or inhibitory) cellular/humoral, soluble factors, or

even the smallest molecules could contribute to our understanding of leukemia-related
as well as antileukemic processes [8,15,21–24]. In recent years, the role of physical fac-
tors (e.g., physiological hypoxia [25] or circulating vesicles (e.g., extracellular vesicles
(EVs) [26,27]) has been tested with respect to a refined monitoring of immunological or
tumor-associated processes.

1.6. VOC Analysis as a New Option to Characterize and Monitor (Malignant) Diseases
Every creature (human, plants, animals) emits organic compounds into the envi-

ronment. Since exhaled molecules reflect the metabolism in healthy and pathological
conditions, exhaled air may qualify as a systemic tool to monitor biomarkers related to
disease [28]. VOCs are organic chemicals containing hydrocarbon compounds. Exhaled
volatile organic compounds (VOC) can be collected easily, in a noninvasive matter (either
by collecting exhaled breath directly into an electronical nose (eNose) or by analyzing col-
lected VOCs bound to carriers (fleeze or earloop masks)), and afterwards analyzed using an
eNose. Proof that VOC analyses can contribute to detecting disease-associated endogenic
metabolic or cell-derived molecular VOC markers, e.g., in Parkinson’s, Alzheimer’s, lung
cancer or AML, has been presented [29–32].

Although applications of VOC-detecting technologies are still diverse, promising
results in the profiling of breath-derived VOC patterns have contributed to differentiating
breath from patients with vs. without lung cancer, and from (COPD) patients with vs.
without an alpha-1 deficiency. It is even possible to detect COVID-19 infection vs. no
infection using VOC analyses of patients’ urine samples [31,33–35], and to identify patients
with vs. without major depression [36]. Moreover, specific VOC analyses have been shown
to be a promising tool for detecting bladder tumors, using measurements of urine-derived
VOCs [37]. Moreover, VOCs collected above cell culture supernatants have been shown to
correlate with subtypes of the underlying disease [38].

The aims of this trial were as follows:
1. Generation and quantification of DC/DCleu (subpopulations) using Kit M-treated (vs.

untreated) WB from AML patients and healthy volunteers;
2. Characterization of (activated) immune cells before (uncultured MLC) and after MLC

(with Kit M-pretreated vs. untreated WB);
3. Detection and quantification of antileukemic/leukemia-specific innate and adaptive

immune cells using Deg and InCyt assays, or CTX after MLC;
4. VOC analyses above collected serum and cell culture supernatants (DC, MLC, with/without

Kit M treatment) using eNose;
5. Correlation of cell biology with the VOC results, and potentially the deduction of a

VOC-based profiling strategy using serum or cell culture supernatants
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2. Material and Methods
2.1. Cell Biological Experiments
2.1.1. Sample Collection

The sample acquisition for this work was conducted between 2019 and 2021 through
the University Hospitals of Munich, Oldenburg, Augsburg, the Rotkreuzklinikum in Mu-
nich, and the Diakonieklinikum in Stuttgart. After patients’ and donors’ written agreement
to experimental use of their blood donation, WB samples were collected in syringes contain-
ing standardized concentrations of heparin (7.5 mL, Sarstedt, Nuembrecht, Germany) from
patients in acute phases of AML, and from healthy volunteers. This was in consensus with
the Declaration of Helsinki and the local ethics committee of LMU in Munich (Pettenkofer-
str. 8a, 80336 München, Ludwig-Maximilian University Hospital, Munich; vote no. 339-05).
The patients’ diagnostics of clinical findings were provided by the cooperating hospitals.

2.1.2. Patients’ Characterization
WB samples were collected from AML patients (n = 17) and healthy volunteers (n = 14).

On average, AML patients were 61 (range 29–98), and healthy volunteers were 30 years
old (range 22–58). The female-to-male ratio in AML patients was 1:0.55, and in healthy
volunteers was 1:1. AML patients’ samples were characterized using the French American
British (FAB) classification (as far as possible and available), and assigned to primary
(pAML) or secondary AML (sAML). AML patients were sub-grouped into stages of the
disease (first diagnosis, persisting disease, relapse after stem cell transplantation (SCT))
and risk groups (EuropeanLeukemiaNet (ELN) risk stratification) [38]. Moreover, blast
phenotypes and blood parameters (white blood cells, platelets, hemoglobin in PB) were
collected on the day of sampling. Nine patients presented at first diagnosis, five patients
with persisting disease and three patients with relapse after SCT. An overview is presented
in Table 2.

The cellular composition of blood samples from AML patients was 32.18% blasts (range
11–79), 14.38% T cells (range 1.85–56.00), 3.25% NK cells (range 0.9–6.3), and 1.3% CIK
cells (range 0.56–4.60). The cellular composition of blood samples from healthy volunteers
was 8.49% monocytes (range 4.55–14.64), 16.91% T cells (range 10.45–44.80), 6.5% NK cells
(range 4.34–9.30), and 1.5% CIK cells (range 0.32–3.21). In cases of aberrant expression of
lineage markers on blasts, these markers were not included.
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2.1.3. Cell Characterization by Flow Cytometry
To evaluate and quantify phenotypes of DC/DCleu, leukemic blasts, monocytes and

immune reactive cell subsets of the adaptive and innate immunity analyses were con-
ducted via flow cytometry, using a fluorescence-activating cell-sorting flow cytometer
(FACSCaliburTM). Using a refined gating technique and the analysis software CellQuest-
Pro (Becton Dickinson, Heidelberg, Germany), the functionalities of cells (proliferation,
cytokine production, degranulation and cytotoxicity) could be investigated [12,15]. Pan-
els with various monoclonal antibodies (moAbs) labelled with fluorescein isothiocyanate
(FITC), phycoerythrin (PE), phycoerythrin cyanin 7 (PCy7) or allophycocyanin (APC) were
used, provided by Becton Dickinson, Heidelberg, Germanya, Beckman Coulter, Krefeld,
Germanyb, Santa Cruz Biotechnology, Heidelberg, Germanyc, and Bio Legend, San Diego,
CA, USAd. Clone numbers are given in brackets. For the detection of CD3a (HIT3a 55339),
CD4a (SK3 345768 BD), CD14b (RMO52 B36297), CD15b (80H5 B36298), CD19b (REA675
5200608927), CD34b (581 IM1870), CD45ROb (UCHL1 IM1247U), CD71b (YDJ1.2.2 IM0483),
CD117d (104D2 313232), CD197d (REA546 130-099-174), CD107ad (H4A3 328606), and
IPO38c (E2108), FITC moAbs were used. PE-conjugated moAbs were used for the dis-
covery of CD3b (UCHT1 A07747), CD4a (RPA-T4 555347), CD80b (MAB104 IM1976U),
CD206b (3.29B1.10 IM2741), and INFyd (RUO XMG1.2). PCy7-labelled moAbs against
CD3b (UCHT1 737657), CD4b (SFCI12T4D11 737660), CD14a (M5E2 557742), CD20b (B9E9
IM3629), CD34b (581 A21691), CD56b (N901 A21692), CD117b (104D2D1 B49221), CD197a

(3D12 557648 BD), and TNFad (Mab11 502930), and moAbs labelled with APC against CD3b

(UCHT1 IM2467), 6B11d (6B11 342908), CD14b (RMO52 IM2580), CD15a (HI98 551376),
CD19b (J3-119 IM2470), CD20b (B9E9 A21693), CD34b (581 IM2472), CD45ROd (UCHL1
304210), CD56b (N901 IM2474), CD69a (FN50 555533), CD80d (2D10 305220), CD117b

(104D2D1 B36300), and CD206a (19.2 550889 BD) were utilized for detection. Isotype con-
trols were included according to the manufacturer’s instructions [39]. 7AADa (RUO 559925
BD) was used to distinguish between non-viable and viable cells.

2.1.4. Staining and Measurement
Before or after culture, cells were stained using fluorochrome-labeled monoclonal

antibodies, and were quantified as described [12,21]. Additionally, for intracellular staining
(e.g., IPO38, INFy, TNFa) cell fixation and cell permeabilization were performed with
Medium A (FIX&PERM®, Thermo Fisher Scientific, Waltham, MA, USA) and Medium B
(FIX&PERM®, Thermo Fisher Scientific, Waltham, MA, USA). Generated DC/DCleu were
stained with patient-specific blast markers (e.g., CD15, CD34, CD56, CD65, CD117), and
with antibodies against DC typical markers (e.g., CD80, CD206), using DC markers not
expressed on ‘uncultured’ blasts [12,15]. The expression of CD197 (CCR7) determined
mature DCs (DCmat). Moreover, proliferating blasts and monocytes were defined by the
co-expression of blast markers (or monocyte-specific surface markers in healthy samples),
together with CD71 or IPO38 (proliferation markers) without co-expression of DC mark-
ers [8]. Abbreviations are given in Table 1.

2.1.5. Preparation of Cells
AML or healthy WB was either directly used for experiments (the workup of all

blood samples was routinely carried out under a hood), and mononuclear cells (MNC)
and T cells were isolated and frozen for later use. The MNCs isolated from the WB
(according to standard preparations [12]) were used for the isolation of T cells via MACS
microbead technology, based on a CD3 magnetic cell selection (CD3 Microbeads, Milteney
Biotech, Bergisch Gladbach, Germany), as described in the manufacturer’s instructions [40].
T cell purity, verified by flow cytometry, was on average 91% ± 8.2% in healthy WB and
84% ± 9.3% in AML samples. Isolated T cells were further quantified with trypan blue
(Biochrom, Berlin, Germany), counted (Neubauer counting chambers), and resuspended
in 1 mL RPMI/PS (Penicillin/Streptomycin) (for use with T cells in MLC) or in 1 mL
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cytotoxicity medium containing 85% RPMI/PS and 15% human serum (CTX medium, for
use as a target MNC in the CTX assay) [8,12].

2.1.6. Dendritic Cell Culture (DC Culture)
DC and DCleu were cultured as described [8]. For stimulation of the blasts’ differ-

entiation into DCleu, response modifiers (‘Kit M’) were added before and during culture,
as a restimulation, on day 2/3 [12]: Kit M contained 800 U/mL granulocyte macrophage
colony-stimulating factor (GM-CSF, Sanofi-Aventis, Frankfurt, Germany), and 1 µg/mL
prostaglandin E1 (PGE1, Santa Cruz Biotechnology, Dallas, TX, USA) [22]. WB not treated
with response modifiers served as a Control. WB cultures were incubated for 7–8 days
under physiological conditions (37 �C, 5% CO2, 21% O2 and 95% humidity) [12].

2.1.7. Mixed Lymphocyte Culture (MLC Culture)
DC cultures were harvested on day 7–8, and MLC cultures were set up as described [12]. For

stimulating the immune reactive cells, 5 µL of 50 U/mL interleukin 2 (IL-2, PeproTech,
Berlin, Germany) was added on day 0 of MLC cultures. On day 2/3 and 5/6, restimulations
with IL-2 were conducted for every single well. Cell analyses before culture served as the
Control (‘uncultured MLC’). Under physiological conditions (37 �C, 5% CO2, 21% O2 and
95% humidity), the MLC was incubated for 7 days. After culture, measurements were
carried out with Kit M (MLCWB-DC(Kit-M)) and Control (MLCWB-DC(Control)), and cells were
used for the Deg-, the InCyt- and the CTX-assays [8]. Different immune cell subtypes after
MLC were quantified using flow cytometry. Abbreviations are given in Table 1.

2.1.8. Degranulation Assay (Deg) and Intracellular Assay (InCyt)
Deg and InCyt cultures were set up as described [12] to detect leukemia-specific cells,

as given in Table 1. AML samples were stimulated (or not stimulated) in parallel with two
leukemia-associated antigens (LAA): 2 µg/mL Wilms tumor 1 protein (WT-1, PepTivator®,
Miltenyi Botech, Bergisch Gladbach, Germany) and 2 µg/mL PRAME (‘Melanoma antigen
preferentially expressed in tumors’, UniProt ID: P78395, PepTivator®, Miltenyi biotech, Ber-
gisch Gladbach, Germany). Healthy cells were stimulated/not stimulated with 10 µg/mL
staphylococcal enterotoxin B (SEB, Sigma-Aldrich, St. Louis, MO, USA). Cultures without
antigen stimulation served as a negative Control (‘Unstimulated’) [12].

2.1.9. Degranulation Assay (Deg)
A FITC-conjugated antibody against CD107a (Bio Legend, San Diego, CA, USA) was

used to detect cell degranulation as a marker of cell cytotoxicity [20]. After one hour of
incubation, 2 µg/mL Monensin solution (Bio Legend, San Diego, CA, USA) was added
to the culture according to the manufacturer’s instructions to avoid loss or weakening of
FITC-CD107a antibodies’ fluorescence due to endosomal or lysosomal reinternalization [41].
Afterwards, the culture was incubated under physiological conditions (37 �C, 5% CO2,
21% O2 and 95% humidity) for an additional 15 h. After incubation, cells were harvested,
centrifuged, resuspended in PBS/FCS (phosphate-buffered saline/fetal calf serum), and
stained with antibodies [12,15].

2.1.10. Intracellular Assay (InCyt)
Production of tumor necrosis factor alpha (TNFa) [42] and interferon gamma (INFy) [12]

was used to analyze intracellular cytokine production. The cells were stained with PCy7-
conjugated TNFa antibodies (Bio Legend, San Diego, CA, USA) and PE-conjugated INFy
antibodies (Bio Legend, San Diego, CA, USA). Cellular cytokine production was stopped after
one hour of incubation with 5 µg/mL Brefeldin A solution (Bio Legend, San Diego, CA, USA),
according to the manufacturer’s instructions. Afterwards, the culture was incubated for
15 h, and cells were harvested, centrifuged, resuspended in PBS/FCS, and stained with
antibodies [12,15].
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2.1.11. Cytotoxicity Fluorolysis Assay (CTX)
To investigate the ability of effector cells (T cell-enriched cells stimulated with or

without Kit M- treated WB after MLC) to lyse target cells (thawed viable patients’ MNCs
stained with two different blast markers), a cytotoxicity fluorolysis assay was conducted
as described [12]. For each test, equal amounts of effector cells and target cells were
mixed. Afterwards, these tubes were incubated for 0, 3 and 24 h in standard physiological
conditions (37 �C, 5% CO2, 21% O2 and 95% humidity). For the control group, effector and
target cells were separately incubated and mixed shortly before measurement. By adding
7AAD (Becton Dickinson, Heidelberg, Germany) and fluorosphere beads (Beckman Coulter,
Krefeld, Germany), the cytotoxic activity of effector cells could be evaluated through
quantification of viable target cells. The lytic activity of effector cells was calculated and
defined as the percentage of viable target cells in the culture with co-cultured effector and
target cells (for 3 h and 24 h), as compared to Control [8].

An overview of the cell biological experiments is given in the following Scheme 1.
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and CTX; 3./4./5. DC cultures were set up with leukemic and healthy WB and measured using
flowcytometry before and after culture with (vs. without) Kit M; 6./7./8. MLC cultures were set up
with harvested DC culture + T cells, stimulated with IL-2, and measured using flowcytometry before
and after culture; 9./10. Several immune assays were performed after MLC: DEG + InCyt, as well as
a CTX assay after the mixture of MNC and MLC.
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2.2. VOC Experiments
2.2.1. Collection of Serum and Cell Culture Supernatant

As a source for VOC analyses, we collected serum as well as cell culture supernatants
from healthy and AML sample donors. Cell culture supernatants were taken from DC
cultures and MLC cultures (see above); these were the supernatants of DC cultures before
culture with and without the addition of Kit M (DCD0 M/DCD0 ø), or after culture (DCDE
M/DCDE ø), and the supernatants of MLC cultures before culture with or without WB
pretreated with Kit M (MLCD0 M/MLCD0 ø), or after culture (MLCDE M/MLCDE ø).
An overview of the collected supernatants of each proband is given in Table 2. For the
preparation of cell culture supernatants, 1 mL of DC/MLC cell suspension was centrifuged
at 480⇥ g and 4 �C for 5 min, and the supernatants were again centrifuged at 2000⇥ g and
4 �C for 10 min. Afterwards, supernatants were collected and stored in 300–500 µL aliquots
in 1.5 mL safe-lock tubes (Eppendorf Tubes®, Hamburg, Germany), frozen, and stored
at �80 �C.

For preparation of serum supernatants, 4 mL serum was collected (S-Monovette®,
Sarstedt, Nuembrecht, Germany) and centrifuged at 1200⇥ g for 10 min at 4 �C; afterwards,
supernatants were centrifuged again at 1800⇥ g for 10 min at 4 �C. Aliquots of 300–500 µL
were filled in 1.5 mL safe-lock tubes (Eppendorf Tubes®, Hamburg, Germany), frozen, and
stored at �80 �C [43].

Collected serum and culture supernatants were sent on dry ice to the analytical
laboratory of the Marburg University Hospital, where the VOC analyses were conducted.

2.2.2. Experimental Set-Up of the Cyranose 320
Serum and cell culture supernatants were thawed in Marburg, and afterwards, VOCs

were collected from the surface above every single supernatant (healthy, leukemia, serum,
DC- or MLC-samples) and measured in a sealed room using the Cyranose 320 electronic
nose (eNose) [43,44]. The Cyranose 320® belongs to the group of polymers sensors and
consists of 32 thin-film carbon polymer chemiresistors (NoseChip). The sensor response
is based on binding volatile organic components (VOCs) depending on structure, size,
polarity and proton affinity. The sensors convert chemical signals to electronical signals [45].
Exposure to gases causes the polymer layer to swell while the analyte is absorbed. Each
sensor responds differently to an analyte; conversely, no sensor usually responds to only
a single analyte. The magnitude of a sensor’s response depends on the doping of the
sensor and the physicochemical character of the analyte. For single substances or for a
mixture, respectively, characteristic pattern smellprints are produced; these are composed
of 32 individual signals. The measurement is based on the change in the resistance of
each sensor when exposed to volatile organic gases. In this process, the medical air did
not have any effect on the VOCs to be measured. In this context, it rather stood for a
standard to not allow any contamination by the ambient air. To ensure that the sensors
were working correctly in each study, defined olfactory substances were used to check
their functions. Only when all 32 sensors of the eNose indicated correct reference ranges
could the study begin. Before each measurement series, the sensors were trained with
the so-called training set. The sensors were calibrated once a month with a test battery
of odors. Every single measurement was performed in three steps. A reference value
was determined using medicinal air (Aer medicinalis, Linde Gas Therapeutics GmbH,
Unterschleißheim, Germany) (1). After 60 s of step 1, the VOCs on the volatile surface
of the cell supernatants were measured (2), followed by a cleaning step of the sensors
of the eNose with exposed ambient air within another 60 s (3) [31]. All samples were
measured in triplicate, and arithmetic mean values were used for principal component
analysis. Afterwards, linear discriminant analyses (LD) were performed, and the LD results
were used for further analyses, particularly contingency table analyses. The Mahalanobis
distance between groups was then determined [43,44]. An overview of the VOC sampling,
measurement and analysis is given in the following Scheme 2.
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Scheme 2. Overview of the VOC experiments. 1. Collection of supernatants of serum, DC- and MLC
cultures; 2. Freezing, transportation to Marburg and thawing of the tubes; 3. Measurement of VOCs
above supernatants using the eNose; 4./5. Statistical analyses of VOC data and presentation of VOC
differentiations in graphs.

2.3. Statistical Methods
All cell biological measurements were conducted using flow cytometry (FACSCaliburTM,

Becton Dickinson, Heidelberg, Germany) and the software BD CellQuestPro (Becton Dickin-
son, Heidelberg, Germany). Statistical analyses were conducted with Excel (Microsoft®

Excel, version 16.52, Redmond, WA, USA) and Prism 9 (GraphPad Software, version
9.1.1, San Diego, CA, USA). Data are presented as mean ± standard deviation. Statistical
comparisons of two groups were performed using multiple two-tailed t-tests.

Statistical investigations of VOC data calculated via linear discriminant analyses were
conducted with Prism 9 (GraphPad Software, version 9.1.1, San Diego, CA, USA). Data
are presented as sensitivity, specificity, a positive predictive value (PPV) and a negative
predictive value (NPV). Statistical comparisons for contingency table analyses were con-
ducted with Fisher’s exact test. Moreover, differences were considered highly significant
with p values  0.005, significant with p values  0.05, and borderline significant with
p values 0.05 to 0.10.

3. Results
3.1. Cell Biological Results

DC/DCleu were generated by treating blasts (monocytes) in leukemic and healthy
WB with (vs. without) blast-modulating Kit M. DCs and their subtypes (DCleu, DCmat,
DCleu-mat) were quantified after culture with (DCWB(Kit M)) or without Kit M (DCWB(Control)).
Afterwards, DC/DCleu-containing samples were used to stimulate T cell-enriched im-
mune cells in MLC. The composition of the immune reactive cells was analyzed before
(uncultured MLC) and after MLC (MLCWB-DC(Control) or MLCWB-DC(Kit M)). Additionally,
specific antileukemic effects were studied via Deg and InCyt. The cytotoxic impact of T
cell-enriched MLC (with and without pretreatment with Kit M) was evaluated via CTX in
AML samples. Abbreviations for cell populations are given in Table 1. An overview of the
experiments is given in Scheme 1.

Successful generation of DC/DCleu from healthy and AML WB
Significantly higher frequencies of (mature) DC and their subtypes were generated

with (vs. without) Kit M-pretreated healthy WB compared to Control
Using healthy samples, we could generate significantly higher frequencies of DC and

DCmat within WB when using DCWB(Kit M) rather than DCWB(Control) (%DC/WB: Kit M:
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22 ± 5.47; Control: 13 ± 3; p = 0.0001, and %DCmat/WB: Kit M: 13 ± 5.73; Control: 7 ± 3;
p = 0.003 or %DCmat/DC: Control: 28 ± 10; Kit M: 65 ± 19; p = 0.034). Proliferation of
monocytes (as detected by co-expression of CD71 or IPO-38) from healthy WB was not
induced under the influence of Kit M (Figure 1 ‘healthy’).
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Figure 1. DC/DCleu generation from AML and healthy WB: ‘left side’ shows the average frequencies
± standard deviation of generated DC (subtypes) in healthy and leukemic WB fractions (with
and without Kit M-pretreated WB (DCWB(Control); DCWB(Kit M))). ‘right side’ shows the average
frequencies ± standard deviation of generated DC subtypes, proliferating blasts and monocytes
for AML or healthy samples in different cell subtype fractions (with and without Kit M-pretreated
WB (DCWB(Control); DCWB(Kit M))). Statistical tests were performed using multiple t-tests. Differences
were considered as highly significant with p values  0.005, significant with p values  0.05, and
borderline significant with p values between 0.05 and 0.10. Abbreviations of cell types are given
in Table 1.

In leukemic samples, we found significantly higher frequencies of mature and leukemia-
derived DC (subsets) in DCWB(Kit M), compared to DCWB(Control) (e.g., %DC/WB: Kit
M: 26± 5.55; Control: 16 ± 3; p = 0.0001, and %DCleu/WB: Kit M: 11 ± 5.58; Control:
7 ± 4; p = 0.03% or DCmat/WB: Kit M: 12 ± 7.06; Control: 5 ± 5; p = 0.003). We found
significantly increased frequencies of DC subsets in DCWB(Kit M) compared to DCWB(Control)

(e.g., %DCmat/DC: Kit M: 50 ± 22; Control: 34 ± 21; p = 0.04, and %DCleu-mat/BLA: Kit
M: 43 ± 20; Control: 26 ± 19; p = 0.02 and %DCleu/BLA: Kit M: 56 ± 19; Control: 41 ± 19;
p = 0.03). Proliferation of blasts (as detected in the co-expression of CD71 or IPO-38) from
leukemic WB was not induced by Kit M treatment (Figure 1 ‘AML’).

Significantly higher frequencies of DC (subtypes) were found in healthy vs. AML
WB samples after Kit M treatment

We found significantly higher frequencies of DC (subtypes) in leukemic compared
to healthy WB samples under the influence of Kit M (e.g., %DC/WB: healthy: 22 ± 5;
leukemia: 26 ± 6; p = 0.05). Significantly higher frequencies of DCmat/DC were found in
healthy (vs. leukemic) DCWB(Control) (%DCmat/DC: healthy: 51 ± 12; leukemia: 34 ± 21;
p = 0.01).

In summary, we found higher frequencies of DCs and their subtypes in Kit-treated
healthy and leukemic WB when compared to Control, while we could not detect an
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induction of blast or monocyte proliferation after Kit M treatment. Moreover, we conclude
that Kit M-pretreated healthy WB gave rise to higher frequencies of DCmat compared to
Kit M-pretreated AML samples.

Stimulation of immune cells was successful after healthy and leukemic MLC cul-
ture compared to uncultured MLC

After MLC culture (vs. uncultured MLC) with healthy or leukemic samples, we
found significantly higher frequencies of proliferating, activated T cells (Tprol-early/CD3+,
Tprol-late/CD3+, Tnon-naive/CD3+, Tnon-naiveCD4+/TCD4+, Tnon-naiveCD4�/TCD4�), and mem-
ory T cells (Tem/eff/CD3+, Tem/effCD4+/TCD4+, Tem/effCD4�/TCD4�) (Tcm/CD3+, TcmCD4+/
TCD4+, TcmCD4�/TCD4�) (Figure 2).
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Figure 2. Stimulatory effect of DC/DCleu generated with (vs. without) Kit M from healthy or AML
WB on the composition of immunoreactive cells in mixed lymphocyte culture (MLC). The average
frequencies ± standard deviation of T cell subsets after stimulation of T cell-enriched immunoreactive
cells containing Kit M-pretreated WB (MLCWB-DC(Kit M)) from leukemic or healthy WB compared
to WB not pretreated with Kit M (MLCWB-DC(Control)) and uncultured cells (uncultured MLC) are
given. Statistical tests were performed using multiple t-tests. Differences were considered highly
significant with p values  0.005, significant with p values  0.05, and borderline significant with
p values between 0.05 and 0.10. Abbreviations of cell types are given in Table 1.
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Significantly higher frequencies of T cell subsets were found in MLCWB-DC(Kit M)

compared to MLCWB-DC(Control) in healthy and AML samples
In healthy samples, we found significantly higher frequencies of non-naïve T cell

subsets and of Tem/effCD4�/TCD4� in MLCWB-DC(Kit M) compared to MLCWB-DC(Control)

(%Tnon-naïve/CD3+: Kit M: 77 ± 20; Control: 61 ± 20; p = 0.04 and %Tnon-naiveCD4�/TCD4�:
Kit M: 73 ± 21; Control: 50 ± 23; p = 0.01 and %Tem/effCD4�/TCD4�: Kit M: 60 ± 23; Control:
40 ± 21; p = 0.02). In leukemic samples, we found borderline significantly higher frequencies
of Tprol-early/CD3+ in MLCWB-DC(Kit M) compared to MLCWB-DC(Control) (%Tprol-early/CD3+:
Kit M: 45 ± 15; Control: 36 ± 13; p = 0.08), and (non-significantly) increased frequencies of
Tcm/CD3+ (Figure 2).

Significant differences were found between healthy and AML patients’ T cell subsets
In healthy samples (compared to AML patients’ samples), we found significantly higher

frequencies of Tem/eff/CD3+ and Tem/effCD4�/TCD4� after MLCWB-DC(Kit M) (%Tem/eff/CD3+:
healthy: 62 ± 26; leukemia: 43 ± 19; p = 0.03 and %Tem/effCD4�/TCD4�: healthy: 60 ± 23;
leukemia: 40 ± 19; p = 0.02) (Figure 2).

We summarize that IL-2 had a significant effect on the provision, proliferation and
activation of T cells after culture compared to uncultured T cells. Moreover, Kit M-treated
WB had a (significant) impact on the proliferation and activation of healthy and AML T
cells. Additionally, we found significantly higher frequencies of memory T cell subsets in
healthy samples compared to AML patients’ samples.

Degranulation and intracellular assay results
The degranulation activity of immune reactive cells was evaluated with a Deg assay

in WB (uncultured WB) and after MLC (MLCWB-DC(Control) and MLCWB-DC(Kit M)); the
intracellular TNFa and INFy production was analyzed with an InCyt assay. Deg and InCyt
assays were both conducted with/without stimulation with leukemia- associated antigens
(LAA) (WT-1 and PRAME) for leukemic samples, or with/without stimulation with SEB
for healthy samples (‘Stimulated’/‘Unstimulated’) (Figures 3 and 4).

Stimulation of (leukemia/antigen) specific immune cells was successful after healthy and
leukemic MLC culture compared to uncultured WB

In healthy and leukemic WB without SEB/LAA stimulation after MLC (vs. uncultured
WB) (significantly), we found higher frequencies of antigen-specific degranulating and INFy-
producing T cells (e.g., %CD3+107a+/INFy+/CD3+: Kit M: 32 ± 23; uncultured WB: 24 ± 15;
p = 0.001 and %CD3+107a+/INFy+/CD3+: Control: 24 ± 15; uncultured WB: 6 ± 9; p = 0.01),
degranulating non-naive T cells (Tnon-naive107a+/INFy+/Tnon-naive), effector memory and cen-
tral memory T cell subsets (Tem/eff107a+/INFy+/Tem/eff) (Tcm107a+/INFy+/Tcm), degranulating
B cells (Bcell107a+/Bcell) (Figure 3A,B), and several subtypes of degranulating innate immu-
nity cells (CIKcell107a+/INFy+/CIKcell, NKcell107a+/INFy+/NKcell, iNKTcell107a+/iNKTcell)
(Figure 4A,B).

(Data with vs. without SEB/LAA stimulation after MLC were similar (data not shown).
In summary, we conclude that IL-2 had a significant effect on the (antigen-specific)

activation and differentiation of degranulating and INFy-producing innate and adaptive
immunity cells after MLC compared to uncultured WB.

Significantly higher frequencies of leukemia/antigen-specific, adaptive immune cells were
found in MLCWB-DC(Kit M) compared to MLCWB-DC(Control) in healthy and AML samples

In healthy samples without SEB stimulation, we found significantly higher frequen-
cies of Bcell107a+/Bcell (%Bcell107a+/Bcell: Kit M: 32 ± 11; Control: 13 ± 4; p = 0.017)
(Figure 3A ‘Healthy’), and (borderline) significantly higher frequencies of CD3+INFy+/CD3+,
TCD4+INFy+/TCD4+, TCD4�INFy+/TCD4�, Tnon-naive INFY+/Tnon-naive in MLCWB-DC(Kit M) com-
pared to MLCWB-DC(Control) (e.g., %CD3+INFy+/CD3+: Kit M: 45 ± 19; Control: 24 ± 16;
p = 0.025) (Figure 3B, ‘Healthy’).
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In leukemia samples without LAA stimulation, we found borderline significantly higher frequen-
cies of Tnon-naive107a+/Tnon-naive in MLCWB-DC(Kit M) compared to MLCWB-DC(Control) (%Tnon-naive107a+/
Tnon-naive: Kit M: 48 ± 28; Control: 28 ± 17; p = 0.09) (Figure 3A ‘AML’). Significantly
higher production of intracellular INFy in MLCWB-DC(Kit M) compared to MLCWB-DC(Control)

was found in, e.g., CD3+INFy+, TCD4�INFy+, (%CD3+INFy+/CD3+: Kit M: 32 ± 15; Control:
14 ± 10; p = 0.006 and %TCD4+INFy+/TCD4+: Kit M: 50 ± 26; Control: 24 ± 17; p = 0.016
(Figure 3B ‘AML’).

We conclude that Kit M treatment (vs. no treatment) led to an increased degranulation
activity and an increased production of intracellular INFy and TNFa in leukemic and
healthy samples’ adaptive immune cells.
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Figure 3. Stimulatory effect of Kit M-pretreated WB on (leukemia-specific) immunoreactive T cell
subsets and B cells. Presented herein are the degranulation activities (A) and intracellular INFy
production of adaptive immune cells (B) of leukemic or healthy WB (uncultured WB), before and
after culture of leukemic and healthy MLC pretreated with (MLCWB-DC(KIT M)) or without Kit M
(MLCWB-DC(Control)), without LAA stimulation. Also given are the average frequencies ± standard
deviation of CD107a expressing T cell subsets and B cells, and of intracellular INFy producing T cell
subsets. Statistical tests were performed using multiple t-tests. Differences were considered highly
significant with p values  0.005, and significant with p values  0.05. Abbreviations of subtypes are
given in Table 1.
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Figure 4. Stimulatory effect of Kit M-pretreated WB on (leukemia-specific) immunoreactive T cell
subsets and B cells. Given are the degranulation activities (A) and intracellular INFy production
of innate immune cells (B) of leukemic or healthy WB (uncultured WB), before and after culture of
leukemic and healthy MLC pretreated with (MLCWB-DC(KIT M)) or without Kit M (MLCWB-DC(Control)),
without LAA stimulation. Given are the average frequencies ± standard deviation of CD107a
expressing NK, CIK and iNKT cell subsets, and of intracellular INFy producing NK and CIK cell
subsets. Statistical tests were performed using multiple t-tests. Differences were considered highly
significant with p values  0.005, and significant with p values  0.05. Abbreviations of subtypes are
given in Table 1.

Significantly higher frequencies of leukemia/antigen-specific innate immune cells were found
in MLCWB-DC(Kit M) compared to MLCWB-DC(Control) in healthy and AML samples

In healthy samples, significantly higher frequencies of CIKcell107+/CIKcell (%CIKcell107a+/
CIKcell: Kit M: 53 ± 15; Control: 34 ± 20; p = 0.049) (Figure 4A ‘Healthy’) and of
CIKcellINFy+/CIKcell and NKcellINFy+/Nkcell were found after MLCWB-DC(Kit M) compared
to MLCWB-DC(Control) (%CIKcellINFy+/CIKcell: Kit M: 69 ± 15; Control: 32 ± 14; p = 0.0001
and %NkcellINFy+/Nkcell: Kit M: 19 ± 21; Control: 1 ± 2; p = 0.03) (Figure 4B ‘Healthy’).

In leukemic samples, we found significantly higher frequencies of degranulating
CIK and NK cells (%CIKcell107a+/CIKcell: Kit M: 60 ± 19; Control: 43 ± 14; p = 0.05
and %NKcell107a+/NKcell: Kit M: 38 ± 16; Control: 21 ± 13; p = 0.02) (Figure 4A ‘AML’)
and of CIKcellINFy+/CIKcell and NKcellINFy+/NKcell in MLCWB-DC(Kit M) compared to
MLCWB-DC(Control) (%CIKcellINFy+/CIKcell: Kit M: 59 ± 17; Control: 20 ± 9; p = 0.0001 and
%NKcellINFy+/NKcell: Kit M: 11 ± 9; Control: 3 ± 4; p = 0.026) (Figure 4B ‘AML’).
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We can conclude that Kit M-pretreated (vs. untreated) WB led to an increased de-
granulation activity and a higher production of intracellular INFy and TNFa of innate
immune cells.

The antileukemic activity of T cell-enriched MLC is improved with Kit M-pretreated stim-
ulated cells

After co-culture of ‘effector cells’ (T cell-enriched MLC with Kit M-pretreated (vs. not
pretreated) WB) with ‘target cells’ (thawed blast-containing MNC), we compared blast lysis
of MLCWB-DC(Control) (‘Control’) vs. MLCWB-DC(Kit M) (‘Kit M’) using a cytotoxicity
fluorolysis assay. Analyses were conducted after 3 or 24 h of incubation of the target
with effector cells, and finally the better antileukemic effectivity after either 3 or 24 h was
selected as the ‘best’ achieved lysis value. The lytic activity was calculated and defined as
the frequencies of (un)viable target cells compared to a control [8,12].

After 3 h, blast lysis was found in 86.67% of cases (13/15) after MLCWB-DC(Kit
M) vs. 73.33% of cases (11/15) in the Control (MLCWB-DC(Control)). After 24 h, blast
lysis was found in 100% of cases (15/15) after MLCWB-DC(Kit M) vs. 73.33% of cases
(11/15) in Control (MLCWB-DC(Control)). After 3 h, the frequencies of lysed blasts after
MLCWB-DC(Kit M) were significantly lower compared to MLCWB-DC(Control) (%lysed
blasts: Kit M: �32.36 ± 29.34; Control: �10.62 ± 20.83; p = 0.03). After 24 h, we found
significantly lower frequencies of lysed blasts after MLCWB-DC(Kit M) compared to
MLCWC-DC(Control) (%lysed blasts: Kit M: �46.57 ± 23.32; Control: �22.19 ± 29.40;
p = 0.02) (Figure 5A).

After 3 and 24 h of incubation, 100% (15/15) of cases showed improved lysis after
MLCWB-DC(Kit M) compared to MLCWB-DC(Control). The proportions of cases with
improved lysis after 3 h were �24.59 ± 22.93, and after 24 h were �29.62 ± 24.33 (Figure 5B).

After selecting the ‘best’ achieved lysis value after 3 h and 24 h of incubation time, we
found more cases with lysis after MLCWB-DC(Kit M) vs. MLCWB-DC(Control) (MLCWB-
DC(Kit M): 100% vs. MLCWB-DC(Control): 66.67% cases of lysis). The frequencies of lysed
blasts were significantly lower after MLCWB-DC(Kit M) compared to MLCWB-DC(Control)
(%lysed blasts: Kit M: �48.07 ± 23.86; Control: �13.04 ± 25.02; p = 0.0005) (Figure 5A). We
found improved blast lysis in 15/15 cases (100%) after MLCWB-DC(Kit M) compared to
MLCWB-DC(Control), which only led to improved lysis of �41.82 ± 23.77% (Figure 5B).

In summary, Kit M pretreatment significantly improved blast lysis after MLC.
We can conclude that Kit M-pretreated (vs. untreated) leukemia and healthy WB gave

rise to higher frequencies of mature (leukemia-derived) DC subtypes and (after MLC) of
(leukemia) specific cells of several lines (innate and adaptive immunity cells, including
memory cells), finally giving rise to blast-lysing cells.
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Figure 5. (A) Kit M-treated leukemic WB (compared to untreated WB) leads to stimulation of blast
lytic activity. (B) Improved blast lysis with Kit M-pretreated WB compared to Control. Stimulatory
effect of Kit M-pretreated (vs. untreated) WB on the cytotoxic activity after 3 h and 24 h of co-culture
of immunoreactive cells (‘effector cells’) and blasts (‘target cells’). Given are the proportions of
cases with blast lysis and the frequencies ± standard deviation of increased or lysed blasts after
MLCWB-DC(Kit M) (Kit M), compared to MLCWB-DC(Control) (Control), after 3 h and 24 h, and the ‘best’
achieved blast lysis after 3 h or 24 h (A) and the proportions of cases with an improvement in blast
lysis (or without an improvement in blast lysis), the frequencies ± standard deviation of improved
(or not improved) lysed blasts after MLCWB-DC(Kit M) in relation to MLCWB-DC(Control) after 3 h and
24 h, and the ‘best’ achieved improvement in blast lysis (or without improvement in blast lysis) after
3 h or 24 h (B). Statistical tests were performed using a paired t-test. Differences were considered
highly significant with p values  0.005, and significant with p values  0.05.

3.2. Volatile Organic Compounds (VOC) Results
Serum supernatants and cell culture supernatants were obtained from healthy and

AML samples’ serum, DC, and MLC cultures. As a source for VOC analyses conducted
using eNose, we used volatile phases above healthy and leukemic serum supernatants
(‘Serum’), DCD0 ø/MLCD0 ø, DCDE ø/MLCDE ø (DC/MLC culture without Kit M
treatment), DCD0 M/MLCD0 M, and DCDE M/MLCDE M (DC/MLC culture pretreated
with Kit M), as described in the section DC culture or MLC culture. An overview of the
collected supernatants of every proband is given in Table 2, and of the VOC experiments in
Scheme 2. After measuring, various comparisons were calculated using linear discriminant
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analyses (LD), and the smellprints are graphically shown in two-dimensional principal
component analysis (PCA) plots (Figures 6–8). The sensitivity, specificity, Mahalanobis
distance (md), negative and positive predictive values, and the p-value calculated by
Fishers’ exact test gave information about the significant discrimination.

The VOC profiles of the healthy and AML serum-derived volatile phases are signifi-
cantly different

Using 14 healthy and 17 AML patients’ serum supernatants, the eNose showed a sig-
nificant differentiation (%sensitivity: 79; %specificity: 82; p = 0.0011). Detailed information
about the serum results obtained with the eNose are given in Figure 6A.
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Figure 6. Significantly different eNose results between serum, DC culture, or MLC culture
supernatant-derived VOCs using healthy or AML patients’ samples. Given are the absolute and
graphically represented differences of volatile phases derived from healthy serum, DC culture super-
natants (DCD0 ø, DCD0 M, DCDE ø, DCDE M), and MLC culture supernatants (MLCD0 ø, MLCD0 M,
MLCDE ø, MLCDE M) compared to the corresponding leukemic volatile phases. Given underneath
are the dimensionless LD 1 values and tables, presenting an overview of the sensitivity, specificity,
negative and positive predictive values. Statistical tests were performed using Fisher’s exact test:
Differences were considered significant with p values  0.05. Abbreviations of analyzed samples are
given in Table 2.
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3.3. The VOC Profiles of Uncultured and Cultured Healthy and Leukemic DC Culture
Supernatants (with/without Kit M Pretreatment) of Derived Volatile Phases Are
Significantly Different

We differentiated VOCs in supernatants from healthy vs. leukemic cultures. In
healthy DC culture supernatant-derived volatile phases, we found significantly different
VOC results compared to leukemic DC culture supernatants. Healthy donors’ DCD0 ø
and DCD0 M achieved a sensitivity of 69%, and AML patients’ DCD0 ø and DCD0 M
a specificity of 88% (healthy vs. leukemic DCD0 ø and healthy vs. leukemic DCD0 M:
p = 0.0027). A less significant difference was found in healthy and leukemic DCDE M
(%sensitivity: 79; %specificity: 80; p = 0.0028). A more significant difference was found in
healthy and AML patients’ DCDE ø (%sensitivity: 86; %specificity: 93; p = 0.0001). Graphs
and more details are shown in Figure 6B).

3.4. The VOC Profiles of Uncultured and Cultured Healthy and Leukemic MLC Culture
Supernatants (with/without Kit M Pretreatment) of Derived Volatile Phases Are
Significantly Different

eNose analyses of healthy and AML samples’ MLC culture supernatants achieved
significantly different results. With a sensitivity of 86% and a specificity of 71%, the eNose
could separate healthy MLCD0 ø from leukemic MLCD0 ø (p = 0.0063). Compared to AML
patients’ supernatant, we found significant differences in healthy MLCD0 M (%sensitivity:
93; %specificity: 79; p = 0.0003), in healthy MLCDE ø (%sensitivity: 100; %specificity:
77; p = 0.0001), and in healthy MLCDE M (%sensitivity: 86; %specificity: 77; p = 0.0018)
(Figure 6C)).

In summary, we conclude that the eNose, by using LD analyses, could significantly
differentiate volatile phases above both healthy and leukemic serum supernatants, and
healthy and leukemic DC and MLC culture supernatants (both cultured and uncultured
DC/MLC) in a direct comparison. Furthermore, we conclude that the eNose yielded
significantly different results between healthy and leukemic DC and MLC supernatants,
whether pretreated or not with Kit M.

3.5. The Volatile Phases above Healthy DC Supernatants Are Significantly Different
We differentiated VOCs from culture supernatants before vs. after culture and with vs.

without Kit M pretreatment in healthy or in AML VOC samples. We found significantly
different volatile phases in several healthy DC supernatants (DCD0 ø vs. DCD0 M vs.
DCDE ø vs. DCDE M). Healthy DCD0 ø compared to healthy DCDE ø showed a signifi-
cant difference in VOC analyses (%sensitivity: 77; %specificity: 77; p = 0.017). Moreover,
healthy DCD0 M compared to healthy DCDE M could be distinguished most significantly
(%sensitivity: 85; %specificity: 100; p = 0.0001). The eNose achieved a sensitivity of 77%
and a specificity of 92% in healthy DCD0 ø compared to DCD0 M (p = 0.001). Furthermore,
analyses of healthy DCDE ø and healthy DCDE M yielded a significant difference (%sensi-
tivity: 69; %specificity: 77; p = 0.047). Healthy DCD0 ø supernatants compared to DCDE M
supernatants were identified by eNose, with a sensitivity of 85% and a specificity of 85%
(p = 0.0012) (Figure 7A).



6 Publication II 71 

Biomolecules 2023, 13, 989 24 of 35
Biomolecules 2023, 12, x FOR PEER REVIEW 28 of 40 
 

 

Significant differences between volatile phases of healthy or leukemic DC/MLC culture supernatants before vs. after 
culture and with vs. without Kit M pretreatment. 

(A) The volatile phases above healthy DC supernatants are significantly different. 

 

 

 DCD0 ø Healthy DCDE ø Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 10/3 (77) 10/3 (77) 77 77 .017 

 

 DCD0 M Healthy DCDE M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/2 (85) 13/0 (100) 100 87 .0001 

 

 DCD0 ø Healthy DCD0 M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 10/3 (77) 12/1 (92) 91 80 .001 

 

 DCDE ø Healthy DCDE M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 9/4 (69) 10/3 (77) 75 71 .047 

 

 DCD0 ø Healthy DCDE M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/2 (85) 11/2 (85) 85 85 .0012 

1 Sensitivity. 2 Specificity. 3 Positive predictive value. 4 Negative predictive value. 5 p values calculated with Fisher’s exact test. 

 

0 5 10 15
-4

-3

-2

-1

0

1

2

3

4

Samples

LD
 1

DCD0 ø Healthy

DCD0 M Healthy

DCDE ø Healthy

DCDE M Healthy

n=13

n=13

n=13

n=13

Figure 7. Cont.



6 Publication II 72 

Biomolecules 2023, 13, 989 25 of 35Biomolecules 2023, 12, x FOR PEER REVIEW 29 of 40 
 

 

(B) The volatile phases above healthy MLC supernatants are significantly different. 

 
 

 MLCD0 ø Healthy MLCDE ø Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/3 (79) 11/3 (79) 79 79 .007 

 

 MLCD0 M Healthy MLCDE M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/3 (79) 11/3 (79) 79 79 .007 

 

 MLCD0 ø Healthy MLCD0 M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 10/4 (71) 13/1 (93) 91 76 .0013 

 

 MLCDE ø Healthy MLCDE M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/3 (79) 12/2 (86) 85 80 .0018 

 

 MLCD0 ø Healthy MLCDE M Healthy    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 10/4 (71) 11/3 (79) 77 73 .0213 

1 Sensitivity. 2 Specificity. 3 Positive predictive value. 4 Negative predictive value. 5 p values calculated with Fisher’s exact test. 

  

0 5 10 15
-4

-3

-2

-1

0

1

2

3

4

Samples

LD
 1

MLCD0 ø Healthy

MLCD0 M Healthy

MLCDE ø Healthy

MLCDE M Healthy

n=14

n=14

n=14

n=14

Figure 7. Cont.



6 Publication II 73 

Biomolecules 2023, 13, 989 26 of 35Biomolecules 2023, 12, x FOR PEER REVIEW 30 of 40 
 

 

(C) The volatile phases above leukemic DC supernatants are significantly different. 

 
 

 DCD0 ø AML DCDE ø AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 14/0 (100) 12/2 (86) 88 100 .0001 

 

 DCD0 M AML DCDE M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 13/1 (93) 13/1 (93) 93 93 .0001 

 

 DCD0 ø AML DCD0 M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/3 (79) 11/3 (79) 79 79 .007 

 

 DCDE ø AML DCDE M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 12/2 (86) 10/4 (71) 75 83 .0063 

 

 DCD0 ø AML DCDE M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 13/1 (93) 13/1 (93) 93 93 .0001 

1 Sensitivity. 2 Specificity. 3 Positive predictive value. 4 Negative predictive value. 5 p values calculated with Fisher’s exact test. 

 

  

0 5 10 15
-4

-3

-2

-1

0

1

2

3

4

Samples

LD
 1

DCD0 ø AML

DCD0 M AML

DCDE ø AML

DCDE M AML

n=14

n=14

n=14

n=14

Figure 7. Cont.



6 Publication II 74 

Biomolecules 2023, 13, 989 27 of 35Biomolecules 2023, 12, x FOR PEER REVIEW 31 of 40 
 

 

(D) The volatile phases above healthy MLC supernatants are significantly different. 

 
 

 MLCD0 ø AML MLCDE ø AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 12/1 (92) 12/1 (92) 92 92 .0001 

 

 MLCD0 M AML MLCDE M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/2 (85) 10/3 (77) 83 83 .0048 

 

 MLCD0 ø AML MLCD0 M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 10/3 (77) 10/3 (77) 77 77 .017 

 

 MLCDE ø AML MLCDE M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 11/2 (85) 11/2 (85) 85 85 .0012 

 

 MLCD0 ø AML MLCDE M AML    

 Correct/False (%1) Correct/False (%2) PPV3 (%) NPV4 (%) P5 

eNose results 10/3 (77) 10/3 (77) 77 77 .017 

1 Sensitivity. 2 Specificity. 3 Positive predictive value. 4 Negative predictive value. 5 p values calculated with Fisher’s exact test. 

Figure 7. Shown are the graphically represented differences of volatile phases derived from either 
healthy and leukemic DC culture supernatants (DCD0 ø, DCD0 M, DCDE ø, DCDE M) or healthy 
and leukemic MLC culture supernatants, comparing before vs. after culture and with vs. without 
Kit M pretreatment. Given underneath are the dimensionless LD 1 values and tables, presenting an 
overview of the sensitivity, specificity, negative and positive predictive values. Statistical tests were 

0 5 10 15
-4

-3

-2

-1

0

1

2

3

4

Samples

LD
 1

MLCD0 ø AML

MLCD0 M AML

MLCDE ø AML

MLCDE M AML

n=13

n=13

n=13

n=13

Figure 7. Shown are the graphically represented differences of volatile phases derived from either
healthy and leukemic DC culture supernatants (DCD0 ø, DCD0 M, DCDE ø, DCDE M) or healthy
and leukemic MLC culture supernatants, comparing before vs. after culture and with vs. without
Kit M pretreatment. Given underneath are the dimensionless LD 1 values and tables, presenting an
overview of the sensitivity, specificity, negative and positive predictive values. Statistical tests were
performed using the Fisher’s exact test. Differences were considered significant with p values  0.05.
Abbreviations of analyzed samples are given in Table 2.
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3.6. The Volatile Phases above Healthy MLC Supernatants Are Significantly Different
The eNose could significantly differentiate between the volatile phases of healthy MLC

culture supernatants, both before vs. after culture and with vs. without Kit M pretreatment
(MLCD0 ø vs. MLCD0 M vs. MLCDE ø vs. MLCDE M). We found a significant difference
between healthy MLCD0 ø and healthy MLCDE ø (%sensitivity: 79; %specificity: 79;
p = 0.007). With the same results, we could separate healthy MLCD0 M from healthy
MLCDE M (%sensitivity: 79; %specificity: 79; p = 0.007).

The eNose could also significantly distinguish healthy MLCD0 ø from healthy MLCD0
M (%sensitivity: 71; %specificity: 93; p = 0.0013). Moreover, we found significantly different
VOC results in healthy MLCDE ø compared to healthy MLCDE M (%sensitivity: 79; %speci-
ficity: 86; p = 0.0018). A less significant difference was achieved in a VOC analysis with
healthy MLCD0 ø and healthy MLCDE M (%sensitivity: 71; %specificity: 79; p = 0.0213)
(Figure 7B).

3.7. The Volatile Phases above Leukemic DC Culture Supernatants Are Significantly Different
For analyzing the eNose’s ability to distinguish several AML patients’ DC culture

supernatants (before vs. after culture and with vs. without Kit M pretreatment), we
used 14 AML supernatants. We found significantly different VOC results in leukemic
DCD0 ø compared to leukemic DCDE ø (%sensitivity: 100; %specificity: 86; p = 0.0001).
We investigated the difference between leukemic DCD0 M and leukemic DCDE M, as
well as the difference between leukemic DCD0 ø and leukemic DCDE M. In both, we
found similar significantly different results (%sensitivity: 93; %specificity: 93; p = 0.0001).
Furthermore, the eNose could significantly distinguish leukemic DCD0 ø from leukemic
DCD0 M (%sensitivity: 79; %specificity: 79; p = 0.007). In addition, we investigated the LD
analysis of leukemic DCDE ø and leukemic DCDE M. The eNose could correctly identify
the leukemic DCDE ø with a sensitivity of 86%, and the leukemic DCDE M with a specificity
of 71% (p = 0.0063) (Figure 7C).

3.8. The Volatile Phases above Leukemic MLC Culture Supernatants Are Significantly Different
The eNose could significantly differentiate between the volatile phases of leukemic

MLC culture supernatants before vs. after culture and with vs. without Kit M pretreatment.
We found significantly different volatile phases in 13 several leukemic MLC supernatants
(MLCD0 ø vs. MLCD0 M vs. MLCDE ø vs. MLCDE M). Leukemic MLCD0 ø showed
significantly different VOC results compared to leukemic MLCDE ø (%sensitivity: 92;
%specificity: 92; p = 0.0001). The comparison of AML patients’ MLCD0 M and MLCDE M
yielded a sensitivity of 85% and a specificity of 77%, which led to a significant difference in
their VOC results (p = 0.0048). In addition, the eNose significantly distinguished leukemic
MLCD0 ø from leukemic MLCD0 M (%sensitivity: 77; %specificity: 77; p = 0.017). With the
same effectiveness, the eNose could separate leukemic MLCD0 ø from leukemic MLCDE M
(%sensitivity: 77; %specificity: 77; p = 0.017). More significant results could be achieved in a
comparison of leukemic MLCDE ø with leukemic MLCDE M (%sensitivity: 85; %specificity:
85; p = 0.0012) (Figure 7D).

Using LD analyses, we conclude that the eNose could significantly distinguish volatile
phases above healthy DC (DCD0 ø vs. DCD0 M or DCDE ø vs. DCDE M) and healthy MLC
(MLCD0 ø vs. MLCD0 M or MLCDE ø vs. MLCDE M) culture supernatants, and above
several AML patients’ DC (DCD0 ø or DCD0 M vs. DCDE ø vs. DCDE M) and leukemic
MLC (MLCD0 ø vs. MLCD0 M or MLCDE ø vs. MLCDE M) culture supernatants.

Summary of differences in culture and Kit M-associated effects on healthy or leukemic
supernatant-derived VOCs

Figure 8 gives an overview of healthy and leukemic (with or without Kit M-pretreated)
cultures (DC/MLC)-derived VOCs, and the influence of culture or Kit M-associated ef-
fects. In healthy DC culture supernatant-derived VOCs, we found a Kit M-associated
effect (Dp = �0.0169) and a high culture-associated effect (Dp = 0.046) (Figure 8; upper
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left). In healthy MLC culture supernatant-derived VOCs, we found no Kit M effect (Dp = 0)
and a small culture effect (Dp = 0.0005) (Figure 8; upper right). In AML patients’ DC
culture supernatant-derived VOCs, we found (in contrast to healthy samples) no Kit M
effect (Dp = 0) and a small culture effect (Dp = �0.0007) (Figure 8; lower left). More-
over, (compared to healthy samples) we found significant Kit M-mediated differences in
leukemic MLC culture supernatant-derived VOCs (Dp = 0.0047) alongside high culture
effects (Dp = �0.0158) (Figure 8; lower right).
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Figure 8. Given are the summarized VOC results, focusing on culture- or Kit M-mediated effects
on the identification with eNose of VOC profiles derived from healthy or leukemic DC or MLC
culture supernatants. The X-axis shows p values from comparisons from Figure 7A–D. Statistical
tests were performed using Fisher’s exact test. Differences were considered significant with p values
 0.05. Differences between p values are shown with D. Differences were considered significant
with D � I0.001I. Abbreviations of analyzed samples are given in Table 2.
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Following our results, we can summarize that the eNose could significantly distinguish
between healthy and leukemia patients’ serum, DC (DCD0 ø, DCD0 M, DCDE ø, DCDE
M) and MLC (MLCD0 ø, MLCD0 M, MLCDE ø, MLCDE M) culture supernatant-derived
volatile phases. Moreover, the eNose could significantly separate several supernatant (with
vs. without Kit M treatment, cultured vs. uncultured)-derived VOCs within subgroups
(healthy DC or leukemic DC or healthy MLC or leukemic MLC supernatants). Furthermore,
the eNose could indicate a clear Kit M-associated effect in healthy cultures (but not in
AML-DC cultures), and clear Kit M-mediated effects in leukemic MLC cultures.

4. Discussion
4.1. DC Based Immunotherapy

We can confirm with preliminary data that DC/DCleu can be generated in Kit M-
pretreated (vs. not pretreated) healthy patients’ WB samples without inducing blast/monocyte
proliferation [8,12,22,46,47]. Tendentially, more (mature) DC could be generated from
healthy samples’ WB, probably due to partly impaired DC generation from patients’ WB
due to the inherent immune suppressive effect of leukemia [15]. Moreover, we could
confirm the immune cell activation of Kit M-pretreated WB after MLC; cells of the adaptive
as well as of the innate immune system were activated and had increased frequencies vs.
Control. Increased frequencies of immune cells after MLC compared to uncultured MLC
are due to the influence of IL-2, as already previously stated [12,15,48]. We confirm with
preliminary data that Kit M-treated (vs. untreated) WB leads to (antigen-specific) activation
of immune cells and increased antileukemic activity (or ‘cytotoxicity’) in cases with AML
after MLC [12]. This antileukemic effect can be ascribed to the different killing mechanisms
of Kit M-mediated immunoreactive cells, i.e., the faster perforin/granzyme pathways and
the slower Fas/FasL pathway [12,49].

4.2. VOC Based AML Monitoring
To monitor AML patients’ disease or antileukemic immunoreactions, analyses of dif-

ferent cellular, humoral, and soluble factors are important [12,15,22,24–26]. VOCs released
by leukemic or immune cells’ processes and measured directly by the eNose might be an
important tool to monitor biomarkers related to the disease, as previously shown in VOC
studies with other diseases [31,36]. Moreover, quantitative and qualitative evaluations of
VOCs (collected above cell culture supernatants) were shown to be technically possible,
and could show correlations with subtypes of the underlying disease [38].

4.3. Strengths and Limitations of VOC Analyses
An electronic nose such as the one used here utilizes a standardized approach. An

important requirement is that its sensors work correctly, and the 32 sensors of the eNose
indicate correct reference ranges. Moreover, sensors must be trained with a training set
before the start of measurements and must be regularly calibrated. In contrast to other
methods, such as ion mobility spectrometry or mass spectrometry, identification of the
individual component in a mixture is usually not possible here or is only possible under
very restricted conditions [50]. Consequently, this method has the disadvantage that
identification of individual analytes in a complex mixture, such as exhaled air, is usually
not possible. Conversely, it provides an overall picture of all volatile compounds present
in the breath, including those that were not originally the focus of interest but could be a
previously unrecognized indicator of (systemic) disease. The principle of the evaluation is
based on pattern recognition, so the identification of individual substances is not necessary
for classification applications. One of the big advantages of this method is its mobility,
and its fast measurement process, which takes only 30 s. In previous studies, it was
shown that samples of exhaled air as well as liquid samples could be used as a medium,
whereas solid, non-organic materials could not. The Cyranose 320® polymer sensor enables
investigations in the ppm range [mL/m3]. Its 32 sensors have a variation of coefficient
of 2–10%. The addition of all 32 signals and the determination of the precision of the
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total signal finally resulted in a mean coefficient of variation of 4.64%. Digitally sensed
VOCs using an electronic nose have the potential to become a rapid, immediate, and non-
invasive diagnostic tool. With the advent of inexpensive, environmentally friendly, and
biocompatible sensor systems, health monitoring using VOCs may transform laborious or
invasive procedures that currently can only be used in facilities specialized for this purpose
into a technology that can be used anywhere and anytime by individuals.

4.4. VOC Differentiation of Healthy vs. Leukemic Serum, DC- and MLC-Cultures as a New
Refined, Clinical Monitoring Tool

Analyses of different cellular/humoral, soluble factors [8,15,21–24] or circulating
vesicles (e.g., extracellular vesicles (EVs) [26,27]) were tested with respect to a refined
monitoring of immunological or tumor-associated processes. VOC differentiation of healthy
and leukemic serum or culture samples might be a new strategy for screening recurrence
and quantifying the tumor load of diseased patients. Our study demonstrates that an
eNose could significantly distinguish healthy VOCs from leukemic VOCs derived from
serum, DC- and MLC-culture supernatants. This was true for both healthy and leukemic
Kit M-pretreated and non-pretreated cell culture supernatants analyzed using the eNose
(Figure 6). Differences in VOCs could have cell biological/immunological causes; AML
blasts produce (in contrast to healthy samples) specific mediators and factors (e.g., IL-1-b,
IL-6 and angioregulatory factors) to stimulate their proliferation [50,51]. Moreover, the
differing frequencies of cell compositions in healthy and leukemic cultures secreting variant
factors into the supernatant might lead to different VOCs (Figures 1 and 2); for example,
DCmat secrete different exosomes compared to immature DCs (there are higher frequencies
of DCmat subsets in healthy vs. leukemic samples). Exosomes from mature DCs (compared
to immature DCs) can be enriched with MHC class II, B7.2, and ICAM-1, and depleted in
MFG-E8 [52].

4.5. IL-2-Associated Effects on Differences between Uncultured and Cultured MLC-VOCs
A culture effect could be detected by the eNose in leukemic MLC culture supernatant-

derived VOCs. VOCs collected before culture were significantly different compared to
after culture (leukemic MLC: Dp = �0.0158) (Figure 8). These VOC results can probably be
explained by the IL-2 effect. Following our cell biological results, IL-2 had a stimulatory
effect on the immune cells and a significant effect on the provision and activation of
(antigen-specific) immune cells (compared to uncultured cells). However, this effect could
only be measured in leukemic MLC culture supernatant-derived VOCs.

4.6. Kit M-Associated Effects on DC- and MLC-VOCs
We could deduce the following culture and Kit M-related effects detectable by VOC

profiles in healthy and AML cultures:
1. With respect to culture effects, we found significant differences in the VOC profiles

of healthy DC culture supernatants (independent of the addition of Kit M), whereas
the culture effects of AML samples in the same settings were not different. These
findings might be explained by the different compositions of DC culture supernatants
in healthy vs. AML DC culture supernatants; healthy samples contain higher frequen-
cies of ‘healthy cells’, and AML samples contain high frequencies of blasts. After
culture, different releases of VOCs in the different settings might explain the good
differentiation of healthy DC supernatant VOCs, but not AML DC culture supernatant
VOCs.

2. With respect to Kit M-mediated effects, we found significant differences in the VOC
profiles of healthy DC culture supernatants when comparing Kit M-pretreated vs. non-
pretreated samples, whereas the culture effects of AML samples in the same settings
were not different. These findings might be explained by different DC compositions in
healthy vs. AML DC culture supernatants; healthy samples yield higher frequencies
of mature monocyte-derived DCs, and AML samples yield (in addition) leukemia-
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derived DCs and blasts, which may proliferate/differentiate and produce leukemia-
associated VOCs.

3. Moreover, AML patients’ DC supernatants might contain traces of drug (derivates)
after chemotherapy and antibiotic/antimycotic therapy, which could be responsible
for alternated VOC profiles compared to healthy DC culture supernatant-derived
VOCs.

4. With respect to culture effects, we found no significant differences in the VOC profiles
of healthy MLC supernatants (independent of Kit M addition), whereas the culture
effects of AML samples in the same settings were significantly different. These
findings might be explained by different MLC-related supernatants in healthy vs.
AML MLC supernatants (e.g., higher frequencies of ‘healthy immune cells’ in healthy
samples, and high frequencies of blasts in AML samples).

5. With respect to Kit M-mediated effects, we did not find significant differences in
the VOC profiles of healthy MLC supernatants when comparing Kit M-pretreated
vs. non-pretreated samples, whereas the culture effects of AML samples in the same
settings were significantly different. These findings might be explained by the different
compositions of immune cells in AML vs. healthy cells; the activation of leukemia-
specific immune reactive cells in AML cases might yield significantly different VOCs
under the influence of Kit M vs. Control.
This means that culture alone gives rise to other changes in healthy and AML VOC

profiles; the presence of Kit M changes the setting and produces different results in AML
and healthy VOC samples.

5. Conclusions
We have shown that the role and metabolic influences of drugs of different cellular

compositions with respect to qualitative/quantitative differences in VOC release profiles
are complex, although our chosen technology yielded differences in different settings.
Other strategies or more standardized settings might contribute to more refined VOC-
based monitoring strategies in the future. According to our results, eNose analyses might
then yield a prospective option for deriving a VOC-based disease profiling strategy using
serum or cell culture supernatants from patients with leukemia.

Due to rapid sample collection and analysis, the present study shows good repro-
ducibility of data. It could therefore be recommended to include VOC analyses as an
additional component to monitor the course of disease, and potentially to guide therapy-
related decisions.
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Abstract
Introduction: The demand for systemic tools to monitor disease-related biomarkers is ever more pressing. Volatile organic 
compound (VOC) analysis, capable of detecting individual molecules in human metabolism offers a non-invasive and easily 
collectible avenue for measurement via electronic nose (eNose) and might qualify as a systemic tool for disease monitoring. We 
analyzed VOC results from breath samples of AML patients (throughout the course of their disease, with/without treatment) with 
breath samples from healthy individuals. Methods: Clinical and immunological monitoring encompassed the observation of three 
refractory AML patients undergoing different therapies. Patient P1511 received chemotherapy, while patients P1482 and P1601 
were treated with Kit M (GM-CSF and PGE1).

Myeloid leukemic blasts can be transformed into dendritic cells of leukemic origin (DCleu) ex vivo and in vivo, with the potential 
to stimulate and activate the immune system specifically against leukemia. These patients underwent repeated clinical and 
hematological/immunological assessments. Blood samples were periodically collected to monitor (leukemia-specific) immune 
cells using flow cytometry, cytokine secretion assay (CSA), and intracellular cytokine assay (InCyt). VOC monitoring involved 
the collection of VOCs in earloop masks containing exhaled air from AML patients and healthy volunteers measured using an 
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eNose. All samples were measured in triplicate, and the mean values were used for principal component analysis. Subsequently, 
linear discriminant analyses (LD) were performed. Results: The findings underscore Kit M as a safe clinical drug that fosters 
the generation of DC/DCleu and augments the frequencies of leukemia-specific/antileukemic cells within the adaptive and innate 
immune systems, both ex vivo and in vivo, in AML patients. VOC profiles exhibited significant differences between healthy 
and AML breath donors, as well as between profiles during chemotherapy and Kit M therapy. Moreover, the eNose can detect 
differences in VOC profiles between breath samples taken with and without chemo-/immunotherapy. Conclusion: We posit that 
breath profiling with an eNose, capturing disease-related VOCs, could serve as a diagnostic or monitoring tool for leukemia 
patients. This approach entails the collection of VOCs using breath masks, eliminating the need for direct VOC measurement via 
an eNose during the course of the disease.

Keywords: Leukemia Derived DC; Acute Myeloid Leukemia; 
Anti-Leukemia Functionality; Leukemia-Specific Cells; VOCs of 
Exhaled Breath; Immune Monitoring in the Course of The Disease

Introduction
Acute Myeloid Leukemia (AML)

Up to now prognosis of AML patients is unfavorable due to 
high relapse rates of about 70-80% after induction therapy. For 
therapy intolerable or refractory patients’ prognosis is even worse 
[1, 2]. High-dose induction chemotherapy with cytarabine ± 
anthracycline followed by allogeneic hematopoietic stem cell 
transplantation (HSCT) is the only potential curative treatment and 
is the standard therapy, especially for young AML patients with 
fewer comorbidities [3]. For patients with less tolerance for the 
induction therapy low-dose cytarabine or hypomethylating agents 
are potential therapy strategies [4, 5]. New immune therapeutic 
strategies address the dysfunctional reactivity of the immune 
system against leukemic blasts [6, 7].

DC-Based Immunotherapy

DC cells play a central role in connecting the innate and the 
adaptive immune system [8, 9]. DCs can be generated directly 
from leukemic blasts, rendering the complicated antigen loading 
process on (monocyte derived) DCs unnecessary [10]. Those DCleu 
are characterized by the expression of individual patients’ whole 
leukemic antigen repertoire including known as well as unknown 

leukemic antigens [11, 12]. These DCs have to be re-administrated 
to patients as a ‘vaccine’. Alternatively, DCleu could be induced 
in patients in vivo after application of ‘DCleu- inducing kits’ 
(combinations of Granulocyte–Macrophage-Colony Stimulating 
Factor (GM-CSF) and a second response modifier (e.g., Picibanil, 
Prostaglandin E1 or E2), which triggers DC/DCleu differentiation 
and maturation) [11, 13, 14].

Due to their immunomodulatory properties (in combination with 
GM-CSF) PGE1 and PGE2 have been shown to be highly efficient 
ex vivo DC-generating factors by providing a danger signaling, 
enhancing DCs’ maturation and migratory capacity [13-16].

The Immune System

The immune system comprises both the innate and adaptive 
branches. The innate immune system is composed of antigen-
presenting cells (APCs) like monocytes and dendritic cells (DCs), 
as well as specialized cell types like cytokine-induced killer (CIK) 
cells, invariant natural killer T (iNKT) cells, and natural killer (NK) 
cells. These components play a crucial role in the initial defence 
against pathogens and tumour cells [14, 17-19]. The adaptive 
immune system involves B cells (CD19+) and T cells (CD3+) and 
their various subtypes. After activation they provide (cytotoxic) 
effector as well as cytotoxic cells of different lines. Additionally, 
they develop memory cells enabling a quicker reactivation of the 
immune system upon encountering recurring antigens [13, 18, 20]. 
Abbreviations are summarized in Table 1, supplement.
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Proliferating T cells 
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CD3+CD69+ CD3+ T
prolCD69+

/CD3+ [17]

T
prolCD4-CD69+

CD3+CD4-CD69+ TCD4-
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/

T
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Proliferating T cells 

- late
T
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CD3+CD71+ CD3+ T

prolCD71+
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 Innate 
immune 
system
     
 

Cytokine 
induced killer 
cells

CD3+CD56+ CIK 
cells

CIKcell CD3+CD56+ lymphocytes CIKcell/cells [13]

Natural killer 
cells

CD3-CD56+ NK 
cells

NKcell CD3-CD56+ lymphocytes NKcell/cells [13]

Invariant 
natural killer T 
cells

6B11+ iNKT cells iNKTcell 6B11+ lymphocytes iNKTcell/cells [22]

 Leukemia 
specific 
cells

T lymphocytes 
*

CD4+ coexpressing 
T cells

leu

T
CD4+leu

CD3+CD4+INFy+ T
CD4+leu

T
CD4+leu

/T
CD4+

[17]

Adaptive 
immune 
system

 
CD8+ coexpressing 
T cells

leu

T
CD4-leu

CD3+CD4-INFy+ T
CD4-leu

T
CD4-leu

/
TCD4-

[17]

Innate 
immune 
system
  

Cytokine 
induced killer 
cells **

CD3+CD56+ CIK 
cells

leu

CIKcell
leu

CD3+CD56+INFy+ CIKcell
CIKcell

leu
/

CIKcell
[17]

Natural killer 
cells **

CD3-CD56+ NK 
cells

leu

NKcell
leu

CD3-CD56+INFy+ NKcell NKcell
leu

/
NKcell [17]

Table S1: Cell subsets and their abbreviations.

Leukemia-Specific Cells and Anti-Leukemic Processes

The cytokine secretion assay (CSA) and the intracellular cytokine 
assay (InCyt) enable the intracellular quantification of cytokines 
(e.g., interferon-gamma (IFN-γ)) on a single-cell level. These 
cytokines are key factors in immune responses and mediators of 
cell apoptosis [17, 18, 21] and provide a comprehensive analysis 
of cell functionality, particularly in terms of the activity and 
cytotoxicity of immune cells specific to leukemia [17].

Methodological Tools for Monitoring AML and Anti-Leukemic 
Processes

Understanding both leukemia-related and anti-leukemic processes 
requires the analysis of various cellular and humoral factors, 
whether activating or inhibitory, as well as soluble factors and even 
small molecules [13, 18, 21-25]. In recent years, the role of physical 
factors, such as physiological hypoxia [26] and circulating vesicles 
(e.g., extracellular vesicles (EVs)) [27, 28], has been investigated 
for their potential in refined monitoring immunological or tumor-
associated processes.

VOC Analysis as a Novel Approach for Characterizing and 
Monitoring (Malignant) Diseases

Every living organism, whether human, plant, or animal, emits 
organic compounds into the environment. Exhaled molecules reflect 
metabolic changes in both healthy and pathological conditions, 
making exhaled air a potential tool for monitoring disease-related 
biomarkers [29]. Volatile organic compounds (VOCs) are organic 
chemicals containing hydrocarbon compounds. Exhaled VOCs 

can be easily collected noninvasively, either by directly capturing 
exhaled breath using an electronic nose (eNose) or by analyzing 
VOCs collected on carriers such as fleece or earloop masks. 
Subsequent analysis is conducted using an eNose. Proof of concept 
has demonstrated that VOC analysis can aid in the detection of 
disease-associated markers, such as AML (characterized by cell-
molecular anomalies and metabolic changes resulting in different 
endogenous VOCs), Parkinson’s disease, Alzheimer’s disease, 
COVID-19 infection and lung cancer [30-35].

Objectives of this study 

The aims of the studies presented here were to explore VOC 
profiles during in vivo treatment of refractory AML patients with 
DC

leu
-inducing Kits compared to chemotherapy and compared to 

healthy breath donors’ VOC profiles using an eNose. In addition, 
clinical parameters of refractory AML patients during the course 
of the disease under chemotherapy and/or Kit M treatment as well 
as (leukemia specific) immune cell compositions were collected. 

Finally, a VOC-based breath profiling strategy was discussed 
for its further use to augment hematological and immunological 
profiling strategies.

Material, Methods and Patients 
Sample Collection

The blood and breath sample collection for this study was carried 
out in collaboration with the University Hospitals of Augsburg 
(P1511, P1482) and the Diakonieklinikum in Stuttgart (P1601). 
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In accordance with ethical guidelines and the Declaration of Helsinki, patients provided written consent for the experimental use of 
their blood/breath donations. Whole blood (WB) samples were obtained from patients in refractory phases of Acute Myeloid Leukemia 
(AML). Ethical approval for this research was obtained from the local Ethics Committee of LMU in Munich (Pettenkoferstr. 8a, 80336 
Munich, Ludwig-Maximilian-University Hospital in Munich; Protocol Number 339-05). 

Characterization of Healthy Volunteers and Patients 

Patient 1511, a 79-year-old Caucasian male diagnosed with AML in December 2015 at the age of 76, demonstrated refractoriness to 
several lines of therapy. Following his initial AML diagnosis, he underwent 22 cycles of decitabine treatment, subsequently followed 
by cytarabine and midostaurin therapies. In September 2018, a relapse of the disease was observed, characterized by more than 50% 
blasts in peripheral blood (PB). This patient was subjected to chemotherapy treatment (without the use of Kit M) and served as a control 
in this study. Over the entire course of the chemotherapy phase, the patient underwent comprehensive clinical, hematological, and 
immunological monitoring. Furthermore, periodic blood samples were collected to monitor the population of leukemia-specific immune 
cells using flow cytometry and cytokine secretion assays (CSA). Clinical and hematological data are given in Figure 1.  

Figure 1: Clinical course of P1511 during chemotherapy treatment (without Kit M). Chemotherapy (cytarabine, midostaurin) was given 
from the start until the end of observation. Blood cells (thrombocytes, hemoglobin, blasts) in peripheral blood (PB) and leukocytes/white 
blood cells (WBC) are given. ↑ Timepoints of erythrocyte-transfusion, ↓ timepoints of thrombocyte-transfusion.

Kit M treated patients: P1482 and P1601 presented with pancytopenia and were deemed clinically unfit for further intensive therapy. In 
the absence of established treatment options, we offered them an individualized salvage treatment involving the systemic administration 
of blast modulatory drugs. These patients received daily intravenous doses of GM-CSF (Granulocyte-Macrophage Colony-Stimulating 
Factor) and PGE1 (Prostaglandin E1), referred to as Kit M. The decision to pursue this treatment was made based on recommendations 
from medical specialists. Before start of treatment both patients had been elaboratorately informed by experienced hematologists on 
several occasions about the experimental nature as well as possible side effects of the treatment and had given written informed consent 
into the treatment as well as examinations on blood samples drawn in addition to routine monitoring. Treatment plans were adapted to 
individual conditions (Table 2, supplement).
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Day Drug Dosage (iv) Schedule

11

 

GM-CSF 50 mg/m²/4 hours 8-12 am

PGE
1

20 mg (in total) 1-3 pm

12

 

 

PGE
1

20 mg (in total) 8-10 am

GM-CSF 50 mg/m²/4 hours 11 am-3 pm

PGE
1

20 mg (in total) 8-10 pm

13

 

 

PGE
1

20 mg (in total) 8-10 am

GM-CSF 50 mg/m²/4 hours 11 am-3 pm

PGE
1

20 mg (in total) 8-10 pm

14

 

 

PGE
1

20 mg (in total) 8-10 am

GM-CSF 75 mg/m²/4 hours 11 am-3 pm

PGE
1

40 mg (in total) 8-10 pm

15

 

 

PGE
1

40 mg (in total) 8-10 am

GM-CSF 75 mg/m²/4 hours 11 am-3 pm

PGE
1

40 mg (in total) 8-10 pm

16-38  Percede as day 15  

a) P1482

Day Drugs Dosage (iv) Schedule

9

 

 

GM-CSF

 

50 mg/m²/4 hours 8-12 am

(77.5 mg in total)  

PGE
1

20 mg (in total) 1-3 pm

10

 

 

 

PGE
1

20 mg (in total) 8-10 am

GM-CSF

 

50 mg/m²/4 hours 11 am- 3 pm

(77.5 ug in total)  

PGE
1

20 mg (in total) 6-8 pm

11

 

 

 

PGE
1

20 mg (in total) 8-10 am

GM-CSF

 

50 ug/m²/4 hours 11 am- 3 pm

(77.5 mg in total)  

PGE
1

20 mg (in total) 6-8 pm

12

 

 

 

PGE
1

20 mg (in total) 8-10 am

GM-CSF

 

75 mg/m²/4 hours 11 am- 3 pm

(116 mg in total)  

PGE
1

40 mg (in total) 6-8 pm

13

 

PGE
1

40mg (in total) 8-10 am

GM-CSF 75 mg/m2/4 hours 11 am- 3pm

 PGE
1

40 mg (in total) 6-8 pm

14

 

 

PGE
1

40 mg (in total) 8-10 am

GM-CSF 75 mg/m2/4 hours 10 am- 12 pm

PGE
1

40 mg (in total) 12- 1 pm

15-26  Percede as day 14  

b) P1601

Table S2: Treatment regime for P1482 and P1601 using Kit M 

(leukine (GM-CSF) and Prostavasin (PGE1). Courses of the 
disease are given in Figures 2 and 3.

Patient 1482 a 72-year-old Caucasian male, was initially 

diagnosed with AML in April 2015. After achieving complete 

remission through induction chemotherapy, a relapse occurred 

in May 2017. Clinical assessments, including morphological 

and cytological evaluations, revealed leukocytosis with 90% 

peripheral blood (PB) blasts and 70% bone marrow (BM) blasts. 

To address this relapse, the patient underwent treatment with two 

cycles of decitabine at a dosage of 20 mg/m2 for 11 days, followed 

by hydroxyurea and cytarabine (100 mg/m2). Although this 

treatment led to a reduction in blast counts, complete remission 

was not achieved. Subsequently, the patient received GM-CSF 
at an initial dose of 50 µg/m2, administered intravenously over 4 

hours for three days, starting on day 11 of treatment. The GM-CSF 

dosage was gradually increased to 75 µg/m² from day 14 to day 

38. Additionally, the patient received intravenous doses of PGE1 
(Alprostadil, Prostavasin®) ranging from 20 to 80 µg daily. PGE1 
was administered over a duration of 2 hours, once or twice daily 

(Table 2, supplement).  

The patient underwent comprehensive clinical, haematological, 

and immunological monitoring throughout the entire treatment 

phase. Additionally, blood samples were collected at various 

intervals during the observation period to assess the population of 

immune cells specific to leukemia, employing techniques such as 
flow cytometry and cytokine secretion assays (CSA).
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Figure 2: Clinical course of P1482 during chemotherapy or Kit M treatment. Chemotherapy (hydroxycarbamide, cytarabine) was given 

from the start of observation till day 11. Kit M treatment between day 11 and 38, no treatment from day 38 till the end of observation. 

Blood cells (thrombocytes, hemoglobin, neutrophils, blasts) in peripheral blood (PB), frequencies of BM blasts and leukocytes/white 
blood cells (WBC) are given. ↑ Timepoints of erythrocyte-transfusion, ↓ timepoints of thrombocyte-transfusion.

Patient 1601: Patient 1601, a 74-year-old Caucasian female, 

received an AML diagnosis in January 2020. She underwent 

treatment with azacytidine (75 mg/m2, day 1-7) for four cycles and, 

additionally, Venetoclax (initial dose 400 mg/day) for one cycle. 

Due to developing pancytopenia, treatment with both medications 

was discontinued after five cycles. The patient demonstrated 
refractoriness to this therapy, evidenced by 90% blasts in peripheral 

blood (PB) and a concurrent bout of pneumonia, aggravated by a 

history of heavy smoking.

P1601 received GM-CSF at an initial dose of 50 µg/m2, administered 

intravenously over 4 hours for three days, commencing on day 9 

and concluding on day 11. This GM-CSF dosage was escalated to 

75 µg/m² from day 12 to day 26. Additionally, the patient received 

intravenous infusions of PGE1 (Alprostadil, Prostavasin®) ranging 

from 20 to 80 µg daily, administered over 2 hours, either once or 

twice daily (refer to Table 2 for details). Between day 19 and day 

26, the patient underwent additional chemotherapy, receiving 500 

mg of hydroxycarbamide twice a day. Following the cessation of 

Kit M treatment, hydroxycarbamide was continued until day 29.

Throughout the entire treatment phase, the patient underwent 

comprehensive clinical, haematological, and immunological 

monitoring. Periodic blood samples were collected during the 

observation period to assess leukemia-specific immune cells, 
employing techniques such as flow cytometry and intracellular 
cytokine assays (InCyt).
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.

Figure 3: Clinical course of P1601 during Kit M treatment ± chemotherapy. No treatment was given between day 1 and 9, Kit M 
treatment from day 9-26, chemotherapeutical treatment (hydroxycarbamide) from day 19-29. Patients’ pneumonia was additionally 
daily treated by prednisolone on day 12-14. Blood cells (thrombocytes, hemoglobin, neutrophils, blasts) in peripheral blood (PB) 
and leukocytes/white blood cells (WBC) are given. ↑ Timepoints of erythrocyte-transfusion, ↓ timepoints of thrombocyte-transfusion, 
pleural punctions.

Status Stage Patient
Age 
at first 
diagn

Sex

ELN-
risk-
strat-
ifica-
tion at 
first 
diag-
nosis

Clinical treatment Blast pheno-
type (CD)

Blasts in 
PB/BM 
(%)*

Conducted cell 
biological experi-
ments

Sourses for 
VOC-mea-
surements in 
the course of 
disease

AML
Persi-
sting 
Relapse

P1511 76 m
Inter-
medi-
ate

chemotherapy 
(cytarabine+
midostaurin)

34,117, 
13,33 54/40 DC, MLC, CTX, 

CSA 7x masks

AML
Persi-
sting  
Relapse

P1482 72 m
Unfa-
vou-
rable

chemotherapy (hydroxycarb-
amid+ cytarabine) and 
immune therapy (Kit M)

117,34,15, 
13, 33,64 90/68 DC, MLC, CTX, 

CSA 6x masks

AML
Persi-
sting 
Relapse

P1601 74 f
Unfa-
vour-
able

chemotherapy 
(hydroxycarbamide)
 and immune therapy
 (Kit M)

34,117, 
33,13 76/43 DC, MLC, CTX, 

InCyt 8x masks

Healthy
 
Stuttgart
 
 

HS1 35 f      1x mask

HS2 31 f      1x mask

HS3 53 f      1x mask

HS4 39 m      1x mask

HS5 35 m      1x mask
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Augsburg
 
 
 
 
 

HA1 46 m      1x mask

HA2 33 f      1x mask

HA3 39 f      1x mask

HA4 20 m      1x mask

HA5 32 m      1x mask

HA6 28 f      1x mask

HA7 40 f      1x mask

HA8 23 m      1x mask

HA9 37 f      1x mask

HA10 21 f      1x mask

ELN risk stratification risk evaluation based on assessments of EuropeanLeukemiaNet; PB peripheral blood; BM bone marrow; m male; 
f female; bold: blast markers used for DCleu evaluation; DC dendritic cell culture; MLC mixed lymphocyte culture; CTX cytotoxicity as-
say; CSA cytokine secretion assay; InCyt intracellular cytokine assay; Details of clinical treatments and hematological values are given in 
Figure 1,2 and 3; last value before start of chemotherapy (P1511) or Kit M treatment (P1482, P1601).

Table 3: Characteristics of acute myeloid leukemia (AML) patients and healthy controls.

Cell Characterization by Flow Cytometry 

To assess and quantify the phenotypes of DC/DC
leu

, leukemic 
blasts, monocytes, and various subsets of immune-reactive cells 
within the adaptive and innate immune systems (as given in table 
1, supplement), flow cytometry analyses were conducted using 
the FACSCalibur™ fluorescence-activated cell sorting flow 
cytometer. Employing a refined gating technique and CellQuestPro 
analysis software (Becton Dickinson, Heidelberg, Germany), 
the functionalities of cells, including proliferation, cytokine 
production, and cytotoxicity, were investigated [17, 18]. 

Preparation of Cells

AML whole blood (WB) samples were either used directly for 
experiments or subjected to mononuclear cell (MNC) isolation and 
frozen for future use (all blood sample processing was routinely 
performed under a hood). MNCs were isolated from WB following 
standard procedures [17] and used for the isolation of T cells via 
MACS-microbeads as shown before [36]. 

Dendritic Cell Culture (DC Culture)

DC/DC
leu

 were cultured following established protocols using 
‘Kit M’ (800 U/ml granulocyte macrophage colony-stimulating 
factor (GM-CSF, Sanofi-Aventis, Frankfurt, Germany) and 1 μg/
ml prostaglandin E1 (PGE1, Santa Cruz Biotechnology, Dallas, 
Texas, USA)) vs control without added Kit M, as shown before 
and analyzed by flow cytometry [7,11,22 ,17].

Mixed Lymphocyte Culture (MLC)

After 7-8 days DC cultures containing approximately 2.5x105 DCs 
and MLC were started adding patients’ previously frozen Tcells 
(1x106) and 5 μl of 50 U/ml interleukin 2 in RPMI medium as 

shown before [17]. After culture, measurements were conducted 
with Kit M (MLCWB-DC(Kit-M)) and Control (MLCWB-DC(Control)), and 
cells were utilized for the CSA, the InCyt, and the CTX assays 
[13]. Flow cytometry was employed to quantify different immune 
cell subtypes after MLC. For a reference to abbreviations, please 
refer to Table 1, supplement.

Cytokine Secretion Assay (CSA) and Intracellular Assay 
(InCyt) to detect antigen specific
CSA and InCyt assays were used to quantify intracellularly 
producing or secreting IFNγ, with or without simultaneously 
stimulated with two leukemia-associated antigens (LAA): 2 μg/
ml Wilms tumour 1 protein (WT-1) and an additional 2 μg/ml 
PRAME (“preferentially expressed antigen in melanoma,” as 
previously described [17]. CSA and InCyt were carried out to 
quantify potentially leukemia specific cells after MLC ex vivo or 
in patients’ PB the course of the disease. Subtypes are given in 
table 1, supplement [17].

Cytotoxicity Fluorolysis Assay (CTX)
To assess the ability of effector cells (T cell-enriched cells, 
stimulated with or without Kit M-treated whole blood after MLC) 
to lyse target cells (thawed viable patients’ mononuclear cells 
[MNCs] stained with two different blast markers), the cytotoxicity 
fluorolysis assay was conducted, as previously described [17]. 
For each test, equal amounts of effector cells and target cells were 
combined within a medium. The lytic activity of effector cells was 
calculated as the percentage of viable target cells in the culture 
with co-cultured effector and target cells (for 3 hours and 24 hours) 
compared to the control [13]. A flowchart summarizing the cell 
biological experiments is provided in Baudrexler et al. [30] and is 
given in the supplement (Flow chart 1).
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Flow Chart S1: 1. Heparinized blood samples from AML patients were used for cell biological experiments; 2. MNC (mononuclear 
cells) and T cells were gained from WB and later on used for MLC (‘T cell enriched’ mixed lymphocyte culture) and CTX; 3./4./5. 
DC cultures were set up with leukemic WB and measured by flowcytometry before and after culture with (vs. without) Kit M; 6./7./8. 
MLC culture were set up with harvested DC culture + T cells, stimulated with IL-2 and measured by flowcytometry before and after 
culture; 9./10. Several immune assays were performed after MLC: CSA + InCyt as well as CTX after mixture of MNCs and MLC.

Collection of AML Patients’ and Healthy Donors’ Breath 
Masks

To obtain samples for volatile organic compound (VOC) analysis, 
we collected earloop masks containing exhaled air from both 
AML patients and healthy individuals (Table 3). This breath 
sampling took place in rooms within the hospitals of Stuttgart and 
Augsburg to ensure consistent background air quality. We used 
fleece earloop masks (Henry Schein Medical GmbH, Hamburg, 
Germany) as a medium for transmission, which were stored in 
plastic cups. Participants were instructed not to brush their teeth 
or use any cosmetics, such as perfume or lipstick, within the 
two hours preceding sampling. During the sampling process, 
individuals wore unpowdered latex gloves (Meditrade) while 
breathing through the masks for a duration of five minutes. The 
collected masks were then placed in plastic cups with lids, stored 
in zipper bags, and kept in a dark environment at 10°C until they 
were ready for measurement. All breath samples collected were 
sent to the University Hospital Marburg, where VOC analyses 
were conducted [32].

Healthy Donors

We collected one earloop mask from each of the 15 healthy 
Caucasian volunteers (labelled as ‘Healthy’: n=15). Specifically, 
we collected 5 masks from healthy donors in Stuttgart (‘Healthy 
Stuttgart’: n=5) and 10 masks from healthy donors in Augsburg 
(‘Healthy Augsburg’: n=10). On average, the healthy donors from 
Stuttgart were 39 years old (with a range of 31-53), and those 

from Augsburg were 32 years old (with a range of 20-46). The 
female-to-male ratio was 1:0.6 in both hospitals. The masks from 
healthy individuals served as a control group. Characteristics of 
the healthy donors are summarized in Table 3.

AML-patients’ samples

A total of 7 earloop masks were collected from P1511 during the 
course of treatment under chemotherapy (n=7). Specific sampling 
dates are provided in Figure 1.

We collected 6 earloop masks during the course of treatment from 
P1482 under both chemotherapy and Kit M therapy. This included 
1 mask before Kit M therapy and 1 mask after Kit M therapy. 
Additionally, we collected 4 masks during Kit M treatment. 
Sampling dates are detailed in Figure 2.

In total, we collected 8 earloop masks during the course of 
disease management from P1601, including Kit M therapy, Kit M 
therapy with simultaneous chemotherapy, and phases without any 
treatment. Among these, 3 masks were sampled before and after 
Kit M/chemotherapy treatment (referred to as ‘without therapy’). 
Furthermore, 3 masks were collected during Kit M therapy, and 
2 masks during Kit M therapy with simultaneous chemotherapy. 
Sampling dates are provided in Figure 3.

Experimental Set-up of the eNose

Earloop masks containing breath samples were transported to 
Marburg for measurement and analysed in a sealed room using 
the Cyranose 320® electronic nose (eNose) [37, 38]. The Cyranose 
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320® is categorized as a polymer sensor-based eNose, featuring 32 thin-film carbon polymer chemiresistors (NoseChip). These sensors 
operate by detecting volatile organic components (VOCs) based on their structure, size, polarity, and proton affinity. Upon exposure to 
gases, the polymer layer swells as it absorbs analytes. Each sensor responds differently to various analytes, and no single sensor typically 
responds to only one analyte. The sensors generate a pattern of signals, referred to as smell-prints, composed of 32 individual signals 
for single substances or mixtures. The measurements are based on changes in resistance experienced by each sensor when exposed to 
VOCs. The eNose technology used in this study followed a standardized approach, ensuring that medical air did not affect the measured 
VOCs. This approach maintained a standard to prevent contamination by ambient air. Before initiating the study, the sensors were 
tested with defined olfactory substances to ensure their proper functioning. Only when all 32 sensors indicated correct reference ranges 
could the study proceed. The sensors were also calibrated once a month using a test battery of odours, including liquorice, menthol, 
and aromatics, among others. Each measurement consisted of three steps: establishing a reference value using medicinal air (Aer 
medicinalis), measuring the VOCs in the volatile surface of cell supernatants, and cleaning the eNose sensors with ambient air. All 
samples were measured in triplicate, and the mean values were used for principal component analysis. Subsequently, linear discriminant 
analyses (LD) were performed, and the LD results were employed for further analyses, especially contingency table analyses. The 
Mahalanobis distance between groups was determined as well [37, 38]. An overview of the VOC sampling, measurement, and analysis 
process is provided in Flow Chart 2.

Flow chart 2: Overview about the VOC experiments

1. Collection of breath masks in the course of the disease of AML patients and healthy probands; 2. Transportation to Marburg; 3. 
Measurement of VOCs above breath masks by eNose; 4./5. Statistical analyzes of VOC data and presentation of VOC differentiations 
in graphs.

Statistical Methods

All cell biological measurements were performed using flow cytometry (FACSCaliburTM, Becton Dickinson, Heidelberg, Germany) 
with BD CellQuestPro software. Statistical analyses were conducted using Microsoft Excel (version 16.52, Redmond, USA) and Prism 
9 (GraphPad Software, version 9.1.1, San Diego, USA). Data are presented as mean ± standard deviation [11]. Statistical investigations 
of VOC data, calculated by linear discriminant analyses, were conducted using Prism 9 (GraphPad Software, version 9.1.1, San Diego, 
USA). Principal component analysis (PCA) and linear differential analysis (LDA) were conducted for data modeling and statistical 
analysis for the VOC results. PCA is an unsupervised multi-variable statistical analysis method for linear data compression, decreasing 
the data dimension, and feature extraction. This method is used for presenting the response of an olfactory machine to offer qualitative 
information about emitted organic compounds for pattern recognition [39]. LDA is a supervised classification approach, to find a linear 
combination of features that characterizes or separates two or more classes of objects [39]. Data from VOC analyses are presented as 
sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). Fisher’s exact test was used for statistical 
comparisons in contingency table analyses. The Mahalanobis distance (md) between groups was used as a distance measure for 
multidimensional data. An MD value greater than 1.96 was considered significant, as it corresponds to a p-value of < 0.05. A MD value 
greater than 2.58 indicated a p-value of < 0.01 [40]. Significance was considered at p values ≤ 0.05, and borderline significance was 
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considered at p values between 0.05 and 0.10.

Results
Ex vivo generation of DC- and T cell subtypes with (vs. without) Kit M pretreated WB of AML patients’ blood samples and 
increased antileukemic activity

Treating blasts containing leukemic WB with (vs. without) blast modulating Kit M we found higher frequencies of mature leukemia 
derived DC (DCleu-mat) in DCWB(Kit M) compared to DCWB(Control) in all three patients without induction of blasts’ proliferation (Figure S4A, 
supplement). Moreover, we stimulated T cell enriched immunoreactive cells with Kit M pretreated (DC/DCleu containing) WB. Immune 
reactive cells before (uncultured MLC) and after MLC (MLCWB-DC(Control) or MLCWB-DC(Kit M))  showed that T cells were activated and 
particularly induced to proliferate and to create memory cells in Kit M pretreated settings (Figure S4B, supplement). Abbreviations for 
cell populations are given in Table 1.

S4A: Increased frequencies of DC/DCleu subtypes could be generated from (blast containing) AML patients’ WB pretreated with Kit M 
(DCWB(Kit M)) compared to Control (DCWB(Control)) without induction of blasts’ proliferation.
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S4B: Stimulation of immunoreactive T cell subtypes could be achieved from patients’ WB pretreated with Kit M (MLCWB-DC(Kit M)) 

compared to Control (MLCWB-DC(Control)) after MLC.
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S4C: Stimulatory effect of Kit M treated (vs. untreated) WB on antileukemic reactivity after MLC.

Figure 4: Figure 4A shows the frequencies of generated DC/DC
leu

 (subtypes) after ex vivo treatment of WB with Kit M (DCWB(Kit 
M)) compared to Control (without Kit treatment, DCWB(Control)) for P1511, P1482 and P1601. Figure 4B shows the frequencies of 
T cell subsets after stimulation of T cell enriched immunoreactive cells with Kit M pretreated WB (MLCWB-DC(Kit M)) compared to 
not pretreated WB (MLCWB-DC(Control)) and uncultured cells (uncultured MLC). Figure 4C demonstrates the improved antileukemic 
blast lytic activity (using a non-radioactive fluorolysis assay) for Kit M pretreated (vs. untreated) patients’ WB samples after T cell 
enriched MLC. Frequencies of lysed or increased blasts as detected after 3 or 24 hours of effector-target cells incubation (and the best 
achieved antileukemic reactions) are given in the upper part. Proportion of improved lysis is given in the lower part. Abbreviations are 

given in Table 1.

The cytotoxic impact of T cell enriched MLC (with and without 

pretreatment with Kit M) showed in all 3 cases an improved blast 

lysis (especially after 24 hours of target-effector cell incubation) 
after MLCWB-DC(Kit M) compared to MLCWB-DC(Control) , as evaluated via 

CTX and (Figure S4C, supplement).

We show that Kit M gives rise to antileukemic immune cells ex 
vivo without induction of blasts’ proliferation. We conclude that 
Kit M application to patients probably is safe and could give rise 

to antileukemic processes in vivo.

In Vivo Kit M Improved Clinical Courses Of AML Patients 
Compared To Control-Patient

P1511 (Patient without immunomodulatory treatment): 
The clinical course of P1511 was observed over a period of 4 

months, while he was being treated with chemotherapy (without 

Kit M). During this time, the evaluated laboratory parameters 

(thrombocytes, hemoglobin, white blood cells) were continuously 

reduced, and 9 erythrocyte and 8 platelet transfusions were given. 

In addition, the patient was consistently suffering from high 
frequencies of PB blasts (in general: >3%; mostly >20%) (Figure 
1). 

Immune monitoring: During chemotherapy we found a decrease 

of DCs, of proliferating T cells and T
non-naive CD4-

/T
CD4-

. Other 

adaptive immune cell subtypes (like TH
1+

/CD4+ as well as T
cm 

CD4
+/T

CD4+, 
T

em
 

CD4+
/T

CD4+
 and Bcell

memory
/CD19+) decreased under 

chemotherapy. Regarding cells of the innate immune system, 

frequencies of NK cells decreased, whereas frequencies of CIK 
cells and iNKT cells, stable over 100 or 60 days, decreased in 
the further course of observation. Antigen specific cells were 
monitored after LAA stimulation by CSA: In general, decreasing 

frequencies of leukemia specific cells of the adaptive and innate 
lines were found (Figure 5A and 5B lower part, for details see 

supplement).
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S5A: Profiles obtained from samples from P1511 under chemotherapy vs. healthy controls: healthy and P1511 VOC samples could be 
clearly differentiated. Decreased frequencies of (leukemia specific) immunoreactive cell subtypes could be detected in the course of 
disease.
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S5B: Profiles obtained from samples from P1482 under treatment with Kit M vs. healthy controls: healthy and P1482 VOC samples 
could be clearly differentiated and increased frequencies of (leukemia specific) immunoreactive cell subtypes could be detected in the 
course of disease under Kit M treatment.
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S5C: Profiles obtained from samples from P1601 under treatment with Kit M vs. healthy controls: healthy and P1601 VOC samples 
could be clearly differentiated and slightly increased frequencies of (leukemia specific) immunoreactive cell subtypes could be detected 
in the course of disease under Kit M treatment (±prednisolone(‘*’)/chemotherapy).

Figure S5: Influences of patients’ treatment with chemotherapy and/or Kit M on the provision of (leukemia specific) immunoreactive 
cells in the course of disease of therapy refractory patients (P1511, P1482, P1601) are given. All values in the course of disease are given 
as ‘fold change’ values referred to the value at the beginning of observation. VOC breath samples were collected with earloop masks. 
Phases under chemotherapy are given in hatched grey, under Kit M therapy in grey and single prednisolone applications as ‘*’. Details 
of the clinical courses including treatment phases of all patients are given in Figure 1,2 and 3. Abbreviations of cell subtypes are given 
in Table 1.
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VOC Monitoring: During observation, we compared breath 
samples collected from healthy probands from Augsburg and from 
P1511 in the course of the disease. We found clearly differentiated 
healthy and leukemic VOC results during the whole observation 
time with stable distances between healthy and leukemic LD 
values. Nevertheless, we found an approximation of leukemic to 
healthy VOCs around day 10, 100 and 120 (Figure 5A, upper part).

P1482: 11 days before start of Kit M therapy the patient was 
treated, as a rescue medication, with 2 cycles of decitabine (20 
mg/m2), followed by hydroxyurea and cytarabine (100 mg/m2). 
During pancytopenia he was offered an individual therapy option 
with Kit M. During observation time the patient was in need for 
5 erythrocyte and 4 platelet transfusions. Routine clinical and 
laboratory parameters showed that Kit M treatment was well 
tolerated, and the patient improved clinically: Neutrophils in white 
blood cells (WBC) increased from 10% to 50%, thrombocytes 
reached 100/nl after 24 days going along with no need for new 
platelet transfusions, whereas WBC and hemoglobin values (need 
for new erythrocyte transfusions) stayed low. After 4 weeks 
of Kit M treatment, the patient was discharged in good clinical 
conditions. 8 days later, progression of AML was seen with high 
blast counts in PB (40%) and BM (73%). The patient suffered with 
severe sepsis and died few days later (Figure 2).

Immune monitoring: In the course of Kit M treatment a continuous 
increase of DC, TprolCD4-69+/TCD4+, Tnon-naive CD4-/TCD4- as well as Tem CD4+/
TCD4+ and Tcm CD4+/TCD4+ could be shown. TH1+/CD4+ and Bcellmemory/
CD19+ increased during the 4-week treatment. Moreover, we 
found increased frequencies of NK-, CIK- and iNKT cells. Antigen 
specific cells analyzed after LAA stimulation by CSA showed 
increasing frequencies of innate and adaptive immune cells during 
Kit M therapy. We found rising frequencies of TCD4-leu/TCD4-, TCD4+leu/
TCD4+, CIKcellsleu/CIKcells and iNKTcellsleu/iNKTcells suggesting 
an in vivo production of (potentially leukemia-specific) cells.

Immune stimulatory effects decreased after discontinuation of Kit 
M treatment, although not to the base line before start of therapy 
(Figure S5B, lower part)

VOC monitoring: During observation, we compared breath 
samples collected from healthy probands from Augsburg and from 
P1482 in the course of the disease. We found clearly differentiated 
healthy and leukemic VOC results during the whole observation 
time. Nevertheless, we found an approximation of leukemic to 
healthy VOCs in the beginning of Kit M treatment (day 11-28) 
(Figure 5B, upper part).

P1601: 8 weeks after treatment with azacytidine and venetoclax 
a therapy refractory status of the disease (90% blasts in PB) 
was confirmed, and the patient was offered a treatment with Kit 
M. During the observation time 4 erythrocytes and 10 platelet-
transfusions were necessary. On day 12-14 the patient was treated 

with (50 g/day) prednisolone and had to undergo two times a 
pleural puncture (going along with platelet transfusion before 
puncture at day 16 and 25). Kit M was first applied as continuous 
infusion on day 9. On day 19 the patient received a simultaneous 
chemotherapy with 1 g/day hydroxycarbamide to reduce the 
tumor-load.

Clinically the Kit M treatment was well tolerated without adverse 
events: Neutrophils in WBC (<4%), hemoglobin and thrombocytes 
remained low during Kit M and chemotherapy. PB blast counts 
were constantly high (>75%) but decreased in the course of Kit M 
treatment between day 9-10 (from 90% to 78%) and between day 
17-19 (from 95% to 89%). Interestingly, the blast counts increased 
by application of prednisolone (day 12-14; from 78% to 88%) and 
were not further reduced under hydroxycarbamide therapy between 
day 19-29. On day 29 the patient decided to stop all treatments and 
died with refractory disease on day 31 (Figure 3).

Immune monitoring: In the course of Kit M treatment, we 
found a slight increase of DCs, proliferating T cells (TprolCD4-69+/
TCD4-) and stable Tnon-naive CD4-/TCD4-. Additionally, TH1+/CD4+ and 
Bcellmemory/CD19+ increased during Kit M therapy. Whereas Tcm 
subtypes decreased, and Tem subtypes stayed on a stable line. 
Regarding cells of the innate immunity, stable frequencies of NK 
cells and decreased frequencies of iNKT cells were seen during 
Kit M therapy. Leukemia specific cells, detected by intracellular 
production of INFy after LAA stimulation using the InCyt 
showed stable frequencies of TCD4-leu/TCD4- and TCD4+leu/TCD4+ and 
decreased frequencies of CIK cells. Frequencies of iNKT cells, 
proliferating T cells and B-memory-cells slightly increased during 
Kit M therapy but decreased under chemotherapy. Interestingly, 
prednisolone had an immunosuppressive effect on frequencies 
of DCs, NK cells, proliferating T, TH1+, central memory T cell 
subtypes, B memory cells as well as INFy producing iNKT and 
CIK cells (day 12-14) (Figure S5C, lower part).

VOC Monitoring: During observation, we compared breath 
samples collected from healthy probands from Stuttgart and from 
P1601 in the course of the disease. We found clearly differentiated 
healthy and leukemic VOC results during the whole observation 
time. Nevertheless, we found an approximation of leukemic to 
healthy VOCs in the beginning of Kit M treatment (around day 
10) that flattened out by application of prednisolone (day 12-14). 
Leukemic VOCs showed an approximation to healthy VOCs in 
the beginning of supportive chemotherapy (day 22-24) (Figure 5C, 
upper part).

VOC comparisons

As a source for VOC analyzes conducted by eNose, we used 
healthy and leukemic breath samples collected by earloop masks. 
An overview about the collected breath samples of every proband 
is given in Figure 6. Various comparisons were analyzed by linear 
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discriminant analyses (LD) and the smell-prints were graphically shown in two-dimensional principal component analysis (PCA) plots. 
Sensitivity, specificity, Mahalanobis distance (md), negative and positive predictive values as well as the p-value calculated by Fishers’ 
exact test are given.

Significant differences between healthy and AML patients’ breath samples

The eNose showed a significant differentiation between 21 leukemic- collected from 3 AML patients in the course of the disease- and 15 
healthy breath samples (%sensitivity: 100; %specificity: 100; p=.0001). To compare AML patients’ breath samples with healthy probands’ 
under comparable hospital conditions (e.g., comparable background smell) we analyzed these samples in the course of the disease of 
P1511 (patient from Augsburg) with 10 healthy probands’ breath samples from Augsburg. We found significantly different VOC results 
(%sensitivity: 100; %specificity: 100; p=.0001). Comparing 10 healthy breath samples from Augsburg with breath samples from P1482 
(patient from Augsburg) the eNose showed significant differences (%sensitivity: 100; %specificity: 100; p=.0001). Comparable results 
could be found in healthy (n=5) and leukemic (P1601 in the course of the disease) breath samples from Stuttgart (%sensitivity: 100; 
%specificity: 100; p=.0008). Detailed information about VOC results and a graphical overview are given in Figure 6.

6.1 VOC profiles of healthy and AML patients’ masks were significantly different
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6.4 VOC profiles of P1601 and healthy probands in Stuttgart were significantly different

1 Sensitivity.

2 Specificity.

3 positive predictive value.

4 negative predictive value.

5 p values calculated with Fisher’s exact test.

6 md, Mahalanobis distance

Figure 6: Breath samples were collected from healthy donors (n=10 from Augsburg, n=5 from Stuttgart) and from 3 AML patients 
(P1511 and P1482 from Augsburg, P1601 from Stuttgart) in the course of disease (irrespective of applied therapies) using earloop 
masks collecting exhaled breath for 5 minutes. VOC analyses were conducted using an eNose. Differences in VOC profiles were 
calculated by linear discriminant (LD-) analyses (dimensionless LD 1 values). Differences in VOC profiles between AML patients and 
their respective healthy donors’ sample are given. Tables underneath giving an overview about the sensitivity, specificity, negative and 
positive predictive value. Statistical tests were performed using Fisher’s exact test. Differences are considered as borderline significant 
with p values ≤.1 and significant with p values ≤.05.
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Influence of Kit M ± chemotherapy on VOC profiles in P1601

To understand the influence of Kit M with or without simultaneous chemotherapy we compared VOCs of P1601s’ breath samples. The 
eNose could (not significantly) differentiate breath samples before and after therapy (=no therapy; n=3) from breath samples taken 
during chemotherapy and simultaneous Kit M treatment (n=2) (%sensitivity: 100; %specificity: 50; p=.4). Moreover, the eNose could 
(not significantly) differentiate breath samples under no therapy from samples collected during Kit M treatment (%sensitivity: 66.7; 
%specificity: 66.7; p=.99). An overview about VOC results and treatment periods are given in Figure 7 and 3.

1 Sensitivity.

2 Specificity.

3 positive predictive value.

4 negative predictive value.

5 p values calculated with Fisher’s exact test.

6 md, Mahalanobis distance.

Figure 7: Breath samples were collected from P1601 in course of disease using earloop masks collecting exhaled breath for 5 minutes. 
VOC analyses were conducted using an eNose. Differences in VOC profiles were calculated by linear discriminant (LD-) analyses 
(dimensionless LD 1 values). Differences in VOC profiles collected under chemotherapy ± Kit M therapy or without therapy were 
evaluated. Tables underneath giving an overview about the sensitivity, specificity, negative and positive predictive value. Statistical tests 
were performed using Fisher’s exact test. Differences are considered as borderline significant with p values ≤.1 and significant with p 
values ≤.05.

Significantly different VOC results during chemotherapy compared to Kit M treatment

Using breath samples from P1511 under chemotherapy and from P1482 and P1601 under Kit M treatment, we could significantly 
distinguish these two therapy options by an eNose using VOC profiles (%sensitivity: 100; %specificity: 100; p=.0006). Detailed 
information is given in Figure 8A.
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Figure 8A: Breath samples from 3 AML patients collected under chemotherapy and under Kit M therapy were significantly different.

Figure 8B: Breath samples from P1601 collected before simultaneous therapy, under chemotherapy+ Kit M therapy and under Kit M 
therapy were different.

1 Sensitivity.

2 Specificity.

3 positve predictive value.

4 negative predictive value.

5 p values calculated with Fisher’s exact test.

6 md, Mahalanobis distance
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Figure 8: Breath samples were collected from 3 AML patients (P1511 and P1482 from Augsburg, P1601 from Stuttgart) in the course 
of disease (respective of applied therapies) using earloop masks collecting exhaled breath for 5 minutes. VOC analyses were conducted 
using an eNose. Differences in VOC profiles were calculated by linear discriminant (LD-) analyses (dimensionless LD 1 values). 
Figure 8A shows significant differences in VOC profiles collected under chemotherapy from P1511 compared to under Kit M therapy 
from P1482 and P1601. Figure 8B shows differences in VOC profiles collected from P1601 before simultaneous therapy compared to 
under chemotherapy+ Kit M therapy and shows differences in VOC profiles collected from P1601 under chemotherapy+ Kit M therapy 
compared to under Kit M therapy. Tables underneath giving an overview about the sensitivity, specificity, negative and positive predictive 
value. Statistical tests were performed using Fisher’s exact test. Differences are considered as borderline significant with p values ≤.1 and 
significant with p values ≤.05.

Different breath samples from P1601 collected before therapy, 
under combined (chemo- and Kit M) therapy and under Kit 
M therapy

We found different VOC profiles in breath samples from P1601 
before simultaneous therapy (Kit M and chemotherapy) compared 
to during chemotherapy and simultaneous Kit M therapy 
(%sensitivity: 100; %specificity: 50; p=.286). Furthermore, 
we found different VOC profiles in breath samples during 
chemotherapy and simultaneous Kit M treatment compared to 
under Kit M therapy (%sensitivity: 50; %specificity: 100; p=.4). 
Graphs and more details are shown in Figure 8B and 3.

In summary, these findings suggest that the eNose can effectively 
differentiate between healthy individuals and AML patients based 
on their breath samples. Additionally, it indicates that the eNose can 
detect differences in VOC profiles between breath samples taken 
with and without therapy (Kit M/chemotherapy). Furthermore, it 
demonstrates the eNoses’ ability to distinguish between breath 
samples collected during chemotherapy and those collected under 
Kit M therapy.

Discussion
After induction therapy the relapse rate of AML patients is about 
70-80% [6, 41, 42]. Therefore, there is a great need for new (non) 
immunotherapeutic options [43]).

DC/DCleu Based Immunotherapy

DC/DC
leu

 can be generated ex vivo from monocytes (loaded 
with LAA) or leukemic blasts and have the advantage of already 
containing the patients’ specific leukemic antigens needed for an 
appropriate immunological answer and therefore bypassing the 
need of antigen-loading [13]. We and others could prove that DC/
DC

leu
 can be generated ex vivo from patients’ blast containing WB 

independent of patients’ sex, age, MHC, leukemic subtype, or risk 
profile [12, 13, 17, 30, 44]. DC vaccinations were shown to induce 
leukemia specific immune responses and to improve the outcome 
of patients [7, 11, 45].

Ex vivo generation of DC/DCleu with Kit M pretreated patients’ 
WB resulting in increased antileukemic activity

We can confirm preliminary data [13, 14, 17, 18, 30, 44], that DC/
DC

leu
 could be generated ex vivo in Kit M pretreated (compared to 

not pretreated) AML patients’ WB (P1511, P1482, P1601) without 
inducing blast proliferation. In addition, blast-lytic activity was 
shown to be regularly improved using Kit M pretreated WB 
samples as ‘stimulator cells’ in MLC [13, 14, 17, 18, 22, 30, 
46] (Figure 4A-C). These findings prompted us to deduce a Kit 
M-based treatment protocol for P1482 and P1601: Our data show, 
that treatment of (therapy refractory) patients (P1482, P1601) with 
Kit M stabilized or even reduced blast counts in PB, increased 
thrombocyte counts (P1482), compared to a patient without Kit 
M treatment (P1511) (Figure 1-3). Even more we could show a 
(leukemia-specific) activation of cells of the innate and adaptive 
immune system in P1482 and in part in P1601, but not in P1511 
(Figure 5A-C). These data could point to antileukemic effects after 
Kit M treatment (induced by blast-conversion to DC

leu, 
leading 

to leukemia specific immune effects as shown before ex vivo [6, 
13, 14, 17]. These effects were abrogated by infusion of (immune 
suppressive) prednisolone (to treat pneumonia) in P1601. Under 
that influence of prednisolone these effects were diminished. This 
could point to an effect of cortisone on the exhalation of VOCs 
(Figure 5A-C). In vivo immunostimulant effects might be more 
efficient in cases with low blast counts/in remission and might 
contribute to stabilize disease or maintain remissions, as discussed 
by us before [13, 17]. 

VOC Profiling to Differentiate Healthy and AML Patients’ 
Breath

It is well known that age, gender as well as smoking behavior, 
infections (e.g: pneumonia) or in the presence of impaired/
damaged tissue (e.g: COPD) does not disturb the differentiation 
of malignant vs. non-malignant breath profiles/breath donors [32, 
34, 47]. Our data show, that earloop masks qualify as carriers to be 
used for VOC profiling, as already shown before in patients with 
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lung cancer, COPD vs. healthy donors [32]. There is no need to 
breath directly in an eNose. We have already demonstrated that a 
VOC profiling can differentiate between malignant (lung cancer) 
and nonmalignant breath donors [32, 34]. It has already been 
investigated that volatile samples above urine samples (to detect 
bladder tumor [48]) or above serum supernatants from diseased 
patients (to detect AML [30]) can be clearly separated from 
healthy samples. Moreover, we can add, that breath samples from 
healthy breath donors could not only be clearly differentiated from 
breath samples from lung cancer, COPD [34] or Alzheimer’s and 
Parkinson’s disease [29, 40], but also from breath samples from 
AML patients (independent of disease, stage and treatment), as we 
could show here (Figure 6).

A clear differentiation of AML patients (treated by chemotherapy 
or Kit M or chemotherapy combined with Kit M or without any 
treatment) from healthy breath samples was possible- thereby 
pointing to volatile profiles (differentiating AML and healthy 
breath) being in general independent from applied therapies. This 
differentiation between healthy and AML samples was significantly 
different and independent of different institutions, where the 
healthy and AML breath samples were collected (Figure 6.2 and 
6.3 in Hospital in Augsburg, Figure 6.4 in Hospital in Stuttgart). 
An interesting finding was, that differences between healthy and 
leukemic breath were lower soon after application of Kit M. This 
was true for P1482 (Figure S5B) and P1601 (Figure S5C). This 
might point to a positive influence of immune modulation on 
disease activity-shifting AML patients’ breath closer to healthy 
breath patterns.

We moreover found clear (although due to low sample numbers 
not significant) differences between breath samples from AML 
patients without any therapy vs. with chemotherapy combined 
with Kit M or vs. Kit M alone (Figure 7). The same was true for 
samples taken before vs. during applied chemotherapy combined 
with Kit M (Figure 8B). The most impressive and highly 
significant differences were seen comparing breath samples during 
chemotherapy vs. during Kit M treatment (Figure 8A). 

This means, that breath profiling in AML patients not only allows 
a clear differentiation between healthy and leukemic breath 
samples but can also differentiate between breath obtained under 
chemotherapy vs. during immune modulating therapy.

For the future use of eNose-based breath profiling, it should be 
examined whether breath samples from AML patients in different 
phases of remission (e.g. early remission, long-term remission, 
remission shortly before relapse) may allow conclusions to be 
drawn about a change of VOC profiles to monitor the quality or 
the stability of a remission. These results could contribute to detect 
imminent relapses early.

Colombo et al. examined cytokines in condensed exhaled breath 
and could correlate immune reactions with exhaled air profiles in 
these patients [49]. Moreover, our group could show, that an eNose 
can differentiate VOCs in healthy vs. leukemic DC- and Mixed 
lymphocyte culture supernatants [30]. 

Here we confirm, that immune- and VOC-profiling in the 
course of patients’ diseases is possible and allows the detection 
of quantitative changes of immune cells as well as of volatile 
markers-independent of smoking behavior and AML subtype. For 
the future we therefore recommend correlating immune with VOC 
profiles to contribute to a refined monitoring to estimate the quality 
of remissions. 

We conclude, that systemic effects in healthy vs. AML PB might be 
not only monitored on the cellular side (by monitoring cell subsets 
[50]), on the soluble side (by monitoring chemokines/cytokines/
extracellular vesicles (EVs) [24]30,52), but also on the volatile 
side (ex vivo) [30] Table or directly using breath samples collected 
with earloop masks from patients. Dysregulated release of pro- and 
anti-inflammatory cytokines/EVs in AML might influence anti- or 
pro-leukemic mechanism of the immune system [51]. In addition, 
EVs released by immune or tumor cells- detectable in serum from 
patients with leukemia- might contribute to a refined monitoring 
[28, 52]. These EVs might lead to increased release of cytokines 
and going along with different VOCs in exhaled air [53, 54].

Conclusion

VOCs can be collected on earloop masks and allow a differentiation 
of healthy and leukemic breath donors. Moreover, breath samples 
in different phases of the disease or under (chemo- or immune 
modulatory) therapy can be differentiated. These findings could 
contribute to deduce a refined VOC based monitoring strategy 
(optional in conjunction with immune monitoring), that allows 
a monitoring of the efficacy of applied therapies, of the quality 
of achieved responses/remissions to (immune)therapies or might 
contribute to detect imminent relapses on a volatile basis.
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