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Preface 

Writing the preface marks the end of my Ph.D. journey and the beginning of 
something new that I have yet to discover. I joined the research school in stem cell 
biology almost ten years ago due to my fascination for stem cells. I was especially fond 
of embryonic stem cells and the questions in vogue back then, such as how you explain 
the pluripotent stem cell state and how well epigenetic reprogramming works. Coming 
to Lund, I realized that Woods’s group, which worked on obtaining hematopoietic 
stem cells from pluripotent stem cells, was already filled, and so was Flygare’s group, 
which aimed to transdifferentiate fibroblasts to red blood cells. Luckily, Mattias, who 
would later become my Ph.D. supervisor, also had an exciting project about improving 
cell culture conditions for hematopoietic stem cells. Even though this study focused on 
an adult instead of embryonic stem cells, it still excited me due to its relatedness to the 
stem cell state. 

We would later find out that the project was not working, which was a harsh 
realization for me as a young, naive, and ambitious student who thought hard work 
always pays off. I was devastated by the realization that my efforts were in vain and how 
this jeopardized my chances of fulfilling my dream of getting a Ph.D. in biomedical 
science. I was lucky, though, that Mattias assembled a small team with the addition of 
my colleagues Aurelie and Fredrik that would help me get started on a new study that 
aimed to identify new differentiation therapy for acute myeloid leukemia. 

At that time, my passion for science was no longer there, not by choice, but my body 
had had enough, and I would later understand that I could put a checkmark on all the 
major indications for burnout. Therefore, I am very thankful to you, Mattias, who 
helped me get through that difficult time when I did not have the same energy as I used 
to. I am also very thankful to you, Aurelie, who I would say was my first mentor in the 
lab—working closely with someone with much more experience than I had greatly 
impacted me. I am also very thankful to you, Fredrik, for your support with chemicals 
and scientific input from project initiation to the publication of the paper. It is hard to 
believe that I will soon complete this major project that I started on January 1, 2013. 
Once again, thank you, team leukemia, i.e., Mattias, Aurelie, and Fredrik. You helped 
me get here to where I am today, soon ready to fulfill my dream of getting my Ph.D. 
in biomedical science. 
 

Simon, Malmö, August 2022 
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Introduction of the hematopoietic 
system 

Hematopoiesis 

The human body is composed of trillions of cells that serve its multicellular 
community. The cells are spectacularly diverse in function and shape even though they 
share the same genome, and a long time ago, at least while not cancerous, they stopped 
serving their individual needs. Instead, they are part of a mission to serve the body as a 
whole as they have organized over evolutionary time into organs and tissues to sustain 
human life by optimizing for the survival and reproduction of the species1. 

This thesis focuses on one of the many sub-systems in the body, the hematopoietic 
system, composed of organs and liquid tissue, including the blood cells, bone marrow, 
spleen, thymus, and lymph nodes. Its role is to provide the body with all functionally 
distinct blood cells throughout life, in a process referred to as hematopoiesis (from the 
Greek hemato [blood] + poiesis [to make], or “to make blood”). In adults, 
hematopoiesis occurs mainly in the bone marrow (medullary) but may occur under 
pathological conditions in extramedullary sites such as the spleen, liver, and lymph 
nodes2. 

The formation of new blood cells is a unidirectional differentiation process by which 
the blood system’s effector cells are formed from less specialized progenitors. As 
progenitors differentiate to more specialized cells, they become committed to specific 
lineages and cell types, involving dynamic changes in proliferation kinetics and loss of 
differentiation potentiality (Figure 1)3. The flux into each lineage is controlled by 
demand in a highly regulated process, so the right type of cells is produced at the right 
time. The estimated turnover is remarkable, with nearly one trillion (1012) cells per 
day4. 

These specialized cells are the hematopoietic system’s effector cells that serve the 
multicellular community by a remarkable width in function and dedication to specific 
roles. They all circulate in the cardiovascular system, but not all stay within the blood 
vessels as some cells use it to reach different tissues where they exert their different 
functions5. 
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The different types of blood cells 

Broadly, the blood cells are classified based on their color in white or red. The white 
cells, also known as leukocytes (from Greek leuko [white] + cytes [cells]), compose both 
myeloid (from the Greek myelo [marrow] + oid [form], or “from the marrow”) and 
lymphoid (from the Greek lymph [water] + oid [form], or “from the water”) cells that 
are responsible for protecting the body against bacteria, virus, cellular debris, and 
diseased cells. A critical function of these cells is to discriminate self from non-self and 
healthy from diseased cells. Depending on the mechanism in which they do that, the 
leukocytes are divided into innate immune cells that can launch a non-specific defense 
immediately and adaptive immune cells with an antigen-specific response, which takes 
time to develop, but, once developed, can act immediately on the foreign antigen6.  

Moreover, megakaryocytes and osteoclasts are myeloid cells but are not formally 
considered leukocytes. Megakaryocytes are responsible for producing thrombocytes 
(platelets) that prevent bleeding in the cardiovascular system and osteoclasts for 
degrading bone tissue that balances the bone remodeling process. The last but most 
abundant myeloid cell type is the red cells, also known as erythrocytes (from Greek 
erythro [red] + cytes [cells]) that circulate the cardiovascular system and transport O2 
and CO2 between the lungs and the tissues7. See Figure 1 for an overview of the 
classification. 

Stem cells: general principles 

Stem cells today are defined as having the capacity to self-renew and give rise to 
differentiated cells. However, the meaning evolved since it first appeared in the late 
19th and early 20th centuries. When the German biologist Ernest Haeckel first used 
the term in phylogenic tree diagrams called stem trees, the stem cell referred to a 
presumed ancestral unicellular organism from which all multicellular organisms 
evolved8-10. Later he used the term in embryology to refer to the fertilized egg that can 
give rise to all cells in the body10,11. Other early uses of the term described the primordial 
germ cells that give rise to the germ cells10,12, and a common precursor postulated 
according to the unitarian theory to give rise to the red and white blood cells10,13. Of 
these, only the common precursor to the red and white blood cells has kept the term 
stem cell as the definition evolved. 

Why stem cells are (unfortunately) called stem cells and not root cells 

When the term stem cells started to appear in the literature, it lacked the functional 
component of today’s definition. Instead, the focus was on the relational linkage 
between cells, apparent in the term stem, which usually refers to a plant’s main body 
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Figure 1: Model of steady-state hematopoiesis that visualizes heterogeneity in differentiation potential among 
stem and progenitor cells. In the traditional tree diagram, the circles or nodes are intuitively understood as a 
homogenous population of cells, which is in stark contrast to the more recent appreciation for the heterogeneity 
in differentiation potential within the hematopoietic stem and progenitor populations at the single-cell level. Also, since 
the differentiation potential in the traditional tree is based on transplantation and colony assays that measure 
differentiation during artificial stress and not in unperturbed hematopoiesis, it raises the question of the 
construction of a hematopoietic tree that visualizes differentiation in homeostasis conditions should also include 
multipotent progenitors (MPP) as the root of hematopoiesis. With inspiration from Elisa Laurenti and Berthold 
Göttgens, this Figure fuses their “cloud model” with their proposed alternative visualization of multiple parallel 
differentiation trajectories3. While the traditional tree diagram depicts a hierarchal tree of differentiation and self-
renewal, it fails to convey the experimental observations of heterogeneity in differentiation potential within bulk 
populations. Therefore, new alternative trees need to emphasize the prevalence of early lineage choice and the 
cells’ biological behavior in an unperturbed condition to depict the hematopoietic differentiation tree during steady-
state conditions accurately. A cell’s differentiation potential is indicated with colors in this Figure that allow for tracing 
possible differentiation trajectories by connecting the root cells in the HSC and MPP compartment through the 
commonly defined progenitor compartments to the specialized cells without visualized trajectories. The black 
circle represents a cell with multipotentiality, and the one, two, and three colored circles represent cells with uni-, bi-, 
and trilineage potential. 

or stalk or, more generally, as the main section of something. In the stem trees proposed 
by Ernest Haeckel, the stem referred to the connection between the root node (e.g., the 
stem cell) and the downstream” children” nodes (e.g., progenitors or specialized cells). 
Only after Ernest McCulloch, James Till, and others in the early 1960s found 
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experimental methods to prove a common precursor to the red and white blood cells 
was a functional component added to the definition14-16. In retrospect, it would 
arguably be more intuitive to refer to stem cells as root cells, emphasizing their parent’s 
root node location rather than the relational linkage between cells in the hierarchy. 

The role of stem cells 

The stem cells’ location at the root of their hierarchies makes them fundamental to the 
integrity of the tissues they reside in as they supply new specialized cells as they are lost. 
Therefore, stem cells need to be stable and maintain themselves throughout life in a 
self-renewal process that sets them apart from progenitor cells that only transiently 
maintain themselves.  

During embryonic and fetal development, cells with stem cell properties can arise 
and disappear or arise and stay as the body develops into an adult. Interestingly, it is 
possible to capture cells in development and keep them in a self-renewal state in vitro. 
Hence, these stem cells are maintained by the in vitro culture condition that stabilizes 
them in a self-renewal process without induction of differentiation. One example is the 
cells from the blastocyst’s inner cell mass that only transiently exists during embryonic 
development but, when in vitro cultured, can be maintained as self-renewing 
embryonic stem cells with the ability to give rise to all cell types of the body if inserted 
back to the blastocyst17. Moreover, in relation to differentiation potential, a stem cell 
cannot exist without a stem structure; hence, stem cells need to give rise to at least one 
specialized cell type. With the current stem cell definition including a root node 
location, self-renewal capability, and differentiation potential, cells with stem cell 
properties have been identified in multiple tissues in the body, such as the central 
nervous system, intestine, skin, and blood18,19. 

The hematopoietic stem cell 

This thesis focuses on one particular stem cell, the hematopoietic stem cell (HSC), 
which is the root cell of the hematopoietic system responsible for replenishing all blood 
cell types. They reside mainly in the bone marrow, but a small percentage can also be 
found in the spleen and the lungs, as well as circulating in the cardiovascular system in 
a pattern controlled by the circadian clock20-22. Since, by definition, a stem cell is self-
renewing and has differentiation potential. Much research on HSC has focused on 
identifying the HSC population and defining the stem cell state’s underlying cellular 
and molecular processes. 
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Introduction 

After McCulloch, James Till, and others proved the existence of a common precursor 
of red and white blood cells14-16, advancement in fluorescence-activated cell sorting 
(FACS) allowed for sorting out cells based on cell surface markers to test their 
functionality by transplantation. The transplantation assay gave rise to the concept of 
long-term HSC (LT-HSC), short-term HSC (ST-HSC), and downstream progenitors 
as defined by their sustained engraftment and differentiation potential after 
transplantation. Accordingly, LT-HSC has multilineage potential and long-term 
engraftment–measured 16 weeks after the transplantation–in both primary and 
secondary transplanted recipient mice23-25. They are thereby fulling the criteria of self-
renewal by proving the existence of self-renewing HSC with multilineage potential in 
the primary recipient. While ST-HSC has multilineage potential, they do not engraft 
long-term in secondary recipients, thus lacking self-renewing capacity23-25. The 
progenitors have a restricted bi- or uni-lineage potential, and lack self-renewal capacity 
as their contribution to hematopoiesis is only transient after transplantation23-25. 

The HSC core defining qualities and progenitor boundaries 

Following the FACS and the transplantation assay to test for HSC self-renewal, 
numerous studies have linked the self-renewal capacity to dormancy depth and a cell's 
time to exit quiescence26-29. With a variety in division rate between different HSC 
subsets from 2 to 12 divisions per year (in mice)28,29, there is a dormancy gradient 
amongst the most primitive cells. This heterogeneity in quiescence correlates directly 
with the self-renewal capacities in transplantation assays28,29. Hence, FACS and 
transplantation provided an assay that could test self-renewal capacity in sorted 
populations and single cells and proved that the dept of quiescence correlates with 
greater self-renewal capacities defining quiescence as crucial for the HSC cellular 
identity. 

In addition to quiescence, several additional cellular and molecular processes have 
been identified as key to the stem cell state. They include HSC dependency/reliance on 
autophagy30,31, glycolysis32,33, low mitochondria activity34-36, and low protein translation 
rate37. However, some of the critical stem cell characteristics are not absolute since HSC 
occasionally during homeostasis, but especially by stress can exist quiescence and start 
dividing to return to the dormant state after a transient proliferation28,38, although the 
number of times for this might be limited39. In contrast, and as a demarcation to HSC, 
progenitors are highly proliferative, metabolically active, and use oxidative 
phosphorylation26,33,36. In summary, unique quiescent and metabolic properties guard 
the HSC state's core defining self-renewal trait and differentiate HSC from 
downstream progenitors. 
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The role of HSC and progenitors in steady-state hematopoiesis 

Until recently, the capacity for self-renewal and differentiation potential in 
transplantation assays defined a hematopoietic stem cell and a progenitor cell. However, 
distinguishing a stem cell from a progenitor with the transplantation assay imposes 
criteria to the definition that is not relevant for normal steady-state conditions. For 
instance, during the transplantation, the cells are exposed to ex vivo conditions and are 
tested for their homing ability to a radiation-damaged bone marrow, where they need 
to survive without losing their cellular properties until the bone marrow has healed. 
Consequently, the transplantation assay defines what a stem cell is on its ability to 
withstand an artificially high-stress level in addition to self-renewal and differentiation 
potential. 

New studies using non-disruptive models have provided a new appreciation for the 
stem and progenitor cells’ contribution to hematopoiesis during homeostasis. One of 
these studies used a sleeping beauty transposon that, when activated by doxycycline, 
integrates into unique sites that can be used for lineage tracing after a chaise period 
without inducing stress to the cells40. They found that the multipotent progenitors 
(MPP)–that lack self-renewing capacity in transplantation assays–and not HSC 
replenished, for the most part, the myeloid lineage with new cells during steady-state 
conditions.  

Thus, this study put forward a paradigm where HSC still are the hematopoietic 
system’s root cells but do not actively replenish the hematopoietic system with mature 
cells. Instead, their functional value is a cellular backup for progenitors that serve as the 
“root cell” of hematopoiesis in steady-state conditions throughout life (Figure 1). Thus, 
the importance of progenitors and the role of the HSC was clarified by studies using 
assays that removed artificial stress resistance in the definition of the cell types’ 
functions. 

The differentiation potential of HSC and progenitors 

Given the apex position in the hematopoietic system hierarchy, HSC should have the 
ability to give rise to all downstream cell types. Hence, together with self-renewal, 
multipotentiality has intuitively been a key defining factor for the HSC identity. 
However, within the apex of the hematopoietic system, differentiation-restricted stem 
and early progenitor cells could, with a similar result to multipotent stem and 
progenitors, replenish lost cells and provide for the system’s changing needs. This raises 
the question if the hematopoietic system requires stem cells that are all multipotent 
and, consequently, if multipotency is a strict HSC defining quality. 

Since cell fate decisions are executed in individual cells, the study of a cell’s 
differentiation potential is carried out at the single-cell level. These studies using single-
cell transplantation and in vitro culture indicate that few single cells read out as 
multipotent within the stem and progenitor compartment41-43. However, some caution 
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to these results needs to be considered due to the artificial stressors transplantation 
assays expose single cells to and how a low contribution to some lineages can cause a 
misrepresentation of the single cell’s true lineage potential. Similarly, the artificial 
environment of in vitro culture assays with unnatural instructive signals and cellular 
stress may misrepresent a cell’s true differentiation potential. Finally, fate choices that 
are executed before the first cell division will hide the cell’s true potential. 

Nonetheless, in favor of a HSC population containing stem cells with restricted 
differentiation potential, transplantation of single HSC has shown consistent 
differentiation potential over serial transplantations, indicating an intrinsically 
determined differentiation bias44-46. Compatible with the idea that the HSC 
population–defined by self-renewing capacity–comprises a heterogeneous stem cell 
population with multi and restricted differentiation potentials. Taken together, 
differentiation potential analysis of single cells has shown that there is an abundance of 
unipotent progenitors and that cell fate choices occur high up in the hierarchy, possibly 
already in the HSC population (Figure 1). Furthermore, these studies suggest that the 
capacity for self-renewal alone, without the need for demonstrated multipotentiality, is 
enough to define a hematopoietic cell as a stem cell. 

The clinical relevance of hematopoietic stem cell 
transplantation  

At about the same time the current definition of stem cells was worked out in the 
1960s–including self-renewal and multipotent differentiation potential–the practice of 
hematopoietic stem cell transplantation (HSCT) also started to take form. Highlighting 
its success, an estimated one and a half million transplants have since been performed 
to treat and sometimes cure patients with tumors and malignant and non-malignant 
blood diseases47. Noteworthy, HSCT is the only FDA-approved (The United States 
Food and Drug Administration) stem cell therapy to this date48. That is likely due to 
the close connection of HSC to the blood vessel vasculature and homing ability to their 
semi-solid bone marrow niches, qualities that make replacement of HSC relatively easy 
to perform compared to cellular systems situated within solid organs. Moreover, 
continued advancements in conditioning regimens, control of transplant-related 
toxicity, donor matching, and gene therapy access promise further improvement on 
current limitations. Therefore, as new technologies develop, the hematopoietic system 
is well-positioned to continue to lead the way in the cell and gene therapy arena. 
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Current indications for hematopoietic stem cell transplantation 
The HSCT procedure is divided into two major categories depending on if the stem 
cell graft is from another person (allogeneic, from the Greek állos [other] + genḗs 
[kind], or “another person”) or the patient’s own cells (autologous, from the Greek 
autós [self] + logous [related], or “same person”). Which source to choose depends on 
whether the malignancy is blood-related and where the disease has its cellular origin in 
the hematopoietic hierarchy. A healthy allogeneic stem cell graft is needed when the 
disease has a known cellular origin in the CD34+ hematopoietic stem and progenitor 
cells (HSPC). Whereas, if the disease originated further down the hierarchy or outside 
the blood system, the preferred approach is autologous transplantation, where the 
patient’s healthy CD34+ HSPC are reinfused back after the patient has gone through a 
therapy regimen49. 

Data from all patients 
Data collected from mostly European transplantation centers in 2019 by the European 
Society of Blood and Marrow Transplantation (EBMT) show that 59% of the 
performed transplantations were autologous and 41% allogeneic50. The most common 
indications are lymphoid malignancies (64%), followed by myeloid malignancies 
(25%), and non-malignant diseases (7%). The major indications for allogeneic 
transplantation, and thus diseases with a cellular disease originating in the HSPC 
population, include acute myeloid leukemia (AML) (38%), acute lymphocytic 
leukemia (ALL) (16%), non-malignant disorders (14%), and myelodysplastic 
syndrome (MDS) or myelodysplastic/myeloproliferative neoplasms (MDS/MPN) 
(12%). The major indications for autologous transplantation where the patients’ HSPC 
are healthy are plasma cell disorders (55%), non-Hodgkin lymphoma (27%), Hodgkin 
lymphoma (9%), and solid tumors (6%)50. 

Data from pediatric patients 
In pediatric patients (<18 years at transplant) that make up every fifth transplantation, 
it is more common with allogenic (pediatric 78%; adults 38%) than autologous 
(pediatric 22%; adult 62%) transplantations, and indications differ from the overall 
population that includes all age group50,51. Non-malignant disorders such as PID, BMF, 
Thalassemia, IDM, and Sickle cell proportionally differ the most for pediatric 
allogeneic transplantations (43.9% compared to 12% in all ages), and indications for 
non-blood-related cancer differ the most for pediatric autologous transplantation (81% 
compared to 7.4% in all ages)51. In summary, it is more common in pediatric patients 
with allogeneic transplantations and treatment of non-malignant diseases than in adults 
(>18 years at transplant). As plasma cell disorders and lymphoma are rare in pediatric 
patients, autologous transplantations are mostly used for treating malignancies outside 
the blood system. 
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Conditioning 

Before a patient can receive a stem cell transplantation, it is crucial to deplete the 
diseased cells and the patient’s endogenous blood system to make room for a healthy 
stem cell graft. In the case of an allograft, it is also important to deplete the patient’s 
immune cells to prevent graft rejection. The process of preparing for a successful graft 
is called conditioning. Depending on the disease, conditioning employs 
chemotherapeutics, radiotherapy, targeted therapy, and immunosuppressant to 
eradicate the diseased cells and facilitate the highest possible engraftment with the 
lowest amount of short- and long-term toxicity. However, there are often conflicts 
between the benefit and risks of many conditioning regimens. Therefore, when 
physicians choose a conditioning regimen, they must balance the risk-benefit ratio 
tailored to the patient’s age, co-morbidities, and underlying disease specifics52. 

Myeloablative conditioning 
The myeloablative regimen is the most intense protocol that facilitates effective 
engraftment but is associated with transplant-related complications, toxicity, and 
mortality. Partially due to the initial time without a well-functioning immune system 
and the damage it causes to the mucus membranes that can result in opportunistic 
bacterial, viral, and fungal infections53,54. The high transplant-related mortality has 
limited myeloablative regimens to younger and more fit patients under the age of 50 
years54. 

Reduced-intensity conditioning 

However, luckily older and unfit patients can be treated with reduced-intensity/toxicity 
conditioning (RIC) or non-myeloablative regimens combined with 
immunosuppressant drugs that decrease treatment-associated mortality and the risk of 
graft rejection by the endogenous immune system. While these less toxic regimens are 
not as effective in creating niche space and killing malignant cells, they have increased 
the three-year overall survival (OS) by reducing non-relapse mortality (NRM) in the 
fragile population. Together with improved supportive care, nonmyeloablative 
conditioning has allowed treating unfit and older patients up to 70 years, providing a 
much larger patient group access to HSCT54-56. 

In non-malignant diseases, RIC can be preferred over myeloablation in some cases 
because of reasons specific to the disease. For instance, RIC is recommended for 
patients with immunodeficiency diseases because the immunocompromised state 
prevents graft rejection and provides a proliferative advantage to the grafted lymphoid 
cells57,58. 

Another example is patients with Fanconi anemia who suffer from an impaired 
response to DNA damage, which makes them unfit for genotoxic conditioning and, 
due to increased apoptosis, extra vulnerable to graft versus host disease (GvHD), which 
happens with the grafted immune cells attacks the host tissues. The good thing is that 
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the condition provides a proliferative advantage to the grafted HSPC, making it 
possible to achieve desired engraftment levels with reduced non-genotoxic conditioning 
or even without conditioning at all. However, Fanconi anemia patients still run a risk 
of graft rejection and are sensitive to GvHD, making it essential to have an HLA-
matched allogeneic donor or use autologous gene therapy59,60. 

Non-genotoxic myeloablation 

However, RIC might not be enough for some non-malignant disorders such as 
lysosomal storage diseases and hemoglobinopathies to clear the necessary niche space 
needed to achieve the desired engraftment levels61. Since harsher myeloablative 
conditioning is not a good option in these patients, that are often very young, as it can 
lead to long-term complications, such as infertility, organ toxicity, impaired growth, 
and secondary malignancies, it shows the need for improved conditioning methods 
with fewer complications62. 

It is thus promising to see non-genotoxic myeloablation being developed based on 
antibodies targeting hematopoietic cell surface markers. One of these approaches uses 
anti-human CD117 (also known as c-kit and SCFR) that blocks the receptor-ligand 
interactions, thereby preventing the signaling transmission critical to HSC survival63,64. 
Another approach uses a hematopoietic cell-specific depletion strategy by targeting the 
pan-hematopoietic marker CD4565. 

Both approaches promise to condition patients without genotoxic side effects. If 
proven safe and efficient, these approaches are especially relevant for non-malignant 
diseases where safety and efficacy are the primary objectives without the need to deplete 
malignant cells in the process. Since conditioning-related toxicity is a significant burden 
for patients and treatment costs, developing nongenotoxic conditioning for non-
malignant diseases would be a crucial advancement allowing more patients access to 
HSCT and improving their lives without adding an extra financial strain to the health 
care system. 

Control of transplant-related toxicity in allogeneic transplantations 

Historical overview 
Humans never shared cells or organs successfully until the middle of the last century, 
when the modern era of organ and hematopoietic cell transplantation (HST) started. 
The first successful allogeneic HST was performed in 1959 to treat leukemia. Because 
the transplantation was between genetically identical twins, it was free from 
immunological complications with no risk for GvHD or graft rejection. Although the 
lethal dose of radiation was not enough to clear the disease that later relapsed, the 
transplantation proved that injection of bone marrow cells protected against radiation 
and highlighted the need for improved treatments66. However, it is noteworthy that in 
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one exceptional case from this time, a lymphoma patient who received chemotherapy 
followed by autologous transplantation spent the next 21 years in remission67,68. 

Initially, treating malignancies in conjunction with HSCT would prove challenging, 
particularly for allogeneic transplantations. Often, the host’s immune system would 
reject the grafted cells if the conditioning regimen were not strong enough, or the 
immunocompromised state would lead to fatal infections, or fatal complications would 
also arise from the grafted cells attacking the host tissues. A review from 1970 
concluded that none of about 200 allogenic transplantations had been successfull68,69. 

However, progress in the late 1960s and early 70s in HCT studies on dogs revealed 
the importance of histocompatibility testing and immune suppression to limit GvHD 
and prolong post-transplantation survival70,71. In addition, animal studies on mice had 
shown that HCT from unrelated donors creates an immune reaction that can eliminate 
the remaining leukemic cells after conditioning, although in conjunction with 
GvHD72. A report in 1979 proved this observation in humans by correlating GvHD 
with delayed relapse73. Hence, these early studies discovered the importance of 
matching the donor and recipient histocompatibility to prevent GvHD and the positive 
effect transplantation can have on eliminating malignant disease via the graft versus 
tumor (GvT) reaction. 

The role of the major histocompatibility complex 
The major histocompatibility complex (MHC), known in humans as the human 
leukocyte antigens (HLA), are the cell surface proteins that make histocompatibility 
matching essential. The MHC are central to the vertebrate immune system by their 
role in displaying intracellular and extracellular peptides to T cells. There are two major 
types of MHC, MHC class I which displays intracellular peptides to CD8 cytotoxic T-
cells, and MHC class II, that display extracellular peptides to CD4 helper T cells. 
During the CD8 and CD4 T-cell receptors education in the thymus, thymic cells first 
positively select maturing T-cells with receptors that bind innate peptides. Then they 
eliminate the T cells with receptors that bind with too high affinity to innate peptides 
to prevent them from causing an autoimmune response. This procedure allows T cells 
to recognize foreign peptides displayed on MHC molecules as they bind them with a 
higher affinity than self-peptides. Upon binding, they either initiate a cell-killing 
process (MHC I – CD8 T-cell interaction) or an immune response (MHC II – CD4 
T-cell interaction)74. 

If only a few alleles of each HLA type existed, matching donors and recipients would 
not be so challenging. However, the HLA loci contain six genes, and hence 12 alleles, 
with the most variable allele sets expressed in vertebrates. The three most variable genes, 
HLA-A, HLA-B, and HLA-DRB1, contain 243, 499, and 321 alleles, respectively75. 
This unusually high variability was favored during the vertebrate evolution since a high 
allele frequency in a population’s gene pool made the detection of a larger number of 
pathogen antigens possible. A concept demonstrated by some alleles being better than 
others in detecting certain viruses and parasites75,76. 
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However, major and minor immune compatibility issues stem from this system at 
transplantation. The major issue is due to the high allele frequency and the fact that 
when T cells are educated to recognize innate peptides displayed on one set of MHC 
molecules, they will reject cells expressing another MHC set, even if the peptides are 
the same. The minor immune compatibility issue stems from germline-encoded 
differences resulting in altered peptide sequences that the T cells may recognize as 
foreign. 

These reasons explain why the recipient’s T cells may reject the allografted cells and 
why the allografted T-cells would attack the host cells. Hence, to circumvent this, the 
recipient’s T cells are sometimes depleted before an allogeneic graft to prevent graft 
rejection, and the grafted cells are sometimes depleted of T cells to prevent graft versus 
host disease. In conjunction with immunosuppressive medicine, these measures have 
increased the OS of patients receiving allogeneic transplantations77. 

The graft versus host and tumor response 

The GvT effect is the immune cells' attack on cancer cells after the conditioning 
regimen. It involves T cells, B cells, NK cells, and dendritic cells and is present in both 
autologous and allogeneic transplantations78. In allogeneic transplantations, the HLA 
alleles between donor and recipient must be matched to avoid acute GvHD. However, 
GvHD and GvT still play a role even in a fully matched transplant setting. This 
histoincompatibility comes from antigens derived from germline differences in the 
donor and the recipient, resulting in peptides not recognized as innate by the allogeneic 
T cells. Since these antigens are expressed on both cancer cells and normal cells, it 
explains why it is impossible to decouple the GvHD and GvT responses from each 
other. However, there is a GvT-specific response in allogeneic and autologous 
transplantations due to mutations in the coding regions of the cancer cells, which results 
in cancer-specific peptides, and there can also be a GvT response to abnormally 
expressed innate proteins in the cancer cells. These minor histocompatibility 
components, which influence GvHD and the GvT response, will be introduced in 
more detail below. 

The role of minor histocompatibility antigens 
The antigens derived from germline-encoded differences between the donor and the 
recipient are known as minor histocompatibility antigens (miHA). Whole-exome 
sequencing comparing nine donor-recipient pairs found an average of 6445 nucleotide 
sites that changed the amino acid sequence and thus could present as a foreign 
peptide79. However, since only 1 in 200 of these sites is predicted to be expressed and 
displayed as a peptide by the HLA molecules80, it would translate to about 32 miHA 
capable of inducing a T cell response. A broad expression pattern of miHA results in 
widespread GvHD, while a localized expression to the hematopoietic system results in 
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a GvT reaction. The GvHD and GvT reaction is not possible to decouple from each 
other since the expression pattern of miHA is not possible to control. However, if an 
HLA-matched sibling is available, it is possible to reduce the amount of miHA by about 
half compared to if an HLA-matched unrelated donor was used81. Moreover, matching 
gender when transplanting to males reduces the number of miHA since T-cells from a 
female donor do not recognize antigens expressed on the Y chromosome as innate. 
Hence, T cells from a female donor are more likely to launch an immune response 
when transplanted to male recipients than to female recipients. Furthermore, male 
donor cells transplanted to female recipients are more likely to be rejected because of 
this reason82. 

The role of neoantigens 
Another category of antigens, referred to as neoantigens, is specific to the GvT response. 
Thus, they differ from the miHA, which results in an inseparable GvT and GvHD 
response in the allogeneic transplantation setting. Neoantigens are created from 
mutations in malignant cells and are thus cancer-specific peptides displayed by the HLA 
molecules and detected as foreign by T cells77. However, the mutational burden 
between cancer types differs, which means that some cancers generate more neoantigens 
than others. For instance, melanoma and lung cancer have a high mutational burden 
and will frequently generate neoantigens, whereas AML, ALL, and chronic lymphocytic 
leukemia (CLL) have one of the lowest mutational burdens of all cancers and will only 
occasionally generate neoantigens83. Hence, cancer types with a higher mutational 
burden and, thus, more neoantigens are more likely to evoke an immune response. 

The role of leukemia-associated antigens 
Leukemia-associated antigens (LAA) are GvT-associated antigens. These antigens are 
innate proteins expressed in tissues that are not surveyed by the immune system. That 
means that they are expressed in immune-privileged sites, such as the eyes, testis, and 
the central nervous system, in the placenta during fetal development or occasionally 
expressed in low levels in some adult cells. T cells may recognize LAA as foreign peptides 
because they lacked exposure to them during their maturation in the thymus. Since the 
abnormal gene expression in some cancer cells can result in overexpression of LAA, they 
may subject themselves to a T cell-mediated immune response77. A gene expression 
analysis of 116 AML samples found a significant correlation between improved survival 
and expression of at least one LAA, indicating their significance for disease control84. 

The role of the non-T-cell-mediated response 
Although the GvT and GvHD are mostly T cells driven, B cells can also mount an 
immune response resulting in GvT and GvHD against miHA and an antileukemic 
effect towards LAA85-87. The dendritic cells, whose function is to present antigens and 
activate T cells, can contribute to GvT and GvHD depending on the antigen and type 
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of transplantion88,89. Natural killer cells, a type of innate lymphocytes, are the first cells 
to recover after transplantation and their promptness of engraftment correlates with a 
reduced risk of relapse without inducing GvHD90. 

The importance of conditioning 
Conditioning is an integral part of the GvT response since the disease burden at 
diagnosis is already so high that the immature cells, also known as blasts, have quashed 
the immune system's capacity to suppress the disease. Hence, the elimination of cancer 
cells by conditioning helps the immune system regain control over the disease. Even 
with the GvT effect, it is imperative to achieve a deep remission since detecting minimal 
residual disease (MRD) correlates with a 4.51 times higher risk for AML relapse with a 
similar risk for both myeloablation and non-myeloablation regimens56. Thus, the 
conditioning aims to obtain as deep remission as possible, helping the immune system 
combat and hopefully eliminate the disease. 

The more potent graft versus tumor response in allogeneic transplantation 
The GvT effect is present in both autologous and allogeneic transplantations but is 
more robust in the latter due to major immune incompatibilities. Diseases such as 
lymphoma are normally transplanted with the patient's own cells since the HSPC 
compartment is not mutated. However, if the disease is aggressive, such as in relapsed 
lymphoma, allogeneic transplantation is an option due to the hope that the more robust 
GvT response from an HLA mismatch will result in a deeper remission, even though 
GvHD might be a problem. If the increased GvT response justifies the higher risk of 
NRM is not clear, however, as it has not been tested in a randomized study91. 

Finding a suitable donor for allogeneic transplantations 

Since patient/donor matching is the major aspect that influences the outcome of 
allogeneic transplantation, much effort has focused on understanding how to select the 
best donor. It has led to the development of different criteria for what is considered an 
HLA match. For instance, in the US, an 8/8 match (eight HLA matched alleles) has 
been a standard, and in Europe, a 10/10 match. However, with larger patient registries, 
finding more than one match with the current standards is becoming more common, 
which means that improved matching criteria would benefit some patients. Therefore, 
new recommendations for patient registries and clinics are to use ultra-high-resolution 
HLA typing with 12/12 HLA allele matching, prioritize the lowest aged donor, and 
match the patient/donor on previous cytomegalovirus infection, gender, and ABO 
blood type92,93. 
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The probability of finding a match 
When searching for an HLA-matched donor, siblings are the first choice, which in 
Europe makes up 29% of the allogenic transplantions50. The probability of finding an 
HLA-matched sibling is 25% with one sibling, 44% chance with two siblings, 58% 
chance with three siblings, and 68% chance with four siblings94. For those patients that 
do not have an HLA-matched sibling, the second choice is to look for adult unrelated 
HLA-matched donors that make up 50% of the transplants. If that does not provide a 
match either, a haploidentical matched family member can be an option that makes up 
18% of the transplants or an umbilical cord blood (UCB) unit that makes up 1.6% of 
the transplants50. The use of unrelated and haploidentical donors has steadily increased 
during the last decade, while cord blood decreases in popularity with a peak in use cases 
between 2008-2012. 

Peripheral blood is the most common source of hematopoietic stem cells 
What else is noteworthy is that peripheral blood as a stem cell source in transplantations 
has grown in popularity over the last 25 years. From being used equally to bone marrow 
extraction in the year 2000, peripheral blood is today used in >80% of the allogeneic 
transplantations and has been the primary choice for autologous transplantation since 
the middle of the 90s and is today essentially the only source used (99,8%)50. 
Contributing factors that made peripheral blood the preferred stem cell source are likely 
the convenience for the donors, the faster hematopoietic recovery, and the larger 
amounts of HSPC that can be collected from the blood thanks to mobilization agents 
like G-CSF and plerixafor (a CXCR-4 inhibitor) that promotes the egress of HSPC 
from the bone marrow to the blood circulation68,95,96. 

Ethnic origin determines the chance of finding a donor 
It is also noteworthy that patient registries and cord blood banks do not provide all 
people an equal chance of finding a match. For example, in the US, the chance of 
finding an 8/8 match from adult donors for patients with white European ancestry is 
75%, and a ≥7/8 match is 97%. In contrast, patients of black south or central African 
descent have the lowest probability, with only a 16% chance of an 8/8 match and a 
66% chance for a ≥7/8 match94. Hence, there is an unequal distribution of probability 
for finding an HLA-matched donor depending on the patient’s ethnic origin. 

More donors are needed 
Today there are 36 million donors registered worldwide. Tobiasregistret was initiated 
in Sweden in 1991 to meet the unmet and growing demand for unrelated HLA-
matched donors. Volunteers between 18-35 years can register themselves at 
Tobiasregistret and have the chance to save someone’s life. More donors are still needed 
since 30% of the patients do not find an HLA match in the registries and thus have to 
try their luck with inferior alternatives with more transplant-related complications97. 
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Autologous gene therapy 

Autologous HSPC gene therapy is a possible alternative to allogeneic transplantation 
for monogenic non-malignant blood disorders. These disorders are caused by single 
mutations, which result in altered proteins that affect normal cell maturation or cell 
function. Since there is a lack of optimally matched allogeneic donors, there is a need 
for gene therapy as a safer option for mismatched allogeneic transplantation as it 
removes the transplantation-related complications associated with GvHD. Hitherto, 
two products have secured regulatory approval for use in Europe, Strimvelis (Orchard 
Therapeutics) for ADA-SCID and Zynteglo (BlueBird Bio) for transfusion-dependent 
β-thalassemia patients over the age of 12 years without β0/β0-genotyp61. However, In 
Sweden, Strimvelis is currently evaluated by the council for new therapy (NT-rådet), 
and Zynteglo was denied approval due to the cost of 17 million SEK per patient, which 
was considered too high to justify the benefit98. Hence, gene therapy is still in an early 
phase, but with several additional products about to be launched in the coming years, 
gene therapy is expected to grow in importance. 

The potential risk of neoplastic development 
Lentiviral vectors are the primary vector choice for gene transfer due to the better safety 
profile than previously used retroviral vectors. The improved safety profile is mainly 
due to the genomic integration that predominantly occurs in gene bodies over 
promoters, resulting in a lower risk of inducing aberrant gene expression changes61. 
However, due to the unspecific nature of the genomic integration, there is still a risk 
that it can lead to deregulation of genes, as exemplified in a β-thalassemia study where 
one patient had a vector integration in the HMGA2 gene resulting in its activation and 
as a result an expansion of a dominant but benign clone99. Hence, for gene therapy 
products like Zynteglo, it is recommended to do annual follow-ups for the first 15 years 
to monitor any sign of leukemia or lymphoma development100. 

Gene transfer optimization 
Another unique aspect of the gene therapy treatment modality is the procedure where 
the patient’s cells are harvested and put in a brief in vitro culture for genetic 
manipulation. Since the time in the cell culture can induce transcriptional and cellular 
changes that may reduce the number or comprise the functionality of the long-term 
repopulating cells. Research in this area has aimed to optimize cell culture conditions 
to minimize the loss of HSC function and improve viral transduction efficiency while 
keeping the FDA recommended of less than five integration copies per genome101. 
These efforts have included defining the ideal HSPC starting population for viral 
transduction, using viral vector entry enhancers, and optimizing cell culture 
conditions102-105. 
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Increased possibilities with CRISPR-Cas9 
Furthermore, the toolbox for genetic modification has recently increased with the 
opportunity to do site-specific genome editing and targeting with techniques such as 
CRISPR-Cas9. For instance, this technology opens up the possibility to inactivate 
harmful genes, disrupt the expression or binding of transcriptional repressors, perform 
site-specific corrections, and insert healthy genes in genomic safe harbors that provide 
predictable therapeutic gene expression without causing aberrant expression changes to 
nearby genes61,106. Currently, two clinical trials are evaluating the use of CRISPR-Cas9 
to disrupt the expression of BCL11A, a transcriptional repressor of fetal hemoglobin, 
which would provide a treatment option for β-thalassemia patients61. In summary, if 
proven safe, efficient, and cost-effective, the HSPC gene therapy field has an exciting 
future ahead as it can provide a potential cure to more patients with non-malignant 
disorders that do not optimally match with an HLA donor. 

Ex vivo expansion of hematopoietic cells 

From a clinical standpoint, the driving forces behind the study of HSC self-renewal 
come from the benefit that larger amounts of transplanted donor cells would have for 
patients. Since the transplanted cell number has a linear correlation to the recovery time 
of the new blood system, the cell dose is a fundamental aspect of the transplantation's 
success107. Furthermore, without ex vivo expansion, at best, the same number of HSPC 
that was collected can be transplanted. Thus ex vivo expansion is a research area with 
high clinical potential. In line with this, in paper III of this thesis, we aimed to improve 
current culture conditions by identifying extracellular proteins that support HSC ex 
vivo. 

The clinical benefits that improved in vitro culture conditions would bring are 
multifold, including expanding cells in cord blood units to an adequate cell dose for 
safe and efficient transplantation to adults. In addition, the increased availability of 
cord blood units for adult patients would improve HLA matching and potentially 
increase the demand for cord blood as a complementary source of unrelated HLA-
matched donor cells. Further, the accelerated donor reconstitution by the 
transplantation of more cells reduces the risk of opportunistic infections and graft 
rejection and may also reduce the intensity of conditioning needed for certain non-
malignant diseases. Finally, it would reconcile with advances in genetic manipulation 
techniques that may lead to more innovative autologous gene therapies. Moreover, 
research on both normal and malignant cells benefits from culture conditions that 
maintain cellular properties and expand cell numbers108. Hence improved culture 
conditions also contribute to discoveries in basic and preclinical research. 
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The relevance of ex vivo culture for umbilical cord blood transplantation 

Even though patients could benefit from in vitro expanded cells from adult donors, it 
is not required since collecting enough cells for reasonably safe and efficient 
transplantations is possible. However, the number of cells obtained from cord blood 
units is often insufficient for transplantation to adults. A study that looked at the US 
banked cord blood inventory found that only 30% of the units met the criteria of 
acceptable total nucleated cell count and CD34+ content for transplantation to 30kg 
patients, and a mere 4% of the units to 70kg patients. With a double-unit cord blood 
transplantation, the units that met the minimum criteria for 30kg patients increased to 
74% and for 70kg patients to 22%107. Hence, the current situation is that only a few 
units have enough cells to be an option for adult patients. 

A known positive attribute to the UCB source is the lower number of mature T cells 
in the graft, which means that a less stringent HLA matching is required compared to 
the adult donor sources109. However, acute GVHD is still comparable to adult sources 
with the current HLA matching standard for cord blood. Thus anti-thymocyte globulin 
(ATG) that removes T cells from the UCB grafts is sometimes used to prevent severe 
GvHD110. However, its use is controversial since studies have shown that it increases 
overall mortality111-113. Furthermore, although chronic GVHD might be reduced 
compared to other donor sources, it remains a significant complication110. Hence, to 
optimize the outcome of cord blood transplantation, improved HLA matching is 
necessary, with higher HLA typing resolution required for cord blood banking in the 
future. 

Another known attribute of the UCB source is its delayed reconstitution regardless 
of whether it is a single or a double unit graft, which increases the risk of opportunistic 
infections and graft failure107. These concerns have questioned the sustainability of cord 
blood banking, especially when haploidentical transplantations have faster 
reconstitution kinetics and acute and chronic GvHD is comparable to UCB. 
Consequently, haploidentical transplantations have significantly lower NRM and 
better OS and, thus, are often preferred over UCB when no adult HLA-matched 
unrelated donors are available114-116. 

However, transplanting ex vivo expanded grafts could make UCB a better source 
than haploidentical donors. First, the increased cell dose will translate to quicker 
reconstitution and better OS by reducing NRM. The shorter time to reconstitution 
that ex vivo expansion protocols lead to is evident in the clinical trials that have shown 
a median time of engraftment (neutrophil count ≥500 cells per μl of blood) of 13-21 
days compared to 26-28 days with non-expanded UCB units, which is comparable to 
mobilized peripheral blood with the median time of 13-15 days to engraft117. Second, 
the increased cell dose will improve HLA matching by increasing the available units 
meeting the acceptable cell dose criteria for transplantations to adults107,118. 

Although initial results from clinical trials look promising, the realization of USB ex 
vivo expansion products will not come without hurdles to solve. One can anticipate 



33 

logistical challenges in shipping expanded cord blood units from the centralized 
production facilities to the final destinations. The ex vivo culture that can take 7 to 15 
days, depending on the protocol, with the added risk of infections in the process, can 
make this approach impractical for patients in immediate need of a graft. Hence, 
shorter expansion protocols are desired or off-the-shelf solutions that can be thawed 
and infused without delay119. Although concerns for graft failure have so far not been 
realized in the current trials, long-term follow-up will be important to confirm that LT-
HSC were not affected by the in vitro culture. Finally, a cost-benefit analysis has not 
been done for these emerging products where none has reached the market so far120. 
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Introduction of myeloid neoplasms 
and leukemia 

Malignant disease from a multicellular species perspective 

How malignant disease develops from premalignant to late-stage cancer can be 
understood from a multicellular species perspective. Multicellular life forms evolved 
because of the survival benefits of the group of cells over some form of unicellular living. 
At this point, it created a new evolutionary pressure that suppressed cell-level fitness 
(i.e., the reproductive success of the individual cell) to promote organism-level fitness. 
This development incentivized cooperation between cells, promoting increased cell 
specialization and higher-level functioning of the multicellular body. Aktipis, C. A. et 
al. (2015) conceptualized these processes as the five foundations of multicellularity: 
proliferation inhibition, controlled cell death, creation and maintenance of the 
extracellular environment, division of labor, and resource allocation. In addition, tumor 
suppressors and immune cells evolved to protect the organism from cheating cells in 
more complex multicellular species. Cheating cells stop following one or more of the 
foundations of multicellularity, which leads to increased cell-level fitness that threatens 
the organism by uncontrolled proliferation, inappropriate cell survival, environment 
degradation, dysregulated differentiation, and resource monopolization, all features of 
neoplastic development to late-stage cancer121. Thus, cancer can be regarded as a 
manifestation of cells cheating the features of cooperation that evolved to promote 
organism-level fitness. Together, this viewpoint creates a philosophical and practical 
framework from which we can understand how premalignant and malignant diseases 
evolve. 

Clonal evolution towards chronic and acute neoplasms 

Introduction to hematological cancer 

Approximately four of every ten people in the US will be diagnosed with cancer at some 
point during their lifetime122. That makes cancer the second most common cause of 
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death (21% of all deaths) after heart disease (23% of all deaths), and together, they 
make up the majority of all death causes with a wide margin123. Of all cancer types, 
blood cancer makes up approximately 4.6% of the diagnosed cancers and 1.9% of the 
cancer deaths after breast/prostate cancer and lung and bronchus cancer, which are both 
more common and more deadly124. 

Blood cancer is a neoplasm (from Greek “new creation”) with an origin in blood 
cells with abnormal proliferation and differentiation. The stage when that threat 
becomes acute due to the overproduction of blasts is when the neoplasm is called 
malignant or cancerous. The three major types of malignant hematopoietic neoplasms 
are classified by disease location and solid or liquid manifestation, with lymphoma 
being the most common (48% in the US by 2020 statistics), followed by leukemia 
(34%) and myeloma (18%)122. However, the introduction of this thesis will go deeper 
into the disease evolution of leukemia with a specific focus on the myeloid branch and 
briefly mention lymphoma and myeloma. 

Leukemia 
Leukemia (from Greek “white blood”) is a “liquid malignancy” that manifests as an 
accumulation of white blood cells in peripheral blood. The affected cells are mostly 
leukocytes (white blood cells) but can also be immature precursor cells of the 
megakaryocytic and red blood cell lineage in some cases of acute leukemia. Generally, 
the initial genetic lesion that results in the first clone, also known as the cell of origin, 
occurs in the HSPC population. However, in rare leukemias, the initial transforming 
event and driver lesion can occur in CD34- downstream progenitors as acute 
promyelocytic leukemia (APL) is an example of125,126. As the disease evolves, it spreads 
from the bone marrow to the blood and the extramedullary sites of hematopoiesis, such 
as the spleen, liver, and lymph nodes127. 

Leukemia is classified into slower-growing chronic leukemia and faster-growing 
acute leukemia. The defining feature is simply the percentage of blasts in the bone 
marrow or the blood where chronic leukemia has a cut-off of <20% blasts and acute 
leukemias ≥20% blasts, with the exception of some translocations that can directly 
qualify chronic leukemia as an acute form regardless of the blast count128. Furthermore, 
what matters for the subtype categorization of leukemia is the presence of specific 
molecular lesions, as well as the lineage and cell type of the affected cells that are either 
myeloid (granulocytes, monocytes, megakaryocytes, and erythrocytes), lymphoid (B, 
NK, and T cells), or of ambiguous lineage129. 

Lymphoma 
Lymphoma (from Greek “water tumor”) is a malignancy characterized by swollen 
masses, also known as tumors, in the lymphatic system that usually emerges in the 
lymph nodes. In most cases, lymphoma originates in lymphoid cells (B, NK, and T 
cells), but in rare cases can also originate from myeloid and mesenchymal cells, at which 
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point the diseases are confusingly referred to as sarcomas from the cell of origin 
perspective but grouped with lymphomas due to the location of the tumors in the 
lymphatic system130. Benign lymphoid neoplasms can look similar to malignant 
neoplasms but are slow-growing and do not readily spread to additional sites like 
aggressive lymphoma131. 

Unlike leukemia, which in most cases is a disease with an HSPC origin, lymphoma 
affects mostly late-stage differentiated B and T cells that are particularly susceptible to 
transformation events. Especially B cells risk accumulating genetic lesions during T cell-
induced affinity maturation of the B cell receptor in the germinal centers. Also, B and 
T cells undergo extensive clonal expansion after antigen exposure and are long-lived as 
memory cells, which increases their susceptibility to transformation events relative to 
other immune cells132. However, the initial molecular lesions that lead to lymphoid 
neoplasia can still occur throughout the hematopoietic hierarchy. While the majority 
of the lymphoid neoplasms develop from molecular lesions in late-stage differentiated 
cells, some lesions occur in transitory precursor T cells in the thymus or precursor B 
cells in the bone marrow. It is also clear that the initiating lesions in some lymphomas 
can occur in the long-lived HSPC population, demonstrating the existence of 
premalignant lymphoid stem cells at the very top of the hierarchy49,133. 

The broadest classification divides lymphoma into Hodgkin’s and non-Hodgkin’s 
lymphoma. Hodgkin lymphoma (10% of all diagnosed lymphoma), named after the 
doctor who first described this distinctive type in 1832, contains two kinds of 
lymphoma characterized by large mature multinucleated B cells122,130,134. The remaining 
lymphomas labeled non-Hodgkin (90% of diagnosed lymphoma) include mature B-
cell lymphomas, mature T- and NK-cell lymphomas, and soft-tissue and myeloid 
sarcomas referred to as histolytic and dendritic cell neoplasms. These more specific 
classifications have replaced the term non-Hodgkin’s lymphoma, which is too 
heterogeneous to be diagnostically useful122,130. However, the term non-Hodgkin 
lymphoma is still used in contexts that do not require a precise classification. 

Myeloma 
Myeloma (from Greek “marrow tumor”), also known as multiple myeloma and plasma 
cell myeloma, is a ”solid cancer” with tumors growing in the bone marrow. Myeloma 
originates from plasma cells that are non-dividing antibody-producing cells formed 
from differentiated B cells. The first molecular lesions leading to myeloma are acquired 
in the germinal center during the brief period of about three weeks when the B cell 
receptor undergoes affinity maturation to produce antibodies with higher antigen 
affinity. However, the first lesions are typically not enough to cause myeloma, as pre-
malignant states characterized by uncontrolled proliferation and overproduction of 
monoclonal antibodies are often diagnosed before myeloma. It is first when the tumors 
multiply to the degree that leads to a defined set of symptoms that the disease is called 
myeloma135. Symptoms of myeloma include an increased bone breakdown by activated 
osteoclasts, low blood counts by competition of bone marrow space, and kidney 
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damage/failure by increased secretion of antibodies136. Myeloma is the only malignant 
disease in this category of blood cancers, but the World Health Organization (WHO) 
classification describes several pre-malignant conditions that may advance to 
myeloma130. 

The phases of cancer evolution 

A one-hit lesion leading directly to a malignant state is rare; instead, almost all 
malignancies originate in a premalignant condition that progresses through an 
accumulation of genetic lesions to an acute and life-threatening disease. Therefore, as 
eloquently summarized by Valent P. et al. (2019) and briefly described below, cancer 
evolution often occurs in phases137. Some people are from the germline predisposed to 
developing a neoplasm from lacking a tumor suppressor or having a pro-oncogenic 
leasion138,139. Nevertheless, what marks the first phase is the initial genetic lesion or 
lesions that result in a persistent clone or clones with increased cell-level fitness. These 
clones are usually slow-cycling or dormant and consequently incapable or need time to 
create a premalignant neoplasm, thus representing a neoplastic precursor state that is 
only possible to detect by deep sequencing for the hematological-neoplasm-associated 
lesions140,141. In the next phase, the clones acquire driver lesions that lead to clonal 
expansion and an increased spatial dominance over normal cells making the organ 
gradually oligo or monoclonal with measurable clinical effects on normal 
hematopoiesis. With additional lesions, the clones may stay dormant, slow cycling, or 
continue expanding depending on the lesion and the cooperative lesions. From this 
premalignant stage, as soon as the additional driver lesions result in further sub-clonal 
expansion, usually with a high proliferative rate, the neoplasm advances to a life-
threatening condition that will lead to death unless treated137,142. Consequently, cancer 
evolution usually requires cooperation between different pro-oncogenic lesions and 
tumor suppressors that accumulate over time, often years, resulting in sub-clones with 
a high proliferation rate and poor differentiation capacity that characterizes the 
malignant state. 

CHIP and CHOP–clonal precursor states with indeterminate and oncogenic 
potential 

As described above, the first stable clones that expand from the initial genetic lesions 
are not necessarily potent enough or require a latency period before they develop into 
a premalignant state. Indeed, with whole-exome sequencing, it was recently discovered 
that elderly individuals often carry clones with one or more lesions associated with 
hematological neoplasms despite being healthy. These healthy individuals have clones 
with a variant allele frequency (VAF) of > 2%– this cut-off is necessary because clones 
with hematological-neoplasms-associated lesions would otherwise be ubiquitous–and 
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have not had a persistent reduction of mature blood cells, also known as cytopenia 
(from Greek “cell poverty”) that lasted for more than four months140,141,143. Thus, they 
are diagnostically not qualified for a premalignant condition even though they carry 
lesions associated with neoplastic development. With the above criteria, studies show 
that about 1% of healthy individuals below 50 carry clones with hematological-
neoplasm-associated lesions, which increases to about 6% at age 60 and 18% at age 
90141,144-146. 

Because of the increased frequency with age, the finding was referred to as age-related 
clonal hematopoiesis (ARCH) but later named clonal hematopoiesis with 
indeterminate potential (CHIP) to distinguish it from premalignant conditions that 
have a clinical presentation141,144. Although the risk of developing hematological cancer 
increases with CHIP, the risk is modest, with an absolute conversion rate of 1.0% per 
year, which means that few individuals will develop a disease146. However, clones with 
known disease-related or disease-specific genetic lesions or clones with multiple low-
risk lesions increase the risk to a degree where most individuals will develop a disease at 
some point in their lives. Thus, these high-risk clonal precursor states have been 
suggested the name clonal hematopoiesis with oncogenic potential (CHOP)137,142. 
Consequently, as single defects, CHIP-associated mutations in genes such 
as DNMT3A, TET2, ASXL1, SF3B1, GNB1, SRSF2, IDH1, IDH2, and 
GNAS represent background lesions that may progress into a neoplasm with the aid of 
other cooperative lesions or loss of tumor suppressors. While multiple CHIP lesions or 
CHOP lesions such as BCR-ABL p210, JAK V617F, KITD816V, RUNX1-RUNX1T1, 
CBFβ-MYH11, FIP1L1-PDGFRA, and FLT3-ITD, TP53, KRAS, and NPM1 
mutations indicate a high certainty that the affected individuals will develop a 
malignancy sometime in their lives142,147. Because of the involvement of CHOP-
associated lesions in disease progression and relapse, they are attractive therapeutic 
targets for pharmaceutical companies, which is evident by the already approved 
therapies against BCR-ABL, FIP1L1-PDGFRA, JAK2 V617F, and FLT3-
ITD mutations142,147. 

Even if early detection of CHIP and especially CHOP lesions certainly is desired, 
the current consensus seems skeptical that an NGS-based screening of the general 
population would be worthwhile given its costs. However, as NGS-sequencing is 
becoming cheaper and more widely used, it is anticipated to lead to more frequent 
detection of CHIP and CHOP lesions. Therefore, treatment strategies need to be 
developed for health care practitioners to ensure adequate monitoring and early 
treatment and, inversely, prevent the risk of neglect and potentially harmful 
overtreatment of these clonal conditions141,148,149. 
  



40 

CCUS–clonal cytopenia of unknown significance 

As CHIP and CHOP progress to a stage where it is diagnostically recognizable in 
peripheral blood tests, occasionally, the clinical manifestation is not enough to meet 
the minimal criteria for a myeloid neoplasm even though there is a detectable clone and 
a persistent cytopenia that has lasted for more than four months. This intermediate 
stage is called clonal cytopenia of unknown significance (CCUS)150. CCUS resembles 
MDS from the manifestation of cytopenia but lacks other MDS-related characteristics 
and has no or only mild <10% cell dysplasia (from Greek “abnormal development”; 
i.e., cells with abnormal morphology and function) of a given lineage140. Similar to the 
division of CHIP and CHOP, individuals with CCUS can be divided into low and 
high-risk disease progression based on the type of lesions, the number of lesions, and 
the clone sizes measured by VAF analysis151. 

However, the exact classification of CCUS and even if this classification should 
remain is up for debate. From the beginning, the cut-off for CCUS was set at a 
VAF>2%, similar to CHIP and CHOP. However, this cut-off seems too low because 
clones with low penetrance are unlikely to cause cytopenia, which at a low VAF is more 
likely due to secondary reasons–see idiopathic cytopenia (“cytopenia with unknown 
cause”) of undetermined significance (ICUS) below. Accordingly, a group of 
researchers has proposed increasing the cut-off to a VAF≥20% instead149. However, at 
a VAF ≥20%, the disease progression rate to a myeloid neoplasm is >95% measured 
over a 10-year interval. Such a high conversion rate begs the question if these patients 
should be considered to have an early pre-leukemic myeloid neoplasm instead of CCUS 
with a necessary revision of the WHO classification of myeloid neoplasms152. Because 
the awareness of clonal precursor states is relatively new, classifying these premalignant 
sub-states may need some reiterations before practitioners in the field reach a consensus. 
Thus, more discussions and data will determine whether CCUS is removed or stays 
with some alteration, possibly with an increased VAF cut-off and a more precise risk 
stratification. 

ICUS and IDUS–cytopenia or dysplasia of unknown cause and significance 

Sometimes individuals are diagnosed with cytopenia or dysplasia without having 
underlying genetic lesions and other characteristics of hematological neoplasms. Thus, 
if neoplastic cells detected by sequencing cannot explain why the patient has cytopenia 
or dysplasia, the condition goes under the term ICUS or idiopathic dysplasia of 
undetermined significance (IDUS)150. Therefore, other causes of cytopenia or dysplasia 
need to be considered, such as inherited bone marrow failure, pure red cell aplasia, viral 
or bacterial infections, vitamin B12 or copper deficiencies, and chronic kidney or liver 
failure140. However, as soon as hematological-neoplasm-associated lesions are detected, 
the diagnosis changes to CCUS or a chronic neoplasm150. 
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Chronic myeloid neoplasms 

Chronic neoplasms are heterogeneous lymphoid and myeloid conditions with 
dysregulated differentiation, uncontrolled proliferation, or both. Thus, at a minimum, 
these conditions cheat the multicellular community by not following the rules of 
division of labor or proliferation inhibition. However, other types of cheating may also 
occur, especially when the diseases progress. These include avoiding the rules of 
controlled cell death, not contributing to resource sharing, and maintaining the local 
environment121,129,130. 

If blast cells in the chronic myeloid neoplasm increase to ≥20% in the blood or the 
bone marrow, it is called an acute phase, blast crisis, secondary AML, or blast- or 
leukemia transformation, which essentially means that the uncontrolled proliferation 
of blasts reached an acute phase analog to acute leukemia. However, in non-leukemic 
chronic neoplasms, i.e., conditions that do not cause abnormal proliferation in 
granulocytes and monocytes, fatal complications can occur without leukemia 
transformation from issues stemming from bone marrow failure, cytopenia, infections, 
severe blood clots, bleedings, or organ damage. Thus, the disease presentation varies 
considerably between the conditions, with median survival ranging from >25 to 2.2-
0.6 years153-159. That means that the chronic conditions with the worst prognosis are 
similar or just slightly better than AML, with a median survival of six months in cases 
where transplantation is not an option160. 

WHO divides chronic neoplasms into four major groups: MDS, myeloproliferative 
neoplasms (MPN), MDS/MPN, and myeloid/lymphoid neoplasms with eosinophilia 
and rearrangement of PDGFRA, PDGFRB, or FGFR1, or with PCM1-JAK2. 
Arguably, mastocytosis, which consists of several subtypes, could be included as an 
additional group as it did prior to the 2008 update, from which it moved to MPN. 
However, in 2016 it was removed from MPN without being re-established as an 
independent group. Therefore, without creating a group of its own and not being listed 
under an existing group, it appears that WHO made mastocytosis go rogue, which 
should not be possible in a classification scheme129,161,162. The section below will 
introduce MDS, a group of conditions with cytopenia and usually dysplasia, MPN, 
disorders with abnormal proliferation without dysplasia, and MDS/MPN, which 
include MDS and MPN hybrid conditions with both abnormal proliferation and 
dysplasia. 

Myelodysplastic syndromes 
MDS are a collection of diseases with dysregulated differentiation as a hallmark feature, 
thereby cheating the multicellular cooperation by not contributing to the division of 
labor121,163. As a result, patients with MDS suffer from cytopenia in one or more lineages 
that usually also coincide with dysplasia in precursor and mature blood cells129. 
Depending on the affected lineage or lineages, common symptoms include frequent 
infections and fever from leukopenia, unusual paleness, fatigue, and poor concentration 
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from anemia, or easily bleeding and bruising from thrombocytopenia that can have a 
substantial impact on everyday life and be fatal even in cases where the MDS is not 
progressing to an acute leukemia164. 

MDS mainly affects older people with a median age of 71 years, where 77% of the 
patients are >60 years155. The older age for MDS is also naturally reflected in the 
incidence rate with 5.3-13.1 cases per 100,000 people per year in the population as a 
whole compared to 75-162 cases per 100,000 people aged ≥65 per year165. 

What is common for all MDS is cytopenia in at least one lineage. Thus, if there is 
persistent cytopenia in at least one lineage and not high enough blast counts for an 
AML diagnosis, there is a good chance the patient is suffering from MDS. MDS 
classification separates cases into single lineage dysplasia (MDS-SLD) and multilineage 
dysplasia (MDS-MLD). In cases with a del(5q) abnormality, the classification changes 
to MDS with isolated del(5q), the only genetic lesion defining a specific MDS subtype. 
In cases when physicians discover ring sideroblasts (RS)–a type of nucleated red blood 
cells (RBC) that cannot incorporate iron into hemoglobulin and thus transport 
oxygen–in the bone marrow to a level that exceeds ≥15%, that is mentioned such as 
MDS-RS-SLD or MDS-RS-MLD. Moreover, if there are high blast numbers in the 
bone marrow or the peripheral blood, this is mentioned in the classification as MDS 
with excess blasts (MDS-EB). In rare cases that do not fit any of these categories, the 
MDS is called MDS unclassifiable (MDS-U) with the added notion of how they are 
different129. 

The International Prognostic Scoring System (IPSS) for MDS divides patients into 
five risk groups based on the level of cytopenia, marrow blasts, and cytogenic profile. 
The clinical outcome for patients varies widely, with the lowest risk group having a 
median of 5.4 years survival to the highest risk group with 0.7 years survival. As 
expected, the higher the risk group is, the higher the risk is that the MDS progresses to 
acute leukemia155,156. 

The only curative treatment for any chronic myeloid neoplasm is allogeneic HSCT 
owing to the origin of these diseases in the HSPC population. Therefore, if there is an 
available immunocompatible donor, MDS patients up to the age of 70-75 who are fit 
for HSCT and at high risk for disease progression are directly given HSCT. Others 
with lower risk can initially be monitored and transplanted as the disease progresses. 
The most fragile patient group that cannot tolerate the conditioning regimen and those 
waiting for a donor are offered supportive care in the form of transfusions or growth 
factors to compensate for the lack of functional effector cells in the affected lineage or 
lineages. Other treatment options are Lenalidomide for low-risk del(5q) MDS patients, 
immunosuppressive treatment for certain patients, and hypomethylation agents for 
high-risk groups. Investigational therapy involves targeted therapy such as IDH1 and 
IDH2 mutation inhibitors (ivosidenib and enasidenib, respectively), a BCL2 mutation 
inhibitor (Venetoclax), modifiers of P53 signaling (ARP-246 and ALRN-6924), and a 
TGFβ inhibitor (Luspatercept) for MDS-RS156. 
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Myeloproliferative neoplasms 
MPN are a heterogeneous group of diseases with uncontrolled proliferation as a central 
feature. This leads to environmental degradation in some subtypes, which could be 
considered a secondary feature. Therefore, MPN are cheating the multicellular 
community by not following the rule of proliferation inhibition and, in some subtypes, 
by not contributing to a normal turnover of the extracellular environment121,166. 
However, the overproduction of blood cells is the root problem of MPN, leading to an 
increased number of blasts in the bone marrow, the peripheral blood, and eventually in 
extramedullary sites such as the spleen. 

Symptoms derived from increased blasts can take time until they manifest and are 
vague at the beginning, such as headache, fatigue, weakness, dizziness, and excessive 
night sweats. As the disease progresses, affected people with MPN develop abdominal 
discomfort from an enlargement of the spleen, which puts pressure on the stomach and 
leads to reduced appetite and weight loss166. Other symptoms of disease progression are 
disease-specific and depend on the lineage that is affected by uncontrolled proliferation. 

As chronic myeloid leukemia (CML) and chronic neutrophilic leukemia (CNL) 
progress–with root cause granulocytosis–, it leads to symptoms related to pancytopenia 
(see MDS above) from expanding blasts outcompeting normal hematopoiesis and bone 
pain from pressure on the nerves inside the bones167,168. Pancytopenia can also be caused 
by primary myelofibrosis (PMF; root cause megakaryocytosis and myelodysplasia169) 
and secondary myelofibrosis. Secondary myelofibrosis is a disease evolution of 
polycythemia vera (PV; root cause erythrocytosis and frequently also leukocytosis and 
thrombocytosis170) or essential thrombocythemia (ET; root cause thrombocytosis) with 
a conversion rate of 6-14% and 4-11% at 15 years, respectively171, which means that 
secondary myelofibrosis makes up a substantial number of patients given that ET and 
PV patients have a relatively long median survival and an about three times higher 
incidence rate than PMF, see statistics below. In cases when PV and ET have not 
converted to secondary myelofibrosis, the excess RBC in PV thickens the blood and 
increases the risk for blood clots that lead to tissue and organ damage. In ET, the 
overproduction of platelets results in a malfunctioning of the blood clotting process 
with increased risk for blood clots and bleedings153. Moreover, uncontrolled 
proliferation of eosinophils in chronic eosinophilic leukemia not otherwise specified 
(CEL-NOS; root cause eosinophilia) leads to tissue and organ damage through tissue 
infiltration, fibrosis, blood clots, and inflammation, where the thickening and scarring 
of the heart is particular damning172. The last category of MPN is MPN unclassifiable 
(MPN-U), which contains cases where the WHO classification criteria cannot delineate 
a specific subtype. There are many reasons why the classification system fails in these 
cases, including early diagnosed cases that later will fall into one of the other categories, 
incomplete clinical and genetic data, cases with two concurrent neoplasms, and cases 
that for various reasons have altered clinical features due to advanced disease, 
concurrent inflammation, or prior cytoreductive treatment161,166. Thus, although 
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MPN-U represents a classification, it does not represent a specific condition with 
specific symptoms and disease progression. 

Like MDS, MPN affects mainly people of older age, with a median age of 55 for 
BCR-ABL1 positive CML173, 62-63 for CEL-NOS157,158, 65 for PV, 68 for ET, 70 for 
PMF, 73 for MPN-U174, and 70-73 for CNL159, resulting in a median of the medians 
of 68 years. The most common MPN is ET, with an incidence rate of 1.6 cases per 
100,000 people per year, followed by PV at 1.48, MPN-U and CML at 0.85175,176, 
PMF at 0.52176, CEL-NOS at 0.04177, and finally CNL, which is the least common 
MPN with 0.01 cases per 100,000 people per year159. Combining the data for MPN, 
the cumulative incidence rate is roughly 5.3 cases per 100,000 people per year, which 
is similar to MDS with 5.3-13.1 cases per 100,000 people per year165. 

The classification of MPN uses a combination of clinical, morphological, and genetic 
data. For instance, a morphological analysis of the bone marrow looking for the absence 
of dysplasia and presence of bone marrow hypercellularity, or abnormal megakaryocytic 
proliferation accompanied by reticulin or collagen fibers, or both, is a valuable approach 
for distinguishing MPN from most MDS and MDS/MPN161. Clinically, high 
peripheral blood counts, platelet counts, and different blood parameters such as 
hemoglobin, hematocrit, increased red cell mass, and serum erythropoietin levels are 
crucial for delineating the MPN type. Moreover, clinical genetics is also essential in the 
MPN-subtype classification as the detection of BCR-ABL1 is a sign of 
CML, CSF3R mutations of CNL, JAK2V617F or JAK2 exon 12 mutations of PV, 
and JAK2, CALR, or MPL mutations of ET129. 

Over the years, BCR/ABL1 positive CML has been the subtype that has improved 
OS the most due to tyrosine kinase inhibitors (TKI) targeting BCR/ABL1 signaling. 
First-line treatment includes a short course of the chemotherapeutic drug hydroxyurea 
if myelosuppression is necessary, followed by the first generation of TKI. If resistance 
develops, the second line of treatment includes the second generation of TKI; if that 
fails, allogeneic HSCT is considered178. The 8-year survival for CML patients in the 
chronic phase has improved from ≤15% survival before 1983 to 42-65% between 
1983-2000, and 87% between 2001-2012179. The most recent statistics using the 
European Treatment Outcome Study (EUTOS) long-term survival (ELTS) score show 
an even greater improvement with 93%, 84%, and 81% OS after eight years for the 
low-, intermediate-, and high-risk group, respectively180. However, this treatment 
success is unique to CML as the other chronic leukemias CNL and CEL-NOS still have 
a poor prognosis with a median survival of 2.2-1.8 and 1.85-1.33 years, respectively157-

159. In these cases, eligible patients are directly considered for transplantation. 
Otherwise, hydroxyurea is commonly used in CNL and corticosteroids, hydroxyurea, 
and interferon-α (IFNα) in CEL-NOS167,181. For the other MPN subtypes, ET has the 
best prognosis based on the IPSS system, with the low-risk group lacking a median 
survival because more than half the patients were still alive at the end of the study, and 
the median survival for the intermediate- and high-risk groups are 24.5 and 13.8 years, 
respectively. For PV, the median survival for the lowest to the highest risk group 
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assigned at diagnosis is 28, 19, and 11 years, and for PMF, 11.3, 7.9, 4, and 2.3 
years153.  PV and ET treatment aims to reduce the risk of fatal blood clots and bleedings. 
In low-risk groups are PV and ET treated with aspirin, and in PV blood removal, while 
PMF patients are monitored for disease progression. When these diseases progress to a 
higher risk group, the first-line treatment is myelosuppression using hydroxyurea or 
IFNα. If that fails, the second-line treatment for PV is a JAK1/2 inhibitor (ruxolitinib) 
and, in the case of ET and PMF, an alternative chemotherapeutic drug (busulfan). If 
blast transformation or accelerated bone marrow fibrosis occurs, allogeneic 
transplantation is considered the last therapeutic option170,182,183. 

Myelodysplastic/myeloproliferative neoplasms 
MDS/MPN have overlapping features between MDS and MPN neoplasms resulting 
in both dysregulated differentiation and uncontrolled proliferation. Thus, akin to acute 
leukemias, MDS/MPN neoplasms are cheating the multicellular community by not 
contributing to the division of labor and proliferation inhibition but with less potency 
and thus blasts in the peripheral blood and the bone marrow121,163. Because of the 
overproduction of cells and cellular dysplasia, patients with MDS/MPN have both 
symptoms related to leukocytosis and cytopenia in different lineages and severity 
depending on the subtype and stage of the disease. Thus, symptoms are related to both 
MDS and MPN, such as frequent infections, fatigue, and bleedings caused by anemia, 
thrombocytopenia, and bone marrow fibrosis, as well as pain and fullness below the 
ribs from blasts cells infiltrating and enlarging the spleen and the liver184. 

Similar to MDS and MPN, most MDS/MPN neoplasms affect older people, with a 
median age of 75-76 years for chronic myelomonocytic leukemia (CMML), 62-73 
years for BCR-ABL1–negative atypical chronic myeloid leukemia (aCML), 65-71 years 
for MDS/MPN-unclassifiable (MDS/MPN-U), and 63-75 years for MDS/MPN-ring 
sideroblasts and thrombocytosis (MDS/MPN-RS-T). The exception is juvenile 
myelomonocytic leukemia (JMML) which mainly affects infants and toddlers with a 
median age of <1 to 2 years, according to incidence data compiled by Kuendgen, A. et 
al. (2021)185. The most common MDS/MPN is CMML, which makes up 0.3-0.4 cases 
per 100,000 people per year, followed by JMML, with 0.1 cases per 100,000 people 
under the age of 14. The other three subtypes of MDS/MPN are rare, with an 
estimation that aCML makes up 1-2% of all BCR-ABL1-positive CML, and MDS-
RS-T and MDS/MPN-U 1.45% and 0.05% of all MDS, respectively185. Calculated on 
the incidence data for CML and MDS (0.85 and 5.3-13.1 cases per 100,000 people 
per year, respectively), it would translate to 0.5-2, 8-19 and 0.3-0.7 cases per 
10,000,000 people per year for aCML, MDS-RS-T and MDS/MPN-U, 
respectively165,175,176. Compiling the incidence data for all MDS/MPN subtypes, there 
are only about 0.4 cases per 100,000 people per year diagnosed with MDS/MPN, with 
CMML making up the majority of those cases. Thus, MDS/MPN neoplasms are rare, 
with at least one order of magnitude fewer cases than MDS and MPN. 
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Diagnosis of MDS/MPN subtypes based on molecular lesions alone is challenging. 
Thus a first step to narrowing down the diagnosis is to rule out molecularly defined 
neoplasms (BCR/ABL, PDGFRA, PDGFRB, FGFR1, PCM1-JAK2) with overlapping 
features and acute leukemia with peripheral blood or bone marrow blast counts 
>20%129,185. The next step is to make a combined assessment based on collected 
clinical, morphological, and genetic data. For instance, CMML requires detection of 
monocytosis that often coincides with TET2 and SRSF2 mutations (60% and 50% of 
cases, respectively) that skew hematopoiesis towards the monocytic lineage. Subsequent 
mutations are often ASXL1 (40% of cases) and RAS pathway mutations (30% of cases) 
that drive disease progression. The importance of disease progression is illustrated by 
the enrichment of RAS pathway mutations in the MPN-CMML proliferative subtype 
compared to the less aggressive MDS-CMML subtype categorized by fewer blasts in 
the blood186,187. The RAS pathway is also commonly mutated in the monocytic 
proliferative disease JMML, which often has germline or somatic mutations that 
activate the RAS pathway (up to 85% of the cases)188. For aCML characterized by 
dysplastic neutrophilia, no disease-specific mutations exist. However, the WHO 2016 
classification included SETBP1 or ETNK1 mutations (10-30% and 10% of cases, 
respectively) as a supportive criteria129,154. For the rare MDS/MPN-RS-T disease 
that results in ring sideroblasts accumulation and thrombocytosis, frequent mutations 
are the spliceosome gene SF3B1 (90% of cases) and the JAK2V617F mutation (50% 
of cases), which made this subtype a full entity in the WHO classification in 
2016129,154. MDS/MPN-U is a category used for rare cases where the WHO criteria 
cannot delineate a specific subtype with poorly defined overlapping features of both 
MDS and MPN185. 

Similar to MDS and MPN, the severity of MDS/MPN neoplasms depends on the 
particular subtype and the disease stage. For instance, akin to the aggressive MPN 
neoplasms such as CNL, CEL-NOS, and CML prior to TKI-therapy, as well as high-
risk MDS, the MDS/MPN neoplasm aCML have a poor prognosis with a median 
survival of about 1.5 to 0.6 years (according to the Mayo Prognostic Model)154. Thus, 
with the poor prognosis that coincides with a high risk of leukemia transformation (30-
40%), HSCT is the preferred treatment that has increased the median survival to 70 
months (5.8 years) for the cohort that can receive HSCT154,189. However, due to high 
age, many aCML patients are not fit for transplantation and are instead treated for their 
symptoms, including low dose cytoreductive treatment to reduce blast numbers190. 
Another subtype with a poor prognosis is JMML. Although the risk of leukemia 
transformation is low in JMML patients, this young patient group has a median survival 
of about 12 to 10 months without HSCT. Transplantation is thus an essential first-
line treatment that has prolonged the five-year OS to 64%154. Moreover, patients 
diagnosed with the ill-defined and heterogeneous subgroup MDS/MPN-U also have a 
relatively short median survival of about 28 to 12 months154. Thus, fit patients are 
transplanted, but a consensus on optimal treatment for patients ineligible for HSCT is 
lacking191. 
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However, two MDS/MPN subtypes have a relatively good prognosis if diagnosed 
early. For example, the Mayo Molecular Model divides CMML into four risk groups 
with a median survival of 97, 59, 31, and 16 months (8-1.3 years)192. Thus, early 
diagnosed patients can be monitored initially without treatment. First, when patients 
start displaying poor prognostic factors, including severe cytopenia or high-risk 
mutations, HSCT is considered, which coincides with an increased risk for leukemia 
transformation (15-30% for this subtype)154,192. During the time leading up to 
transplantation and for patients not eligible for HSCT, the treatment goal is to alleviate 
cytopenia with hematopoietic growth factors, red cell transfusions, and steroids and to 
reduce the number of blasts cells by hypomethylating agents or low-dose cytoreductive 
therapy without worsening the concurrent cytopenia193. Lastly, patients with 
MDS/MPN-RS-T have a relatively good prognosis with a low risk of leukemia 
transformation (<5%) and a median survival of 80, 42, and 11 months (6.6-0.9 years) 
dependent on the risk group from a recently developed prognostic system by the Maya 
Clinic154,194. The treatment of MDS/MPN-RS-T is similar to the related disease MDS-
RS and ET, with ET having the best prognosis followed by MDS/MPN-RS-T and then 
MDS-RS-SLD with the least favorable prognosis195,196. 

The routes to acute leukemia 

The routes to acute myeloid and lymphocytic leukemia follow the same principles197. 
However, this section will focus on the myeloid branch. As stated previously, a patient 
is in an acute phase when blasts reach the diagnostic threshold of ≥20% in the blood 
or the bone marrow. When this happens, it poses an immediate threat to patients with 
a median survival of two months if left untreated160,198. The acute phase is brought on 
by a combination of uncontrolled proliferation and an arrest of normal differentiation, 
leading to a quick accumulation of blasts that, in some cases, can be so abrupt that the 
condition goes undiagnosed before the blast phase occurs. Thus, as in MDS/MPN 
neoplasms, the accumulating blasts in acute leukemias are cheating the multicellular 
community by not following the rules of proliferation inhibition and division of labor 
and, in more problematic cases, controlled cell death. Moreover, the expanding blasts 
indirectly lead to issues in the hematopoietic organs and tissues, including adverse 
effects from the breakdown of waste product management, resource transport and 
sharing, and maintenance of a physical and reliable signaling environment. The result 
is blast cells that monopolize resources and destroy the bone marrow and 
extramedullary sites, which causes pancytopenia and a long list of life-threatening 
complications121,199. 

AML can be classified broadly into two groups at diagnoses that depend on whether 
prior known predispositions exist or not. For instance, secondary AML (s-AML) 
includes all cases with a known predisposition in the form of an antecedent 
hematological disorder (AHD-AML), such as an MDS, MPN, or MDS/MPN, a 
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known therapy-induced disease, or a disease caused by exposure to environmental 
toxins or radiation (t-AML), and AML with a known germline predisposition. In 
contrast, de novo (from Latin “anew”) AML includes cases without a known 
predisposition, and this type is indeed the most common form. Data from Sweden 
collected between 1997-2013 show that de novo AML made up 78.3% of all cases 
compared to 21.7% for s-AML, of which t-AML made up 8.5% and AHD-AML 
13.2%200,201. 

However, with a more in-depth understanding of disease evolution today, many 
leukemias classified as de novo likely evolved from undiagnosed neoplasms or clonal 
precursor states. Hence, some researchers have suggested that idiopathic (“of unknown 
cause”) AML is a more suitable term than de novo202. From that perspective, the term 
de novo would mean that the overt neoplasm started from an initial potent driver lesion 
instead that directly transformed the cell into a malignant clone without clonal 
evolution. Such leukemias are rare but are known to arise from topoisomerase inhibitor-
based chemotherapy that results in near single-hit leukemia transformations through 
the PML–RARα and MLL-containing fusion genes202,203. 

Neoplastic stem cells 

Neoplastic stem cells (NSC) create hierarchal subsystems from their apex position in 
the clone. These subsystems might not affect hematopoiesis as seen in CHIP or CHOP, 
slightly skew differentiation as seen in low-risk MDS, or increase proliferation with 
maintained differentiation as seen in MPN. However, as the cell-level fitness (i.e., the 
reproductive success of the individual cell) increases with additional or more potent 
mutations, the hierarchal subsystems become increasingly more dysregulated in 
differentiation and uncontrolled in proliferation. Also, the hierarchal subsystems adopt 
a shallower hierarchy that is evident transcriptionally by increased expression of 
stemness genes that usually define HSC204-206. Thus, the hierarchal subsystems are 
enriched for neoplastic stem and progenitor cells during disease progression. This 
enrichment of NSC correlates clinically with a poor prognosis and increased risk of 
disease relapse after treatment204. Therefore, there are two hierarchies in a neoplasm 
with a clinical presentation, one present in each clone and another making up the clonal 
pedigree of acquired mutations. In the case of an AHD-AML, that tree diagram would 
show that the clones in proximity to the parent node contributed to the CHIP or 
CHOP (layer 1), clones at the intermediate nodes gave rise to the chronic neoplasm 
(layer 2), and finally, the clones at the leaf nodes caused the blast crisis (layer 3). 

Hence, from the relatively recent acknowledgment of clonal precursor states and how 
WHO separates myeloid neoplasm into chronic and acute states, it is clear that there 
are three recognized layers in the hierarchy. The NSC in the clonal precursor state (layer 
1) does not have a specific name other than NSC. In layer 2, the NSC are usually 
referred to as the condition followed by stem cells, e.g., MDS-stem cells (MDS-SC), 
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CML-SC, or MPN-SC207-209. In layer 3, which consists of de novo AML and s-AML, 
the NSC are referred to as leukemic stem cells (LSC). In addition, in schematic models 
and prospective and retrospective contexts, the NSC from layer one and layer two are 
sometimes referred to as pre-LSC210. However, the term pre-LSC can create confusion 
when used to indicate NSC from chronic leukemias that are not pre-leukemic but 
rather pre-acute-leukemic. 

Therefore, to create some harmony in the classification, a suggestion is to add the 
terms chronic-LSC (c-LSC) and acute LSC (a-LSC) to the vocabulary. Furthermore, 
following the same principle, NSC from non-leukemic chronic neoplasms could be 
called chronic-NSC (c-NSC), and NSC from rare non-leukemic acute neoplasms (e.g., 
acute erythroid and megakaryocytic neoplasms) could be called acute neoplastic stem 
cells (a-NSC). Moreover, for consistency, NSC from the clonal precursor states (CHIP 
and CHOP) could be called precursor-NSC (p-NSC). 

As a side note, the same suggested principles for labeling NSC in liquid tumors could 
also be applied to solid tumors such as lymphomas and myeloid sarcomas. In tumors 
are terms benign and malignant used instead of chronic and acute for separating less 
acute cases from critical cases. The equivalent term to c-NSC in benign tumors is pre-
cancerous stem cells (pCSC), and the equivalent term to a-NSC in malignant tumors 
is cancer stem cells (CSC)211. Although this nomenclature is not confusing because 
cancer equals the malignant state only, unlike leukemia, which could be both the 
chronic and the acute phase, there is still arguably a need for a neutral name for pCSC 
that does not sound forward-looking or retrospective. Therefore, the suggested 
nomenclature above solves this issue by referring to NSC from benign tumors as 
benign-NSC (b-NSC) and NSC from malignant tumors as malignant-NSC (m-NSC). 
In summary, the suggested classification stratifies NSC into three easily understood 
layers, including the pre-clinically relevant clonal states, the chronic or benign phase, 
and the acute or malignant phase. It also allows for broad-unspecific labeling of chronic 
NSC when it is unnecessary to mention the underlying disease. 

Since AML and the blast crisis are rapid events that could kill a patient in a matter 
of weeks to a few months if left untreated, there is considerable interest in developing 
targeted therapy that efficiently eliminates the a-LSC in de novo AML and the a-LSC 
and c-LSC in ADH-AML160,198. In younger patients, the ideal is that the therapy also 
eliminated all traces of p-NSC due to their risk of neoplastic development over time. 
In summary, the priority in treatment is to deplete the a-LSC successfully and, 
secondly, to wipe out the c-LSC that otherwise may cause a relapse142. 
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Introduction of acute myeloid 
leukemia 

Incidence 

AML is mainly a disease of the elderly with a median age at diagnosis of 63 to 72 years 
in developed countries, including the US, UK, Canada, Australia, and Sweden212-
216. Thus the number of cases increases with age as Swedish incidence data from 1997-
2013 show that people below 44 years have less than 3 cases per 100,000 people per 
year, which increases to about 10 cases at age 60-64 and 38 cases at age 80-84217. 
Similarly, data from the US shows 2 AML cases per 100,000 people per year in people 
under 65, which increases to 20.1 cases in people aged 65 years or older212. The 
incidence of AML in all age groups was 3.6 cases per 100,000 people per year in Europe 
between 2000-2002218. Statistics from other developed countries reflect this number 
with 3.3 to 4.3 cases per 100,000 people per year in the US, Canada, and 
Australia212,214,215. Moreover, in Sweden, with about 10 million people, 398 new 
AML cases were registered annually between 2007-2020, which aligns with the 
incidence data above219. Thus, AML is quite common, with slightly fewer cases 
annually than MDS (5.3-13.1) and MPN (5.3)159,165,175-177. 

Classification 

During the last half-century, the classification of AML improved in two waves due to 
technological advancements. The first wave utilized simple technology based on cellular 
stains to visualize cell morphology with light microscopy. This classification scheme 
helped recognize the morphological heterogeneity between leukemias and provided 
some prognostic information. The second wave came about from new technologies in 
immunophenotyping and genetic analysis, which allowed for a more precise delineation 
of lineages and differentiation stages and the possibility of classifying acute leukemias 
based on chromosomal and mutational abnormalities. Consequently, the second wave 
allowed for a much more in-depth analysis of myeloid and lymphoid neoplasms 
heterogeneity. As a result, these advancements improved prognostication and 
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optimization of therapeutic interventions for specific subtypes. Below is the pioneering 
morphological-based FAB classification system and the more recent and advanced 
WHO classification of acute leukemia introduced. 

French-American-British (FAB) classification 

The FAB classification was created in 1976 to establish a uniform classification of acute 
leukemias based on cell morphology. At the time, it was known that ALL responded 
better to chemotherapy than AML. Thus, further subtype stratification of ALL and 
AML was believed to identify subgroups with superior therapy response and prognosis, 
especially since improved therapies were anticipated. In addition, further subgroups 
would improve confidence in results and conclusions between different clinical trials 
and preclinical studies that were plagued with discrepancies because of the clinical 
heterogeneity between acute leukemia cases212,213. 

Diagnosing acute leukemia with the FAB classification requires ≥30% blasts in the 
blood or the bone marrow. An advantage of the classification is that it does not require 
expensive equipment, is relatively easy to perform, and gives quick results. The 
classification can therefore be done all over the world as its procedure follows a simple 
sample staining to visualize the internal cell structures under a light microscope. The 
subsequent stratification of subgroups is then based on the blasts' lineage and degree of 
maturation. In the initial publication, the hematologist behind the proposal suggested 
three subgroups of the lymphoid lineage (L1-L3 with small, large, and variable blast 
sizes) and six subgroups of the myeloid lineage (M1-M3, granulocytic lineage; M4, 
both granulocytic and monocytic lineage; M5, monocytic lineage; M6 erythrocytic 
lineage)212. Later, M0, M4eo, and M7 (M0, minimal differentiation; M4eo and M4 
with abnormal eosinophils; M7, megakaryocytic lineage), were added to the myeloid 
branch to a total of nine subgroups, and the M5 group was divided into M5a (poorly 
differentiated monoblasts) and M5b (differentiated monoblasts)214. During the 
following two decades after its first proposal, the FAB classification was adopted by 
hematologists around the world and the classification succeeded in recognizing the 
morphological heterogeneity in acute leukemias, especially in the myeloid branch128. 

However, technological advances in cytogenetic and genetic methods would later 
show that genetic lesions are superior to morphology for predicting treatment response 
and prognosis. Only in some cases can morphology have a predictive value of the 
genetic lesion that determines therapy, such as in the case of the FAB-M3 subgroup 
that strongly indicates APL with PML-RARA, even though APL in rare cases can be 
PML-RARA negative128,215. Despite these shortcomings, the FAB system can help set a 
preliminary diagnosis in some circumstances because it is quick and can complement 
classification and prognostication based on immunophenotypic and genetic features214. 
In addition, cell morphology can be a valuable aspect in preclinical studies where the 
differentiation block can be of biological importance, as shown in paper I of this thesis, 
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where FAB-M5 responds better to treatment. Therefore, the FAB system is still helpful 
for determining prognosis and best treatment next to the more recent technologies in 
immunophenotyping and genetic analysis. 

World Health Organization (WHO) classification 

In the 90s, advancements in genetic analysis and immunophenotyping reached a level 
of maturity that allowed for new innovative classification schemes. Hence, 
hematologists from the Society for Hematopathology in the United States and the 
European Association for Hematopathology were asked to modernize the current 
WHO classification of hematological neoplasms. Since the first proposal in the mid-
90s, the WHO classification of myeloid and lymphoid neoplasms was updated in 2008 
and 2016 to keep up with new information. In the latest iteration, the WHO divides 
hematological neoplasms into three major groups: lymphoid neoplasms, myeloid 
neoplasms, and acute leukemia. These major groups are subdivided further based on 
genetic, immunophenotypic, clinical, and morphological features. The idea of the 
WHO classification is that the disease entities are categorized based on the feature or 
features that best defines them as individual entities of prognostic and therapeutic 
significance or with the potential to have it in the feature. Therefore, in some cases, a 
single genetic lesion can be enough to define specific subtypes, whereas other subtypes 
require multiple features. Hence, the WHO classification is flexible in what features 
and how many it needs in classifying subgroups128,129,162. 

Compared to the Fab classification, the WHO lowered the threshold for acute 
leukemias from ≥30% to ≥20% blasts in the blood or the bone marrow because a lower 
threshold did not change the prognosis. In addition, genetic information made it 
possible to diagnose leukemia from recurrent genetic lesions, which made a diagnosis 
possible with lower blasts counts than ≥20% in some cases162. In the latest update from 
2016, acute leukemias are categorized into four main groups: (1) AML and related 
neoplasms, (2) leukemias of ambiguous lineage, (3) B-lymphoblastic 
leukemia/lymphoma, and (4) T-lymphoblastic leukemia/lymphoma129. Below, the 
classification of AML and related neoplasms and leukemias of ambiguous lineage will 
be introduced further. 

Acute myeloid leukemia and related neoplasms 

The WHO classifies AML into four main groups, (1) AML with recurrent genetic 
abnormalities, (2) AML with myelodysplasia-related changes, (3) therapy-related AML 
(t-AML), and (4) AML not otherwise specified (AML-NOS). It also includes an AML 
subgroup related to Down syndrome and myeloid sarcoma. The latter is not a subgroup 
but an alternative presentation of AML that should be classified according to the other 
AML categories129. Each of these categories will be discussed in more detail. 
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AML with recurrent genetic abnormalities 
In their first issue of AML classification, the WHO defined four AML subgroups with 
recurrent genetic abnormalities, including rearrangements of the genes RUNX1-
RUNX1T1, CBFB-MYH11, PML-RARA, and MLLT3-KMT2A161. Moreover, they 
correctly predicted that the number of disease entities would increase over time. The 
latest iteration from 2016 includes nine subgroups defined by both chromosomal 
rearrangements and gene mutations, which now also include DEK-NUP214, RBM15-
MKL1, and GATA2 and MECOM rearrangements, and NPM1, and biallelic CEBPA 
mutations. In addition, AML with the BCR-ABL1 rearrangement and 
mutated RUNX1 were introduced in the 2016 iteration as provisional subgroups, 
which means further studies are required before they can be fully acknowledged as 
verified disease entities in the next iteration129. 

Furthermore, what is important to recognize is that only the most frequent 
rearrangement of a given gene is mentioned as a defining feature of a disease entity in 
the WHO classification scheme. For example, KMT2A (formerly MLL) can rearrange 
with 135 partner genes, of which 35 occur recurrently, and nine make up 90% of all 
cases216. Hence, despite the wide variety of possible combinations with KMT2A, the 
WHO classification only mentions the MLLT3-KMT2A translocation to indicate this 
subgroup. However, in the clinical investigation of a patient, the actual translocation 
partner to KMT2A should be specified in the diagnosis128. 

Moreover, even if a known recurrent genetic abnormality is associated with 
prognostic and therapeutic significance, the WHO classification will not include the 
genetic abnormality as a defining feature of a subgroup if the abnormality is present 
within multiple subgroups162. One such example is FLT3 mutations, which do not 
make up a disease entity by the WHO classification even though knowledge of 
the FLT3 mutation status provides prognostic and therapeutic value, and 30% of all 
AML is FLT3 mutated216. However, even if the FLT3 status does not help classify 
unique disease entities, WHO recommends examining the FLT3 gene in all AML cases 
that are cytogenetically normal128. The inability of WHO to 
incorporate FLT3 mutation status in their classification scheme illustrates their focus 
on identifying subgroups rather than providing recommendations for diagnosis and 
management of the various AML subtypes. Instead, the latter aim is the goal of the 
European LeukemiaNet (ELN) panel that complements the WHO classification 
scheme by providing recommendations to physicians to help set a prognosis and 
determine which treatment is best suited for each given patient case217. 

Furthermore, it is also noteworthy that topoisomerase inhibitor-based chemotherapy 
can cause rearrangements between the same genes as the recurrent genetic 
abnormalities. Meaning that if the rearrangement is due to previous chemotherapy, the 
AML should instead be classified as a t-AML129. Therefore, previous chemotherapy can 
influence if the AML is categorized as an AML with a recurrent genetic abnormality or 
a t-AML; see more about the therapy-induced classification below. 
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AML with myelodysplasia-related changes 
AML cases assigned to this category have myelodysplasia-related changes as the most 
salient feature. Three independent criteria based on clinical history, cellular dysplasia, 
or cytogenetics are sufficient to diagnose AML with myelodysplasia-related changes. 
For instance, some cases of AML with myelodysplasia-related changes evolve from 
MDS or MDS/MPN, thus representing the most advanced stages of these neoplasms. 
Also, de novo AML can be assigned to this category if clinical data show dysplasia in 
≥50% of cells in ≥2 myeloid lineages; alternatively, if cytogenetic data shows a complex 
karyotype with ≥3 abnormalities or identifies one of 16 chromosomal rearrangements 
considered associated with dysplasia to the degree that it is sufficient to give the 
diagnosis128,129. 

However, dysplasia has a weak predictive power in forecasting prognosis and is thus 
a weak feature in subgroup specification. Hence, if an AML with myelodysplasia-
related changes is diagnosed with the mentioned recurrent genetic abnormalities or 
caused by prior therapy, these features are prioritized when deciding on the 
classification129. Hence, similar to the mentioned example with FLT3 mutations, 
dysplasia can exist in multiple subgroups but, unlike FLT3 mutations, is still helpful in 
setting a diagnosis due to the lower-ranked prognostic significance. 

Therapy-related myeloid neoplasms 
In the classification of myeloid neoplasms, the WHO has given therapy-induced disease 
the highest priority of all features. This means that if prior chemotherapy or radiation 
is determined to be the causative agent of overt disease, it will change the classification 
to therapy-related myeloid neoplasm (t-MN). The t-MN is further stratified into 
chronic and acute forms, for example, therapy-related MDS (t-MDS) or t-AML, 
followed by the identified cytogenetic abnormality mentioned as a secondary feature129. 

One implication of this categorization is that patients with identical genetic 
abnormalities can be classified into entirely different categories based on whether their 
genetic lesions occurred from a spontaneous cause or therapy-related reason. Moreover, 
unlike genetic abnormalities that cannot be used for classification when they exist in 
multiple subgroups, prior therapy as a feature for classification does not follow that 
limitation as it overpowers any other feature. This priority is not because the indirect 
effects of the therapy-induced disease have a more substantial prognostic and 
therapeutic significance than, for example, recurrent genetic abnormalities, but because 
it is a weak feature akin to myelodysplasia. Below is an attempt to explain why the 
current classification scheme based on prior therapy is confusing. 

The WHO gives two reasons for using prior therapy in their classification scheme; 
First, the WHO indicated that, on average, therapy-induced neoplasms have a more 
severe prognosis than spontaneously evolved neoplasms diagnosed with the same 
recurrent abnormalities128,162. This conclusion implies that therapy-induced disease 
must acquire more cooperative genetic lesions than spontaneously evolved disease and, 
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thus, on average, be associated with a more severe prognosis. It is reasonable but not 
proven by the literature the WHO uses to back up its claim with128,162. Second, in the 
first two iterations, WHO justified the inclusion of this category by emphasizing that 
researchers were searching for a reason why some patients develop therapy-induced 
neoplasms while others do not and that this category could help understand the 
pathogenesis of leukemia evolving independently of preceding therapy128,162. Those are 
important points to consider but not solid reasons why t-MN should be used in 
classification and with higher priority than features with more substantial and proven 
prognostic and therapeutic significance. 

Incidentally, why some people are prone to developing t-MN was later found to be 
because of germline mutations that make a certain subgroup of patients more 
vulnerable to therapy-induced disease218-221. For instance, in a 2016 study, it was found 
that breast cancer survivors who developed therapy-related leukemia were frequently 
carriers of mutated cancer susceptibility genes. Accordingly, they found that 
approximately 20% of patients with t-MN had mutations in these genes218. Thus, it is 
warranted that t-MN patients are screened for these mutations to uncover cancer 
predisposition in additional family members129. 

To summarize, arguably, the category t-MN should not remain in its current form 
as it does not provide any meaning to the individual patient case and has an unclear 
prognostic significance. However, if conclusively proven that, on average, therapy-
induced diseases have a worse prognosis than spontaneously evolved diseases with the 
same clinical presentation and cytogenetic abnormalities, it would make a case for 
including therapy-induced disease as a secondary feature for additional subgroup 
stratification. 

AML, NOS 
AML, NOS, includes all cases that do not meet the criteria of other categories, such as 
AML with recurrent genetic abnormalities, AML with myelodysplasia-related changes, 
or t-AML. Hence, before assigning an AML case to the category AML, NOS, a clinical 
and genetic investigation must first exclude all other possibilities. 

Moreover, it is noteworthy that the WHO classification includes nine subgroups of 
AML, NOS, even though the lack of prognostic or therapeutic features defines this 
category129. This is possible because the subcategorization is based on cell morphology 
following the FAB classification scheme, which is a weak feature that the WHO 
intended to replace. Because of this, it has been debated if not all subgroups should be 
grouped into one category with heterogeneous cell morphology instead128,222. Despite 
these concerns, the WHO still decided to keep the subcategories in the 2008 and 2016 
iterations. The reasoning was that the subclassification could facilitate the identification 
of genetic abnormalities and that some of the subgroups could still be relevant for 
prognostic purposes128,129. However, it also highlights that the assumption that the 
WHO classification system only includes subgroups of proven prognostic and 
therapeutic significance is invalid as it contains subgroups that are not of current value 
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but could help identify genetic abnormalities or therapeutic vulnerabilities in future 
studies. 

Myeloid sarcoma 
Myeloid sarcoma (MS) is an extramedullary tumor of at least one myeloid lineage that 
appears in about 2-8% of all AML cases. MS is often found in proximity to the skin, 
soft tissues, lymph nodes, and bones but can essentially grow in any site of the body223. 
Because MS is considered a clinical presentation rather than an AML subtype, the 
appearance of MS does not change the AML subtype classification of an already 
diagnosed AML. In most cases, patients are first diagnosed with AML and later found 
to have MS. However, de novo identification also occurs, making the appearance of 
MS qualify for an AML diagnosis even in cases with less than 20% blasts in the bone 
marrow or the peripheral blood. Alternatively, it appears in patients with chronic 
neoplasms, which in those cases is considered evolution to AML or a blast cell 
transformation. Notably, the tumor should be investigated in the two former cases to 
classify it into an AML subgroup since no prior diagnosis of AML exists128,129. In 
summary, the appearance of MS justifies the AML diagnosis even in cases with less than 
20% blasts in the bone marrow or the peripheral blood. Moreover, it is not a subgroup 
but a solid manifestation of an acute myeloid disease that follows the same rules for 
classification as all other subgroups. 

Myeloid proliferations related to Down syndrome 
WHO added the category myeloid proliferations related to Down syndrome in the 
2008 iteration because of their unique properties. The category includes two subgroups: 
transient abnormal myelopoiesis (TAM) and myeloid leukemia associated with Down 
syndrome128,129. Like all features associated with Down syndrome, the root cause of the 
unusual properties of these neoplasms is due to the additional part of- or the entire 
extra copy of chromosome 21 that people with Down syndrome are born with. The 
additional genetic material on chromosomal 21 leads to aberrant hematopoiesis during 
fetal and early child development. In addition, when this genetic defect is combined 
with a specific mutation of GATA1, it results in TAM, which is associated with a 
transient wave of an abnormal proliferation of megakaryocytic precursors with, 
amongst other things, a heightened sensitivity towards chemotherapy. Although TAM 
spontaneously disappears within three months after birth, it can still result in life-
threatening complications224,225. 

Furthermore, additional mutations during this early stage of life increase the risk of 
MDS and AML associated with Down syndrome. These neoplasms have similar 
attributes to TAM but are not transient and usually occur during the first three years 
of life. Noteworthy, Down-related MDS and AML neoplasms are biologically identical; 
the only difference is the blast count. Therefore, both presentations are included in the 
subgroup of myeloid leukemia associated with Down syndrome129. 
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Acute leukemias of ambiguous lineage 

The category of acute leukemia of ambiguous lineage (ALAL) includes cases that cannot 
be assigned to either the myeloid or the B or T cell lineage of the lymphoid 
differentiation branch. There are two major subcategories of ALAL, acute 
undifferentiated leukemia (AUL), which lacks lineage commitment to any 
differentiation branch, and mixed phenotype acute leukemia (MPAL), which displays 
lineage commitment to more than one lineage129. 

The identification of AUL and MPAL requires an extensive immunophenotypic 
analysis in order to determine the correct subgroup. For instance, leukemia cases 
classified as AUL cannot express any classical myeloid or lymphoid markers or 
dendritic, basophilic, mast cell, or natural killer cell markers to get assigned to this 
category. However, AUL typically expresses a limited set of markers associated with 
immature hematopoietic cells, such as HLA-DR, CD34, CD38, and Terminal 
deoxynucleotidyl transferase. Leukemia cases that fulfill these criteria are rare, so the 
prevalence of this subgroup is not known226. 

The second type of ALAL is the MPAL category, which includes four subtypes. The 
mixed-lineage phenotype in these leukemias can occur from either a single clone or 
multiple clones affiliated to at least two different lineages. These lineages include the 
myeloid and the lymphoid branch's B and T cell lineage. About 2-3% of all acute 
leukemias are categorized as MPAL, and the most common to the least common 
subtype is the B + myeloid subtype, followed by T + myeloid, B + T, and the trilineage 
subtype with a prevalence of 59%, 35%, 4%, and 2%, respectively227,228. Recurrent 
genetic abnormalities have priority over the MPAL classification, with two exceptions, 
including BCR-ABL1 and rearrangement involving the KMT2A gene128. These two 
genetic abnormalities make up the MPAL subgroups: MPAL with BCR-ABL1 and 
MPAL with KMT2A rearranged129. In summary, ALAL includes cases that cannot be 
assigned to a single lineage due to the lack of lineage commitment or involvement of 
more than a single lineage of the myeloid, T-, or B-cell branches. 

Treatment of AML 

This section summarizes the most important therapies for AML, including intensive 
chemotherapy, low-intensive therapy for AML patients ineligible for intensive 
chemotherapy, complementary therapy against specific subgroups of AML, and 
differentiation therapy against APL, which deserves its independent subcategory. 
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Intensive cytotoxic chemotherapy for fit patients with responding AML 

Intensive cytotoxic chemotherapy has been the mainstay therapy for AML for about 
fifty years229. Cytotoxic agents interfere with DNA, which triggers apoptosis in fast-
growing cells. Therefore, it is targeted since it selectively kills dividing cells present in 
cancer rather than healthy cells that are relatively quiescent. Cytotoxic chemotherapy 
will likely continue to be an essential treatment for AML also in the future. In part 
because of its effectiveness on diseases with favorable cytogenetics but also because it 
can be implemented quickly without the need for a complete molecular analysis and 
risk stratification in cases with rapidly advancing diseases230. 

Initial treatment 
The chemotherapeutic regimen combines Cytosine-arabinoside (Ara-C) with an agent 
from the anthracycline class. The therapy is given in a short period over the first week 
and causes a profound suppression of the hematopoietic system231. Patients are 
therefore given blood transfusions and antibiotics to maintain adequate levels of mature 
blood cells in the peripheral circulation and to prevent opportunistic infections during 
the first weeks when the normal hematopoietic system is suppressed. Only after three 
to four weeks is hematopoiesis recovering from the bone marrow suppression232.  

Intensive cytotoxic chemotherapy aims to achieve complete remission (CR) without 
detecting MRD (CRMRD-). The remission status is assessed after the patient’s blood 
system has recovered after about four weeks. Achievement of CR means that the patient 
is transfusion independent, has recovered a certain cell number of circulating 
neutrophils and platelets with no detection of circulating blasts or extramedullary 
disease, and has <5% blasts in the bone marrow without any Auer rods217. Patients 
reaching CR should undergo consolidation treatment, which means that an additional 
one to three treatment cycles is initiated shortly after the recovery of normal blood 
parameters233. Complete remission occurs after one to two rounds of these treatments 
in about 75% of younger adults below 60 years and about 50% of older patients217. 

MRD is assessed with either flow cytometry or molecular techniques targeting a 
driver mutation, including real-time quantitative PCR, digital PCR, or methods based 
on next-generation sequencing. A patient classified as CRMRD- has no blasts detected 
above the threshold determined by the sensitivity of the chosen method, which in the 
case of flow cytometry is below 0,1% and molecular techniques 0,001%234. Achieving 
CR has a great prognostic value since it means that the patient is symptom-free and 
transfusion free and that infections have a greater chance of healing235. The assessment 
of MRD is also important in patients with CR as CRMRD- indicates a better prognosis217. 

Moreover, these two categories are relevant to the definition of hematological and 
molecular relapse. The hematological relapse occurs in patients in CR or CRMRD- when 
bone marrow blasts reach ≥5% or when blasts in the circulation or extramedullary sites 
reappear, and a molecular relapse occurs in CRMRD- patients when MRD reappears. 
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Knowledge of a molecular relapse allows early interventions to avoid an overt relapse 
and may inform what conditioning strategy to use for HSCT217. 

Continues treatment 
If residual disease is detected, HSCT should be considered236. The chance of reaching 
a second CR after relapse is about 30%, which is lower than after the initial treatment, 
and the time spent in remission is often shorter237. If the patient is eligible for HSCT, 
it should be given shortly after the second remission, especially for adverse and 
intermediate-risk groups. In contrast, favorable cytogenetics benefit better from salvage 
therapy, i.e., alternative treatment to standard therapy, without HSCT due to the 
adverse effects associated with HSCT236. Another thing to consider is that repeated use 
of anthracyclines can cause heart toxicity. The initial treatment can be used a second 
time if the relapse occurs long after the initial treatment. Otherwise, should an 
alternative chemotherapeutic combination be used that usually consists of FA-IDA 
(fludarabine, cytarabine, and idarubicin) or ACE (amsacrine, cytarabine, and 
etoposide)233,238. 

Cytotoxic chemotherapy has been explored in clinical trials for its benefits as a 
longer-term maintenance therapy to prevent relapse after the initial treatment, but this 
has not led to any improvements in OS239. Therefore, it is better suited as an intense 
short-term therapy. In summary, cytotoxic chemotherapy is targeted as it selectively 
kills dividing cells, which explains its efficacy. Despite its limitations, it is still the 
optimal choice to achieve CR for most patients. The future use of cytotoxic therapy 
will likely involve the BCL-2 inhibitor venetoclax (VENCLEXTA, AbbVie Inc., and 
Genentech Inc.) and other targeted therapies, which will be discussed more below230,240. 

BCL-2 inhibition with intensive chemotherapy–a potential new standard of care 
As mentioned above, for about fifty years, intensive induction therapy has been made 
up of a combination of cytotoxic drugs229. However, this might change soon if ongoing 
clinical trials conclude that the BCL-2 inhibitor venetoclax combined with intensive 
induction and consolidation therapy is superior to intensive chemotherapy alone. 
Indeed, preliminary data from the ongoing clinical trials indicates that the combination 
is an improvement to the current standard of care for younger fit AML patients240,241. 
Indeed, venetoclax has already changed the standard of care for low-intensity therapy, 
which is used to treat patients ineligible for intensive chemotherapy240,242. If the 
standard of care also changes intensive induction and consolidation therapy, it will have 
several implications for the field. 

Venetoclax is an inhibitor that specifically targets the antiapoptotic protein BCL-2. 
Importantly, venetoclax is not a chemotherapeutic drug since it does not directly kill 
cells. Instead, cancer cells with upregulated BCL-2 expression are eliminated through 
the restoration of the apoptotic process. This finding, combined with the development 
of an effective inhibitor, is important since cancers with elevated BCL-2 expression are 
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more resistant to apoptosis and chemotherapy. Dependency of BCL-2 for survival can 
occur in some cancer types, which explains why these cancers are susceptible to 
apoptosis with BCL-2 inhibition. However, other cancer types, such as AML, require 
combination treatment with chemotherapy, hypomethylating agents, or targeted 
molecular therapy for venetoclax to be effective240,243,244. 

The preliminary results from the ongoing clinical trials of venetoclax show that the 
standard of care for intensive induction chemotherapy of AML is likely to change241,245. 
For instance, the addition of venetoclax to standard induction therapy led to CRMRD- 
in 74 out of 85 patients compared to 86 out of 140 patients in the intensive 
chemotherapy cohort. The higher frequency of CRMRD- means that the combination 
therapy leads to a deeper remission that correlates with improved long-term outcomes. 
Consequently, there was an improved event-free survival, and the deeper remission 
enabled patients to transition safely to consolidative HSCT already in the first 
remission, which is beneficial for intermediate to high-risk groups with a matched 
donor. Moreover, preliminary data from the trial indicate an improved OS compared 
to historical outcomes240,241. Future studies will clarify which AML subgroups benefit 
the most from the addition of venetoclax. In addition, future studies should also explore 
if the deeper remission could lead to a reduced need for consolidative HSCT in certain 
intermediate-risk groups, which is desired since consolidative HSCT should only be 
used when needed since it is also associated with adverse effects240,241. 

If the standard of care changes for intensive induction therapy, the implications will 
be the same as what is currently happening for low-intensity treatment based on 
hypomethylating agents. Phase III trials of novel therapy will need to be compared to 
the new standard of care with venetoclax instead of the previous benchmark treatment. 
The value of recently approved therapies will also need to be reconsidered and 
compared to the improved standard care242,244,246. Moreover, triplet therapy will become 
more relevant to explore in clinical trials. As an example, the experimental arm of a 
novel therapy in a triplet study will include the chemotherapy or the hypomethylating 
drug (component 1), the BCL-2 inhibitor (component 2), and the experimental 
therapy (component 3) that will be tested against the control arm including component 
1, 2, and the placebo244,247 More of this will be discussed below in the introduction of 
complementary therapy against specific subgroups of AML. 

Low-intensive therapy for AML patients with intolerance or 
unresponsiveness to intensive chemotherapy 

There are two main reasons why patients may not be eligible for intensive 
chemotherapy, including intolerance from older age (>80 years) or comorbidities, 
or unresponsiveness from refractory or relapsed disease or unfavorable cytogenetics such 
as TP53 mutation, del(5q), or complex karyotype248. When patients are intolerant or 
unresponsive to intensive chemotherapy, is low-intensive therapy based on 
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hypomethylation agents recommended248. Monotherapy with a hypomethylation agent 
used to be the standard of care for this patient group. However, this is changing, and 
the emerging standard of care is now a combination therapy consisting of a 
hypomethylation agent combined with the BCL-2 inhibitor venetoclax240,242,247,249. 

Hypomethylating agents 
Hypomethylating agents are the mainstay therapy for low-intensity AML therapy. It is 
based on a different mechanism of action from intensive cytotoxic chemotherapy. 
Instead of causing cell death, hypomethylating agents change the cancer cells’ 
epigenome by inhibiting DNA methylation, which leads to gene transcription changes. 
The effect on the neoplastic cells is often slow, and the chance of remission is lower 
than with intensive chemotherapy250. 

Azacitidine (Vidaza, Celgene Corp.) and decitabine (Dacogen, MGI Pharma Inc., 
and SuperGen Inc.) are the most commonly used hypomethylating agents that are 
given in a monthly treatment cycle over a few consecutive days. To reach CR is usually 
2-3 cycles needed250. Since hypomethylation agents are less intensive than cytotoxic 
chemotherapy, they can be used as maintenance therapy251,252. In summary, 
hypomethylating agents are used when the patient does not tolerate the harsher 
chemotherapy regimen or when the AML is not responding to chemotherapy. Similar 
to chemotherapy, the future use of hypomethylation agents will increasingly involve 
combination therapy with venetoclax and other targeted therapies to increase the 
treatment’s efficacy. 

BCL-2 inhibition with low intensive therapy–a new standard of care 
Venetoclax has gained FDA and EMA regulatory approval as a combination therapy 
with hypomethylating agents and in the US market for low-dose cytarabine in newly 
diagnosed AML patients ≥75 years or with comorbidities that preclude them from 
intensive induction chemotherapy. Based on promising results in phase II trials, is the 
combination also used off-label–i.e., use for an unapproved indication–in refractory or 
relapsed disease with unfavorable cytogenetics or intolerance to the first cycle of 
cytotoxic induction treatment233,253,254. 

Venetoclax is given in a monthly treatment cycle with a hypomethylating agent for 
the first few days and then as a single agent until day 28. One treatment cycle is usually 
enough to reach CR. The rapid cell death can lead to tumor lysis syndrome (TLS) 
(about 18% of patients), which is a sudden release of intracellular components into the 
bloodstream resulting in an imbalance of electrolytes and metabolites that can lead to 
life-threatening complications such as kidney failure, epileptic seizures, and cardiac 
arrhythmias. Another adverse effect is neutropenia which can cause opportunistic 
infections (25% develop a new infection in the first cycle). In those cases, the 
hematopoietic system needs to recover before the next treatment cycle. Therefore, this 
treatment requires experienced physicians, especially when using it outside indication 
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in refractory and relapsed patients. Protective measures to minimize adverse effects 
include TLS prophylaxis, dose adjustments, and shortening of the treatment cycle233,255. 

The regulatory approval of venetoclax with azacitidine was based on clinical trial data 
that showed that the combination compared to azacitidine alone led to an improved 
median OS of 14.7 vs. 9.6 months, with more patients achieving composite CR 
(complete remission or complete remission with incomplete hematologic recovery) 
66.4% vs. 28.3%242. Another trial investigated the combination of venetoclax with low-
dose cytarabine and showed an improved median OS of 8.4 vs. 4.1 months and a 
composite CR of 48.3% vs. 13.2%256. These data led to regulatory approval from FDA 
in 2020, and the EMA followed that in 2021. The same year the combination was also 
included as a subsidized treatment in Sweden by tandvårds- och 
läkemedelsförmånsverket (TLV)257-259. 

Monotherapy with the BCL2 inhibitor venetoclax can be enough to restore the 
apoptotic process and induce cell death in cancer dependent on BCL-2 for their 
survival260. However, many cancer types depend on more than one antiapoptotic 
protein, with MCL-1 being an additional key protein that promotes survival in addition 
to BCL-2. Hence, it is necessary to neutralize both MCL-1 and BCL-2 to restore the 
apoptotic process in cancer cells with the overexpression of these antiapoptotic proteins. 
When cancer cells are exposed to a hypomethylating agent, it activates the integrated 
stress response pathway that upregulates the proapoptotic protein NOXA that sensitizes 
cells to apoptosis by inhibiting MCL-1 through sequestration. Thus, by neutralizing 
MCL-1, hypomethylating agents increase the cancer cells' dependency on BCL-2 for 
survival. Consequently, combining hypomethylating agents with the BCL-2 inhibitor 
venetoclax neutralizes both of the antiapoptotic proteins, which leads to a restored 
apoptotic process and induced cell death in cancer cells with survival dependency on 
these proteins. The broader inhibition of two antiapoptotic proteins explains the 
synergistic effect and efficacy of combining a hypomethylating agent and 
venetoclax261,262. 

Notably, AML with specific mutations, such as FLT-TKD, SRSF2, ZRSR2, NPM1, 
IDH1, IDH2, and RUNX1, have been reported to be more responsive to the 
combination treatment with venetoclax than low-intensity chemotherapy or 
hypomethylating agents alone249,263-266. In contrast, resistance to the combination has 
been associated with FLT3-ITD and mutated PTPN11, KRAS, and NRAS263,265-267. 
Interestingly, the increased responsiveness and resistance from a subset of these 
mutations were further clarified by two recent publications that looked at survival 
outcomes in patients with mutated FLT3-TKD, IDH1, IDH2, and FLT-ITD. Patients 
treated with the venetoclax combination with FLT3 WT or IDH1 and IDH2 WT had 
a median OS of 14.7 months and 12.3 months, respectively, vs. 10.1 months with 
azacytidine alone266,268. What is interesting, however, is that FLT3-TKD patients had a 
clear survival benefit from the combination with a median OS of 19.2 vs. 10.0 months 
with azacytidine alone266. Similarly, there was a survival benefit 
in IDH1 and IDH2 mutated patients with a median OS of 24.5 months vs. 6.2 with 
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azacitidine alone268. As expected, patients with FLT3-ITD did not benefit from the 
combination, with a median OS of 9.9 vs. 8.5 months for the respective treatments266. 
Mutations correlated with improved response or resistance are highly relevant as they 
may affect prognosis and impact future treatment strategies and combination 
approaches244. Some of these implications will be addressed more below in the 
introduction of complementary therapy against specific subgroups of AML. 

In conclusion, low-intensity AML therapy with azacitidine and venetoclax is 
associated with manageable side effects, a higher rate of CR, and improved OS 
compared to azacitidine monotherapy. Therefore, the combination has emerged as the 
current standard of care for low-intensity treatment of older and unfit AML 
patients240,242,247,249. 

Complementary therapy against specific subgroups of AML 

Below is a summary of the most crucial precision-based therapies for AML. This field 
is called precision- or personalized medicine which is medical care that uses genetic 
profiling to maximize the therapeutic benefit in specific subgroups of patients. 
Consequently, genetic profiling is the critical difference between personalized medicine 
summarized here and the previous sub-section that included therapies that are agnostic 
of disease subtypes. 

FLT3 inhibitors 
The therapeutic tool kit is larger for patients below 70 years with FLT3-TKD mutation 
or FLT3-ITD (about 5% and 25% of all AML patients, respectively) than for many 
other AML subtypes269,270. The discovery of FLT3 inhibitors is important since 
especially the FLT3-ITD subgroup is relatively large and associated with an 
intermediate to adverse prognosis in cases with a high allele frequency217. In contrast, 
there is not a strong correlation between FLT3-TKD mutations and prognosis271. 

Two FLT3 inhibitors that have recently received regulatory approval are midostaurin 
(RYDAPT, Novartis Pharmaceuticals Corp.) and gilteritinib (XOSPATA, Astellas 
Pharma US Inc.). Midostaurin and gilteritinib are both type I inhibitors. It means that 
they inhibit FLT3 signaling with the same mechanism of action by competing with 
adenosine triphosphate (ATP) for binding to the ATP binding site of the intercellular 
TKD (tyrosine kinase domain), thereby blocking its ability to phosphorylate other 
proteins. They are effective on both FLT3-TKD mutated AML, which forces the TKD 
into an active conformation, and FLT3-ITD (internal tandem duplication), which 
increases FLT3 signaling from the loss of an inhibitory domain. However, midostaurin 
and gilteritinib differ in their selectivity and potency. Midostaurin is a first-generation 
FLT inhibitor, which means that it lacks specificity to FLT3 and targets multiple 
kinases located downstream and in parallel pathways to FLT3 signaling. Gilteritinib, 
on the other hand, is a second-generation inhibitor that has been purposely developed 
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to be a more specific and potent FLT3 inhibitor. Despite these differences, they are 
both effective in treating AML with FLT3-TKD mutation and FLT-ITD. The broader 
activity against many other kinases of midostaurin adds to the effectiveness of this 
inhibitor, although with more extensive on-target cytotoxic effects compared to 
gilteritinib270. 

Midostaurin is registered for use with cytotoxic chemotherapy during the initial 
therapy and later consolidation treatment rounds. It is not intended for use in refractory 
disease, nor in combination with azacitidine in older patients, and its benefit in 
maintenance treatment has been questioned272,273. It is given between and after 
chemotherapy infusions in tablet form between days 8 to 21. The FDA and EMA 
approved Midostaurin in 2017, and shortly after, it was included as a subsidized 
treatment in Sweden by TLV274-276. 

Gilteritinib is approved as a monotherapy in younger patients with relapsed and 
refractory FLT3 mutated AML and is a treatment option for consolidation therapy in 
cases when the AML is unresponsive to chemotherapy and midostaurin277. The 
approval of gilteritinib was based on the phase III ADMIRAL trial that showed that 
single agent treatment with gilteritinib resulted in a higher response rate and OS than 
salvage chemotherapy regimens278. Gilteritinib is given in daily doses in tablet form as 
long as it remains effective without unacceptable toxicity and can thus be used as 
maintenance therapy as well279. The positive clinical trial data led to the approval of 
gilteritinib in 2018 by the FDA, followed by the EMA in 2019280,281. Shortly after, in 
2021, it was included as a subsidized treatment in Sweden by the TLV282. However, 
gilteritinib is not recommended in older patients unfit for chemotherapy, and a recent 
phase III study concluded that the combination with azacitidine did not improve the 
OS compared to azacitidine alone283. 

Two more FLT3 inhibitors that are currently in use or previously believed to have 
potential are sorafenib (Nexavar, Bayer HealthCare Pharmaceuticals Inc.) and 
quizartinib (Vanflyta, Daiichi Sankyo), respectively. Sorafenib is a multi-targeted TKI 
of the first generation, but unlike midostaurin and gilteritinib, it is a type II inhibitor 
with a different mechanism of action. Instead of interacting with the ATP binding site 
as type I inhibitors do, Type II inhibitors bind to a hydrophobic region next to the 
ATP binding site, thereby preventing activation of the TKD. However, the 
hydrophobic region is only exposed in the inactive TKD confirmation. Thus, type II 
inhibitors can only be used to treat FLT-ITD patients as the hydrophobic region is 
hidden in point mutated FLT3 AML due to the forced activated confirmation of the 
TKD270. 

Sorafenib is not approved for treating AML but is registered for other non-blood-
related cancer types. However, studies on AML have shown that it is effective as a 
monotherapy to prevent relapse and in combination with cytotoxic chemotherapy 
against refractory disease after HSCT284-286. Hence, the proven effectiveness is in a 
different therapeutic context to midostaurin. These positive results with sorafenib have 
led to off-label use in many countries, including Sweden286,287. However, similar to 
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midostaurin and gilteritinib, sorafenib is not recommended for older patients unfit for 
chemotherapy since the combination with azacitidine did not improve the OS 
compared to azacitidine alone288. 

Quizartinib was a competitive molecule to gilteritinib as they are both second-
generation FLT3 inhibitors with the difference that quizartinib is a type II inhibitor 
that only affects FLT3-ITD AML. However, a much-anticipated phase III trial 
published in 2019 did not convince the FDA and EMA to approve quizartinib for the 
EU and the US markets. The reason was that the benefits were determined to be too 
small to justify the risks, and there were also reported issues in the study design289,290. 
The only market that approved quizartinib is Japan, although the decision has been 
criticized after its approval291. 

Moreover, FLT3 inhibitors are now tested in combination with venetoclax and 
azacitidine. The addition of a FLT3 inhibitor is especially relevant for AML with FLT3-
ITD since this patient group is resistant to the venetoclax and azacytidine 
combination265,266. So far, a finished phase Ib trial has evaluated the efficacy and safety 
of venetoclax with gilteritinib in patients with relapsed or refractory FLT3 mutated 
AML292. Further, an ongoing Phase II clinical study explores triple therapy of 
venetoclax, azacytidine, and FLT3 inhibitors in FLT3 mutated AML in older patients 
or those unfit for intensive chemotherapy247,293. Further randomized controlled trials 
will determine if FLT3 inhibitors in combination with venetoclax or the venetoclax 
and azacytidine combination improve the survival outcome of patients with FLT3-ITD 
AML244. 

In summary, FLT3-ITD is an important target in AML due to its high prevalence 
and association with a relatively poor prognosis in cases with a high allele frequency. 
Even with the inhibitors mentioned above, the prognosis for this patient group is still 
relatively poor278,294. Future studies will determine if FLT3 inhibitors with venetoclax 
or venetoclax and azacytidine improve treatment outcomes, especially for FLT3-ITD 
AML266. Therefore, there is still a need for further optimization of therapies targeting 
the FLT3 mutated AML277. 

Mutated IDH1 and IDH2 inhibitors 
Patients in the US that are ineligible for intensive chemotherapy and diagnosed with 
IDH1 or IDH2 mutations (approximately 20% of all AML) can receive targeted 
molecular therapy. The FDA has approved two inhibitors for mutated IDH (mIDH), 
ivosidenib (Tibsovo, Servier Pharmaceuticals LLC), which targets mIDH1 (6-16% of 
all AML), and enasidenib (IDHIFA, Celgene Corp.), which targets mIDH2 (8-19% of 
all AML)295. 

The IDH enzymes are part of the tricarboxylic acid cycle (TCA) that generates ATP 
from metabolizing acetyl-CoA–a metabolite derived from glucose, fatty acids, and 
amino acids. Normally the IDH enzymes convert isocitrate to alpha-ketoglutarate (α-
KG). However, specific IDH point mutations result in a loss of normal enzymatic 
function that changes the conversion of isocitrate from α-KG to 2-hydroxyglutarate (2-



67 

HG), which in turn leads to 2-HG mediated inhibition of α-KG-dependent enzymes. 
Two enzymes affected by this inhibition are TET2 and histone lysine demethylases, 
which are involved in DNA and histone demethylation. Consequently, IDH mutated 
AML has elevated DNA and histone methylation levels that contribute to the neoplastic 
state by impairing cellular differentiation296. 

Mutations in IDH occur at different stages of the clonal evolution to a more 
aggressive neoplasm. For instance, IDH mutations have been identified in the CHIP 
stage and appear to be early events in the clonal evolution to MDS and 
AML. IDH mutations can also be a later mutational event and have been associated 
with MPN transformation to AML in these cases142,147. Moreover, mutations 
in IDH1 or IDH2 are mutually exclusive at diagnosis, but double mutated clones can 
evolve in relapsed disease due to resistance to either ivosidenib (targets mIDH1) or 
enasidenib (targets mIDH2)297. 

FDA approved enasidenib in 2017 and ivosidenib in 2018 as monotherapies for 
relapsed or refractory AML with mIDH2 or mIDH1, respectively298,299. In 2019, the 
FDA expanded the use case for ivosidenib to include newly diagnosed IDH1 mutated 
patients who are ineligible for intensive chemotherapy300. The latest FDA approval 
from May 2022 is for a combination therapy of ivosidenib and azacitidine that 
outperformed azacitidine alone (median OS of 24.0 vs. 7.9 months) and ivosidenib as 
single-agent therapy (median OS 12.6 months)246,301,302. However, the EMA took 
another stance from the FDA and rejected the initial applications of enasidenib and 
ivosidenib as they determined that the data was insufficient to conclude that the 
treatments have a positive benefit-risk balance. The response from the EMA led to both 
companies withdrawing their applications in 2019 and 2020303,304. However, the 
combination therapy with ivosidenib and azacitidine is submitted to the EMA. If they 
grant it regulatory approval, it will be the first IDH1 mutation-specific therapy in the 
European market305. 

When the phase III IDHentify trial of enasidenib monotherapy presented its results 
in mid-2022, it did not show a meaningful improvement in median OS compared to 
conventional care regimens (6.5 vs. 6.2 months) in older patients with relapsed or 
refractory AML with mutated IDH2306. However, an analysis of patients subgroups 
from this trial revealed that enasidenib is effective on patients with mutated IDH2-
R172 (25% of cases) with a median OS of 14.6 months compared to 7.8 months with 
conventional care regiments but not on patients with mutated IDH2-R140 (75% of 
cases) with a median OS of 5.7 months in both treatment arms (data from a recent 
poster abstract)307. Thus, enasidenib is only effective on one of every fourth patient 
with IDH2 mutated AML, which means further improvements to IDH2 targeted 
therapy is warranted. Moreover, enasidenib and ivosidenib are also being evaluated in 
combination with intensive induction therapy. A phase I trial for newly 
diagnosed IDH1 and IDH2 mutated AML concluded that the combination is well 
tolerated. However, the potential benefit is believed to come first after follow-up with 
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maintenance therapy which is currently evaluated in a phase III trial conducted in 
Swedish hospitals308,309. 

In the current drug pipeline of potential novel inhibitors of mIDH1 and mIDH2, a 
few candidates are evaluated for efficacy and safety, while others have recently had their 
development end. For instance, the development halted for the inhibitor IDH305 
against muIDH1 after a phase I clinical study concluded that the therapeutic window 
was too narrow310. Similarly, the development stopped for the inhibitor BAY1436032 
against mIDH1 due to modest efficacy311. However, olutasidenib, an inhibitor against 
mIDH1, is more promising and is currently evaluated as a monotherapy and 
combination therapy with azacytidine312-314. Similar to the venetoclax and azacitidine 
combination, the relationship between mutations and the clinical response showed that 
mutations in FLT3, NRAS, KRAS, and PTPN11 correlated with a lower rate of CR and 
CR with partial hematologic recovery (CRh) (data from a recent poster abstract)315. 
Future studies will reveal how olutasidenib compares to the already approved 
ivosidenib. Moreover, vorasidenib and HMPL-306 are two more potential inhibitors 
with dual inhibition of both mIDH1 and mIDH2 currently in phase I trials. 
Vorasidenib also differentiates itself from the other inhibitors by an improved blood-
brain barrier penetrance, which is why it is under development for glioma316,317. The 
dual inhibition of mIDH1 and mIDH2 is also advantageous as it would avoid relapse 
due to an acquired mutation in the other IDH gene318. 

When the combination of azacytidine and venetoclax was proven to be a more 
effective frontline therapy than azacytidine alone, it also revealed that patients with 
specific mutated genes such as FLT3-TKD, or IDH1 and IDH2 had a survival benefit 
from the combination242,266,268. When comparing the median OS of the venetoclax and 
azacytidine combination/azacytidine alone (15.2/2.2 months) with the ivosidenib and 
azacytidine combination/azacytidine alone (24.0/7.9 months), it appears as the 
ivosidenib combination is the better performing combination in AML patients with 
mIHD1246,268. However, such a conclusion is premature, as one should be cautious 
about comparisons between trials. Moreover, a standing question is whether 
combination therapy with ivosidenib or enasidenib with venetoclax or triple therapy 
with ivosidenib or enasidenib with venetoclax and azacytidine will improve the survival 
outcome even further for AML patients with mIDH1 or mIDH2244. Furthermore, if 
venetoclax and intensive chemotherapy would become a standard of care, the current 
phase III trial evaluating IDH1 and IDH2 inhibitors with frontline induction therapy 
followed by maintenance therapy will need to be tested against the venetoclax-based 
induction regimen240,308. 

In summary, the development of inhibitors for mIDH1 and mIDH2 is an 
achievement in molecularly targeted precision medicine. Future clinical trials should 
evaluate different combinations of mIDH1/mIDH2 inhibitors with hypomethylating 
agents and venetoclax to determine the optimal therapy for 
the IDH1 and IDH2 mutated AML subgroups244. 
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An anti-CD33 antibody with chemotherapy 
For patients diagnosed with de novo AML with core binding factor (CBF) translocation 
(12- 15% of all AML), the recommended treatment is a combination of intensive 
chemotherapy and gemtuzumab ozogamicin (GO) (Mylotarg, Pfizer Inc.)319. 

GO is a toxin conjugated antibody that selectively kills CD33 positive cells–
expressed on about 90% of all AML and normal myeloid progenitors, but not on cells 
outside the hematopoietic system320. The function of the antibody is to target and 
facilitate the uptake of the toxin, which, once released intercellularly, is metabolized to 
its active form that induces DNA strand breaks. In dividing cells, this results in cell 
cycle arrest as the cell tries to repair the damaged DNA. If apoptosis is triggered depends 
on several factors such as the CD33 expression level, the cell's ability to metabolize or 
extrude the toxin, the capacity for DNA repair, and the presence of pro and 
antiapoptotic proteins321. Clinical experience of GO has shown that the best responding 
AML patients are those with favorable cytogenetics that are diagnosed with de novo 
CBF AML, which is a subtype characterized by a fusion protein containing one of the 
subunits of the CBF transcription factor (RUNX1 or CBFB) with another fusion 
partner, e.g., RUNX1-RUNX1T1 or CBFB-MYH11319,322. 

GO should be given on day one at the start of the induction or consolidation 
treatment. Therefore, a fast diagnostic response time is necessary by FISH or PCR that 
detects if the patient has translocation of one of the CBF subunits233. Most side effects 
from GO combination therapy are the same as when chemotherapy is used alone, 
including bleeding and opportunistic infections from myelosuppression, TLS, and 
veno-occlusive disease (VOD) that is caused by damage to the endothelium by toxic 
metabolites323. However, clinical trials have detected an increased risk, albeit low, in the 
GO-treated arm for extended thrombocytopenia and risk of VOD compared to 
chemotherapy alone324. Moreover, due to the intravenous injection route, 
complications from infusion reactions are also associated to GO, which involves a 
response of the host's immune system that can lead to side effects such as fever, chills, 
hypotension, tachycardia, hypoxia, and respiratory failure323,325. 

GO was approved by the FDA in 2017 as a monotherapy and combination therapy 
with chemotherapy for the treatment of newly diagnosed and relapsed and refractory 
CD33-positive AML in adult patients and relapsed and refractory CD33-positive AML 
in pediatric patients326. In 2020, the approval was extended to include newly diagnosed 
pediatric patients from 1 month of age327. In Europe, the EMA approved GO in 2018, 
but only for newly diagnosed patients aged 15 or above that has not received any other 
treatment. Moreover, in the EU, approval was only given to the combination treatment 
with chemotherapy328. 

Many clinical trials have evaluated the efficacy and safety of adding GO to intensive 
chemotherapy regimens. Individual patient data from five of these studies were later 
analyzed in a meta-analysis that included 3300 patients329. In this study, the five-year 
survival rate was used to evaluate treatment efficacy, which indicates a treatment's long-
term benefit, as most AML that will relapse does so during the first two years. Thus at 
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the five-year mark, one can determine how many patients the treatment saved from the 
most critical time in the patient's journey to recovery. 

Without any subcategorization of patients, the meta-analysis estimated that 35,6% 
were still alive in the GO arm at the five-year mark compared to 32.2% in the control 
arm. However, when patients were divided into cytogenetic risk groups, the same 
analysis showed an estimated five-year survival of 77.5% vs. 55.0% in the favorable risk 
group, 40.7% vs. 35.5% in the intermediate risk group, and 9.1% vs. 7.9% (non-
significant) in the adverse risk group. Thus, when put in clear proportions, out of 20 
patients, there were 15 instead of 11 patients still alive in the favorable risk group and 
8 instead of 7 patients still alive in the intermediate risk group at the five-year mark. 
Moreover, it was shown that the combination treatment reduced the risk of relapse but 
did not increase the proportion of patients reaching CR or CRh329. 

Consequently, the clinical data support the use of GO with chemotherapy for 
patients with favorable cytogenetics as four more patients out of 20 were still alive five 
years after diagnosis compared to chemotherapy alone. The benefit is considerably 
lower in the intermediate subgroup as only one more patient out of 20 was still alive 
five years after diagnosis329. In Sweden, it is not recommended to use GO for the 
intermediate risk group because of the uncertainty of the benefit-risk balance from the 
increased side effects and the differences in the chemotherapy regimen between Swedish 
hospitals and the clinical trials287. 

Additional combinations with GO that are currently or have recently been tested 
include an ongoing phase Ib trial with GO and venetoclax in refractory and relapsed 
AML and a phase I study evaluating triplet therapy consisting of GO, the FLT3 
inhibitor midostaurin, and chemotherapy330,331. The maximum tolerated dose from this 
phase I study is now used in phase II trials to test the efficacy in CBF AML 
and FLT3 mutated AML331. Moreover, a phase II clinical study from 2016 concluded 
that the hypomethylating agent decitabine and GO did not improve median OS 
compared to historical outcomes332. Thus, GO with a hypomethylating agent does not 
seem to have potential, especially now when venetoclax and hypomethylating agents 
have emerged as the new standard of care for low intensive treatment242. Therefore, at 
least in the near future, the use case for GO will not be extended to additional 
combinations or patient subgroups. 

In summary, combination therapy with GO and chemotherapy is considered the 
standard of care for de novo CBF AML with favorable cytogenetic risk319. In contrast, 
AML with intermediate cytogenetic risk has only a low benefit from the combination, 
and patients with adverse cytogenetic risk do not benefit from the addition of GO329. 

Differentiation therapy against APL 

APL (about 5% of all AML) deserves a separate subsection of AML treatment because 
of the dramatically improved prognosis in this subtype333. This improvement is due to 
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the exceptionally simple pathophysiology consisting of one driver that can be 
molecularly targeted by Tretinoin, also known as all-trans-retinoic acid (ATRA) 
(Vesanoid), and arsenic trioxide (ATO) (TRISENOX, Teva Pharmaceutical Industries 
Ltd.). These unique attributes have led to a high response rate and few relapses, which 
changed the APL prognosis from a long-term OS of about 60% to a reported OS above 
95% in clinical trials for standard risk APL334-339. However, the clinical trials exclude 
patients with a high risk of early death due to poor performance status, major 
hemorrhage, or life-threatening coagulopathy. This reduces early death to around 5-
8%, but since real-world data indicate the risk of early death to be around 19%, the 
actual OS is about 80% after the introduction of ATRA and ATO, which still makes 
APL the most curable AML subtype today340,341. 

PML-RARα–the main driver of the disease 
Most APL cases are caused by the translocation between chromosome 15 and 
17 t(15;17) (q22;q12-21), resulting in a fusion of the coiled-coil domain of the 
promyelocytic leukemia protein (PML) with the retinoic acid receptor-α (RARα) 
(PML-RARα). In those rare instances when this is not the case (2% of all APL), is 
RARα fused to another fusion partner, such as PLZF or NPM (1% of the cases), or is 
APL diagnosed morphologically without a RARα fusion protein (1% of the cases)342. 
The risk of being diagnosed with APL is almost constant over life, which highlights the 
pathophysiological simplicity of this disease as the PML-RARα translocation is the rate-
limiting event and the main driver of the disease. Thus, other genetic lesions sometimes 
found in APL, such as mutated FLT3 and trisomy MYC, facilitate disease progression 
rather than driving it335. 

APL pathophysiology and therapy 
RARα and other retinoic acid-responsive transcription factors are normally involved in 
inducing cell differentiation and PML in organizing nuclear- domains or bodies, which 
regulate apoptosis, cell cycle progression, senescence, and DNA damage responses343,344. 
However, in the event of the t(15;17), the resulting PML-RARα fusion protein causes 
an arrested differentiation at the promyelocytic stage of granulocytic differentiation by 
attracting co-suppressors that silence the RARα target genes. In addition, the PML-
RARα fusion protein disrupts the formation of nuclear bodies, which results in 
dysfunctional regulation of apoptosis and cellular senescence that contributes to the 
uncontrolled proliferation and inappropriate cell survival seen in the APL phenotype335. 

The therapeutic efficacy of ATRA is explained by its direct binding to RARα, which 
results in the recruitment of co-activators that removes the transcriptional block and 
induces transcription of RARα target genes. High ATRA concentration also leads to 
degradation of the PML-RARα fusion protein through autophagy, allowing WT PML 
to organize nuclear bodies that restore normal regulation of proliferation and cell 
survival335,345. 
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In contrast, ATO directly binds to the PML domain and is more effective than 
ATRA in degrading the PML-RARα fusion protein but does not activate RARα-bound 
genes. The efficacy of ATO is explained by the elimination of the fusion protein by 
proteasome-dependent degradation, leading to the re-organization of PML-nuclear 
bodies and clearance of PML-RARα fusion protein from RARα promotors, which 
restores normal differentiation335,346. 

Interestingly, monotherapy with ATO and ATRA results in a similar long-term OS 
of about 70%, which should be compared >95% (or ∼80% if early deaths are included 
in the analysis) with the combination336-338,340,341,347-349. Moreover, clinical data from the 
1% of APL cases with RARα fused to an alternative fusion partner have shown that 
these subtypes terminally differentiate upon ATRA treatment but are not cleared from 
leukemia, indicating the critical role of the combination treatment for complete 
clearance of the leukemic cells350. Hence, these data demonstrate the synergistic 
relationship between ATRA and ATO and how vital the combination is for optimizing 
the cure rate–i.e., the five-year survival rate that presumably indicates a cure–in PML-
RARα driven APL. 

In summary, the efficacy of this combination treatment is explained by the 
uncommon pathophysiological simplicity in APL paired with the molecular on-target 
effects of ATRA and ATO on the PML–RARα fusion protein335. 

Diagnosis and initial treatment 
At diagnosis, APL is divided into three risk groups (low-, intermediate-, and high-risk) 
that stratify patients into different prognostic groups and determines which therapy 
they will receive. Patients in low- and intermediate-risk groups differ by platelet count, 
and high blast count defines patients in the high-risk group. The low- and intermediate-
risk groups, also known as standard risk APL, are treated the same with a combination 
of ATO and ATRA as frontline treatment. In contrast, high-risk APL requires an initial 
treatment with chemotherapy (idarubicin) to reduce the blast count before initiating 
the ATO and ATRA combination therapy125. Reduction of the blast count is critical in 
these patients because they would otherwise have a high risk of developing severe 
differentiation syndrome. Differentiation syndrome is caused by the large amount of 
maturing granulocytes that suddenly appear with ATRA and ATO treatment. 
Complications occur when the granulocytes move from the circulation to the tissues in 
response to ongoing inflammation, leading to complications that can be life-
threatening351. 

Because of the high efficacy of the combination therapy, death from treatment failure 
is no longer common. Rather most patients die of early death (about 19%) caused by 
bleeding and blood clots, followed by infection and differentiation syndrome during 
the first 30 days after diagnosis341,352. Thus, because of the high risk of fatal bleeding 
and blood clots, it is necessary to start with ATRA and supportive care to mitigate 
bleedings at the first suspicion of standard risk APL followed by ATO when t(15;17) 
is verified. If the analysis shows that APL is not the case, ATRA treatment can be 
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stopped and more suitable treatment initiated instead. However, if the patient has high 
blast counts and thus suspected high-risk APL, ATRA cannot be given since it could 
lead to severe differentiation syndrome. Instead, the t(15;17) must be verified before 
chemotherapy treatment is initiated353. 

In frontline treatment, ATRA is given daily until CR or day 60. ATO is given daily 
for the first five days and then twice weekly for seven weeks, even in cases when CR is 
reached earlier. Patients are checked for CR after four weeks of treatment. If CR is not 
achieved after four weeks, are weekly tests for CR recommended until day 60. If CR is 
not achieved after 60 days, it is necessary to evaluate the situation since the therapy is 
not working satisfactorily. However, CR is usually achieved between day 30 and day 
60. CRMRD- is first checked when the treatment is done. Patients with standard risk APL 
that achieved CRMRD- do not need further MRD monitoring due to the low risk of 
relapse. However, it is recommended that standard risk APL that did not achieve 
CRMRD- and high-risk patients, regardless of the depth of remission, is followed up for 
an additional two years to catch a relapse early353,354. 

Continuous treatment 
The FDA and EMA approved the combination of ATO and ATRA in 2008 and 2010, 
respectively355,356. Since then, relapse is not common anymore. One study estimated the 
4-year hematological and molecular relapse risk is 1% and 0%, respectively, which 
should be compared to 18% and 27% risk with the ATRA and chemotherapy 
combination337. To illustrate how rare relapse is, in Sweden, where only 19 patients per 
year are diagnosed with APL (according to data collected between 2008-2020), the 
estimated number of patients that will relapse from the combination treatment is only 
two patients per 10 years357. 

Thus, with such a low relapse rate, it is understandable that the experience of treating 
patients with relapse from ATRA and ATO frontline treatment is limited. However, 
the first consideration in Sweden is post-remission therapy with ATRA and idarubicin. 
If the treatment achieves CR with MRD, the recommendation is that two rounds of 
conditioning (ATRA and chemotherapy–idarubicin + Ara-C) are used to prepare for 
allogeneic HSCT in cases where a donor is available and autologous HSCT if no donor 
is available. However, autologous HSCT is always preferred for patients where post-
remission treatment achieved CRMRD- (i.e., no detection of PML-RARα by qPCR). 
Moreover, for patients that do not tolerate intensive chemotherapy and are thus 
ineligible for HSCT, the recommendation is to continue with ATRA and idarubicin 
or ATO monotherapy353. The estimated three-year OS after autologous and allogenic 
HSCT is about 80%, and for patients that are not transplanted, about 60%358. 

Summary and future directions 
In summary, the combination therapy of ATRA and ATO for APL patients has 
changed this disease from a relatively poor prognosis to the AML subtype with the 
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highest cure rate. Since the treatment is effective and safe, the highest risk of death is 
due to early deaths, primarily from bleeding and blood clots unrelated to the treatment 
itself. Therefore, new drugs are unlikely to improve the frontline treatment of APL. 
Instead, an early start with ATRA and supportive care for bleeding at the first suspicion 
of APL is vital for improving OS further in this patient group125,340. 
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Present investigation 

Central to the four projects presented in this thesis is the use of OP9M2 stroma for 
supporting human HSPC or primary AML in vitro. Studies on using the OP9M2 
stroma in co-culture and screening small molecules have previously been published and 
are thus the foundation of the work presented in this thesis359,360. The majority of the 
work in this thesis has addressed two main objectives: to identify new differentiation 
therapy of AML (Paper 1) and to identify new extrinsic regulators of HSC (Paper 3). 
We also show a detailed step-by-step protocol that includes all the accumulated 
experience of using the co-culture model for screening small molecules on primary 
AML cells (Paper 2). In addition, this thesis contains a collaboration project that 
utilized the stroma to support the viability of primary AML during genetic 
manipulation in vitro (Paper 4). 
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Results and discussion 

Paper I 

Combinatorial molecule screening identified a novel diterpene and the BET 
inhibitor CPI-203 as differentiation inducers of primary acute myeloid 
leukemia cells 

Most patients with acute leukemia have a poor prognosis. The poor prognosis can 
partially be attributed to the high variance of recurrent genetic abnormalities that pose 
both a challenge and an opportunity for the future development of acute leukemia 
subtype-specific drugs. Also, multiple genetic abnormalities often cooperate, meaning 
that a single drug might not be sufficient to eliminate the leukemic cells effectively361. 
Recent studies have demonstrated that ex-vivo small molecule screening combined with 
genetic and clinical data can effectively identify patient-specific drug susceptibilities362-

364. For that reason, in this study, we utilized a screening platform based on co-culture 
and multiplexed flow cytometry to screen a natural product library on primary AML 
samples. First, to identify differentiation-inducing compounds, and second, to conduct 
a combinatorial screen with a selected hit compound and a small molecule library with 
known drug targets for analyzing the mechanism of action and potential drug 
synergies365. Here we report on an identified natural product of jatrophane type that 
induces a Protein kinase C (PKC) mediated differentiation response in a subfraction of 
FLT3-WT AML samples that appears further bolstered with bromo- and extra-
terminal domain (BET) inhibition. Although PKC agonists are previously known to 
induce AML differentiation and jatrophanes are known PKC agonists, jatrophanes have 
not been studied before in the context of AML differentiation366,367. In addition, our 
study shows that FLT-mutated AML are resistant to PKC-induced differentiation, 
confirming previous understanding that activating FLT mutations suppresses myeloid 
differentiation368. We also show that BET inhibition, which triggered much interest for 
its therapeutic potential in various cancer types, potentially boosts the differentiation 
response from the PKC agonist identified in this study369. These findings illustrate the 
value of unbiased multiplex screening platforms for identifying new compounds and 
developing combination therapies for myeloid neoplasms. Ex-vivo small molecule 
screening combined with genetic data will likely continue to be crucial for discovering 
new therapies. This will ultimately lead to improved precision-based treatment for 
myeloid neoplasms such as acute leukemia, resulting in improved prognosis for many 
patient groups. 
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Results in short 
 We screened 512 natural products on primary AML samples and identified 44 

compounds with differentiation or cytotoxic effect. 
 Of these, we picked a promising molecule with a macrocyclic structure of 

jatrophane type that we refer to as molecule H4. 
 We demonstrate that H4 induces differentiation in a monoclonal primary 

AML sample with P53-null genotype and monocytic FAB-M5 differentiation 
block by inducing immunophenotypic and genetic changes associated with 
differentiation towards the monocytic lineage, which translated to a drastic 
reduction in NSG-S engraftment.    

 We show that differentiation occurs through the PKC and MAPK pathways, 
which leads to the activation of gene signatures of MYC targets and 
inflammatory signaling, including TNF signaling via NF-κB, and INFα and 
IFNγ response. 

 The primary samples that responded to H4 were FLT-WT, with the most 
robust responders belonging to the FAB-M5 type, indicating that mutated 
FLT3 results in resistance to differentiation via the PKC pathway. 

 Combinatorial screening identified a synergistic effect between H4 and a BET 
inhibitor that boosted immunophenotypic differentiation, with the most 
evident effect in FLT3 WT and FAB-M5 AML samples. 

The starting point 
At the outset of this study, our main objective was to identify promising molecules and 
therapeutic targets to develop new differentiation therapy for acute myeloid leukemia. 
To increase the potential of discovering a novel lead compound, we hand-picked 512 
molecules optimized for diversity and potential for further drug refinement from a 
larger library of natural products. Another consideration we took was to screen the 
library in two concentrations on several primary samples, some of which were not 
included in the manuscript due to a lack of genetic data and general responsiveness. 
Below I will discuss some results in more detail that was beyond the scope of the 
manuscript with a focus on future directions. 

The prospects of PKC agonists in therapy 
This part of the discussion focuses on the clinical potential of PKC agonists in cancer 
therapy. Here I will try to answer whether it is realistic that forced activation of PKC 
can lead to a safe and efficacious therapy. 

To start with, PKC is fundamentally an ambivalent drug target. Unlike some kinases 
with one or a few substrates it phosphorylates, PKC activates a large number of 
substrates that regulate many cellular responses that can be somewhat unpredictable as 
a result. The first effects of PKC activation are increased transcription and translation 
and altered regulation of ion channels, receptors, and secretion. These profound 
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alterations affect cells differently depending on cell type and context, including changes 
that induce proliferation, cell death, differentiation, migration, inflammatory processes, 
and altered cell-cell contact and cell morphology370. Hence, the effect can sometimes 
be opposing, which can depend on the cell type, as in the case where one cell type starts 
proliferating and another goes through cell death, or on context, where the same cell 
type responds in an opposing manner depending on the context of the stimulation371,372. 
Therefore, the on-target effects of forced PKC activation are not always the same, 
negatively affecting the predictability and promise of PKC as a druggable target. 

Moreover, PKC is essential for normal cellular function and expressed but not 
necessarily active in all cell types in the body. When activated, the physiological PKC 
response is modulatory in its action on downstream pathways as many feedback 
mechanisms govern PKC signaling370,373. Interestingly, situations with sustained 
elevated activation of PKC are associated with abnormal cell function observed in many 
diseases, such as diabetes, cancer, ischemic heart disease, heart failure, autoimmune 
diseases, Parkinson’s disease, Alzheimer’s disease, bipolar, and psoriasis370. Thus, 
increased activation of PKC is naturally occurring. However, the level and duration of 
PKC activation are still within a relatively modest level compared to the activation that 
occurs from foreign PKC agonists. These PKC agonists, usually obtained from plants, 
induce an irreversible kinase activation due to the cells’ inability to metabolize these 
molecules, which leads to an on-off switch response that is not physiologically normal 
or present in disease states373. Since PKC isoforms have a slightly different mechanism 
of action, it has been suggested that a possible approach to circumvent the toxicity 
would be to target specific PKC isoforms. However, it has been challenging to identify 
isoform-specific PKC agonists that would be efficacious without the undesired side 
effects370. Thus, given the vast amount of cellular responses and the widespread 
expression of PKC, it is not surprising that forced irreversible PKC activation is 
associated with unacceptable off-target effects. Some of these will be addressed more 
below. 

An essential aspect of successful molecule-based therapy is the therapeutic window. 
A therapeutic window can be defined as the range of a drug or its concentration in the 
body that provides safe and effective therapy374. In the case of PKC agonists, this range 
is narrow or arguably even non-existent, meaning that the range between the lowest 
effective concentration and the toxic or even deadly concentration is exceedingly close. 
For example, the identified compound in our in vitro assays indicated a marked 
difference in response between 5μM to 10μM, indicating that 10μM is the 
concentration where the on-off switch effect kicks in. When we increased the 
concentration of our compound in vitro, the positive effect on differentiation did not 
substantially improve. However, had the same titer experiment been done in vivo, we 
would have likely seen unacceptable adverse effects. In support of this assumption, we 
treated mice with MLL-AF9 leukemia with the PKC agonist prostratin in an 
experiment not included in our study. Peritoneal injection of 0.5mg/kg prostratin was 
tolerable for the mice, although with signs of a relatively minor adverse reaction at the 
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injection site as the tissue hardened after repeated injections. However, increasing the 
dose to 1.0mg/kg led to an immediate reaction that killed one of the mice a few seconds 
after the injection, which meant we had to abort the experiment. The acute toxicity we 
observed is in line with a patent application that reported the maximum tolerable dose 
of prostratin to be 0.76mg/kg in mice375. Thus, the safety profile of prostratin is 
abysmal, and this is likely a general feature of PKC agonists due to the irreversible on-
off switch activation they induce. 

Hence, there should not be a surprise that the only PKC agonist that has reached 
medical approval is in the form of a topical cream formulation that was developed by 
the Danish company Leo Pharmaceuticals. Their product, Picato, was recommended 
for treating actinic keratosis, a skin neoplasm with a relatively high risk (0,15% to 80% 
annual risk) of progressing to invasive squamous cell carcinoma without 
treatment376,377. The active reagent in Picato is the natural product ingenol mebutate 
that, similar to the natural product identified in our study, activates PKC and the 
MAPK/ERK pathway378. Since Picato is a topical treatment applied externally on the 
skin, it acts locally by inducing cell death in the neoplastic cells at the application site, 
thereby avoiding the side effects it would have with a systemic administration. Picato 
was launched in 2012, but in 2020, the European Medicines Agency (EMA) decided 
to withdraw the market authorization due to a discovered increased cancer incidence 
rate in patients using the product, which prompted Leo Pharmaceuticals to remove the 
product worldwide379. So, unfortunately, what looked like a good application for a 
PKC-agonist-based treatment would prove unreliable as the benefits were smaller than 
the risks that even the cutaneous application design could not correct for. 

In summary, efficacious PKC agonists without toxic side effects and a narrow 
therapeutic window have not been convincingly proven to exist. It is hard to see how 
novel agents would decouple the toxic effects from the positive effects of PKC 
activation, which is necessary for PKC to become a legitimate target. Therefore, from 
what is known today, the future promise of PKC agonists looks rather bleak. 

Alternatives to PKC agonists 
An alternative approach to the challenging task of identifying efficacious and safe PKC 
agonists is to target similar signaling pathways as the once PKC induces. Some of the 
most robust gene signatures upregulated by H4 identified in this study were the IFNα 
and IFNγ responses. Both IFNα and IFNγ are potential therapeutic candidates for 
AML. Of these two is IFNα better studied as a treatment of hematological neoplasms, 
but IFNγ is also compelling as a PKC-agonist alternative due to its involvement in 
monocytic differentiation380,381. 

Interestingly, lots of data demonstrate that IFNα is an efficacious and safe treatment 
of hematological neoplasms. The experience of using IFNα in the clinic goes back to 
the 80s382. More recently, pegylated-IFNα (peg-IFNα)–i.e., IFNα conjugated to a 
polyethylene glycol moiety for improved pharmacokinetics that gives it a longer-lasting 
effect in vivo–was recently approved as a monotherapy for the treatment of PV by both 
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EMA (2019) and FDA (2021)383. Clinical trials showed that it reduced the blasts and 
the LSC population (JAK2V617F allele burden) with acceptable toxicity compared to 
the control arm, which gave it the green light as a therapeutic option. Notably, the 
relative improvement with peg-IFNα is first seen after longer-term treatment, which is 
possible due to its low toxicity, where year one matched the control (hydroxyurea), and 
year three and five showed superior results compared to the control (best available 
treatment)383,384. Although the approval of peg-IFNα was for PV, based on previous 
clinical experience, clinicians are using IFNα for the treatment of other hematological 
neoplasms, including CML (before TKI revolutionized the treatment of CML and later 
in combination with TKI), aCML, ET, and systemic mast cell disease to name a few382. 
It has also been tested in AML with good results. For instance, a patient with 
transformed primary myelofibrosis with a prognosis of 6 months reached remission and 
continued to stay in peg-IFNα-dependent remission with continuous administration 
for >4 years385,386. Still, and a bit surprisingly, the place for peg-IFNα in the treatment 
of AML is unknown and has thus been pointed out as an area that warrants further 
study381,386. 

In contrast to IFNα, IFNγ is less studied but appears to be an exciting candidate for 
therapy. Its use as a potential differentiation inducer of the monocytic lineage seems 
especially promising since IFNγ is involved in the differentiation of monocytes to both 
dendritic cells and macrophages. For instance, the addition of IFNγ alone is enough to 
differentiate monocytes into macrophages in vitro387. Moreover, including IFNγ in the 
reprogramming protocol of fibroblasts to dendritic cells increased the reprogramming 
efficiency by 20-fold388. Hence, given the central role of IFNγ in the differentiation 
and activation of dendritic cells and macrophages, it would be interesting to explore its 
potential as a differentiation therapy for neoplasms with a differentiation block in the 
monocytic lineage. For in vivo experiments, peg-IFNγ has been developed with a 20-
32 fold longer in-vivo half-life that was efficacious on a xenograft of ovarian cancer 
cells389. Interestingly, there is currently a phase I clinical trial investigating the effect of 
IFNγ as a monotherapy and in conjunction with donor leukocyte infusion for HSCT-
relapsed AML and MDS390. Indeed, as others have alluded to, it will be interesting to 
see if IFN will have a renaissance in the treatment of hematological neoplasms that 
expands its use case beyond the recent market authorization for the treatment of 
PV382,386. 

Combinatorial treatment of FLT3-mutated AML and the implications of mutational 
heterogeneity in screening 
During the revision of this study, the reviewers asked us to explore if FLT3 mutated 
AML were resistant to differentiation. By increasing the sample size, we could see a 
correlation between the FLT3 mutation status and the response to our molecule in 
primary AML samples but not in cell lines. However, in the cell lines, the three 
strongest responders had a differentiation block in the monocytic lineage–which is in 
line with increased sensitivity in the monocytic lineage for PKC agonists–with the most 
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potent response from the FLT3-WT THP1 cell line followed by the FLT3-mutated 
MM6 and MOLM-13 cell lines391. Thus, it appears as the FLT3 mutations also reduced 
differentiation in the cell lines, although the sample size is too small to draw a 
conclusion. Thereby, our study confirms the knowledge from other studies that FLT3 
mutations suppress myeloid differentiation in addition to inducing uncontrolled 
proliferation and boosting cell survival368,392. 

Thus it would have been interesting to test if combination treatment with an FLT3 
inhibitor unlocks or boosts the differentiation response in the FLT3-mutated samples. 
In line with this notion, although very preliminary, an earlier combination screen on 
the FLT3-mutated MM6 cell line showed that this might be the case. The screen 
demonstrated that FLT3 inhibition is highly toxic to MM6 cells and that the 
combination with molecule H4 boosted the differentiation response–albeit with few 
recorded events (data not shown). 

A critical implication for screening for differentiation therapy is that FLT3 mutated 
samples should be considered to be screened in combination with FLT3 inhibitors to 
avoid false negatives. If not performed in the primary screen, it would be recommended 
to do it at least during follow-up experiments once the initial candidates have been 
identified. 

Moreover, the FLT3-mutated differentiation block we highlight in this study is an 
excellent example of how the heterogeneity in underlying mutations results in different 
types of diseases requiring different treatment strategies. This mutational heterogeneity 
has implications for screening. For example, a small molecule screen on only a few 
samples could miss candidates due to the low sample size. Similarly, it should be 
expected that a screen conducted on a larger sample size may result in a response in one 
or only a few samples, with reasons that would be unknown at first but may lead to an 
important discovery if the reason why the sample is responding is found out. However, 
most small-molecule screenings are conducted on a small sample size due to the 
considerable resources it requires, and with that comes the risk that some potential 
patient-specific therapies might not be identified in the screening of a small molecule 
library. 

Screening for molecules that upregulates therapeutically relevant cell surface markers 
An unexpected result from the screen was that treatment with molecule H4 upregulates 
CD123 with a further boost in expression in combination with BET inhibition in a 
subfraction of the samples (data not shown). Since we included CD123 as a primitive 
marker, this upregulation was unanticipated as we expected it to downregulate during 
a differentiation response. Therefore the upregulation of CD123 is not related to 
differentiation, which was further strengthened by the potent upregulation of CD123 
in the AML-2 sample (FAB-M2: neutrophil lineage) that was resistant to H4-induced 
differentiation (data not shown). However, the boosted expression of CD123 is 
interesting since CD123 is evaluated as a therapeutic target for hematological 
malignancies. Indeed, much research in the last decade has been concentrating on this 
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antigen, which has led to the development of multiple strategies to target it, including 
recombinant diphtheria toxin IL-3 fusion protein, antibody-drug conjugates, CAR T 
cells, and monoclonal and bispecific antibodies that utilizes the host’s immune system 
to kill the CD123 expressing cells. Although some of these strategies are inefficient or 
have led to unacceptable bone marrow toxicities, ongoing research aims to minimize 
on-target cytotoxicity while maintaining therapeutic efficiency393. 

Targeted therapy of this type is, for understandable reasons, limited to malignancies 
that express high levels of the targeted antigen. Even then, relapse and treatment 
inefficiencies can arise from therapeutic selection pressure, which allows for the growth 
of cells that lack the targeted antigen or have acquired resistance to the therapy, i.e., 
following the mechanisms of natural selection or survival of the fittest originally laid 
out by Charles Darwin in his legendary book on the origin of species394,395. 

Thus, molecules like H4 that upregulate these druggable antigens are interesting as 
they could make these targeted therapies more efficient. Our screening platform, based 
on the detection of cell surface markers, is therefore well suited for screening molecules 
that upregulate druggable targets, such as the example with CD123. Thus when 
deciding on the objectives of a screen, such as in our case to identify differentiation 
therapy, it can also include the identification of molecules that enhance the treatment 
efficacy of targeted therapies directed towards cell surface markers. 

General conclusion 
The heterogeneity in hematological disease introduces complexity and an opportunity 
for the preclinical research community that works towards bringing safer and more 
efficient precision-based treatment to patients. In this study, we performed a screen to 
identify novel molecules that could lead to new differentiation therapy for subgroups 
of AML patients. Even though our lead compound that activates PKC may not be 
clinically applicable, our study still highlights important aspects for continuous research 
on precision-based treatment. First, AML of the monocytic lineage is sensitive to PKC-
induced differentiation and, by reason, other molecules that induce similar pathways, 
for which IFN is a strong candidate with less toxicity. Second, FLT3 mutations 
introduce a differentiation block with implications for differentiation therapy, where 
combination therapy with FLT3 inhibitors should be considered. This should concern 
everyone working on differentiation therapy, from preclinical research to clinical trials. 

From a personal perspective, I would like to summarize that even though the 
prospect of PKC as a therapeutic target is highly uncertain, our study illustrates that 
the incentives in academia to publish rather than pursue commercial outcomes (which 
allowed us to pursue this study) has its place as it can lead to unexpected discoveries 
that ultimately brings value. Thus, academia and the industry counterbalance each 
other’s strengths and weaknesses and are together a net positive for our society. Since 
incentives influence motivations at all levels of a system’s hierarchy, an essential 
question for people interested in pursuing science should be which incentive structure 
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aligns best with them, i.e., what motivates them more, the pressure to publish, or the 
pressure for commercial outcomes. 

Paper II 

Small Molecule Screening of Primary Human Acute Myeloid Leukemia 
Using Co-culture and Multiplexed FACS Analysis 

Methods for screening and investigating drug responses in primary AML samples are 
more relevant than ever as targeted therapy is becoming more common396. However, 
primary AML cells are notoriously difficult to culture due to their propensity to go 
through cell death and differentiation when placed in inadequate cell culture 
conditions397. The advantage of using primary cells over leukemic cell lines is that they 
represent the full mutational heterogeneity of AML in contrast to cell lines that only 
represent a small number of AML subtypes that also lacks mutational authenticity from 
prolonged in vitro culture397. Thus an appropriate cell culture strategy of primary AML 
cells must be selected to get reliable results during drug screening and mechanistic 
studies. The various cell culture strategies that support primary AML cells ex vivo are 
designed to recreate the supportive conditions from the bone marrow or compensate 
for the lack of support in the cell culture dish by using supportive feeder cells, cytokines, 
or small molecules360,398. Our approach to creating a supportive in vitro condition is 
based on co-culture with a subclone of OP9 stromal cells (OP9M2) and myeloid 
cytokines that promote survival and hinder culture-induced differentiation of primary 
AML cells360,399. Here we describe how to use this co-culture system for small molecule 
screening and mechanistic studies. Although sample heterogeneity still impacts the 
extent of what the co-culture and screening platform is capable of, in general, the 
benefit of this cell culture method includes preservation of cell surface markers, support 
of cellular growth, and prevention of cell death in most samples360,399. Because flow 
cytometry is used in the readout, physical and chemical characteristics can be detected 
on a single-cell level, which allows for the analysis of subpopulations in individual 
samples. Moreover, the readout using flow cytometry is highly adjustable to the study 
objective, and multiple variables can be assayed simultaneously, such as cell survival, 
apoptosis, cell growth, cell cycle, cell differentiation, stemness (LSC subpopulations), 
and the upregulation of druggable cell surface markers. Hence, this cell culture and 
screening method can identify novel therapeutic agents or explore drug repurposing, 
drug synergism, patient selection, mechanism of action analysis, and drug resistance. 
As targeted therapies for AML are becoming more common, methods for screening and 
investigating drug responses in primary AML samples are more relevant than ever396,397. 
Methods for small molecule screening and mechanistic studies of primary AML samples 
will continue to be crucial for developing new therapies, ultimately resulting in 
improved outcomes for many patient groups. 
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Results in short 
 We describe a step-by-step protocol for how to use OP9M2 stromal cells for 

small molecule screening of primary adult and pediatric AML cells, which 
include the procedures: 

o How to thaw OP9M2 stromal cells and primary AML cells. 
o How to culture OP9M2 cells and plate them with primary AML cells 

in 96 half-area well plates. 
o How to add small molecules. 
o How to perform the readout using a flow cytometer equipped with a 

high throughput sampler (HTS). 
o How to analyze the data using FlowJo. 

Paper III 

Identification of extrinsic regulators of human hematopoietic stem cells 
using an shRNA screen in mesenchymal stromal cells 

A driving force behind the study of HSC self-renewal stems from the fact that the 
transplanted cell number has a linear correlation to the recovery time of the new blood 
system. Thus, an adequate amount of cells must be transplanted as it otherwise can lead 
to opportunistic infections and graft failure107. Since the cell number is a limiting factor 
in some applications, such as for UCB transplantations to adults and in some cases of 
autologous gene therapies, a robust approach for expanding HSPC would unlock the 
untapped potential of many applications in need of higher cell numbers before 
transplantation108. The expansion of cells in vitro requires an artificial environment that 
bolsters the natural processes of symmetric cell division and cell survival. One cell type 
closely associated with HSPC in vivo is the MSC, which expresses many of the known 
HSC niche factors, such as SCF, the ANGPTL family, and CXCL12400-404. In ex 
vivo co-culture, MSC supports the engraftment potential of HSC, but the 
mechanisms are still largely unknown, suggesting that MSC is a good screening model 
for extrinsic regulators of HSC function405. Here we generated a list of potential HSC 
regulators by comparing the gene expression of a non-supportive (BFC012) vs. 
supportive MSC-derived feeder cell line (OP9M2)405,406. We also show the results from 
an shRNA knock-down screen for proteins expressed in the OP9M2-MSC extracellular 
environment that we assay for HSPC supportive capacity by co-culture of UCB derived 
HSPC with flow cytometry as readout. Unfortunately, the shRNA screen failed to 
identify leads for further exploration, which likely had to do with a suboptimal 
screening approach based on RNA interference. Regardless, our results demonstrate 
that factors in the vicinity of the MSC microenvironment are more critical than 
secreted factors, and we present a list of potential regulators that should still be useful 
for identifying new regulators of HSC. Thus, we anticipate that our candidate list can 
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be a resource for other studies aiming to identify HSC niche factors. Even though our 
screen failed to identify any leads, improving the screening methodology with 
CRISPR/Cas9 could make these screens valuable. Improvements in ex vivo culture 
conditions are needed as they will contribute to the development of genetic 
engineering-based applications and potentially make UCB a trusted and reliable source 
for HSCT108. Thus, this will ultimately lead to better therapy for both non-malignant 
and malignant diseases of the hematopoietic system. 

Results in short 
 We demonstrate that the ex vivo MSC support of HSPC relies on cell-cell 

contact by showing that transwell inserts and OP9M2 conditioned media is 
inferior to co-culture. 

 We provide a candidate list of proteins expressed by the MSC cells in the 
plasma membrane or the extracellular matrix with potential HSC regulatory 
functions. 

 Of these candidates, we screened 74 genes for their supportive effect of HSPC 
using a screening methodology based on RNA interference, MSC-HSPC co-
culture, and flow cytometry.  

 The screen failed to identify any leads, which reasons we elaborated on and 
suggested possible improvements for in the discussion. 

Paper IV 

Inducing synthetic lethality for selective targeting of acute myeloid leukemia 
cells harboring STAG2 mutations 

The improved recognition of disease heterogeneity in AML has opened up the 
floodgates for developing precision medicine. Precision medicine is tailored treatment 
optimized for therapeutic benefit in individual patient groups. Thus, precision 
medicine represents the next phase of development from the standardized cytotoxic 
chemotherapy that follows the one-drug-fits-all model that, notably after its 
introduction about 50 years ago, still is the mainstay therapy for most AML 
subtypes229,407. One mechanism that precision-based therapy can be designed to exploit 
is known as synthetic lethal interaction, which occurs in situations where the expression 
of two genes must be intact for the cell to stay viable. This phenomenon is exploitable 
in cancer cells with one of the genes mutated, which makes them compared to healthy 
cells disproportionally vulnerable to perturbation of the second gene. An example of 
gene pair with a synthetic lethal interaction is the paralogue genes STAG1 and STAG2, 
which are part of the cohesin complex. STAG1 and STAG2 partially overlap 
functionally with redundancy in mediating cohesion between sister chromatids during 
cell division408,409. Mutations in subunits of the cohesin complex are mutually exclusive 
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and found in 5.9% of all AML with a frequency of 1,8% and 1,3% 
for STAG1 and STAG2, respectively, which makes them the two most commonly 
mutated subunits in the cohesin complex410. However, although the synthetic lethal 
interaction between STAG1 and STAG2 genes is known earlier, the possibility of 
exploiting this vulnerability in primary AML cells has not been demonstrated. Here we 
show that knocking down STAG1 in STAG2-null primary AML cells results in a 2-5 
fold reduction in cell expansion in vitro and a nearly complete depletion of engrafted 
cells at week 16 in NSG-S mice. Moreover, using UCB-HSPC cells, we demonstrate 
that STAG1 knockdown is well tolerated by HSPC, while it negatively affects 
proliferation in STAG2-KO HSPC, demonstrating the synthetic lethal interaction in 
healthy cells. These results demonstrate a proof-of-concept for the value of selectively 
targeting STAG1 within the hematopoietic system, further strengthening the rationale 
for developing targeted therapies toward STAG1 in hematological disease. Strategies 
suggested for targeting STAG1 include induction of protein degradation via 
PROteolysis TArgeting Chimera (PROTAC) technology and small molecule blocking 
of the STAG-RAD21 protein interaction411. Noteworthy, these potential therapies 
must have specific ligandability to STAG1 to be successful since unspecific affinity 
would create synthetic lethality in normal cells412. Looking ahead, improvements in 
AML treatment will utilize an in-depth understanding of disease heterogeneity to target 
AML subtype-specific weaknesses with the broad arsenal of tools developed for 
precision medicine407. This exciting development will ultimately lead to improved 
prognosis for many patient groups, which is a source of motivation for the continued 
effort in bringing precision-based therapy to the clinic. 

Results in short 
 We demonstrate that knockdown of STAG1 in STAG2-null HSPC and 

primary AML cells leads to reduced cell viability through synthetic lethality 
both in vitro and in vivo. 

 In contrast, the knockdown of STAG1 in STAG2-WT HSPC is well tolerated 
both in vitro and in vivo. 

 Importantly, this study demonstrates the first proof-of-concept of STAG1 and 
STAG2 mediated synthetic lethality in primary AML cells. 
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