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Abstract: In spite of therapeutic improvements in the treatment of different hematologic malignancies,
the prognosis of acute myeloid leukemia (AML) treated solely with conventional induction and
consolidation chemotherapy remains poor, especially in association with high risk chromosomal
or molecular aberrations. Recent discoveries describe the complex interaction of immune effector
cells, as well as the role of the bone marrow microenvironment in the development, maintenance
and progression of AML. Lipids, and in particular omega-3 as well as omega-6 polyunsaturated
fatty acids (PUFAs) have been shown to play a vital role as signaling molecules of immune processes
in numerous benign and malignant conditions. While the majority of research in cancer has been
focused on the role of lipid mediators in solid tumors, some data are showing their involvement also
in hematologic malignancies. There is a considerable amount of evidence that AML cells are targetable
by innate and adaptive immune mechanisms, paving the way for immune therapy approaches in
AML. In this article we review the current data showing the lipid mediator and lipidome patterns in
AML and their potential links to immune mechanisms.
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1. Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a complex and biological heterogenous disease. Different
mutations lead to alterations in the differentiation of hematopoietic stem cells and are responsible for
the accumulation of immature leukemic blast cells in the bone marrow and peripheral blood. AML
accounts for approximately 20% of all deaths due to hematologic malignancies, while only comprising
12% of all new cases [1].

The relapse rate after conventional induction chemotherapy is high, particularly in association
with adverse chromosomal or molecular aberrations. Therapeutic advances in AML in recent years are
mainly attributed to progress in hematopoietic stem cell transplantation techniques and advances in
supportive care.

Increasing evidence suggests that AML as well as other malignancies are sustained by a minor
subpopulation with self-renewal potential, referred to as “leukemic stem cells” (LSC) [2], which have
been shown to be more quiescent than the bulk of leukemic cells [3]. Current treatments utilizing
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cytotoxic agents aimed at proliferation might therefore not target LSCs adequately, which in turn can
survive treatment and ultimately lead to relapse. Gene expression analyses have shown that LSCs
have a similar gene expression profile compared to hematopoietic stem cells (HSC) [2] and that a
stem cell rich expression signature in AML blasts correlates with worse prognosis [4]. The knowledge
concerning biology and pathophysiology of LSCs has drastically improved over the past decades [5].
It has become especially clear that the microenvironment surrounding tumor cells plays a vital role
in carcinogenesis, and growing evidence suggests that it also plays a central role in how tumor cells
interact with the immune system [6].

The concept of the elimination of minimal residual disease by immunotherapy has shown to
be successful—as a proof of principle—in allogeneic hematopoietic stem cell transplantation for
postremission therapy, leading to long lasting remissions in a significant proportion of AML cases.

For patients ineligible for transplantation, alternative therapeutic strategies are mandatory.
Immunotherapeutic approaches for clearing of evading AML cells from the stem cell niche involve
different monoclonal antibodies including check point inhibitors, adoptive transfer of NK and T cells,
T-cell engineering, systemic cytokine administration, and vaccinations with different approaches such
as peptides, modified leukemic cells, and dendritic cells [7-10].

In this context, there has been increased interest in research aimed at lipid mediators such as
prostaglandins, as well as other lipid species and their associated regulatory networks, as these can
be critical components affecting tumor cell biology, tumor microenvironment, and thus immune
mechanisms affecting AML biology as well as response to treatment approaches.

In the following sections we aim to highlight aspects in the field of lipid and lipid mediator biology.
In this context immune mechanisms affected will be addressed in order to explore potential links to
immunotherapy in the context of hematologic malignancies in general and in AML in particular.

2. Lipids and Fatty Acids in Hematologic Malignancies

Asreviewed before, lipid species and the lipidome are highly abundant and essential components of
human cells and tissues [11]. Many of these lipid species (e.g., eicosanoids, sphingolipids, glycerolipids)
were shown to be changed in the context of tumor disease and might serve as markers as well as
targets for new treatment approaches in malignant disorders. Particularly in the context of the
tumor surrounding microenvironment lipid species could be important—and modifiable—targets in
oncology [12].

Beside an increased de novo synthesis of fatty acids that is required for membrane synthesis
and therefore for cell growth and proliferation, AML cells might have an increased lipid catabolism.
Fatty acid oxidation (FAO) has been recognized as a relevant component of the metabolic switch in
cancer cells where FAO is used for ATP production in conditions of metabolic stress [13]. Indeed,
recent in vitro studies have shown that distinct genetic changes in AML are associated with enhanced
dynamics and metabolism of lipid species in AML cells [14].

Data from the late 1970s found altered lipid compositions of AML cells with a decreased total
cholesterol and cholesterol-to-phospholipid ratio, and an increased percentage of unsaturated fatty
acids when compared to normal mature neutrophils, but these patterns might be shared by normal
immature myeloid cells [15].

Recent studies also demonstrated wide-ranging changes in the plasma [16] as well as bone
marrow [17] lipidome in patients with AML. Total plasma fatty acids were found to be depressed
in plasma from AML patients, with the attenuation of plasma phosphocholines, triglycerides, and
cholesterol esters [16]. However, free fatty acids such as arachidonic acid (AA) 20:4 n-6 and the
corresponding precursors gamma-linolenic acid 18:3 n-6 and 8,11,14-eicosatrienoic acid 20:3 n-6 were
increased, while many prostaglandins such as PGE2 and 15-keto-PGF2x were reduced in these plasma
analyses. Interestingly, AA as well as gamma-linolenic acid 18:3 n-6 and 8,11,14-eicosatrienoic acid 20:3
n-6 tended to be increased slightly more in patients with higher blast counts [16]. While only observed
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in plasma, and in a very heterogeneous patient population, these observations might indicate a role for
AA in the malignant phenotype of AML.

3. Omega-6 and Omega-3-Polyunsaturated Fatty Acids and Their Derived Lipid Mediators in
Inflammation

Of particular importance with regard to immune processes are lipid mediators derived from
long-chain polyunsaturated fatty acids (PUFA) and in particular arachidonic acid (AA). The PUFA
are grouped according to the position of the first double bound, counting from the first methyl-, or
“omega”-group. Two groups of PUFAs are important for human physiology: omega-6-PUFA and
omega-3-PUFA. They are termed essential, since mammals cannot synthesize them and they have to be
ingested with the diet in sufficient amounts.

Concerning omega-6-PUFAs, arachidonic acid (AA) and linoleic acid (LA) are the main components.
Most mammals can synthesize AA from LA through enzymatic conversion by desaturases. The most
important omega-3-PUFAs are o-linolenic acid (ALA) 18:3n-3, eicosapentaenoic acid (EPA) 20:5 n-3
and docosahexaenoic acid (DHA) 22:6 n-3.

From these PUFA numerous potent lipid mediators are formed (Figure 1). Especially those lipid
mediators derived from the omega-6-PUFA arachidonic acid (AA) have been studied intensively. AA
is cleaved from its site within phospholipids in the cellular membrane by phospholipase C and A2.
Then, AA is further metabolized by two main groups of enzymes: the cyclooxygenases (COX-1 and
COX-2) and the lipoxygenases (LOX-5, LOX-12, LOX-15) [18].
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The most important enzymes in this pathway are the cyclooxygenases (COX) or prostaglandin
endoperoxide H synthases. Two isoforms were identified in the late 1980s and early 1990s. The two
cyclooxygenases, COX-1 and COX-2, though derived from different genes of different size, are highly
homologous in sequence and three-dimensional structure [19]. They are capable of converting
arachidonic acid into prostaglandin (H2), which then is transformed further into prostaglandin E2
(PGE2), amongst others.

PGE?2 is the most abundant eicosanoid and has been shown to be a crucial mediator of inflammation,
fever, cancer and numerous other physiological systems [20-22]. Elevated PGE2 concentrations can be
detected in inflamed tissue and the injection of PGE2 causes inflammation [23]. Another lipid mediator
derived from AA is thromboxane A2 (TXAZ2), which is important for platelet function. The effects
of PGE2 are mediated through four membrane-bound G-protein coupled receptors—EP1, EP2, EP3,
and EP4 [24]. EP1 induces intracellular calcium level variation [25]. EP2 as well as EP4 stimulate
cAMP production, which leads to gene regulation. In contrast, EP3 is coupled to Gi and inhibits
cAMP production [24]. These receptors differ slightly in their binding characteristics for PGE2 (and
to some extent other prostaglandins), as well as their signaling mechanisms, further contributing
to a differential biological response due to PGE2 [26,27]. Local amounts of PGE2 are controlled
by 15-hydroxyprostaglandin dehydrogenase (15-PGDH) mediated degradation. Overexpression of
15-PGDH can protect from carcinogenesis [28,29] while downregulation of this enzyme can contribute
to tumor progression [30,31].

Further groups of lipid mediators derived from AA are the leukotrienes and lipoxins. These
are formed by the lipoxygenases. Leukotrienes have pro-inflammatory properties and contribute
mainly to allergic reactions, but also play a role in infections and carcinogenesis [18]. Lipoxins are
mediators with anti-inflammatory properties [32,33]. Interestingly, it could be shown that under the
influence of acetylsalicylic acid (ASA) also the COX enzymes can synthesize potent lipoxins, the so
called Aspirin-triggered-lipoxins (ATLs) [32,34].

Omega-3-PUFAs were first postulated to act as anti-inflammatory compounds through the
competitive inhibition of PGE2 formation and to a certain degree, EPA and DHA do inhibit
the formation of AA derived lipid mediators [35]. Studies have shown increased formation of
omega-3-PUFA derived prostaglandins (i.e., PGE3) and decreased formation of AA derived mediators
(i.e.,, PGE2) caused by increased intake of dietary omega-3 PUFA [35,36]. Mechanistically, eicosanoids
derived from omega-3-PUFA seem to have a lower biological effect than their omega-6-PUFA derived
counterparts [37,38]. However, there is also evidence for some distinct functionality, since PGE3 could
be shown to have an inhibitory effect on tumor cell growth in vitro [39]. The same is true for the
leukotrienes derived from omega-3-PUFA. For example, for leukotriene B5, which is formed through
enzymatic conversion by 5-lipoxygenase. Asthmatic subjects receiving omega-3 supplements showed
decreased formation of leukotriene B4 (omega-6-PUFA) and increased formation of leukotriene B5
while displaying improved pulmonary function compared to the control group [40].

In addition to these prostaglandin and leukotriene mediators further omega-3-PUFA derived lipid
mediators also play important roles in the course of inflammation. Through enzymatic conversion by
lipoxygenases, COX enzymes or cytochrome P450 enzymes, the omega-3-PUFAs DHA and EPA can
be converted into potent anti-inflammatory oxylipin mediators [41-43]. Particularly the Specialized
Proresolving Mediators (SPM) derived from omega-3 PUFA, the resolvins, maresins and protectins
were characterized in detail since their initial discovery in 2000 [44] and were found to widely regulate
immune cell function [33].

Beside the receptors on the cell membrane like EP1-3, transcription factors from cytoplasm and
nucleus play an important role in the signaling of inflammatory process and their key mediators.
The Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors
belonging to the nuclear receptor family. Their three subtypes, PPAR«, PPARB/5, and PPARy have
different expression levels in various tissues, biological activity and ligand affinity [45,46]. PPARs are
important players in the lipid signaling network between the cell surface and the nucleus. Fatty acids



Int. ]. Mol. Sci. 2019, 20, 2425 50f17

and eicosanoids which also signal through membrane receptors are natural PPAR ligands. For example,
PPAR-o is activated by different compounds including arachidonic acid metabolites (LTB4), fibrates
and eicosanoids or prostaglandin J2 (15d- PGJ2) is a ligand of PPAR~y. The activation of PPAR was
shown to inhibit the transcription of inflammatory response genes (such as IL-2, IL-6, IL-8, TNF-o) by
negatively interfering with the NF-«kB, STAT and AP-1 signaling pathways [47]. It is suggested that
PPARYy as a transcription factor and its ligands contribute in regulation of a variety of factors related
to tumorigenicity [48]. PPARy could be a target for AML treatment, several ligands with potential
anti-leukemic effects have been identified [49].

The nuclear factor NF-kB is part of this lipid signaling network. NF-«kB influences, as a
rapid-acting transcription factor, many processes including immune response and inflammation.
Five different proteins (IkBs) inhibit NF-«B in unstimulated cells. NF-«kB Proteins are activated through
phosphorylation of IkB proteins by the ikB kinase compleX, the result is the translocation of NF-«B to
the nucleolus. Via TNF- and IL-receptors on the cell surface, proinflammatory cytokines like TNF-o
and IL6 activate NF-kB and Stat-3 System. NF-«B itself induces the transcription of TNF-oc and with
the expression of COX-2 the release of PGE2 [50].

The involvement of TNF-o/NF-«kB and IL6/Stat3 pathways in tumorigenesis have been confirmed
in a series of mouse models of GI malignancy focusing on inflammatory network of the tumor
microenvironment [51,52].

4. Inflammatory Mediators, Inmune Function, and Tumor Progression

In the tumor microenvironment, a variety of inflammatory mediators, such as cytokines (IL-6, IL-10,
VEGEF, TNF«, and TGEf), chemokines (CCL20 and CXCLS8) as well as lipid mediators (such as PGE2) are
continuously produced [53]. These mediators are postulated to form a critical interface between immune
and neoplastic compartments. Not only do they continuously support tumor survival and expansion,
but suppress the function of immune cells, notably, dendritic cells (DCs)—the powerful antigen
presenting cells that are crucial for induction of tumor-specific immune responses [53]. In a study from
Sombroek et al. examining the supernatants of primary tumor cells (colon, breast, renal cell carcinoma,
and melanoma), negative impact on DC development by the factors contained in the supernatants
could be demonstrated. Among the factors for which hampering of the differentiation of DCs is known
(IL-10, TGE-B1, VEGEF, IL-6, M-CSEF, and PGE2), only PGE2 was present in such concentrations in the
tumor supernatants to show inhibitory effects on the acquisition of DC morphology [54]. Paradoxically,
PGE2 also enhances the maturation, migration, and antigen-presenting capacity of DCs. In an effort to
explain these seemingly contradictory effects a recent study by Shimabukuro-Vornhagen et al. suggests
that whether PGE2-treatment results in inhibition or stimulation of T-cells is dependent on the DC
to T-cell ratio during their interaction, showing an inhibitory effect at high DC to T-cell ratios [55].
The authors go on to speculate that this mechanism could serve as a counter-regulatory response in the
context of physiologic immune response: Further T-cell activation then would be limited once a large
number of mature DCs have accumulated [55].

However, other cell types actively contribute to the immunosuppressive environment within
tumors. Myeloid-derived suppressor cells (MDSC) have been found in various cancers. MDSC consist
of immature myeloid cells and display a diversity of phenotypes, whereby factors contained in the
tumor microenvironment seem to have a major effect on their phenotype and function [56]. They are
capable of suppressing adaptive and innate anti-tumor immune responses [57]. PGE2 has emerged as
a key molecule in MDSC biology [58]. It not only induces the formation of MDSC (through the EP2
receptor) [59], but also promotes MDSC recruitment to the tumor microenvironment and stabilizes the
MDSC phenotype [58].

It has been shown recently that the COX2/PGE2 pathway is involved in the regulation of immune
checkpoints by influencing the programmed cell death ligand 1 (PD-L1) expression in tumor-infiltrating
bone marrow derived myeloid cells, primarily MDSC and macrophages, and that the inhibition of
PGE2 formation is able to attenuate the tumor induced PD-L1 expression [60].
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Aside from MDSC, regulatory T-cells or Tregs play a role in tumor immune escape. These cells
infiltrate the tumor microenvironment and dampen anti-tumor immune responses by inhibiting effector
T-cell function [61]. Though the specific mechanisms are yet to be elucidated. Further, Tregs seem to
suppress T-cell activity in a PGE2-dependent manner, which can be reversed by COX-2 inhibitors or
EP-receptor antagonists [62]. Beside the mediation of suppressive functions COX-2 derived PGE2 from
DCs enhances the generation of Tregs and their expansion [63,64]. In peripheral blood of AML patients
the frequency of Tregs is significantly higher in comparison to healthy individuals [65].

Data from a murine AML model show that PD-1 signaling and regulatory T-cells collaborate to
resist the function of cytotoxic T lymphocytes in advanced AML [66].

One report investigated the role of COX-2 inhibition on indoleamine 2,3-dioxygenase 1 (IDO1)
mediated immune dysfunction in AML [67]. IDO1 has been shown to contribute to activation of
Tregs, which in turn hamper anti-cancer immunity. In the report by Iachininoto et al., the authors
were able to show in vitro that inhibition of the COX-2/PGE2 pathway reduced the expression of
IDO1 and inhibits the formation of Tregs [67]. These data, together with the observation that those
AML-patients presenting with a high frequency of Tregs at diagnosis were shown to have worse
responses to induction chemotherapy, have potential implications to optimize immunotherapeutic
approaches [68]. PGE2 thus has a central role in the modulation of immune function as is summarized
in Figure 2.

| PGE2 |

| | I
NE P € ° @

low DC /T cell ratio high DC /T cell ratio Treg MDSC

T cell T cell

Figure 2. Effect of PGE2 on anti-cancer T cell activity. PGE2 has a differential impact on T cell
activity, showing stimulatory effects at low DC/T cell ratios, but suppressive effects as DC numbers
increase. PGE2 increases activation of Tregs and is involved in MDSC formation, which in turn
hampers anti-cancer immunity. MDSC: myeloid derived suppressor cell; Treg: regulatory T cell; DC:
dendritic cell.

Another approach to modify immunotherapeutic approaches could be based on omega-3
PUFA-derived SPM, which have recently been shown to decrease tumor debris-associated
inflammation in an experimental model of tumor debris-stimulated tumor cell proliferation and
macrophage-associated inflammation. Compounds such as resolvin D1 (RvD1), RvD2, and RvE1
were able to increase macrophage phagocytosis of tumor cell debris and to decrease the release of
cytokines/chemokines from human macrophages stimulated with cell debris [69].
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5. PUFA-Derived Lipid Mediators in Benign Hematopoiesis

Aside from the presence and effects in terminally differentiated blood cells, the expression and
the function of COX isoenzymes and lipid mediators formed by these enzymes in hematopoietic
progenitors and precursors remain subject of investigation [70]. Studies in the last decade have provided
some insights into the role of the eicosanoid PGE2 in hematopoietic regulation [20]. In particular
the stable PGE2-derivative 16,16-dimethyl-PGE2 (dmPGE2) was shown to increase the frequency of
long-term repopulating hematopoietic stem cells (HSCs) in irradiated murine bone marrow [71]. This
effect was further enhanced by combining dmPGE2 treatment with DPP-4 inhibition using sitagliptin
in a mouse model [72].

Furthermore, HSCs pulsed with PGE2 were shown to display a higher (short term) competitiveness,
as determined by a head-to-head comparison in a murine competitive transplantation model [20,21,73].
In the context of HSCT, trafficking of HSCs from the peripheral blood to bone marrow niches in the
recipient patient, i.e., HSC homing, has been shown to increase under the influence of PGE2 [20].

Improving engraftment is especially relevant in the context of umbilical cord blood (UCB)
transplantation. UCB transplantations offer some advantages over other sources of HSC, such as lower
immune-matching requirements and to some degree a higher availability as UCB is cryopreserved [74].
However, the main pitfall of UCB transplantation is less efficient engraftment than in HSCT from other
sources. Utilizing dmPGE2-treatment, Cutler et al. could show promising results in a phase I study
by ex vivo-pulsing of UCB with dmPGE2 [75]. Furthermore, also inhibition of 15-PGDH, and thus
increase of local PGE2 concentration can contribute to bone marrow transplant recovery [76].

Within the bone marrow, PGE2 is secreted by osteoblasts in large amounts, and given their close
physical proximity to HSCs in the bone marrow niche, PGE2 is available to HSCs for the paracrine
regulation of stem and progenitor function [20].

Historically, however, there has been conflicting data on whether PGE2 stimulates or inhibits the
growth of hematopoietic progenitor cells. Older studies demonstrated an inhibitory effect of PGE2 on
mouse and human myeloid progenitor cells in vitro [77,78]. Further studies revealed that dose, timing,
and duration of PGE2-exposure are critical for positive or negative effects on proliferation. Since PGE2
is also produced by the hematopoietic cells themselves, it is therefore postulated that PGE2 might act
as a feedback regulator of myelopoiesis [20]. Together, these data suggest that in benign hematopoiesis,
PGE2 plays a central role in the HSC niche (Figure 3).

In addition to these data, recent studies in zebrafish and mice have identified the arachidonic-acid
derived cytochrome P 450 metabolite 11,12-eipoxyeicosatrienoic acid (11,12-EET) as potent factor to
increase embryonic hematopoiesis and adult marrow engraftment [79,80].
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Figure 3. Lipid mediators in benign and malignant hematopoiesis. In benign hematopoiesis, PGE2 is
secreted in large amounts in the osetoblastic niche and increases stem cell homing, and long-term LSC
numbers. The role of lipoxins is still not fully understood, however lipoxins are required for stem cell
quiescence and long-term renewal. In AML, LSC are considered to be chemoresistant and responsible
for disease relapse. Self-renewal and maintenance of LSC in the bone marrow niche are increasingly
better understood and growing data show alterations of lipid pathway enzymes suggesting eicosanoid
pathways are active in leukemic blasts. HSC: hematopoietic stem cell, LSC: Leukemic stem cell; CAR
cell: CXCL12-abundant reticular cell; PGE2: Prostaglandin E2; EP2: Prostaglandin E receptor 2; EP3:
Prostaglandin E receptor 3; PLA2: Phospholipase A2.

6. PUFA-Derived Lipid Mediators in Malignant Hematopoiesis

While omega-3 PUFA have been widely implicated in anti-tumor effects in a variety of solid tumors,
albeit with mixed results [81], data in hematological malignancies are sparse. In a review published
by Betiati et al., a Scopus and PubMed database search between 1998 and 2012 returned 6 studies
published on the subject of the effect of omega-3-PUFAs on hematological malignancies [82]. Since then,
only few publications regarding effects of omega-3 PUFAs in hematological malignancies have been
published. There is some evidence showing a lower incidence of non-Hodgkin lymphomas (NHLs) in
patients on a diet high in omega-3-PUFAs [83]. Another study established higher omega-3-PUFAs in
NHL patients in remission as compared to those with active disease [84] and recent data implicate low
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plasma omega-3-PUFAs as marker of inferior prognosis in diffuse large B-cell lymphoma [85]. However,
no reduced risk with higher omega-3 PUFAs for lymphoid and myeloid leukemia could be detected
so far [86]. In the context of ALL omega-3-PUFAs were shown to be able to lower treatment-related
hypertriglyceridemia [87]. Noteworthy is a small recent study with a total of 22 leukemia or lymphoma
patients in which a prolonged overall survival time of patients receiving fish oil (2g/d) was shown. These
observations might indicate that EPA and DHA improve the response to treatment with conventional
chemotherapy in hematological malignancies [88]. In vitro data show an inhibition of cell growth in
AML cell lines by EPA and DHA [89,90]. In the erythrocytes of multiple myeloma (MM) patients,
Jurczyszyn et al. demonstrated a decreased n-3/n-6 ratio and lower levels of EPA, despite higher levels
of its precursor, «-linolenic acid, were measured. This might suggest an impaired functionality of
desaturase and elongase enzymes in these patients [91]. A recent systematic review has assessed the
current knowledge regarding the omega-3 PUFA EPA and DHA in the context of cells and models of
malignant hematopoiesis [92]. There is a wealth of data gained in different cell models, but generally
accepted mechanisms, and applicability in vivo and in humans, are still uncertain.

In contrast to this rather limited experimental evidence regarding omega-3 PUFA in the context of
malignant hematopoiesis, the main focus of research in this field has been the omega-6 PUFA derived
PGE2. Transcript levels of soluble phospholipase A2 (PLA2) subtypes IB and X have been shown to
be upregulated in AML blasts compared to control blood mononuclear cells [93]. This finding might
be significant since the enzymatic activity of PLA2 releases the eicosanoid precursor, arachidonic
acid (AA) from membrane phospholipids for the generation of COX- and lipoxygenase-derived lipid
mediators and is in keeping with the higher levels of free AA observed recently in plasma from AML
patients [94].

PGE2 might normally act as a feedback regulator of myelopoiesis as described above [20].
However leukemic cells were shown to be resistant to this feedback mechanism seen in benign
hematopoiesis [77,95,96]. Furthermore, insensitivity to PGE2-mediated growth inhibition in marrow
cultures from patients with myelodysplastic syndrome preceded the patient’s progression to acute
leukemia [97]. In keeping with these results, the overall incidence of hematologic malignancies seems
not to be reduced by long-term intake of the COX-inhibitor acetylsalicylic acid [98].

In contrast, treatment of mice with indomethacin (a COX inhibitor and thus inhibiting PGE2
synthesis) prior to injection of erythroleukemia cells significantly reduced the number of leukemic
cells in both spleen as well as bone marrow [99]. Additionally, Wang et al. could demonstrate a
marked reduction of leukemia-initiating cells in a murine limiting dilution transplant assay after
treatment with indomethacin [100]. These data indicate a role for COX-metabolites in the proliferation
of leukemic cells.

While COX-1 and COX-2 transcripts can be detected by polymerase chain reaction, the COX-2
protein is not present in primary AML and ALL blasts which is concordance with in vitro data from the
human promyelocytic leukemia cell line HL-60 [70,101]. However, AML blasts were shown to express
COX-1 [101]. Interestingly, constitutive expression of COX-1 can be upregulated by tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) in HL-60 cells. This is accompanied by an increase
of PGE2 synthesis and shows a protective effect towards TRAIL-induced apoptosis [70]. Similarly,
AML cells treated with doxorubicin showed overexpression of multidrug transporter MDR1 triggered
by increased PGE2-formation, and thereby decreased cytostatic efficacy of doxorubicin [102]. These
studies suggest that protective mechanisms of the leukemic blasts to avoid eradication are—at least in
part—mediated by PGE2.

In vitro data with AML-mesenchymal stroma cells (AML-MSC) co-cultures show a greatly
increased COX-2 expression in MSC and induced PGE2 production in dependence of IL1f3 and ARC
(apoptosis repressor with caspase recruitment domain). ARC is a protein that regulates leukemia
microenvironment interactions through NF«B/IL13 and was shown to be an adverse prognostic
marker in AML [103]. The COX-2 derived elevation of PGE2 from stromal cells seem to support AML
chemoresistance through the expression of 3-catenin which regulates ARC [104]. These data indicate
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that PGE2 production in the microenvironment takes part in a mechanism of an antiapoptotic action
and microenvironment-mediated chemoresistance in certain subgroups of AML.

Downstream of the COX enzymes the last step in the synthesis of PGE2 is performed by the
prostaglandin E synthase. This enzyme was shown to be present in normal tissues in minor amounts
but is strongly upregulated in neoplastic cells [105,106]. In AML cell lines the prostaglandin E synthase
was shown to be upregulated and specific inhibition of the enzyme resulted in an inhibition of
proliferation [107] (Figure 2).

As shown for solid tumors, the inhibition of PGE2 receptors EP1, EP2, and EP4 allows for
inhibition of cancer-associated inflammation and tumor growth. Mice deficient of these PGE2 receptors
display decreased tumorigenesis as demonstrated in various experimental settings mainly for solid
tumors [57,108-110]. Concordantly, expression levels of EP1 and EP2 have been demonstrated to be
increased in cancerous tissues [111]. In AML, Ross et al. as well as Yagi et al. could demonstrate
elevated transcript levels of EP2 in AML blasts in a pediatric cohort [112,113] and Denizot et al. could
show that AML blasts express functional EP2 receptors [25,114] (Figure 2).

Interestingly, an omega-3 PUFA-derived lipid mediator has been implicated in anti-leukemia
effects: The cyclopentenone prostaglandin A12-PGJ3, produced through cyclooxygenase action from
the omega-3 PUFA EPA, was able to decrease leukemia burden in two murine models of leukemia [115]
by selectively targeting leukemia stem cells (LSCs).

Concerning other eicosanoids and their role in hematopoiesis, only limited data has been published.
For instance, lipoxins, which are produced by the lipoxygenases (as well as by the COX enzymes if
acetylated by ASA), were shown to suppress tumor angiogenesis [116]. Actually, defective lipoxin
synthesis was found in leukemia [117], indicating a stabilizing role for lipoxin in benign hematopoiesis
(Figure 2). Additionally, a landmark study by Kode et al. demonstrated that an activating (3-catenin
mutation in osteoblasts can induce the development of leukemia by activating Notch signaling in
hematopoietic precursors [118]. Here, osteoblasts exhibited increased expression of the Notch ligand
Jagged 1. Conversely, there is some evidence suggesting that lipoxin A4 might decrease the expression
of Jagged 1 [119]. Generally, however, the relevance of the lipoxygenase-pathway in benign as well as
malignant hematopoiesis is yet to be explored further.

Concerning 5-lipoxygenase, Gal et al. could show elevated transcript levels of 5-lipoxygenase
in the CD34+/CD38+ fraction of AML blasts compared to the less mature CD34+/CD38- fraction of
the same patients [2]. In a model utilizing mice deficient in 12/15-lipoxygenase it was found that this
enzyme is required for the maintenance of long-term HSC quiescence as well as self-renewal [120].

7. Conclusions

Recent treatment approaches in AML focus increasingly on immune therapy. One of the challenges
in the field is to eliminate or reprogram the immune suppressive microenvironment often created by
tumors [56]. Interestingly, the otherwise pro-inflammatory lipid mediator PGE2 seems to play a major
role in mediating some of these suppressive effects by either direct inhibition of effector T-cell function
or indirectly by increasing the frequency of immunosuppressive cell types. Particularly approaches
to lower PGE2 might thus serve to enhance immune therapy approaches Current experimental data
confirm the importance of this aspect also in the context of AML.

Author Contributions: Conceptualization, T.K. and K.H.W.; writing—original draft preparation, T.K. and A.L.;
writing—review and editing, A.P,, E.R. and KH.W,; visualization, TK.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Int. ]. Mol. Sci. 2019, 20, 2425 11 0f 17

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics, 2014. CA: Cancer J. Clin. 2014, 64, 9-29. [CrossRef]
Gal, H.; Amariglio, N.; Trakhtenbrot, L.; Jacob-Hirsh, J.; Margalit, O.; Avigdor, A.; Nagler, A.; Tavor, S.;
Ein-Dor, L.; Lapidot, T.; et al. Gene expression profiles of AML derived stem cells; similarity to hematopoietic
stem cells. Leukemia 2006, 20, 2147-2154. [CrossRef] [PubMed]

Guan, Y.; Gerhard, B.; Hogge, D.E. Detection, isolation, and stimulation of quiescent primitive leukemic
progenitor cells from patients with acute myeloid leukemia (AML). Blood 2003, 101, 3142-3149. [CrossRef]
Eppert, K.; Takenaka, K.; Lechman, E.R.; Waldron, L.; Nilsson, B.; van Galen, P.; Metzeler, K.H.; Poeppl, A;
Ling, V.; Beyene, ].; et al. Stem cell gene expression programs influence clinical outcome in human leukemia.
Nat. Med. 2011, 17, 1086-1093. [CrossRef]

Dick, J.E. Stem cell concepts renew cancer research. Blood 2008, 112, 4793-4807. [CrossRef]

Cavallo, E; de Giovanni, C.; Nanni, P.; Forni, G.; Lollini, P-L. 2011: The immune hallmarks of cancer. Cancer
Immunol. Immunother. 2011, 60, 319-326. [CrossRef]

Lichtenegger, E.S.; Krupka, C.; Kohnke, T.; Subklewe, M. Immunotherapy for Acute Myeloid Leukemia.
Semin. Hematol. 2015, 52, 207-214. [CrossRef] [PubMed]

Yang, D.; Zhang, X.; Zhang, X.; Xu, Y. The progress and current status of immunotherapy in acute myeloid
leukemia. Ann. Hematol. 2017, 96, 1965-1982. [CrossRef] [PubMed]

Acheampong, D.O.; Adokoh, C.K.; Asante, D.-B.; Asiamah, E.A.; Barnie, P.A.; Bonsu, D.O.M.; Kyei, F.
Immunotherapy for acute myeloid leukemia (AML): A potent alternative therapy. Biomed. Pharmacother.
2018, 97, 225-232. [CrossRef]

Lichtenegger, ES.; Schnorfeil, EM.; Hiddemann, W.; Subklewe, M. Current strategies in immunotherapy for
acute myeloid leukemia. Immunotherapy 2013, 5, 63-78. [CrossRef]

Quehenberger, O.; Dennis, E.A. The human plasma lipidome. N. Engl. |. Med. 2011, 365, 1812-1823.
[CrossRef]

Sulciner, M.L.; Gartung, A.; Gilligan, M.M.; Serhan, C.N.; Panigrahy, D. Targeting lipid mediators in cancer
biology. Cancer Metastasis Rev. 2018, 37, 557-572. [CrossRef]

Carracedo, A.; Cantley, L.C.; Pandolfi, PP. Cancer metabolism: Fatty acid oxidation in the limelight. Nat.
Rev. Cancer 2013, 13, 227-232. [CrossRef]

Stuani, L.; Riols, F; Millard, P.; Sabatier, M.; Batut, A.; Saland, E.; Viars, F,; Tonini, L.; Zaghdoudi, S.;
Linares, L.K,; et al. Stable Isotope Labeling Highlights Enhanced Fatty Acid and Lipid Metabolism in Human
Acute Myeloid Leukemia. Int. J. Mol. Sci. 2018, 19, 3325. [CrossRef]

Klock, J.C.; Pieprzyk, J.K. Cholesterol, phospholipids, and fatty acids of normal immature neutrophils:
Comparison with acute myeloblastic leukemia cells and normal neutrophils. J. Lipid Res. 1979, 20, 908-911.
Pabst, T.; Kortz, L.; Fiedler, G.M.; Ceglarek, U.; Idle, ].R.; Beyoglu, D. The plasma lipidome in acute myeloid
leukemia at diagnosis in relation to clinical disease features. BBA Clin. 2017, 7, 105-114. [CrossRef]
Stefanko, A.; Thiede, C.; Ehninger, G.; Simons, K.; Grzybek, M. Lipidomic approach for stratification of acute
myeloid leukemia patients. PLoS ONE 2017, 12, e0168781. [CrossRef]

Stables, M.].; Gilroy, D.W. Old and new generation lipid mediators in acute inflammation and resolution.
Prog. Lipid Res. 2011, 50, 35-51. [CrossRef]

Bakhle, Y.S. Structure of COX-1 and COX-2 enzymes and their interaction with inhibitors. Drugs Today 1999,
35, 237-250. [CrossRef]

Hoggatt, J.; Pelus, L.M. Eicosanoid regulation of hematopoiesis and hematopoietic stem and progenitor
trafficking. Leukemia 2010, 24, 1993-2002. [CrossRef]

Hoggatt, J.;, Mohammad, K.S.; Singh, P; Pelus, L.M. Prostaglandin E2 enhances long-term repopulation but
does not permanently alter inherent stem cell competitiveness. Blood 2013, 122, 2997-3000. [CrossRef]
Miller, S.B. Prostaglandins in health and disease: An overview. Semin Arthritis Rheum. 2006, 36, 37-49.
[CrossRef]

Tilley, S.L.; Coffman, T.M.; Koller, B.H. Mixed messages: Modulation of inflammation and immune responses
by prostaglandins and thromboxanes. J. Clin. Investig. 2001, 108, 15-23. [CrossRef]

Harris, S.G.; Padilla, J.; Koumas, L.; Ray, D.; Phipps, R.P. Prostaglandins as modulators of immunity. Trends
Immunol. 2002, 23, 144-150. [CrossRef]


http://dx.doi.org/10.3322/caac.21208
http://dx.doi.org/10.1038/sj.leu.2404401
http://www.ncbi.nlm.nih.gov/pubmed/17039238
http://dx.doi.org/10.1182/blood-2002-10-3062
http://dx.doi.org/10.1038/nm.2415
http://dx.doi.org/10.1182/blood-2008-08-077941
http://dx.doi.org/10.1007/s00262-010-0968-0
http://dx.doi.org/10.1053/j.seminhematol.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/26111468
http://dx.doi.org/10.1007/s00277-017-3148-x
http://www.ncbi.nlm.nih.gov/pubmed/29080982
http://dx.doi.org/10.1016/j.biopha.2017.10.100
http://dx.doi.org/10.2217/imt.12.145
http://dx.doi.org/10.1056/NEJMra1104901
http://dx.doi.org/10.1007/s10555-018-9754-9
http://dx.doi.org/10.1038/nrc3483
http://dx.doi.org/10.3390/ijms19113325
http://dx.doi.org/10.1016/j.bbacli.2017.03.002
http://dx.doi.org/10.1371/journal.pone.0168781
http://dx.doi.org/10.1016/j.plipres.2010.07.005
http://dx.doi.org/10.1358/dot.1999.35.4-5.552200
http://dx.doi.org/10.1038/leu.2010.216
http://dx.doi.org/10.1182/blood-2013-07-515288
http://dx.doi.org/10.1016/j.semarthrit.2006.03.005
http://dx.doi.org/10.1172/JCI200113416
http://dx.doi.org/10.1016/S1471-4906(01)02154-8

Int. ]. Mol. Sci. 2019, 20, 2425 12 of 17

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Malissein, E.; Reynaud, S.; Bordessoule, D.; Faucher, J.L.; Turlure, P.; Trimoreau, F.; Denizot, Y. PGE(2)
receptor subtype functionality on immature forms of human leukemic blasts. Leuk. Res. 2006, 30, 1309-1313.
[CrossRef]

Sugimoto, Y.; Narumiya, S. Prostaglandin E receptors. J. Biol. Chem. 2007, 282, 11613-11617. [CrossRef]
Kawabhara, K.; Hohjoh, H.; Inazumi, T.; Tsuchiya, S.; Sugimoto, Y. Prostaglandin E2-induced inflammation:
Relevance of prostaglandin E receptors. Biochim. Biophys. Acta 2015, 1851, 414-421. [CrossRef]

Hirsch, FR.; Lippman, S.M. Advances in the biology of lung cancer chemoprevention. J. Clin. Oncol. 2005,
23,3186-3197. [CrossRef] [PubMed]

Na, H.-K; Park, ].-M.; Lee, H.G.; Lee, H.-N.; Myung, S.-].; Surh, Y.-J. 15-Hydroxyprostaglandin dehydrogenase
as a novel molecular target for cancer chemoprevention and therapy. Biochem. Pharmacol. 2011, 82, 1352-1360.
[CrossRef] [PubMed]

Arima, K.; Komohara, Y.; Bu, L.; Tsukamoto, M.; Itoyama, R.; Miyake, K.; Uchihara, T.; Ogata, Y.; Nakagawa, S.;
Okabe, H.; et al. Downregulation of 15-hydroxyprostaglandin dehydrogenase by interleukin-1f3 from
activated macrophages leads to poor prognosis in pancreatic cancer. Cancer Sci. 2018, 109, 462—470.
[CrossRef] [PubMed]

Arima, K.; Ohmuraya, M.; Miyake, K.; Koiwa, M.; Uchihara, T.; Izumi, D.; Gao, F; Yonemura, A.; Bu, L.;
Okabe, H.; et al. Inhibition of 15-PGDH causes Kras-driven tumor expansion through prostaglandin
E2-ALDHI signaling in the pancreas. Oncogene 2019, 38, 1211-1224. [CrossRef] [PubMed]

Serhan, C.N.; Hamberg, M.; Samuelsson, B. Lipoxins: Novel series of biologically active compounds formed
from arachidonic acid in human leukocytes. Proc. Natl. Acad. Sci. USA 1984, 81, 5335-5339. [CrossRef]
Wei, J.; Gronert, K. Eicosanoid and Specialized Proresolving Mediator Regulation of Lymphoid Cells. Trends
Biochem. Sci. 2019, 44, 214-225. [CrossRef] [PubMed]

McMahon, B.; Godson, C. Lipoxins: Endogenous regulators of inflammation. Am. J. Physiol. Renal Physiol.
2004, 286, F189-F201. [CrossRef] [PubMed]

Calder, P.C. Polyunsaturated fatty acids and inflammatory processes: New twists in an old tale. Biochimie
2009, 91, 791-795. [CrossRef]

Rees, D.; Miles, E.A.; Banerjee, T.; Wells, S.J.; Roynette, C.E.; Wahle, K.W.; Calder, P.C. Dose-related effects of
eicosapentaenoic acid on innate immune function in healthy humans: A comparison of young and older
men. Am. J. Clin. Nutr. 2006, 83, 331-342. [CrossRef]

Bagga, D.; Wang, L.; Farias-Eisner, R.; Glaspy, ].A.; Reddy, S.T. Differential effects of prostaglandin derived
from omega-6 and omega-3 polyunsaturated fatty acids on COX-2 expression and IL-6 secretion. Proc. Natl.
Acad. Sci. USA 2003, 100, 1751-1756. [CrossRef] [PubMed]

Seki, H.; Sasaki, T.; Ueda, T.; Arita, M. Resolvins as regulators of the immune system. ScientificWorldJournal
2010, 10, 818-831. [CrossRef]

Yang, P.; Chan, D.; Felix, E.; Cartwright, C.; Menter, D.G.; Madden, T; Klein, R.D.; Fischer, S.M.; Newman, R.A.
Formation and antiproliferative effect of prostaglandin E(3) from eicosapentaenoic acid in human lung
cancer cells. . Lipid Res. 2004, 45, 1030-1039. [CrossRef]

Mickleborough, T.D.; Lindley, M.R.; Ionescu, A.A.; Fly, A.D. Protective effect of fish oil supplementation on
exercise-induced bronchoconstriction in asthma. Chest 2006, 129, 39-49. [CrossRef]

Fischer, R.; Konkel, A.; Mehling, H.; Blossey, K.; Gapelyuk, A.; Wessel, N.; von Schacky, C.; Dechend, R.;
Muller, D.N.; Rothe, M,; et al. Dietary omega-3 fatty acids modulate the eicosanoid profile in man primarily
via the CYP-epoxygenase pathway. J. Lipid Res. 2014, 55, 1150-1164. [CrossRef]

Schunck, W.-H.; Konkel, A.; Fischer, R.; Weylandt, K.-H. Therapeutic potential of omega-3 fatty acid-derived
epoxyeicosanoids in cardiovascular and inflammatory diseases. Pharmacol. Ther. 2018, 183, 177-204. [CrossRef]
Weylandt, K.H.; Chiu, C.-Y.; Gomolka, B.; Waechter, S.F.; Wiedenmann, B. Omega-3 fatty acids and their
lipid mediators: Towards an understanding of resolvin and protectin formation. Prostaglandins Other Lipid
Mediat. 2012, 97, 73-82. [CrossRef]

Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; Gronert, K. Novel functional sets of lipid-derived
mediators with antiinflammatory actions generated from omega-3 fatty acids via cyclooxygenase 2-nonsteroidal
antiinflammatory drugs and transcellular processing. J. Exp. Med. 2000, 192, 1197-1204. [CrossRef]
Mangelsdorf, D.J.; Thummel, C.; Beato, M.; Herrlich, P,; Schiitz, G.; Umesono, K.; Blumberg, B.; Kastner, P;
Mark, M.; Chambon, P; et al. The nuclear receptor superfamily: The second decade. Cell 1995, 83, 835-839.
[CrossRef]


http://dx.doi.org/10.1016/j.leukres.2005.12.017
http://dx.doi.org/10.1074/jbc.R600038200
http://dx.doi.org/10.1016/j.bbalip.2014.07.008
http://dx.doi.org/10.1200/JCO.2005.14.209
http://www.ncbi.nlm.nih.gov/pubmed/15886305
http://dx.doi.org/10.1016/j.bcp.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21856294
http://dx.doi.org/10.1111/cas.13467
http://www.ncbi.nlm.nih.gov/pubmed/29224225
http://dx.doi.org/10.1038/s41388-018-0510-y
http://www.ncbi.nlm.nih.gov/pubmed/30250298
http://dx.doi.org/10.1073/pnas.81.17.5335
http://dx.doi.org/10.1016/j.tibs.2018.10.007
http://www.ncbi.nlm.nih.gov/pubmed/30477730
http://dx.doi.org/10.1152/ajprenal.00224.2003
http://www.ncbi.nlm.nih.gov/pubmed/14707005
http://dx.doi.org/10.1016/j.biochi.2009.01.008
http://dx.doi.org/10.1093/ajcn/83.2.331
http://dx.doi.org/10.1073/pnas.0334211100
http://www.ncbi.nlm.nih.gov/pubmed/12578976
http://dx.doi.org/10.1100/tsw.2010.72
http://dx.doi.org/10.1194/jlr.M300455-JLR200
http://dx.doi.org/10.1378/chest.129.1.39
http://dx.doi.org/10.1194/jlr.M047357
http://dx.doi.org/10.1016/j.pharmthera.2017.10.016
http://dx.doi.org/10.1016/j.prostaglandins.2012.01.005
http://dx.doi.org/10.1084/jem.192.8.1197
http://dx.doi.org/10.1016/0092-8674(95)90199-X

Int. ]. Mol. Sci. 2019, 20, 2425 13 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

Auboeuf, D.; Rieusset, J.; Fajas, L.; Vallier, P; Frering, V.; Riou, J.P; Staels, B.; Auwerx, J.; Laville, M.; Vidal, H.
Tissue Distribution and Quantification of the Expression of mRNAs of Peroxisome Proliferator-Activated
Receptors and Liver X Receptor- in Humans: No Alteration in Adipose Tissue of Obese and NIDDM Patients.
Diabetes 1997, 46, 1319-1327. [CrossRef]

Chinetti, G.; Fruchart, J.-C.; Staels, B. Peroxisome proliferator-activated receptors (PPARs): Nuclear receptors
at the crossroads between lipid metabolism and inflammation. Inflamm. Res. 2000, 49, 497-505. [CrossRef]

Yousefnia, S.; Momenzadeh, S.; Seyed Forootan, F; Ghaedi, K.; Nasr Esfahani, M.H. The influence of
peroxisome proliferator-activated receptor vy (PPARy) ligands on cancer cell tumorigenicity. Gene 2018, 649,
14-22. [CrossRef]

Ryu, S.; Kim, D.S.; Lee, M.W.; Lee, J.W.; Sung, KW.; Koo, H.H.; Yoo, K.H. Anti-leukemic effects of PPARy
ligands. Cancer Lett. 2018, 418, 10-19. [CrossRef]

Oshima, H.; Oshima, M. The inflammatory network in the gastrointestinal tumor microenvironment: Lessons
from mouse models. ]. Gastroenterol. 2012, 47, 97-106. [CrossRef]

Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436-444.
[CrossRef]

Grivennikov, S.I; Greten, ER.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883-899.
[CrossRef]

Sheng, K.C.; Wright, M.D.; Apostolopoulos, V. Inflammatory mediators hold the key to dendritic cell
suppression and tumor progression. Curr. Med. Chem. 2011, 18, 5507-5518. [CrossRef]

Sombroek, C.C.; Stam, A.G.M.; Masterson, A.J.; Lougheed, S.M.; Schakel, M.J.A.G.; Meijer, C.].L.M.;
Pinedo, H.M.; van den Eertwegh, A.J.M.; Scheper, R.J.; de Gruijl, T.D. Prostanoids play a major role in
the primary tumor-induced inhibition of dendritic cell differentiation. J. Immunol. 2002, 168, 4333—4343.
[CrossRef]

Shimabukuro-Vornhagen, A.; Liebig, T.M.; Koslowsky, T.; Theurich, S.; von Bergwelt-Baildon, M.S. The ratio
between dendritic cells and T cells determines whether prostaglandin E2 has a stimulatory or inhibitory
effect. Cell Immunol. 2013, 281, 62-67. [CrossRef]

Lindau, D.; Gielen, P; Kroesen, M.; Wesseling, P.; Adema, G.J. The immunosuppressive tumour network:
Myeloid-derived suppressor cells, regulatory T cells and natural killer T cells. Immunology 2013, 138, 105-115.
[CrossRef]

Greene, E.R.; Huang, S.; Serhan, C.N.; Panigrahy, D. Regulation of inflammation in cancer by eicosanoids.
Prostaglandins Other Lipid Mediat. 2011, 96, 27-36. [CrossRef]

Obermajer, N.; Wong, J.L.; Edwards, R.P.; Odunsi, K.; Moysich, K.; Kalinski, P. PGE(2)-driven induction and
maintenance of cancer-associated myeloid-derived suppressor cells. Immunol. Invest. 2012, 41, 635-657.
[CrossRef]

Sinha, P,; Clements, V.K,; Fulton, A.M.; Ostrand-Rosenberg, S. Prostaglandin E2 promotes tumor progression
by inducing myeloid-derived suppressor cells. Cancer Res. 2007, 67, 4507-4513. [CrossRef]

Prima, V.; Kaliberova, L.N.; Kaliberov, S.; Curiel, D.T.; Kusmartsev, S. COX2/mPGES1/PGE2 pathway
regulates PD-L1 expression in tumor-associated macrophages and myeloid-derived suppressor cells. Proc.
Natl. Acad. Sci. USA 2017, 114, 1117-1122. [CrossRef] [PubMed]

Jacobs, ]. EM.; Nierkens, S.; Figdor, C.G.; de Vries, .].M.; Adema, G.J. Regulatory T cells in melanoma: The
final hurdle towards effective immunotherapy? Lancet Oncol. 2012, 13, e32—e42. [CrossRef]

Yaqub, S.; Taskén, K. Role for the cAMP-protein kinase A signaling pathway in suppression of antitumor
immune responses by regulatory T cells. Crit. Rev. Oncog. 2008, 14, 57-77. [CrossRef] [PubMed]

Kalinski, P. Regulation of Immune Responses by Prostaglandin E2. . Immunol. 2012, 188, 21-28. [CrossRef]
Trinath, J.; Hegde, P.; Sharma, M.; Maddur, M.S,; Rabin, M.; Vallat, J.-M.; Magy, L.; Balaji, K.N.;
Kaveri, S.V.; Bayry, J. Intravenous immunoglobulin expands regulatory T cells via induction of
cyclooxygenase-2-dependent prostaglandin E2 in human dendritic cells. Blood 2013, 122, 1419-1427.
[CrossRef] [PubMed]

Wang, X.; Zheng, J.; Liu, J.; Yao, J.; He, Y.; Li, X.; Yu, J.; Yang, J.; Liu, Z.; Huang, S. Increased population
of CD4(+)CD25(high), regulatory T cells with their higher apoptotic and proliferating status in peripheral
blood of acute myeloid leukemia patients. Eur. |. Haematol. 2005, 75, 468-476. [CrossRef]


http://dx.doi.org/10.2337/diab.46.8.1319
http://dx.doi.org/10.1007/s000110050622
http://dx.doi.org/10.1016/j.gene.2018.01.018
http://dx.doi.org/10.1016/j.canlet.2018.01.020
http://dx.doi.org/10.1007/s00535-011-0523-6
http://dx.doi.org/10.1038/nature07205
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://dx.doi.org/10.2174/092986711798347207
http://dx.doi.org/10.4049/jimmunol.168.9.4333
http://dx.doi.org/10.1016/j.cellimm.2013.01.001
http://dx.doi.org/10.1111/imm.12036
http://dx.doi.org/10.1016/j.prostaglandins.2011.08.004
http://dx.doi.org/10.3109/08820139.2012.695417
http://dx.doi.org/10.1158/0008-5472.CAN-06-4174
http://dx.doi.org/10.1073/pnas.1612920114
http://www.ncbi.nlm.nih.gov/pubmed/28096371
http://dx.doi.org/10.1016/S1470-2045(11)70155-3
http://dx.doi.org/10.1615/CritRevOncog.v14.i1.40
http://www.ncbi.nlm.nih.gov/pubmed/19105570
http://dx.doi.org/10.4049/jimmunol.1101029
http://dx.doi.org/10.1182/blood-2012-11-468264
http://www.ncbi.nlm.nih.gov/pubmed/23847198
http://dx.doi.org/10.1111/j.1600-0609.2005.00537.x

Int. ]. Mol. Sci. 2019, 20, 2425 14 of 17

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Zhou, Q.; Munger, M.E.; Highfill, S.L.; Tolar, J.; Weigel, B.J.; Riddle, M.; Sharpe, A.H.; Vallera, D.A.; Azuma, M.;
Levine, B.L.; et al. Program death-1 signaling and regulatory T cells collaborate to resist the function of
adoptively transferred cytotoxic T lymphocytes in advanced acute myeloid leukemia. Blood 2010, 116,
2484-2493. [CrossRef]

Tachininoto, M.G.; Nuzzolo, E.R.; Bonanno, G.; Mariotti, A.; Procoli, A.; Locatelli, E,; de Cristofaro, R.;
Rutella, S. Cyclooxygenase-2 (COX-2) inhibition constrains indoleamine 2,3-dioxygenase 1 (IDO1) activity in
acute myeloid leukaemia cells. Molecules 2013, 18, 10132-10145. [CrossRef]

Szczepanski, M.J.; Szajnik, M.; Czystowska, M.; Mandapathil, M.; Strauss, L.; Welsh, A.; Foon, K.A,;
Whiteside, T.L.; Boyiadzis, M. Increased frequency and suppression by regulatory T cells in patients with
acute myelogenous leukemia. Clin. Cancer Res. 2009, 15, 3325-3332. [CrossRef]

Sulciner, M.L.; Serhan, C.N.; Gilligan, M.M.; Mudge, D.K.; Chang, J.; Gartung, A.; Lehner, KA,
Bielenberg, D.R.; Schmidt, B.; Dalli, J.; et al. Resolvins suppress tumor growth and enhance cancer
therapy. J. Exp. Med. 2018, 215, 115-140. [CrossRef]

Secchiero, P.; Gonelli, A.; Ciabattoni, G.; Melloni, E.; Grill, V.; Rocca, B.; Delbello, G.; Zauli, G. TNF-related
apoptosis-inducing ligand (TRAIL) up-regulates cyclooxygenase (COX)-1 activity and PGE(2) production in
cells of the myeloid lineage. J. Leukoc. Biol. 2002, 72, 986-994. [PubMed]

North, T.E.; Goessling, W.; Walkley, C.R.; Lengerke, C.; Kopani, K.R.; Lord, A.M.; Weber, G.J.; Bowman, T.V,;
Jang, I.-H.; Grosser, T.; et al. Prostaglandin E2 regulates vertebrate haematopoietic stem cell homeostasis.
Nature 2007, 447, 1007-1011. [CrossRef]

Broxmeyer, H.E.; Pelus, L.M. Inhibition of DPP4/CD26 and dmPGE; treatment enhances engraftment of
mouse bone marrow hematopoietic stem cells. Blood Cells Mol. Dis. 2014, 53, 34-38. [CrossRef]

Hoggatt, J.; Singh, P.; Sampath, J.; Pelus, L.M. Prostaglandin E2 enhances hematopoietic stem cell homing,
survival, and proliferation. Blood 2009, 113, 5444-5455. [CrossRef] [PubMed]

Hagedorn, E.J.; Durand, E.M.; Fast, EIM.; Zon, L.I. Getting more for your marrow: Boosting hematopoietic
stem cell numbers with PGE2. Exp. Cell Res. 2014, 329, 220-226. [CrossRef]

Cutler, C.; Multani, P; Robbins, D.; Kim, H.T.; Le, T.; Hoggatt, J.; Pelus, L.M.; Desponts, C.; Chen, Y.-B.;
Rezner, B.; et al. Prostaglandin-modulated umbilical cord blood hematopoietic stem cell transplantation.
Blood 2013, 122, 3074-3081. [CrossRef] [PubMed]

Desai, A.; Zhang, Y.; Park, Y,; Dawson, D.M.; Larusch, G.A.; Kasturi, L.; Wald, D.; Ready, ].M.; Gerson, S.L.;
Markowitz, S.D. A second-generation 15-PGDH inhibitor promotes bone marrow transplant recovery
independently of age, transplant dose and granulocyte colony-stimulating factor support. Haematologica
2018, 103, 1054-1064. [CrossRef] [PubMed]

Pelus, L.M.; Broxmeyer, H.E.; Moore, M.A. Regulation of human myelopoiesis by prostaglandin E and
lactoferrin. Cell Tissue Kinet. 1981, 14, 515-526. [CrossRef] [PubMed]

Aglietta, M.; Piacibello, W.; Gavosto, F. Insensitivity of chronic myeloid leukemia cells to inhibition of growth
by prostaglandin E1. Cancer Res. 1980, 40, 2507-2511. [PubMed]

Li, P; Lahvic, J.L.; Binder, V.; Pugach, EXK.; Riley, E.B.; Tamplin, O.J.; Panigrahy, D.; Bowman, T.V,;
Barrett, EG.; Heffner, G.C.; et al. Epoxyeicosatrienoic acids enhance embryonic haematopoiesis and adult
marrow engraftment. Nature 2015, 523, 468-471. [CrossRef] [PubMed]

Lahvic, J.L.; Ammerman, M.; Li, P,; Blair, M.C.; Stillman, E.R.; Fast, E.M.; Robertson, A.L.; Christodoulou, C.;
Perlin, J.R.; Yang, S.; et al. Specific oxylipins enhance vertebrate hematopoiesis via the receptor GPR132.
Proc. Natl. Acad. Sci. USA 2018, 115, 9252-9257. [CrossRef] [PubMed]

Weylandt, K.H.; Serini, S.; Chen, Y.Q.; Su, H.-M.; Lim, K.; Cittadini, A.; Calviello, G. Omega-3 Polyunsaturated
Fatty Acids: The Way Forward in Times of Mixed Evidence. Biomed. Res. Int. 2015, 2015, 143109. [CrossRef]
Da Silva Borges Betiati, D.; de Oliveira, PF.; de Quadros Camargo, D.; Nunes, E.A.; Trindade, E.B. Effects of
omega-3 fatty acids on regulatory T cells in hematologic neoplasms. Rev. Bras. Hematol. Hemoter. 2013, 35,
119-125. [CrossRef]

Charbonneau, B.; O’Connor, HM.; Wang, A.H.; Liebow, M.; Thompson, C.A.; Fredericksen, Z.S.; Macon, WR;
Slager, S.L.; Call, T.G.; Habermann, T.M.; et al. Trans Fatty Acid Intake Is Associated with Increased Risk and
n3 Fatty Acid Intake with Reduced Risk of Non-Hodgkin Lymphoma. J. Nutr. 2013, 143, 672-681. [CrossRef]


http://dx.doi.org/10.1182/blood-2010-03-275446
http://dx.doi.org/10.3390/molecules180910132
http://dx.doi.org/10.1158/1078-0432.CCR-08-3010
http://dx.doi.org/10.1084/jem.20170681
http://www.ncbi.nlm.nih.gov/pubmed/12429721
http://dx.doi.org/10.1038/nature05883
http://dx.doi.org/10.1016/j.bcmd.2014.02.002
http://dx.doi.org/10.1182/blood-2009-01-201335
http://www.ncbi.nlm.nih.gov/pubmed/19324903
http://dx.doi.org/10.1016/j.yexcr.2014.07.030
http://dx.doi.org/10.1182/blood-2013-05-503177
http://www.ncbi.nlm.nih.gov/pubmed/23996087
http://dx.doi.org/10.3324/haematol.2017.178376
http://www.ncbi.nlm.nih.gov/pubmed/29472361
http://dx.doi.org/10.1111/j.1365-2184.1981.tb00557.x
http://www.ncbi.nlm.nih.gov/pubmed/7273093
http://www.ncbi.nlm.nih.gov/pubmed/6930323
http://dx.doi.org/10.1038/nature14569
http://www.ncbi.nlm.nih.gov/pubmed/26201599
http://dx.doi.org/10.1073/pnas.1806077115
http://www.ncbi.nlm.nih.gov/pubmed/30139917
http://dx.doi.org/10.1155/2015/143109
http://dx.doi.org/10.5581/1516-8484.20130033
http://dx.doi.org/10.3945/jn.112.168658

Int. ]. Mol. Sci. 2019, 20, 2425 15 of 17

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Cvetkovi¢, Z.; Vuti¢, V.; Cvetkovi¢, B.; Karadzi¢, I.; Rani¢, M.; Glibeti¢, M. Distribution of plasma fatty acids
is associated with response to chemotherapy in non-Hodgkin’s lymphoma patients. Med. Oncol. 2013, 30,
741. [CrossRef] [PubMed]

Thanarajasingam, G.; Maurer, M.].; Habermann, T.M.; Nowakowski, G.S.; Bennani, N.N.; Thompson, C.A;
Cerhan, J.R.; Witzig, T.E. Low Plasma Omega-3 Fatty Acid Levels May Predict Inferior Prognosis in Untreated
Diffuse Large B-Cell Lymphoma: A New Modifiable Dietary Biomarker? Nutr. Cancer 2018, 70, 1088-1090.
[CrossRef] [PubMed]

Saberi Hosnijeh, E.; Peeters, P.; Romieu, I; Kelly, R.; Riboli, E.; Olsen, A.; Tjenneland, A.; Fagherazzi, G.;
Clavel-Chapelon, F; Dossus, L.; et al. Dietary intakes and risk of lymphoid and myeloid leukemia in
the European Prospective Investigation into Cancer and Nutrition (EPIC). Nutr. Cancer 2014, 66, 14-28.
[CrossRef] [PubMed]

Salvador, C.; Entenmann, A.; Salvador, R.; Niederwanger, A.; Crazzolara, R.; Kropshofer, G. Combination
therapy of omega-3 fatty acids and acipimox for children with hypertriglyceridemia and acute lymphoblastic
leukemia. |. Clin. Lipidol. 2018, 12, 1260-1266. [CrossRef]

Chagas, T.R; Borges, D.S.; de Oliveira, P.F; Mocellin, M.C.; Barbosa, A.M.; Camargo, C.Q.; Del Moral, JAG,;
Poli, A.; Calder, P.C,; Trindade, E.B.S.M.; et al. Oral fish oil positively influences nutritional-inflammatory risk
in patients with haematological malignancies during chemotherapy with an impact on long-term survival:
A randomised clinical trial. J. Hum. Nutr. Diet 2017, 30, 681-692. [CrossRef]

Slagsvold, J.E.; Pettersen, C.H.H.; Follestad, T.; Krokan, H.E.; Schenberg, S.A. The Antiproliferative Effect of
EPA in HL60 Cells is Mediated by Alterations in Calcium Homeostasis. Lipids 2008, 44, 103-113. [CrossRef]
[PubMed]

Yamagami, T.; Porada, C.D.; Pardini, R.S.; Zanjani, E.D.; Almeida-Porada, G. Docosahexaenoic acid induces
dose dependent cell death in an early undifferentiated subtype of acute myeloid leukemia cell line. Cancer
Biol. Ther. 2009, 8, 331-337. [CrossRef]

Jurczyszyn, A.; Czepiel, J.; Gdula-Argasiniska, J.; Czapkiewicz, A.; Biesiada, G.; Dr6zdz, M.; Perucki, W,;
Castillo, J.J. Erythrocyte membrane fatty acids in multiple myeloma patients. Leuk. Res. 2014, 0, 1260-1265.
[CrossRef]

Moloudizargari, M.; Mortaz, E.; Asghari, M.H.; Adcock, .M.; Redegeld, F.A.; Garssen, J. Effects of the
polyunsaturated fatty acids, EPA and DHA, on hematological malignancies: A systematic review. Oncotarget
2018, 9, 11858-11875. [CrossRef] [PubMed]

Fiancette, R.; Vincent, C.; Donnard, M.; Bordessoule, D.; Turlure, P.; Trimoreau, F.; Denizot, Y. Genes encoding
multiple forms of phospholipase A(2) are expressed in immature forms of human leukemic blasts. Leukemia
2009, 23, 1196-1199. [CrossRef]

Pabst, C.; Krosl, J.; Fares, I.; Boucher, G.; Ruel, R.; Marinier, A.; Lemieux, S.; Hébert, J.; Sauvageau, G.
Identification of small molecules that support human leukemia stem cell activity ex vivo. Nat. Methods 2014,
11, 436-442. [CrossRef]

Moore, M.A.; Mertelsmann, R.; Pelus, L.M. Phenotypic evaluation of chronic myeloid leukemia. Blood Cells
1981, 7, 217-236.

Taetle, R.; Guittard, J.P.; Mendelsohn, ].M. Abnormal modulation of granulocyte/macrophage progenitor
proliferation by prostaglandin E in chronic myeloproliferative disorders. Exp. Hematol. 1980, 8, 1190-1201.
Gold, EJ.; Conjalka, M.; Pelus, L.M.; Jhanwar, S.C.; Broxmeyer, H.; Middleton, A.B.; Clarkson, B.D.;
Moore, M.A. Marrow cytogenetic and cell-culture analyses of the myelodysplastic syndromes: Insights to
pathophysiology and prognosis. . Clin. Oncol. 1983, 1, 627-634. [CrossRef]

Walter, R.B.; Milano, F; Brasky, TM.; White, E. Long-Term Use of Acetaminophen, Aspirin, and Other
Nonsteroidal Anti-Inflammatory Drugs and Risk of Hematologic Malignancies: Results From the Prospective
Vitamins and Lifestyle (VITAL) Study. J. Clin. Oncol. 2011, 29, 2424-2431. [CrossRef]

Dussault, I.; Miller, S.C. Effect on leukemia cell numbers of in vivo administration of immunotherapeutic
agents is age-dependent. Oncology 1996, 53, 241-246. [CrossRef] [PubMed]

Wang, Y.; Krivtsov, A.V,; Sinha, A.U.; North, T.E.; Goessling, W.; Feng, Z.; Zon, L.I.; Armstrong, S.A. The
Wnt/beta-catenin pathway is required for the development of leukemia stem cells in AML. Science 2010, 327,
1650-1653. [CrossRef]


http://dx.doi.org/10.1007/s12032-013-0741-2
http://www.ncbi.nlm.nih.gov/pubmed/24085546
http://dx.doi.org/10.1080/01635581.2018.1502328
http://www.ncbi.nlm.nih.gov/pubmed/30235018
http://dx.doi.org/10.1080/01635581.2014.847471
http://www.ncbi.nlm.nih.gov/pubmed/24279598
http://dx.doi.org/10.1016/j.jacl.2018.05.021
http://dx.doi.org/10.1111/jhn.12471
http://dx.doi.org/10.1007/s11745-008-3263-5
http://www.ncbi.nlm.nih.gov/pubmed/19020915
http://dx.doi.org/10.4161/cbt.8.4.7334
http://dx.doi.org/10.1016/j.leukres.2014.08.009
http://dx.doi.org/10.18632/oncotarget.24405
http://www.ncbi.nlm.nih.gov/pubmed/29545942
http://dx.doi.org/10.1038/leu.2009.36
http://dx.doi.org/10.1038/nmeth.2847
http://dx.doi.org/10.1200/JCO.1983.1.10.627
http://dx.doi.org/10.1200/JCO.2011.34.6346
http://dx.doi.org/10.1159/000227567
http://www.ncbi.nlm.nih.gov/pubmed/8643228
http://dx.doi.org/10.1126/science.1186624

Int. ]. Mol. Sci. 2019, 20, 2425 16 of 17

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Truffinet, V.; Donnard, M.; Vincent, C.; Faucher, J.L.; Bordessoule, D.; Turlure, P.; Trimoreau, F.; Denizot, Y.
Cyclooxygenase-1, but not -2, in blast cells of patients with acute leukemia. Int. ]. Cancer 2007, 121, 924-927.
[CrossRef]

Puhlmann, U.; Ziemann, C.; Ruedell, G.; Vorwerk, H.; Schaefer, D.; Langebrake, C.; Schuermann, P.;
Creutzig, U.; Reinhardt, D. Impact of the cyclooxygenase system on doxorubicin-induced functional
multidrug resistance 1 overexpression and doxorubicin sensitivity in acute myeloid leukemic HL-60 cells.
J. Pharmacol. Exp. Ther. 2005, 312, 346-354. [CrossRef]

Carter, B.Z.; Mak, PY.,; Wang, X.; Tao, W.; Ruvolo, V.; Mak, D.; Mu, H.; Burks, ] K.; Andreeff, M. An
ARC-regulated IL13/Cox-2/PGE2/3-catenin/ARC circuit controls leukemia-microenvironment interactions
and confers drug resistance in AML. Cancer Res. 2019, 79, 1165-1177. [CrossRef]

Carter, B.Z.; Mak, P.Y.; Chen, Y.; Mak, D.H.; Mu, H.; Jacamo, R.; Ruvolo, V.; Arold, S.T.; Ladbury, ].E.; Burks, ] K.;
et al. Anti-apoptotic ARC protein confers chemoresistance by controlling leukemia-microenvironment
interactions through a NF«B/IL1p signaling network. Oncotarget 2016, 7, 20054—20067. [CrossRef]
Mehrotra, S.; Morimiya, A.; Agarwal, B.; Konger, R.; Badve, S. Microsomal prostaglandin E2 synthase-1 in
breast cancer: A potential target for therapy. . Pathol. 2006, 208, 356-363. [CrossRef]

Wang, H.-W.; Hsueh, C.-T;; Lin, C.-E].; Chou, T.-Y;; Hsu, W.-H.; Wang, L.-S.; Wu, Y.-C. Clinical implications
of microsomal prostaglandin e synthase-1 overexpression in human non-small-cell lung cancer. Ann. Surg.
Oncol. 2006, 13, 1224-1234. [CrossRef]

Li, Y;; Yin, S.; Nie, D.; Xie, S.; Ma, L.; Wang, X.; Wu, Y.; Xiao, J. MK886 inhibits the proliferation of HL-60
leukemia cells by suppressing the expression of mPGES-1 and reducing prostaglandin E2 synthesis. Int. |.
Hematol. 2011, 94, 472-478. [CrossRef]

Smyth, E.M.; Grosser, T.; Wang, M.; Yu, Y.; FitzGerald, G.A. Prostanoids in health and disease. J. Lipid Res.
2009, 50 (Suppl.), S423-5428. [CrossRef]

Watanabe, K.; Kawamori, T.; Nakatsugi, S.; Ohta, T.; Ohuchida, S.; Yamamoto, H.; Maruyama, T.; Kondo, K,;
Ushikubi, F; Narumiya, S.; et al. Role of the prostaglandin E receptor subtype EP1 in colon carcinogenesis.
Cancer Res. 1999, 59, 5093-5096.

Mutoh, M.; Watanabe, K.; Kitamura, T.; Shoji, Y.; Takahashi, M.; Kawamori, T.; Tani, K.; Kobayashi, M.;
Maruyama, T.; Kobayashi, K.; et al. Involvement of prostaglandin E receptor subtype EP(4) in colon
carcinogenesis. Cancer Res. 2002, 62, 28-32.

Shoji, Y.; Takahashi, M.; Kitamura, T.; Watanabe, K.; Kawamori, T.; Maruyama, T.; Sugimoto, Y.; Negishi, M.;
Narumiya, S.; Sugimura, T.; et al. Downregulation of prostaglandin E receptor subtype EP3 during colon
cancer development. Gut 2004, 53, 1151-1158. [CrossRef] [PubMed]

Ross, M.E.; Mahfouz, R.; Onciu, M.; Liu, H.-C.; Zhou, X.; Song, G.; Shurtleff, S.A.; Pounds, S.; Cheng, C.;
Ma, |; et al. Gene expression profiling of pediatric acute myelogenous leukemia. Blood 2004, 104, 3679-3687.
[CrossRef]

Yagi, T.; Morimoto, A.; Eguchi, M.; Hibi, S.; Sako, M.; Ishii, E.; Mizutani, S.; Imashuku, S.; Ohki, M.;
Ichikawa, H. Identification of a gene expression signature associated with pediatric AML prognosis. Blood
2003, 102, 1849-1856. [CrossRef]

Denizot, Y.; Donnard, M.; Truffinet, V.; Malissein, E.; Faucher, J.L.; Turlure, P.; Bordessoule, D.; Trimoreau, E.
Functional EP2 receptors on blast cells of patients with acute leukemia. Int. J. Cancer 2005, 115, 499-501.
[CrossRef]

Hegde, S.; Kaushal, N.; Ravindra, K.C.; Chiaro, C.; Hafer, K.T.; Gandhi, U.H.; Thompson, J.T.; van den
Heuvel, ].P,; Kennett, M.].; Hankey, P; et al. A12-prostaglandin J3, an omega-3 fatty acid—derived metabolite,
selectively ablates leukemia stem cells in mice. Blood 2011, 118, 6909-6919. [CrossRef]

Chen, Y,; Hao, H.; He, S.; Cai, L.; Li, Y;; Hu, S.; Ye, D.; Hoidal, ].; Wu, P; Chen, X. Lipoxin A4 and its analogue
suppress the tumor growth of transplanted H22 in mice: The role of antiangiogenesis. Mol. Cancer Ther.
2010, 9, 2164-2174. [CrossRef]

Stenke, L.; Edenius, C.; Samuelsson, J.; Lindgren, ].A. Deficient lipoxin synthesis: A novel platelet dysfunction
in myeloproliferative disorders with special reference to blastic crisis of chronic myelogenous leukemia.
Blood 1991, 78, 2989-2995. [PubMed]

Kode, A.; Manavalan, J.S.; Mosialou, I.; Bhagat, G.; Rathinam, C.V.; Luo, N.; Khiabanian, H.; Lee, A.;
Murty, V.V,; Friedman, R; et al. Leukaemogenesis induced by an activating [bgr]-catenin mutation in
osteoblasts. Nature 2014, 506, 240-244. [CrossRef]


http://dx.doi.org/10.1002/ijc.22786
http://dx.doi.org/10.1124/jpet.104.071571
http://dx.doi.org/10.1158/0008-5472.CAN-18-0921
http://dx.doi.org/10.18632/oncotarget.7911
http://dx.doi.org/10.1002/path.1907
http://dx.doi.org/10.1245/s10434-006-9001-4
http://dx.doi.org/10.1007/s12185-011-0954-0
http://dx.doi.org/10.1194/jlr.R800094-JLR200
http://dx.doi.org/10.1136/gut.2003.028787
http://www.ncbi.nlm.nih.gov/pubmed/15247185
http://dx.doi.org/10.1182/blood-2004-03-1154
http://dx.doi.org/10.1182/blood-2003-02-0578
http://dx.doi.org/10.1002/ijc.20877
http://dx.doi.org/10.1182/blood-2010-11-317750
http://dx.doi.org/10.1158/1535-7163.MCT-10-0173
http://www.ncbi.nlm.nih.gov/pubmed/1659470
http://dx.doi.org/10.1038/nature12883

Int. ]. Mol. Sci. 2019, 20, 2425 17 of 17

119. Brennan, E.P,; Nolan, K.A.; Borgeson, E.; Gough, O.S.; McEvoy, C.M.; Docherty, N.G.; Higgins, D.E;
Murphy, M.; Sadlier, D.M.; Ali-Shah, S.T.; et al. Lipoxins attenuate renal fibrosis by inducing let-7c and
suppressing TGFBR1. J. Am. Soc. Nephrol. 2013, 24, 627-637. [CrossRef] [PubMed]

120. Kinder, M.; Wei, C.; Shelat, S.G.; Kundu, M.; Zhao, L.; Blair, I.A.; Puré, E. Hematopoietic stem cell function
requires 12/15-lipoxygenase-dependent fatty acid metabolism. Blood 2010, 115, 5012-5022. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1681/ASN.2012060550
http://www.ncbi.nlm.nih.gov/pubmed/23520204
http://dx.doi.org/10.1182/blood-2009-09-243139
http://www.ncbi.nlm.nih.gov/pubmed/20357242
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Acute Myeloid Leukemia 
	Lipids and Fatty Acids in Hematologic Malignancies 
	Omega-6 and Omega-3-Polyunsaturated Fatty Acids and Their Derived Lipid Mediators in Inflammation 
	Inflammatory Mediators, Immune Function, and Tumor Progression 
	PUFA-Derived Lipid Mediators in Benign Hematopoiesis 
	PUFA-Derived Lipid Mediators in Malignant Hematopoiesis 
	Conclusions 
	References

