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Summary

Myeloid cells, comprised of macrophages, dendritic cells, monocytes, and granulocytes, represent
a major component of the tumor microenvironment (TME) and are critically involved in the
regulation of tumor progression and metastasis. In recent years, single-cell omics technologies
identified multiple phenotypically distinct subpopulations. In this review, we discuss recent data
and concepts suggesting that the biology of myeloid cells is largely defined by a very limited
number of functional states that transcend the narrowly defined cell populations. These functional
states are primarily centered around classical and pathological states of activation, with the latter
state being commonly defined as myeloid-derived suppressor cells. We discuss a concept that lipid
peroxidation of myeloid cells represents a major mechanism that governs their pathological state
of activation in the TME. Lipid peroxidation is associated with ferroptosis mediating suppressive
activity of these cells and thus could be considered as attractive target for therapeutic intervention.

Introduction

Myeloid cells have evolved as a major component of innate and adaptive immunity fueled
by their remarkable function diversity, migratory potential, and abundance in tissues. Their
critical role in cancer is now well-established 1. In the vast universe of various myeloid cell
types three terminally differentiated cell populations occupy the central place: dendritic cells
(DC), macrophages, and granulocytes (primarily neutrophils). Monocytes are bone marrow
(BM)-derived precursors that migrate to the tissue and differentiate there to macrophages
(BM-derived macrophages, BMDM) and some DCs. In tissues, they are joined by the
tissue-resident macrophages (TRMA), that are differentiated in early embryogenesis and are
able to proliferate in situ? (Fig. 1). The functional specialization of TRMA and BMDM is
not clearly defined. The details of the origin, function of major populations of myeloid cells,
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and their contribution to tumor progression were discussed in multiple reviews. We refer
readers to several most recent ones 38,

Classical/traditional role of myeloid cells is usually ascribed to several major functions:
protection of organisms from various pathogens; tissue remodeling after injury or recovery
from severe infection; stimulation of adaptive immunity; maintenance of homeostasis in
selective tissues to limit potential damage (for example suppression of immune responses
in BM, lung, placenta, newborns). The specific mechanisms of classical state of myeloid
cell activation are well-characterized 911, During the last 20 years, understanding of the
alternative state of myeloid cell-activation has emerged, referred to as pathological state

of activation. This state is the result of continuous stimulation of myeloid compartment in
various pathologic conditions including cancer. Neutrophils and monocytes in this state of
activation are termed myeloid-derived suppressor cells (MDSC): PMN-MDSC - to define
polymorphonuclear cells that belong to granulocytic lineage and M-MDSC — to define
monocytic cells. In recent years, similar term was also applied to macrophages with strong
immune suppressive activity. Pathologically activated myeloid cells have several major
features: 1) potent suppressive activity of various functions of T cells, natural killer (NK)
cells, and B cells; 2) rather distinct transcriptional and proteomic profile, biochemical
characteristics, and some phenotypic markers that allow their separation from classically
activated neutrophils and monocytes; 3) support metastasis via production of cytokines that
promote tissue remodeling and angiogenesis; 4) the functional separation from classicaly
activated neutrophils and monocytes is observed on the stage of the precursors in bone
marrow but it becomes much more prominent in tissues; 5) although most of MDSC are
relatively immature cells, this is not their defining characteristic since mature cells may
have the full potential of MDSC. The details of the biology of these cells are described
elsewhere 49:12 and will not be discussed in this review. Here, we will focus on emergeing
issues of functional diversity of myeloid cells in cancer and on the concept that functional
specialization of various myeloid cells in cancer can be governed by the state of lipid
oxidation.

Transcriptomic clustering and the functional states of myeloid cells

Heterogeneity of myeloid cells and their capacity for plasticity has been a longstanding
challenge in dissecting the role of myeloid cells in cancer. The advent of single-cell
technologies has transformed the field and enabled tracking the ontogeny, phenotypic
characteristics, and potential relevance of various subpopulations of cells. Multiple clusters
of myeloid cells were described in many publications 3413.14, However, in the absence of
functional characterization, the biological relevance of various myeloid single-cell clusters
remained unclear. The question has arisen, do these clusters truly reflect the functional state
of myeloid cells? It appears that the answer depends on the type of cells.

Dendritic cells.

Perhaps the best classified myeloid population is DC, for which distinct subpopulations
were described prior to single-cell technologies 8. We will focus on the common
DC clusters observed in the tumor microenvironment (TME). Single-cell clustering has
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largely confirmed separation of DCs into the major subsets: classical cDC1, cDC2,
plasmacytoid pDC, and the newly identified DC3. These populations have distinct functional
characteristics, which helps to place the functionality of these cells in the context of
antitumor immune response. For instance, cross-presenting activity of cDC1 is directly
implicated in generation and support of antitumor immune responses 1°. It is not surprising
that these populations are reproducibly identified in different tumor types. Cheng et al.
applied single-cell RNA-sequencing (scRNA-seq) to pan-myeloid cells isolated from 210
patients spanning 15 solid tumor types, and identified 4 phenotypic clusters of DCs observed
across all 15 tumor types: pDCs, CLEC9A* ¢cDC1, CD1c* ¢cDC2, and LAMP3*/CCR7*
cluster they aligned with an activated and migratory phenotype 16. A similar pan-cancer
approach spanning 20 patients from 3 distinct indications described the same clusters 17,
although they also identified a distinct 5™ cluster of DCs that occurred largely in lung
cancer samples and was closely related to cDC2 cells. Zillionis et al. dissected DCs into the
same 4 clusters in a single-cell analysis of 7 non-small cell lung cancer (NSCLC) patient
samples, and furthermore found a clear conservation of these 4 DC subsets in mouse tumors
obtained from a syngeneic KP1.9 lung adenocarcinoma model 18, Remarkably all four DC
subsets hierarchically clustered together independent of type of tumor, treatment status, or
stage 1618 suggesting a developmental determination rather than environmental polarization
defining these populations. While the function of cDC1, cDC2 and pDC is indisputable,

the LAMP3*/ CCR7* cluster could track back to several phenotypes, as these markers

have been used to describe DC3 19, mature regulatory DC (mregDC) 29, and inflammatory
DCs 21, DC3, characterized as CD163*, CD1c*, are uniquely related to cDC2 22, yet
pan-cancer analysis found that the LAMP3*/CCR7* population emerges from both ¢cDC1
and cDC2 subtypes 1617 and lacks the characteristic marker phenotype of DC3. Instead,
this population better resembles regulatory mregDC, an activated form of both ¢cDC1 and
cDC2 20, Deeper interrogation of the cDC2 population across 8 indications identified two
minor subclusters within cDC2 with phenotypic characteristic of DC3 (CD5~/'o%, CD163").
And elsewhere, a significant DC3 cluster was found alongside cDC1, cDC2, and mregDC
from a set of 35 NSCLC samples, that was not only the most prevalent DC cluster in these
samples, but also considerably enriched in tumor samples over matched normal 23, Taken
together, the patterns show consistency in how single-cell technologies are able to resolve
clear phenotypic and functional subsets of DCs, in line with known characterization of
these subtypes. However, the different picture has emerged in respect of macrophages and
neutrophils.

Monocytes and macrophase.

Despite evidence that historically defined “M1” macrophages associate with good clinical
outcome while “M2” macrophages have the opposite effect 2425, the convention of
breaking down macrophages into two highly polarized states in TME did not find strong
experimental support and now is replaced with the concept of a continuous gradient of
monocyte and macrophage functional states. Single-cell technologies supposed to shed
light on the plasticity of macrophages. Diverse macrophage clusters were indeed identified,
but most subsets were restricted to the specific tissues or patients 1617, demonstrating

the susceptibility of macrophage phenotype to the microenvironment. In one instance,
where 12 distinct macrophage clusters were identified, only 5 could be reproducibly
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identified in >30% of samples tested 6. A lack of phenotypic overlap between mouse

and human lung cancer macrophages further supports this notion. Some common features
were identified within macrophage subsets spanning diverse tumor indications. One example
is the identification of SPP1* macrophages. SPP1 is an integrin binding sialoprotein that

is frequently upregulated in cancer and associated with pro-tumoral traits of macrophages
across many independent reports 26-28, However, the largest pan-cancer analysis found
distinct SPP1* macrophages only in about half of the indications examined 6. However,
upon closer examination they discovered that the indications lacking SPP1* macrophages
instead had the populations that shared the same angiogenesis signature as the SPP1*
cluster, yet come up with different phenotypic markers (INHBA, VCAN, or FN1). This
demonstrates the fluidity of markers across populations. C1QC* macrophages are another
cluster identified in many single-cell studies 16:2% and is generally separated from the
aforementioned SPP1* cluster by functional signatures (phagocytosis for the former vs.
angiogenesis for the latter). However, follow-up studies found instances of clear overlap
between these two markers 3031, yet functional significance of this double positive subset
termed ‘lipid-associated macrophages” in breast cancer, tracks back to the phagocytosis
signatures of the C1QC™ cluster 31 rather than the angiogenesis signatures of the SPP1*
cluster. Thus, separating single-cell clusters based on a subset of genes that show the highest
upregulation may steer incorrectly into a perception of phenotypic diversity that may not
exist.

While diversity based on transcriptomics may be hard to capture for macrophages,
functional diversity appears more conserved. Regardless of cluster annotation, functional
signatures attributed to clusters frequently return functional macrophage properties of
angiogenesis, tissue remodeling phagocytosis, and inflammatory activity6:30:32.33 These
functional features often cannot be ascribed to an individual cluster, and, in fact, have

been shown to occur across multiple macrophage clusters simultaneously. For example, in
breast cancer, some degree of angiogenesis activity was ascribed to both VCAN* and SPP1*
macrophages, while phagocytosis activity in lung cancer stemmed from both C1QC* and
PPARG™* macrophages 16. And in several instances, the same cluster returned equal degrees
of both angiogenic and phagocytic activity, as seen with ISG15* macrophages in thymic
cancer and IL1B* and GPNMB™ macrophages in renal cancer®. Plasticity of macrophage
function in cancer mirrors the native role for myeloid cells, which can acutely function in

a pro-inflammatory capacity in host defense, but switch during resolution phase. By turning
on angiogenesis, phagocytosis, and immune suppression pathways, myeloid cells mediate
wound healing responses and dampen the pro-inflammatory cascade to protect the host
from autoimmunity 3435, Thus, it is not surprising that this functional conservation trumps
their phenotypic characterization in single-cell dissections. An ambitious meta-analysis
across healthy and diseases tissues found conserved monocyte-to-macrophage programming
across cancer and several inflammatory diseases33, further highlighting the importance of
conservation of these functional traits.

The path for monocyte programming towards functional endpoints is likely influenced by
the localization. A consistent phenotypic and functional distinction between intratumoral
and stromal CD14* cells was found across 20 melanoma metastases obtained from different
anatomical sites. This distinction was not observed for intratumoral vs. stromal T-cells36.
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Furthermore, stromal CD14* cells were enriched for a CD14/CD2/LY75 signature that
might suggest antigen presentation functionality.This signature correlated with better clinical
outcome in several types of cancer (melanoma, DLBCL, sarcoma, adrenal carcinoma)3.
Similar findings were reported in the PyMT breast cancer model where tumor-associated
macrophages (TAMs) developed different phenotypic and functional profiles depending on
whether they localized to the stroma or ductal niches3’.

Neutrophils and PMN-MDSC.

In the context of cancer, neutrophils have taken on a binary reputation, with tumor-
associated neutrophils largely classified as pro-tumor, yet recognition given that neutrophils
can also have anti-tumor functionality. The ontogeny of this distinction has been
characterized in a framework of a pathologically activated PMN-MDSC °. However,
single-cell resolution of circulating and tumor-infiltrated neutrophils has resolved up to

5 unique clusters in cancer patients. We interrogated the subclustering of peripheral and
tumor neutrophils from LL2 tumor-bearing mice, and identified 3 distinct neutrophil
populations in the tumors: PMN1, PMN2, and PMN3, while the peripheral neutrophils
from either tumor-bearing or non-tumor bearing mice only clustered into PMN1 and PMN2
38, Based on transcriptional signatures and ex vivo functional analysis, PMN1 appeared

to fit characteristics of classical neutrophils, while PMIN2 and PMN3 were pro-tumor,
immunosuppressive PMN-MDSC. However, PMN3 cells were largely present in tumors and
not in spleen of mice, while PMN2 are mostly present in spleens. Trajectory analysis and
functional experiments suggested that those populations derived not from one another but
from PMN1 and skewed by environmental cues. Sagiv et al. postulated from the studies

in 4T1-tumor bearing mice that the low density fraction of neutrophils consisted of PMN-
MDSC and classical neutrophils that had degranulated in response to tumor cues into the
low density fraction 39, thus mirroring the findings with PMN2 and PMN3. Irrespective of
origin, neutrophils in the low density fraction had the same T-cell suppressive function.

Zillionis et al. identified 5 distinct clusters of tumor infiltrated neutrophils in human
NSCLC with conservation of these five clusters, along with identification of a mouse-
specific 6!, in mouse KP1.9 lung tumors. In mice, mN1 and mN2 enriched in healthy
lung tissue, while the remaining four clusters were specifically enriched in tumors, of
which mN4-mN6 corresponded to elevated Siglec-F expression previously found to align
with pro-tumor functions 18, mN1, mN3 on the other hand tracked with characteristics
of classical neutrophils, whereby N2 transcriptionally diverted with a signature of type-I
interferon responsiveness. A similar delineation occurred in human tissues, where hN1
and hN3 were transcriptionally similar, tracked closest with classical neutrophils markers,
and associated with better prognosis in NSCLC patients than the other subsets. hN5 on
the other hand tracked with worst overall prognosis, was found to be tumor specific, and
presented phenotypic signatures known to be associated with pro-tumor function. Blood
samples lacked a compatible hN5 subset, therefore suggesting that N5 was likely similar
to the tumor-derived PMN3 population defined in our study. Like mN2, hN2 was a
distinct subset from the remaining clusters that presented with a distinct type-I interferon
signature and, like N5, associated with poorer outcome. Perplexingly, this N2 subset was
enriched in healthy mouse lung over tumor tissue, suggesting that it did not emerge from
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pathological activation. Furthermore, the association of type-I interferon response with anti-
tumor neutrophils 4041, postulates that this N2 subset could be aligned with anti-tumor
neutrophil function. Ultimately, while 5 distinct human neutrophil clusters were identified
in this work, further interrogation coalesced them down to 3 functional states, however
unlike the two pro-tumor and one anti-tumor functional divisions identified in other studies,
the subsets described here likely break down to two potential anti-tumor fractions. Further
analysis would be needed to understand whether the ISG15* N2 population originates
alternatively from classical neutrophils or merely represents an activated state.

The concept of tumor-associated PMN-MDSC was further strengthened by two recent
reports. Analysis of 124 liver cancer samples revealed the emergence of distinct neutrophil
clusters in the tumors that did not overlap with phenotypes found in peripheral blood

or normal adjacent liver*2. Moreover, the neutrophil clusters emerging in hepatocellular
carcinoma (HCC) patients differed in phenotype and number from those in intrahepatic
cholangiocarcinoma (ICC)#2, supporting the hypothesis that pathological activation of
neutrophils is strongly influenced by TME cues. Mouse models of HCC and ICC
recapitulated the emergence of tumor-specific neutrophils that histologically clustered

back to their human counterparts®2. A retrospective analysis of NSCLC samples across

29 original datasets identified 4 tumor-associated neutrophil (TAN) clusters that differed
from the 3 normal-adjacent tissue neutrophils (NAN), with upregulation of genes closely
associated with previously identified PMN-MDSC signature: OLR1, VEGFA, CXCR4, and
CD83, across all 4 TAN subsets*3. NANs broke down into two similar clusters with classical
neutrophil traits and a third NAN-3 cluster enriched for ISG genes, perhaps similar to the
distinct 1ISG* N2 cluster found previously in NSCLC18, with trajectory analysis revealing
the NAN-3 cluster to be a starting point for other two NAN clusters 43. Trajectory analysis
demonstrated a close link between TAN clusters supporting the importance of pathological
TME in shaping the tumor-specific neutrophil phenotype.

An unbiased approach to resolve M-MDSC and PMN-MDSC clusters also identified both
subsets separately from classical monocytes and neutrophils, and found common genes
related to immunosuppression (eg. Arg2, 1116, Cd84) in the signatures identifying these
subsets 44, This further supports the necessity to analyze single-cell clusters based on
functional features rather than markers, as the existence of a universal state of pathological
activation may be similar across various myeloid cells, and may not become apparent
otherwise. Interestingly, in contrast to macrophages, neutrophils and monocytes, functional
state associated with potent immune suppression was not convincingly demonstrated for
DCs. It is tempting to speculate that lack of such functional dichotomy in these cells could
be a foundation of rather unique stiability of DC clustering in TME.

Conditioning of pathological state of myeloid-cell activation in the TME

Stepping back to the concept of classical vs. pathological activation of myeloid cells helps
to further understand the origins of the diversity described above. MDSC emerge from
alterations in BM development programs. In tumor-bearing mice, the gradient of functional
activity is evident in different tissue compartments: from poorly suppressive/activated
MDSC in BM to more potent MDSC in spleen, even more potent cells in hon-tumor tissues
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with maximum activity of MDSC observed in tumors 4°. In cancer patients, similar gradient
exist between peripheral blood and tumor MDSC. These data suggested that the functional
fate of MDSC and, by extension, macrophages is shaped by tissue microenvironment.
Following-up on the above described PMN2 and PMN3 populations 38, PMN3 functionally
resembled PMNZ2, and based on enrichement of pro-inflammatory and immune suppressive
factors and can be characterized as activated PMN-MDSC. These cells have much stronger
suppressive activity than PMN2 cells, thus likely representing a pathologically activated
fraction of PMN-MDSSC in tumors. Several factors were implicated in conversion of PMN
and monocytes to PMN-MDSC and M-MDSC in tumor tissues. Among them are high
concentrations of GM-CSF, ER stress, acidosis, high level of IL-6 and other cytokines
38,4046 A cluster of tumor infiltrated neutrophils in human NSCLC that was not present in
blood was identified 18, suggesting that this cluster also arose from pathological activation
in the tissue. By tracing similar occurrence of myeloid clusters that emerge only in the
tumor, one can identify similar sets of pathologically activated monocytes or macrophages.
A tumor-specific macrophage cluster, designated as MMP9™*, emerged from a single-cell
survey of lung, colorectal, and ovarian cancer 17. This functional type develops along

a monocyte-to-macrophage pathway, of which pseudotime precursors were also detected

in paired normal tissue. However the TME apparently induced further evolution of the
cells into this tumor-specific macrophage cluster. Interesting observations from myeloid
phenotypes in brain metastasis vs. gliomas further highlights the importance of pathological
cues impacting myeloid diversity. It was reported that while TAMs in gliomas were

largely linked to tissue-resident microglia, TAMs in brain metastatic lesions of melanomas
and carcinomas had a more significant proportion of monocyte-derived macrophages 4’.
Thus differences in pathological cues clearly dictated the ontogeny of TAMs. Perhaps not
surprisingly, clusters of myeloid cells uniquely present in tumors are generally associated
with functional attributes that support the tumor progression.

However, conditioning of myeloid cells in the TME may not necessarily reflect the true
nature of MDSC development. Using an /n vitro experimental system where macropages
were differentiated from monocytes or M-MDSC from the same cancer patient, we
demonstrated that the transcriptional profile of macrophages closely correlated with the
type of monocytes these cells were differentiated from 48, Moreover, macrophages generated
from M-MDSC were more imunosuppressive than macrophages generated from moncoytes.
These results were reproduced in mouse experimental models /7 vivo and after adoptive
transfer of monocytes or M-MDSC to tumor-free recipients. The effect was dependent on
increased expression of SLT00A8/S100A9 proteins in immue suppressive macrophage. A
strong link of S100A9 expressing macrophages with negative clinical outcome in patients
with head and neck cancer was found 48. Another suggestion that conditioning of myeloid
cells prior to migration to the TME is important for the development of potent MDSC,
comes from experiments where neutrophils from healthy donors were converted to immune
suppressive PMN-MDSC. Activation of neutrophils with various cytokines and LPS failed
to generate immune suppressive PMN-MDSC 49, Strong activation of cells with ER stress
inducer was required. Up-regulation of the genes associated with ER stress, was one of the
very few features of BM neutrophils in mice with early stage tumors that distinguish them
from BM neutrophils in tumor-free mice 0. It is possible that conditioning of neutrophils in
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the BM facilitates their transition to fully functional PMN-MDSC once these cells migrate to
the tissues.

One important caveat that needs to be considered is the fact that many transplantable mouse
models have a strong inflammatory component with a large number of MDSC, a topic

we discussed recently®. It can be illustrated further in recent study where autochthonous
tumors arising in the spontaneous PyMT tumor model demonstraed development of distinct
stromal vs. ductal TAM programs, whereas orthotopic transplantation of the PyMT tumors
into the mammary fat pad of recipient mice yielded only one main TAM differentiation
path 37. Markedly different results in monocyte compartment were found between the
MMTV-PyMT breast carcinoma model and human breast cancer patients®l. Whereas mouse
breast cancer was found to influence down-regulation of interferon (IFN) signaling in the
monocyte compartmentmonocytes actually demonstrated an upregulation of IFN signaling
in cancer patients samples®L. These results reiterate a need to use different types of tumor
models as well as samples from cancer patients to increase translatability of the results.

Immune suppressive state of activation of myeloid cells is associated with multiple
mechanisms including various reactive oxygen (ROS) and nitrogen (RNS) species
(superoxide radical, hydroxyl radical, peroxynitrite, nitric oxide), ER stress, immune
suppressive cytokines, arginase I, immune suppressive ligands, etc. °. These mechanisms
are usually distinct between PMN-MDSC, macrophages, M-MDSC 2. These and other
mechanisms of pathological myeloid cell activation were explored therapeutically 4253, In
recent years, evidence emerged that a of common mechanism exists that transcends various
types of immune suppressive cells. These mechanisms involve oxidized lipids and may play
a dominant role in regulation of the function of these cells.

Lipid peroxidation in the TME

Growing cancer cells create a microenvironment with a metabolic landscape that supports
their proliferation, migration and simultaneously impairing antitumor immunity®4. One of
the main signaling molecules used for these purposes are lipids. Lipid molecules contain a
hydrophilic polar head and a hydrophobic nonpolar tail (Fig. 2A). Lipids spontaneously
aggregate in the aqueous environments to yield micelles, bilayers, or vesicles through
entropy-driven hydrophobic interactions 2°. There are several dozen types of lipids of
different classes and an average animal cell may contain close to 10° lipid molecules in its
membranes. The most abundant lipid species in cell membranes are phospholipids (PL) 36.
Their polar heads are exposed on the membrane surface and linked, via a glycerol backbone,
to two fatty acid (FA) residues which constitute the membrane hydrophobic core. FA may be
saturated or contain one or more — usually up-to six, cis-double bonds. The latter are called
polyunsaturated fatty acids (PUFA) (Fig. 2A). FA may contain from 14 to 26 carbons and
their double-bonds are localized in methylene interrupted arrangements starting from the 3
or 6t carbon thus representing two co-3 and co-6 major families. PUFA-PL are of particular
importance due to their ability to undergo free radical-mediated peroxidation (Fig. 2B, C).

In most solid tumors, the TME is enriched for lipids, which facilitates tumor cell growth
and immune escape 7. Profound metabolic reprogramming of tumor cells via enhanced
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aerobic glycolysis, gene mutations in the tricarboxylic acid (TCA) cycle enzymes, and
upregulation of de novo lipid synthesis and glutaminolysis, are pivotal to the development
and maintenance of the malignant phenotype of tumor cells 28 and there is a fierce
competition between immune cells and tumor cells for nutrients to provide for adaptive
survival strategies at the expense of compromised immune functions®®.

De novo FA synthesis, uptake of exogenous FAs from the TME and enhanced fatty acid
oxidation (FAQ) are the features related to the immunosuppressive activity of immune

cells. FAO is a catabolic process during which FA are converted into acetyl-CoA, a TCA
cycle substrate, where it gets oxidized and, through the interactions with the mitochondrial
respiratory chain and oxygen consumption, produces ATP. Recent studies indicate that
tumor cells rely on FAO for proliferation, survival, sternness, drug resistance, and metastatic
progression. Moreover, FAQ is also re-wired in TME immune cells leading to immune
suppression 28, In fact, it appears that transition from acute to chronic hypoxia, typical of
tumor growth, shifts the cellular respiration from being predominantly pyruvate-based, to
FA-oriented oxidation and electron flow (in parallel with enhanced glutamine oxidation) 60.

Both mitochondria and peroxisomes can degrade FA chains. The mitochondrial B-oxidation
system feeds the oxidative phosphorylation pathway for ATP synthesis. Very-long-chain
FA and long-chain dicarboxylic acids, are exclusively processed by the peroxisomal
B-oxidation, whereas other common long-chain FA are oxidized by mitochondria®?. If
activated mitochondrial FAO “burns” predominantly saturated and monounsaturated FAs
with the chain lengths of 14-18 carbons, it is logical to expect that longer chain (C20-C26)
polyunsaturated FAs metabolized predominantly by peroxisomes would accumulate in the
TME and its cells. This is important because these PUFA-phospholipids may be utilized
for the production of signals catalyzed by lypoxygenase (LOX)- and cyclooxygenase
(COX)-driven oxygenation reactions leading to the formation of eicosanoids (C20:4),
docosapentanoids (C22:5) and docosahexanoids (C22:6) (Fig. 3). Among these oxygenated
PUFA are — important immune-suppressive signals (eg, prostaglandin E2, PGE?2) that may
be generated by different myeloid cells in TME 62. The high activation of mitochondrial
FAO vs. much slower peroxisomal oxidation of long-chain and very long-chain PUFA
creates conditions for their peroxidation, which along with the avid uptake of PUFA,
peroxidized PUFA and peroxidized PUFA-PL, lead to their accumulation in the myeloid
cells.

Physiologically, the majority of oxygenated free PUFA acting as lipid mediators are
generated by COXs and LOXs. However, PUFA-PL are poor substrates for COX, although
some of the LOXs — 15LOX, 12L.OX — can also utilize PUFA-PL as their substrates 63,
Transition metals and their redox-active low molecular weight complexes may be invoveld
in the catalysis of lipid peroxidation. However, non-enzymatic lipid peroxidation cannot
selectively generate stereospecific oxygenation products which are usually required for the
signaling function.
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Lipid peroxidation and cell death

Perhaps one of the most important signaling mechanisms by oxygenated PL is associated
with different types of regulated cell death. It has been shown that peroxidation of a
unique mitochondrial phospholipid, cardiolipin, is a required stage in intrinsic apoptosis.
In pyroptosis, peroxidation of cardiolipin participates in the formation of NOD-, LRR-
and pyrin domain-containing protein 3 (NLRP3) inflammasome patform. Necroptosis is
associated with peroxidation of phosphatidylcholine 8467, Selective and stereospecific
oxygenation of PUFA-PL play central role during ferroptosis . Execution of ferroptosis
is triggered in cells with impaired redox regulation whereby excessive availability/
activity of redox-active iron, induces lipid peroxidation that cannot be adequately
controlled by the thiol regulation, particularly by Glutathione peroxidase 4/glutatione
GPX4/GSH system. Specific for ferroptosis are oxidation products generated from PUFA-
phosphatidylethanolamine (PUFA-PE), particularly those emerging from oxidation of
arachidonoyl (C20:4)-PE and adrenoyl (C22:4)-PE 64 (Fig. 4). It has been demonstrated
that 15L0OX, is a redox catalyst of PUFA-PE peroxidation. The formation of pro-ferroptotic
signals requires the co-participation of yet another protein, PE-binding protein 1 (PEBP1)
exerting allosteric control over selectivity and specificity of the 15L.OX-catalyzed reaction
and leading to the accumulation of sn-2-15-hydroperoxy-arachdidonoyl-PE ©°.

Tumor cells, especially of pro-metastatic mesenchymal type, have increased sensitivity

to ferroptosis 70-72. Ferroptosis has been discovered during search of new anti-cancer
modalities alternative to pro-apoptotic agents 73. Therefore, ferroptosis was utilized as a
potential therapeutic target in cancer therapy using various chemical inhibitors of GPX4

or antiporter system xc-.Strong antitumor effect was observed /n vitro and in xenograft
systems /n vivo 7481, However, these studies did not take into account contribution of the
TME. Wang et al. has demonstrated that genetic manipulation of tumor cells /n vitroto
decrease their sensitivity to ferroptosis made them less sensitive to IFN-y and cytotoxic T
cells . In contrast, treatment of mice with cysteinase, a ferroptosiss inducer, sensitizes tumor
cells to IFN-y and synergizes effectively with immune checkpoint blockade (ICB) 82. In
other words, the suggested mechanism of ferroptosis induced by CD8" T cells has been
primarily ascribed to insufficiency of the thiol (GSH) control of lipid peroxidation. However,
other data suggested a more complex role of ferroprosis in cancer. Recent data showed

that ferroptosis in tumor infiltrating CD8* T cells had tumor promoting effects due to
decreased T-cell survival and impaired T-cell function 83-84, Increased expression of CD36
in tumor-infiltrating CD8* T cells in the TME stimulates uptake of FA followed by lipid
peroxidation and ferroptosis associated with tumor progression and poor survival in human
and murine tumor cells 83, It was further established that elevated levels of oxidized lipids in
the TME enhanced expression of CD36 causing uptake and accumulation of oxidized lipids
(oxidized LDL) and enhanced lipid peroxidation associated with inhibition of CD8* T cell
effector function preventable by over-expression of GPX4 84,

Oxidized lipids and ferroptosis of myeloid cells in cancer

A recent study clarified the role of ferroptosis in the TME by focusing on myeloid
cells, specifically PMN-MDSC. It revealed that ferroptosis does not commonly occur in
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BM or spleen neutrophils from tumor-free or tumor-bearing mice. However, the active
ROS/RNS-generating machinery of PMIN-MDSC shatters redox balance and stimulates a
predominantly ferroptotic death of the majority of these cells (Fig. 4). This process was
controlled by hypoxia-inducible down-regulation of GPX4 8. The death of these immune-
suppressive cells may be viewed as a potentially anti-cancer mechanism eliminating

the important components of the immune-suppressive TME cell populations. However,

this simplistic view was incorrect. Ferroptotic PMN-MDSC demonstrated potent immune
supprsssive activity. Moreover, induction of ferroptosis was sufficient to convert neutrophils
to immune suppressive PMN-MDSC. In addition, ferroptotic PMN-MDSC released lipid
peroxidation products that directly suppress T-cell function. Those products could cause
ferroptosis of macrophages that in turn became immune suppressive, thereby spread the
wave of immune suppression from one cell to another 8. This concept is in line with

the observation demonstrating that oxidized lipids can be transferred from PMN-MDSC to
DCs and blunt their ability to cross-present antigens 6. Treatment of immune competent
tumor-bearing mice with ferroptosis inhibitor, liproxstatin-1, had anti-tumor activity and the
effect of immunotherapy was substantially enhanced 8°. In contrast, treatment of mice with
a ferroptoss inducer, IKE, promoted tumor growth indicating that in immune competent
hosts, ferroptosis in the TME is largely a tumor-promoting force. In neutrophils, immune
suppression associated with ferroptosis induction and actual cell death were separated in
time. The former occurred much earlier (withn hours after induction of ferroptosis process)
whereas the latter take place at least 24 hours later. Whether ferroptosis can be reversed at
the stage of immune suppression remains unclear.

Ferroptosis of PMN-MDSC in TME is supported by the accumulation of readily
oxidizable PUFA-PL, which can be peroxidized by intracellular pro-oxidant machinery to
generate ferrpototic signals as well as additional peroxidized (phospho)lipid species with
immunosuppressive propensities. Two enzymes, acyl-CoA synthetase long chain family
member 4 (ACSL4) and fatty acid transport protein 2 (FATP2), can deliver, redistribute
and activate PUFA to acyl-CoA PUFA 8788 Both of them are involved in the regulation

of ferroptosis and production of immunosuppressive signals in PMN-MDSC 8589, FATP2
and ACSL4 are highly expressed in ferroptosis sensitive PMN-MDSC and genetic deletion
of the genes and their products results in the enhanced tolerance to ferroptosis and
immunosuppressive phenotype 85 (Fig. 4). Redox lipidomics analysis discovered that uptake
and accumulation of arachidonic acid (AA) and its COX-catalyzed metabolite, PGE2, were
mainly responsible for the immunosuppressive activity of FATP2 89,

While PGEZ2 is a well-characterized immune suppressive factor, it is possible that other
individual molecular species of peroxidized PE and other PLs may act as effective
regulators of immune responses of PMN-MDSC in TME thus indicating to an area of
future exploratory work. The main mechanism of FATP2-mediated suppressive activity
involved the uptake of AA and the synthesis of PGE,. The selective pharmacological
inhibition of FATP2 abrogated the activity of PMN-MDSC and substantially delayed tumor
progression. In combination with ICB, pharmacological inhibition of FATP2 abrogated the
immunosuppressive activity of PMN-MDSC and substantially delayed tumor progression 8°
thus indicating a potentially promising therapeutic target.

Cancer Cell. Author manuscript; available in PMC 2024 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van Vlerken-Ysla et al. Page 12

The TME is enriched for macrophages with some features of M2 type polarization. These
cells are highly susceptible to hydroperoxy-PUFA-PL peroxidation and ferroptosis. It has
been demonstrated that iNOS represents the major ferroptosis regulating mechanism in
macrophages. High level of iNOS makes macrophages resistant to PL peroxidation and
ferroptosis 0. This is significant because the very low iNOS levels make the macrophage
susceptible to ferroptotic cell death 0. Detailed studies revealed that INOS/NOs«, the

major antiferroptotic mechanism in macrophages, acts independently of GPX4 and other
anti-ferroptotic regulators (eg, FSP1). The tolerance of macrophages to pro-ferroptotic
stimulation suggests that there may be another, yet to be identified anti-ferroptotic cascade,
specific for TME conditions. Interestingly, another lipid-dependent mechanism of TAMs
reported a correlation of their functional diversity with prognostic significance in colorectal
liver metastasis. It has been shown that small (S-TAM) and large (L-TAM) macrophages
correlated with 5-yr disease-free survival rates of 27.8% and 0.2%, respectively (P <
0.0001)%L. RNA sequencing of morphologically distinct macrophages established that up-
regulation of genes involved in suppressive metabolism was the most enriched pathway in
L-TAMs.

DC in TME are characterized by the robust accumulation of neutral lipids — tri- and di-
acylglycerols, cholesterol esters and free fatty acids forming large lipid bodies (LB) 92:93,
This has been associated with the suppressed cross-presentation of exogenous, incuding
tumor-specific, antigens without inhibition of the endogenous peptides presentation of 9495,
This concept was confirmed and expanded by different groups 96-99. Accumulation of
oxidized lipids in tumor associated DC could be also the result of ER stress response.

Impaired cross-presentation by lipids was due to the defects in trafficking of peptide-MHC
class I (p)MHC) complexes 190, Specific biochemical mechanisms of this association
emerged with the understanding of the role of a small fraction of these neutral lipids,
oxidizable PUFA species as well as their peroxidation products. Notably, oxidatively
truncated forms of tri-acyl glycerols were the prevailing oxidized lipid species in LBs
94,100 \While some of these oxidatively-truncated triacylglycerols may be formed in DC101,
hypoxic TME conditions and related low expression of GPX4 may create pro-ferroptotic
stressory conditions culminating in the accumulation of PUFA LB lipids. However, it

is likely that the majority of them are produced by PMN-MDSC in a myeloperoxidase
(MPO)-catalyzed reaction as MPO-deficient PMN-MDSC did not affect cross-presentation
by DCs . Given that MPO is readily released from activated PMN-MDSC, it is also
possible that the origin of peroxidized lipids in LBs includes pools of oxidized lipids in
TME extracellular compartments taken-up the DC. Experimental analysis and computational
modeling demonstrated that these more polar peroxidized lipid species transgressed from the
hydrophobic core to the LB surface 192, Oxidatively-truncated lipids form adducts with a
major stress-induced peptide chaperone, heat shock protein 70 190, This prevents trafficking
of pMHC from the phagosome/lysosome to the cell surface. As a result, DCs are not able to
effectively stimulate antigen-specific T cells (Fig. 4). Interestingly, a recent study presented
a potential link between ferroptosis-associated lipid peroxidation in TME, particularly in
cancer cells, and their effects on DC antigen cross-presentation 103, It was shown that
“early” ferroptotic cancer cells decreased maturation of DC and dampened their antigen
cross-presentation. DC loaded with ferroptotic, but not necroptotic cancer cells failed
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to protect against tumor progression. However, other studies reported low-immunogenic
potential of “late” but not “early” ferroptotic cells 193104, These seemingly contradictory
results may find explanations in detailed analysis of differences in the composition and
identity of lipid peroxidation products accumulating in “early” vs. “late” ferroptotic cancer
cells, ie., the concept that ferroptotic stress and ferrototic death are separated in time, which
we discssed above.

Oxidised lipid signals causing awakening of dormant cancer cells

Senescence-like state of dormancy induced by oncogenes, chemotherapy, or radiation
therapy is one of the major mechanisms by which tumor cells can persist in tissues

long after seemingly successful therapy 195, Tumor recurrence after reactivation of these
dormant cells represent a majot clinical problem. In reactivation of dormant cancer cells
(DCC) inflammation and myeloid cells seem to play important roles 106, Recently, we
described a mechanism enacted by stress hormone stimulation of p2-adreno-receptors on
neutrophils. This results in the release of SI00A8/A9 proteins and activation of MPO
followed by changes in PLs, including their chlorination, hydrolysis and oxidation 107,
Using a mouse model of disseminated DCC (lung and ovarian cancer), we demonstrated
that MPO activated by S100A8/A9 triggered dramatic changes in a special type of PLs,
plasmalogens (Fig. 5). In plasmalogens, attachment of the sn-1-tail occurs via an ether
(alkenyl)-bond, in contrast to diacyl-PLs where both FA residues are linked to the glycerol
moiety by ester-bonds 198, Plasmalogenic forms are present in all major classes of PLs but
most commonly in phosphatidylcholines (PC) and PE - the two most abundant classes of
PLs. In S100A8/9-stimulated PMN, plasmalogen alkenyl-acy! species of PE (PE-p) and PC
(PC-p) were more predominant than di-acylated PE (PE-d) and PC (PC-d) species. Notably,
the alkenyl bond of plasmalogens can be readily hydrolyzed by MPO generated hypochlorite
(HOCI). The resultant products represent an unusual type of lyso-PLs, sn1-O-sn2-PUFA-
PLs 197, Importantly, PE-p were mostly represented by the molecular species with highly
oxidizable arachidonic acid in the sn7-2 position. In contrast, PC-p species had saturated
and monoenoic acids in the sn7-2 position. Not surprisingly, snZ-lyso-sn2-PUFA-PE - were
found in S100A8/9-stimulated PMN. These lyso-PE were further chlorinated and oxidized
by MPO/HOCI causing the accumulation of aldehydes, particularly 4-hydroxy-nonenal (4-
HNE). Reactive 4-HNE can covalently modify amino-groups of proteins and amino-PLs,
such as PE. Indeed, increased contents of Michael PE-4HNE adducts and lyso-PE (LPE)
were found in mouse and human neutrophils incubated with S100A8/A9 197, The similar
profiles of lyso-PUFA-PE were found in neutrophils isolated from mice that underwent
experimental stress. Importantly, these mice had much stronger ability to reactivate DCC.
PLs extracted from PMN treated with SLT00A8/A9, but not from control PMN, stimulated
proliferation of DCC. Similarly, lipids extracted from PMN isolated from stressed mice
also reactivated DCC. However, PL extracts from S100A8/A9-treated MPO deficient PMN
failed in induce proliferation of DCC 107, Biochemical characterization of “awakening” by
active lipids revealed that the major products generated in MPO driven reaction were PE
(18:0p/20:4)-4HNE and lysoPE containing C20:4 in sn-2 position (OH/20:4). These lipids
activated tumor cell proliferation via up-regulation of fibroblast growth factor pathway.
Given a complex nature of the MPO-driven reaction products generated from p-PUFA-PE,
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hydrolyzed, peroxidized, chlorinated, oxidatively-truncated metabolites and protein adducts,
significant further work will be necessary to narrow-down the list of active compunds and
the possible activating receptors. As discussed above, the oxidized derivatives of these PE
species are also formed during ferroptotic stress and may be accountable for the ferroptotic
cell death. This may be significant in the context of the design and development of effective
pro-ferroptotic anti-cancer agents which should not disturb the quiescence of disseminated
DCC. Because of high membrane diffusability of PE-derived metabolites, this also raises
the question on the role of ferroptotic death of PMN-MDSC in metastatic spreading of the
primary tumor.

Conclusions

In this review, we discussed several concepts that may be important for better understanding
of the role of myeloid cells in cancer and their potential therapeutic targeting.

First, functional state of actvation of myeoid cells along classical vs. pathological states
rather than sub-cluster classification of these cells is a dominant force defining functionality
of various myeloid cells. Although many issues require further clarification and validation,
it appears that functional signatures transcend specific subsets of these cells and may be
useful for the designing effective therapeutic strategies. Interesting exception is DC. It
appears that, at least for now, pathological state of activation of these cells is not clearly
identified and this is reflected in the fact that phenotypic sub-population of these cells are
remarkably conserved and functionally stable. Although data on functionality of mregDC
are rather limited, it seems that these cells cannot be fully characterized as pathologically
activated cells as it appears to be a functional state of DCs under homeostatic conditions and
contribute to regulation of effector T cells indirectly and not utilize mechanisms commonly
attributed to TAM and MDSC. The reason for this phenomenon is not clear for us but may
be related to the unique differentiation and maturation/activation pathway of these cells.

Second, although critical role of microenvironment in shaping up functional state of myeloid
cells in TME seems well-defined, it does not fully explain the changes observed in the TME.
We suggest that condiontioning of neutrophils and monocytes in the BM via ER stress and
various tumor-derived cytokines play an important role in their conversion to MDSC in the
TME. Thus, targeting these cells at very early stages of differentiation may be critical.

Third, high metabolic demands of rapidly proliferating cancer cells create PUFA-rich TME
in which hypoxic conditions discourage oxidation resistant phenotypes of immune cells.
These cells cannot adequately respond other than by the developing pro-ferroptotic stress
and generation of lipid peroxidation products, defining their enhanced vulnerability to
ferroptotic death. This process is most likely predominantly driven by PMN-MSC with their
powerful oxidants-generating machinery for the production of NO«/O2-« (eg, peroxynitrite,
ONOO-) and CIO-. These PMN-MDSC offer the “Trojan horse” gift to other types of
immune cells such as DCs, macrophages, T cells, etc. As a result, the entire immune

cell community suffers the losses of unpreparedness to aggressive pro-ferroptotic factors
triggering “inappropriate” ferroptotic death.
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Fourth, ferroptotic response and ferroptotic cell death are not identical events. They are
separated in time (in experimental conditions /n vitro by 24-48 hours). Immune suppressive
effect exerted by myeloid cells undergoing ferroptotic response have profound negative
effect on adaptive immune cells in the TME and limited tumor control by these cells.
Myeloid cells that eventually die from ferroptosis are rapidly replaced by new cells arriving
from the BM. This concept explains the less than satisfactory results of numerous attempts
to use pro-ferroptotic agents to overcome the limitations of pro-apoptotic anti-cancer
strategies and suggest a paradigm of differential pro-/anti-ferroptotic approaches whereby
stimulation of ferroptosis in cancer cells can be combined with anti-ferroptotic protection
selectively delivered to immune cells.
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van Vlerken-Ysla et al. discuss that functional states of myeloid cells transcend single-
cell omics-based cell clusters and outline factors involved in diversification of these
cells in the bone marrow, periphery and tumor microenvironment. They propose that
lipid peroxidation represents a major mechanism governing their pathological state of
activation, potentially providing a therapeutic vulnerability.

van Vlerken-Ysla et al. discuss how functional states of myeloid cells transcend
single-cell omics-based cell clusters and outline the factors that contribute to their
formation and (functional) diversification in the bone marrow, periphery and tumor
microenvironment (TME). They propose that lipid peroxidation represents a major
mechanism governing their pathological state of activation in the TME, thereby providing
a potential therapeutic vulnerability.

van Vlerken-Ysla et al. discuss how functional states of myeloid cells transcend single-
cell omics-based cell clusters and outline the factors that contribute to the formation

of myeloid cells in the bone marrow, periphery and tumor microenvironment (TME).
They propose that lipid peroxidation represents a major mechanism governing their
pathological state of activation in the TME, thereby providing a potential therapeutic
vulnerability.

Overview the signals that TME-derived pathological factors on lineage development,
differentiation, and recruitment of myeloid cells

In recent years, evidence emerged that a of common mechanism exists that transcends
various types of immune suppressive cells. These mechanisms involve oxidized lipids
and may play a dominant role in regulation of the function of these cells.

functional signatures transcend specific subsets of these cells and may be useful for the
designing effective therapeutic strategies

We discuss a concept that lipid peroxidation of myeloid cells represents a major
mechanism that governs their pathological state of activation in the TME. Lipid
peroxidation is associated with ferroptosis mediating suppressive activity of these cells
and thus could be considered as attractive target for therapeutic intervention.
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Figure 1. Impact of TME-derived pathological factors on lineage development, differentiation,
and recruitment of myeloid cells.

Schematic illustration of lineage development and differentiation of myeloid cells and

their identification in the bone marrow, circulation, and tumors. Pathological factors in

the TME promote lipid uptake and immune suppression by myeloid cells, while also
leading to secretion of systemic factors that impact myelopoiesis and mobilization of
myeloid cells from the bone marrow. Figure illustrates how pathological factors impact the
differentiation of dendritic cells, neutrophils, and macrophages into functional subsets, and
subsequently affect their recruitment and/or differentiation into the tumor microenvironment.
Black lines indicate lineage development while red lines indicate activated sub-states.

GMP = granulocyte-monocyte percursor; MDP =monocyte-dendritic precursor; M-MDSC
= monocytic myeloid-derived suppressor cell; CDP = DC precursor; preDC = pre-dendritic
cells, committed precursor of DCs, pDC= plasmacytoid DC; ¢cDC = conventional DC; mono
= monocyte; moDC = monocyte-derived DC; mregDC = mature regulatory DC; MLPG

= monocyte-like precursor of granulocytes; proNeu = pro-neutrophil; NeuP = neutrophil
progenitor; PMN = polymorphonuclear cell; IM = intermediate monocyte; TRMA = tissue-
resident macrophage. Created with Biorender.com
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Fig. 2. Polyunsaturated fatty acids (PUFA) lipids and their peroxidation products formed in cells
and tissues.

A: structure of different classes of lipids. There are two stereo-specific positions in
phospholipid (PL) molecules, sn-1 and sn-2, at which FA can be covalently linked to
glycerol. Typically, PLs contain PUFA at the sn-2position whereas saturated and mono-
unsaturated FAs are localized at the sn-1 position and polar head-groups attached at the

sn-3 position. In plasmalogens, fatty acids in sn-2 position are connected to glycerol
backbone via a vinyl-ether bond. Abbreviations: SFA = satuated fatty acids; MUFA =
monounsaturated fatty acids B: Peroxidation can occur as a random chemical reaction or

as a enzymatically-catalyzed process in which only a selective group of PUFA-PLs are
modified 199, While the former random process is characteristic mostly of disbalanced
redox conditions in stressed myeloid cells, the latter represents a physiological genetically
controlled reaction. In myeloid cells, peroxidation produces the primary hydroperoxy-PUFA,
which can undergo additional redox reactions to yield secondary oxidation products
containing keto-, epoxy and hydroxy- functionalities. Alternatively, the hydroperoxy-PUFA-
PLs can undergo beta-scission to form oxidatively truncated electrophilic products with
shortened hydrocarbon chains.

C: The electrophilic products with shortened hydrocarbon chains can form adducts with
several nucleophilic sites in proteins including histidines, cysteines and lysines to form
Michael adducts and Schiff bases.
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Figure 3. Enzymatic and non-enzymatic (phospho)lipid peroxidation.
White box: the most common enzymatic processes generating lipid hydroperoxides

in myeloid cells followed by the formation of secondary peroxidation products that

take place in myeloid cells and affect their ability to regulate function of other cells.
15LOX can directly oxidize PUFA-containing (phospho)lipids to form the respective

lipid hydroperoxides (including pro-ferroptotic signals). MPO-catalyzed production of
hypochlorite can react with superoxide, H,O, or iron to yield hydroxyl radicals and
initiate lipid peroxidation. MPO/HCIO can hydrolyze the plasmalogen vinyl bond to
yield 2-sn-PUFA-lysophospholipids which can be further oxidized by 15LOX to generate
lyso-phospholipid hydroperoxide (green box). Blue box: the free radical reactions of
lipid peroxidation. Superoxide formed by NADPH oxidases, xanthine oxidase, and the
mitochondrial electron-transport chain can dismutate to generate hydrogen peroxide.
Hydroxyl radicals produced in the Fenton reaction abstract hydrogen from the bis-allylic
positions of PUFA-lipids and create carbon-centered radical that reacts with molecular
oxygen to form a lipid-peroxyl radical. The latter can abstract another hydrogen to
generate lipid hydroperoxide. Nitric oxide readily reacts with superoxide to generate
peroxynitrite homolytic decomposition of which yields hydroxyl radicals and also initiates
lipid peroxidation observed in myeloid cells (yellow box).

Abbreviations: ROS = reactive oxygen species; RNS = reactive nitrogen species; 15L0OX
=15-lipoxygenase; COX = cyclooxygenase; MPO = myeloperoxidase; H,O, = hydrogen
peroxyde; HOCI = hypochlorous acid; NO = nitric oxide; Fe = iron; Lyso = phospholipids
with one of two fatty acids removed; LH= non-oxidized lipid from which a bis-allylic
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hydrogen can be abstracted; pLH = plasmalogen form of lipid; L = lipid radical; LOO =
lipid peroxyl radical; LOOH = lipid peroxide; HO = hydroxyl radical.
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Figure 4. Redox imbalance causes ferroptotic stress which can culminate in ferroptotic death in
PMN-MDCSs.

The initiation of the ferroptotic program in redox-imbalanced cells results in the
accumulation of polyunsaturated fatty acids- phospholipid (PUFA-PL) peroxidation
products. FATP2 transports exogenous arachidonic acid from the TME to PMN-MDCS,
and together with ACSL4 and FATP2, contributes to synthesis of PUFA-PL and the
production of immunosuppressive signals in PMN-MDSC. Oxidized products specific for
ferroptosis can be eliminated via an enzymatic action of either iPLA2p that hydrolyzes
sn-2 hydroperoxyl (HOO)-PUFA-residue from hydroperoxy-PE species or by the reduction
of HOO-PUFA-PE by GPX4. AA and its COX-catalyzed metabolite, PGE2, are mainly
responsible for the immunosuppression. PGE2 can be presented in two forms —as a

free oxygenated AA and also as PGE2-esterified into PE. PLA,-catalyzed hydrolysis

of PGE2-PE may be required to release immunosuppressive free PGE2. Oxidized and
oxidatively-truncated triacylglycerols are produced by PMN-MDSC in a MPO-catalyzed
reaction and can be taken-up by dendritic cells. Accumulated oxidatively truncated forms
of triacylglycerols prevent trafficking of pMHC from the phagosome/lysosome to the cell
surface. These DCs are not able to effectively stimulate antigen-specific T cells due to
suppressed antigen cross-presentation. Abbreviations: PMN-MDSC = polymorphonucler
myeloid-derived suppressor cells; DC = dendritic cell; FATP2 = fatty acid transport
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protein 2; ACSL4 = Long chain acyl-CoA synthetase isoform 4; ALOX = arachidonate
15-/ipoxygenase; GPX4 = Glutathione Peroxidase 4; GSSG = oxidized glutathione; MPO
= myeloperoxidase; NOX2,= NADPH oxidase 2; COX2 = cyclooxygenase-2; iPLA2p =
calcium-independent phospholipase A2@; PL = phospholipid; A = arachidonic acid; TG

= triacylglycerol; PE = phosphatidylethanolamine; HO = hydroxide; HoO5, = hydrogen
peroxide; LPE = lyso-phosphatidylethanolamine; PGE2 = prostaglandin E2; PE-PGE2 =
esterified prostaglandin E2; tr = truncated; ox = oxidized; HSP70 = heat shock protein 70;
pMHC = MHC class | molecule. Created with Biorender.com
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Figure 5. Lipid signals are involved in awakening of dormant cancer cells by activated PMN.
Stress hormones stimulate B2-adreno-receptors on PMN and cause S100A8/A9-dependent

activation of MPO. MPO and its product, hypochlorite, induce changes in PE plasmalogens
with highly oxidizable AA in sn-2 position, including their chlorination, hydrolysis and
oxidation. MPO driven reaction generates lyso-AA-PE which can be further oxidized by
COXs and LOXs to yield hydroperoxy-AA-PE in sn-2 position. These unusual oxygenated
lipids can be released by PMN-MDCS and induce “awakening” of dormant tumor

cells. Abbreviations: PMN = polymorphonuclear neutrophils; MPO = myeloperoxidase;
NOX2 = NADPH oxidase 2; PEp = phosphatidylethanolamine plasmalogen; LPE =
lyso-phosphatidylethanolamine. HCIO = hypochlorite; H,0O,, = hydrogen peroxide; ox =
oxidized; tr = truncated. Created with Biorender.com
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