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Simple Summary: Inflammation is a hallmark of many cancers. Macrophages are key participants
in innate immunity and important drivers of inflammation. When chronically polarized beyond
normal homeostatic responses to infection, injury, or aging, macrophages can express several pro-
carcinogenic phenotypes. In this review, evidence supporting polarized macrophages as endogenous
sources of carcinogenesis is discussed. In addition, the depletion or modulation of macrophages by
small molecule inhibitors and probiotics are reviewed as emerging strategies in cancer prevention.

Abstract: Inflammation is an essential hallmark of cancer. Macrophages are key innate immune
effector cells in chronic inflammation, parainflammation, and inflammaging. Parainflammation is a
form of subclinical inflammation associated with a persistent DNA damage response. Inflammaging
represents low-grade inflammation due to the dysregulation of innate and adaptive immune re-
sponses that occur with aging. Whether induced by infection, injury, or aging, immune dysregulation
and chronic macrophage polarization contributes to cancer initiation through the production of proin-
flammatory chemokines/cytokines and genotoxins and by modulating immune surveillance. This
review presents pre-clinical and clinical evidence for polarized macrophages as endogenous cellular
carcinogens in the context of chronic inflammation, parainflammation, and inflammaging. Emerging
strategies for cancer prevention, including small molecule inhibitors and probiotic approaches, that
target macrophage function and phenotype are also discussed.

Keywords: carcinogenesis; macrophage activation; parainflammation; inflammaging; DNA damage;
mutation; macrophage modulation

1. Introduction

The majority of cancers develop in a multi-stage fashion defined by initiation, promo-
tion, progression, and metastasis. Within each stage, the transition from healthy somatic
cells to metastatic malignancy is regulated in part by host immunity. Inflammation, as
driven by host immunity, is considered an essential hallmark of cancer [1]. For many
cancers, inflammation is an enabling characteristic that precedes malignant transformation
with a subsequent shift to immunosuppressive tumor microenvironments that promote
survival, growth, and metastasis. In this review, we focus on the role of chronic inflam-
mation, inflammaging, and parainflammation in cancer initiation, with an emphasis on
macrophages as key cellular drivers during the earliest stages of carcinogenesis [2]. The
role of tumor-associated macrophages in the maintenance and growth of extant cancers,
however, is not considered. We use the term cancer initiation to refer to cells with acquired
mutations in genomic DNA, altered phenotypes, and proliferative potential [3]. Despite
recent progress, the role of immune cells in cancer initiation is not fully defined [4]. This
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review discusses the emerging role of chronically polarized macrophages in cancer initia-
tion. Chronic polarization refers to cells with phenotypes that persist well beyond normal
homeostatic responses to infection or injury. Finally, agents that target macrophages are
considered as newer approaches to cancer prevention.

2. Macrophages in Innate Immunity

The innate immune system is the body’s first line of defense and helps identify and
eliminate “non-self” substances such as invading pathogens. The primary cellular compo-
nents of the innate immune system are monocytes, macrophages, basophils, dendritic cells,
eosinophils, mast cells, neutrophils, and natural killer cells. Precursors to these components
arise from bone marrow stem cells via granulocyte-monocyte maturation and are found in
the circulation as monocytes [5,6]. These cells differentiate into macrophages upon entering
tissue compartments. Monocytes and macrophages are distinguished by surface markers
such as CD11b, CD68, F4/80, CD163, CD206, and Ly6C, among others [7]. In contrast to
bone marrow derived-macrophages, tissue-resident macrophages largely originate in the
yolk sac, express many niche-specific functions, and have long lifespans [8,9].

Macrophages possess a high degree of plasticity that allow for adaptation to local en-
vironmental cues [10,11]. Switching to specialized functions in response to specific external
signals is termed polarization. Macrophage plasticity and polarization allow for a finely
tuned check-and-balance between progression and inhibition of inflammatory responses.
Under homeostatic conditions, intestinal and liver macrophages are profoundly anergic
despite retaining robust phagocytic and bactericidal activity [12,13]. The maintenance of an
“MO0” or “non-polarized” phenotype is largely due to interleukin (IL)-10 and transforming
growth factor (TGF)-3. Tolerogenic cells can be polarized to a pro-inflammatory M1 pheno-
type by a variety of signals, including pathogens, antigens (e.g., lipopolysaccharide [LPS]),
and cytokines (e.g., interferon [INF]-y, tumor necrosis factor [TNF]-«, and granulocyte-
macrophage colony-stimulating factor 2 [CSF2]). However, abnormal, excessive, or chronic
M1 polarization can lead to tissue damage and chronic inflammation [14,15].

M1 polarized macrophages coordinate inflammatory responses through many potent
cytokines (e.g., TNF-o, IL-1e, IL-1f3, IL-12, IL-18, and IL-23) [16]. The cytokine IL-6, as
expressed through nuclear factor (NF)-«B/Stat3 signaling, facilitates cancer initiation by
enhancing the proliferation of tumor-initiating cells [17]. Conversely, Toll-like receptor
(TLR)-induced cytokine pathways are broadly inhibited when macrophages express growth
arrest-specific gene 6 (GAS6), a soluble ligand for Tyro3-Axl-Mer receptors kinase [18].
Knockout of Gasé in ApcMi/*+ mice increased macrophage infiltration in the intestinal
tract, elevated cytokine levels, induced cyclooxygenase (COX)-2, and enhanced tumor
initiation [19].

In contrast, M2-polarized macrophages display anti-inflammatory and immunosup-
pressive functions. The phenotype is induced by IL-4, IL-10, IL-13, IL-21, IL-33, TGE-3,
glucocorticoids, and macrophage colony-stimulating factor (CSF1). M2 macrophages are
involved in tissue regeneration, wound healing, and parasite clearance. These cells pro-
duce polyamines and secrete high levels of IL-10, prostaglandin (PG) E,, and TGF-. M2
macrophages can be subdivided into several different phenotypes (e.g., M2a, M2b, M2c,
and M2d), depending on specific polarizing signals (for reviews see [20,21]).

3. Macrophages in Tissue Homeostasis

Macrophages maintain homeostasis in response to pathogens, tissue injury, and dy-
ing cells and provide negative feedback to prevent chronic inflammation. Resolution of
inflammation requires the restriction of pro-inflammatory mediators, reduction in immune
cells at sites of inflammation, and restoration of tissue integrity [22]. Resolving tissue injury
reduces the risk of malignancy associated with chronic inflammation. Homeostatic or M0
macrophages help prevent inflammation by engulfing dead cells, tissue debris, and/or
bone through the process of efferocytosis [23,24]. This function is orchestrated by receptor-
ligand interactions that induce anti-inflammatory cytokines and repress proinflammatory
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cytokines [25]. Efferocytosis is triggered by multiple chemotactic factors (e.g., CXCL1,
CXCL14, CCL2, CCL6-8, and CCL1) that act as ‘find me’ signals [26,27]. In addition, the
accumulation of phosphatidylserine on plasma membranes marks dying cells for engulf-
ment and degradation by macrophages [24]. The impairment of efferocytosis leads to
inflammation-associated pathology and autoimmunity [28]. Although relatively little is
known about efferocytosis in cancer initiation, macrophage expression of adhesion-family
G protein-coupled receptor Bl (or BAI1), which recognizes phosphatidylserine ‘eat-me’
signals on cells, was recently implicated in cancer formation in a mouse model of colitis [29].
Knockout of BAI1 interfered with macrophage clearance of cellular debris, predisposed
mice to colitis, and increased murine mortality. Overexpression of this gene in colon ep-
ithelial cells attenuated colitis. These observations highlighted the role of efferocytosis in
resolving inflammation and presumably in attenuating colon cancer risk.

4. Macrophages in Parainflammation and Inflammaging

Morbidity increases with age [30]. The process is characterized by heightened suscep-
tibility to infectious diseases, decreased antigen-specific immunity, and a greater propensity
to develop cancer. The dysregulation of innate and adaptive immune responses that occurs
with aging results in low-grade inflammation [31]. This phenomenon is termed inflammag-
ing and represents an intermediate state between overt chronic inflammation and basal
homeostasis. Additional forms of subclinical inflammation have been variously referred to
as parainflammation (para from Greek for near or adjacent) and meta-inflammation [32,33].
Meta-inflammation is associated with obesity-induced dysbiosis and intestinal barrier
failure with intestinal macrophages playing a key role in metabolically induced chronic
low-grade inflammation [34]. The presumption is that bacterial compounds polarize in-
testinal macrophages, leading to chronic low-grade inflammation, metabolic disorders, and
an increased risk of cancer [33]. Parainflammation is noted in precursor lesions for CRC
following a persistent DNA damage response. It was initially described in mice with a
knockout of the gene for casein kinase 1 alpha 1, a negative regulator of Wnt signaling [35].
The result was activation of innate immunity with minimal recruitment of immune cells to
sites of inflammation [32].

Inflammaging is a systemic process characterized by elevated levels of inflammasome-
related and NF-kB-driven proinflammatory cytokines such as IL-1f3, IL-6, IL-8, IL-12,
C-reactive protein, and TNF-o [36-38]. Interestingly, anti-inflammatory cytokines such as
IL-10 and TGF-p are also increased [36,39]. Inflammaging in humans correlates with poor
health outcomes [40]. In pre-clinical models, inflammaging correlates with increased gut
permeability, elevated levels of LPS in blood, chronic activation of TLR4, and a decreased
ability of macrophages to clear bacteria and resolve infection [41,42]. The commensal micro-
biome is an important trigger for inflammaging. Mice housed in germ-free environments
do not develop inflammaging and retain normal macrophage function [41]. Inflammaging
has also been ascribed to defective efferocytosis, leading to chronic immune activation [43].

Myeloid cells are central actors in inflammaging. Macrophages readily detect subtle
changes in microenvironmental tissue cues and become polarized in response [44]. As
tissue microenvironments change due to aging, macrophage phenotypes also change [45].
For example, when challenged with Candida albicans, CD163" macrophages from older
adults generate lower levels of TNF-«, IL-6, and IFN-y than do macrophages from younger
individuals due to “deconditioning” of the tissue microenvironment [46]. When stimulated
in vitro with ligands for TLR-1, -2, or -4, these same “aged” macrophages retain an ability
to generate normal levels of TNF-¢, indicating that defects in production are reversible.
Conversely, macrophages from young mice can respond like “old” macrophages when
exposed to senescent cells (i.e., bystander senescence) [47]. Macrophages from geriatric mice
fail to induce INF-y in T-cells, although macrophages from young or old mice do induce
CD4*/CD8* T-cell proliferation [48]. Senescent macrophages also produce elevated levels
of prostaglandins by downregulating nuclear receptor RXR« [37]. Excessive prostaglandin
formation contributes to T-cell suppression [37]. Finally, recruiting human and murine
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macrophages from bone marrow is impaired in older subjects or animals compared with
younger subjects or animals [49].

Different cues in aged tissue selectively direct macrophage polarization and function.
The M1 macrophage phenotype was more commonly observed in adipose and liver of
24- to 28-month-old mice than in those of younger mice [48]. In contrast, the M2 phe-
notype was noted in bone marrow, spleen, lymph nodes, lung, and muscle [50]. Others
have noted both M1 and M2 macrophages in healthy aged tissue [48,50]. For splenic
macrophages, polarization to an M1 or M2 phenotype was impaired when cells were
isolated from older mice [51]. These macrophages were less responsive to pro/anti-
inflammatory stimuli. Conversely, peritoneal macrophages from 14- to 15-month-old
mice were more reactive to LPS and produced greater amounts of reactive oxygen species
and nitric oxide [52]. These older peritoneal macrophages were more effective in eliminat-
ing infection by Salmonella typhimurium [52], possibly due to partial polarization. Others
have conversely noted hypo-responsiveness to IFN-y and reduced Stat-1 signaling in older
macrophages [53]. In an ocular model of tissue injury, macrophages from older mice had
upregulated IL-10, downregulated Fas ligand, IL-12, and TNF-«, and a proangiogenic
phenotype [54]. Similarly, microglial from the brains of older mice are less responsive
to TLR stimulation and constitutively secrete greater amounts of IL-6 and TNF-« than
do microglia from younger mice [55]. Finally, microbiota from aged mice were shown to
induce TNF-a and promote macrophage dysfunction (e.g., reducing their capacity to kill
Streptococcus pneumoniae and increasing the production of IL-6) [41].

In summary, varying degrees of macrophage dysfunction have been reported with
aging. Although macrophages maintain their plasticity in pre-clinical models, microenvi-
ronmental tissue cues in aging affect the correctness of polarization. The result is likely a
loss of the normally healthy balance between pro- and anti-inflammatory responses. Inflam-
maging emerges from this milieu and increases the risk for cellular-driven cancer initiation.
However, not all studies have been consistent in their observations, with differences most
likely due to variation in genetic backgrounds for animals in pre-clinical models and the
failure to appropriately control for host-microbiome interactions in human studies.

5. Macrophages in Cancer Initiation with an Emphasis on Colorectal Cancer

The transformation of somatic cells into cancer-initiating cells involves DNA damage,
mutation, phenotypic changes, and proliferation. The processes are regulated by altered
cell signaling and/or epigenetic changes. Carcinogens are a diverse set of agents that
cause DNA damage, mutation, and abnormal cellular proliferation. In 2016, Smith et al.
summarized 10 key traits for human carcinogens [56]:

(1) electrophilic reactivity;

(2) genotoxicity;

(3) genomic instability or altered DNA repair;

(4) epigenetic effects;

(5) induction of oxidative stress;

(6) induction of chronic inflammation;

(7) immunosuppression;

(8) receptor-mediated effects;

(9) transformation or immortalization; and

(10) altered cell proliferation, cell death, or nutrient supply.

Many of these characteristics are also cancer hallmarks [1]. A recent analysis of Group
1 human carcinogens that are listed by the International Agency for Research on Cancer
(IARC) found that many induced genotoxicity [57]. On average, human carcinogens exhibit
four or more key traits as described by Smith et al. [56]. Applying this framework to
polarized macrophages suggests that they should be considered potential endogenous
carcinogens. Below, we provide pre-clinical and clinical evidence that supports this concept,
especially in the context of chronic inflammation, parainflammation, and inflammaging.
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5.1. Polarized Macrophages Are Genotoxic

Multiple immune cells participate in carcinogenesis although no cell or cell func-
tion has yet been classified as carcinogenic. Immune cells that cause genotoxicity could
be considered potential carcinogens. Polarized macrophages in particular have been
shown to induce DNA damage and genomic instability in neighboring cells [58—60]. This
phenomenon has been most convincingly demonstrated using irradiated macrophages.
These cells produce diffusible factors that induce stress signaling, DNA damage, and
chromosomal instability in neighboring cells [61]. These results have been collectively
termed the radiation-induced bystander effect and observed in both animal models and
humans [62-64].

Macrophages that are polarized by bacteria, antigens, or chemokines to an M1 phe-
notype can similarly induce double-strand DNA breaks [65], disrupt mitotic spindles [66],
induce genomic instability [67], and/or alter DNA methylation in bystander cells (un-
published observations). Genomic damage and mutations that are induced by polarized
macrophages can be blunted by lipid radical scavengers and inhibitors of COX-2. In vitro,
the repetitive exposure of epithelial cells to polarized macrophages produces cancer (or
tumor) stem cells and causes malignant tumors in immune-deficient mice [68]. These
macrophage-derived cancer stem cells express stem-like markers (e.g., leucine-rich repeat-
containing G-protein 5 [LGR5], doublecortin-like kinase 1 [DCLK1], epithelial cell adhesion
molecule [EpCAM], CD44, and CD133) and markers for dedifferentiation and pluripo-
tency [68,69].

5.2. Macrophage Genotoxins

Signaling proteins and other molecules generated by polarized macrophages can
alter epithelial phenotype by mutating DNA, causing lipid peroxidation to generate mu-
tagenic byproducts, and/or altering gene expression. These products include cytokines,
chemokines, and growth factors important to immune defense and tissue regeneration.
One example is TNF-«, a potent cytokine released by polarized macrophages that causes
mutations, gene amplification, micronuclei formation, and genomic instability in epithelial
cells through oxidative stress mechanisms [70]. Polarized macrophages also generate reac-
tive oxygen and nitrogen species that have been implicated in cancer initiation [5,71,72].
Examples include superoxide, hydrogen peroxide, peroxynitrite, and hydroxyl radical, all
of which can damage and mutate DNA in target cells. These reactive species are generated
in part through a respiratory burst that occurs after polarization [72,73]. The carcinogenic
potential of endogenous reactive oxygen and nitrogen species has been shown in mice by
forming intestinal tumors without the administration of an exogenous carcinogen [74].

Inflammation-induced lipid peroxidation can generate diffusible breakdown products
that act as stress signals and potent genotoxins [75]. 4-hydroxy-2-nonenal (4-HNE) is the
most abundant reactive peroxidation product of w-6 polyunsaturated acids [76]. This
aldehyde and related lipid breakdown products are electrophilic toward cysteine, histidine,
lysine, and deoxyguanosine. Adducts of 4-HNE are found in human and rodent tissues [77].
M1 macrophages generate substantial quantities of 4-HNE [66]. COX-2 also generates
4-HNE and may be a source of heptanone-etheno-DNA adducts in target cells [78,79]. In one
study, inhibiting COX-2 in polarized macrophages decreased 4-HNE production [66]. Con-
versely, depleting intracellular glutathione—a 4-HNE scavenger—increased 4-HNE pro-
duction. 4-HNE produced by polarized macrophages generates double-strand DNA breaks
in vitro and is a mitotic spindle poison [66]. Finally, repetitive exposure of epithelial cells
to sublethal doses of 4-HNE in vitro led to the development of cancer stem cells [68]. These
cells grew as malignant tumors in immunodeficient mice. In sum, polarized macrophages
can generate mutagenic electrophiles that can serve as cellular-derived carcinogens.

5.3. Polarized Macrophages as Drivers of Cancer Initiation

Multiple pre-clinical models have shown that polarized macrophages can express
many key characteristics of carcinogens (viz., genotoxicity, genomic instability, epigenetic
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effects, immunosuppression, and cellular transformation). For example, the depletion
of CX3CR1* macrophages in ApcMi"/* mice that were colonized with enterotoxigenic
Bacteroides fragilis led to a substantial reduction in colon tumor multiplicity [80]. This
effect was due to the suppression of regulatory T cells and inhibition of IL-17 produc-
tion. In an IL-10 knockout model of microbial-triggered colorectal carcinogenesis, the
depletion of colonic macrophages by clodronate (a non-nitrogenous bisphosphonate) pro-
tected mice against inflammation and cancer [81]. This directly implicated chronically
polarized M1 macrophages in cancer initiation. In a murine model with an engineered
block in Stat3 signaling in macrophages, gut microflora led to robust colitis, activation of
mammalian target of rapamycin (nTOR), and the development of colon cancer [82]. The
activation of mTOR-Stat3 pathways in epithelial cells suggested a role for macrophages in
paligenosis [83]. Another study of «v integrins on myeloid cells showed the importance
of macrophages in triggering colitis and initiating colon cancer [84]. These integrins are
cell-surface receptors that mediate numerous homeostatic immune responses. Mice lacking
these receptors on myeloid cells had fewer regulatory T cells, increased cytokine produc-
tion, severe colitis, and cancer. In other models, depleting colon macrophages or inhibiting
the migration of macrophages into tissues effectively blocked intestinal inflammation and
reduced/abolished tumor formation [81,85-87]. In addition, in many of these models,
the gut microbiota polarizes macrophages that then generate reactive oxygen species and
a cytokine- and radical-enriched tissue milieu. This process may contribute to cancer
initiation through bystander effects [81,88].

The mechanisms for several human carcinogens involve polarized macrophages [89].
For example, asbestos, crystalline silica dust, and wood dust are associated with chronic
inflammation. These compounds polarize macrophages to release cytokines, chemokines,
and reactive oxygen and nitrogen species. These responses cause tissue injury, genotoxicity,
and epigenetic alterations that lead to cancer initiation. Aflatoxin B; is another human
carcinogen produced by Aspergillus spp. that causes hepatocellular carcinoma, a major
form of liver cancer. This toxin is metabolically activated to form a genotoxic epoxide
that generates DNA adducts, mutates TP53, and induces apoptotic cell death. Debris
from cell death induces COX-2 in macrophages and results in an “eicosanoid and cytokine
storm” that enhances cancer cell growth [90]. Blocking both COX-2 and the soluble epoxide
hydrolase suppresses cancer growth.

5.4. Zebrafish Models in Cancer Initiation

Zebrafish are a useful model for studying the function of myeloid cells in cancer initia-
tion [91]. At least 70% of zebrafish genes have a human orthologue. These genes include
nearly all genes known to drive human cancer. Zebrafish also have a fully functional
innate immune system, can be genetically manipulated, and allow direct visualization
of cell migration due to translucency during the larval stage. Myeloid-derived cells in
zebrafish are developmentally similar to those in mammals and show functional conserva-
tion. These features have encouraged the use of zebrafish models in the investigation of
cancer-initiating mechanisms. In general, findings show that macrophages and neutrophils
promote pre-neoplastic cells at the earliest stages of carcinogenesis. The expression of just
a single oncogene in zebrafish (e.g., Akt, Kras, or Myc) results in the rapid recruitment of
macrophages and/or neutrophils to tissues and occurs prior to any clonal expansion of
pre-neoplastic cells. The ingress of myeloid-derived cells has been observed in skin, liver,
and brain, depending on the oncogene that is activated. Oncogene-driven carcinogenesis
increases macrophage recruitment and promotes the growth of transformed cells through
M2-like polarization [92,93]. Proinflammatory markers are upregulated with IL-1f3 and
TNF-a commonly induced [91]. Finally, PGE; (and presumably 4-HNE) are generated by
COX-2 in these models and provide proliferative signals during mutagenesis [94]. These
models consistently show macrophage recruitment to sites of cancer initiation. Similar
observations have been reported in mice with Yes-associated protein strongly recruiting
macrophages to tumor-initiating cells [95]. Overall, zebrafish models add unique evidence
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to the role of macrophages in cancer initiation and support the early recruitment of M2-like
phenotypes that promote tumor development.

5.5. Bisphosphonates, Macrophages, and Cancer Initiation

For humans, important insights into the role of macrophages in cancer initiation
have been gleaned from population studies on bisphosphonates (BPs). Non-nitrogenous
BPs (e.g., clodronate, etidronate, and tiludronate) inhibit macrophages and osteoclasts by
inducing apoptosis through their conversion to analogues of adenosine triphosphate [96].
In contrast, nitrogen-containing BPs (e.g., alendronate, ibandronate, and zoledronate)
have multiple anti-tumor effects that include induction of tumor cell apoptosis, blocking
angiogenesis, and enhancing immune surveillance [97,98]. BPs prevent fractures in patients
with osteoporosis and are used as adjuncts for cancer treatment. In population studies, BPs
consistently show efficacy in preventing colorectal cancer (CRC) and breast cancer [99-101].
In pre-clinical models of CRC, the intestinal depletion of macrophages by BPs or anti-
myeloid antibodies prevents chronic inflammation and blocks carcinogenesis [81,102-105].
Presumably, these effects are the result of modulating macrophage function although the
precise mechanisms remain unclear.

A summary of key characteristics for Group 1 carcinogens that are associated with
polarized macrophages is shown in Table 1. Chronic macrophage polarization as a source
of endogenous carcinogenesis links these key characteristics with many of the classic
hallmarks of cancer [1,56].

Table 1. Carcinogenic characteristics of polarized macrophages.

Key Carcinogenic

Macrophage Phenotype Characteristics Cellular Targets * Refs.
(as Described in Ref. [56])
MO—tolerogenic none - -
M1— proinflam-matory electrophlhc or metabolic IECs [66]
activation
genotoxicity IECs, BMCs, BECs [58-60,65-67,74]
epigenetic alterations 1IECs (unpublished observations)
oxidative stress 1IECs [72,74]
chronic inflammation IECs [74,81,82,84-86]
receptor-mediated effects 1IECs [74,85,106]
cellular immortalization IECs [68,69]
altered cellular proliferation,
cell death, or nutrient supply IECs [82,84]
M2—anti-inflam-
matory/wound genotoxicity IECs (unpublished observations)
healing
immunosuppression neuronal, skin, and liver cells [80,03-95,107]

in zebrafish

* IECs, intestinal epithelial cells; BMCs, bone marrow cells; BECs, bronchial epithelial cells.

6. Macrophages as Targets for Cancer Prevention

Chronic inflammation can create a tissue microenvironment that facilitates cancer
initiation [108]. There is strong evidence linking chronic inflammation to hepatic, gastric,
bladder, and colorectal cancers among others [2]. Less overt inflammation, as characterized
by parainflammation and inflammaging, likely also results in similar pro-carcinogenic
tissue microenvironments. Accumulating evidence shows that depleting or reprogram-
ming macrophages with probiotics or small molecule inhibitors has the potential to prevent
tumor formation and limit the growth of pre-neoplastic cells. In this section, we discuss
agents that may limit or prevent cancer initiation by depleting or modulating macrophages.
Potential mechanisms of action include blocking recruitment, suppressing key inflam-
matory pathways, depleting cells, and reprogramming states of polarization. Selected
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representative agents for these mechanisms are listed in Table 2. Those with multiple
mechanisms were classified based on considerations for the primary mechanism. Although
many of the newer macrophage modulators are under clinical investigation, their long-term
safety data, which is needed for cancer prevention trials, are largely unknown.

Table 2. Selected agents targeting macrophages.

Studied in Cancer

Classification of Agents Effects on Macrophages/Effects on Other Cells . References
Prevention
Blocking macrophage recruitment
JNJ-40346527 (or JNJ-527) Blocks CSFIR and reduces recruitment of macrophages No [109,110]
Emodin Reduces myeloid cell 1nf11t1"at'10n, %nflammatory cytokines, Yes [111]
and nitric oxide
Polyclonal anti-S100a9 Blocks infiltration of myeloid cells/decreases Wnt and Yes [112]
antibody PI3K-Akt signaling
Inhibits X-linked inhibitor of apoptosis proteins; reduces
Embelin macrophage infiltration; decreases IL-1(3, IL-17a, and Yes [113]
IL-23a/inhibits STAT3 signaling
Suppressing proinflammatory pathways in macrophages
. Induces heme oxygenase-1; inhibits iNOS, COX-2, and
Tussilagone TNF-«/induces apoptosis and blocks 3-catenin signaling Yes (114,115]
Activates AMP-activated protein kinase and
BJ-3105 NADPH oxidase Yes [116]
. T Activates AMP-activated protein kinase and blocks JNK
5-Aminosalicylic acid and p38 MAP kinases Yes [117-120]
- Blocks proinflammatory signaling; reduces the production
Ursodexoycholic acid of TNE-a, IL-1p, and IL-6 Yes [121-123]
Suppresses COX-2 and iNOS; reduces expression of IL-13,
Oleuropein IL-6, TNF-¢, and IL-17a/downregulates Yes [124,125]
Wnt/PI3K/Akt/STAT3 signaling
Downregulates ERK1/2 and NF-kB pathways; reduces the
Carvacrol production of nitric oxide and expression of TNF-oc Yes [126,127]
and IL-1p3
Pristimerin Downregulates iNOS .and COX-2; bloc.ks activation of Yes [128,129]
NF-«B/induces apoptosis
Suppresses COX-2 and iNOS; blocks ERK and NF-«B;
Zerumbone inhibits NLRP3 inflammasome Yes [130,131]
Prerostilbene Suppresses COX-2, iNOS, and IL-6; blocks PI3k and Yes [132,133]
NF-«B
Vitamin D3 Suppresses proinflammatory cytokines Yes [134-136]
Depleting macrophages
Trabectedin Activates caspase-8-dependent apoptosis No [137]
Clodronate Forms non-functional ATP congener that Yes [81,104,138]
promotes apoptosis
Zoledronic acid Enhances M1 polarlzatlor}; blocks farnesyl diphosphate Yes [103,139,140]
synthase to induce apoptosis
Reprogramming states of macrophage polarization
BLZ945 Blocks CSFIR and attenuates M2 polarization No [141]
Imiquimod TLR7 agonist No [142,143]
852A TLR7 agonist No [144]
Polarizes toward a pro-resolution phenotype with
Resolvin D1 decreased proinflammatory cytokines and increased Yes [145,146]

phagocytosis; blocks JAK2-STAT3 signaling; IL-6
receptor antagonist
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Table 2. Cont.

Classification of Agents

Studied in Cancer

Glycyrrhizin and licorice
flavonoids

Rosmarinic acid

Aspirin, celecoxib, and
others (COX-2 inhibitors)

Effects on Macrophages/Effects on Other Cells P . References
revention
Binds high-mobility group box 1 HMGBI to inhibit
proinflammatory cytokines; blocks COX-2; blocks Yes [147-149]
M2 polarization
Promotes M2 polarization; blocks TLR4-mediated
activation of NF-«kB and STAT3; suppresses the formation Yes [150-152]

of reactive oxygen species and nitric oxide
Inhibit M2 polarization by blocking the synthesis of PGEy;

reduce levels of 4-HNE, IL-6, and IL-1 Yes [79,153-155]

6.1. Agents That Block Macrophage Recruitment

Several agents have been shown to limit macrophage recruitment into sites of in-
flammation and reduce tumor multiplicity. These studies, however, do not necessarily
establish causality for this process in cancer initiation. JNJ-40346527 is a CSF1R inhibitor
that limits macrophage recruitment into the intestinal mucosa and suppresses T cell-
associated colitis [109]. In tau-mediated neurodegenerative disease, this inhibitor showed
anti-proliferative effects on microglia with reductions in proinflammatory cytokines [156].
Emodin is a natural anthraquinone derivative that can modulate multiple signaling path-
ways in macrophages. In an azoxymethane (AOM)/dextran sodium sulfate (DSS) model of
inflammation-associated CRC, it reduced monocyte recruitment into inflamed tissue, re-
duced cytokine production, and decreased the incidence of adenomas and carcinomas [111].
Embelin is a naturally derived benzoquinone that induces apoptotic cell death through
inhibition of the X-linked inhibitor of apoptosis protein [157]. In other studies, embelin and
a polyclonal antibody to S100A9 protein each reduced the infiltration of macrophages into
colon tissue, blocked Th17 immune responses, and reduced tumor multiplicity [112,113].
Despite such encouraging results, additional work is needed to confirm that blocking
macrophage recruitment is causally linked to preventing cancer initiation.

6.2. Agents That Suppress Proinflammatory Pathways in Macrophages

A wide variety of small molecules and vitamins have been shown to suppress pro-
inflammatory pathways in macrophages and prevent cancer initiation. In general, these
agents are found to block signaling in polarized macrophages and sometimes neighboring
bystander cells (e.g., NF-kB, PI3K, JNK, p38 MAP kinases, Wnt/ 3-catenin, and ERK1/2).
This often leads to the repression of COX-2 and iNOS with reduced levels of prostaglandins,
nitric oxide, TNF-«, IL-6, and IL-1/3. Few of these agents, except 5-aminosalicyclic acid
and vitamin D, have been tested in cancer prevention trials. 5-Aminosalicyclic acid has
been used for many decades to treat ulcerative colitis. It works in part by activating
AMP-activated protein kinase in macrophages and blocking JNK and p38 MAP kinase
signaling [117]. These anti-inflammatory effects inhibit colon cancer initiation in murine
models and help reduce the risk for CRC in ulcerative colitis [118,120]. Vitamin D is an
essential human micronutrient that can modulate inflammation, proliferation, apoptosis,
and immune activation. Numerous studies suggest a role of vitamin D in cancer pre-
vention [158-162]. Of note, the receptor for 1,25-dihydroxyvitamin Dj is constitutively
expressed on macrophages. Supplementation of macrophages with 1,25-dihydoxyvitamin
Dj3 reduces proinflammatory cytokines [134,136]. However, a recent large clinical trial
of vitamin D in older women found no decrease in all-type cancer after four years of
follow-up [135].

6.3. Agents That Deplete Macrophages

BPs are commonly used in clinical practice and are known to be toxic to macrophages.
These agents cause apoptosis or inhibit macrophage proliferation, adhesion, and migra-
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tion [97,163-166]. Clodronate is a non-nitrogenous BP that selectively depletes macrophages
via apoptosis and prevents tumor initiation in models of CRC [81,104,167]. Nitrogen-
containing BPs, such as zoledronate, improve tumoricidal activity by inhibiting metallopro-
teases, reducing vascular endothelial growth factor binding to receptors, and modulating
macrophage polarization [168]. These agents have been used to treat osteoporosis, prevent
bone loss in cancer, and improve survival with cancer treatment [97,169]. Their cancer-
preventive effects are observed in models of chemical- and microbial-induced cancer where
inflammation and cancer formation are reduced [81,103,105,170]. In large epidemiological
studies, BPs have been shown to significantly decrease the risk for CRC and breast can-
cer [99,100,171]. Another class of macrophage-toxic agents is represented by trabectedin, an
alkaloid that binds to the minor groove of DNA and inhibits the cell cycle [137]. This com-
pound selectively depletes monocytes, macrophages, and tumor-associated macrophages
with no discernable effect on neutrophils or lymphocytes. It blocks monocytes from dif-
ferentiating into macrophages and is associated with reduced angiogenesis. However, no
studies have been reported that use trabectedin in cancer prevention.

6.4. Agents That Reprogram States of Macrophage Polarization

Reprogramming macrophage phenotypes is currently under intensive investigation
in cancer therapy [172]. However, this approach has not been widely used in cancer
prevention. Several small molecules are able to redirect macrophage polarization and some
can block cancer initiation in murine models. These agents include resolvin D1 and licorice
flavonoids. Resolvin D1 is a lipid mediator generated at sites of inflammation that bind to
specific receptors on M0, M1, and M2 macrophages [145]. The result is a “proresolution”
phenotype with reduced proinflammatory cytokine production and increased phagocytosis.
Resolvin D1 potently suppressed cancer initiation in an AOM/DSS model and additionally
acts to block cancer development as an IL-6 receptor antagonist [146]. Glycyrrhizin and
licorice flavonoids suppress cancer initiation through complex effects on macrophages
that involve inhibition of high-mobility group box 1 (HMGB1)-TLR4-NF-kB signaling,
proinflammatory cytokines, COX-2, and M2 polarization [147-149]. Other agents such as
BLZ945, imiquimod, and 852A can also alter macrophage polarization, but little is known
of their potential in cancer prevention.

Finally, macrophage polarization is modulated by COX-2 inhibitors. In murine models,
these drugs decrease tumor multiplicity [173]. In clinical trials, they prevent colon polyps,
CRC, and breast cancer [154,174-176]. One primary mechanism involves inhibiting the
synthesis of PGE, by COX-2. This leads to a suppression of M2 polarization via cyclic
AMP-responsive element-binding (CREB)-mediated induction of Krupple-like factor 4 [155].
Blocking COX-2 also decreases the production of 4-HNE as a mutagenic byproduct [79].
Aspirin, an irreversible inhibitor of COX-2, decreases infiltrating of colon macrophages in
the AOM/DSS model, reduces levels of IL-6 and IL-1f3, and blocks iNOS expression [153].
Although COX-2 inhibitors are effective in CRC prevention, their unfavorable adverse
effect profile limits their clinical utility [154].

6.5. Probiotics That Modulate Macrophage Function

Many diseases, including cancer, are associated with a perturbation of the micro-
biome [177,178]. This is commonly termed dysbiosis and represents an imbalance between
the healthy gut microbiota and pathobionts that promote disease. Probiotics help restore a
healthy balance and have been used to prevent and treat disease [179]. Although oral pro-
biotics work in part by out-competing pathobionts, efficacy more likely involves immune
modulation, including effects on macrophage function (Figure 1) [180]. The adminis-
tration of probiotic lactic acid bacteria (e.g., Lactobacillus and Bifidobacterium) have been
shown to reduce CRC incidence, tumor multiplicity, and tumor volume in pre-clinical
models [181-186]. Probiotics may also protect against cancer initiation by restoring epithe-
lial barrier integrity [187]; reducing cellular proliferation, repressing COX-2, and increasing
IFNYy and IL-10 [188,189]; decreasing proinflammatory cytokines (e.g., TNF-c, IL-13, IL-22,
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and IL-6) [181,190]; and increasing caspase 7, caspase 9, and Bcl-2-interacting killer pro-
tein [190]. These effects can collectively produce potent cancer prevention responses. The
role of immunomodulation versus gut colonization by probiotics was addressed using
dead L. plantarum in an AOM/DSS model. Dead bacteria reduced inflammatory markers,
induced apoptosis, initiated cell cycle arrest, increased IgA levels, and prevented CRC [191].
These findings suggest that oral bacterial antigens, and not necessarily colonization with
live bacteria, can be sufficient for cancer prevention. However, the complex interactions
among host, microbiome, and probiotics are not always so clear-cut. In an aggressive model
of CRC that used AOM to initiate CRC in 110 knockout mice, a mixture of probiotics not
only altered microbial community composition but also paradoxically enhanced tumor
multiplicity [192].

The effect of probiotics on macrophage signaling and polarization has been the subject
of limited investigation. In a murine model of CRC, exposing mixtures of M1 and M2
macrophages to heat-killed fractions or secreted proteins of Bifidobacterium and Lactobacillus
suppressed the M2 phenotype, increased TNF- production, and decreased tumor mul-
tiplicity [193]. In another study, macrophages exposed to Bifidobacterium showed greater
increases in a suppressor of cytokine 1 signaling (SOCS1) and SOCS3 than macrophages
exposed to LPS alone [194]. The SOCS family of proteins is an important regulator of proin-
flammatory cytokines in macrophages [195]. Similarly, bifidobacteria have been shown
to decrease levels of LPS-induced IL-1p and TNF-« in murine macrophages. Overall,
it appears that selected probiotics can reprogram macrophages toward phenotypes that
block cancer initiation. However, significant gaps remain in our understanding of these
mechanisms and how to best apply them to emerging strategies of cancer prevention.

LPS-induction of IL-1f3 and TNF-a
in M@s and t SOCS [193-195]

1M1 M@s and TNFa [193]

e Y o
Bifidobacterium )

¥ CRC via reduced
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Figure 1. Probiotics as immunomodulators. Probiotics differently affect macrophage responses
depending on their activation of varying pathogen-sensing pathways and production of metabolites.
Referenced studies use a variety of well-accepted probiotics or mixtures of probiotics to regulate
cellular processes such as inflammation, cytokine secretion, and macrophage polarization.

7. Conclusions and Future Directions

Macrophages are central effectors of inflammation, parainflammation, and inflam-
maging, and important drivers in cancer initiation. Many cancer hallmarks and key
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characteristics of human carcinogens align with the polarized macrophage phenotypes.
The M1 and M2 phenotypes target cells through multiple signaling pathways and generate
pro-tumorigenic molecules. Evidence suggests that both phenotypes play a role in cancer
initiation. Modulating these phenotypes is an emerging strategy in cancer prevention.
Drugs and probiotics that target polarization, block proinflammatory pathways, or inhibit
immune cell recruitment show anticarcinogenic effects. However, few new agents have
been tested in clinical trials for cancer prevention. Although substantial progress has
been made, additional pre-clinical modeling and clinical investigation are needed to better
inform the role of macrophages in cellular carcinogenesis and cancer initiation.

Author Contributions: R.B.U., A.F,, N.A. and M.M.H. all contributed to the conceptualization and
writing of this review. All authors have read and agreed to the published version of the manuscript.

Funding: NCI CA230641 (M.M.H.), Oklahoma Tobacco Settlement Endowment Trust (M.M.H.), and
Presbyterian Health Foundation (N.A.)

Acknowledgments: The authors thank C.V. Rao for reviewing the manuscript.

Conflicts of Interest: The authors declare no competing or financial interests.

References

1.  Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

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

3.  Pitot, H.C. The molecular biology of carcinogenesis. Cancer 1993, 72, 962-970. [CrossRef]

4. Zhou,],; Tang, Z.; Gao, S.; Li, C.; Feng, Y.; Zhou, X. Tumor-associated macrophages: Recent insights and therapies. Front. Oncol.
2020, 10, 188. [CrossRef]

5. Wynn, T.A.; Chawla, A.; Pollard, ].W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445—455.
[CrossRef]

6. DeNardo, D.G.; Ruffell, B. Macrophages as regulators of tumour immunity and immunotherapy. Nat. Rev. Immunol. 2019, 19,
369-382. [CrossRef]

7. Murray, PJ.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723-737.
[CrossRef]

8. Hoeffel, G.; Wang, Y.; Greter, M.; See, P; Teo, P.; Malleret, B.; Leboeuf, M.; Low, D.; Oller, G.; Almeida, F; et al. Adult langerhans
cells derive predominantly from embryonic fetal liver monocytes with a minor contribution of yolk sac-derived macrophages.
J. Exp. Med. 2012, 209, 1167-1181. [CrossRef] [PubMed]

9. Satpathy, A.T.; Wu, X; Albring, ].C.; Murphy, K.M. Re(de)fining the dendritic cell lineage. Nat. Immunol. 2012, 13, 1145-1154.
[CrossRef]

10. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787-795. [CrossRef]
[PubMed]

11. Locati, M.; Curtale, G.; Mantovani, A. Diversity, mechanisms, and significance of macrophage plasticity. Annu. Rev. Pathol. 2020,
15,123-147. [CrossRef]

12.  Smythies, L.E.; Sellers, M.; Clements, R.H.; Mosteller-Barnum, M.; Meng, G.; Benjamin, W.H.; Orenstein, ].M.; Smith, P.D. Human
intestinal macrophages display profound inflammatory anergy despite avid phagocytic and bacteriocidal activity. J. Clin. Investig.
2005, 115, 66-75. [CrossRef]

13. Taniki, N.; Nakamoto, N.; Chu, P.S.; Mikami, Y.; Amiya, T.; Teratani, T.; Suzuki, T.; Tsukimi, T.; Fukuda, S.; Yamaguchi, A.; et al.
Intestinal barrier regulates immune responses in the liver via IL-10-producing macrophages. JCI Insight 2018, 3, 12. [CrossRef]
[PubMed]

14.  Mills, C.D. M1 and M2 macrophages: Oracles of health and disease. Crit. Rev. Immunol. 2012, 32, 463—488. [CrossRef] [PubMed]

15.  Mills, C.D. Anatomy of a discovery: M1 and M2 macrophages. Front. Immunol. 2015, 6, 212. [CrossRef]

16. Duan, Z,; Luo, Y. Targeting macrophages in cancer immunotherapy. Signal Transduct. Target. Ther. 2021, 6, 127. [CrossRef]

17.  Grivennikov, S.; Karin, E.; Terzic, J.; Mucida, D.; Yu, G.Y.,; Vallabhapurapu, S.; Scheller, ]J.; Rose-John, S.; Cheroutre, H.;
Eckmann, L.; et al. IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated
cancer. Cancer Cell 2009, 15, 103-113. [CrossRef] [PubMed]

18. Rothlin, C.V,; Ghosh, S.; Zuniga, E.I; Oldstone, M.B.; Lemke, G. TAM receptors are pleiotropic inhibitors of the innate immune
response. Cell 2007, 131, 1124-1136. [CrossRef] [PubMed]

19. Akitake-Kawano, R.; Seno, H.; Nakatsuji, M.; Kimura, Y.; Nakanishi, Y.; Yoshioka, T.; Kanda, K.; Kawada, M.; Kawada, K;
Sakai, Y.; et al. Inhibitory role of Gasé6 in intestinal tumorigenesis. Carcinogenesis 2013, 34, 1567-1574. [CrossRef] [PubMed]

20. Qian, B.Z,; Pollard, ].W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141, 39-51. [CrossRef]

[PubMed]


http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/j.cell.2010.01.025
http://doi.org/10.1002/1097-0142(19930801)72:3+&lt;962::AID-CNCR2820721303&gt;3.0.CO;2-H
http://doi.org/10.3389/fonc.2020.00188
http://doi.org/10.1038/nature12034
http://doi.org/10.1038/s41577-019-0127-6
http://doi.org/10.1038/nri3073
http://doi.org/10.1084/jem.20120340
http://www.ncbi.nlm.nih.gov/pubmed/22565823
http://doi.org/10.1038/ni.2467
http://doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047
http://doi.org/10.1146/annurev-pathmechdis-012418-012718
http://doi.org/10.1172/JCI200519229
http://doi.org/10.1172/jci.insight.91980
http://www.ncbi.nlm.nih.gov/pubmed/29925685
http://doi.org/10.1615/CritRevImmunol.v32.i6.10
http://www.ncbi.nlm.nih.gov/pubmed/23428224
http://doi.org/10.3389/fimmu.2015.00212
http://doi.org/10.1038/s41392-021-00506-6
http://doi.org/10.1016/j.ccr.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19185845
http://doi.org/10.1016/j.cell.2007.10.034
http://www.ncbi.nlm.nih.gov/pubmed/18083102
http://doi.org/10.1093/carcin/bgt069
http://www.ncbi.nlm.nih.gov/pubmed/23430954
http://doi.org/10.1016/j.cell.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20371344

Cancers 2022, 14, 2811 13 of 19

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F; Seifi, B.; Mohammadi, A.;
Afshari, ].T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. J. Cell Physiol. 2018, 233,
6425-6440. [CrossRef]

Serhan, C.N.; Savill, J. Resolution of inflammation: The beginning programs the end. Nat. Immunol. 2005, 6, 1191-1197. [CrossRef]
Bianconi, E.; Piovesan, A.; Facchin, E.; Beraudi, A.; Casadei, R.; Frabetti, E; Vitale, L.; Pelleri, M.C.; Tassani, S.; Piva, F,; et al. An
estimation of the number of cells in the human body. Ann. Hum. Biol. 2013, 40, 463-471. [CrossRef] [PubMed]

Gheibi Hayat, S.M.; Bianconi, V.; Pirro, M.; Sahebkar, A. Efferocytosis: Molecular mechanisms and pathophysiological perspectives.
Immunol. Cell Biol. 2019, 97, 124-133. [CrossRef] [PubMed]

Kasikara, C.; Doran, A.C.; Cai, B.; Tabas, I. The role of non-resolving inflammation in atherosclerosis. J. Clin. Investig. 2018, 128,
2713-2723. [CrossRef] [PubMed]

Cullen, S.P; Henry, C.M.; Kearney, C.J.; Logue, S.E.; Feoktistova, M.; Tynan, G.A.; Lavelle, E.C.; Leverkus, M.; Martin, S.J.
Fas/CD95-induced chemokines can serve as “find-me” signals for apoptotic cells. Mol. Cell 2013, 49, 1034-1048. [CrossRef]
Poon, I.K,; Lucas, C.D.; Rossi, A.G.; Ravichandran, K.S. Apoptotic cell clearance: Basic biology and therapeutic potential.
Nat. Rev. Immunol. 2014, 14, 166-180. [CrossRef]

Doran, A.C.; Yurdagul, A, Jr.; Tabas, I. Efferocytosis in health and disease. Nat. Rev. Immunol. 2020, 20, 254-267. [CrossRef]

Lee, C.S.; Penberthy, K.K.; Wheeler, KM.; Juncadella, I.].; Vandenabeele, P.; Lysiak, ].].; Ravichandran, K.S. Boosting apoptotic cell
clearance by colonic epithelial cells attenuates inflammation in vivo. Immunity 2016, 44, 807-820. [CrossRef]

Ferrucci, L.; Gonzalez-Freire, M.; Fabbri, E.; Simonsick, E.; Tanaka, T.; Moore, Z.; Salimi, S.; Sierra, F.; de Cabo, R. Measuring
biological aging in humans: A quest. Aging Cell 2020, 19, €13080. [CrossRef]

Franceschi, C.; Bonafe, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging: An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244-254. [CrossRef] [PubMed]

Lasry, A.; Zinger, A.; Ben-Neriah, Y. Inflammatory networks underlying colorectal cancer. Nat. Immunol. 2016, 17, 230-240.
[CrossRef]

Li, C.; Xu, M.M.; Wang, K.; Adler, A.J.; Vella, A.T.; Zhou, B. Macrophage polarization and meta-inflammation. Transl. Res. 2018,
191, 29-44. [CrossRef] [PubMed]

Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, CJ.; Sole, ]J.; Nichols, A.; Ross, ].S.; Tartaglia, L.A.; et al. Chronic
inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Investig. 2003, 112,
1821-1830. [CrossRef]

Pribluda, A.; Elyada, E.; Wiener, Z.; Hamza, H.; Goldstein, R.E.; Biton, M.; Burstain, I.; Morgenstern, Y.; Brachya, G,;
Billauer, H.; et al. A senescence-inflammatory switch from cancer-inhibitory to cancer-promoting mechanism. Cancer Cell
2013, 24, 242-256. [CrossRef] [PubMed]

Alvarez-Rodriguez, L.; Lopez-Hoyos, M.; Mufioz-Cacho, P.; Martinez-Taboada, V.M. Aging is associated with circulating cytokine
dysregulation. Cell Immunol. 2012, 273, 124-132. [CrossRef] [PubMed]

Chen, H.; Ma, F; Hu, X; Jin, T,; Xiong, C.; Teng, X. Elevated COX2 expression and PGE2 production by downregulation of RXRa
in senescent macrophages. Biochem. Biophys. Res. Commun. 2013, 440, 157-162. [CrossRef] [PubMed]

Lassale, C.; Batty, G.D.; Steptoe, A.; Cadar, D.; Akbaraly, T.N.; Kivimaki, M.; Zaninotto, P. Association of 10-year C-reactive
protein trajectories with markers of healthy aging: Findings from the English longitudinal study of aging. J. Gerontol. A Biol. Sci.
Med. Sci. 2019, 74, 195-203. [CrossRef]

Doyle, K.P,; Cekanaviciute, E.; Mamer, L.E.; Buckwalter, M.S. TGFf signaling in the brain increases with aging and signals to
astrocytes and innate immune cells in the weeks after stroke. |. Neuroinflamm. 2010, 7, 62. [CrossRef] [PubMed]

Arai, Y,; Martin-Ruiz, C.M.; Takayama, M.; Abe, Y.; Takebayashi, T.; Koyasu, S.; Suematsu, M.; Hirose, N.; von Zglinicki, T. Inflam-
mation, but not telomere length, predicts successful ageing at extreme old age: A longitudinal study of semi-supercentenarians.
eBioMedicine 2015, 2, 1549-1558. [CrossRef]

Thevaranjan, N.; Puchta, A.; Schulz, C.; Naidoo, A.; Szamosi, J.C.; Verschoor, C.P; Loukov, D.; Schenck, L.P; Jury, J;
Foley, K.P; et al. Age-associated microbial dysbiosis promotes intestinal permeability, systemic inflammation, and macrophage
dysfunction. Cell Host Microbe 2017, 21, 455-466.e4. [CrossRef] [PubMed]

Kim, K.A ; Jeong, J.J].; Yoo, S.Y.; Kim, D.H. Gut microbiota lipopolysaccharide accelerates inflamm-aging in mice. BMC Microbiol.
2016, 16, 9. [CrossRef] [PubMed]

Sendama, W. The effect of ageing on the resolution of inflammation. Ageing Res. Rev. 2020, 57, 101000. [CrossRef]

Butcher, M.].; Galkina, E.V. Phenotypic and functional heterogeneity of macrophages and dendritic cell subsets in the healthy and
atherosclerosis-prone aorta. Front. Physiol. 2012, 3, 44. [CrossRef]

Atri, C.; Guerfali, EZ.; Laouini, D. Role of human macrophage polarization in inflammation during infectious diseases.
Int. ]. Mol. Sci. 2018, 19, 1801. [CrossRef] [PubMed]

Agius, E.; Lacy, K.E.; Vukmanovic-Stejic, M.; Jagger, A.L.; Papageorgiou, A.P; Hall, S.; Reed, ].R.; Curnow, S.J.; Fuentes-Duculan, J.;
Buckley, C.D.; et al. Decreased TNF-a synthesis by macrophages restricts cutaneous immunosurveillance by memory CD4* T
cells during aging. J. Exp. Med. 2009, 206, 1929-1940. [CrossRef]

Hall, B.M.; Balan, V.; Gleiberman, A.S.; Strom, E.; Krasnov, P; Virtuoso, L.P,; Rydkina, E.; Vujcic, S.; Balan, K.; Gitlin, I; et al.
Aging of mice is associated with p16(Ink4a)- and b-galactosidase-positive macrophage accumulation that can be induced in
young mice by senescent cells. Aging 2016, 8, 1294-1315. [CrossRef]


http://doi.org/10.1002/jcp.26429
http://doi.org/10.1038/ni1276
http://doi.org/10.3109/03014460.2013.807878
http://www.ncbi.nlm.nih.gov/pubmed/23829164
http://doi.org/10.1111/imcb.12206
http://www.ncbi.nlm.nih.gov/pubmed/30230022
http://doi.org/10.1172/JCI97950
http://www.ncbi.nlm.nih.gov/pubmed/30108191
http://doi.org/10.1016/j.molcel.2013.01.025
http://doi.org/10.1038/nri3607
http://doi.org/10.1038/s41577-019-0240-6
http://doi.org/10.1016/j.immuni.2016.02.005
http://doi.org/10.1111/acel.13080
http://doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963
http://doi.org/10.1038/ni.3384
http://doi.org/10.1016/j.trsl.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29154757
http://doi.org/10.1172/JCI200319451
http://doi.org/10.1016/j.ccr.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23890787
http://doi.org/10.1016/j.cellimm.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22316526
http://doi.org/10.1016/j.bbrc.2013.09.047
http://www.ncbi.nlm.nih.gov/pubmed/24051096
http://doi.org/10.1093/gerona/gly028
http://doi.org/10.1186/1742-2094-7-62
http://www.ncbi.nlm.nih.gov/pubmed/20937129
http://doi.org/10.1016/j.ebiom.2015.07.029
http://doi.org/10.1016/j.chom.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28407483
http://doi.org/10.1186/s12866-016-0625-7
http://www.ncbi.nlm.nih.gov/pubmed/26772806
http://doi.org/10.1016/j.arr.2019.101000
http://doi.org/10.3389/fphys.2012.00044
http://doi.org/10.3390/ijms19061801
http://www.ncbi.nlm.nih.gov/pubmed/29921749
http://doi.org/10.1084/jem.20090896
http://doi.org/10.18632/aging.100991

Cancers 2022, 14, 2811 14 of 19

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

Jackaman, C.; Radley-Crabb, H.G.; Soffe, Z.; Shavlakadze, T.; Grounds, M.D.; Nelson, D.]J. Targeting macrophages rescues
age-related immune deficiencies in C57BL/6] geriatric mice. Aging Cell 2013, 12, 345-357. [CrossRef]

Aprahamian, T.; Takemura, Y.; Goukassian, D.; Walsh, K. Ageing is associated with diminished apoptotic cell clearance in vivo.
Clin. Exp. Immunol. 2008, 152, 448-455. [CrossRef]

Jackaman, C.; Tomay, F.; Duong, L.; Abdol Razak, N.B.; Pixley, FJ.; Metharom, P.; Nelson, D.]. Aging and cancer: The role of
macrophages and neutrophils. Ageing Res. Rev. 2017, 36, 105-116. [CrossRef] [PubMed]

Mahbub, S.; Deburghgraeve, C.R.; Kovacs, E.J. Advanced age impairs macrophage polarization. . Interf. Cytokine Res. 2012, 32,
18-26. [CrossRef]

Smallwood, H.S.; Lopez-Ferrer, D.; Squier, T.C. Aging enhances the production of reactive oxygen species and bactericidal activity
in peritoneal macrophages by upregulating classical activation pathways. Biochemistry 2011, 50, 9911-9922. [CrossRef] [PubMed]
Yoon, P; Keylock, K.T.; Hartman, M.E.; Freund, G.G.; Woods, ].A. Macrophage hypo-responsiveness to interferon-g in aged mice
is associated with impaired signaling through Jak-STAT. Mech. Ageing Dev. 2004, 125, 137-143. [CrossRef]

Kelly, J.; Ali Khan, A.; Yin, J.; Ferguson, T.A.; Apte, R.S. Senescence regulates macrophage activation and angiogenic fate at sites
of tissue injury in mice. J. Clin. Investig. 2007, 117, 3421-3426. [CrossRef] [PubMed]

Njie, E.G.; Boelen, E.; Stassen, FR.; Steinbusch, H.W.; Borchelt, D.R.; Streit, W.J. Ex vivo cultures of microglia from young and
aged rodent brain reveal age-related changes in microglial function. Neurobiol. Aging 2012, 33, 195.e1-195.e12. [CrossRef]
Smith, M.T.; Guyton, K.Z.; Gibbons, C.F; Fritz, ].M.; Portier, C.J.; Rusyn, I.; DeMarini, D.M.; Caldwell, ]J.C.; Kavlock, R]J,;
Lambert, PF,; et al. Key characteristics of carcinogens as a basis for organizing data on mechanisms of carcinogenesis.
Environ. Health Perspect. 2016, 124, 713-721. [CrossRef] [PubMed]

Krewski, D.; Al-Zoughool, M.; Bird, M.; Birkett, N.; Billard, M.; Milton, B.; Rice, ].M.; Cogliano, V.J.; Hill, M.A.; Little, J.; et al.
Analysis of key characteristics of human carcinogens. In Tumour Site Concordance and Mechanisms of Carcinogenesis; Baan, R.A.,
Stewart, B.W.,, Straif, K., Eds.; IARC Scientific Publications: Lyon, France, 2019.

Burr, K.L.; Robinson, ].I; Rastogi, S.; Boylan, M.T.; Coates, PJ.; Lorimore, S.A.; Wright, E.G. Radiation-induced delayed bystander-
type effects mediated by hemopoietic cells. Radiat. Res. 2010, 173, 760-768. [CrossRef]

Dong, C.; He, M.; Tu, W,; Konishi, T.; Liu, W,; Xie, Y.; Dang, B.; Li, W.; Uchihori, Y.; Hei, T.K,; et al. The differential role of human
macrophage in triggering secondary bystander effects after either gamma-ray or carbon beam irradiation. Cancer Lett. 2015, 363,
92-100. [CrossRef]

Lorimore, S.A.; Chrystal, ].A.; Robinson, ].I; Coates, PJ.; Wright, E.G. Chromosomal instability in unirradiated hemaopoietic cells
induced by macrophages exposed in vivo to ionizing radiation. Cancer Res. 2008, 68, 8122-8126. [CrossRef] [PubMed]
Mothersill, C.; Seymour, C.B. Radiation-induced bystander effects—Implications for cancer. Nat. Rev. Cancer 2004, 4, 158-164.
[CrossRef]

Watson, G.E.; Lorimore, S.A.; Macdonald, D.A.; Wright, E.G. Chromosomal instability in unirradiated cells induced in vivo by a
bystander effect of ionizing radiation. Cancer Res. 2000, 60, 5608-5611.

Hollowell, ].G., Jr; Littlefield, L.G. Chromosome damage induced by plasma of x-rayed patients: An indirect effect of X-ray.
Proc. Soc. Exp. Biol. Med. 1968, 129, 240-244. [CrossRef]

Marozik, P.; Mothersill, C.; Seymour, C.B.; Mosse, L.; Melnov, S. Bystander effects induced by serum from survivors of the
Chernobyl accident. Exp. Hematol. 2007, 35, 55-63. [CrossRef] [PubMed]

Wang, X.; Allen, T.D.; May, R.J.; Lightfoot, S.; Houchen, C.W.; Huycke, M.M. Enterococcus faecalis induces aneuploidy and
tetraploidy in colonic epithelial cells through a bystander effect. Cancer Res. 2008, 68, 9909-9917. [CrossRef]

Wang, X.; Yang, Y.; Moore, D.R.; Nimmo, S.L.; Lightfoot, S.A.; Huycke, M.M. 4-hydroxy-2-nonenal mediates genotoxicity and
bystander effects caused by Enterococcus faecalis-infected macrophages. Gastroenterology 2012, 142, 543-551. [CrossRef]

Wang, X.; Huycke, M.M. Extracellular superoxide production by Enterococcus faecalis promotes chromosomal instability in
mammalian cells. Gastroenterology 2007, 132, 551-561. [CrossRef]

Wang, X.; Yang, Y.; Huycke, M.M. Commensal bacteria drive endogenous transformation and tumour stem cell marker expression
through a bystander effect. Gut 2015, 64, 459-468. [CrossRef] [PubMed]

Wang, X.; Yang, Y.; Huycke, M.M. Commensal-infected macrophages induce dedifferentiation and reprogramming of epithelial
cells during colorectal carcinogenesis. Oncotarget 2017, 8, 102176-102190. [CrossRef] [PubMed]

Yan, B.; Wang, H.; Rabbani, Z.N.; Zhao, Y.; Li, W.; Yuan, Y.; Li, F,; Dewhirst, M.W.; Li, C.Y. Tumor necrosis factor-a is a potent
endogenous mutagen that promotes cellular transformation. Cancer Res. 2006, 66, 11565-11570. [CrossRef]

Vannella, KM.; Wynn, T.A. Mechanisms of organ injury and repair by macrophages. Annu. Rev. Physiol. 2017, 79, 593-617.
[CrossRef]

Muri, J.; Kopf, M. Redox regulation of immunometabolism. Nat. Rev. Immunol. 2021, 21, 363-381. [CrossRef] [PubMed]
Thomas, D.C. The phagocyte respiratory burst: Historical perspectives and recent advances. Immunol. Lett. 2017, 192, 88-96.
[CrossRef] [PubMed]

Canli, O.; Nicolas, A.M.; Gupta, ].; Finkelmeier, F.; Goncharova, O.; Pesic, M.; Neumann, T.; Horst, D.; Lower, M.; Sahin, U; et al.
Myeloid cell-derived reactive oxygen species induce epithelial mutagenesis. Cancer Cell 2017, 32, 869-883.€5. [CrossRef]

Tudek, B.; Zdzalik-Bielecka, D.; Tudek, A.; Kosicki, K.; Fabisiewicz, A.; Speina, E. Lipid peroxidation in face of DNA damage,
DNA repair and other cellular processes. Free Radic. Biol. Med. 2017, 107, 77-89. [CrossRef] [PubMed]


http://doi.org/10.1111/acel.12062
http://doi.org/10.1111/j.1365-2249.2008.03658.x
http://doi.org/10.1016/j.arr.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28390891
http://doi.org/10.1089/jir.2011.0058
http://doi.org/10.1021/bi2011866
http://www.ncbi.nlm.nih.gov/pubmed/21981794
http://doi.org/10.1016/j.mad.2003.11.010
http://doi.org/10.1172/JCI32430
http://www.ncbi.nlm.nih.gov/pubmed/17975672
http://doi.org/10.1016/j.neurobiolaging.2010.05.008
http://doi.org/10.1289/ehp.1509912
http://www.ncbi.nlm.nih.gov/pubmed/26600562
http://doi.org/10.1667/RR1937.1
http://doi.org/10.1016/j.canlet.2015.04.013
http://doi.org/10.1158/0008-5472.CAN-08-0698
http://www.ncbi.nlm.nih.gov/pubmed/18829571
http://doi.org/10.1038/nrc2603
http://doi.org/10.3181/00379727-129-33295
http://doi.org/10.1016/j.exphem.2007.01.029
http://www.ncbi.nlm.nih.gov/pubmed/17379088
http://doi.org/10.1158/0008-5472.CAN-08-1551
http://doi.org/10.1053/j.gastro.2011.11.020
http://doi.org/10.1053/j.gastro.2006.11.040
http://doi.org/10.1136/gutjnl-2014-307213
http://www.ncbi.nlm.nih.gov/pubmed/24906974
http://doi.org/10.18632/oncotarget.22250
http://www.ncbi.nlm.nih.gov/pubmed/29254234
http://doi.org/10.1158/0008-5472.CAN-06-2540
http://doi.org/10.1146/annurev-physiol-022516-034356
http://doi.org/10.1038/s41577-020-00478-8
http://www.ncbi.nlm.nih.gov/pubmed/33340021
http://doi.org/10.1016/j.imlet.2017.08.016
http://www.ncbi.nlm.nih.gov/pubmed/28864335
http://doi.org/10.1016/j.ccell.2017.11.004
http://doi.org/10.1016/j.freeradbiomed.2016.11.043
http://www.ncbi.nlm.nih.gov/pubmed/27908783

Cancers 2022, 14, 2811 15 of 19

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Gueraud, F. 4-Hydroxynonenal metabolites and adducts in pre-carcinogenic conditions and cancer. Free Radic. Biol. Med. 2017,
111, 196-208. [CrossRef]

Chung, FL.; Nath, R.G.; Ocando, J.; Nishikawa, A.; Zhang, L. Deoxyguanosine adducts of t-4-hydroxy-2-nonenal are endogenous
DNA lesions in rodents and humans: Detection and potential sources. Cancer Res. 2000, 60, 1507-1511.

Speed, N.; Blair, .A. Cyclooxygenase- and lipoxygenase-mediated DNA damage. Cancer Metastasis Rev. 2011, 30, 437-447.
[CrossRef] [PubMed]

Wang, X.; Allen, T.D.; Yang, Y.; Moore, D.R.; Huycke, M.M. Cyclooxygenase-2 generates the endogenous mutagen trans-4-
hydroxy-2-nonenal in Enterococcus faecalis-infected macrophages. Cancer Prev. Res. 2013, 6, 206-216. [CrossRef]

Gu, T; Li, Q.; Egilmez, N.K. IFNb-producing CX3CR1" macrophages promote T-regulatory cell expansion and tumor growth in
the APC™"/* /Bacteroides fragilis colon cancer model. Oncoimmunology 2019, 8, €1665975. [CrossRef] [PubMed]

Yang, Y.; Wang, X.; Huycke, T.; Moore, D.R,; Lightfoot, S.A.; Huycke, M.M. Colon macrophages polarized by commensal bacteria
cause colitis and cancer through the bystander effect. Transl. Oncol. 2013, 6, 596-606. [CrossRef]

Deng, L.; Zhou, J.E; Sellers, R.S.; Li, ].F.; Nguyen, A.V.; Wang, Y.; Orlofsky, A.; Liu, Q.; Hume, D.A_; Pollard, ].W.; et al. A novel
mouse model of inflammatory bowel disease links mammalian target of rapamycin-dependent hyperproliferation of colonic
epithelium to inflammation-associated tumorigenesis. Am. J. Pathol. 2010, 176, 952-967. [CrossRef] [PubMed]

Burclaff, J.; Mills, J.C. Plasticity of differentiated cells in wound repair and tumorigenesis, part II: Skin and intestine.
Dis. Model. Mech. 2018, 11, dmm035071. [CrossRef] [PubMed]

Lacy-Hulbert, A.; Smith, A.M.; Tissire, H.; Barry, M.; Crowley, D.; Bronson, R.T; Roes, ].T.; Savill, ].S.; Hynes, R.O. Ulcerative
colitis and autoimmunity induced by loss of myeloid an integrins. Proc. Natl. Acad. Sci. USA 2007, 104, 15823-15828. [CrossRef]
Popivanova, B.K.; Kostadinova, F.I.; Furuichi, K.; Shamekh, M.M.; Kondo, T.; Wada, T.; Egashira, K.; Mukaida, N. Blockade of a
chemokine, CCL2, reduces chronic colitis-associated carcinogenesis in mice. Cancer Res. 2009, 69, 7884-7892. [CrossRef] [PubMed]
Slowicka, K.; Petta, I.; Blancke, G.; Hoste, E.; Dumas, E.; Sze, M,; Vikkula, H.; Radaelli, E.; Haigh, J.J.; Jonckheere, S.; et al. Zeb2
drives invasive and microbiota-dependent colon carcinoma. Nat. Cancer 2020, 1, 620-634. [CrossRef]

Watanabe, N.; Ikuta, K.; Okazaki, K.; Nakase, H.; Tabata, Y.; Matsuura, M.; Tamaki, H.; Kawanami, C.; Honjo, T.; Chiba, T.
Elimination of local macrophages in intestine prevents chronic colitis in interleukin-10-deficient mice. Dig. Dis. Sci. 2003, 48,
408-414. [CrossRef]

Huycke, M.M.; Moore, D.R. In vivo production of hydroxyl radical by Enterococcus faecalis colonizing the intestinal tract using
aromatic hydroxylation. Free Radic. Biol. Med. 2002, 33, 818-826. [CrossRef]

Birkett, N.; Al-Zoughool, M.; Bird, M.; Baan, R.A.; Zielinski, J.; Krewski, D. Overview of biological mechanisms of human
carcinogens. J. Toxicol. Environ. Health B Crit. Rev. 2019, 22, 288-359. [CrossRef]

Fishbein, A.; Wang, W.; Yang, H.; Yang, ]J.; Hallisey, V.M.; Deng, J.; Verheul, SM.L.; Hwang, S.H.; Gartung, A.; Wang, Y.; et al.
Resolution of eicosanoid/cytokine storm prevents carcinogen and inflammation-initiated hepatocellular cancer progression.
Proc. Natl. Acad. Sci. USA 2020, 117,21576-21587. [CrossRef]

Elliot, A.; Myllymaki, H.; Feng, Y. Inflammatory responses during tumour initiation: From zebrafish transgenic models of cancer
to evidence from mouse and man. Cells 2020, 9, 1018. [CrossRef]

Yan, C; Yang, Q.; Gong, Z. Tumor-associated neutrophils and macrophages promote gender disparity in hepatocellular carcinoma
in zebrafish. Cancer Res. 2017, 77, 1395-1407. [CrossRef]

Chia, K.; Mazzolini, J.; Mione, M.; Sieger, D. Tumor initiating cells induce Cxcr4-mediated infiltration of pro-tumoral macrophages
into the brain. Elife 2018, 7, €31918. [CrossRef]

Feng, Y.; Renshaw, S.; Martin, P. Live imaging of tumor initiation in zebrafish larvae reveals a trophic role for leukocyte-derived
PGE,. Curr. Biol. 2012, 22, 1253-1259. [CrossRef]

Guo, X.; Zhao, Y.; Yan, H.; Yang, Y.; Shen, S.; Dai, X,; Ji, X.; Ji, E; Gong, X.G.; Li, L.; et al. Single tumor-initiating cells evade
immune clearance by recruiting type II macrophages. Genes Dev. 2017, 31, 247-259. [CrossRef] [PubMed]

Frith, J.C.; Monkkonen, J.; Blackburn, G.M.; Russell, R.G.; Rogers, M.]. Clodronate and liposome-encapsulated clodronate are me-
tabolized to a toxic ATP analog, adenosine 5'-(b,g-dichloromethylene) triphosphate, by mammalian cells in vitro. J. Bone Min. Res.
1997, 12, 1358-1367. [CrossRef]

Van Acker, H.-H.; Anguille, S.; Willemen, Y.; Smits, E.L.; Van Tendeloo, V.E. Bisphosphonates for cancer treatment: Mechanisms of
action and lessons from clinical trials. Pharmacol. Ther. 2016, 158, 24-40. [CrossRef] [PubMed]

Gnant, M.; Clezardin, P. Direct and indirect anticancer activity of bisphosphonates: A brief review of published literature.
Cancer Treat. Rev. 2012, 38, 407-415. [CrossRef]

Bonovas, S.; Nikolopoulos, G.; Bagos, P. Bisphosphonate use and risk of colorectal cancer: A systematic review and meta-analysis.
Br. . Clin. Pharmacol. 2013, 76, 329-337. [CrossRef] [PubMed]

Thosani, N.; Thosani, S.N.; Kumar, S.; Nugent, Z.; Jimenez, C.; Singh, H.; Guha, S. Reduced risk of colorectal cancer with use of
oral bisphosphonates: A systematic review and meta-analysis. J. Clin. Oncol. 2013, 31, 623-630. [CrossRef] [PubMed]
Newcomb, P.A.; Trentham-Dietz, A.; Hampton, ].M. Bisphosphonates for osteoporosis treatment are associated with reduced
breast cancer risk. Br. |. Cancer 2010, 102, 799-802. [CrossRef] [PubMed]

Bergstrom, K.; Liu, X.; Zhao, Y.; Gao, N.; Wu, Q.; Song, K.; Cui, Y,; Li, Y.; McDaniel, ].M.; McGee, S.; et al. Defective intestinal
mucin-type O-glycosylation causes spontaneous colitis-associated cancer in mice. Gastroenterology 2016, 151, 152-164. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.freeradbiomed.2016.12.025
http://doi.org/10.1007/s10555-011-9298-8
http://www.ncbi.nlm.nih.gov/pubmed/22009064
http://doi.org/10.1158/1940-6207.CAPR-12-0350
http://doi.org/10.1080/2162402X.2019.1665975
http://www.ncbi.nlm.nih.gov/pubmed/31741765
http://doi.org/10.1593/tlo.13412
http://doi.org/10.2353/ajpath.2010.090622
http://www.ncbi.nlm.nih.gov/pubmed/20042677
http://doi.org/10.1242/dmm.035071
http://www.ncbi.nlm.nih.gov/pubmed/30171151
http://doi.org/10.1073/pnas.0707421104
http://doi.org/10.1158/0008-5472.CAN-09-1451
http://www.ncbi.nlm.nih.gov/pubmed/19773434
http://doi.org/10.1038/s43018-020-0070-2
http://doi.org/10.1023/A:1021960401290
http://doi.org/10.1016/S0891-5849(02)00977-2
http://doi.org/10.1080/10937404.2019.1643539
http://doi.org/10.1073/pnas.2007412117
http://doi.org/10.3390/cells9041018
http://doi.org/10.1158/0008-5472.CAN-16-2200
http://doi.org/10.7554/eLife.31918
http://doi.org/10.1016/j.cub.2012.05.010
http://doi.org/10.1101/gad.294348.116
http://www.ncbi.nlm.nih.gov/pubmed/28223311
http://doi.org/10.1359/jbmr.1997.12.9.1358
http://doi.org/10.1016/j.pharmthera.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26617219
http://doi.org/10.1016/j.ctrv.2011.09.003
http://doi.org/10.1111/bcp.12135
http://www.ncbi.nlm.nih.gov/pubmed/23594375
http://doi.org/10.1200/JCO.2012.42.9530
http://www.ncbi.nlm.nih.gov/pubmed/23269990
http://doi.org/10.1038/sj.bjc.6605555
http://www.ncbi.nlm.nih.gov/pubmed/20160722
http://doi.org/10.1053/j.gastro.2016.03.039
http://www.ncbi.nlm.nih.gov/pubmed/27059389

Cancers 2022, 14, 2811 16 of 19

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Madka, V.; Kumar, G.; Pathuri, G.; Zhang, Y.; Lightfoot, S.; Asch, A.S.; Mohammed, A.; Steele, V.E.; Rao, C.V. Bisphosphonates
zometa and fosamax synergize with metformin to prevent AOM-induced colon cancer in F344 rat model. Cancer Prev. Res. 2020,
13, 185-194. [CrossRef] [PubMed]

Bader, ].E.; Enos, R.T.; Velazquez, K.T.; Carson, M.S.; Nagarkatti, M.; Nagarkatti, P.S.; Chatzistamou, I.; Davis, ] M.; Carson, J.A;
Robinson, C.M.; et al. Macrophage depletion using clodronate liposomes decreases tumorigenesis and alters gut microbiota in
the AOM/DSS mouse model of colon cancer. Am. . Physiol. Gastrointest. Liver. Physiol. 2018, 314, G22-G31. [CrossRef]

Sassa, S.; Okabe, H.; Nemoto, N.; Kikuchi, H.; Kudo, H.; Sakamoto, S. Ibadronate may prevent colorectal carcinogenesis in mice
with ulcerative colitis. Anticancer Res. 2009, 29, 4615-4619. [PubMed]

Yang, Y.; Wang, X.; Moore, D.R.; Lightfoot, S.A.; Huycke, M.M. TNF-a mediates macrophage-induced bystander effects through
netrin-1. Cancer Res. 2012, 72, 5219-5229. [CrossRef]

Feng, Y.; Santoriello, C.; Mione, M.; Hurlstone, A.; Martin, P. Live imaging of innate immune cell sensing of transformed cells in
zebrafish larvae: Parallels between tumor initiation and wound inflammation. PLoS Biol. 2010, 8, €1000562. [CrossRef] [PubMed]
Crusz, S.M.; Balkwill, ER. Inflammation and cancer: Advances and new agents. Nat. Rev. Clin. Oncol. 2015, 12, 584-596.
[CrossRef]

Manthey, C.L.; Moore, B.A.; Chen, Y.; Loza, M.].; Yao, X; Liu, H.; Belkowski, S.M.; Raymond-Parks, H.; Dunford, PJ.; Leon, F.; et al.
The CSE-1-receptor inhibitor, JNJ-40346527 (PRV-6527), reduced inflammatory macrophage recruitment to the intestinal mucosa
and suppressed murine T cell mediated colitis. PLoS ONE 2019, 14, e0223918. [CrossRef]

Pass, H.I; Lavilla, C.; Canino, C.; Goparaju, C.; Preiss, J.; Noreen, S.; Blandino, G.; Cioce, M. Inhibition of the colony-stimulating-
factor-1 receptor affects the resistance of lung cancer cells to cisplatin. Oncotarget 2016, 7, 56408-56421. [CrossRef]

Zhang, Y.; Pu, W.,; Bousquenaud, M.; Cattin, S.; Zaric, J.; Sun, L.K,; Ruegg, C. Emodin inhibits inflammation, carcinogenesis,
and cancer progression in the AOM/DSS model of colitis-associated intestinal tumorigenesis. Front. Oncol. 2020, 10, 564674.
[CrossRef]

Zhang, X.; Wei, L.; Wang, J.; Qin, Z.; Wang, J.; Lu, Y.; Zheng, X,; Peng, Q.; Ye, Q.; Ai, E; et al. Suppression colitis and
colitis-associated colon cancer by anti-S100a9 antibody in mice. Front. Immunol. 2017, 8, 1774. [CrossRef]

Dai, Y; Jiao, H.; Teng, G.; Wang, W.; Zhang, R.; Wang, Y.; Hebbard, L.; George, J.; Qiao, L. Embelin reduces colitis-associated
tumorigenesis through limiting IL-6/STAT3 signaling. Mol. Cancer Ther. 2014, 13, 1206-1216. [CrossRef]

Hwangbo, C.; Lee, H.S,; Park, J.; Choe, J.; Lee, ] H. The anti-inflammatory effect of tussilagone, from Tussilago farfara, is mediated
by the induction of heme oxygenase-1 in murine macrophages. Int. Immunopharmacol. 2009, 9, 1578-1584. [CrossRef]

Nam, S.H.; Kim, J.K. Tussilagone reduces tumorigenesis by diminishing inflammation in experimental colitis-associated colon
cancer. Biomedicines 2020, 8, 86. [CrossRef]

Gurung, P,; Dahal, S.; Chaudhary, P.; Guragain, D.; Karmacharya, U.; Kim, ].A.; Jeong, B.S. Potent inhibitory effect of BJ-3105, a
6-azhanlkoxypyridin-3-ol derivative, on murine colitis is mediated by activating AMPK and inhibiting NOX. Int. J. Mol. Sci. 2020,
21, 3145. [CrossRef] [PubMed]

Qu, T; Wang, E; Jin, B.; Li, W,; Liu, R.; Zhao, Z.B. 5-Aminosalicylic acid inhibits inflammatory responses by suppressing JNK and
P38 activity in murine macrophages. Immunopharmacol. Immunotoxicol. 2017, 39, 45-53. [CrossRef]

Clapper, M.L.; Gary, M.A,; Coudry, R.A ; Litwin, S.; Chang, W.C.; Devarajan, K.; Lubet, R.A.; Cooper, H.S. 5-aminosalicylic acid
inhibits colitis-associated colorectal dysplasias in the mouse model of azoxymethane/dextran sulfate sodium-induced colitis.
Inflamm. Bowel Dis. 2008, 14, 1341-1347. [CrossRef] [PubMed]

Banskota, S.; Wang, H.; Kwon, Y.H.; Gautam, J.; Gurung, P.; Hagq, S.; Hassan, EM.N.; Bowdish, D.M.; Kim, J.A ; Carling, D.; et al.
Salicylates ameliorate intestinal inflammation by activating macrophage AMPK. Inflamm. Bowel Dis. 2021, 27, 914-926. [CrossRef]
[PubMed]

Bonovas, S.; Fiorino, G.; Lytras, T.; Nikolopoulos, G.; Peyrin-Biroulet, L.; Danese, S. Systematic review with meta-analysis: Use of
5-aminosalicylates and risk of colorectal neoplasia in patients with inflammatory bowel disease. Aliment. Pharmacol. Ther. 2017,
45,1179-1192. [CrossRef]

Ko, WK; Lee, S.H.; Kim, S.J.; Jo, M.].; Kumar, H.; Han, I.B.; Sohn, S. Anti-inflammatory effects of ursodeoxycholic acid by
lipopolysaccharide-stimulated inflammatory responses in RAW 264.7 macrophages. PLoS ONE 2017, 12, e0180673. [CrossRef]
Talebian, R.; Panahipour, L.; Gruber, R. Ursodeoxycholic acid attenuates the expression of proinflammatory cytokines in
periodontal cells. J. Periodontol. 2020, 91, 1098-1104. [CrossRef] [PubMed]

Kohno, H.; Suzuki, R.; Yasui, Y.; Miyamoto, S.; Wakabayashi, K.; Tanaka, T. Ursodeoxycholic acid versus sulfasalazine in
colitis-related colon carcinogenesis in mice. Clin. Cancer Res. 2007, 13, 2519-2525. [CrossRef]

Ryu, S.J.; Choi, H.S.; Yoon, K.Y; Lee, O.H.; Kim, K.J.; Lee, B.Y. Oleuropein suppresses LPS-induced inflammatory responses in
RAW 264.7 cell and zebrafish. |. Agric. Food Chem. 2015, 63, 2098-2105. [CrossRef]

Giner, E.; Recio, M.C.; Rios, J.L.; Cerda-Nicolas, ].M.; Giner, R M. Chemopreventive effect of oleuropein in colitis-associated
colorectal cancer in ¢57bl/6 mice. Mol. Nutr. Food Res. 2016, 60, 242-255. [CrossRef] [PubMed]

Somensi, N.; Rabelo, T.K.; Guimaraes, A.G.; Quintans-Junior, L.J.; de Souza Araujo, A.A.; Moreira, J.C.F,; Gelain, D.P. Car-
vacrol suppresses LPS-induced pro-inflammatory activation in RAW 264.7 macrophages through ERK1/2 and NF-kB pathway.
Int. Immunopharmacol. 2019, 75, 105743. [CrossRef]


http://doi.org/10.1158/1940-6207.CAPR-19-0265
http://www.ncbi.nlm.nih.gov/pubmed/31699708
http://doi.org/10.1152/ajpgi.00229.2017
http://www.ncbi.nlm.nih.gov/pubmed/20032411
http://doi.org/10.1158/0008-5472.CAN-12-1463
http://doi.org/10.1371/journal.pbio.1000562
http://www.ncbi.nlm.nih.gov/pubmed/21179501
http://doi.org/10.1038/nrclinonc.2015.105
http://doi.org/10.1371/journal.pone.0223918
http://doi.org/10.18632/oncotarget.10895
http://doi.org/10.3389/fonc.2020.564674
http://doi.org/10.3389/fimmu.2017.01774
http://doi.org/10.1158/1535-7163.MCT-13-0378
http://doi.org/10.1016/j.intimp.2009.09.016
http://doi.org/10.3390/biomedicines8040086
http://doi.org/10.3390/ijms21093145
http://www.ncbi.nlm.nih.gov/pubmed/32365634
http://doi.org/10.1080/08923973.2016.1274997
http://doi.org/10.1002/ibd.20489
http://www.ncbi.nlm.nih.gov/pubmed/18452197
http://doi.org/10.1093/ibd/izaa305
http://www.ncbi.nlm.nih.gov/pubmed/33252129
http://doi.org/10.1111/apt.14023
http://doi.org/10.1371/journal.pone.0180673
http://doi.org/10.1002/JPER.19-0013
http://www.ncbi.nlm.nih.gov/pubmed/31960968
http://doi.org/10.1158/1078-0432.CCR-06-2727
http://doi.org/10.1021/jf505894b
http://doi.org/10.1002/mnfr.201500605
http://www.ncbi.nlm.nih.gov/pubmed/26502315
http://doi.org/10.1016/j.intimp.2019.105743

Cancers 2022, 14, 2811 17 of 19

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Arigesavan, K.; Sudhandiran, G. Carvacrol exhibits anti-oxidant and anti-inflammatory effects against 1, 2-dimethyl hydrazine
plus dextran sodium sulfate induced inflammation associated carcinogenicity in the colon of Fischer 344 rats. Biochem. Biophys.
Res. Commun. 2015, 461, 314-320. [CrossRef]

Kim, HJ.; Park, G.M.; Kim, ].K. Anti-inflammatory effect of pristimerin on lipopolysaccharide-induced inflammatory responses
in murine macrophages. Arch. Pharm. Res. 2013, 36, 495-500. [CrossRef]

Park, J.H.; Kim, J.K. Pristimerin, a naturally occurring triterpenoid, attenuates tumorigenesis in experimental colitis-associated
colon cancer. Phytomedicine 2018, 42, 164-171. [CrossRef] [PubMed]

Su, C.C,; Wang, S.C.; Chen, I1.C.; Chiu, EY,; Liu, P.L.; Huang, C.H.; Huang, K.H.; Fang, S.H.; Cheng, W.C.; Huang, S.P; et al.
Zerumbone suppresses the LPS-induced inflammatory response and represses activation of the NLRP3 inflammasome in
macrophages. Front. Pharmacol. 2021, 12, 652860. [CrossRef]

Kim, M.; Miyamoto, S.; Yasui, Y.; Oyama, T.; Murakami, A.; Tanaka, T. Zerumbone, a tropical ginger sesquiterpene, inhibits colon
and lung carcinogenesis in mice. Int. J. Cancer 2009, 124, 264-271. [CrossRef]

Pan, M.H.; Chang, Y.H.; Tsai, M.L.; Lai, C.S.; Ho, S.Y.; Badmaeyv, V.; Ho, C.T. Pterostilbene suppressed lipopolysaccharide-induced
up-expression of iNOS and COX-2 in murine macrophages. J. Agric. Food. Chem. 2008, 56, 7502-7509. [CrossRef]

Lai, C.S.; Yang, G,; Li, S.; Lee, PS.; Wang, B.N.; Chung, M.C.; Nagabhushanam, K.; Ho, C.T.; Pan, M.H. 3’-Hydroxypterostilbene
suppresses colitis-associated tumorigenesis by inhibition of IL-6/STAT3 signaling in mice. J. Agric. Food Chem. 2017, 65, 9655-9664.
[CrossRef]

Villaggio, B.; Soldano, S.; Cutolo, M. 1,25-dihydroxyvitamin D3 downregulates aromatase expression and inflammatory cytokines
in human macrophages. Clin. Exp. Rheumatol. 2012, 30, 934-938. [CrossRef] [PubMed]

Lappe, ].; Watson, P; Travers-Gustafson, D.; Recker, R.; Garland, C.; Gorham, E.; Baggerly, K.; McDonnell, S.L. Effect of vitamin
D and calcium supplementation on cancer incidence in older women: A randomized clinical trial. JAMA 2017, 317, 1234-1243.
[CrossRef]

Korf, H.; Wenes, M.; Stijlemans, B.; Takiishi, T.; Robert, S.; Miani, M.; Eizirik, D.L.; Gysemans, C.; Mathieu, C. 1,25-
Dihydroxyvitamin D3 curtails the inflammatory and T cell stimulatory capacity of macrophages through an IL-10-dependent
mechanism. Immunobiology 2012, 217, 1292-1300. [CrossRef]

Germano, G.; Frapolli, R.; Belgiovine, C.; Anselmo, A.; Pesce, S.; Liguori, M.; Erba, E.; Uboldj, S.; Zucchetti, M.; Pasqualini, F.; et al.
Role of macrophage targeting in the antitumor activity of trabectedin. Cancer Cell 2013, 23, 249-262. [CrossRef] [PubMed]
Kameka, A.M.; Haddadi, S.; Jamaldeen, FJ.; Moinul, P.; He, X.T.; Nawazdeen, FH.; Bonfield, S.; Sharif, S.; van Rooijen, N.;
Abdul-Careem, M.F. Clodronate treatment significantly depletes macrophages in chickens. Can. J. Vet. Res. 2014, 78, 274-282.
Zhu, W,; Xu, R;; Du, J.; Fu, Y,; Li, S.; Zhang, P,; Liu, L.; Jiang, H. Zoledronic acid promotes TLR-4-mediated M1 macrophage
polarization in bisphosphonate-related osteonecrosis of the jaw. FASEB J. 2019, 33, 5208-5219. [CrossRef] [PubMed]

Zang, X.; Zhang, X.; Hu, H.; Qiao, M.; Zhao, X.; Deng, Y.; Chen, D. Targeted delivery of aoledronate to tumor-associated
macrophages for cancer immunotherapy. Mol. Pharm. 2019, 16, 2249-2258. [CrossRef]

Pyonteck, S.M.; Akkari, L.; Schuhmacher, A.].; Bowman, R.L.; Sevenich, L.; Quail, D.E; Olson, O.C.; Quick, M.L.; Huse, ].T.;
Teijeiro, V.; et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. Nat. Med. 2013, 19, 1264-1272.
[CrossRef] [PubMed]

Furudate, S.; Fujimura, T.; Kambayashi, Y.; Kakizaki, A.; Hidaka, T.; Aiba, S. Immunomodulatory effect of imiquimod through
CCL22 produced by tumor-associated macrophages in B16F10 melanomas. Anticancer Res. 2017, 37, 3461-3471. [CrossRef]
[PubMed]

Nadeem, A.; Ahmad, S.F; Al-Harbi, N.O.; Ibrahim, K.E.; Alqahtani, F; As Sobeai, H.M.; Alotaibi, M.R. Inhibition of interleukin-2-
inducible T-cell kinase causes reduction in imiquimod-induced psoriasiform inflammation through reduction of Th17 cells and
enhancement of Treg cells in mice. Biochimie 2020, 179, 146-156. [CrossRef]

Dudek, A.Z.; Yunis, C.; Harrison, L.I.; Kumar, S.; Hawkinson, R.; Cooley, S.; Vasilakos, ].P.; Gorski, K.S.; Miller, J.S. First in human
phase I trial of 852A, a novel systemic toll-like receptor 7 agonist, to activate innate immune responses in patients with advanced
cancer. Clin. Cancer Res. 2007, 13, 7119-7125. [CrossRef]

Schmid, M.; Gemperle, C.; Rimann, N.; Hersberger, M. Resolvin D1 polarizes primary human macrophages toward a proresolution
phenotype through GPR32. J. Immunol. 2016, 196, 3429-3437. [CrossRef]

Lee, H.N.; Choi, Y.S.; Kim, S.H.; Zhong, X.; Kim, W.; Park, ].S.; Saeidi, S.; Han, B.W.; Kim, N.; Lee, H.S.; et al. Resolvin D1
suppresses inflammation-associated tumorigenesis in the colon by inhibiting IL-6-induced mitotic spindle abnormality. FASEB ].
2021, 35, €21432. [CrossRef] [PubMed]

Wang, G.; Hiramoto, K.; Ma, N.; Yoshikawa, N.; Ohnishi, S.; Murata, M.; Kawanishi, S. Glycyrrhizin attenuates carcinogenesis by
inhibiting the inflammatory response in a murine model of colorectal cancer. Int. J. Mol. Sci. 2021, 22, 2609. [CrossRef] [PubMed]
Zhao, H.; Zhang, X.; Chen, X; Li, Y; Ke, Z.; Tang, T.; Chai, H.; Guo, A.M.; Chen, H.; Yang, J. Isoliquiritigenin, a flavonoid
from licorice, blocks M2 macrophage polarization in colitis-associated tumorigenesis through downregulating PGE, and IL-6.
Toxicol. Appl. Pharmacol. 2014, 279, 311-321. [CrossRef]

Richard, S.A. Exploring the pivotal Inmunomodulatory and anti-Inflammatory potentials of glycyrrhizic and glycyrrhetinic
acids. Mediat. Inflamm. 2021, 2021, 6699560. [CrossRef] [PubMed]

Qiao, S.; Li, W.; Tsubouchi, R.; Haneda, M.; Murakami, K.; Takeuchi, F.; Nisimoto, Y.; Yoshino, M. Rosmarinic acid inhibits the
formation of reactive oxygen and nitrogen species in RAW264.7 macrophages. Free Radic. Res. 2005, 39, 995-1003. [CrossRef]


http://doi.org/10.1016/j.bbrc.2015.04.030
http://doi.org/10.1007/s12272-013-0054-1
http://doi.org/10.1016/j.phymed.2018.03.033
http://www.ncbi.nlm.nih.gov/pubmed/29655682
http://doi.org/10.3389/fphar.2021.652860
http://doi.org/10.1002/ijc.23923
http://doi.org/10.1021/jf800820y
http://doi.org/10.1021/acs.jafc.7b03712
http://doi.org/10.1136/annrheumdis-2012-eular.2504
http://www.ncbi.nlm.nih.gov/pubmed/23253631
http://doi.org/10.1001/jama.2017.2115
http://doi.org/10.1016/j.imbio.2012.07.018
http://doi.org/10.1016/j.ccr.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23410977
http://doi.org/10.1096/fj.201801791RR
http://www.ncbi.nlm.nih.gov/pubmed/30624969
http://doi.org/10.1021/acs.molpharmaceut.9b00261
http://doi.org/10.1038/nm.3337
http://www.ncbi.nlm.nih.gov/pubmed/24056773
http://doi.org/10.21873/anticanres.11714
http://www.ncbi.nlm.nih.gov/pubmed/28668835
http://doi.org/10.1016/j.biochi.2020.09.023
http://doi.org/10.1158/1078-0432.CCR-07-1443
http://doi.org/10.4049/jimmunol.1501701
http://doi.org/10.1096/fj.202002392R
http://www.ncbi.nlm.nih.gov/pubmed/33794029
http://doi.org/10.3390/ijms22052609
http://www.ncbi.nlm.nih.gov/pubmed/33807620
http://doi.org/10.1016/j.taap.2014.07.001
http://doi.org/10.1155/2021/6699560
http://www.ncbi.nlm.nih.gov/pubmed/33505216
http://doi.org/10.1080/10715760500231836

Cancers 2022, 14, 2811 18 of 19

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Jin, B.R,; Chung, K.S.; Hwang, S.; Hwang, S.N.; Rhee, K.]J.; Lee, M.; An, H.J. Rosmarinic acid represses colitis-associated colon
cancer: A pivotal involvement of the TLR4-mediated NF-kB-STAT3 axis. Neoplasia 2021, 23, 561-573. [CrossRef] [PubMed]

Mai, P; Chen, C.; Xiao, X.H.; Ma, X,; Shi, Y.P.; Miao, G.Y.; Zhang, L.P. Rosmarinic acid protects against ulcerative colitis by
regulating macrophage polarization depending on heme oxygenase-1 in mice. Eur. J. Inflamm. 2020, 18, 1-11. [CrossRef]
Rohwer, N.; Kuhl, A.A.; Ostermann, A.L; Hartung, N.M.; Schebb, N.H.; Zopf, D.; McDonald, EM.; Weylandt, K.H. Effects of
chronic low-dose aspirin treatment on tumor prevention in three mouse models of intestinal tumorigenesis. Cancer Med. 2020, 9,
2535-2550. [CrossRef] [PubMed]

Katona, B.W.; Weiss, ].M. Chemoprevention of colorectal cancer. Gastroenterology 2020, 158, 368-388. [CrossRef]

Luan, B.; Yoon, Y.S.; Le Lay, J.; Kaestner, K.H.; Hedrick, S.; Montminy, M. CREB pathway links PGE2 signaling with macrophage
polarization. Proc. Natl. Acad. Sci. USA 2015, 112, 15642-15647. [CrossRef] [PubMed]

Mancuso, R.; Fryatt, G.; Cleal, M.; Obst, J.; Pipi, E.; Monzon-Sandoval, ].; Ribe, E.; Winchester, L.; Webber, C.; Nevado, A.; et al.
CSFIR inhibitor JNJ-40346527 attenuates microglial proliferation and neurodegeneration in P301S mice. Brain 2019, 142, 3243-3264.
[CrossRef]

Ko, ].H.; Lee, S.G.; Yang, WM.; Um, J.Y,; Sethi, G.; Mishra, S.; Shanmugam, M.K.; Ahn, K.S. The application of embelin for cancer
prevention and therapy. Molecules 2018, 23, 621. [CrossRef] [PubMed]

Zinser, G.M.; Sundberg, J.P.; Welsh, J. Vitamin D3 receptor ablation sensitizes skin to chemically induced tumorigenesis.
Carcinogenesis 2002, 23, 2103-2109. [CrossRef]

Leyssens, C.; Verlinden, L.; Verstuyf, A. Antineoplastic effects of 1,25(OH), D3 and its analogs in breast, prostate and colorectal
cancer. Endocr. Relat. Cancer 2013, 20, R31-R47. [CrossRef]

Hummel, D.M.; Thiem, U.; Hobaus, J.; Mesteri, I.; Gober, L.; Stremnitzer, C.; Graca, J.; Obermayer-Pietsch, B.; Kallay, E. Prevention
of preneoplastic lesions by dietary vitamin D in a mouse model of colorectal carcinogenesis. J. Steroid Biochem. Mol. Biol. 2013,
136, 284-288. [CrossRef] [PubMed]

Newmark, H.L.; Yang, K.; Kurihara, N.; Fan, K.; Augenlicht, L.H.; Lipkin, M. Western-style diet-induced colonic tumors and their
modulation by calcium and vitamin D in C57Bl/6 mice: A preclinical model for human sporadic colon cancer. Carcinogenesis
2009, 30, 88-92. [CrossRef]

Lagishetty, V.; Misharin, A.V.; Liu, N.Q; Lisse, T.S.; Chun, R.F; Ouyang, Y.; McLachlan, S.M.; Adams, ].S.; Hewison, M. Vitamin D
deficiency in mice impairs colonic antibacterial activity and predisposes to colitis. Endocrinology 2010, 151, 2423-2432. [CrossRef]
Moreau, M.E; Guillet, C.; Massin, P.; Chevalier, S.; Gascan, H.; Basle, M.F.; Chappard, D. Comparative effects of five bisphospho-
nates on apoptosis of macrophage cells in vitro. Biochem. Pharmacol. 2007, 73, 718-723. [CrossRef]

Rogers, T.L.; Holen, I. Tumour macrophages as potential targets of bisphosphonates. J. Transl. Med. 2011, 9, 177. [CrossRef]
Reszka, A.A.; Rodan, G.A. Bisphosphonate mechanism of action. Curr. Rheumatol. Rep. 2003, 5, 65-74. [CrossRef]

Stresing, V.; Daubine, F.; Benzaid, I.; Monkkonen, H.; Clezardin, P. Bisphosphonates in cancer therapy. Cancer Lett. 2007, 257,
16-35. [CrossRef]

Van Rooijen, N.; van Kesteren-Hendrikx, E. Clodronate liposomes: Perspectives in research and therapeutics. . Liposome Res.
2002, 12, 81-94. [CrossRef]

Giraudo, E.; Inoue, M.; Hanahan, D. An amino-bisphosphonate targets MMP-9-expressing macrophages and angiogenesis to
impair cervical carcinogenesis. J. Clin. Investig. 2004, 114, 623-633. [CrossRef]

Reginster, ].Y. Antifracture efficacy of currently available therapies for postmenopausal osteoporosis. Drugs 2011, 71, 65-78.
[CrossRef]

Ballester, I.; Daddaoua, A.; Lopez-Posadas, R.; Nieto, A.; Suarez, M.D.; Zarzuelo, A.; Martinez-Augustin, O.; Sanchez de Medina, F.
The bisphosphonate alendronate improves the damage associated with trinitrobenzenesulfonic acid-induced colitis in rats.
Br. J. Pharmacol. 2007, 151, 206-215. [CrossRef]

Rennert, G.; Pinchev, M.; Rennert, H.S. Use of bisphosphonates and risk of postmenopausal breast cancer. J. Clin. Oncol. 2010, 28,
3577-3581. [CrossRef]

Li, X,; Liu, R.; Su, X.; Pan, Y.; Han, X.; Shao, C.; Shi, Y. Harnessing tumor-associated macrophages as aids for cancer immunotherapy.
Mol. Cancer 2019, 18, 177. [CrossRef]

Fischer, SM.; Hawk, E.T.; Lubet, R.A. Coxibs and other nonsteroidal anti-inflammatory drugs in animal models of cancer
chemoprevention. Cancer Prev. Res. 2011, 4, 1728-1735. [CrossRef]

Li, J.; Hao, Q.; Cao, W.; Vadgama, J.V.; Wu, Y. Celecoxib in breast cancer prevention and therapy. Cancer Manag. Res. 2018, 10,
4653-4667. [CrossRef]

Chan, A.T.; Arber, N.; Burn, J.; Chia, WK.; Elwood, P.; Hull, M.A ; Logan, R.E; Rothwell, PM.; Schror, K.; Baron, J.A. Aspirin in
the chemoprevention of colorectal neoplasia: An overview. Cancer Prev. Res. 2012, 5, 164-178. [CrossRef] [PubMed]

Cao, Y.; Nishihara, R.; Wu, K.; Wang, M.; Ogino, S.; Willett, W.C.; Spiegelman, D.; Fuchs, C.S.; Giovannucci, E.L.; Chan, A.T.
Population-wide impact of long-term use of aspirin and the risk for cancer. JAMA Oncol. 2016, 2, 762-769. [CrossRef] [PubMed]
Schaubeck, M.; Clavel, T.; Calasan, J.; Lagkouvardos, I.; Haange, S.B.; Jehmlich, N.; Basic, M.; Dupont, A.; Hornef, M.;
von Bergen, M.; et al. Dysbiotic gut microbiota causes transmissible Crohn’s disease-like ileitis independent of failure in antimi-
crobial defence. Gut 2016, 65, 225-237. [CrossRef]


http://doi.org/10.1016/j.neo.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/34077834
http://doi.org/10.1177/2058739220959916
http://doi.org/10.1002/cam4.2881
http://www.ncbi.nlm.nih.gov/pubmed/31994315
http://doi.org/10.1053/j.gastro.2019.06.047
http://doi.org/10.1073/pnas.1519644112
http://www.ncbi.nlm.nih.gov/pubmed/26644581
http://doi.org/10.1093/brain/awz241
http://doi.org/10.3390/molecules23030621
http://www.ncbi.nlm.nih.gov/pubmed/29522451
http://doi.org/10.1093/carcin/23.12.2103
http://doi.org/10.1530/ERC-12-0381
http://doi.org/10.1016/j.jsbmb.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/22982628
http://doi.org/10.1093/carcin/bgn229
http://doi.org/10.1210/en.2010-0089
http://doi.org/10.1016/j.bcp.2006.09.031
http://doi.org/10.1186/1479-5876-9-177
http://doi.org/10.1007/s11926-003-0085-6
http://doi.org/10.1016/j.canlet.2007.07.007
http://doi.org/10.1081/LPR-120004780
http://doi.org/10.1172/JCI200422087
http://doi.org/10.2165/11587570-000000000-00000
http://doi.org/10.1038/sj.bjp.0707227
http://doi.org/10.1200/JCO.2010.28.1113
http://doi.org/10.1186/s12943-019-1102-3
http://doi.org/10.1158/1940-6207.CAPR-11-0166
http://doi.org/10.2147/CMAR.S178567
http://doi.org/10.1158/1940-6207.CAPR-11-0391
http://www.ncbi.nlm.nih.gov/pubmed/22084361
http://doi.org/10.1001/jamaoncol.2015.6396
http://www.ncbi.nlm.nih.gov/pubmed/26940135
http://doi.org/10.1136/gutjnl-2015-309333

Cancers 2022, 14, 2811 19 of 19

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Sobhani, I.; Amiot, A.; Le Baleur, Y.; Levy, M.; Auriault, M.L.; Van Nhieu, J.T.; Delchier, ]J.C. Microbial dysbiosis and colon
carcinogenesis: Could colon cancer be considered a bacteria-related disease? Ther. Adv. Gastroenterol. 2013, 6, 215-229. [CrossRef]
[PubMed]

McFarland, L.V. Use of probiotics to correct dysbiosis of normal microbiota following disease or disruptive events: A systematic
review. BMJ Open 2014, 4, e005047. [CrossRef] [PubMed]

Cortes-Perez, N.G.; de Moreno de LeBlanc, A.; Gomez-Gutierrez, J.G.; LeBlanc, J.G.; Bermudez-Humaran, L.G. Probiotics and
trained immunity. Biomolecules 2021, 11, 1402. [CrossRef]

Talero, E.; Bolivar, S.; Avila-Roman, J.; Alcaide, A.; Fiorucci, S.; Motilva, V. Inhibition of chronic ulcerative colitis-associated
adenocarcinoma development in mice by VSL#3. Inflamm. Bowel. Dis. 2015, 21, 1027-1037. [CrossRef]

Appleyard, C.B.; Cruz, M.L.; Isidro, A.A.; Arthur, J.C.; Jobin, C.; De Simone, C. Pretreatment with the probiotic VSL#3 delays
transition from inflammation to dysplasia in a rat model of colitis-associated cancer. Am. ]. Physiol. Gastrointest. Liver. Physiol.
2011, 301, G1004-G1013. [CrossRef]

Hradicka, P; Beal, J.; Kassayova, M.; Foey, A.; Demeckova, V. A novel lactic acid bacteria mixture: Macrophage-targeted
prophylactic intervention in colorectal cancer management. Microorganisms 2020, 8, 387. [CrossRef]

Urbanska, A.M.; Bhathena, J.; Cherif, S.; Prakash, S. Orally delivered microencapsulated probiotic formulation favorably impacts
polyp formation in APC (Min/+) model of intestinal carcinogenesis. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1-11. [CrossRef]
[PubMed]

Kahouli, I.; Malhotra, M.; Westfall, S.; Alaoui-Jamali, M.A.; Prakash, S. Design and validation of an orally administrated active
L. fermentum-L. acidophilus probiotic formulation using colorectal cancer Apc™™/* mouse model. Appl. Microbiol. Biotechnol. 2017,
101, 1999-2019. [CrossRef]

Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, EW.; Lei, YM.; Jabri, B.;
Alegre, M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015,
350, 1084-1089. [CrossRef] [PubMed]

Kuugbee, E.D.; Shang, X.; Gamallat, Y.; Bamba, D.; Awadasseid, A.; Suliman, M.A.; Zang, S.; Ma, Y.; Chiwala, G.; Xin, Y.; et al.
Structural change in microbiota by a probiotic cocktail enhances the gut barrier and reduces cancer via TLR2 signaling in a rat
model of colon cancer. Dig. Dis. Sci. 2016, 61, 2908-2920. [CrossRef] [PubMed]

Agah, S.; Alizadeh, A.M.; Mosavi, M.; Ranji, P.; Khavari-Daneshvar, H.; Ghasemian, F.; Bahmani, S.; Tavassoli, A. More protection
of Lactobacillus acidophilus than Bifidobacterium bifidum probiotics on azoxymethane-induced mouse colon cancer. Probiotics
Antimicrob. Proteins 2019, 11, 857-864. [CrossRef]

Mendes, M.C.S.; Paulino, D.S.; Brambilla, S.R.; Camargo, J.A.; Persinoti, G.F,; Carvalheira, ].B.C. Microbiota modification by
probiotic supplementation reduces colitis associated colon cancer in mice. World J. Gastroenterol. 2018, 24, 1995-2008. [CrossRef]
Jacouton, E.; Chain, F,; Sokol, H.; Langella, P.; Bermudez-Humaran, L.G. Probiotic strain Lactobacillus. casei. BL23 prevents
colitis-associated colorectal cancer. Front. Immunol. 2017, 8, 1553. [CrossRef]

Lee, H.A.; Kim, H.; Lee, KW,; Park, K.Y. Dead nano-sized Lactobacillus plantarum inhibits azoxymethane/dextran sulfate
sodium-induced colon cancer in Balb/c mice. . Med. Food 2015, 18, 1400-1405. [CrossRef] [PubMed]

Arthur, J.C.; Gharaibeh, R.Z.; Uronis, ].M.; Perez-Chanona, E.; Sha, W.; Tomkovich, S.; Muhlbauer, M.; Fodor, A.A.; Jobin, C.
VSL#3 probiotic modifies mucosal microbial composition but does not reduce colitis-associated colorectal cancer. Sci. Rep. 2013, 3,
2868. [CrossRef] [PubMed]

Habil, N.; Al-Murrani, W.; Beal, J.; Foey, A.D. Probiotic bacterial strains differentially modulate macrophage cytokine production
in a strain-dependent and cell subset-specific manner. Benef. Microbes. 2011, 2, 283-293. [CrossRef] [PubMed]

Okada, Y.; Tsuzuki, Y.; Hokari, R.; Komoto, S.; Kurihara, C.; Kawaguchi, A.; Nagao, S.; Miura, S. Anti-inflammatory effects of the
genus Bifidobacterium on macrophages by modification of phospho-IkB and SOCS gene expression. Int. ]. Exp. Pathol. 2009, 90,
131-140. [CrossRef] [PubMed]

Galic, S.; Sachithanandan, N.; Kay, T.W.; Steinberg, G.R. Suppressor of cytokine signalling (SOCS) proteins as guardians of
inflammatory responses critical for regulating insulin sensitivity. Biochem. ]. 2014, 461, 177-188. [CrossRef]


http://doi.org/10.1177/1756283X12473674
http://www.ncbi.nlm.nih.gov/pubmed/23634186
http://doi.org/10.1136/bmjopen-2014-005047
http://www.ncbi.nlm.nih.gov/pubmed/25157183
http://doi.org/10.3390/biom11101402
http://doi.org/10.1097/MIB.0000000000000346
http://doi.org/10.1152/ajpgi.00167.2011
http://doi.org/10.3390/microorganisms8030387
http://doi.org/10.3109/21691401.2014.898647
http://www.ncbi.nlm.nih.gov/pubmed/25060720
http://doi.org/10.1007/s00253-016-7885-x
http://doi.org/10.1126/science.aac4255
http://www.ncbi.nlm.nih.gov/pubmed/26541606
http://doi.org/10.1007/s10620-016-4238-7
http://www.ncbi.nlm.nih.gov/pubmed/27384052
http://doi.org/10.1007/s12602-018-9425-8
http://doi.org/10.3748/wjg.v24.i18.1995
http://doi.org/10.3389/fimmu.2017.01553
http://doi.org/10.1089/jmf.2015.3577
http://www.ncbi.nlm.nih.gov/pubmed/26595186
http://doi.org/10.1038/srep02868
http://www.ncbi.nlm.nih.gov/pubmed/24100376
http://doi.org/10.3920/BM2011.0027
http://www.ncbi.nlm.nih.gov/pubmed/22146688
http://doi.org/10.1111/j.1365-2613.2008.00632.x
http://www.ncbi.nlm.nih.gov/pubmed/19335551
http://doi.org/10.1042/BJ20140143

	Introduction 
	Macrophages in Innate Immunity 
	Macrophages in Tissue Homeostasis 
	Macrophages in Parainflammation and Inflammaging 
	Macrophages in Cancer Initiation with an Emphasis on Colorectal Cancer 
	Polarized Macrophages Are Genotoxic 
	Macrophage Genotoxins 
	Polarized Macrophages as Drivers of Cancer Initiation 
	Zebrafish Models in Cancer Initiation 
	Bisphosphonates, Macrophages, and Cancer Initiation 

	Macrophages as Targets for Cancer Prevention 
	Agents That Block Macrophage Recruitment 
	Agents That Suppress Proinflammatory Pathways in Macrophages 
	Agents That Deplete Macrophages 
	Agents That Reprogram States of Macrophage Polarization 
	Probiotics That Modulate Macrophage Function 

	Conclusions and Future Directions 
	References

