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Microbes, macrophages, and
melanin: a unifying theory of
disease as exemplified by cancer

Stacie Z. Berg* and Jonathan Berg*

Department of Translational Biology, William Edwards LLC, Baltimore, MD, United States

It is widely accepted that cancer mostly arises from random spontaneous
mutations triggered by environmental factors. Our theory challenges the idea
of the random somatic mutation theory (SMT). The SMT does not fit well with
Charles Darwin’'s theory of evolution in that the same relatively few mutations
would occur so frequently and that these mutations would lead to death rather
than survival of the fittest. However, it would fit well under the theory of
evolution, if we were to look at it from the vantage point of pathogens and
their supporting microbial communities colonizing humans and mutating host
cells for their own benefit, as it does give them an evolutionary advantage and
they are capable of selecting genes to mutate and of inserting their own DNA or
RNA into hosts. In this article, we provide evidence that tumors are actually
complex microbial communities composed of various microorganisms living
within biofilms encapsulated by a hard matrix; that these microorganisms are
what cause the genetic mutations seen in cancer and control angiogenesis; that
these pathogens spread by hiding in tumor cells and M2 or M2-like macrophages
and other phagocytic immune cells and traveling inside them to distant sites
camouflaged by platelets, which they also reprogram, and prepare the distant site
for metastasis; that risk factors for cancer are sources of energy that pathogens
are able to utilize; and that, in accordance with our previous unifying theory of
disease, pathogens utilize melanin for energy for building and sustaining tumors
and metastasis. We propose a paradigm shift in our understanding of what cancer
is, and, thereby, a different trajectory for avenues of treatment and prevention.

cancer, pathogens, tumor, bacteria & fungi, biofilm, microorganisms, subclinical
infection, infection - immunology

1 Introduction

Despite 250 years of research (1) and billions of dollars invested in it — between 2016 and
2020 alone, the global investment in cancer research was estimated at about $24.5 billion (2) -
cancer remains a global and urgent international health problem. In 2020, there were nearly
10 million cancer deaths (3). Cancer is conventionally thought to be caused by random
genetic mutations. We propose here a paradigm shift in our understanding of what cancer is,
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and thereby a different trajectory for avenues of treatment, prevention
and, likely, even a cure, as seen with most infections, as we theorize
that cancer is not caused by random mutations but rather is a targeted
strategy used by certain microorganisms to survive and thrive. These
microbes may be acutely infectious, subclinically infectious, or non-
infectious, microbiome-associated, and hereafter, we frequently refer
to them collectively as pathogens due to their tendency to kill the
host. We posit there are three levels of increasingly complex microbial
organization — colonies, biofilms, and tumors. In this third level, the
tumor, the pathogens have penetrated the host tissue and immune
cells and taken over certain controls, a pathogenic hijacking, and are
able to build a matrix around the cells, force the cells to proliferate,
activate angiogenesis, and, when disturbed, the pathogens, via
breakaway tumor cells and phagocytic immune cells, scatter and
build more tumors (metastasize). Whether the spread is through
individual pathogens or small communities may explain the timeline
differences in observing metastasis, remission after treatment where
pathogens are targeted via chemotherapy and other anti-cancer
treatments, and, subsequently, aggressive disease, or, it may be due
to dormancy of the pathogens after exposure to treatments. Our
theory could be used to explain familial and hereditary cancers, as
well, through the passing down in utero of subclinical infection or
plasmids to offspring, causing the same genetic mutations related to a
cancer diagnosed in a parent or grandparent. Another avenue may be
shared exposures. Families/households share the same microbiomes
by eating the same foods and by sharing home environments (4) as
well as clinical and subclinical infections, all of which can be passed
from generation to generation in shared households. We further posit
that mild immune system response, for example, fever, seen in some
individuals with cancer is not an immune system response to mutated
self cells that have become differentiated enough to be recognized by
the immune system, but instead the immune system has detected
pathogens, as it does sometimes with pathogens protected in a
biofilm, without recognition of the immensity of the community.
We have identified several characteristics in cancerous tumors:
multiple genetic mutations directed by pathogens, a diverse
microbiome made primarily of pathogens; high cysteine levels,
strongly suggesting tumors are fueled by pheomelanin; immune
system evasion via pathogenic control; and pathogens hiding in and
spreading via phagocytes. After identifying these characteristics, we
predicted that, with the exception of the first or earliest mutations,

Abbreviations: ABC, ATP binding cassette; AMP, adenosine monophosphate;
AMPK, adenosine monophosphate-activated protein kinase; BMDM, bone
marrow derived macrophage; CSC, cancer stem cells; HA, hyaluronic acid,
hyaluronan; HAS, HA synthase; HYAL, hyaluronidase; ECM, extracellular
matrix; ER, estrogen receptor; EHMM-HA, extremely high molecular mass
HA; FGF, fibroblast growth factor; HIF-1, hypoxia-inducible factor 1; HMM-
HA, high molecular mass HA; HMW-HA, high molecular weight HA; IBP,
intracellular bacterial pathogen; LMW-HA, low molecular weight HA; MDSC,
myeloid-derived suppressor cells; LPS, lipopolysaccharide; miRNA, microRNA;
MITF, melanocyte inducing transcription factor; mTORC1, mTOR Complex 1;
PDGEF, platelet-derived growth factor; PR, progesterone receptor; SMT, somatic
mutation theory; TGFp, transforming growth factor beta; TAM, tumor-
associated macrophage; UV, ultraviolet; VEGF, vascular endothelial

growth factor.

Frontiers in Immunology

10.3389/fimmu.2024.1493978

the characteristics of benign tumors would be the opposite — mostly
commensal bacteria (5), less diverse microbiota with fewer
pathogenic bacteria (6), lower in cysteine (7), and lower in tumor
(bacteria) recruitment of tumor-associated macrophages
(TAMs) (8), and significantly less angiogenesis (9). The scientific
literature supports our predictions (5-9). We also predict that the
characteristics present in malignant tumors could be present in
benign tumors, depending on the specific mutations that have taken
place at the point of biopsy, which studies suggest to be the case
(10, 11). It is noteworthy that benign and malignant tumors share
certain risk factors, which we theorize are various forms of energy
used by bacteria (12, 13), which we describe in more detail in
section 26. We can explain this using our theory: Pathogenic and
commensal bacteria can compete for the same nutrients and space.
However, commensal bacteria have an advantage in this warfare.
They have evolved mechanisms to outcompete pathogens. For
example, they are able to produce antimicrobial substances,
occupy adhesion sites, and modulate the host’s immune
response (14), stimulating the production of regulatory T cell
differentiation (15), which are non-phagocytic immune cells, to
prevent pathogen colonization (14). This competitive interaction
helps protect the host from infections; whereas pathogens are well
equipped to live in soil (16), where they will continue to survive,
which is, why, we theorize, they are willing to kill the human host,
human commensal bacteria are primarily adapted to the stable and
nutrient-rich environment of the human body and are therefore, we
believe, fighting against pathogens to keep their territory within the
human host and keep the human host alive. We theorize that
benign tumors are early-stage battlegrounds between commensal
and pathogenic microbes where the commensal bacteria, found
naturally in the tissue where the benign tumor formed, are able to
overtake the pathogens, and where, in rare cases, when benign
tumors become more aggressive, pathogens are able to take control,
to a degree. As with benign tumors and peptic ulcers, we would
expect to find pathogens in any precancerous condition.

Our theory on cancer being complex microbial, mostly
pathogenic, communities is based on the following: 1) statistics do
not support the random mutation theory, as out of more than 3 billion
nucleotide pairs in human DNA, relatively few, specific mutations are
involved in cancer, the mutations occur only in particular regions of
certain genes, for example, in 14%-16.8% of all cancers, 1 of 8 specific
base pairs are mutated (17), which is a probability of 8/3,117,275,501
per mutation (18), and there is an “intelligence” about which genes
and which pathways are affected, that is, it is not chance; 2) various
cancers have been linked with pathogens; 3) various tumor types have
been discovered to have microbiomes; 4) these tumor types have been
discovered to have signature microbiomes; 5) cancer cells
communicate with each other through chemical and electrical
signaling, as do microbes in biofilms; 6) anticancer therapies are
antimicrobials or anti-phagocytics; 7) pathogens can synthesize
hyaluronic acid (19), which, at certain molecular weights, can
initiate angiogenesis; 8) in some cancers mitochondria are
downregulated (we have previously found an inverse relationship
between low mitochondrial functioning and high melanogenesis and
evidence that melanin, in addition to ATP, supplies energy to cells)
(20), (Figure 1) and in some cancers mitochondria are upregulated,
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Interrelationship of cellular metabolism, melanogenesis, and ATP production: Left: A key component of cellular metabolism is cellular respiration, the
process by which cells make energy (ATP). 1. Glycolysis is the first step of cellular respiration. During glycolysis, one molecule of glucose is broken
down into two molecules of pyruvate, producing a small amount of ATP and NADH. 2. Next is the citric acid cycle (Krebs Cycle), during which the
pyruvate produced in glycolysis is transported from the cytoplasm into the mitochondria, where it is converted into acetyl-CoA. The acetyl-CoA
enters the citric acid cycle, which generates NADH and FADH2 by oxidizing acetyl-CoA. It also produces a small amount of ATP. 3. The final stage is
oxidative phosphorylation, where the NADH and FADH2 donate electrons to the electron transport chain, creating a proton gradient across the
membrane. ATP synthase uses this gradient to produce ATP from ADP and inorganic phosphate. (Oxygen acts as the final electron acceptor,
resulting in H,O.) Right: ATP is released from cells, including keratinocytes, in response to stimuli, including UV radiation. The released ATP binds to
and activates the P2X7 receptors on melanocytes, which leads to the opening of ion channels, allowing the influx of calcium ions (Ca®*) and the
efflux of potassium ions (K*). The increase in intracellular calcium levels can activate the protein kinase C (PKC) pathway. Activation of the PKC
pathway leads to the activation of downstream signaling molecules, such as the cAMP response element-binding protein, which in turn can enhance
the expression of MITF. MITF is a key regulator of melanogenesis, promoting the production of melanin in melanocytes. The pathway has feedback
mechanisms, creating a regulatory loop. This pathway highlights the complex interplay between extracellular signals (in this case, ATP), receptor
activation (P2X7), intracellular signaling cascades (PKC), and the biological outcome, melanin (21, 22).

both of which suggest increased energy demand and together suggest
something, such as a pathogen, is dictating energy supply; 9) common
risk factors for developing cancer, for example, smoking, obesity,
excessive alcohol intake, radiation exposure, ingestion of carbon (via
burnt foods, for example), are various forms of molecular energy,
provide microorganisms with the energy they need to carry out their
tumor-building functions, and therefore, are triggers for cancer; and
10) the cancer genome exhibits significant heterogeneity across
different tumor types and within individual tumors, with no two
samples from the same patient being genetically identical, and
phylogenetic analyses reveal a branching pattern of tumor evolution,
suggesting the presence of a diverse biofilm (23, 24). Our theory also
has the benefit of explaining why individuals can be exposed to the
same risk factors but not all of them develop cancer: They must be
host to certain microbes. The purpose of this paper is to provide
evidence from the scientific literature of a causal link between
microbes and all cancers via infected cells and reprogrammed
macrophages, both fueled by melanin. We believe the significance of
our discovery of these linkages in the context of our theories cannot
be overemphasized.

2 Somatic mutation theory: the
numbers do not add up

The nearly universally-accepted theory for what causes cancer is
the somatic mutation theory, which is based on the idea that cancer
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forms from a single cell that has accumulated multiple random genetic
mutations (25-27). However, Darwin’s theory of evolution, which is
the basis of the somatic mutation theory of cancer, asserts genes
mutate with equal probability, and those mutations that benefit the
organism’s survival enter into the gene pool (28). However, the genetic
mutations that cause cancer do not benefit the individual, that is, they
do not provide a reproductive or survival advantage. Further, the odds
of any individual getting cancer in their lifetime are remarkably high: 1
in 2, or 50 percent (29), and each cancer type has its own statistic for
risk, for example, breast cancer, which is 1:8 in women (30). The fact
that an individual’s lifetime risk of developing cancer is 50 percent and
that every type of cancer has a specific risk ratio, strongly suggests the
genetic mutations are not chance mutations.

The actual random chance of any cell developing cancer is
unknown due to the complexity. Estimating the exact probability of
a single cell developing into a cancerous cell and, consequently, a
tumor, and, subsequently, metastasizing is highly complex due to the
number of variables involved. It is generally accepted that
environmental factors are necessary (31). (As we discuss later, these
environmental factors relate back to carbon, an energy source for
pathogens.) However, even including environmental factors could not
possibly account for the frequency in which cancer at any stage occurs,
as there is vast and varied complexity (for example (32-34)) that
would remain unaccounted for. In addition to molecular, epigenetic,
and other known factors that further complicate the calculations (and
further reduce the likelihood of a cell becoming carcinogenic), there
are discoveries we have made and that others have made to consider:
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(1) If cancer is caused only by random mutations and environmental
risk factors, then why do mutations occur relatively frequently to
specific genes in specific cells and in the necessary order to produce
such high rates of cancer? (2) If cancer is caused only by random
mutations and environmental risk factors, why is it that phagocytic
cells promote the tumor and non-phagocytic cells continue to operate
on behalf of the immune system, as there would be an equally
probable chance of all immune cells becoming pro tumor? (3) How
does the randomness of the currently accepted, conventional theory
explain the consistency of the finely orchestrated, vastly complex
biological processes seen in tumorigenesis and metastasis, as just one
example, the use of platelets for metastasis (detailed in section 9)? It
would take an unimaginable number of random specific mutations to
orchestrate routine oncological events so intricate and precise that it is
not possible to fully explain the development of cancer by random
somatic mutations, even coupled with environmental risk factors.
Rather, there appears to be an “intelligence” about which genes and
which pathways are affected, along with all of the other biological
processes that are involved, that is, it is not chance, as the chance of
random mutations leading to the development of cancer is
infinitesimally small, whereas the risk of developing cancer is
relatively high. It is also important to note here that out of more
than 3 billion nucleotide pairs (18), only a relatively few specific
mutations are involved in cancer, the mutations occur only in
particular regions of certain genes, for example, in 14%-16.8% of all
cancers, 1 of 8 specific base pairs are mutated (17), and 7 of these 8
sites are evolutionarily conserved (17), which means bacteria and
other microorganisms had time to evolve to mutate these sites in
specific cancer-promoting ways, and aflatoxin, a molecule produced
by Aspergillus, can cause one of these eight mutations (17).

Cancer results from genetic changes from mutations, problems
repairing damage to DNA, and integration of genetic codes.
Yangyangiu et al. (35) note that the incorporation of bacterial DNA
into the human genome could serve as a cis-regulatory element,
influencing the activity of host genes, triggering proto-oncogenes,
inhibiting tumor suppressor genes, and regulating pathways associated
with cancer. Riley et al. (36) found bacterial DNA in the human
somatic genome. The group detected the integrations more frequently
in tumors, in RNA more so than DNA, and in the mitochondrial
genome more so than the nuclear genome.

We theorize mutations that lead to cancer are due to
microorganisms targeting and mutating these base pairs in the
particular ways seen in cancer. We emphasize that in order to
understand cancer, researchers must look at it from the point of view
of pathogens. When pathogens kill their human host, it is not to their
detriment; they return to an environment rich in nutrients, the soil.
There they can continue to thrive (16). We strongly believe that cancer is
not a self-cell problem of the host but rather a hijacking of host cells for
the benefit of the pathogens and their complex microbial communities.

3 Evidence tumors are complex,
organized microbial communities

Linking cancer to pathogens is not new. Discovered in 1911 by
Peyton Rous, the Rous sarcoma virus was the first pathogen
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identified to cause cancer in animals (37). Fifty-three years later,
in 1964, the Epstein-Barr virus was the first virus to be linked to
cancer in humans, a discovery by Anthony Epstein and Yvonne
Barr (38). The first bacterium linked to cancer was Helicobacter
pyloriin 1984 by Barry Marshall and Robin Warren (39), which was
met with skepticism until Marshall’s famous self experiment (40).
In 1994, the liver fluke, Opisthorchis viverrini, became the first
parasite linked to cancer (41). Certain fungi have been implicated in
cancer development; however, no specific fungus has been
definitively identified as a primary cause of cancer (42), the
reasons for which are explained by our theory herein.

First, we begin with the fact that cancer is not one disease.
Malignant tumors exhibit significant diversity, encompassing 250
clinico-pathological types. Furthermore, and we believe this to be
critical, within the same tumor, cells exhibit phenotypic,
morphologic, and genetic heterogeneity (43). This diversity can be
explained using our theory by understanding that the various
genetic mutations are being directed by different pathogens. This
would result in different mutations in the host cells, even within the
same tumor, as biofilms, which is where microorganisms live within
hosts, have microbial subcommunities within the greater biofilm
community, as discussed later. The fact that each cell is
heterogeneous within each tumor provides evidence that it is not
one cell, or even several cells, replicating. We theorize it is a diverse
group of pathogens infecting cells that are replicating within these
cells to form a tumor community, a three-dimensional complex
biofilm. We propose the intratumoral microbiota contributes to the
initiation and progression of cancer via (1) mutating DNA; (2)
activating oncogenic pathways; (3) hijacking of phagocytic cells; (4)
initiating metastasis; (5) decreasing antitumor immune responses;
(6) promoting cancer progression via upregulating reactive oxygen
species (ROS) (which we theorize is the upregulation of
melanogenesis for energy) (20) and other strategies, including
promoting immunosuppression; and (7) regulating cancer cell
physiology and the host immune response via signaling pathways.
It should be noted that it is estimated that less than 1% of bacteria
are able to be cultured in the laboratory (16).

Nejman et al. (46) analyzed the tumor microbiome of 1,526
tumors from breast, bone, ovarian, lung, pancreatic, and brain
cancers, along with adjacent normal tissues. They found each
tumor type had distinct microbiome compositions. The bacteria
were mostly intracellular and were found in both the cancer cells
and immune cells. (In sections 8 and 9 this paper, we will explain
the significance to our theory of the immune cell occupation.)
Importantly, from our perspective, the intratumor bacteria
identified had functions correlated with biological surroundings,
that is, they fed off of the contaminants — the known risk factors — of
the tissues. In non-small-cell lung cancer, there was a high
prevalence of heterogeneous bacteria, which the authors speculate
may have come from the tobacco plants, that are able to utilize the
chemicals from cigarette smoke metabolites and biosynthesize
metabolites used by plants. They had similar findings in breast
cancer subtypes. In fact, they found that subtypes of the same tumor
type, for example, in breast tumors, estrogen receptor (ER),
progesterone receptor (PR), and HER2 subtypes each had a
distinct microbiome. In ER+ breast tumors, which have increased
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oxidative stress compared with ER- breast tumors, they found
enriched pathways in bacteria for arsenate detoxification and
mycothiol biosynthesis. Arsenic exposure is a risk factor for this
subtype of breast cancer. Bacteria have been shown to use mycothiol
to detoxify ROS (44). (In section 26 of this paper, we will explain the
significance to our theory of risk factors, in fact, being energy for
microorganism growth).

As further evidence, recent research in colorectal cancer
revealed “a striking association between specific host microbes
and aberrant DNA methylation.” Only certain histone regions
were affected, and tumors with Fusobacterium overgrowth had
unique genetic and epigenetic profiles (45). The microbial growth
was impressive. More than 1,000 colonies were grown from each of
four tumors. Within the 474 representative colonies from five
tumors, there were 37 bacterial species. The team found live
bacteria from three phyla (Actinobacteria, Firmicutes,
Proteobacteria) in breast tumors (46). The group reported that
they could not identify the bacteria at the species level for 105 of the
colonies. We believe this is further evidence that microbes have
been overlooked in tumors, in part because they are difficult to
identify due to low biomass (46) and in part because tumors are not
typically tested for presence of pathogens.

In addition to viral and bacterial infections, fungal infections,
too, have been linked with an increased risk of developing cancer.
Dohlman et al. (47) analyzed data from The Cancer Genome Atlas
and found disease-related fungi in tumors of the breast, lungs,
gastrointestinal tract, and head and neck. Candida albicans
infections are also associated with an increased risk of cancer and
are able to promote cancer progression (48, 49). Narunsky-Haziza
and colleagues (50) examined 17,401 patient blood, tissue, and
plasma samples of 35 cancer types and found fungal DNA, often
within cells, in all 35 types and frequently in macrophages.
Extracellular fungal cells were also found, but rarely. (The authors
noted that there is no staining method that is capable of detecting all
fungi in tissues.) Microbial community compositions differed
among cancer types. Intratumoral fungi communities from these
treatment-naive tumors were generally permissive with the
intratumoral bacterial communities. In contrast, the gut,
particularly under anti-cancer or antibiotic therapies, has an
antagonistic phenotype, as fungi and bacteria compete for shared
resources. Other research demonstrates that within tumors, fungi
and bacteria interact by cell-to-cell contact, quorum sensing via the
secretion of small molecules, changes in pH, metabolic byproducts,
and altering host responses (51).

While relatively little is known about fungi in biofilms and
tumors, more is known about fungi and their interactions and roles
in the wild. In forests, there are vast networks of fungi in the soil.
Mycorrhizal fungi play a major role in trees communicating with
each other over long distances (52). Mycorrhizal fungi interact with
bacteria in the soil’s rhizosphere (53), and these bacteria interact
with the root system’s microbial communities (54) and so serves as
a communications hub. The root-associated microbiomes are often
referred to as a plant’s secondary genome, because rhizobacteria
synthesize molecules that can modify certain traits of the host plant
and can enhance plant growth and development (54), much like we
theorize pathogens are behaving in tumors. Trees and fungi also
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exchange nutrients, defense signaling, and allelochemicals (52),
similar to what is known to occur between distant biofilms in
humans (55).

This ancient ecosystem in forests reveals how fungi and
microbes can both direct and be influenced by their host
organism, in this case trees, drawing parallels to how we theorize
tumor microbial communities interact with their human hosts,
typically living symbiotically but sometimes acting to their benefit
only, as they have billions of years of evolutionary advantage over
trees to have evolved strategies to survive and thrive, even at the
expense of their host, as there is no cost to the parasitic behavior; if
they kill their host, parasites will return to the nutrient-rich soil and
continue to survive. Therefore, we used the forest to conceptualize
how fungi and microorganisms work within their host ecosystem
for the purpose of gaining insight into how they may behave in
human hosts. We likened the soil to tissue, the fungi to the neuronal
or other communication networks, and trees to human hosts; trees,
like humans, are hosts to a diverse array of microorganisms,
including fungi, bacteria, archaea (56), viruses, parasites
(nematodes), amoebas, oomycetes (57), and protozoa (58). These
microorganisms can be found in various parts of the tree — leaves,
bark, wood, roots (59), and within cells (60). The interactions
between trees and these microorganisms can be complex, both
beneficial and harmful, and play a significant role in forest
ecosystems’ health (57). Trees also develop tumors, and it is
recognized that these tumors are always caused by infection (61),
but because plant cells do not move through the tree, and, therefore,
cannot metastasize, and trees do not have vital organs like animals,
they often survive. Nonetheless, this macroenvironment gives us a
window into the interplay between microbiomes and tumors from
the perspective of fungi and other microorganisms with the host as a
temporary lodging center that will eventually be recycled by the soil
microbiome. It is a solely advantageous cycle for the fungi and
microbes. From this perspective, cancer in humans from the
vantage point of evolution makes sense.

We cannot leave our forest analogy without mentioning carbon
sequestration. As carbon sinks, forests illustrate their vital need for
carbon and its various uses in the survival of forest life: (1) Trees and
plants absorb carbon dioxide from the atmosphere and use it to
produce glucose and oxygen via photosynthesis. The glucose is then
used as an energy source for growth and development. Microbes
also use carbon as an energy source for growth and
metabolism (62), so it is not surprising that microbes are key in
determining how much carbon is stored in the soil (63). (Later in
this article, we will describe how risk factors for cancer, with the
exception of infection, are all carbon related, hence, according to
our theory, microbe related.) (2) Organic carbon also improves soil
structure by enhancing soil aggregation. This leads to better
aeration, water retention, and nutrient availability, which, in turn,
supports plant growth and microbial activity (62). This structuring
appears similar to biofilm and tumor matrices from our
vantage point.

Other ancient organisms, including helminths (64-66) and other
parasites (66) and archaea (67), are also known to cause cancer in
humans. Helminths can influence the immune response in mucosal
sites, where biofilms are present, and these interactions can affect the
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composition and behavior of the biofilm community (68), as can
unicellular parasites from within the biofilm (69). Of importance,
there are no reports in the scientific literature of true axenic mice —
those without any microorganisms — ever developing cancer.

4 Both biofilms and tumors
have matrices

Consider the microbiome to be the forest. Forests are connected
by communications through fungi, and, in the case of a microbial
biofilm, and chemical and electrical signaling (as we discuss later).
Biofilms include a variety of microorganisms, including bacteria,
viruses, fungi, protozoa, and archaea (70) as well as algae and small
protists (71). Their populations vary by location and form various
microbiomes, which may be commensal, symbiotic, or pathogenic
(71). In nature, bacteria are rarely found in planktonic form. Rather,
they mostly live in biofilm communities (72), where they adhere,
proliferate, form micro communities, and secrete extracellular
polymeric substances (EPSs) (73), which form the structure of
biofilm matrices (74). Human cells/tissues, too, are connected by
an extracellular matrix (ECM) (75). Hence, cells/tissues, biofilms,
and tumors (76) all have extracellular matrices. In normal tissues,
the ECM ensures tissue homeostasis and proper functioning. It
provides structural support and biochemical cues for resident cells
and is composed of proteins and other molecules (77) with various
biochemical properties that regulate cell growth, differentiation,
motility, and survival. Loss of ECM homeostasis is a hallmark of
cancer (78). Of importance, there are many similarities between
biofilm matrices and tumor matrices. (Figure 2). The main

e Contain microbial communities

e Self-produced, self-containing protective
matrixes

e Influenced by nutrient availability, pH,
and oxygen levels

e Altered cell metabolism

e Altered immune response

e Evade immune system

e Angiogenesis

e Cells leave biofilms to spread infections;
tumor growth leads to cellular
detachment and metastasis

e Genetic changes (horizontal gene
transfer, mutations)

e Chemical and electrical communications

e Changes in immune cell phenotypes

e Drug resistance

FIGURE 2
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structural components of the tumor matrix are collagens (for the
significance of collagen, see section 22, "Tumor cells and TAMS
scavenge cysteine from the ECM for pheomelanogenesis"), which
are synthesized in fibroblasts. Hyaluronan, or hyaluronic acid, (HA)
is also an important component of the matrix, both in vertebrates
and in microbes (82-85). Its antimicrobial effects will be
discussed later.

5 Biofilms may be key to
tumors/metastasis

Pathogens are often studied as singular, independent
organisms, despite the fact that in vivo, they most often live in
multispecies biofilm communities (86). Biofilms are three-
dimensional structures made by complex communities of
(predominantly) bacteria encased in a protective matrix (87). The
biofilm matrix may be slime or plaque, the latter of which can
become hard. We theorize these could describe blood cancers and
solid tumors, respectively. The biofilm is important to virulence by
providing physical resistance to antimicrobials and a way to hide
from the host’s immune system (88, 89). Close proximity of the
microbes may allow for the transfer of resistance genes (90) and
viral recombination (86). Research suggests that bacteria are
capable of purposefully leaving a biofilm, presumably to spread
and form new biofilms. Also seen in tumors and biofilms is the
breakaway of cells when the biofilm nears a critical thickness at
which point it releases planktonic bacteria to colonize new
surfaces (73). There is evidence that quorum sensing (see below)
controls dispersal (reviewed in Parsek and Greenberg (91)).

@ @

Qo2

Biofilms

Bacterial biofilms and tumors share commonalities in their microenvironments, particularly in how they are influenced by the availability of
oxygenation, micronutrients, pH levels, and the presence of bacterial metabolites. Both create outer matrixes that protect the cells within and make
treatment challenging. Importantly, metabolic changes are seen in both. Metabolic changes occur frequently in both host cells and pathogens
across biofilm-associated diseases. Metabolic reprogramming is a hallmark of cancer (reviewed in Mirzaei et al. (79)). Tumors and metastasis trigger
melanogenesis via changes in pH. The extracellular space among tumor cells compared with normal cells have a pH difference of one unit (80). An
increase in extracellular pH from 5 to 6.8 triggers maturation of melanosomes, which is where melanin pigments are synthesized (81). We theorize

melanin helps fuel cancer.
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6 Chemical and electrical signaling/
properties in biofilms and tumors

The microorganisms in biofilms communicate both through
chemical quorum sensing (87) and electrical signaling. Bacteria can
communicate amongst themselves within the biofilm, with bacteria
that are outside of the biofilm to recruit them (92), and with bacteria
in other biofilms for mutual survival (92), independent of species, as
the electrical signaling is generic (93). Bacteria in distant biofilms use
electrical signaling to share nutrients when supplies are low in a
coordinated strategy that enables the biofilms to increase their
growth (55). Inside the biofilm, interior cells send electric signals
through a ripple of cell-to-cell communications to the exterior cells
when their glutamate reserves are depleted, causing the peripheral
bacteria to stop dividing and the biofilm to stop expanding until more
glutamate is available (94-96). The electric ripple seen in cell
communication and biofilms appears very similar to the rapid
fluctuations in electrical activity seen amongst breast cancer
cells (97). Moreover, cancer cells can be differentiated from normal
cells in the same tissue by their electrical properties, including
frequency (98) as can infected cells (99-102) and (similar to
pathogens) use electrical signaling (103). Further, electrical changes
are observed in cancer cells that are metastasizing (97). Importantly,
researchers have also demonstrated that small amounts of electricity
can be used for gene expression; therefore, bacteria can control genes
(104, 105). Similar to bacterial biofilms, viruses also form biofilms or
colonize pre-existing biofilms (86). Electrical signaling, we postulate,
is one way microorganisms control tumor growth and metastasis.

7 Evidence of metabolic
reprogramming of cells by pathogens

Viral and intracellular bacterial pathogens (IBPs) reprogram
host cell metabolism in order to be able to replicate and live within
the host cell. Both viruses and bacterial pathogens use phagocytic
immune cells, especially monocytes and macrophages, as well as
dendritic cells, as hosts, in addition to non-professional phagocytes
(epithelial cells, fibroblasts, and endothelial cells). The metabolism
of these immune cells does not meet the nutrient requirements for
the pathogens to replicate, especially when infected with IBPs,
which, unlike viruses, must rely on their own biosynthesis
machinery and ATP to sustain themselves and to replicate. In
order to do this, both viruses and IBPs highjack and reprogram the
metabolism of the host cell to meet the nutrient, energy, and
metabolite requirements of the hijacking pathogen. There is
evidence suggesting the strategy involves interactions with
oncogenes and tumor suppressors, or the introduction of virus-
specific oncogenes, central metabolic regulators. In some instances,
the IBP is released into the cytosol of the host cell after the primary
phagosome has been lysed, where it reprograms the host cell’s
metabolism and adapts its metabolism to that of the host cell
(reviewed in Eisenreich (106)). This is a key piece of evidence
suggesting pathogen capabilities and reprogramming of immune
cells may be more extensive than previously thought.
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8 Phagocytes as Trojan horses
in cancer

The next question to ask would be how does cancer spread
undetected by the immune system? The conventional belief is that
cancer cells are not differentiated enough from healthy cells that the
immune system can detect them. However, we offer a different
explanation: Rather than cancer cells slipping by the immune system,
pathogens, which we theorize create cancer cells, slip into the immune
system. Monocytes are phagocytic immune cells. Phagocytes engulf and
kill pathogens. Monocytes differentiate into macrophages and dendritic
cells. As immune cells, their roles are phagocytosis, antigen presentation,
and cytokine production, and despite that they are immune cells, they
are, interestingly, associated with tumorigenesis. Systemic and local
microenvironmental changes triggered by the tumor “influence the
phenotype, differentiation, and distribution of monocytes” (107). That
is, monocytes and their related cell subsets regulate tumor growth and
metastasis. In fact, monocytes and their derived cells, TAMs, which are
also phagocytes, are found in the tumor microenvironment. There are
two polarized forms of macrophages. M1 macrophages are anti-tumor
and M2 macrophages are predominantly pro-tumor. TAMs are
predominantly M2-like macrophages (108). TAMs play a role in
tumor development, angiogenesis, metastasis, drug resistance, and
immune system suppression (107, 109). Macrophages have been
shown to infiltrate tumors, and increased numbers of macrophages
present in tumors are associated with a poor prognosis. Tumor cells can
attract macrophages to promote their survival and stimulate tumor
angiogenesis (110). Tumor cells remodel phagocytes to promote
tumorigenesis by increasing their numbers and affecting phenotype
(107). (Figure 3) The question then arises, how are they able to do this?
Some pathogens that infect macrophages intracellularly are able to
change the macrophage polarization from M1 to M2 in order to support
their survival and proliferation (111). The next logical question would be
why would an immune cell work in favor of a tumor? We theorize that
the reason that M2-like macrophages are seen in tumors in great
numbers is because pathogens are hijacking the macrophages and
reprogramming the macrophages to polarize to the M2 phenotype in
order to promote their own survival, replication, and proliferation and
to serve in metastasis, discussed in the next section. While monocytes
mainly differentiate into macrophages in the tumor environment, some
monocytes differentiate into dendritic cells. Dendritic cells typically are
anti-tumor immune cells that are able to summon cytotoxic T-cells,
which kill tumor cells. However, when dendritic cells present tumor-
associated antigens on their surface in order to summon cytotoxic T-
cells to destroy the tumor, TAMs will degrade those tumor-associated
antigens to protect the tumor (107). This is further evidence that TAMs
are hijacked by pathogens to serve as the tumor “bodyguards” in order
to promote the intracellular pathogens’ survival and proliferation. We
theorize that the pathogens are hijacking these phagocytic immune cells,
after being engulfed by them, to release the factors that are known to
cause monocytes to differentiate into M2-like TAMs (107) (Table 1).
(Note: While the M1-M2 paradigm does not fully capture the
complexity of macrophage behavior in vivo, we use it here to provide
a useful framework for understanding macrophage polarization, as it
references earlier research that is useful here.)
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Rather than cancer cells slipping by the immune system, as conventionally believed in cancer, we provide evidence that pathogens slip into the
immune system via phagocytic immune cells, which allows the pathogens to hide from the immune system, infect other cells, proliferate, form
complex microbial communities (tumors), and, eventually, become invasive cancers.

Our theory for the presence of pro-tumor immune cell roles
explains the significant increases in the number of monocytes in
cancer patients. The numbers of monocytes are especially high in
individuals with cancer with histories of smoking and
drinking (118), both of which we theorize provide enormous
amounts of energy to the pathogens in the cells. In addition, we
theorize that different communities of pathogens cause different
cancers. Further, and intriguingly, it appears there is a correlation
between an increase in inflammatory regulators and monocyte
migration with increased expression of immune regulatory
receptors and pro-angiogenic factors and that these monocytes
that promote inflammation also “promote metastatic recurrence
when systemic or local inflammation escalates under therapeutic
interventions for primary tumors” (107), which suggests to us that
the pathogens are responding to an attack by relocating. It is
noteworthy that phagocytes, known for their role in engulfing
and killing pathogens, also capture and process foreign particles.
This includes carbon and various pigments (119). Additionally,
melanin granules have been observed in lymphocytes during the
inflammatory response, as well as in leukocytes, monocytes, and
macrophages (120, 121). We theorize these melanin granules
contribute to microbial growth and virulence similar to the way
pigments produced by pathogens (122) or usurped by pathogens do
(20) and promote tumor growth and metastasis. Finally, and
remarkably, Lee and colleagues (123), for the first time, were able
to capture and observe the behavior of macrophages and cancer
cells. After injecting cancer cells into a mouse tail vein, they found
the cancer cells travelled into the bone marrow. During the first
hour, there was “serially sustained” contact between macrophages
and cancer cells, and the cancer cells were engulfed by the
macrophages. After 24 hours, this contact decreased significantly.
We theorize that the healthy macrophages engulf the cancer cells to
destroy them, and because the cancer cells are, according to our
theory, infected cells, these pathogens are what are engulfed by the
macrophages, and these pathogens reprogram the macrophages
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from M1 to M2 to not destroy the tumor community, and, hence,
they retreat. In the future it would be interesting to follow the
macrophages to see if they further spread the cancer and under
what conditions. Kim (124) notes instances of pathogen use of
Trojan horse mechanisms to cross the blood brain barrier using
phagocytes. We would expect in these cases the spread of cancer to
the brain, which we suggest cancer cells often migrate to because of
the abundance of energy found there, in large part due to the
presence of neuromelanin (20).

Roh-Johnson and colleagues (125) found through live imaging
that tumor cells recruited macrophages, which shared cytoplasm
with the tumor cells, after which the tumor cells broke off and
metastasized; we see as further evidence that the macrophages were
hijacked by already hijacked tumor cells. The group provided
further details on the interactions between macrophages and
tumor cells from their work and that of other researchers, noting
that macrophages and tumor cells communicate with each other
through various means, which makes sense from our perspective of
a biofilm communicating with hijacked immune cells.

This leads to the question of what happens during the
hijacking? Yang et al. (126) investigated TAMs and their
interactions with breast cancer cells that lead to metastasis and
found that macrophages regulate breast cancer cell invasiveness via
oncogenic microRNAs (miRNAs) delivered to the cell by exosomes.
miRNAs regulate an estimated 60 percent of human protein-coding
genes (127). Viruses frequently take control of the miRNA pathway
by depleting host miRNAs or by making their own miRNAs
(128, 129). Pathogens exploit the host’s miRNA system for
survival, replication, and pathogenesis within host cells and to
evade certain immune defenses. miRNAs play an integral role in
cellular development, differentiation, proliferation, and apoptosis
and can control the host immune response and antibody
production. miRNAs can affect activation of B cells, monocytes
and macrophages, polarization of macrophages, and differentiation
of monocytes (reviewed in Chandan et al. (130)). Some pathogens

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg 10.3389/fimmu.2024.1493978

TABLE 1 Phagocytes house and transport cancer-inducing pathogens.

Effects on cancers References

Phagocyte?

Macrophage Yes Protumor (112, 113)
Professional Metastatic progression, cancer-associated inflammation, helps cancer cells to resist therapy, involved in every step
phagocyte of cancer progression, angiogenesis, lymphangiogenesis, cancer cell proliferation, epithelial-mesenchymal
transition, suppressing anti-tumor immune cells
Natural No Antitumor (112)
killer cell Kills tumor cells and triggers apoptotic pathways in tumor cells
Neutrophil Yes Protumor (112, 113)
Professional Inflammation, tumor cell proliferation and invasion, tumor growth, angiogenesis, suppression of T cells, helps
phagocyte disseminated cancer cells survive and proliferate
T cell No Generally anti-tumor (112)
Kills tumor cells.
B cell Yes Protumor* (112, 114)
Dendritic Yes Protumor and Antitumor** (112, 113)
cell Professional Primes T cells.
phagocyte

Table 1 Phagocytes are tumorigenic. In examining the evidence for our theory, we made a remarkable discovery - all immune cell types that do not phagocytize are antitumor and the presence of
increased numbers of these cells in the tumor environment is associated with a favorable prognosis, and immune cell types that do phagocytize, with the exception of dendritic cells**, are
protumor and the presence of increased numbers of these cells in the tumor environment is associated with a poor prognosis (112). We theorize that microbes that can cause cancer, when
engulfed by phagocytes, hijack their controls and use them as Trojan horses to infect healthy cells, escape eradication, and travel to new sites unnoticed (metastasize). In doing so, they are able to
evade not only further immune system detection but cancer treatments, including stem cell transplants.

*While B cells can phagocytize pathogens (114), we theorize that the main reason B cells have pro-tumor effects is because plasma cells (effector B cells) secrete antibodies that bind to pathogens,
which tag them for phagocytosis by macrophages and neutrophils (115). Thus, B cells help the cancer-causing pathogens to get phagocytized, which then allows the pathogens to hijack the
phagocytizing cells.

**Dendritic cells are professional phagocytes; however, the microenvironment inside of the phagosomes of dendritic cells is less extreme than the microenvironments inside of the phagosomes of
macrophages and neutrophils (113). We theorize that the reason dendritic cells have anti-tumor effects, despite that they are professional phagocytes, is because the less destructive
microenvironment of the dendritic cells” phagosomes is not suitable for the pathogens, as these pathogens have evolved to survive in more extreme microenvironments akin to the phagosomes of
macrophages and neutrophils. Despite that, tumor-infiltrating dendritic cells can switch roles from immunostimulatory to immunosuppressant as tumors progress and become metastatic (116)
via interaction with TAMs (116, 117), which we theorize is through microbial control, either directly from the pathogens in the macrophages or from pathogen transfer from the macrophage into

the dendritic cell. These immunosuppressive dendritic cells are recruited by the tumor (117).

produce their own miRNAs within the host, which further supports
their replication, survival, and/or latency (131). Bacterial and viral
miRNA (specifically) increase bacterial and viral proliferation,
increase virulence, and manipulate the host responses to provide
an improved environment for the pathogens (reviewed in
Nosanchuk and Casadevall (122)). This sheds further light on
how pathogens can build tumors and metastasize. (Of note, it is
known that there is a bidirectional regulation of p53 and miRNA.)

We believe the significance of our discoveries of the linkages
between complex biofilms, phagocytes, melanin, platelets (discussed
later) and tumorigenesis cannot be overemphasized.

9 The intricacies of metastasis suggest
pathogen orchestration

The orchestrated roles that platelets and macrophages play,
along with other immune cells, in metastasis begins with TAMs,
which we theorize are genetically programmed by pathogens. It has
been observed that TAMs from primary tumors travel to the distant
site of future metastasis in advance of primary tumor cells and
prepare the site for these cells through secretion of various enzymes,
including those enzymes that induce extravasation, the movement
of cells out of a blood vessel into tissue during metastasis, and
angiogenesis. Tumors use angiogenesis to support proliferation
(132) and metastasis (133). (Angiogenesis also occurs in various
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bacterial, viral, protozoan, and fungal infections. Angiogenesis
caused by pathogens can be categorized into two types: one where
the pathogens directly trigger the host to form new blood vessels
through the pathogen’s own molecules, or the formation of the
vasculature is a result of a general inflammatory response from the
host (134)). At the same time, these TAMs also suppress anti-tumor
activity of immune cells, such as dendritic cells and T helper 1 cells;
cause the tissue-resident macrophages to become hijacked (which
we theorize is due to pathogens spreading from the TAMs to the
tissue-resident macrophages) and aid in preparing the
microenvironment to support the arrival of the tumor cells;
secrete molecules that force circulating tumor cells to the site they
have prepared (135); and aid tumor cells in getting into (136) and
out of (137) blood vessels (both of which have been captured on
video (136, 137)), which involves staying in close contact with the
tumor cells and helping the tumor cells survive while in circulation
(reviewed in Lin et al. (135)). Traveling through the bloodstream
presents certain challenges for the primary tumor cells, including
surviving sheer stress from blood flow and evading detection by NK
cells in the bloodstream. One strategy that circulating tumor cells
use to overcome these challenges is sending exosomes containing
mRNA and proteins into the bloodstream. The exosomes
containing the mRNA and proteins are taken up by platelets.
Platelets, it turns out, play a key role in metastasis: It is generally
understood that the bloodstream is a primary route for many
cancers to metastasize to distant organs; it is known that there is
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a significantly increased risk of thrombosis in individuals with
cancer (138), with the risk of venous thromboembolism
increasing as the stage of cancer increases (139); and it is known
that tumor cells increase substantially the production of platelets
through secretion of various molecules (140). The mRNA, we
theorize, reprograms the platelets, which are described by other
researchers as having become “tumor educated” (protumor).
Remarkably, the circulating tumor cells are able to change how
RNA is spliced inside the platelets, which, we theorize, contributes
to the reprogramming of the platelets. These pro-tumor platelets
adhere to the circulating tumor cells and then shield the tumor from
the sheer stress of the bloodstream and protect circulating tumor
cells from NK cells via secretion of TGFP (transforming growth
factor beta), a molecule that suppresses NK cells. (Figure 4) The
circulating tumor cells also take specific membrane proteins from
the platelets and incorporate them into their own membrane. These
membrane proteins cause NK cells to fail to recognize those tumor
cells as targets for elimination (reviewed in Heeke et al. (141) and Li
et al. (140)). It is our view that cancer cells taking membrane
proteins from platelets to disguise as healthy self-cells is a strategy
that would be used by a pathogen or a self-cell under pathogenic
control. In fact, pathogens do utilize platelets to avoid detection by
NK cells in bloodstream infections. During sepsis, pathogens
interact with platelets, leading to their activation and
aggregation (142).

The precisely orchestrated interactions in metastasis we
describe here provide further support for our theory that
pathogens are at the helm in cancer, rather than cancer being a
self-cell aberration. Further, the somatic mutation theory states that
cancer arises due to chance mutations. However, the probability
that a self-cell happens, by pure chance, to obtain a series of
mutations that causes it to send out exosomes with the exact
RNA sequences and the exact proteins necessary to cause platelets
to be reprogrammed in such a way that allows the tumor cells to get
through the bloodstream to another site in the body, all while taking

Macrophages orchestrate metastasis with help from platelets.

1. Tumor-associated macrophages (TAMs)* travel to the distant
site and prepare the site by suppressing the immune system and

remodel the environment.

2. TAMs assist cancer cells in entering the
bloodstream at the primary tumor site and
exiting the bloodstream at the site of
metastasis.
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specific membrane proteins from the platelets that allow the tumor
cells to evade NK cells is too small to be realistic, especially
considering the frequency of the event across hosts. And, while
the probability of a particular point mutation occurring is extremely
small, as we discussed in section 2, the probability of a series of
mutations to cause such a precise event is infinitesimally smaller.
Hence, we believe that the aforementioned tumor cell-platelet
interactions are not only evidence against the somatic mutation
theory, but further support our theory that pathogens are at the
helm in cancer.

It is worth briefly considering here the similarities of metastasis to
the spread of infection. Most cancers metastasize through the
bloodstream, some spreading first via the lymphatic system (breast,
lung, gastrointestinal cancers, all of which have been related to
pathogens (143-145)) before entering the bloodstream. Certain other
cancers spread locally via transcoelomic spread, for example, ovarian
cancer can spread across the peritoneal cavity to the surface of the liver
or other abdominal organs by shedding cancer cells (146) and other
modes. (Ovarian cancer also has been linked with pathogens (147,
148).) These strategies for disease spread strongly resemble sepsis and
local spread of infection, respectively.

10 Similarities of angiogenesis in
infection and cancer

As we noted previously, bacteria can induce angiogenesis
through various mechanisms, including the bacterial component
lipopolysaccharides (LPS) (134, 149). LPS induces metastatic
growth, which is associated not only with angiogenesis but
vascular permeability and tumor cell invasion (149), as well. The
presence of bacteria causes an inflammatory response, which
triggers release of pro-angiogenic factors, including vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF),
and cytokines (134, 150). Similar to tumors, which have areas of

&

TAM

Tumor cell

3. In the bloodstream, platelets* surround the cancer
cells, protecting them from shear stress and natural
killer (NK) cells.

* We theorize both the TAMs and platelets are hijacked by pathogens.

FIGURE 4
Macrophages orchestrate metastasis with help from platelets.
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hypoxia, infected tissues can have areas of hypoxia (151). This
further stimulates angiogenesis as part of tissue repair, which uses
the same key genes and signaling pathways used in tumor growth,
including VEGF, FGF, and platelet-derived growth factor (PDGF)
(152, 153). Angiogenesis helps in the migration of immune cells to
the site of infection to aide in the clearance of pathogens (134), and
it is certain of these immune cells that, according to our theory, get
hijacked by the pathogens in cancer, as we discussed above. It is
known that, similar to metastasis, pathogens exploit angiogenesis to
enhance their survival and spread (134, 150). It is important to note
that the host does not need to be infected in order for bacteria to
participate in angiogenesis. Commensal bacteria are involved in
angiogenesis under various conditions, for example, in wound
healing, commensal bacteria in the skin and gut can promote
angiogenesis by triggering the production of VEGF and other
growth factors crucial for new blood vessel formation (150).
Commensal bacteria also can be involved in angiogenesis in
cancer (154).

Now that we have established that bacteria, in various ways, are
involved in angiogenesis, a process without which tumorigenesis
and metastasis could not exist, we underscore here something we
believe is of great importance: The vasculature in bacteria-induced
angiogenesis appears disorganized, irregular, and unevenly spread
in looping form, all of which is also seen in malignant tumors (134,
150). Within the chaotic structure there is also a lack of
conventional hierarchy of blood vessels in tumors (155) as well as
in infected tissue (134). This can be compared with the vasculature
in healthy cells, which is orderly in branch-like patterns (155).
(Images can be viewed in (155)). In addition, there is increased
permeability in the vasculature resulting in bacterial angiogenesis
(134), which we discussed previously in this article in tumors and its
role in metastasis (134). We theorize the areas of hypoxia and areas
of dense vasculature within infected tissue and tumors are the result
of different microbial communities with different abilities in terms
of angiogenesis. Indeed, some bacteria are more adept at inducing
angiogenesis than others, and some bacteria are also capable of
inhibiting angiogenesis, resulting in hypoxia (reviewed in Sajib et al.
(150)). We theorize areas of angiogenesis versus areas of hypoxia in
tumors may be the result of turf wars, where areas of increased
vascularization appear to be areas of more successful pathogens in
what appears to be competition for territory, nutrition, and oxygen.

11 Mechanisms for bacterial
reprogramming of host cells

We assert throughout this paper that pathogens are
reprogramming cells. While pathogens can mutate host genes,
they have additional sophisticated mechanisms to manipulate
host cell processes, which is important, because genetic mutations
do not fully explain tumorigenesis and metastasis. We focus here
briefly only on bacteria to present just a few of the ways in which
microorganisms can manipulate host cell processes by hijacking
host cell machinery (156). Listeria monocytogenes is an interesting
example, because it first infects the macrophages that engulf it. It
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then multiplies in the cytoplasm, where it uses the protein ActA to
hijack the host cell’s actin polymerization machinery to form a tail
of actin filaments. It uses the tail to push itself against the host cell
membrane and create protrusions into adjacent cells, where the
bacterium is engulfed and repeats the cycle, spreading infection into
more host cells (157). In tumors, actin is known to play important
roles, including roles in gene expression and transcription,
metastatic migration, survival in the bloodstream by protecting
the tumor cells from being degraded and aiding in attachment to
platelets, and extravasation (158), and intracellular pathogens are
known to be able to hijack polymerization of actin and hijack actin-
associated proteins in order to rearrange actin structures for their
benefit (159). Furthermore, actin and actin-associated proteins are
known to accumulate in the nucleus in many tumor cells, which is
important to note when considering that actin can affect gene
expression, and intracellular pathogens can affect actin
structuring (158). Another form of cellular programming is seen
in intracellular infection with Mycobacterium leprae, which revert
host cells to stem cells/progenitor cells by manipulating the host cell
signaling pathways and epigenetics, including histone modifications
(160) and DNA methylation (161). M. leprae can also spread
infection via macrophages (160, 162).

While the entirety of the sophisticated strategies used by
microorganisms to manipulate host cell processes is too
numerous to detail here, it is important to note that mechanisms
used by microorganisms are commonly observed in cancers that
have not be identified to have an infectious etiology, which is the
vast majority of cancers. These include evading the immune system
through expressing proteins that inhibit immune cell activity or
creating an immunosuppressive microenvironment (163);
manipulating host signaling pathways that control cell growth
(164); triggering genomic instability (165); inducing metabolic
reprogramming (164) and involving chronic inflammation, a
hallmark of both pathogens and cancer (166).

Research demonstrates tumor-related microbes regulate oncogenic
signaling pathways; modulate immune responses; and tumor
microbiota affect drug efficacy/metabolism. In addition, microbiota-
derived metabolites play a role in tumor progression (167).

12 The relationship between cancer and
inflammation: A new understanding

Conventionally, cancer is thought to result from and progress
due to inflammation (168). Yet, not all chronic inflammation leads
to cancer. We theorize that inflammation associated with cancer is
the result of the inflammatory response to infection. Professional
phagocytes, specifically neutrophils and macrophages, organize the
triggering and resolution of inflammatory responses. Once
pathogens are captured, they are encapsulated in an intracellular
vacuole where, after maturation, killing mechanisms are triggered.
They are both highly migratory cells, and they are not always
successful for a variety of reasons (reviewed in Linnerz and Hall
(169)). Inflammatory pathway activation, which promotes the
elimination of pathogens and inhibits their growth, typically
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follows phagocytosis (170). De Visser et al. (171) found that B
lymphocytes, another type of immune cell, are required for the
chronic inflammatory states associated with cancer. They found
eliminating these cells in mouse models prevents chronic
inflammation and angiogenic vasculature formation, whereas
their presence reinstated these conditions, which are required for
malignancy. Effector B cells produce antibodies, which bind to
pathogens. In doing so, B cells tag these pathogens for phagocytosis,
which triggers cancer-causing pathogens to be phagocytosed by
macrophages and neutrophils. Being phagocytosed allows the
pathogens intercellular access wherein, we theorize, they hijack
the phagocytosing cells and cause/spread cancer. Using Francisella
tularensis, a cytosolic IBP, researchers showed the bacteria
replicates in the cytosol of macrophages. Uninfected macrophages
acquire F. tularensis from contact with infected macrophages. Other
researchers have demonstrated that Salmonella enterica, which can
live in host cell vacuoles, are transferred among macrophages in the
same way (reviewed in Bourdonnay and Henry (172)). It is these
infected macrophages, similar to monocytes, that we believe are key
to understanding tumor growth and metastasis. Interestingly, B
cells also can be phagocytic (173).

13 Cellular hijacking/metabolic
changes can explain
increased glucose

Cancer cells are recognized to have upregulated glycolysis,
resulting in increased glucose consumption (174). Pathogens utilize
glucose in infected cells. To replicate efficiently within host cells,
cytosolic IBPs use a dual-part metabolic process that relies on
glycerol, pyruvate, and cysteine (the latter of which we theorize is
critically important in energy, as it is a precursor to pheomelanin),
along with, potentially, other amino acids, for energy (reviewed in
Eisenreich (106)). (Indeed, many mutations in cancer cells result in
cysteine being substituted for other amino acids. Research suggests
that cancer cells use cysteine to overcome the challenges of dwindling
metabolic substrates and rising reactive chemical species resulting
from high energy use in rapid proliferation (reviewed in Nin et al.
(175)). The IBPs in vacuoles also use a dual-part metabolic process,
although using different pathways. Further, similar to the cytosolic
IBPs, most vacuolar IBPs have the genes necessary to convert
pyruvate to acetate to generate ATP (106).

Further supporting our theory, it has been observed that certain
immune cells, notably lymphocytes such as CD4+ T cells, B cells, and
M2 macrophages (M2-MPs) that are alternatively activated, exhibit a
metabolic state that is conducive to the propagation of various
viruses. For example, the human immunodeficiency virus replicates
effectively in CD4+ T cells, and the Epstein-Barr virus is known to
replicate in B cells. Similarly, certain IBPs, including Salmonella and
Brucella, have been found to replicate within M2-MPs (reviewed in
Eisenreich (106)). All of these pathogens have been linked to the
development of cancer (176-179).

As we discussed previously, live bacteria have been found in
macrophages/monocytes. Further, the changes in cell metabolism
that occur during infection are also seen in cancer cells. IBPs have
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what appears to us to be a commensal relationship with the host cell
by using host-derived carbon compounds that are less critical for
the host’s own energy supply. (It is noteworthy that all risk factors
we could find, with the exception of infection, are sources of carbon,
as discussed later in this article.) These carbon compounds include
mainly pyruvate or a metabolite that can be converted into pyruvate
- cysteine, lactate, glycerol, or serine. Pyruvate is a pivotal molecule
in metabolism. During glycolysis, host cells can break down glucose
through a series of enzymatic reactions to produce pyruvate
(reviewed in Eisenreich (106)). We theorize that the increase in
glycolysis observed in cancer cells (174) is due to IBPs using
pyruvate to generate their own energy supply. Alternatively, IBPs
can transform pyruvate into glucose via gluconeogenesis for
building their unique membrane surface structures. These
structures are specific to IBPs and cannot be synthesized by the
host cell’s pathways (reviewed in Eisenreich (106)). (We view using
pyruvate versus glucose from the host cell as more efficient for the
bacteria, because it allows them to skip the 10-step process of
glycolysis. More often than not, these bacteria will need pyruvate to
produce ATP for energy, rather than glucose for their membrane
structures.) Hence, IBPs have evolved a sophisticated way to exploit
the host cell’s metabolism to their advantage, ensuring their survival
and replication while not completely depleting the host’s resources.
The work by Eisenreich’s group also provides insight into the
genetic basis for these processes, indicating that the necessary
enzymes for gluconeogenesis are present in many IBPs,
supporting our theory that they actively manipulate host cell
metabolism for their own benefit. Additional parts of the bipartite
metabolism strategy are described by Eisenreich et al. (106), who
also note that some pathogens use fatty acids or cholesterol from the
host cell for energy components. While the bipartite metabolism
strategy permits intracellular bacterial replication, the expression of
the virulence factors required for intracellular bacterial replication
is often blocked when the major carbon source for IBPs is glucose
(106). We presume the blockage is controlled by the host cell and
deemed not necessary to change by the IBPs due to their
workaround. From our perspective, it is also important to note
that pyruvic acid/ethyl pyruvate inhibits melanogenesis in
melanoma cells (180). This supports our theory that there is an
inverse relationship between ATP production and melanogenesis
(20), even in pathogens. Also of interest is a possible direct supply of
melanin through immune system cells. Lymphocytes in the
inflammatory response contain melanin granules. Wassermann
found that in an inflammatory reaction, neutrophils collect small
particles of melanin. These particles clump together to form larger
particles, as the neutrophils diminish in size. These particles are
transferred to lymphocytes through phagocytosis of neutrophils as
well as other immunological methods. Wassermann notes these
melanin-containing lymphocyte cells have been found
intracellularly inside fibrocyte-like cell macrophages (120).

As we noted previously, viruses control the host cell’s catabolic
and anabolic pathways, mostly through oncogenes and tumor
suppressors, which may lead to controlling metabolic pathways.
Much less is known about IBPs, but they also have been shown to
affect oncogenes and tumor suppressors in altering cell metabolism.
IBPs oftentimes replicate in the same host cells as do viruses. Unlike
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viruses, IBPs have their own metabolism that they adapted to the
metabolism of the host cell, and it is difficult for researchers to
separate the two to measure them independently. However, the
choice of cells in which to replicate and metabolic reprogramming
of host cells by the virus could be supporting bacteria co-infection
(reviewed by Eisenreich (106)). This leads us to an interesting
question of whether tumor growth is made more efficient by viral
setup of the host cell metabolism for bacterial replication and
supports our theory that tumors are mixed colony biofilms.

Individual tumor cells have different metabolisms (181). An
illuminating illustration of different IBPs having different metabolic
needs and altering host cell metabolism to meet their (the IBP’s)
metabolic needs is as follows: Listeria monocytogenes was shown to
activate metabolic pathways related to energy production and cell
growth in bone marrow derived macrophages (BMDMs) after
infecting them, which allowed for their growth in the immune cell.
In contrast, when L. monocytogenes infected J774 immortalized
cancer cells, cell metabolism was downregulated. Reduction of the
p53 protein increases bacterial growth, while overexpressing p53
inhibits it (reviewed in Eisenreich (106)). In cancer, p53 is inhibited.
Eisenreich and colleagues noted an “apparent discrepancy between
the metabolic host cell responses of primary and cancer cells upon
infection by the same [IBP]” (106). Applying our theory provides
illumination on their observation: J774 are tumor cells. L.
monocytogenes increases the energy production of normal cells but
lowers energy production of J774 tumor cells. The J774 tumor cells
were likely created by a pathogen other than L. monocytogenes.
Because L. monocytogenes did not make that cancer cell line, it had
to alter the cell’s metabolism in order to replicate. These experiments
provide further evidence that the bacteria can take over cells and alter
their metabolism, and it further supports our theory that pathogens
are transforming host cells into tumor cells. Riley and colleagues (36)
found that bacteria integrate their DNA into the human genome,
insertion is upregulated in tumors, and these insertions occur more
frequently in the mitochondrial genome. This could help to explain
changes in energy metabolism seen in tumor cells. Furthermore, these
investigators found evidence that bacterial DNA insertions cause
upregulation of transcription of four proto-oncogenes, converting
them into oncogenes, in stomach adenocarcinomas.

14 IBPs, metabolic regulators,
and cancer

Of key importance to our theory is the impact of IBPs on the
central metabolic pathways of the host cell. Pathogens initiate the
activation of certain parts of the PI3K/Akt/mTOR signaling pathway
and the Myc oncogene (106). In cancer cells, the PI3K/Akt/mTOR
pathway plays a crucial role in cell metabolism, growth, and motility
and often results in increased uptake of glucose, heightened aerobic
glycolysis (106), cell proliferation, autophagy, apoptosis, angiogenesis,
and chemoresistance (182). (The PI3K/Akt/mTOR pathway is also
inversely connected to the control of melanogenesis via melanocyte
inducing transcription factor (MITF), a master regulator (183, 184),
which is important to consider in the context of our theory on the
fundamental role of melanin in cellular energy production (20). P53
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can modulate MITF activity and tyrosinase expression, influencing
melanogenesis (185). (Figure 5) Alternatively, IBPs may modify the
levels and activity of p53, a tumor suppressor gene, and hypoxia-
inducible factor 1 (HIF-1) (106). P53 is the most frequently mutated
gene in human cancers. When functioning properly, P53 helps
prevent tumor formation by responding to DNA damage by
activating cell cycle arrest, so that DNA can be repaired, and/or
triggering apoptosis (192). In response to hypoxic regions in solid
tumors, HIF-1 induces the transcription of genes that regulate
glucose metabolism, angiogenesis, cell proliferation, invasion, and
metastasis, contributing to disease progression (193). There is an
increase in uptake and use of glutamine in many tumors (194). We
theorize that this, too, is due to IBPs, as some IBPs are able to cause
increased uptake and use of glutamine via Myc and upregulate
glutaminolysis (106). Also in support of our theory, glutaminolysis
in macrophages causes polarization to the M2 macrophage
phenotype (195), which is beneficial to the tumor. As further
evidence that tumors are complex microbial communities, the
PI3K/Akt/mTOR signaling pathway is also commonly
overactivated in cancer (196), and alterations of P53 and HIF-1 are
also commonly seen in cancer (17, 197). Activation of the Myc
oncogene, too, is frequently seen in cancer, and inactivation of Myc
results in tumor regression in many cancers through various
mechanisms, which suggests to us inactivation of Myc cuts off the
energy to fuel these mechanisms or simply cutting off fuel leads to
proliferative arrest, senescence, apoptosis, interference with
angiogenesis, and other mechanisms (reviewed in Felsher (198)). In
our view, this is especially true in terms of “addiction,” where cancer
cell survival is dependent on continuous activation of certain mutated
oncogenes, which is further support of tumors being complex
pathogen communities, as tumors typically recur after initially
responding to therapies targeting oncogene inactivation (reviewed
in Felsher (198)), just as pathogens mutate during and after
insufficient antimicrobial treatments. We theorize that these
upregulations and alterations in genes and pathways are triggered
by IBPs within tumor communities.

Given that the PI3K-AKT pathway leads to the activation of
mTOR, and the mTOR pathway is disrupted in cancer, it is
interesting for us to discuss the drug Rapamycin in the context of
these and other pathways, as it holds elucidations on our theory.
Rapamycin inhibits mTOR complex 1 (mTORcl) and has both
anti-inflammatory and anti-tumor activity as well as antibiotic
effects. It is used to treat Candida albicans, which is frequently
found in various cancers (48, 49) and frequently found in
macrophages in cancers (50). ATP activates mTORCI. Adenosine
monophosphate (AMP)-activated protein kinase (AMPK), an
enzyme that plays a key role in cellular energy homeostasis,
inhibits mTORC1 (199). Hence, AMPK is activated under
conditions of low energy (high AMP/ATP ratio) and restores
energy balance by inhibiting anabolic processes through
phosphorylation and activating catabolic processes. This further
supports our theory that ATP and melanin have an inverse
relationship in providing energy to cells (20).

AMPK generally promotes catabolic pathways that produce
ATP and at the same time inhibits anabolic pathways involved in
different processes that consume ATP. As an energy sensor, AMPK
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P53, MITF, and Melanogenesis in Cancer: Ultraviolet radiation induces melanogenesis via p53 (186), a key regulator of melanogenesis (185). P53 plays
an important role in tumor suppression (187). The p53 mutation leads to about 50% of cancers (187, 188). P53 controls MITF and, consequently,
tyrosinase expression (185). Tyrosinase is necessary for melanogenesis (189). MITF regulates the development and function of melanocytes (190). As
such, MITF is a master regulator of melanogenesis. Not surprisingly from our point of view, MITF is also involved in tumorigenesis (191), we theorize

via factors including melanogenesis.

is involved in the main cellular functions implicated in cell fate,
such as cell growth and autophagy.

15 Dual effects of hyaluronan

HA is synthesized by fibroblasts, which make most of the
extracellular matrix, and by keratinocytes and other cells (200). The
process of HA synthesis and its regulation is important to our theory,
because keratinocytes process and hold melanin, which is synthesized
in melanocytes and transferred to keratinocytes by melanosomes
(201). HA is involved in all stages of cancer, from promoting the
formation of cancer stem cells (CSCs) to relapse and therapy
resistance. HA interacts with the CD44 receptor (a transmembrane
glycoprotein involved in cell proliferation, migration, survival, and
apoptosis) as well as intracellular signaling pathways, including that
of tyrosine kinase. (Figure 6) These interactions promote the survival
and proliferation of cancer cells (208). HA also influences
mechanisms that regulate ATP binding cassette transporter
expression, affects lipid metabolism in macrophages (209) and
influences macrophage polarization (210), and HA regulates
receptor tyrosine kinase pathways, with many important
downstream affects. (Figure 7) Fascinatingly, HA can also defend
against cancer development. Therefore, HA has a dual nature in
tumorigenesis based on its molecular weight. Cancer resistance is
seen with elevated high molecular mass (HMM-HA) production, in
the absence of degradation (211) (reviewed in Schraverus et al. (212)).
HMM-HA/HMW-HA (high molecular weight HA) has anti-
inflammatory and immunosuppressive properties. It also regulates
cell proliferation and migration, wound healing, and angiogenesis.
Importantly, HMW-HA is an antibacterial, antiviral, and antifungal
(83). Degrading HA into fragments (low molecular weight HA
(LMW-HA)) induces the synthesis of inflammatory factors,
including cytokines (77, 83, 213), modifies cell behavior and
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signaling (77, 83), and triggers angiogenesis, driving cancer
progression (77). The equilibrium between the breakdown and
synthesis of HA (the degradation balance) is controlled by
hyaluronidases (HYALSs) of which there are three HYAL classes in
prokaryotes and five types in humans (214), CD44 (HA receptor),
ROS, inflammatory factors, and HA synthase (HAS) (211). It is
important to note that expression of CD44 is elevated in tumor-
macrophages (204), which we theorize in cancer are highjacked by
pathogens. The question arises of how does the degradation from
high to lower molecular weight HA occur? Liu and colleagues (211)
note that cells within tumors “hijack” HA production and
fragmentation, and, thereby, promote cancer progression.
Hyaluronan synthase 2 (HAS2) activity, which controls HA
production, can be regulated by epigenetics, transcriptionally, or by
post-translational modifications to control how much HA is
produced (215) (Figure 8), which we theorize is important from
the perspective of the pathogen and from the human immune system.
We posit that not only is it the pathogens within the tumor that are
hijacking the healthy cells and triggering the degradation of HA
through genetic alterations but that some pathogens may be
producing and using their own HA.

16 Pathogens produce hyaluronan

Bacteria and yeast both produce HA through fermentation (85).
Varying the combinations of expressed genes and fermentation
conditions control the yield and molecular weight of the HA that is
produced by bacteria and fungi (84). Viruses are able to direct the
host to synthesize HA by presenting the HAS gene. Pathogens that
synthesize HA are highly virulent (83, 219). Bacteria and fungi that
synthesize HA incorporate it into a mucoid capsule, which provides
camouflage, protection against the immune system (220), and
resistance to opsonization (83, 221), thereby avoiding being
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Receptor tyrosine kinases interact with CD44 and HA. These interactions promote tumor cell survival by activating anti-apoptotic pathways and
multidrug resistance genes (202), and along with CD44, tyrosine kinases promote migration/invasion and inflammation. CD44 influences
macrophage migration (203). It is important to note that expression of CD44 is elevated in tumor macrophages (204), which we theorize are
highjacked by pathogens in cancer. CD44 also modulates signaling pathways involved in cancer cell proliferation, invasion, metastasis, and therapy
resistance. CD44 expression levels can be used to indicate a poor prognosis in cancer (205, 206). CD44 appears to be involved with melanogenesis
as a result of its interactions with HA, the main ligand for CD44 (205). HA binds to the CD44 ligand-binding domain, activating various signaling
pathways that can influence melanocyte behavior, including proliferation, survival, and migration (205). The cKit receptor is a type of tyrosine kinase
expressed on the surface of melanocytes. cKit receptor activation triggers intracellular signaling that can influence melanocytes, including
proliferation, migration, and melanogenesis (207). While HA-CD44 interactions occur independently of the cKit receptor, both HA-CD44 interactions
and cKit receptor activation are essential for melanocyte behavior, including melanogenesis, proliferation, and migration.

marked for elimination by phagocytes (221). Eliminating the
mucoid capsule decreases virulence and increases the likelihood
of phagocytosis. The concentration and molecular size of HA differs
by human tissue type (83), and we theorize this may make certain
organs more desirable for a pathogen than others in forming a
tumor community.

Receptor tyrosine

Naked mole rats synthesize large amounts of extremely high
molecular mass HA (EHMM-HA) of 6-12 MDa in brain and other
tissues. The large amounts are due to the accumulation of EHMM-
HA as a result of robust synthesis and slow degradation. The
EHMM-HA that naked mole rats synthesize is substantially
heavier (and more than five times larger) than the HMM-HA
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HA affects ATP-binding cassette (ABC) transporters. ABC transporters are a large family of proteins that utilize the energy from ATP hydrolysis to
transport substrates (209). HA influences various mechanisms that regulate ABC transporter expression, transporters of which play a role in effluxing
cancer therapies out of cells (208), affect lipid metabolism in macrophages (209), and influence macrophage polarization (210). HA also regulates
receptor tyrosine kinase pathways, which influences cancer cell behavior. By affecting receptor tyrosine kinase pathways, HA influences certain

cellular processes vital for cancer cells, including growth, motility, differentiation, and metabolism (208). This can lead to abnormal receptor tyrosine
kinase activation, (208), which is common in many cancers. We theorize that pathogens highjack cells, pathogens use HA to control melanogenesis,
there is an inverse relationship between melanogenesis and ATP as cellular energy supplies (20), and both melanin and ATP fuel TAMs and tumors.
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The process of hyaluronic acid (HA) synthesis and its regulation: There is an overproduction of both HA and HYAL in many tumor types. HA at
specific molecular weights promotes angiogenesis and cell motility through the extracellular matrix to form metastases (216). Three HASes, but
mainly HAS2, synthesize HA using as substrates uridine diphosphate (UDP)-glucuronic acid (UDP-GIlcUA) and UDP-N-acetylglucosamine (UDP-
GlcNAC), both sugars. UDP-GIcNAc both detects nutrients and is a donor substrate for the O-GlcNAcylation of HAS2, a cytosolic protein (215). (A
donor substrate molecule provides a sugar group for a glycosylation reaction, which attaches a sugar to another molecule. This new sugar group is
typically activated by a nucleotide, in this case, UDP, which results in a high-energy donor substrate. These substrates are used by enzymes,
specifically, glycosyltransferases, that are involved in the biosynthesis of glycoproteins, glycolipids, and polysaccharides.) This post-translational
modification increases the production of HA and stabilizes HAS2. HA secretion is inhibited when HAS2 is phosphorylated by adenosine
monophosphate (AMP)-activated protein kinase (AMPK), an enzyme that plays a key role in cellular energy homeostasis, which is activated by low
ATP/AMP ratios. ATP provides cellular energy, and AMP carries energy in cells (215). Sirtuin 1 (SIRT1), also an energy sensor, inhibits the expression of
HAS2 and HA deposition in the pericellular coat (215), which is found around the cell. The pericellular matrix (pericellular coat) is found between the
plasma membrane and the interstitial extracellular matrix (217). It is important to note both the involvement of HA and ATP as energy regulators and
in homeostasis, as well as melanin or its precursor, phenylalanine, which plays a ubiquitous role in metabolic pathways, and, hence, is understood to
exist in virtually all cells (218), as this is key to our theory that ATP and melanin have an inverse relationship in providing energy to cells (20).

that humans synthesize (0.5-2 MDa) (82). Naked mole rats in the
wild have been reported to not develop cancer (222). After
removing EHMM-HA, naked mole-rats were able to develop
malignant tumors (82). We postulate that EHMM-HA works as a
strong antibiotic and that it is able to break up biofilms. Further,
given the structural and mechanical abilities of EHMM-HA, we
posit that it is also possible that the EHMM-HA produced by the
naked mole rat and in such large amounts may provide physical
barriers that keep out pathogens, hence, using our theory, protect
against cancer.

17 CD44 expression and HA

CD44 is a cell adhesive molecule that interacts with the ECM
component HA, which allows cells to adhere to their surroundings
and facilitates cell migration. CD44 is also involved in angiogenesis
by promoting migration of endothelial cells (216). Expression of
CD44 is elevated in TAMs (204). LMW-HA attracts macrophages,
which subsequently protect tumor cells from the immune system.
This signaling for macrophages by LMW-HA is mediated by HA
receptors, including CD44 (reviewed in Liu et al. (211)). Therefore,
LMW-HA recruits macrophages that protect the cancer cells from
the immune system (211) and promotes angiogenesis (216) and
inflammation (77, 83, 213). We posit highjacked cells programmed
by pathogens or the controlling pathogens form HMW-HA, which
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they can break down into LMW-HA to summon macrophages.
Once macrophages are summoned, the pathogens use the HMW-
HA to evade the immune system, and the pathogen (cancer) can
spread and form distant tumors. CD44 is also overexpressed in
cancer stem cells. CD44 facilitates cell-ECM and cell-cell
interactions by connecting with HA. CD44+ colorectal cancer
cells have both strong colony-forming and tumor-initiating
capabilities (223). Fusobacterium nucleatum (Fn) has been
associated with colorectal cancer, and high intratumoral loads are
indicators of high risk of metastases, recurrence, and poorer patient
outcomes (described in Zepeda-Rivera et al. (224)). When Fn
infects cells, it leads to changes in CD44 expression and triggers
cancer stem cell-like behavior, making these cells capable of forming
tumors and migrating. Fn also may play a role in crosstalk between
EMT and colorectal stem cells during the progression of colorectal
cancer (223). EMT is a process whereby epithelial cells transform
into mesenchymal-like cells through changes in cell adhesion, gene
expression, and polarity. EMT can increase tumor invasiveness and
metastasis (225). HA interactions with CD44 regulate cell survival
and ERBB-family signaling, which are both important for
tumorigenesis. The ERBB family of transmembrane proteins
include ERBB1 (the epidermal growth factor receptor) and
ERBB2 (HER2/NEU). Overexpression or mutation of ERBB1 and
ERBB2 are often seen in breast, ovarian, and colorectal cancers
(216). Various pathogens use ERBBI for different roles, including
entering into cells, suppressing host cell apoptosis, and inducing
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host cell proliferation (reviewed by Slanina et al. (226)). Some
pathogens are able to bind to and activate ERBB2, which triggers
certain signaling pathways that can contribute to the cellular entry
of microbes and cancer (227). Entrance of pathogens into cells, we
theorize, as well as increased cellular proliferation and lack of
apoptosis, are fundamental aspects of tumors. Thus, we theorize
upregulation of CD44 helps pathogens to infiltrate host cells and
promote tumor formation by utilizing ERBB1 and ERBB2.

18 HA, the ECM, and tumor formation

The increase in production of HMW-HA, along with its
fragmentation, supports our theory that pathogens are at the helm.
Bacteria are able to fragment HMW-HA (228). Considering the
capabilities of LMW-HA, the ability of bacteria (that can survive in
phagocytes) to degrade HMW-HA would prove highly advantageous
for survival and spread. Moreover, HA helps keep the tumor matrix
from becoming rigid. When HA turnover is reduced below its norm,
the matrix becomes rigid and the tissue becomes dysfunctional (229).
That is from the human perspective. From the microbial perspective,
the community becomes more protected. The ECM exerts regulatory
control over signaling within the tumor, transport mechanisms,
oxygenation, tumor metabolism, and immunogenicity. Hence, the
ECM influences tumor growth and malignancy and its response to
cancer treatments (reviewed in Henke et al. (76)).

19 Anti-cancer drugs
are antimicrobials

Because many anti-cancer drugs are antimicrobials (Figure 9), as
with increasing resistance to antibiotics, there is, increasingly, drug
resistance in cancer (243). Cancer cells often become resistant to
conventional anticancer antibiotics but highly sensitive to anticancer
antibiotics in classes to which they have not been exposed (230). This
describes the behavior of bacterial exposure to antibiotics (241). In
addition to resistance, there are other reasons antibiotics are not
always effective. Antibiotics inhibit or kill only multiplying bacteria but
are not efficient in killing non-multiplying (metabolically inactive)
bacteria. However, bacteria that are multiplying and those that are not
multiplying co-exist in infections. Hence, non-multiplying bacteria are
able to survive high concentrations of antibiotics. When exposed to
ineffective drug concentration levels, the dormant bacteria can begin
multiplying, re-infecting the host (244). This, we believe, explains why
cancer returns after chemotherapy. In further support of this, it is
known that dormant tumors and dormant cancer cells can be difficult
to treat (245). Further, antibiotics do not treat microorganisms, other
than bacteria, and complex tumor communities are composed of
other microorganisms, as well.

20 The role of melanins in cancer

In 1963, Wassermann (120) found melanin granules in various
immune system phagocytic cells. In 1977, Azzopardi and Eusebi
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(246) found, in the vast majority of cases, melanocyte colonization
of breast carcinoma, where the dermal-epidermal interface had
been encroached by tumor cells. “[TThe melanocytes exhibit in most
cases this remarkable phenomenon of ‘climbing down’ into the
mammary carcinoma.” The migration away from the epidermis to
colonize the tumors left white patches in the epidermis, indicating a
loss of melanocytes. However, the research team did not observe
depigmentation in all of the tissue examined, and they suggest it is
possible that melanocytes may proliferate while colonizing the
tumor. Melanocytes were also found in groups of tumor cells
within lymphatics. The pigmentation of the tumor cells can be
seen only with certain staining techniques in the vast majority of
cases. The authors describe, “The melanophages present in the
region of the colonized carcinoma are the consequence of the
ingestion of pigment liberated from colonizing melanocytes and
from cancer cells” and that the “melanin pigment is dispersed as
fine granules in the cytoplasm of the malignant cell.” We theorized
and provided evidence supporting an inverse relationship between
melanogenesis and ATP production, with melanin being the
primary supplier of cellular energy via its intake of energy from
light waves (20). Important to our theory is that the “colonization
and pigmentation of breast carcinoma is associated with the
presence of melanophages [immune cells involved in phagocytosis
of melanin] in the vicinity.” The researchers, however, believed their
presence alone was not important and so recorded those cases as a
negative result. Hence, their findings reach 100 percent of cases
from our perspective.

Melanocytes produce melanin and transfer the pigment to
neoplastic cells. Melanophages are thought to result from ingestion
by circulating macrophages of the pigment released from both
colonizing melanocytes and from cancer cells (247). Epidermal-
dermal interface disruption is thought to be required for
melanocyte migration into the superficial dermis and superficial
lymphatics to allow melanocytes to passively travel to regional
lymph nodes by metastasizing tumor cells (246, 247). In one of two
cases described by Santoro and colleagues, “The neoplasm showed a
nevoid appearance with abundant melanin surrounding neoplastic
cells with epithelioid morphology” (247). In the other, there was an
area with “abundant tumor necrosis and no pigmentation” (247).
Based on our theory, we would predict that the presence of melanin
promotes tumorigenesis via a high energy supply and the absence of
melanin would cause necrosis in the absence of upregulation of ATP
or other source of cellular energy. Another way to see melanin’s role
in cancer is to consider, again, malignant melanomas. Whereas
malignant melanomas have melanin, benign nevi also have
melanin. If melanin serves to absorb ultraviolet (UV) radiation to
protect against gene mutation, then it would appear to us
counterintuitive that UV radiation causes malignant melanoma.
Yet increased eumelanogenesis is causally associated with
malignant melanoma (7). Further, if malignant melanoma had only
to do with no protection from UV radiation of the skin, then vitiligo
would have a very high risk of malignancy, because it has no
protection from UV radiation. With no melanin, which we propose
is the primary fuel for cells (20), there are metabolic abnormalities in
glucose and lipid metabolism and mitochondrial dysfunction seen in
these skin cells (248). We proposed various melanins fuel cells (20),
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Anticancer drugs are antimicrobials, for example, Salinomycin, Mitomycin, Doxorubicin, Gemifloxacin, and Ciprofloxacin (230, 231), antivirals,
antifungals, antihelminthics, and antimalarial/antiparasitic agents (230-232) and antimicrobials affecting archaea (233). A review by Pfab and
colleagues (231) discusses anti-cancer activities exerted by antimicrobial agents, including antibiotics, antivirals, antifungals, antihelminthics, and anti-
malarial/antiparasitic agents (230-232). Intratumoral microbial components within tumor tissues are closely correlated with therapy efficacy (234).
Although not as widespread as antibacterial drugs, antifungal drugs are also used in cancer treatment (235, 236), as are antiviral drugs (232, 237, 238)
and antiparasitic drugs (239, 240) as well as those effective against both cancer and archaea (233). Pathogens and eukaryotic tumor cells (which,
according to our theory, are being controlled by pathogens) use similar drug-resistance strategies. Shared multi-drug resistance mechanisms by
bacteria and cancer cells include efflux pump activation; adaptation (genetic mutations and horizontal gene transfer of genes showing resistance);
and a collective stress response triggered by drug exposure intercellular communication of which there are at least six known strategies: (1)
metabolic shifts in the absence of nutrients cause cells stop growing and dividing; (2) in response to drug administration, bacteria use their flagella to
migrate to areas of low concentration and form biofilms to limit drug exposure, and tumor cells respond by metastasizing (which is also microbial
movement, according to our theory) (reviewed in Chifiriuc et al. (241)) and developing a barrier vasculature (242); (3) the microbial biofilm
exopolymeric matrix and the cancer cells’ stroma and ECM both restrict oxygen and nutrient diffusion and serve to protect both communities; (4)
both communities use efflux pump activation in response to the presence of drugs; (5) both bacterial and cancer cells can increase mutation rates
to accelerate evolution and, consequently, adaptation, making it possible for cancer cells and biofilms to quickly develop multi-drug resistance; and
(6) both communities trigger changes in the gut microbiome that lead to drug resistance (reviewed in Chifiriuc et al. (241)).

and increases in this fuel are necessary for cancer growth. We focus
not only on eumelanin’s role in cancer, but also pheomelanin, as it
can provide much more energy to cells (20). Indeed, there is evidence
suggesting an increase in cysteine levels (cysteine is a precursor to
pheomelanin) and pheomelanogenesis in malignant melanomas, and
this also has been attributed to promoting genetic mutations, rather
than to eumelanogenesis (7). We conclude that pathogens, energized
by melanin, especially pheomelanin, the production of which is
increased with UV radiation, cause the genetic mutations that lead
to cancer and that melanin fuels other oncogenic processes.

It does not appear through literature searches that much
consideration has been given to melanin and cancer outside of
malignant melanoma. As noted above, there has been some research
on breast cancer cases, which are the next most frequently described
cancer where melanocyte colonization has been observed, and there
are several other tumor types also seen (for example, Nestor et al.
(249), Modica et al. (250), Gough and Benediktsson (251), Waxman
etal. (252)) when using various staining techniques (251). However,
there has been interesting research in cysteine and the immune
system as it pertains to cancer. Myeloid-derived suppressor cells
(MDSCs) hinder the immune system’s ability to fight cancer by
hoarding cystine and preventing T cells from getting the cysteine
they need to become active to mount an effective immune response
against tumors. It is also interesting to note that MDSCs compete
with macrophages and dendritic cells, both antigen-presenting cells,
for cystine. Another study showed that tumor mesenchymal stem
cells can sequester cysteine away from dendritic cells. Dendritic cells
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cannot synthesize cysteine effectively. As a result, dendritic cells are
unable to provide cysteine to naive T cells (reviewed in Nin et al.
(175)). We understand this as suggesting that phagocytes, which we
theorize house pathogens, use cysteine, hence, pheomelanin, as fuel,
and that pathogens block cysteine, hence, pheomelanin, the energy
source, from these tumor suppressor T cells. In yet another study,
cysteine deprivation stopped ovarian clear cell carcinoma
growth (253).

21 Pheomelanin fuels tumor growth
and metastasis

Melanogenesis results in both eumelanin and pheomelanin in
various ratios. The ratio (and, hence, color) is determined by the
level of tyrosinase activity and tyrosine and cysteine concentrations
(254). Cysteine levels determine if dopaquinone enters the
pheomelananogenesis pathway or eumelaninogenesis pathway.
High cysteine levels produce more pheomelanin, and low cysteine
levels produce more eumelanin. Interestingly, there is a competitive
behavior between the two reactions (255), which suggests to us a
switch in various energy level needs, and is of great importance to
our unifying theory of disease in which we show the inverse
behavior between melanogenesis and ATP production (20). Mitra
and colleagues (256) investigated the eumelanin/pheomelanin ratio
impact on mouse models used to mimic human phenotypes and
albinism (no melanin) and found without additional gene
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aberrations or UV radiation exposure, red fur mice (pheomelanin
being predominant in red fur/hair) exhibited a high incidence of
invasive melanomas, and the absence of pheomelanin synthesis in
the genetically modified albino mice was found to be protective
against melanoma development. They concluded that UV radiation
is not needed for pheomelanin to be carcinogenic and that
pheomelanin, itself, may be carcinogenic. We do not believe that
pheomelanin is carcinogenic. Rather, as noted previously, we
theorize that the energy it contains is being used by the
pathogens in the tumor and to fuel the tumor cells, so we would
predict that pheomelanin introduced into a mutated cell would fuel
its replication. (Figure 10) Further, Mitra et al. note that some
melanomas develop in areas that are not exposed to sunlight.
However, photons travel through matter. We also theorize that
pheomelanin is being used by microbes to fuel angiogenesis. One
indication is that individuals with lighter skin have more diseases
related to angiogenesis compared to darker skinned individuals
(258), and individuals with lighter skin have more pheomelanin
than individuals with darker skin (259). In order for either of these
theories to be possible, there must be evidence of its precursors at
increased levels within tumors, and, indeed, it appears that both
amino acids cysteine and cystine, the latter of which is formed when
two cysteine molecules combine, are found in tumors and are
associated with tumor formation, propagation, and treatment
resistance. In fact, there is increased cysteine and cystine uptake
in tumors (reviewed in Nin et al. (175)). Pathogens are known to
produce cysteine (260), alter cysteine availability in their human
hosts, and utilize melanin produced by their host, which we detailed
previously (20). Therefore, we theorize that pheomelanin
production is controlled by pathogens and used as their primary
source of high energy. We theorize that it may be that tumor
communities use eumelanin in higher ratios to pheomelanin for
homeostasis and slow growth and pheomelanin for more rapid
growth and aggressive metastasis, as evidenced by dark melanotic
melanomas, which are brown/black (eumelanin) versus amelanotic
melanomas, which are pink (and we postulate contain
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pheomelanin) and much more aggressive (261). Indeed, Sarna
and colleagues (262) found melanin pigmentation to be highly
deregulated in melanoma cells, which can switch between
pigmented and non-pigmented states. They also found that livers
from mice that were inoculated with non-pigmented melanoma
cells formed more metastatic tumors compared with mice
inoculated with pigmented melanoma cells, and the non-
pigmented tumors were heavier in comparison.

22 Tumor cells and TAMs scavenge
cysteine from the ECM
for pheomelanogenesis

Both eumelanin and pheomelanin synthesis begin with
phenylalanine and both move through the same pathway until
they split at dopaquinone. It is at that point that the pathway either
moves into L-DOPA to eventually form eumelanin or it moves to
cysteinyldopa, requiring cysteine, for production of pheomelanin,
which we previously discussed (20). Cysteine availability above 0.13
UM causes the shift from eumelanin production to pheomelanin
production (263). Therefore, it is of great interest that cathepsin B, a
lysosomal cysteine protease that is found in most cell types but is
most abundant in macrophages (264) and upregulated in tumor
cells and TAMs (265, 266), is able to remove the amino acid cysteine
from proteins (264, 267) and that bacteria that infect macrophages
intracellularly are able to regulate the amount of cathepsin B
produced by the infected macrophages and are able to affect the
trafficking of cathepsin B (264). Therefore, we theorize that
intracellular pathogens regulate the amount and trafficking of
cathepsin B in tumor cells. In fact, tumor cells and TAMs release
cathepsin B into the extracellular matrix, where it breaks down the
components of the extracellular matrix by removing cysteines from
these components (summarized by Larionova et al. (268)). We
theorize that tumor cells are controlled by microbes and scavenge
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Cysteine is required for intracellular replication of Francisella tularensis, a cytosolic IBP, along with host-derived carbon sources (257). This suggests
to us that other carbon sources, which include almost all known cancer risk factors, can be used by pathogens via cellular metabolism and/or
microbial metabolism for conversion into ATP or melanin and that cysteine may be being used as a precursor to pheomelanin, which we theorize is
an important underlying energy source for pathogen replication, and, hence, tumors.
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the cysteines that the released cathepsin B proteins break off from
the extracellular matrix. Indeed, system x., a transporter that
uptakes extracellular cystine into the cell, has been found to be
upregulated in cancer (269). In the oxidizing extracellular
environment, free cysteines combine to form cystine (270), and,
thus, releasing cathepsin B into the extracellular matrix would
create an abundance of extracellular cystine, which we theorize
the tumor cells then uptake and reduce back to cysteine to produce
pheomelanin to provide increased energy to the tumor cells, which
the tumor cells then use to survive, proliferate, and metastasize. In
support of our theory, it is known that the release of cathepsin B
into the extracellular matrix leads to tumor cell proliferation and
invasion (summarized by Larionova et al. (268)). We further
theorize that this process provides additional protection for the
tumor, as an increase in uptake of extracellular cystine by tumor
cells and TAMs for pheomelanin production deprives T cells and
NK cells of cysteine, which is necessary to produce glutathione,
impairing NK cell and T cell function (271). As noted in Table 1,
NK cells are antitumor and T cells are generally antitumor.
Cathepsin B, implicated in both tumor invasion and metastasis
across various cancers (265), is notably overexpressed in cancers
with MYCN gene amplification (272). The protein N-Myc, encoded
by the MYCN gene, is associated with an elevated release of
proteins, including cathepsin B, which in turn appears to enhance
the invasiveness of cancer cells and their resistance to therapies.
Inhibition of cathepsin B has been shown to curb the migratory
behavior of these cells and increase their susceptibility to the
chemotherapeutic agent doxorubicin (272). Additionally, the
concept of “cysteine addiction” in cancer is linked to the MYCN
gene; cysteine depletion triggers extensive lipid peroxidation (273),
suggesting its pivotal role in MYC-driven cancer processes. We
theorize it is fueling the cancer microbial and fungal communities.
Without it, there is cellular damage and destruction (273).

23 Mitochondria in tumors

Researchers have recently found that the Warburg effect (274) is
not fully accurate. The mitochondria in tumors generally remain
healthy and in a working state (275). In fact, researchers have found
that cancer cells build an arsenal of mitochondria by stealing them
from T cells, weakening the host’s immune system while building
the tumor’s energy supply. Saha and colleagues (276) observed
breast cancer cells sending out nanotubes, tube-like filaments, to T
cells. These “tentacles” pulled the mitochondria out of the T cells,
which travelled down the nanotubes and were incorporated into the
cancer cells. Analysis of the metabolic functions of both cells
showed the taking of mitochondria affected cell function (276).
This is also another example of what appears to be “intelligent”
behavior (Figure 11).

24 Drugs affect melanogenesis

The current understanding of cancer is that inflammation is
carcinogenic (297). We argue here that inflammation is a
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consequence of pathogenic invasion and that the reason some
NSAIDs are anticarcinogenic is that they reduce melanogenesis,
which we theorize is fueling tumorigenesis. (Some NSAIDs increase
melanogenesis, as can be seen in hyperpigmentation side effects,
and we postulate that they may fuel cancer, if it is present). For
example, aspirin is an anti-inflammatory, has anti-tumorigenesis
properties, and inhibits melanogenesis (297). Indeed, in addition to
aspirin, certain other NSAIDs have been associated with a reduction
in cancer risk (297), for example, breast cancer (298, 299), prostate
cancer (300, 301), ovarian cancer (302), colorectal cancer (303, 304),
and head and neck cancers (305), and Celebrex (celecoxib), an
NSAID, enhanced the effect of trametinib, for example; both inhibit
tumor-associated melanogenesis (306). There is some research that
appears to contradict these findings. However, those drugs are not
anti-melanogenic. Some drugs cause hyperpigmentation, and we
would predict that these drugs would, in fact, promote cancer.
Interestingly, aspirin has an inhibitory effect on MITF via two
pathways, which, as a consequence, inhibits tyrosinase, which is
responsible for catalyzing the reaction critical to the formation of
melanin (307), as our theory that melanin is fueling cancer would
predict. Aspirin and celecoxib were found to reduce (tumor) colony
formation and cell motility (as well as pigmentation) via a different
pathway (via suppressing PGE2 and activating AMPK) in another
study (308), further supporting our theory on melanin and cellular
energy. Aspirin downregulates homocysteine production (309).
Homocysteine can be converted into cysteine (310). Cysteine is a
precursor to pheomelanogenesis. Pigmentary changes have been
reported in as high as 75 percent of individuals treated with targeted
anticancer agents (311). Nicotine also affects melanin levels (20).
Tamoxifen, and presumably other chemotherapies, work differently
but also inhibit melanin production. In ER+ breast cancer, the
cancer cells have high levels of estrogen receptors and are
particularly sensitive to estrogen. These receptors are proteins
that bind to estrogen, which circulates in the body at normal
levels. When estrogen binds to these receptors, it can stimulate
the cancer cells to proliferate. Estrogen has been found to play a
significant role in the regulation of melanin synthesis. This effect is
mediated through nonclassical membrane-bound receptors known
as G protein-coupled estrogen receptors (312). Tamoxifen is an ER
blocker (313). In blocking estrogen from breast tissue, we theorize it
is also inhibiting melanogenesis locally.

25 NSAIDs and other anti-cancer
drugs target macrophages and
other phagocytes

An important part of our theory is the role that phagocytes play
in tumorigenesis and metastasis. We have previously described in
this paper that anti-cancer drugs are antimicrobials. We have also
discussed that it is likely that bacteria control not just their own
synthesis of melanin but also that of their host, or at least use the
melanin that their host produces, and that aspirin and certain
NSAIDs affect melanogenesis. It is also important to note that
aspirin and other NSAIDs also affect macrophages and other
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Indicators of microbial intelligence: Fractal colonies: Bacteria form patterned colonies, most notably, fractals. Bacteria utilize sophisticated
cooperative behavior and intricate communication to self-organize, the latter both at the singular bacterial cell and colony levels, in determining and
in building out the patterns (277). Fractal patterns, made of bacteria biofilms and pellicles (soft biofilms formed at the air-liquid interface) from
heterogeneous micro colonies, increases surface area, enhances protection from drugs and the immune system, enhances signal transduction,
promoting collective behaviors, promotes access to nutrients (278), and promotes faster biofilm growth to quickly obtain nutrients in an
environment lacking nutrients (279). Presumably, the increased surface area of fractals allows an increased number of bacteria to have access,
enhancing the absorption of nutrients and the expulsion of waste products and increasing the local proximity of motile to matrix cells, which may
facilitate the exchange of signaling molecules, nutrients, and genetic material, promoting cooperative behavior and resource sharing among cells.
Bacteria must navigate complex topologies, including mazes or fractals. Phan and colleagues (280) showed how E. coli moved through nontrivial
mazes in significantly shorter times than predicted by a no-memory walk and demonstrated how they can collectively leave a fractal. Strategies
observed include bet hedging, used to avoid nutrient deprivation, if the riskier attempts at finding food failed. Mycelium in soil also grow in fractals
(281). Therefore, it is of importance to note that cancer cells, too, display fractals and researchers have used quantifying “fractalness” along individual
cell borders to distinguish between types of cancer with 97 percent accuracy (282). We theorize that within each cancer cell there exists microbial
communities, also fractals, hijacking those cells. Chemical and electrical communications: Bacterial communications take the form of quorum
sensing and electrical signaling, among other forms of communication. Fungi also use chemical signaling in quorum sensing (283), intraspecies and
interkingdom communications (284), and network electrical signaling (285). Problem solving: Upon cues indicating phosphate depletion in the
intestinal tracts of patients following surgery, Pseudomonas aeruginosa can shift from a benign colonizer to lethal pathogen (286), presumably to
escape to an environment with a food supply. Phosphate is an essential nutrient for P. aeruginosa (287) and is abundant in soil (288). Physarum
polycephalum can determine the shortest path between two food sources in a labyrinth to maximize its foraging efficiency (289). Fossil evidence
shows for the last 48 million years the fungus Ophiocordyceps unilateralis has been infecting foraging ants with its spores, which, once colonized
internally, hijack the central nervous system of the ant, forcing it to transport the spores to higher ground and latch onto vegetation, where the
fungus kills the ant, grows, and releases spores. To accomplish this, the fungus uses various metabolites, depending on ant species, to mediate ant
interactions with ant tissue, depending on the specific ant species’ brain. The fungus grows nearby the brain and manipulates ant behavior by
secreting a sphingosine, a metabolite that is part of sphingolipid metabolism affecting cell regulation (290). Sphingosines are involved in cancer,
including breast cancer, colon cancer, gastric cancer, prostate cancer, pancreatic cancer, and other cancers (291). Importantly, most bacteria and
viruses that are not able to produce sphingolipids are able to use that of their host to promote virulence, and in the cases of protozoa and fungi,
both the pathogen and host produce and use sphingolipids. Sphingosine-1-phosphate has been shown to polarize macrophages toward an M2-like
phenotype (292, 293). We believe O. unilateralis controlling the brains of foraging ants using a metabolite serves as a useful model of how pathogens
are able to take over the control of cells in cancer, neurogenerative diseases, cardiovascular diseases, and other diseases. Decision making: Decision
making in microorganisms is commonplace, as is seen in communication (signaling pathways), changes in gene-expression, purposeful movement,
and other behaviors. Similar to microorganisms, fungi also use communications, changes in gene expression, purposeful movement, and other
behaviors in response to stimuli. They also have memory (294). Fungal mycelia demonstrate decision making and consequential behavior by
changing their developmental patterns in response to other organisms and may have spatial recognition (summarized in Money (295)). Fungi
decision-making abilities are made clear in their negotiation skills: Mycorrhizal fungi act as shrewd negotiators in resource exchange. These fungi
trade phosphorus with tree roots in exchange for carbon. Specifically, fungi growing in resource-poor patches showed higher trade gains, with
increased fungal biomass per unit of phosphorus transferred compared to those in resource-rich patches. This suggests that as phosphorus
availability decreases, its net value increases. Consequently, the fungi move phosphorus from rich patches, where it has a lower value, to poor
patches, where it has a higher value. In the absence of resource inequality, there was no difference in the exchange rate (296). Associative learning:
Linking two events together and acting upon the outcome is present in microorganisms and fungi, as seen in the above problem-solving examples.
Information processing: Building and navigating fractals, communication, associative learning, problem solving, and decision making all require
information processing, which is present in both bacteria and fungi.

phagocytes. Their effects are dose dependent and also dependent on
the specific NSAID (314). In addition to reducing melanin, aspirin
increases phagocytic uptake by macrophages (315); however,
aspirin causes macrophages to shift polarization from M2 to M1
(316). This is evidence that aspirin frees the macrophages from
being hijacked by pathogens. Thus, we would theorize that aspirin
would have anticancer effects, and, indeed, it does (317). It also has
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been shown to prevent metastases (318). However, not all NSAIDs
have the same targets. Phenylbutazone was found to increase
macrophage phagocytic uptake up to two-fold (315), and, not
surprisingly according to our theory, phenylbutazone has been
found to cause cancer in mice and rats (319). Further, some
NSAIDs do not affect phagocytes (315). We believe all these
variables - whether or not an NSAID affects phagocytes and in
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what ways and how and whether an NSAID affects melanogenesis -
account for the variability in outcomes seen in research on NSAID
use and their effects on cancer. Finally, traditional anti-cancer drugs
also affect phagocytes (320-322). We believe the significance of our
discovery of these linkages in the context of our theories cannot
be overstated.

26 Common risk factors are really
forms of energy

Many risk factors have been associated with cancer: tobacco use,
diet (fried foods, red meat), being overweight/obesity, physical
inactivity (which can be seen as a buildup of various energy stores),
drinking alcohol, indoor and outdoor pollution, UV radiation, and
carcinogens in the workplace (323). We theorize these risk factors are
used as energy sources by certain microorganisms to carry out their
tumor-building functions, and, therefore, can trigger cancer when
there is enough energy and the presence of microbes that can utilize
those molecules (which can explain why people exposed to the same
risk factors do not all develop cancer). In fact, Nejman and colleagues
(46) investigated the functional activities of intratumor bacteria and
found preferred niches by tumor type. For example, in non-small-cell
lung cancer, there was a high prevalence of heterogeneous bacteria
that are able to utilize the chemicals from cigarette smoke metabolites
and biosynthesize metabolites used by plants which, the authors
speculate, may have come from the tobacco plants. They had similar
findings in breast cancer subtypes. In ER+ breast tumors, which have
increased oxidative stress compared with ER- breast tumors, they
found enriched pathways in bacteria for arsenate detoxification and
mycothiol biosynthesis. Arsenic exposure is a risk factor for this
subtype of breast cancer, and bacteria have been shown to use
mycothiol to detoxify ROS. The team hypothesized that bacteria
that could synthesize mycothiol had better survival rates in the ER+
tumor microenvironments. As they note, their analysis of pathways
used by bacteria suggests that the tumor environment is associated
with bacteria that have functions that survive well in the tumor
microenvironment (summarized in Nejman et al. (46)).

The connection of cancer risk factors to microbial energy and
cancer development is not always easy to make. Asbestos, a known
carcinogen (324), is an intriguing example. While it is commonly
thought that asbestos causes lung cancer due to its fibers causing
inflammation (324), we theorize it is due to bacteria feeding off of
iron contained in asbestos fibers. Indeed, most microorganisms that
live in soil rely on iron to generate energy. Certain fungi use the iron
found in crocidolite, a highly carcinogenic form of asbestos.
Without this iron, researchers demonstrated that the fibers were
unable to generate the free radicals associated with causing cancer
(325, 326). Bacteria also have been shown to act similarly to fungi in
using the iron in asbestos (summarized in Choi et al., (327)). We
postulate that not only can asbestos feed existing pathogens, but
when individuals inhale asbestos, the fibers are already
contaminated with microorganisms feeding off the iron.

We found no evidence in a literature search that methods for in
vitro experiments designed to determine the effects of radiation on
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animal or human cells in terms of mutation outcomes include
sterilization of cells prior to radiation. Therefore, it remains
unknown if radiation is energizing pathogens, and the pathogens
are causing the mutations, or if the radiation is directly causing
mutations. This also brings up the question of if radiation therapy in
cancer works by killing pathogens. Further, in a literature search, we
saw no research to determine if in cases where radiation therapy is
not effective, if pathogens are present in the surviving cancer cells.
We strongly suggest research in these areas.

27 Testing the theories

We provide strong evidence that tumors are complex
communities composed of various microorganisms. Therefore,
using only an antibacterial or only an antiviral or only another
species-specific drug may not fully treat cancer. Effective treatments
may require examination of biopsies and areas surrounding the
tumor, blood and lymphatic systems, and certain immune cells for
pathogens, including fungi, and their markers, and a combination
of targeted antimicrobial drugs. We suggest investigating
intratumoral administration of antimicrobial drugs for localized,
early-stage solid tumors and combination therapies of IV
antimicrobials combined with drugs effective in penetrating
biofilms for more advanced tumors. Pathology of any excised
tumor tissues should include multiple staining types, especially
for fungi, and samples should include multiple locations of each
mass due to variation in microbial communities throughout the
tumor. In order to identify these complex biomes, DNA sequencing
should be performed. Therefore, we suggest routinely thoroughly
examining tumor specimens and surrounding areas for microbes.
Because we theorize that benign tumors are relics of a war between
commensal and pathogenic microbes, we suggest further research
on the use of commensal microbes, especially commensal bacteria,
in the treatment of tumors, particularly early-stage tumors and any
other “enemy” microbes. Further, probiotics, prebiotics, microbial
toxins, metabolites, small molecules, and certain immune cells as
well as anti-platelet drugs should be investigated as adjuvants.

We suggest testing for and eliminating any phagocytes in stem
cell and bone marrow transplantation to prevent cancer recurrence.

One remarkable antimicrobial that we suggest is worthy of
investigation is the EHMM-HA derived from naked mole-rats
(Heterocephalus glaber) due to its antimicrobial potency and its
ability to break up biofilms, which may have the added benefit of
preventing, and possibly, removing plaque, which we postulate is
part of the tumor.

Fungi are present in tumor microbiomes. However, not all fungi
are tumor promoters and some are anti-tumoral, for example,
Trametes versicolor, also known as turkey tail mushroom. It has
antimicrobial properties. We suggest further investigations into this
and other fungi as well as microbes that would offset growth of
various tumor microbial and fungal communities.

We also suggest investigating the use of drugs, natural
chemicals, for example, phytoncides, and technologies that would
trigger immune responses by non-phagocytizing immune cells,
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such as natural killer cells, as is the case for phytoncides. For certain
cases, the possibility of phage therapy and/or plasmid therapy
should be investigated.

Finally, we are most intrigued by the potential of
photobiomodulation. It is possible that light at wavelengths and
intensities tailored to target a specific tumor pathogen community
could penetrate into the tumor, kill the pathogens, and reduce
inflammation. Of course, it is important to avoid exposure to
wavelengths of light that would trigger melanogenesis,
especially pheomelanogenesis.

In the future, after research determines what the microbiome
makeup is of specific tumors, we suggest consideration of ordering
antibody titers to common tumor pathogens during annual
checkups and administering antimicrobials, if indicated, to
prevent the development of cancer.

27.1 A cautionary statement

While we theorize that melanin is an important part of the
immune system and vital for cellular energy, we caution against
using any treatment that increases melanin prior to eradicating
pathogens, because an increase in melanin might fuel the
pathogenic process.

28 Conclusion

We theorize that cancerous tumors are complex microbial
communities composed of various microorganisms living within
biofilms encapsulated by a hard matrix. We found intriguing
evidence that pathogens evade the immune system and spread by
hiding within immune system cells and traveling inside them to
distant sites where they form more tumors (metastasize). Because
we realized that pathogens could hide and survive within immune
cells that phagocytize, we further investigated this observation and
concluded that immune cells that phagocytize are protumor and, as
evidence, when there are large numbers of them in the tumor
environment, the prognosis is poor. In contrast, immune cells that
do not phagocytize are anti-tumor, and when there are large
numbers of them in the tumor, the prognosis is improved.
Genetic changes that trigger the activation of oncogenes or the
inactivation of tumor suppressor genes is the most common cause
of tumorigenesis (198). We theorize that it is pathogens inactivating
or activating genes, that pathogens utilize melanin for energy in
building and sustaining tumors and in metastasis, and that
pathogen-hijacked cancer cells/tumors evade the immune system
and travel to distant sites using phagocytes and platelets.

Bacteria and other microorganisms, which have been around
for billions of years, have evolved mechanisms to manipulate host
cell processes to create more favorable environments for their
survival and proliferation. Understanding how microorganisms

Frontiers in Immunology

23

10.3389/fimmu.2024.1493978

work, alone and in synchrony, pathogenic and commensal, will
help us better understand cancer. Changing perspective from
understanding cancer as a host self-cell aberration disease to
viewing the host as an environment where microorganisms
manipulate cell genetics and functions for their own advantage is
of paramount importance. The significance of our discoveries in the
framework of our theories cannot be overstated, if we are to
effectively treat, and one day prevent, cancer.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Author contributions

SB: Conceptualization, Formal analysis, Methodology, Project
administration, Supervision, Visualization, Writing — original draft,
Writing - review & editing, Investigation. JB: Formal analysis,
Writing - original draft, Writing - review & editing,
Methodology, Investigation.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments
We would like to thank the Reviewers for their time and effort

in reviewing our manuscript. We sincerely appreciate their
valuable suggestions.

Conflict of interest

Authors SB and JB are cofounders of William Edwards LLC.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

References

1. Milestones in cancer research and discovery - NCI. Available online at: https://
www.cancer.gov/research/progress/250-years-milestones.

2. McIntosh SA, Alam F, Adams L, Boon IS, Callaghan J, Conti I, et al. Global
funding for cancer research between 2016 and 2020: a content analysis of public and
philanthropic Kinvestments. Lancet Oncol. (2023) 24:636-45. doi: 10.1016/S1470-2045
(23)00182-1

3. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/
caac.21660

4. Valles-Colomer M, Blanco-Miguez A, Manghi P, Asnicar F, Dubois L, Golzato D,
et al. The person-to-person transmission landscape of the gut and oral microbiomes.
Nature. (2023) 614:7946. doi: 10.1038/s41586-022-05620-1

5. Chen Y, Wu FH, Wu PQ, Xing HY, Ma T. The role of the tumor microbiome in
tumor development and its treatment. Front Immunol. (2022) 13. doi: 10.3389/
fimmu.2022.935846

6. Samkari AA, Alsulami M, Bataweel L, Altaifi R, Altaifi A, Saleem AM, et al. Body
microbiota and its relationship with benign and malignant breast tumors: A systematic
review. . Cureus. (2022) 14:e25473. doi: 10.7759/cureus.25473

7. Slominski RM, Sarna T, Plonka PM, Raman C, Slominski AT. Melanoma,
melanin, and melanogenesis: the yin and yang relationship. Front Oncol. (2022) 12.
doi: 10.3389/fonc.2022.842496

8. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in cancer.
Nat Rev Drug Discovery. (2018) 17:887-904. doi: 10.1038/nrd.2018.169

9. Huang Y, Rajappa P, Hu W, Hoffman C, Cisse B, Kim JH, et al. A proangiogenic
signaling axis in myeloid cells promotes malignant progression of glioma. J Clin Invest.
(2017) 127:1826-38. doi: 10.1172/JCI86443

10. Guo J, Feng H, Gu X. Association between benign ovarian tumors and ovarian
cancer risk: A meta-analysis of ten epidemiological studies. Front Oncol. (2022) 12.
doi: 10.3389/fonc.2022.895618

11. Jordan S, Green A, Whiteman D, Webb P. Risk factors for benign, borderline
and invasive mucinous ovarian tumors: Epidemiological evidence of a neoplastic
continuum? Gynecol Oncol. (2007) 107:223-30. doi: 10.1016/j.ygyno.2007.06.006

12. La Vecchia C, Parazzini F, Franceschi S, Decarli A. Risk factors for benign breast
disease and their relation with breast cancer risk. Pooled information from
epidemiologic studies. Turmori. (1985) 71:167-78. doi: 10.1177/030089168507100213

13. Johansson A, Christakou AE, Iftimi A, Eriksson M, Tapia J, Skoog L, et al.
Characterization of benign breast diseases and association with age, hormonal factors,
and family history of breast cancer among women in Sweden. JAMA Netw Open. (2021)
4:€2114716. doi: 10.1001/jamanetworkopen.2021.14716

14. Khan R, Petersen FC, Shekhar S. Commensal bacteria: an emerging player in
defense against respiratory pathogens. Front Immunol. (2019) 10. doi: 10.3389/
fimmu.2019.01203

15. McCuaig B, Goto Y. Immunostimulating commensal bacteria and their potential
use as therapeutics. Int ] Mol Sci. (2023) 24:15644. doi: 10.3390/ijms242115644

16. Nieder R, Benbi DK, Reichl FX. Soil as a transmitter of human pathogens. In: Soil
components and human health. Springer Netherlands, Dordrecht (2018). p. 723-827.

17. Baugh EH, Ke H, Levine AJ, Bonneau RA, Chan CS. Why are there hotspot
mutations in the TP53 gene in human cancers? Cell Death Differ. (2018) 25:154-60.
doi: 10.1038/cdd.2017.180

18. Homo sapiens genome assembly T2T-CHM13v2.0 - NCBI - NLM. Available
online at: https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_009914755.1/.

19. Sze JH, Brownlie JC, Love CA. Biotechnological production of hyaluronic acid: a
mini review. 3 Biotech. (2016) 6:67. doi: 10.1007/s13205-016-0379-9

20. Berg SZ, Berg J. Melanin: a unifying theory of disease as exemplified by
Parkinson’s, Alzheimer’s, and Lewy body dementia. Front Immunol. (2023) 14:14.
doi: 10.3389/fimmu.2023.1228530

21. Lee EJ, Kim JY, Ahn Y, Lee B, Heo Y, Hwang S, et al. Critical role of ATP-P2X7
axis in UV-induced melanogenesis. J Invest Dermatol. (2019) 139:1554-63.
doi: 10.1016/.jid.2019.02.031

22. Schmitt M, Ceteci F, Gupta J, Pesic M, Béttger TW, Nicolas AM, et al. Colon
tumour cell death causes mTOR dependence by paracrine P2X4 stimulation. Nature.
(2022) 612:347-53. doi: 10.1038/s41586-022-05426-1

23. Koch L. Tumour evolution: from linear paths to branched trees. Nat Res. (2021).
https://www.nature.com/articles/d42859-020-00079-4 (Accessed June 22, 2024).

24. Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E, et al.
Intratumor heterogeneity and branched evolution revealed by multiregion sequencing.
New Engl ] Med. (2012) 366:883-92. doi: 10.1056/NEJMoal113205

25. Soto AM, Sonnenschein C. The somatic mutation theory of cancer: growing
problems with the paradigm? BioEssays. (2004) 26:1097-107. doi: 10.1002/bies.v26:10

26. Greaves M, Maley CC. Clonal evolution in cancer. Nature. (2012) 481:306-13.
doi: 10.1038/nature10762

Frontiers in Immunology

10.3389/fimmu.2024.1493978

27. Vaux DL. In defense of the somatic mutation theory of cancer. BioEssays. (2011)
33:341-3. doi: 10.1002/bies.201100022

28. Darwin C. The origin of species. Cambridge, England: Cambridge University
Press (2009).

29. Ahmad AS, Ormiston-Smith N, Sasieni PD. Trends in the lifetime risk of
developing cancer in Great Britain: comparison of risk for those born from 1930 to
1960. Br J Cancer. (2015) 112:943-7. doi: 10.1038/bjc.2014.606

30. Cancer statistics review, 1975-2017 - SEER statistics. Available online at: https://
seer.cancer.gov/archive/csr/1975_2017/index.html.

31. Khokhar A, Sharma P. Role of environmental factors in increased cancer
incidences and health impacts. In: Biotechnological innovations for environmental
bioremediation. Springer Nature Singapore, Singapore (2022). p. 671-723.

32. Nussinov R, Tsai CJ, Jang H. A new view of activating mutations in cancer.
Cancer Res. (2022) 82:4114-23. doi: 10.1158/0008-5472.CAN-22-2125

33. Pal S, Firdous SM. Unraveling the role of heavy metals xenobiotics in cancer: a
critical review. Discover Oncol. (2024) 15:615. doi: 10.1007/s12672-024-01417-y

34. Kiri S, Ryba T. Cancer, metastasis, and the epigenome. Mol Cancer. (2024)
23:154. doi: 10.1186/s12943-024-02069-w

35. Yangyanqiu W, Shuwen H. Bacterial DNA involvement in carcinogenesis. Front
Cell Infect Microbiol. (2022) 12. doi: 10.3389/fcimb.2022.996778

36. Riley DR, Sieber KB, Robinson KM, White JR, Ganesan A, Nourbakhsh S, et al.
Bacteria-human somatic cell lateral gene transfer is enriched in cancer samples. PloS
Comput Biol. (2013) 9:¢1003107. doi: 10.1371/journal.pcbi.1003107

37. Rous P. A sarcoma of the fowl transmissible by an agent separable from the
tumor cells. J Exp Med. (1911) 13:397-411. doi: 10.1084/jem.13.4.397

38. Epstein MA, Achong BG, Barr YM. Virus particles in cultured lymphoblasts from
burkitt’s lymphoma. Lancet. (1964) 283:702-3. doi: 10.1016/S0140-6736(64)91524-7

39. Marshall B, Warren JR. Unidentified curved bacilli in the stomach of patients
with gastritis and peptic ulceration. Lancet. (1984) 323:1311-5. doi: 10.1016/S0140-
6736(84)91816-6

40. Marshall BJ, Armstrong JA, McGechie DB, Clancy R]. Attempt to fulfil Koch’s
postulates for pyloric Campylobacter. Med ] Australia. (1985) 142:436-9. doi: 10.5694/
j.1326-5377.1985.tb113443 x

41. Khuntikeo N, Titapun A, Loilome W, Yongvanit P, Thinkhamrop B, Chamadol N,
et al. Current perspectives on opisthorchiasis control and cholangiocarcinoma detection in
southeast asia. Front Med (Lausanne). (2018) 5. doi: 10.3389/fmed.2018.00117

42. Galloway-Pena J, Iliev ID, McAllister F. Fungi in cancer. Nat Rev Cancer. (2024)
24:295-8. doi: 10.1038/541568-024-00665-y

43. Azevedo MM, Pina-Vaz C, Baltazar F. Microbes and cancer: friends or faux? Int |
Mol Sci. (2020) 21:3115. doi: 10.3390/ijms21093115

44. Newton GL, Buchmeier N, Fahey RC. Biosynthesis and functions of mycothiol,
the unique protective thiol of actinobacteria. Microbiol Mol Biol Rev. (2008) 72:471-94.
doi: 10.1128/MMBR.00008-08

45. Tahara T, Yamamoto E, Suzuki H, Maruyama R, Chung W, Garriga J, et al.
Fusobacterium in colonic flora and molecular features of colorectal carcinoma. Cancer
Res. (2014) 74:1311-8. doi: 10.1158/0008-5472.CAN-13-1865

46. Nejman D, Livyatan I, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The human
tumor microbiome is composed of tumor type-specific intracellular bacteria. Sci
(1979). (2020) 368:973-80. doi: 10.1126/science.aay9189

47. Dohlman AB, Klug J, Mesko M, Lipkin SM, Shenl X, Iliev ID. A pan-cancer
mycobiome analysis reveals fungal involvement in gastrointestinal and lung tumors.
(2022) 185:3807-22.e12. doi: 10.1016/j.cell.2022.09.015

48. Ramirez-Garcia A, Gallot N, Abad A, Mendoza L, Rementeria A, Hernando FL.
Molecular fractionation and characterization of a Candida albicans fraction that
increases tumor cell adhesion to hepatic endothelium. Appl Microbiol Biotechnol.
(2011) 92:133-45. doi: 10.1007/s00253-011-3540-8

49. Ramirez-Garcia A, Arteta B, Abad-Diaz-de-Cerio A, Pellon A, Antoran A,
Marquez J, et al. Candida albicans increases tumor cell adhesion to endothelial cells
in vitro: intraspecific differences and importance of the mannose receptor. PloS One.
(2013) 8:¢53584. doi: 10.1371/journal.pone.0053584

50. Narunsky-Haziza L, Sepich-Poore GD, Livyatan I, Asraf O, Martino C, Nejman
D, et al. Pan-cancer analyses reveal cancer-type-specific fungal ecologies and
bacteriome interactions. Cell. (2022) 185:3789-806. doi: 10.1016/j.cell.2022.09.005

51. Peleg AY, Hogan DA, Mylonakis E. Medically important bacterial-fungal
interactions. Nat Rev Microbiol. (2010) 8:340-9. https://www.nature.com/articles/
nrmicro2313.

52. Gorzelak MA, Asay AK, Pickles BJ, Simard SW. Inter-plant communication
through mycorrhizal networks mediates complex adaptive behaviour in plant
communities. AoB Plants. (2015) 7:plv050. doi: 10.1093/aobpla/plv050

53. Llado S, Lopez-Mondéjar R, Baldrian P. Forest soil bacteria: diversity,
involvement in ecosystem processes, and response to global change. Microbiol Mol
Biol Rev. (2017) 81. doi: 10.1128/MMBR.00063-16

frontiersin.org


https://www.cancer.gov/research/progress/250-years-milestones
https://www.cancer.gov/research/progress/250-years-milestones
https://doi.org/10.1016/S1470-2045(23)00182-1
https://doi.org/10.1016/S1470-2045(23)00182-1
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/s41586-022-05620-1
https://doi.org/10.3389/fimmu.2022.935846
https://doi.org/10.3389/fimmu.2022.935846
https://doi.org/10.7759/cureus.25473
https://doi.org/10.3389/fonc.2022.842496
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1172/JCI86443
https://doi.org/10.3389/fonc.2022.895618
https://doi.org/10.1016/j.ygyno.2007.06.006
https://doi.org/10.1177/030089168507100213
https://doi.org/10.1001/jamanetworkopen.2021.14716
https://doi.org/10.3389/fimmu.2019.01203
https://doi.org/10.3389/fimmu.2019.01203
https://doi.org/10.3390/ijms242115644
https://doi.org/10.1038/cdd.2017.180
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_009914755.1/
https://doi.org/10.1007/s13205-016-0379-9
https://doi.org/10.3389/fimmu.2023.1228530
https://doi.org/10.1016/j.jid.2019.02.031
https://doi.org/10.1038/s41586-022-05426-1
https://www.nature.com/articles/d42859-020-00079-4
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1002/bies.v26:10
https://doi.org/10.1038/nature10762
https://doi.org/10.1002/bies.201100022
https://doi.org/10.1038/bjc.2014.606
https://seer.cancer.gov/archive/csr/1975_2017/index.html
https://seer.cancer.gov/archive/csr/1975_2017/index.html
https://doi.org/10.1158/0008-5472.CAN-22-2125
https://doi.org/10.1007/s12672-024-01417-y
https://doi.org/10.1186/s12943-024-02069-w
https://doi.org/10.3389/fcimb.2022.996778
https://doi.org/10.1371/journal.pcbi.1003107
https://doi.org/10.1084/jem.13.4.397
https://doi.org/10.1016/S0140-6736(64)91524-7
https://doi.org/10.1016/S0140-6736(84)91816-6
https://doi.org/10.1016/S0140-6736(84)91816-6
https://doi.org/10.5694/j.1326-5377.1985.tb113443.x
https://doi.org/10.5694/j.1326-5377.1985.tb113443.x
https://doi.org/10.3389/fmed.2018.00117
https://doi.org/10.1038/s41568-024-00665-y
https://doi.org/10.3390/ijms21093115
https://doi.org/10.1128/MMBR.00008-08
https://doi.org/10.1158/0008-5472.CAN-13-1865
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1016/j.cell.2022.09.015
https://doi.org/10.1007/s00253-011-3540-8
https://doi.org/10.1371/journal.pone.0053584
https://doi.org/10.1016/j.cell.2022.09.005
https://www.nature.com/articles/nrmicro2313
https://www.nature.com/articles/nrmicro2313
https://doi.org/10.1093/aobpla/plv050
https://doi.org/10.1128/MMBR.00063-16
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

54. Molefe RR, Amoo AE, Babalola OO. Communication between plant roots and
the soil microbiome; involvement in plant growth and development. Symbiosis. (2023)
90:231-9. doi: 10.1007/s13199-023-00941-9

55. LiuJ, Martinez-Corral R, Prindle A, Lee D yeon D, Larkin J, Gabalda-Sagarra M,
et al. Coupling between distant biofilms and emergence of nutrient time-sharing. Sci
(1979). (2017) 356:638-42. doi: 10.1126/science.aah4204

56. Tao S, Veen GF, Zhang N, Yu T, Qu L. Tree and shrub richness modifies
subtropical tree productivity by regulating the diversity and community composition of
soil bacteria and archaea. Microbiome. (2023) 11:1-16. doi: 10.1186/s40168-023-01676-x

57. Corinne V, Bastien C, Emmanuelle J, Heidy S. Trees and insects have
microbiomes: consequences for forest health and management. Curr Forestry Rep.
(2021) 7:81-96. doi: 10.1007/s40725-021-00136-9

58. Turner TR, James EK, Poole PS. The plant microbiome. Genome Biol. (2013)
14:1-10. doi: 10.1186/gb72013714767209

59. Baldrian P. Forest microbiome: diversity, complexity and dynamics. FEMS
Microbiol Rev. (2017) 41:109-30. doi: 10.1093/femsre/fuw040

60. Pirttila AM, Laukkanen H, Pospiech H, Myllyld R, Hohtola A. Detection of
intracellular bacteria in the buds of scotch pine (Pinus sylvestris L.) by In situ
hybridization. Appl Environ Microbiol. (2000) 66:3073-7. doi: 10.1128/AEM.66.7.3073-
3077.2000

61. Ullrich CI, Aloni R, Saeed MEM, Ullrich W, Efferth T. Comparison between
tumors in plants and human beings: Mechanisms of tumor development and therapy
with secondary plant metabolites. Phytomedicine. (2019) 64:153081. doi: 10.1016/
j.phymed.2019.153081

62. Bashir O, Ali T, Baba ZA, Rather GH, Bangroo SA, Mukhtar SD, et al. Soil
organic matter and its impact on soil properties and nutrient status. In: Microbiota and
biofertilizers. Springer International Publishing, Cham (2021). p. 129-59.

63. Tao F, Huang Y, Hungate BA, Manzoni S, Frey SD, Schmidt MWI, et al.
Microbial carbon use efficiency promotes global soil carbon storage. Nature. (2023)
618:981-5. doi: 10.1038/541586-023-06042-3

64. Scholte LLS, Pascoal-Xavier MA, Nahum LA. Helminths and cancers from the
evolutionary perspective. Front Med (Lausanne). (2018) 5. doi: 10.1038/s41586-023-
06042-3

65. Gouveia MJ, Brindley PJ, Rinaldi G, Gértner F, da Costa JMC, Vale N. Infection
with carcinogenic helminth parasites and its production of metabolites induces the
formation of DNA-adducts. Infect Agent Cancer. (2019) 14:41. doi: 10.1186/s13027-
019-0257-2

66. van Tong H, Brindley PJ, Meyer CG, Velavan TP. Parasite infection,
carcinogenesis and human Malignancy. EBioMedicine. (2017) 15:12-23. http://www.
thelancet.com/article/S2352396416305515/fulltext.

67. Mathlouthi NEH, Belguith I, Yengui M, Oumarou Hama H, Lagier JC, Ammar
Keskes L, et al. The archaecome’s role in colorectal cancer: unveiling the DPANN group
and investigating archaeal functional signatures. Microorganisms. (2023) 11:2742.
https://www.mdpi.com/2076-2607/11/11/2742/htm.

68. Perona-Wright G, McSorley HJ. Lessons from helminths: what worms have
taught us about mucosal immunology. Mucosal Immunol. (2022) 15:1049-51. Available
at: https://www.nature.com/articles/s41385-022-00560-5.

69. Zanditenas E, Ankri S. Unraveling the interplay between unicellular parasites
and bacterial biofilms: Implications for disease persistence and antibiotic resistance.
Virulence. (2024) 15. doi: 10.1080/21505594.2023.2289775

70. Mosaddad SA, Tahmasebi E, Yazdanian A, Rezvani MB, Seifalian A, Yazdanian
M, et al. Oral microbial biofilms: an update. Eur J Clin Microbiol Infect Dis. (2019)
38:2005-19. doi: 10.1007/s10096-019-03641-9

71. Aggarwal N, Kitano S, Puah GRY, Kittelmann S, Hwang IY, Chang MW.
Microbiome and human health: current understanding, engineering, and enabling
technologies. Chem Rev. (2023) 123:31-72. doi: 10.1021/acs.chemrev.2c00431

72. Berlanga M, Guerrero R. Living together in biofilms: the microbial cell factory
and its biotechnological implications. Microb Cell Fact. (2016) 15:165. doi: 10.1186/
512934-016-0569-5

73. Funari R, Shen AQ. Detection and characterization of bacterial biofilms and
biofilm-based sensors. ACS Sens. (2022) 7:347-57. doi: 10.1021/acssensors.1c02722

74. Vu B, Chen M, Crawford R], Ivanova EP. Bacterial extracellular polysaccharides
involved in biofilm formation. Molecules. (2009) 14:2535-54. doi: 10.3390/
molecules14072535

75. Momeny M, Suresh Babu V, Majumder A, Bandzerewicz A, Gadomska-
Gajadhur A. Into the tissues: extracellular matrix and its artificial substitutes: cell
signalling mechanisms. Cells. (2022) 11:914. https://www.mdpi.com/2073-4409/11/5/
914/htm.

76. Henke E, Nandigama R, Ergiin S. Extracellular matrix in the tumor
microenvironment and its impact on cancer therapy. Front Mol Biosci. (2020) 6.
doi: 10.3389/fmolb.2019.00160

77. Cox TR. The matrix in cancer. Nat Rev Cancer. (2021) 21:217-38. doi: 10.1038/
541568-020-00329-7

78. Rigoglio NN, Rabelo ACS, Borghesi J, de Sa Schiavo Matias G, Fratini P, Prazeres
PHDM, et al. The tumor microenvironment: focus on extracellular matrix. In. (2020)
1245:1-38. doi: 10.1007/978-3-030-40146-7_1

Frontiers in Immunology

10.3389/fimmu.2024.1493978

79. Mirzaei R, Sabokroo N, Ahmadyousefi Y, Motamedi H, Karampoor S.
Immunometabolism in biofilm infection: lessons from cancer. Mol Med. (2022)
28:10. doi: 10.1186/s10020-022-00435-2

80. Longo DL, Bartoli A, Consolino L, Bardini P, Arena F, Schwaiger M, et al. In vivo
imaging of tumor metabolism and acidosis by combining PET and MRI-CEST pH
imaging. Cancer Res. (2016) 76:6463-70. doi: 10.1158/0008-5472.CAN-16-0825

81. D’Mello S, Finlay G, Baguley B, Askarian-Amiri M. Signaling pathways in
melanogenesis. Int ] Mol Sci. (2016) 17:1144. doi: 10.3390/ijms17071144

82. Tian X, Azpurua J, Hine C, Vaidya A, Myakishev-Rempel M, Ablaeva J, et al.
High-molecular-mass hyaluronan mediates the cancer resistance of the naked mole rat.
Nature. (2013) 499:346-9. doi: 10.1038/naturel2234

83. Zamboni F, Wong CK, Collins MN. Hyaluronic acid association with bacterial,
fungal and viral infections: Can hyaluronic acid be used as an antimicrobial polymer for
biomedical and pharmaceutical applications? Bioact Mater. (2023) 19:458-73.
doi: 10.1016/j.bioactmat.2022.04.023

84. Shikina EV, Kovalevsky RA, Shirkovskaya AI, Toukach P. Prospective bacterial
and fungal sources of hyaluronic acid: A review. Comput Struct Biotechnol ]. (2022)
20:6214-36. doi: 10.1016/j.csbj.2022.11.013

85. Serra M, Casas A, Toubarro D, Barros AN, Teixeira JA. Microbial hyaluronic
acid production: A review. Molecules. (2023) 28. doi: 10.3390/molecules28052084

86. Von Borowski RG, Trentin DS. Biofilms and coronavirus reservoirs: a
perspective review. Appl Environ Microbiol. (2021) 87. doi: 10.1128/ AEM.00859-21

87. Preda VG, Sandulescu O. Communication is the key: biofilms, quorum sensing,
formation and prevention. Discoveries. (2019) 7:e10. doi: 10.15190/d.2019.13

88. Wang G, Zhao G, Chao X, Xie L, Wang H. The characteristic of virulence,
biofilm and antibiotic resistance of klebsiella pneumoniae. Int J Environ Res Public
Health. (2020) 17:6278. doi: 10.3390/ijerph17176278

89. Stoodley P, Sauer K, Davies DG, Costerton JW. Biofilms as complex
differentiated communities. Annu Rev Microbiol. (2002) 56:187-209. doi: 10.1146/
annurev.micro.56.012302.160705

90. Flemming HC, Wingender ], Szewzyk U, Steinberg P, Rice SA, Kjelleberg S.
Biofilms: an emergent form of bacterial life. Nat Rev Microbiol. (2016) 14:563-75.
doi: 10.1038/nrmicro.2016.94

91. Parsek MR, Greenberg EP. Sociomicrobiology: the connections between quorum
sensing and biofilms. Trends Microbiol. (2005) 13:27-33. doi: 10.1016/j.tim.2004.11.007

92. Lee D yeon D, Prindle A, Liu J, Siiel GM. SnapShot: electrochemical
communication in biofilms. Cell. (2017) 170:214-214.e1. doi: 10.1016/j.cell.2017.06.026

93. Humphries J, Xiong L, Liu J, Prindle A, Yuan F, Arjes HA, et al. Species-
independent attraction to biofilms through electrical signaling. Cell. (2017) 168:200-9.
doi: 10.1016/j.cell.2016.12.014

94. Martinez-Corral R, Liu ], Prindle A, Siiel GM, Garcia-Ojalvo J. Metabolic basis of
brain-like electrical signalling in bacterial communities. Philos Trans R Soc B: Biol Sci.
(2019) 374:20180382. doi: 10.1098/rstb.2018.0382

95. Prindle A, Liu J, Asally M, Ly S, Garcia-Ojalvo J, Sitel GM. Ion channels enable
electrical communication in bacterial communities. Nature. (2015) 527:59-63.
doi: 10.1038/nature15709

96. LiuJ, Prindle A, Humphries ], Gabalda-Sagarra M, Asally M, Lee D yeon D, et al.
Metabolic co-dependence gives rise to collective oscillations within biofilms. Nature.
(2015) 523:550-4. doi: 10.1038/nature14660

97. Quicke P, Sun Y, Arias-Garcia M, Beykou M, Acker CD, Djamgoz MBA, et al.
Voltage imaging reveals the dynamic electrical signatures of human breast cancer cells.
Commun Biol. (2022) 5:1178. doi: 10.1038/s42003-022-04077-2

98. Jafari M, Hasanzadeh M. Cell-specific frequency as a new hallmark to early
detection of cancer and efficient therapy: Recording of cancer voice as a new horizon.
BioMed Pharmacother. (2020) 122:109770. doi: 10.1016/j.biopha.2019.109770

99. Liu H, Maruyama H, Masuda T, Honda A, Arai F. The influence of virus
infection on the extracellular pH of the host cell detected on cell membrane. Front
Microbiol. (2016) 7. doi: 10.3389/fmicb.2016.01127

100. Wang C, Xu R, Tian W, Jiang X, Cui Z, Wang M, et al. Determining
intracellular temperature at single-cell level by a novel thermocouple method. Cell
Res. (2011) 21:1517-9. doi: 10.1038/cr.2011.117

101. Safavieh M, Khetani S, Juillard F, Kaul V, Kanakasabapathy MK, Kaye KM, et al.
Electrical response of a B lymphoma cell line latently infected with Kaposi’s sarcoma
herpesvirus. Biosens Bioelectron. (2016) 80:230-6. doi: 10.1016/j.bi0s.2016.01.060

102. Keerthi S, Nandkumar AM. Electrical cell-substrate impedance sensing (ECIS)
as a tool to study microbial-cell interactions. In Vitro Models. (2022) 1:323-31.
doi: 10.1007/s44164-022-00029-6

103. Sheth M, Esfandiari L. Bioelectric dysregulation in cancer initiation, promotion,
and progression. Front Oncol. (2022) 12:846917. doi: 10.3389/fonc.2022.846917
104. Huang J, Xue S, Buchmann P, Teixeira AP, Fussenegger M. An electrogenetic

interface to program mammalian gene expression by direct current. Nat Metab. (2023)
5:1395-407. doi: 10.1038/s42255-023-00850-7

105. van Gestel J, Vlamakis H, Kolter R. Division of labor in biofilms: the ecology of
cell differentiation. Microbiol Spectr. (2015) 3. doi: 10.1128/microbiolspec. MB-0002-
2014

frontiersin.org


https://doi.org/10.1007/s13199-023-00941-9
https://doi.org/10.1126/science.aah4204
https://doi.org/10.1186/s40168-023-01676-x
https://doi.org/10.1007/s40725-021-00136-9
https://doi.org/10.1186/gb-2013-14-6-209
https://doi.org/10.1093/femsre/fuw040
https://doi.org/10.1128/AEM.66.7.3073-3077.2000
https://doi.org/10.1128/AEM.66.7.3073-3077.2000
https://doi.org/10.1016/j.phymed.2019.153081
https://doi.org/10.1016/j.phymed.2019.153081
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1186/s13027-019-0257-2
https://doi.org/10.1186/s13027-019-0257-2
http://www.thelancet.com/article/S2352396416305515/fulltext
http://www.thelancet.com/article/S2352396416305515/fulltext
https://www.mdpi.com/2076-2607/11/11/2742/htm
https://www.nature.com/articles/s41385-022-00560-5
https://doi.org/10.1080/21505594.2023.2289775
https://doi.org/10.1007/s10096-019-03641-9
https://doi.org/10.1021/acs.chemrev.2c00431
https://doi.org/10.1186/s12934-016-0569-5
https://doi.org/10.1186/s12934-016-0569-5
https://doi.org/10.1021/acssensors.1c02722
https://doi.org/10.3390/molecules14072535
https://doi.org/10.3390/molecules14072535
https://www.mdpi.com/2073-4409/11/5/914/htm
https://www.mdpi.com/2073-4409/11/5/914/htm
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.1038/s41568-020-00329-7
https://doi.org/10.1038/s41568-020-00329-7
https://doi.org/10.1007/978-3-030-40146-7_1
https://doi.org/10.1186/s10020-022-00435-2
https://doi.org/10.1158/0008-5472.CAN-16-0825
https://doi.org/10.3390/ijms17071144
https://doi.org/10.1038/nature12234
https://doi.org/10.1016/j.bioactmat.2022.04.023
https://doi.org/10.1016/j.csbj.2022.11.013
https://doi.org/10.3390/molecules28052084
https://doi.org/10.1128/AEM.00859-21
https://doi.org/10.15190/d.2019.13
https://doi.org/10.3390/ijerph17176278
https://doi.org/10.1146/annurev.micro.56.012302.160705
https://doi.org/10.1146/annurev.micro.56.012302.160705
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1016/j.tim.2004.11.007
https://doi.org/10.1016/j.cell.2017.06.026
https://doi.org/10.1016/j.cell.2016.12.014
https://doi.org/10.1098/rstb.2018.0382
https://doi.org/10.1038/nature15709
https://doi.org/10.1038/nature14660
https://doi.org/10.1038/s42003-022-04077-2
https://doi.org/10.1016/j.biopha.2019.109770
https://doi.org/10.3389/fmicb.2016.01127
https://doi.org/10.1038/cr.2011.117
https://doi.org/10.1016/j.bios.2016.01.060
https://doi.org/10.1007/s44164-022-00029-6
https://doi.org/10.3389/fonc.2022.846917
https://doi.org/10.1038/s42255-023-00850-7
https://doi.org/10.1128/microbiolspec.MB-0002-2014
https://doi.org/10.1128/microbiolspec.MB-0002-2014
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

106. Eisenreich W, Rudel T, Heesemann J, Goebel W. How viral and intracellular
bacterial pathogens reprogram the metabolism of host cells to allow their intracellular
replication. Front Cell Infect Microbiol. (2019) 9. doi: 10.3389/fcimb.2019.00042

107. Chen X, Li Y, Xia H, Chen YH. Monocytes in tumorigenesis and tumor
immunotherapy. Cells. (2023) 12:1673. doi: 10.3390/cells12131673

108. Gao J, Liang Y, Wang L. Shaping polarization of tumor-associated macrophages
in cancer immunotherapy. Front Immunol. (2022) 13. doi: 10.3389/fimmu.2022.888713

109. Guo S, Song Z, Ji DK, Reina G, Fauny JD, Nishina Y, et al. Combined photothermal
and photodynamic therapy for cancer treatment using a multifunctional graphene oxide.
Pharmaceutics. (2022) 14:1365. doi: 10.3390/pharmaceutics14071365

110. Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages in
tumour progression: implications for new anticancer therapies. J Pathol. (2002)
196:254-65. doi: 10.1002/path.v196:3

111. Thiriot JD, Martinez-Martinez YB, Endsley JJ, Torres AG. Hacking the host:
exploitation of macrophage polarization by intracellular bacterial pathogens. Pathog
Dis. (2020) 78. doi: 10.1093/femspd/ftaa009

112. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer: from
tumor initiation to metastatic progression. Genes Dev. (2018) 32:1267-84. doi: 10.1101/
gad.314617.118

113. Savina A, Amigorena S. Phagocytosis and antigen presentation in dendritic
cells. Immunol Rev. (2007) 219:143-56. doi: 10.1111/j.1600-065X.2007.00552.x

114. Zhu Q, Zhang M, Shi M, Liu Y, Zhao Q, Wang W, et al. Human B cells have an
active phagocytic capability and undergo immune activation upon phagocytosis of
Mycobacterium tuberculosis. Immunobiology. (2016) 221:558-67. doi: 10.1016/
j.imbio.2015.12.003

115. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. B cells and antibodies
(2002). Available online at: https://www.ncbi.nlm.nih.gov/books/NBK26884/.

116. Katopodi T, Petanidis S, Charalampidis C, Chatziprodromidou I, Eskitzis P,
Tsavlis D, et al. Tumor-infiltrating dendritic cells: decisive roles in cancer
immunosurveillance, immunoediting, and tumor T cell tolerance. Cells. (2022)
11:3183. https://www.mdpi.com/2073-4409/11/20/3183/htm.

117. Tran Janco JM, Lamichhane P, Karyampudi L, Knutson KL. Tumor-infiltrating
dendritic cells in cancer pathogenesis. J Immunol. (2015) 194:2985-91. doi: 10.4049/
jimmunol.1403134

118. Martino C, Zaramela LS, Gao B, Embree M, Tarasova J, Parker SJ, et al. Acetate
reprograms gut microbiota during alcohol consumption. Nat Commun. (2022) 13:4630.
doi: 10.1038/s41467-022-31973-2

119. Brandwood A, Noble KR, Schindhelm K. Phagocytosis of carbon particles by
macrophages In vitro. Biomaterials. (1992) 13:646-8. doi: 10.1016/0142-9612(92)
90035-M

120. Wassermann HP. Lymphocytes and the transport of melanin. J Invest
Dermatol. (1963) 41:377-84. doi: 10.1038/jid.1963.129

121. Iakovlev E, Ghorab Z, Krema H, Takovlev V, Kertes P, Yucel Y. Differentiation
between melanin-laden macrophages and melanoma cells in vitreous aspirates. Acta
Cytol. (2016) 60:25-30. doi: 10.1159/000444208

122. Nosanchuk JD, Casadevall A. Impact of melanin on microbial virulence and
clinical resistance to antimicrobial compounds. Antimicrob Agents Chemother. (2006)
50:3519-28. doi: 10.1128/AAC.00545-06

123. Lee SH, Park SA, Zou Y, Seo SU, Jun CD, Lee W], et al. Real-time monitoring of
cancer cells in live mouse bone marrow. Front Immunol. (2018) 9. doi: 10.3389/
fimmu.2018.01681

124. Kim KS. Mechanisms of microbial traversal of the blood-brain barrier. Nat Rev
Microbiol. (2008) 6:625-34. doi: 10.1038/nrmicro1952

125. Roh-Johnson M, Shah AN, Stonick JA, Poudel KR, Kargl J, Yang GH, et al.
Macrophage-Dependent Cytoplasmic Transfer during Melanoma Invasion In Vivo.
Dev Cell. (2017) 43:549-562.e6. http://www.cell.com/article/S1534580717309073/
fulltext.

126. Yang M, Chen J, Su F, Yu B, Su F, Lin L, et al. Microvesicles secreted by
macrophages shuttle invasion-potentiating microRNAs into breast cancer cells. Mol
Cancer. (2011) 10:1-13. doi: 10.1186/1476-4598-10-117

127. Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. (2009) 19:92-105. doi: 10.1101/
gr.082701.108

128. Cox JE, Sullivan CS. Balance and stealth: the role of noncoding RNAs in the
regulation of virus gene expression. Annu Rev Virol. (2014) 1:89-109. doi: 10.1146/
annurev-virology-031413-085439

129. Withers JB, Mondol V, Pawlica P, Rosa-Mercado NA, Tycowski KT, Ghasempur S,
et al. Idiosyncrasies of viral noncoding RNAs provide insights into host cell biology. Annu
Rev Virol. (2019) 6:297-317. doi: 10.1146/annurev-virology-092818-015811

130. Chandan K, Gupta M, Sarwat M. Role of host and pathogen-derived
microRNAs in immune regulation during infectious and inflammatory diseases.
Front Immunol. (2020) 10. doi: 10.3389/fimmu.2019.03081

131. Ojha CR, Rodriguez M, Dever SM, Mukhopadhyay R, El-Hage N. Mammalian
microRNA: an important modulator of host-pathogen interactions in human viral
infections. J BioMed Sci. (2016) 23:74. doi: 10.1186/s12929-016-0292-x

132. Jain RK, Duda DG, Clark JW, Loeffler JS. Lessons from phase III clinical trials
on anti-VEGF therapy for cancer. Nat Clin Pract Oncol. (2006) 3:24-40. doi: 10.1038/
ncponc0403

Frontiers in Immunology

10.3389/fimmu.2024.1493978

133. Folkman J. Role of angiogenesis in tumor growth and metastasis. Semin Oncol.
(2002) 29:as0nc02906q0015. doi: 10.1053/s0nc.2002.37263

134. Osherov N, Ben-Ami R. Modulation of host angiogenesis as a microbial
survival strategy and therapeutic target. PloS Pathog. (2016) 12:e1005479.
doi: 10.1371/journal.ppat.1005479

135. Lin Y, Xu J, Lan H. Tumor-associated macrophages in tumor metastasis:
biological roles and clinical therapeutic applications. /] Hematol Oncol. (2019) 12:76.
doi: 10.1186/s13045-019-0760-3

136. Wyckoft JB, Wang Y, Lin EY, Li J, Goswami S, Stanley ER, et al. Direct
visualization of macrophage-assisted tumor cell intravasation in mammary tumors.
Cancer Res. (2007) 67:2649-56. doi: 10.1158/0008-5472.CAN-06-1823

137. Qian B, Deng Y, Im JH, Muschel RJ, Zou Y, Li J, et al. A distinct macrophage
population mediates metastatic breast cancer cell extravasation, establishment and
growth. PloS One. (2009) 4:¢6562. doi: 10.1371/journal.pone.0006562

138. Zaanona MIA, Mantha S. Cancer-associated thrombosis. Treasure Island, Florida:
StatPearls (2023). Available at: https://www.ncbi.nlm.nih.gov/books/NBK562222/.

139. Cronin-Fenton DP, Sondergaard F, Pedersen LA, Fryzek JP, Cetin K,
Acquavella J, et al. Hospitalisation for venous thromboembolism in cancer patients
and the general population: a population-based cohort study in Denmark, 1997-2006.
Br J Cancer. (2010) 103:947-53. doi: 10.1038/sj.bjc.6605883

140. LiS,LuZ, WuS, Chu T, Li B, Qi F, et al. The dynamic role of platelets in cancer
progression and their therapeutic implications. Nat Rev Cancer. (2024) 24:72-87.
doi: 10.1038/s41568-023-00639-6

141. Heeke S, Mograbi B, Alix-Panabieres C, Hofman P. Never travel alone: the
crosstalk of circulating tumor cells and the blood microenvironment. Cells. (2019)
8:714. doi: 10.3390/cells8070714

142. Assinger A, Schrottmaier WC, Salzmann M, Rayes J. Platelets in sepsis: an
update on experimental models and clinical data. Front Immunol. (2019) 10.
doi: 10.3389/fimmu.2019.01687

143. O’Connor H, MacSharry J, Bueso YF, Lindsay S, Kavanagh EL, Tangney M,
et al. Resident bacteria in breast cancer tissue: pathogenic agents or harmless
commensals? Discovery Med. (2018) 26:93-102.

144. Budisan L, Zanoaga O, Braicu C, Pirlog R, Covaliu B, Esanu V, et al. Links
between infections, lung cancer, and the immune system. Int ] Mol Sci. (2021) 22:9394.
doi: 10.3390/ijms22179394

145. Palrasu M, Zaika E, El-Rifai W, Que J, Zaika Al Role of bacterial and viral
pathogens in gastric carcinogenesis. Cancers (Basel). (2021) 13:1878. doi: 10.3390/
cancers13081878

146. Tan DS, Agarwal R, Kaye SB. Mechanisms of transcoelomic metastasis in
ovarian cancer. Lancet Oncol. (2006) 7:925-34. doi: 10.1016/S1470-2045(06)
70939-1

147. Pathak S, Wilczynski JR, Paradowska E. Factors in oncogenesis: viral infections
in ovarian cancer. Cancers (Basel). (2020) 12. doi: 10.3390/cancers12030561

148. Banerjee S, Tian T, Wei Z, Shih N, Feldman MD, Alwine JC, et al. The ovarian
cancer oncobiome. Oncotarget. (2017) 8:36225-45. doi: 10.18632/oncotarget.16717

149. Harmey JH, Bucana CD, Lu W, Byrne AM, McDonnell S, Lynch C, et al.
Lipopolysaccharide-induced metastatic growth is associated with increased
angiogenesis, vascular permeability and tumor cell invasion. Int J Cancer. (2002)
101:415-22. doi: 10.1002/ijc.10632

150. Sajib S, Zahra FT, Lionakis MS, German NA, Mikelis CM. Mechanisms of
angiogenesis in microbe-regulated inflammatory and neoplastic conditions.
Angiogenesis. (2018) 21:1-14. doi: 10.1007/s10456-017-9583-4

151. Hajdamowicz NH, Hull RC, Foster SJ, Condliffe AM. The impact of hypoxia on
the host-pathogen interaction between neutrophils and staphylococcus aureus. Int |
Mol Sci. (2019) 20:5561. doi: 10.3390/ijms20225561

152. Zhao Y, Adjei AA. Targeting angiogenesis in cancer therapy: moving beyond
vascular endothelial growth factor. Oncologist. (2015) 20:660-73. doi: 10.1634/
theoncologist.2014-0465

153. Yamakawa S, Hayashida K. Advances in surgical applications of growth factors
for wound healing. Burns Trauma. (2019) 7. doi: 10.1186/s41038-019-0148-1

154. Liu Y, Han Y, Zeng S, Shen H. In respond to commensal bacteria: 3T cells play
a pleiotropic role in tumor immunity. Cell Biosci. (2021) 11:48. doi: 10.1186/s13578-
021-00565-w

155. McDonald DM, Choyke PL. Imaging of angiogenesis: from microscope to
clinic. Nat Med. (2003) 9:713-25. doi: 10.1038/nm0603-713

156. Yue L, Xin ZZ, Xing CZ, Lin WY, Yuan L], Yong ZZ, et al. Common pathogenic
bacteria-induced reprogramming of the host proteinogenic amino acids metabolism.
Amino Acids. (2023) 55:1487-99. doi: 10.1007/500726-023-03334-w

157. Lam GY, Cemma M, Muise AM, Higgins DE, Brumell JH. Host and bacterial
factors that regulate LC3 recruitment to Listeria monocytogenes during the early stages
of macrophage infection. Autophagy. (2013) 9:985-95. doi: 10.4161/auto.24406

158. Izdebska M, Zielinska W, Grzanka D, Gagat M. The role of actin dynamics and
actin-binding proteins expression in epithelial-to-mesenchymal transition and its
association with cancer progression and evaluation of possible therapeutic targets.
BioMed Res Int. (2018) 2018:1-13. doi: 10.1155/2018/4578373

159. Stradal TEB, Schelhaas M. Actin dynamics in host-pathogen interaction. FEBS
Lett. (2018) 592:3658-69. doi: 10.1002/feb2.2018.592.issue-22

frontiersin.org


https://doi.org/10.3389/fcimb.2019.00042
https://doi.org/10.3390/cells12131673
https://doi.org/10.3389/fimmu.2022.888713
https://doi.org/10.3390/pharmaceutics14071365
https://doi.org/10.1002/path.v196:3
https://doi.org/10.1093/femspd/ftaa009
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1111/j.1600-065X.2007.00552.x
https://doi.org/10.1016/j.imbio.2015.12.003
https://doi.org/10.1016/j.imbio.2015.12.003
https://www.ncbi.nlm.nih.gov/books/NBK26884/
https://www.mdpi.com/2073-4409/11/20/3183/htm
https://doi.org/10.4049/jimmunol.1403134
https://doi.org/10.4049/jimmunol.1403134
https://doi.org/10.1038/s41467-022-31973-2
https://doi.org/10.1016/0142-9612(92)90035-M
https://doi.org/10.1016/0142-9612(92)90035-M
https://doi.org/10.1038/jid.1963.129
https://doi.org/10.1159/000444208
https://doi.org/10.1128/AAC.00545-06
https://doi.org/10.3389/fimmu.2018.01681
https://doi.org/10.3389/fimmu.2018.01681
https://doi.org/10.1038/nrmicro1952
http://www.cell.com/article/S1534580717309073/fulltext
http://www.cell.com/article/S1534580717309073/fulltext
https://doi.org/10.1186/1476-4598-10-117
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1146/annurev-virology-031413-085439
https://doi.org/10.1146/annurev-virology-031413-085439
https://doi.org/10.1146/annurev-virology-092818-015811
https://doi.org/10.3389/fimmu.2019.03081
https://doi.org/10.1186/s12929-016-0292-x
https://doi.org/10.1038/ncponc0403
https://doi.org/10.1038/ncponc0403
https://doi.org/10.1053/sonc.2002.37263
https://doi.org/10.1371/journal.ppat.1005479
https://doi.org/10.1186/s13045-019-0760-3
https://doi.org/10.1158/0008-5472.CAN-06-1823
https://doi.org/10.1371/journal.pone.0006562
https://www.ncbi.nlm.nih.gov/books/NBK562222/
https://doi.org/10.1038/sj.bjc.6605883
https://doi.org/10.1038/s41568-023-00639-6
https://doi.org/10.3390/cells8070714
https://doi.org/10.3389/fimmu.2019.01687
https://doi.org/10.3390/ijms22179394
https://doi.org/10.3390/cancers13081878
https://doi.org/10.3390/cancers13081878
https://doi.org/10.1016/S1470-2045(06)70939-1
https://doi.org/10.1016/S1470-2045(06)70939-1
https://doi.org/10.3390/cancers12030561
https://doi.org/10.18632/oncotarget.16717
https://doi.org/10.1002/ijc.10632
https://doi.org/10.1007/s10456-017-9583-4
https://doi.org/10.3390/ijms20225561
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1186/s41038-019-0148-1
https://doi.org/10.1186/s13578-021-00565-w
https://doi.org/10.1186/s13578-021-00565-w
https://doi.org/10.1038/nm0603-713
https://doi.org/10.1007/s00726-023-03334-w
https://doi.org/10.4161/auto.24406
https://doi.org/10.1155/2018/4578373
https://doi.org/10.1002/feb2.2018.592.issue-22
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

160. Cabral N, de Figueiredo V, Gandini M, de Souza CF, Medeiros RA, Lery LMS,
et al. Modulation of the response to mycobacterium leprae and pathogenesis of leprosy.
Front Microbiol. (2022) 13. doi: 10.3389/fmicb.2022.918009

161. Hess S, Rambukkana A. Cell biology of intracellular adaptation of
mycobacterium leprae in the peripheral nervous system. Microbiol Spectr. (2019) 7.
doi: 10.1128/microbiolspec.BAI-0020-2019

162. Yang D, Shui T, Miranda JW, Gilson DJ, Song Z, Chen J, et al. Mycobacterium
leprae-infected macrophages preferentially primed regulatory T cell responses and was
associated with lepromatous leprosy. PloS Negl Trop Dis. (2016) 10:¢0004335.
doi: 10.1371/journal.pntd.0004335

163. Caner A. Immune escape mechanism of cancer. Curr Mol Biol Rep. (2023)
10:9-19. doi: 10.1007/s40610-023-00157-2

164. You M, Xie Z, Zhang N, Zhang Y, Xiao D, Liu S, et al. Signaling pathways in
cancer metabolism: mechanisms and therapeutic targets. Signal Transduct Target Ther.
(2023) 8:196. doi: 10.1038/s41392-023-01442-3

165. Andor N, Maley CC, Ji HP. Genomic instability in cancer: teetering on the limit
of tolerance. Cancer Res. (2017) 77:2179-85. doi: 10.1158/0008-5472.CAN-16-1553

166. Turizo-Smith AD, Cordoba-Hernandez S, Mejia-Guarnizo LV, Monroy-
Camacho PS, Rodriguez-Garcia JA. Inflammation and cancer: friend or foe? Front
Pharmacol. (2024) 15. doi: 10.3389/fphar.2024.1385479

167. Ciernikova S, Sevcikova A, Stevurkova V, Mego M. Tumor microbiome - an
integral part of the tumor microenvironment. Front Oncol. (2022) 12. doi: 10.3389/
fonc.2022.1063100

168. Coussens LM, Werb Z. Inflammation and cancer. Nature. (2002) 420:860-7.
doi: 10.1038/nature01322

169. Linnerz T, Hall CJ. The diverse roles of phagocytes during bacterial and fungal
infections and sterile inflammation: lessons from zebrafish. Front Immunol. (2020) 11.
doi: 10.3389/fimmu.2020.01094

170. Hortova-Kohoutkova M, Tidu F, De Zuani M, Sramek V, Helan M, Fri¢ J.
Phagocytosis-inflammation crosstalk in sepsis: new avenues for therapeutic
intervention. Shock. (2020) 54:606-14. doi: 10.1097/SHK.0000000000001541

171. de Visser KE, Korets LV, Coussens LM. De novo carcinogenesis promoted by
chronic inflammation is B lymphocyte dependent. Cancer Cell. (2005) 7:411-23.
doi: 10.1016/j.ccr.2005.04.014

172. Bourdonnay E, Henry T. Intracellular Bacteria: Catch me if you can. Elife.
(2016) 5. doi: 10.7554/eLife.14721

173. Martinez-Riafio A, Bovolenta ER, Mendoza P, Oeste CL, Martin-Bermejo MJ,
Bovolenta P, et al. Antigen phagocytosis by B cells is required for a potent humoral
response. EMBO Rep. (2018) 19. doi: 10.15252/embr.201846016

174. Gatenby RA, Gillies R]. Why do cancers have high aerobic glycolysis? Nat Rev
Cancer. (2004) 4:891-9. doi: 10.1038/nrc1478

175. Nin DS, Idres SB, Deng LW. Cysteine metabolism in cancer progression and
therapy resistance. In: Oxidative stress. Springer Singapore, Singapore (2021). p. 155-
9L

176. Mughini-Gras L, Schaapveld M, Kramers J, Mooij S, Neefjes-Borst EA, van PW,
et al. Increased colon cancer risk after severe Salmonella infection. PloS One. (2018) 13:
€0189721. doi: 10.1371/journal.pone.0189721

177. Yarchoan R, Uldrick TS. HIV-associated cancers and related diseases. New Engl
] Med. (2018) 378:1029-41. doi: 10.1056/NEJMral615896

178. Farrell PJ. Epstein-barr virus and cancer. Annu Rev Pathology: Mech Disease.
(2019) 14:29-53. doi: 10.1146/annurev-pathmechdis-012418-013023

179. Zhang B, Izadjoo M, Horkayne-Szakaly I, Morrison A, Wear D]J.
Medulloblastoma and brucellosis - molecular evidence of brucella sp in association
with central nervous system cancer. J Cancer. (2011) 2:136-41. doi: 10.7150/jca.2.136

180. Zhou S, Sakamoto K. Pyruvic acid/ethyl pyruvate inhibits melanogenesis in
B16F10 melanoma cells through PI3K/AKT, GSK3B, and ROS-ERK signaling
pathways. Genes to Cells. (2019) 24:60-9. doi: 10.1111/gtc.2019.24.issue-1

181. Xiao Z, Dai Z, Locasale JW. Metabolic landscape of the tumor
microenvironment at single cell resolution. Nat Commun. (2019) 10:3763.
doi: 10.1038/s41467-019-11738-0

182. Peng Y, Wang Y, Zhou C, Mei W, Zeng C. PI3K/akt/mTOR pathway and its
role in cancer therapeutics: are we making headway? Front Oncol. (2022) 12.
doi: 10.3389/fonc.2022.819128

183. Roy T, Boateng ST, Uddin MB, Banang-Mbeumi S, Yadav RK, Bock CR, et al.
The PI3K-akt-mTOR and associated signaling pathways as molecular drivers of
immune-mediated inflammatory skin diseases: update on therapeutic strategy using
natural and synthetic compounds. Cells. (2023) 12:1671. https://www.mdpi.com/2073-
4409/12/12/1671/htm.

184. Kawakami A, Fisher DE. The master role of microphthalmia-associated
transcription factor in melanocyte and melanoma biology. Lab Invest. (2017)
97:649-56. http://www.laboratoryinvestigation.org/article/S0023683722012338/
fulltext.

185. Lim HS, Jin S, Yun SJ. Modulation of Melanogenesis by Heme Oxygenase-1 via
p53 in Normal Human Melanocytes. Chonnam Med ]. (2016) 52:45. doi: 10.4068/
cmj.2016.52.1.45

186. Cui R, Widlund HR, Feige E, Lin JY, Wilensky DL, Igras VE, et al. Central role
of p53 in the suntan response and pathologic hyperpigmentation. Cell. (2007) 128:853—-
64. doi: 10.1016/j.cell.2006.12.045

Frontiers in Immunology

10.3389/fimmu.2024.1493978

187. Ghosh S, Salot S, Sengupta S, Navalkar A, Ghosh D, Jacob R, et al. p53 amyloid
formation leading to its loss of function: implications in cancer pathogenesis. Cell Death
Differentiation. (2017) 24:10. https://www.nature.com/articles/cdd2017105.

188. Wallis B, Bowman KR, Lu P, Lim CS. The Challenges and Prospects of p53-
Based Therapies in Ovarian Cancer. Biomolecules. (2023) 13:159. https://www.mdpi.
com/2218-273X/13/1/159/htm.

189. Ito S, Wakamatsu K, Ozeki H. Chemical analysis of melanins and its
application to the study of the regulation of melanogenesis. Pigment Cell Res. (2000)
13:103-9x. doi: 10.1034/j.1600-0749.13.58.19.x

190. Yasumoto K, Yokoyama K, Shibata K, Tomita Y, Shibahara S. Microphthalmia-
associated transcription factor as a regulator for melanocyte-specific transcription of
the human tyrosinase gene. Mol Cell Biol. (1994) 14:8058-70. doi: 10.1128/
mcb.14.12.8058-8070.1994

191. Lee A, Lim J, Lim JS. Emerging roles of MITF as a crucial regulator of
immunity. Exp Mol Med. (2024) 56:311-8. doi: 10.1038/5s12276-024-01175-5

192. Ozaki T, Nakagawara A. Role of p53 in cell death and human cancers. Cancers
(Basel). (2011) 3:994-1013. doi: 10.3390/cancers3010994

193. Shirai Y, Chow CCT, Kambe G, Suwa T, Kobayashi M, Takahashi I, et al. An
overview of the recent development of anticancer agents targeting the HIF-1
transcription factor. Cancers (Basel). (2021) 13:2813. doi: 10.3390/cancers13112813

194. Choi YK, Park KG. Targeting glutamine metabolism for cancer treatment.
Biomol Ther (Seoul). (2018) 26:19-28. doi: 10.4062/biomolther.2017.178

195. Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, et al. o-ketoglutarate
orchestrates macrophage activation through metabolic and epigenetic reprogramming.
Nat Immunol. (2017) 18:9. https://www.nature.com/articles/ni.3796.

196. Rascio F, Spadaccino F, Rocchetti MT, Castellano G, Stallone G, Netti GS, et al.
The pathogenic role of PI3K/AKT pathway in cancer onset and drug resistance: an
updated review. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13163949

197. Qannita RA, Alalami AI, Harb AA, Aleidi SM, Taneera ], Abu-Gharbieh E,
et al. Targeting hypoxia-inducible factor-1 (HIF-1) in cancer: emerging therapeutic
strategies and pathway regulation. Pharmaceuticals. (2024) 17:195. https://www.mdpi.
com/1424-8247/17/2/195/htm.

198. Felsher DW. MYC inactivation elicits oncogene addiction through both tumor
cell-intrinsic and host-dependent mechanisms. Genes Cancer. (2010) 1:597.
doi: 10.1177/1947601910377798

199. Villanueva-Paz M, Cotan D, Garrido-Maraver J, Oropesa-Avila M, de la Mata
M, Delgado-Pavon A, et al. AMPK regulation of cell growth, apoptosis, autophagy, and
bioenergetics. In. (2016) 107:45-71. doi: 10.1007/978-3-319-43589-3_3

200. Maytin EV. Hyaluronan: More than just a wrinkle filler. Glycobiology. (2016)
26:553-9. doi: 10.1093/glycob/cww033

201. Bento-Lopes L, Cabago LC, Charneca J, Neto MV, Seabra MC, Barral DC.
Melanin’s journey from melanocytes to keratinocytes: uncovering the molecular
mechanisms of melanin transfer and processing. Int J Mol Sci. (2023) 24:11289.
https://www.mdpi.com/1422-0067/24/14/11289/htm.

202. Bates RC, Edwards NS, Burns GF, Fisher DE. A CD44 survival pathway triggers
chemoresistance via lyn kinase and phosphoinositide 3-kinase/Akt in colon carcinoma
cells. Cancer Res. (2001) 61:5275-83.

203. Hertweck MK, Erdfelder F, Kreuzer KA. CD44 in hematological neoplasias.
Ann Hematol. (2011) 90:5. doi: 10.1007/s00277-011-1161-z

204. Kim H, Cha J, Jang M, Kim P. Hyaluronic acid-based extracellular matrix
triggers spontaneous M2-like polarity of monocyte/macrophage. Biomater Sci. (2019)
7:2264-71. doi: 10.1039/C9BM00155G

205. Chen C, Zhao S, Karnad A, Freeman JW. The biology and role of CD44 in
cancer progression: therapeutic implications. ] Hematol Oncol. (2018) 11:1.
doi: 10.1186/s13045-018-0605-5

206. Xu H, Niu M, Yuan X, Wu K, Liu A. CD44 as a tumor biomarker and
therapeutic target. Exp Hematol Oncol. (2020) 9:1. doi: 10.1186/s40164-020-00192-0

207. Phung B, Sun J, Schepsky A, Steingrimsson E, Rénnstrand L. C-KIT signaling
depends on microphthalmia-associated transcription factor for effects on cell
proliferation. PLoS One. (2011) 6(8):¢24064. doi: 10.1371/journal.pone.0024064

208. Price ZK, Lokman NA, Ricciardelli C. Differing roles of hyaluronan molecular
weight on cancer cell behavior and chemotherapy resistance. Cancers. (2018) 10:482.
https://www.mdpi.com/2072-6694/10/12/482/htm.

209. Ye Z, Lu Y, Wu T. The impact of ATP-binding cassette transporters on
metabolic diseases. Nutr Metab (Lond). (2020) 17:1-14. doi: 10.1186/s12986-020-
00478-4

210. Shi Q, Zhao L, Xu C, Zhang L, Zhao H. High molecular weight hyaluronan
suppresses macrophage M1 polarization and enhances IL-10 production in PM2.5-induced
lung inflammation. Molecules. (2019) 24(9):1766. doi: 10.3390/molecules24091766

211. Liu M, Tolg C, Turley E. Dissecting the dual nature of hyaluronan in the tumor
microenvironment. Front Immunol. (2019) 10:947. doi: 10.3389/fimmu.2019.00947

212. Schraverus H, Larondelle Y, Page MM. Beyond the lab: what we can learn about
cancer from wild and domestic animals. Cancers (Basel). (2022) 14. doi: 10.3390/
cancers14246177

213. Dong J, Ren B, Tian Y, Peng G, Zhai H, Meng Z, et al. Effects of radiation-
induced skin injury on hyaluronan degradation and its underlying mechanisms.
Molecules. (2023) 28:7449. https://www.mdpi.com/1420-3049/28/21/7449/htm.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.918009
https://doi.org/10.1128/microbiolspec.BAI-0020-2019
https://doi.org/10.1371/journal.pntd.0004335
https://doi.org/10.1007/s40610-023-00157-2
https://doi.org/10.1038/s41392-023-01442-3
https://doi.org/10.1158/0008-5472.CAN-16-1553
https://doi.org/10.3389/fphar.2024.1385479
https://doi.org/10.3389/fonc.2022.1063100
https://doi.org/10.3389/fonc.2022.1063100
https://doi.org/10.1038/nature01322
https://doi.org/10.3389/fimmu.2020.01094
https://doi.org/10.1097/SHK.0000000000001541
https://doi.org/10.1016/j.ccr.2005.04.014
https://doi.org/10.7554/eLife.14721
https://doi.org/10.15252/embr.201846016
https://doi.org/10.1038/nrc1478
https://doi.org/10.1371/journal.pone.0189721
https://doi.org/10.1056/NEJMra1615896
https://doi.org/10.1146/annurev-pathmechdis-012418-013023
https://doi.org/10.7150/jca.2.136
https://doi.org/10.1111/gtc.2019.24.issue-1
https://doi.org/10.1038/s41467-019-11738-0
https://doi.org/10.3389/fonc.2022.819128
https://www.mdpi.com/2073-4409/12/12/1671/htm
https://www.mdpi.com/2073-4409/12/12/1671/htm
http://www.laboratoryinvestigation.org/article/S0023683722012338/fulltext
http://www.laboratoryinvestigation.org/article/S0023683722012338/fulltext
https://doi.org/10.4068/cmj.2016.52.1.45
https://doi.org/10.4068/cmj.2016.52.1.45
https://doi.org/10.1016/j.cell.2006.12.045
https://www.nature.com/articles/cdd2017105
https://www.mdpi.com/2218-273X/13/1/159/htm
https://www.mdpi.com/2218-273X/13/1/159/htm
https://doi.org/10.1034/j.1600-0749.13.s8.19.x
https://doi.org/10.1128/mcb.14.12.8058-8070.1994
https://doi.org/10.1128/mcb.14.12.8058-8070.1994
https://doi.org/10.1038/s12276-024-01175-5
https://doi.org/10.3390/cancers3010994
https://doi.org/10.3390/cancers13112813
https://doi.org/10.4062/biomolther.2017.178
https://www.nature.com/articles/ni.3796
https://doi.org/10.3390/cancers13163949
https://www.mdpi.com/1424-8247/17/2/195/htm
https://www.mdpi.com/1424-8247/17/2/195/htm
https://doi.org/10.1177/1947601910377798
https://doi.org/10.1007/978-3-319-43589-3_3
https://doi.org/10.1093/glycob/cww033
https://www.mdpi.com/1422-0067/24/14/11289/htm
https://doi.org/10.1007/s00277-011-1161-z
https://doi.org/10.1039/C9BM00155G
https://doi.org/10.1186/s13045-018-0605-5
https://doi.org/10.1186/s40164-020-00192-0
https://doi.org/10.1371/journal.pone.0024064
https://www.mdpi.com/2072-6694/10/12/482/htm
https://doi.org/10.1186/s12986-020-00478-4
https://doi.org/10.1186/s12986-020-00478-4
https://doi.org/10.3390/molecules24091766
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.3390/cancers14246177
https://doi.org/10.3390/cancers14246177
https://www.mdpi.com/1420-3049/28/21/7449/htm
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

214. Gebalski J, Graczyk F, Zatuski D. Paving the way towards effective plant-based
inhibitors of hyaluronidase and tyrosinase: a critical review on a structure-activity
relationship. J Enzyme Inhib Med Chem. (2022) 37:1120-95. doi: 10.1080/
14756366.2022.2061966

215. Caon I, Parnigoni A, Viola M, Karousou E, Passi A, Vigetti D. Cell energy
metabolism and hyaluronan synthesis. | Histochem Cytochemistry. (2021) 69:35-47.
doi: 10.1369/0022155420929772

216. Toole BP. Hyaluronan: from extracellular glue to pericellular cue. Nat Rev
Cancer. (2004) 4:528-39. doi: 10.1038/nrc1391

217. Mead TJ, Apte SS. Visualization and quantification of pericellular matrix. In.
(2020) 2043:261-4. doi: 10.1007/978-1-4939-9698-8_21

218. Sagharyan M, Sharifi M. Metabolic and physiological changes induced by
exogenous phenylalanine in linum album cells. J Plant Growth Regul. (2024) 43:1-17.
doi: 10.1007/s00344-024-11307-w

219. Jong A, Wu CH, Gonzales-Gomez I, Kwon-Chung KJ, Chang YC, Tseng HK,
et al. Hyaluronic acid receptor CD44 deficiency is associated with decreased
Cryptococcus neoformans brain infection. J Biol Chem. (2012) 287:15298-306.
http://www.jbc.org/article/S0021925820461800/fulltext.

220. DeAngelis PL, Zimmer J. Hyaluronan synthases; mechanisms, myths, &
mysteries of three types of unique bifunctional glycosyltransferases. Glycobiology.
(2023) 33:1117-27. doi: 10.1093/glycob/cwad075

221. Thau L, Asuka E, Mahajan K. Physiology, opsonization. Treasure Island, Florida:
StatPearls (2023). Available at: https://www.ncbi.nlm.nih.gov/books/NBK534215/.

222. Buffenstein R. Negligible senescence in the longest living rodent, the naked
mole-rat: Insights from a successfully aging species. ] Comp Physiol B. (2008) 178:439-
45. doi: 10.1007/s00360-007-0237-5

223. Wang Q, Yu C, Yue C, Liu X. Fusobacterium nucleatum produces cancer stem
cell characteristics via EMT-resembling variations. Int J Clin Exp Pathol. (2020)
13:1819-28.

224. Zepeda-Rivera M, Minot SS, Bouzek H, Wu H, Blanco-Miguez A, Manghi P,
et al. A distinct Fusobacterium nucleatum clade dominates the colorectal cancer niche.
Nature. (2024) 628:424-32. doi: 10.1038/s41586-024-07182-w

225. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin
Invest. (2009) 119:1420-8. doi: 10.1172/JCI39104

226. Slanina H, Miindlein S, Hebling S, Schubert-Unkmeir A. Role of epidermal
growth factor receptor signaling in the interaction of Neisseria meningitidis with
endothelial cells. Infect Immun. (2014) 82:1243-55. doi: 10.1128/iai.01346-13

227. Ho ], Moyes DL, Tavassoli M, Naglik JR. The role of ErbB receptors in
infection. Trends Microbiol. (2017) 25:942-52. http://www.cell.com/article/
$0966842X17300975/fulltext.

228. Wang X, Wei Z, Wu H, Li Y, Han F, Yu W. Characterization of a hyaluronic acid
utilization locus and identification of two hyaluronate lyases in a marine bacterium vibrio
alginolyticus LWW-9. Front Microbiol. (2021) 12. doi: 10.3389/fmicb.2021.696096

229. Berdiaki A, Neagu M, Spyridaki I, Kuskov A, Perez S, Nikitovic D. Hyaluronan
and reactive oxygen species signaling—Novel cues from the matrix? Antioxidants.
(2023) 12:824. doi: 10.3390/antiox12040824

230. Gao Y, Shang Q, Li W, Guo W, Stojadinovic A, Mannion C, et al. Antibiotics
for cancer treatment: A double-edged sword. J Cancer. (2020) 11:5135-49. doi: 10.7150/
jca.47470

231. Pfab C, Schnobrich L, Eldnasoury S, Gessner A, El-Najjar N. Repurposing of
antimicrobial agents for cancer therapy: what do we know? Cancers (Basel). (2021)
13:3193. doi: 10.3390/cancers13133193

232. Shih WL, Fang CT, Chen PJ. Anti-viral treatment and cancer control. In. (2014)
P:269-90. doi: 10.1007/978-3-642-38965-8_14

233. Sioud M, Baldacci G, Forterre P, Recondo AM. Antitumor drugs inhibit the
growth of halophilic archaebacteria. Eur | Biochem. (1987) 169:231-6. doi: 10.1111/
j.1432-1033.1987.tb13602.x

234. Yang L, Li A, Wang Y, Zhang Y. Intratumoral microbiota: roles in cancer
initiation, development and therapeutic efficacy. Signal Transduct Target Ther. (2023)
8:35. doi: 10.1038/541392-022-01304-4

235. Weng N, Zhang Z, Tan Y, Zhang X, Wei X, Zhu Q. Repurposing antifungal
drugs for cancer therapy. ] Adv Res. (2023) 48:259-73. doi: 10.1016/j.jare.2022.08.018

236. Guilford FT, Yu S. Antiparasitic and antifungal medications for targeting
cancer cells literature review and case studies. Altern Ther Health Med. (2019)
25:26-31.

237. Shaimerdenova M, Karapina O, Mektepbayeva D, Alibek K, Akilbekova D. The
effects of antiviral treatment on breast cancer cell line. Infect Agent Cancer. (2017)
12:18. doi: 10.1186/s13027-017-0128-7

238. Huang PJ, Chiu CC, Hsiao MH, Yow J, Tzang BS, Hsu TC. Potential of antiviral
drug oseltamivir for the treatment of liver cancer. Int J Oncol. (2021) 59:109.
doi: 10.3892/ij0.2021.5289

239. Williamson T, Abreu MC, Trembath DG, Brayton C, Kang B, Mendes TB, et al.
Mebendazole disrupts stromal desmoplasia and tumorigenesis in two models of
pancreatic cancer. Oncotarget. (2021) 12:1326-38. doi: 10.18632/oncotarget.v12i14

240. Tang M, Hu X, Wang Y, Yao X, Zhang W, Yu C, et al. Ivermectin, a potential
anticancer drug derived from an antiparasitic drug. Pharmacol Res. (2021) 163:105207.
doi: 10.1016/j.phrs.2020.105207

Frontiers in Immunology

10.3389/fimmu.2024.1493978

241. Chifiriuc MC, Filip R, Constantin M, Pircalabioru GG, Bleotu C, Burlibasa L,
et al. Common themes in antimicrobial and anticancer drug resistance. Front
Microbiol. (2022) 13. doi: 10.3389/fmicb.2022.960693

242. Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK. Vascular
normalization by vascular endothelial growth factor receptor 2 blockade induces a
pressure gradient across the vasculature and improves drug penetration in tumors.
Cancer Res. (2004) 64:3731-6. doi: 10.1158/0008-5472.CAN-04-0074

243. Housman G, Byler S, Heerboth S, Lapinska K, Longacre M, Snyder N, et al.
Drug resistance in cancer: an overview. Cancers (Basel). (2014) 6:1769-92. doi: 10.3390/
cancers6031769

244. Hu Y, Shamaei-Tousi A, Liu Y, Coates A. A new approach for the discovery of
antibiotics by targeting non-multiplying bacteria: A novel topical antibiotic for staphylococcal
infections. PloS One. (2010) 5:e11818. doi: 10.1371/journal.pone.0011818

245. Santos-de-Frutos K, Djouder N. When dormancy fuels tumour relapse.
Commun Biol. (2021) 4:747. doi: 10.1038/s42003-021-02257-0

246. Azzopardi JG, Eusebi V. Melanocyte colonization and pigmentation of breast
carcinoma. Histopathology. (1977) 1:21-30. doi: 10.1111/j.1365-2559.1977.tb01641.x

247. Santoro A, Angelico G, Fiorentino V, Zhang Q, Spadola S, Carlino A, et al.
Melanocyte colonization and pigmentation of breast carcinoma: description of two
pathological cases and review of literature. Diagnostics. (2021) 11:709. https://www.
mdpi.com/2075-4418/11/4/709/htm.

248. Lyu C, Sun Y. Immunometabolism in the pathogenesis of vitiligo. Front
Immunol. (2022) 13:13. doi: 10.3389/fimmu.2022.1055958

249. Nestor SL, Perry A, Kurtkaya O, Abell-Aleff P, Rosemblat AM, Burger PC, et al.
Melanocytic colonization of a meningothelial meningioma: Histopathological and
ultrastructural findings with immunohistochemical and genetic correlation: Case
report. Neurosurgery. (2003) 53:211-5. https://journals.lww.com/neurosurgery/
fulltext/2003/07000/melanocytic_colonization_of_a_meningothelial.27.aspx.

250. Modica LA, Youngberg GA, Avila FO. Melanocyte colonization of an oral
carcinoma. Histopathology. (1990) 17:477-8. doi: 10.1111/§.1365-2559.1990.tb00775.x

251. Gough JC, Benediktsson H. Melanocyte colonization of nodal metastasis from
oral carcinoma. Hum Pathol. (1983) 14:373-4. doi: 10.1016/S0046-8177(83)80125-7

252. Waxman M, Vuletin JC, Rosenblatt P, Herzberg FP. Melanocyte colonization of
adenocarcinoma arising in an ovarian dermoid. Histopathology. (1986) 10:207-15.
doi: 10.1111/j.1365-2559.1986.tb02475.x

253. Novera W, Lee ZW, Nin DS, Dai MZY, Binte Idres S, Wu H, et al. Cysteine
deprivation targets ovarian clear cell carcinoma via oxidative stress and iron-sulfur
cluster biogenesis deficit. Antioxid Redox Signal. (2020) 33:1191-208. doi: 10.1089/
ars.2019.7850

254. Simon JD, Peles D, Wakamatsu K, Ito S. Current challenges in understanding
melanogenesis: bridging chemistry, biological control, morphology, and function.
Pigment Cell Melanoma Res. (2009) 22:563-79. doi: 10.1111/j.1755-148X.2009.00610.x

255. Kishida R, Mefiez Aspera S, Kasai H. Dopaquinone conversion and related
reactions. In: Melanin chemistry explored by quantum mechanics. Springer Singapore,
Singapore (2021). p. 51-80.

256. Mitra D, Luo X, Morgan A, Wang J, Hoang MP, Lo J, et al. An ultraviolet-
radiation-independent pathway to melanoma carcinogenesis in the red hair/fair skin
background. Nature. (2012) 491:7424. doi: 10.1038/nature11624

257. Alkhuder K, Meibom KL, Dubail I, Dupuis M, Charbit A. Glutathione provides
a source of cysteine essential for intracellular multiplication of francisella tularensis.
PloS Pathog. (2009) 5:¢1000284. doi: 10.1371/journal.ppat.1000284

258. Kontos CD. More than skin deep: connecting melanocyte pigmentation and
angiogenic diseases. J Clin Invest. (2014) 124:76-9. doi: 10.1172/JCI73559

259. van Nieuwpoort F, Smit NPM, Kolb R, van der Meulen H, Koerten H, Pavel S.
Tyrosine-induced melanogenesis shows differences in morphologic and melanogenic
preferences of melanosomes from light and dark skin types. J Invest Dermatol. (2004)
122:1251-5. doi: 10.1111/j.0022-202X.2004.22533.x

260. Verma D, Gupta V. New insights into the structure and function of an
emerging drug target CysE. 3 Biotech. (2021) 11:373. doi: 10.1007/s13205-021-02891-9

261. Liu W, Dowling JP, Murray WK, McArthur GA, Thompson JF, Wolfe R, et al.
Rate of growth in melanomas. Arch Dermatol. (2006) 142:1551-8. doi: 10.1001/
archderm.142.12.1551

262. Sarna M, Krzykawska-Serda M, Jakubowska M, Zadlo A, Urbanska K. Melanin
presence inhibits melanoma cell spread in mice in a unique mechanical fashion. Sci Rep.
(2019) 9:1. https://www.nature.com/articles/s41598-019-45643-9.

263. Tto S, Wakamatsu K. Chemistry of mixed melanogenesis—pivotal roles of
dopaquinone. Photochem Photobiol. (2008) 84:582-92. doi: 10.1111/j.1751-
1097.2007.00238.x

264. SZulc-De}browska L, Bossowska-Nowicka M, Struzik J, Toka FN. Cathepsins in
bacteria-macrophage interaction: defenders or victims of circumstance? Front Cell
Infect Microbiol. (2020) 10:601072. doi: 10.3389/fcimb.2020.601072

265. Podgorski I, Sloane BF. Cathepsin B and its role(s) in cancer progression.
Biochem Soc Symp. (2003) 70):263-76. doi: 10.1042/bss0700263

266. Shi Q, Shen Q, Liu Y, Shi Y, Huang W, Wang X, et al. Increased glucose
metabolism in TAMs fuels O-GlcNAcylation of lysosomal Cathepsin B to promote
cancer metastasis and chemoresistance. Cancer Cell. (2022) 40:1207-22. doi: 10.1016/
j.ccell.2022.08.012

frontiersin.org


https://doi.org/10.1080/14756366.2022.2061966
https://doi.org/10.1080/14756366.2022.2061966
https://doi.org/10.1369/0022155420929772
https://doi.org/10.1038/nrc1391
https://doi.org/10.1007/978-1-4939-9698-8_21
https://doi.org/10.1007/s00344-024-11307-w
http://www.jbc.org/article/S0021925820461800/fulltext
https://doi.org/10.1093/glycob/cwad075
https://www.ncbi.nlm.nih.gov/books/NBK534215/
https://doi.org/10.1007/s00360-007-0237-5
https://doi.org/10.1038/s41586-024-07182-w
https://doi.org/10.1172/JCI39104
https://doi.org/10.1128/iai.01346-13
http://www.cell.com/article/S0966842X17300975/fulltext
http://www.cell.com/article/S0966842X17300975/fulltext
https://doi.org/10.3389/fmicb.2021.696096
https://doi.org/10.3390/antiox12040824
https://doi.org/10.7150/jca.47470
https://doi.org/10.7150/jca.47470
https://doi.org/10.3390/cancers13133193
https://doi.org/10.1007/978-3-642-38965-8_14
https://doi.org/10.1111/j.1432-1033.1987.tb13602.x
https://doi.org/10.1111/j.1432-1033.1987.tb13602.x
https://doi.org/10.1038/s41392-022-01304-4
https://doi.org/10.1016/j.jare.2022.08.018
https://doi.org/10.1186/s13027-017-0128-7
https://doi.org/10.3892/ijo.2021.5289
https://doi.org/10.18632/oncotarget.v12i14
https://doi.org/10.1016/j.phrs.2020.105207
https://doi.org/10.3389/fmicb.2022.960693
https://doi.org/10.1158/0008-5472.CAN-04-0074
https://doi.org/10.3390/cancers6031769
https://doi.org/10.3390/cancers6031769
https://doi.org/10.1371/journal.pone.0011818
https://doi.org/10.1038/s42003-021-02257-0
https://doi.org/10.1111/j.1365-2559.1977.tb01641.x
https://www.mdpi.com/2075-4418/11/4/709/htm
https://www.mdpi.com/2075-4418/11/4/709/htm
https://doi.org/10.3389/fimmu.2022.1055958
https://journals.lww.com/neurosurgery/fulltext/2003/07000/melanocytic_colonization_of_a_meningothelial.27.aspx
https://journals.lww.com/neurosurgery/fulltext/2003/07000/melanocytic_colonization_of_a_meningothelial.27.aspx
https://doi.org/10.1111/j.1365-2559.1990.tb00775.x
https://doi.org/10.1016/S0046-8177(83)80125-7
https://doi.org/10.1111/j.1365-2559.1986.tb02475.x
https://doi.org/10.1089/ars.2019.7850
https://doi.org/10.1089/ars.2019.7850
https://doi.org/10.1111/j.1755-148X.2009.00610.x
https://doi.org/10.1038/nature11624
https://doi.org/10.1371/journal.ppat.1000284
https://doi.org/10.1172/JCI73559
https://doi.org/10.1111/j.0022-202X.2004.22533.x
https://doi.org/10.1007/s13205-021-02891-9
https://doi.org/10.1001/archderm.142.12.1551
https://doi.org/10.1001/archderm.142.12.1551
https://www.nature.com/articles/s41598-019-45643-9
https://doi.org/10.1111/j.1751-1097.2007.00238.x
https://doi.org/10.1111/j.1751-1097.2007.00238.x
https://doi.org/10.3389/fcimb.2020.601072
https://doi.org/10.1042/bss0700263
https://doi.org/10.1016/j.ccell.2022.08.012
https://doi.org/10.1016/j.ccell.2022.08.012
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

267. Cavallo-Medved D, Moin K, Sloane B. Cathepsin B: basis sequence: mouse.
AFCS Nat Mol Pages. (2011) 2011.

268. Larionova I, Cherdyntseva N, Liu T, Patysheva M, Rakina M, Kzhyshkowska J.
Interaction of tumor-associated macrophages and cancer chemotherapy.
Oncoimmunology. (2019) 8:1596004. doi: 10.1080/2162402X.2019.1596004

269. Jyotsana N, Ta KT, DelGiorno KE. The role of cystine/glutamate antiporter
SLC7A11/xCT in the pathophysiology of cancer. Front Oncol. (2022) 12:858462.
doi: 10.3389/fonc.2022.858462

270. Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer:
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. (2021) 12:599-620.
doi: 10.1007/s13238-020-00789-5

271. Abnousian A, Vasquez J, Sasaninia K, Kelley M, Venketaraman V. Glutathione
modulates efficacious changes in the immune response against tuberculosis.
Biomedicines. (2023) 11:1340. doi: 10.3390/biomedicines11051340

272. Gangoda L, Keerthikumar S, Fonseka P, Edgington LE, Ang CS, Ozcitti C, et al.
Inhibition of cathepsin proteases attenuates migration and sensitizes aggressive N-Myc
amplified human neuroblastoma cells to doxorubicin. Oncotarget. (2015) 6:11175-90.
https://www.oncotarget.com/article/3579/text/.

273. Alborzinia H, Florez AF, Kreth S, Briickner LM, Yildiz U, Gartlgruber M, et al.
MYCN mediates cysteine addiction and sensitizes neuroblastoma to ferroptosis. Nat
Cancer. (2022) 3:471-85. https://www.nature.com/articles/s43018-022-00355-4.

274. Warburg O. On the origin of cancer cells. Science. (1956) 123:309-14.
doi: 10.1126/science.123.3191.309

275. Zu XL, Guppy M. Cancer metabolism: facts, fantasy, and fiction. Biochem
Biophys Res Commun. (2004) 313:459-65. doi: 10.1016/j.bbrc.2003.11.136

276. Saha T, Dash C, Jayabalan R, Khiste S, Kulkarni A, Kurmi K, et al. Intercellular
nanotubes mediate mitochondrial trafficking between cancer and immune cells. Nat
Nanotechnol. (2022) 17:98-106. doi: 10.1038/s41565-021-01000-4

277. Ben-Jacob E, Levine H. Self-engineering capabilities of bacteria. ] R Soc
Interface. (2006) 3:197-214. doi: 10.1098/1sif.2005.0089

278. Qin B, Fei C, Wang B, Stone HA, Wingreen NS, Bassler BL. Hierarchical
transitions and fractal wrinkling drive bacterial pellicle morphogenesis. Proc Natl Acad
Sci U S A. (2021) 118:€2023504118. doi: 10.1073/pnas.2023504118

279. Wang J, Li X, Kong R, Wu J, Wang X. Fractal morphology facilitates Bacillus
subtilis biofilm growth. Environ Sci pollut Res. (2022) 29:56168-77. doi: 10.1007/
s11356-022-19817-4

280. Phan TV, Morris R, Black ME, Do TK, Lin KC, Nagy K, et al. Bacterial route
finding and collective escape in mazes and fractals. Phys Rev X. (2020) 10:031017.
doi: 10.1103/PhysRevX.10.031017

281. Boddy L, Wells JM, Culshaw C, Donnelly DP. Fractal analysis in studies of
mycelium in soil. Geoderma. (1999) 88:301-28. doi: 10.1016/S0016-7061(98)00111-6

282. Klein K, Maier T, Hirschfeld-Warneken VC, Spatz JP. Marker-free
phenotyping of tumor cells by fractal analysis of reflection interference contrast
microscopy images. Nano Lett. (2013) 13:5474-9. doi: 10.1021/n14030402

283. Majumdar S, Pal S. Information transmission in microbial and fungal
communication: from classical to quantum. J Cell Commun Signal. (2018) 12:491-
502. doi: 10.1007/s12079-018-0462-6

284. Cottier F, Mithlschlegel FA. Communication in fungi. Int ] Microbiol. (2012)
2012:1-9. doi: 10.1155/2012/351832

285. Hunter P. The fungal grid. EMBO Rep. (2023) 24. doi: 10.15252/embr.202357255

286. Zaborin A, Romanowski K, Gerdes S, Holbrook C, Lepine F, Long J, et al. Red
death in Caenorhabditis elegans caused by Pseudomonas aeruginosa PAO1. Proc Natl
Acad Sci U S A. (2009) 106:6327-32. doi: 10.1073/pnas.0813199106

287. Blus-Kadosh I, Zilka A, Yerushalmi G, Banin E. The Effect of pstS and phoB on
Quorum Sensing and Swarming Motility in Pseudomonas aeruginosa. PloS One. (2013)
8:€74444. doi: 10.1371/journal.pone.0074444

288. Ducousso-Détrez A, Fontaine J, Sahraoui ALH, Hijri M. Diversity of phosphate
chemical forms in soils and their contributions on soil microbial community structure
changes. Microorganisms. (2022) 10:609. doi: 10.3390/microorganisms10030609

289. Nakagaki T, Yamada H, Toth A. Maze-solving by an amoeboid organism.
Nature. (2000) 407:6803. doi: 10.1038/35035159

290. de Bekker C, Quevillon LE, Smith PB, Fleming KR, Ghosh D, Patterson AD,
et al. Species-specific ant brain manipulation by a specialized fungal parasite. BMC Evol
Biol. (2014) 14:166. doi: 10.1186/5s12862-014-0166-3

291. Wang P, Yuan Y, Lin W, Zhong H, Xu K, Qi X. Roles of sphingosine-1-
phosphate signaling in cancer. Cancer Cell Int. (2019) 19:295. doi: 10.1186/s12935-019-
1014-8

292. Heung L], Luberto C, Del Poeta M. Role of sphingolipids in microbial
pathogenesis. Infect Immun. (2006) 74:28-39. doi: 10.1128/TA1.74.1.28-39.2006

293. Weigert A, Olesch C, Briine B. Sphingosine-1-phosphate and macrophage
biology—How the sphinx tames the big eater. Front Immunol. (2019) 10. doi: 10.3389/
fimmu.2019.01706

294. Aleklett K, Boddy L. Fungal behaviour: a new frontier in behavioural ecology.
Trends Ecol Evol. (2021) 36:787-96. doi: 10.1016/j.tree.2021.05.006

295. Money NP. Hyphal and mycelial consciousness: the concept of the fungal mind.
Fungal Biol. (2021) 125:257-9. doi: 10.1016/j.funbio.2021.02.001

Frontiers in Immunology

10.3389/fimmu.2024.1493978

296. Whiteside MD, Werner GDA, Caldas VEA, van’t Padje A, Dupin SE, Elbers B,
et al. Mycorrhizal fungi respond to resource inequality by moving phosphorus from
rich to poor patches across networks. Curr Biol. (2019) 29:2043-50. doi: 10.1016/
j.cub.2019.04.061

297. Wong RSY. Role of nonsteroidal anti-inflammatory drugs (NSAIDs) in cancer
prevention and cancer promotion. Adv Pharmacol Sci. (2019) 2019:1-10. doi: 10.1155/
2019/3418975

298. Harris RE, Chlebowski RT, Jackson RD, Frid DJ, Ascenseo JL, Anderson G,
et al. Breast cancer and nonsteroidal anti-inflammatory drugs: prospective results from
the Women’s Health Initiative. Cancer Res. (2003) 63:6096-101.

299. Takkouche B, Regueira-Mendez C, Etminan M. Breast cancer and use of
nonsteroidal anti-inflammatory drugs: A meta-analysis. JNCI J Natl Cancer Institute.
(2008) 100:1439-47. doi: 10.1093/jnci/djn324

300. Vidal AC, Howard LE, Moreira DM, Castro-Santamaria R, Andriole GL,
Freedland SJ. Aspirin, NSAIDs, and risk of prostate cancer: results from the
REDUCE study. Clin Cancer Res. (2015) 21:756-62. doi: 10.1158/1078-0432.CCR-
14-2235

301. Doat S, Cénée S, Trétarre B, Rebillard X, Lamy P, Bringer J, et al. Nonsteroidal
anti-inflammatory drugs (NSAID s) and prostate cancer risk: results from the EPICAP
study. Cancer Med. (2017) 6:2461-70. doi: 10.1002/cam4.2017.6.issue-10

302. Trabert B, Ness RB, Lo-Ciganic WH, Murphy MA, Goode EL, Poole EM, et al.
Aspirin, nonaspirin nonsteroidal anti-inflammatory drug, and acetaminophen use and
risk of invasive epithelial ovarian cancer: A pooled analysis in the ovarian cancer
association consortium. JNCI J Natl Cancer Institute. (2014) 106:djt431-1. doi: 10.1093/
jnci/djt431

303. Ruder EH, Laiyemo AO, Graubard BI, Hollenbeck AR, Schatzkin A, Cross AJ. Non-
steroidal anti-inflammatory drugs and colorectal cancer risk in a large, prospective cohort.
Am ] Gastroenterology. (2011) 106:1340-50. doi: 10.1038/ajg.2011.38

304. Friis S, Riis AH, Erichsen R, Baron JA, Serensen HT. Low-dose aspirin or
nonsteroidal anti-inflammatory drug use and colorectal cancer risk. Ann Intern Med.
(2015) 163:347-55. doi: 10.7326/M15-0039

305. Shi J, Leng W, Zhao L, Xu C, Wang J, Chen X, et al. Nonsteroidal anti-
inflammatory drugs using and risk of head and neck cancer: a dose-response meta
analysis of prospective cohort studies. Oncotarget. (2017) 8:99066-74. doi: 10.18632/
oncotarget.21524

306. Tudor DV, Baldea I, Olteanu DE, Fischer-Fodor E, Piroska V, Lupu M, et al.
Celecoxib as a valuable adjuvant in cutaneous melanoma treated with trametinib. Int J
Mol Sci. (2021) 22. doi: 10.3390/ijms22094387

307. Nishio T, Usami M, Awaji M, Shinohara S, Sato K. Dual effects of acetylsalicylic
acid on ERK signaling and Mitf transcription lead to inhibition of melanogenesis. Mol
Cell Biochem. (2016) 412:101-10. doi: 10.1007/s11010-015-2613-x

308. Kumar D, Rahman H, Tyagi E, Liu T, Li C, Lu R, et al. Aspirin suppresses PGE2
and activates AMP kinase to inhibit melanoma cell motility, pigmentation, and
selective tumor growth in vivo. Cancer Prev Res (Phila). (2018) 11:629-42.
doi: 10.1158/1940-6207.CAPR-18-0087

309. Schroecksnadel K, Frick B, Winkler C, Wirleitner B, Schennach H, Fuchs D.
Aspirin downregulates homocysteine formation in stimulated human peripheral blood
mononuclear cells. Scand ] Immunol. (2005) 62:155-60. doi: 10.1111/j.1365-
3083.2005.01654.x

310. Rehman T, Shabbir MA, Inam-Ur-Raheem M, Manzoor MF, Ahmad N, Liu
ZW, et al. Cysteine and homocysteine as biomarker of various diseases. Food Sci Nutr.
(2020) 8:4696-707. doi: 10.1002/fsn3.1818

311. Dai J, Belum VR, Wu S, Sibaud V, Lacouture ME. Pigmentary changes in
patients treated with targeted anticancer agents: A systematic review and meta-analysis.
J Am Acad Dermatol. (2017) 77:902-10. doi: 10.1016/j.jaad.2017.06.044

312. Natale CA, Duperret EK, Zhang J, Sadeghi R, Dahal A, O’Brien KT, et al. Sex
steroids regulate skin pigmentation through nonclassical membrane-bound receptors.
Elife. (2016) 5. doi: 10.7554/eLife.15104

313. Barker S. Anti-estrogens in the treatment of breast cancer: current status and
future directions. Curr Opin Investig Drugs. (2003) 4:652-7.

314. Rothwell PM, Wilson M, Price JF, Belch JF, Meade TW, Mehta Z. Effect of daily
aspirin on risk of cancer metastasis: a study of incident cancers during randomised
controlled trials. Lancet. (2012) 379:1591-601. doi: 10.1016/S0140-6736(12)60209-8

315. Cho JY. Immunomodulatory effect of nonsteroidal anti-inflammatory drugs
(NSAIDs) at the clinically available doses. Arch Pharm Res. (2007) 30:64-74.
doi: 10.1007/BF02977780

316. Hsieh CC, Wang CH. Aspirin disrupts the crosstalk of angiogenic and
inflammatory cytokines between 4T1 breast cancer cells and macrophages. Mediators
Inflamm. (2018) 2018:1-12. doi: 10.1155/2018/6380643

317. Elwood P, Morgan G, Watkins J, Protty M, Mason M, Adams R, et al. Aspirin
and cancer treatment: systematic reviews and meta-analyses of evidence: for and
against. Br J Cancer. (2024) 130:3-8. doi: 10.1038/s41416-023-02506-5

318. Zhao X, Xu Z, Li H. NSAIDs Use and Reduced Metastasis in Cancer Patients:
results from a meta-analysis. Sci Rep. (2017) 7:1875. doi: 10.1038/s41598-017-01644-0

319. Kari F, Bucher J, Haseman J, Eustis S, Huff J. Long-term exposure to the anti-
inflammatory agent phenylbutazone induces kidney tumors in rats and liver tumors in
mice. Japanese ] Cancer Res. (1995) 86:252-63. doi: 10.1111/j.1349-7006.1995.
tb03048.x

frontiersin.org


https://doi.org/10.1080/2162402X.2019.1596004
https://doi.org/10.3389/fonc.2022.858462
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.3390/biomedicines11051340
https://www.oncotarget.com/article/3579/text/
https://www.nature.com/articles/s43018-022-00355-4
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.bbrc.2003.11.136
https://doi.org/10.1038/s41565-021-01000-4
https://doi.org/10.1098/rsif.2005.0089
https://doi.org/10.1073/pnas.2023504118
https://doi.org/10.1007/s11356-022-19817-4
https://doi.org/10.1007/s11356-022-19817-4
https://doi.org/10.1103/PhysRevX.10.031017
https://doi.org/10.1016/S0016-7061(98)00111-6
https://doi.org/10.1021/nl4030402
https://doi.org/10.1007/s12079-018-0462-6
https://doi.org/10.1155/2012/351832
https://doi.org/10.15252/embr.202357255
https://doi.org/10.1073/pnas.0813199106
https://doi.org/10.1371/journal.pone.0074444
https://doi.org/10.3390/microorganisms10030609
https://doi.org/10.1038/35035159
https://doi.org/10.1186/s12862-014-0166-3
https://doi.org/10.1186/s12935-019-1014-8
https://doi.org/10.1186/s12935-019-1014-8
https://doi.org/10.1128/IAI.74.1.28-39.2006
https://doi.org/10.3389/fimmu.2019.01706
https://doi.org/10.3389/fimmu.2019.01706
https://doi.org/10.1016/j.tree.2021.05.006
https://doi.org/10.1016/j.funbio.2021.02.001
https://doi.org/10.1016/j.cub.2019.04.061
https://doi.org/10.1016/j.cub.2019.04.061
https://doi.org/10.1155/2019/3418975
https://doi.org/10.1155/2019/3418975
https://doi.org/10.1093/jnci/djn324
https://doi.org/10.1158/1078-0432.CCR-14-2235
https://doi.org/10.1158/1078-0432.CCR-14-2235
https://doi.org/10.1002/cam4.2017.6.issue-10
https://doi.org/10.1093/jnci/djt431
https://doi.org/10.1093/jnci/djt431
https://doi.org/10.1038/ajg.2011.38
https://doi.org/10.7326/M15-0039
https://doi.org/10.18632/oncotarget.21524
https://doi.org/10.18632/oncotarget.21524
https://doi.org/10.3390/ijms22094387
https://doi.org/10.1007/s11010-015-2613-x
https://doi.org/10.1158/1940-6207.CAPR-18-0087
https://doi.org/10.1111/j.1365-3083.2005.01654.x
https://doi.org/10.1111/j.1365-3083.2005.01654.x
https://doi.org/10.1002/fsn3.1818
https://doi.org/10.1016/j.jaad.2017.06.044
https://doi.org/10.7554/eLife.15104
https://doi.org/10.1016/S0140-6736(12)60209-8
https://doi.org/10.1007/BF02977780
https://doi.org/10.1155/2018/6380643
https://doi.org/10.1038/s41416-023-02506-5
https://doi.org/10.1038/s41598-017-01644-0
https://doi.org/10.1111/j.1349-7006.1995.tb03048.x
https://doi.org/10.1111/j.1349-7006.1995.tb03048.x
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berg and Berg

320. LiuY, Wang Y, Yang Y, Weng L, Wu Q, Zhang J, et al. Emerging phagocytosis
checkpoints in cancer immunotherapy. Signal Transduct Target Ther. (2023) 8:104.
doi: 10.1038/541392-023-01365-2

321. Mishra A K. Harnessing phagocytosis for cancer treatment. London, United
Kingdom: IntechOpen (2023).

322. Cao X, Chen J, Li B, Dang J, Zhang W, Zhong X, et al. Promoting antibody-
dependent cellular phagocytosis for effective macrophage-based cancer
immunotherapy. Sci Adv. (2022) 8. doi: 10.1126/sciadv.abl9171

323. Anand P, Kunnumakara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai
OS, et al. Cancer is a preventable disease that requires major lifestyle changes. Pharm
Res. (2008) 25:2097-116. doi: 10.1007/s11095-008-9661-9

Frontiers in Immunology

30

10.3389/fimmu.2024.1493978

324. Huang XY, Ye Q. Asbestos exposure and asbestos-related malignant diseases:
an epidemiological review. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi. (2021)
39:233-6. doi: 10.3760/cma.j.cn121094-20200226-00089

325. Ball P. Fungi iron-out asbestos pollution. Nature. (2003). doi: 10.1038/
news030120-2

326. Martino E, Prandi L, Fenoglio I, Bonfante P, Perotto S, Fubini B. Soil fungal
hyphae bind and attack asbestos fibers. Angewandte Chemie Int Edition. (2003) 42:219—
22. https://onlinelibrary.wiley.com/doi/full/10.1002/anie.200390083.

327. Choi JK, Vigliaturo R, Gieré R, Pérez-Rodriguez I. Microbe-mineral
interactions between asbestos and thermophilic chemolithoautotrophic anaerobes.
Appl Environ Microbiol. (2023) 89. doi: 10.1128/aem.02048-22

frontiersin.org


https://doi.org/10.1038/s41392-023-01365-z
https://doi.org/10.1126/sciadv.abl9171
https://doi.org/10.1007/s11095-008-9661-9
https://doi.org/10.3760/cma.j.cn121094-20200226-00089
https://doi.org/10.1038/news030120-2
https://doi.org/10.1038/news030120-2
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.200390083
https://doi.org/10.1128/aem.02048-22
https://doi.org/10.3389/fimmu.2024.1493978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Microbes, macrophages, and melanin: a unifying theory of disease as exemplified by cancer
	1 Introduction
	2 Somatic mutation theory: the numbers do not add up
	3 Evidence tumors are complex, organized microbial communities
	4 Both biofilms and tumors have matrices
	5 Biofilms may be key to tumors/metastasis
	6 Chemical and electrical signaling/properties in biofilms and tumors
	7 Evidence of metabolic reprogramming of cells by pathogens
	8 Phagocytes as Trojan horses in cancer
	9 The intricacies of metastasis suggest pathogen orchestration
	10 Similarities of angiogenesis in infection and cancer
	11 Mechanisms for bacterial reprogramming of host cells
	12 The relationship between cancer and inflammation: A new understanding
	13 Cellular hijacking/metabolic changes can explain increased glucose
	14 IBPs, metabolic regulators, and cancer
	15 Dual effects of hyaluronan
	16 Pathogens produce hyaluronan
	17 CD44 expression and HA
	18 HA, the ECM, and tumor formation
	19 Anti-cancer drugs are antimicrobials
	20 The role of melanins in cancer
	21 Pheomelanin fuels tumor growth and metastasis
	22 Tumor cells and TAMs scavenge cysteine from the ECM for pheomelanogenesis
	23 Mitochondria in tumors
	24 Drugs affect melanogenesis
	25 NSAIDs and other anti-cancer drugs target macrophages and other phagocytes
	26 Common risk factors are really forms of energy
	27 Testing the theories
	27.1 A cautionary statement

	28 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


