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Abstract

The tumor microenvironment (TME) is a biological system with sophisticated con-
stituents. In addition to tumor cells, tumor-associated macrophages (TAMs) and
microbiota are also dominant components. The phenotypic and functional changes of
TAMs are widely considered to be related to most tumor progressions. The chronic
colonization of pathogenic microbes and opportunistic pathogens accounts for the
generation and development of tumors. As messengers of cell-to-cell communication,
tumor-derived extracellular vesicles (TDEVs) can transfer various malignant factors,
regulating physiological and pathological changes in the recipients and affecting TAMs
and microbes in the TME. Despite the new insights into tumorigenesis and progress
brought by the above factors, the crosstalk among tumor cells, macrophages, and
microbiota remain elusive, and few studies have focused on how TDEVs act as an
intermediary. We reviewed how tumor cells recruit and domesticate macrophages and
microbes through extracellular vehicles and how hijacked macrophages and microbiota
interact with tumor-promoting feedback, achieving a reciprocal coexistence under
the TME and working together to facilitate tumor progression. It is significant to seek
evidence to clarify those specific interactions and reveal therapeutic targets to curb
tumor progression and improve prognosis.
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1 | INTRODUCTION

Cancer poses a severe threat to public health and human nat-
ural life span. Cancer’s increasing morbidity and mortality
have spawned numerous studies on mechanism exploration
and therapy investigation.!' Accumulating evidence has sug-
gested that solid tumor is not just an aggregation of tumor cells
but a microenvironment with dynamic exchanges of bioparti-
cles among tumor cells, stromal cells, immune cells, and other
constitutes.

Tumor-associated macrophages (TAMs) are one of the
main components in solid tumors; they are involved in
nearly all types of cancers and play a critical role in the
initiation and progression of carcinogenesis.!”] In pheno-
type, TAMs are defined as M1 and M2 subtypes. M1 can
secrete pro-inflammatory cytokines (interferon (IFN) and
interleukin (IL)), clear pathogens, and tumor cells through
the type I immune response.l’] M2-like TAMs are involved
in tissue repair, anti-inflammatory response, and tumor
progression. ]

Some commensal microbes can also have a long-term
settlement in the tumor microenvironment (TME), induc-
ing chronic inflammation and carcinogenesis.[>°! Helicobac-
ter pylori, hepatitis B, schistosomiasis are recognized as
tumor-inducing factors,”) Escherichia coli, Bacteroides frag-
ilis, and Fusobacterium nucleatum also increase the risks of
tumorigenesis.[8’9]

Extracellular vehicles (EVs) are nanoscale membrane par-
ticles released by cells, exosomes, microvesicles, and apop-
totic bodies are the most known EVs that are increasingly
being recognized as biomarkers for many diseases, especially
cancer.!'’] Cancer cells can secrete abundant EVs into the local
microenvironment and circulatory system and play a cru-
cial role in cell communication during tumor development.
Tumor-derived EVs (TDEVs) can carry a substantial number
of cargos.["'l mRNA, microRNA (miRNA), DNA, non-coding
RNA, proteins, and inorganic substances in the TDEVs can
enter the host cells through various internalization pathways
to affect gene transcription and interfere with the signaling
pathways of host cells. Therefore, the malignant properties of
a tumor may spread in the microenvironment and lead to fur-
ther tumor progression.

Chronic inflammation results from microbiome disrup-
tion and TAMs infiltration, which are two core factors in
the TME. Until recently, the relationship between tumors
and TAMs has not been fully elaborated. In addition, it
is not clear how the microbiota communicates with the
surroundings.l”] An increasing body of evidence suggests
that TDEVs may enter host cells in the TME. Malignant
EVs can also be released from TAMs and microbiota in
cell interactions.[”'?] For a long time, the intermediary role
of EVs in tumors, TAMs, and the microbiome have been
ignored. This review aims to further illustrate this unique and
vital relationship by collecting evidence of tumor secreting
EVs hijacking TAMs and the microbiome, followed by malig-
nant feedbacks from TAMs and the microbiome to tumors
(Figure 1). Target intervention against TAMs, pathogenic

microbiomes, and TDEVs can be a promising strategy for
tumor therapy.

2 | TUMOR AND MACROPHAGES
2.1 | The plasticity of macrophages and tumor
fate

M1 and M2-like TAMs have different characteristics and func-
tions (Table 1). The phenotype of macrophages is closely
related to tumor development.!’3) Classically, macrophages
can be divided into M1 and M2-like phenotypes; Ml-like
TAMs can release a variety of pro-inflammatory factors,
immune activators, and chemokines. They can exert anti-
tumor effects through acute pro-inflammatory response,
immune activation, and phagocytosis. Generally, Ml-like
TAMs can recognize tumor cells via surface markers, secret
nitric oxide (NO), and reactive oxygen species (ROS) and
directly kill tumor cells.!'*!*] Besides, Mi-like TMAs can kill
tumor cells by antibody-dependent cell-mediated cytotoxic-
ity; during this process, the Ml-like TAMs can be activated
and generate a non-phagocytic killing effect after the binding
of Fc receptors on the macrophages with the Fc segment of the
antibody on the tumor cells.l') Moreover, M1-like TAMs can
eliminate tumor cells by presenting antigens to T cells, activat-
ing the specific immune response, regulating and promoting
Thl immune response. On the contrary, M2-like TAMs can
inhibit T cells’ proliferation and activation, promoting the Th2
immune response. They can promote tumor cell proliferation
via the secretion of IL-6/8/10 and suppression of NO release
and the iNOS pathway. M2-like TAMs can also produce vascu-
lar endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), IL-17, MMP2/9 and hence enhance the angio-
genesis tumor invasion and metastasis.['”]

2.2 | Tumors recruit macrophages through
extracellular vehicles

The microenvironment of tumors can release many chemo-
attractants to induce the recruitment of distant monocytes.!'®]
Traditionally, the macrophages can be recruited into the TME
under the stimulation of chemokines (chemokine ligand
(CCL) 2/3/5/7/8/13/17/22) and cytokines (colony-stimulating
factor (CSF)-1, VEGE, macrophage colony-stimulating factor
(M-CSF), PDGE, IL-6, IL-8, tumor necrosis factor (TNF)-a,
transforming growth factor (TGF)-B),l20] necrotic cell
fragments, extracellular matrix, anaerobic environment.[?!]
Decomposition products of the tumors also contribute to
the recruitment of macrophages.””] Besides, the cargos
embedded in the TDEVs have also been found to be directly
or indirectly involved in macrophage recruitment. The exo-
somes derived from pancreatic ductal adenocarcinomas
(PDAC) are rich in macrophage migration inhibitory factors.
The uptake of these exosomes by Kupffer cells results in a
rise in the production of fibronectin and TGF-§ secretion
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FIGURE 1 Interactions among tumor cells, macrophages, and microbiota in the tumor microenvironment. Tumor cells can secret substantial factors like
EVs, chemokines, and cytokines, promoting the recruitment of monocytes and macrophages to the tumor microenvironment. After recruitment, the
tumor-derived factors can induce the M2-like polarization of macrophages to tumor-associated macrophages (M2-TAMs); in return, M2-TAMs will prompt
tumor growth and metastasis, inhibit the tumor-related immune response, and facilitate drug resistance and radiation recovery. Malignant collaborations also
occur between tumor cells and microbiota. First, tumor-derived factors can recruit and transfer malignant characteristics to microbiota, guarantee survival and
migration, and promote their replication and transmission. Reciprocally, microbiota may cause tumor-associated inflammatory, immunosuppression effects,
detrimental metabolism, and genetic toxicity, inducing tumor metastasis and drug resistance. Besides, the capabilities of phagocytosis, antigen-presenting, and
digesting of macrophages may be deprived of in the tumor microenvironment, which will reduce the elimination of microbiota. Long-term survival of
microbiota can promote the phenotypic modulation of macrophages and generate the metabolic alteration of them

Macrophage recruitment

TABLE 1  The comparison of Ml-like TAMs and M2-like TAMs

M1 M2

LPS, IEN-y, GM-CSF

IL-1R, TLR2/4CD68/80/86, iNOS,
SOCS3, MHC II

TNF-q, IL-13, IL-6/12/18/23,
CCL2/3/5/8/9/10/11

TGF-, IL-15/4/6/10/13, TLR agonists

Arg-1, Yml/2, CD86/163/200R/206,
TLR-1/8, MHC 11, Fizzl, MMP2/3/7/9

1L-1/6/10/12, TNF-a, TGF-f3,
CCL1/5/17/22/24, CCR2, CXCL10/16

Activating factors

Marker expression

Chemokines and
cytokines expression

Angiogenesis tissue repair Thl immune
response anti-inflammatory reaction

Pro-inflammatory response Thl immune
response tumor inhibition

Involved biological
processes

in hepatic stellate cells. After that, the recruiting capacity of
bone marrow-derived macrophages is improved significantly
in the fibrotic microenvironment.[”*) Myeloma stromal cell-
derived exosomes contain abundant factors like fibronectin,
CCL2, and interleukin-6 (IL-6), which will contribute to
the recruitment of macrophages.!’! Additionally, apop-
totic breast cancer cell-derived miRNA-375 can strengthen
the transportation of low-density lipoprotein particles and

upregulation of CCL2, which will enhance the recruitment
of macrophages.l””! Additionally, Glucose-regulated pro-
tein 78 can also be transported to the extracellular space
by exosomes and then activate the signaling pathway of
fibronectin-integrin-f1- focal adhesion kinase MMP2/9. This
promotes the adhesion between macrophages and matrix,
along with the degradation of the extracellular matrix, to
recruit macrophages!”>>’! (Figure 2A).
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Tumor cells recruit and promote the phenotype transformation of macrophages. (A) Factors like cargos embedded in EV's, chemokines, and

cytokines are involved in macrophage recruitment. For instance, MIF in pancreatic cancer, IL-6, CCL-2, fibronectin in myeloma, miR-375 in breast cancer, and
GRP-78 in colon cancer. (B,C) In different cancers, tumor cells can transform macrophages into the M2-like phenotype through TDEV'’ cargos. Factors like
cargos embedded in EV's, chemokines, and cytokines can act on different targets in the process of phenotypic transformation of macrophage, such as, IncRNA

TUC339 can promote the macrophages to M2-like phenotype

2.3 | Tumors remodel macrophages through
extracellular vehicles

In the progression of many tumors, Ml is the main type
in the early stage, while M2 dominates in the late stage. In
this process, the disproportion M1/M2 TAMs may attribute
to the components in TDEVs. Exosomal lactate in prostate
cancer,!”*! long non-coding RNA (IncRNA)TUC339 in hepa-
tocellular carcinoma,”’! exosomal proteins, including CD63
and palmitoylated proteins in breast cancer,***!/ phospho-
signal transducer and activator of transcription 3 (STAT3)
in glioblastoma,*?) cytoskeleton-centric proteins in colon
cancer,!®! intercellular cell adhesion molecule-1, arachi-
donic acid (AA), and V-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog (KRAS)S"P in pancreatic cancer,**%°]
and MFG-E8T protein in prostate cancer are involved in
M2-like polarization of macrophages.*®) miRNAs loaded
in exosomes including miR-1246 in glioma,[*’] miR-103a
in lung cancer,[%8] miR-222-3p, -940 in epithelial ovarian
cancer (EOC),*>%] miR-29a-3p in oral squamous cell
carcinoma (OSCC),[‘“] miR-203, -145 in colorectal cancer
(CRC),[42’43] miR-155, -125b in pancreatic cancer, and miR-

25-3p, -92a-3p in liposarcoma can drive the polarization of
M2 macrophages.[*#**] Additionally, miR-375 is delivered
by LDL particles in apoptotic breast cancer,!*”! miR-21, -511,
-9, and the extracellular matrix metalloproteinase inducer
delivered by microvesicles in CRC can also induce M2-like
polarization of macrophages.!®*’ The continuous release
of EVs from tumors contributes to the ongoing activities
of macrophage hijacking and phenotype transformation,
resulting in M2-like TAMs becoming the primary component
of solid tumors!**] (Figure 2B,C).

2.4 | Macrophages deliver malignant
feedbacks
2.4.1 | Hijacked macrophages prompt tumor

growth and metastasis

Macrophages in the TME can generate tumor-promoting
feedbacks. In pancreatic cancer, Kupffer cells begin to secrete
more TGF-f, connective tissue growth factor, eosinophil-
derived neurotoxin, insulin-like growth factor, and PDGF
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after taking up the exosomes from the PDAC, which enhances
the production of fibronectin and creates a fibrotic microen-
vironment before tumor metastasis.”*) Macrophages treated
with PDAC exosomes can also stimulate the secretion of
PGE2, VEGE, monocyte chemo-attractant protein (MCP)-1,
IL-6, IL-13, MMP-9, and TNF-a. They have been proven to
be related to pancreatic tumor growth and metastasis.[**]
In CRC, after phagocytosis of the exosomal miR-145,
macrophages are transformed into M2-like TAMs, and this
type of TAMs can promote angiogenesis and tumor growth
by producing VEGF expression and tissue infiltration.!**) In
addition, cytoskeletal rearrangement and increased secretion
of TNFa, leukotriene D4, and MCP-1 can also be seen in
macrophages activated by CRC-derived EVs.’**] They
can also accelerate CRC growth and metastasis through the
epithelial-mesenchymal transition (EMT) due to MMP-9
expression and activation.!*’) In lung cancer, miR-150 from
THP-1 cells (human myeloid leukemia mononuclear cells)
and miR-103a from hypoxic lung cancer cells can stimulate
the secretion of VEGF and angiopoietin-1 in TAMs after
internalization, which provides facilities for the survival,
migration, and invasion of tumor cells.***°] Moreover, the
defected macrophages can also accelerate the secretion of
IL-6, Wnt, and TGE-g, which are stimulative for EMT.[°!]
In breast cancer, macrophages can be activated by miR-375
from apoptotic breast cancer, and M2-like TAMs have been
found to infiltrate tumors, which drives the formation of
a tumor-promoting microenvironment.[”’)  Additionally,
the activated TAMs can transport miR-233 to breast cancer
cells and enhance the invasion of cancer cells through the
MEF2c-f-Catenin pathway.!"?) In EOC, after being induced
by exosomal miR-940 and miR-222-3p, M2-like TAMs dra-
matically promote EOC cells’ proliferation and migration.
Angiogenesis and lymphangiogenesis in the TME are also
reinforced in this microenvironment.[*%>*] In OSCC, TAMs
educated by exosomal miR-29a-3p can also exhibit the capa-
bility to facilitate cell proliferation and migration.l*!] In
gastric cancer, activated TAMs can transport Apolipoprotein
E to cancer cells and subsequently promote the metastasis of
gastric cancer by affecting cytoskeleton remodeling through
the phosphatidylinositol 3-kinase (PI3K)-Akt pathway.[?]
In liposarcoma, the M2-like TAMs can be activated by
exosome-derived miR-25-3p and miR-92a-3p, which in turn
promote liposarcoma cell proliferation, invasion, and metas-
tasis via a toll-like receptor (TLR) 7/8-dependent method!**!
(Figure 3A).

2.4.2 | Hijacked macrophages inhibit the
tumor-related immune response

TAMs activated in the TME can also show the potential of
immune regulation, including the inhibition of the viability
of T cells and the secretion of chemokines to recruit T cells
without cytotoxic capacity. TDEVs can decrease the antigen-
presenting ability of M2-like TAMs and raise the generation
of cytokines such as TGF-B, IL-10, and PGE2.34>">4] TGF-g

mediated by TAMs can not only prevent NK (natural killer)
cells from killing tumor cells, promote dendritic cell (DC)
apoptosis and reduce its migration rate, but also promote the
differentiation of CD4" T cells into the Th2 phenotype, and
then inhibit the anti-tumor activity of CD8% T cells. M2-like
TAMs derived from IL-10 can upregulate the expression of
the B7-H4 gene alone or together with IL-6 and then inhibit
the activity and proliferation of T cells. TDEVs also induce
the release of chemokines (CCL17, CCL18, CCL20, CCL21)!%]
and receptors (chemokine receptor (CCR)4, CCR5, CCR6,
CCRI0) by the M2-like TAMs,!*®) which are linked to the
recruitment and an increase in regulatory T cells (Treg cells)
and Th2 cells to the TME, leading to the function impair of
cytotoxic T cells.?>>*7] In EOC, macrophage infiltration has
been positively correlated with the quantity of Treg cells.>*]
Additionally, CCL22 secreted by TAMs is involved in Treg reg-
ulation by the CL22/CCR4 axis.[**] Furthermore, exosomes
from activated M2-like TAMs can transfer miR-29a-3p and
miR-21-5p targeting STAT?3 to T cells, resulting in a Treg/Th17
imbalance and tumor immune escape. ! Activated exosomal
epidermal growth factor receptor (EGFR) from lung cancer
can also be taken up by TAMs, which engage a macrophage-
intrinsic signaling pathway called kinase mitogen-activated
protein kinase kinase 2 (MAP3K8/MEKK?2), affecting the
production of IFN-1 and causing immunocompromised host
immunity.[®) In CRC and breast cancer, the phagocytic and
anti-tumor properties of TAMs with high expressions of
programmed cell death protein 1 (PD-1) are significantly
weakened!®?] (Figure 3B).

2.43 | Hijacked macrophages contribute to
drug resistance and radiation recovery

Although radiotherapy and drug therapy (e.g., chemotherapy
and targeted therapy) are still irreplaceable as the current
model of cancer therapy,!®! many patients still do not
benefit from radiotherapy and chemo-radiotherapy due to
resistance.l*%°] In the TME, activated M2-like TAMs can
transfer miR-21 to gastric cancer cells through exosomes and
then enhance the anti-apoptosis ability of cancer cells by regu-
lating the expression level of phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) and B-cell lymphoma-2
(Bcl-2) and reinforce the resistance of gastric cancer cells
to Cisplatin.[°°) In PDAC, exosomal miR-365 derived from
infiltrating macrophages can be internalized into tumor
cells, disrupting the activity of Gemcitabine by inducing the
expression of cytidine deaminase and upregulating the level
of triphosphate nucleotides in cancer cells.[°”] In neuroblas-
toma, the internalized miR-155 from TAMs can target the
signaling pathway of telomeric repeat binding factor 1, thus
increasing the resistance of neuroblastoma cells to chemother-
apy drugs.[®®] Additionally, miR-223 from M2-like TAMs can
be taken up by EOC cells and assist tumor cells in resisting
anti-tumor drugs’ effects by targeting the PTEN/PI3K/AKT
pathway.[°°) Activated TAMs are also involved in targeted
cancer therapy. In EOC, macrophages are also responsible
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neuroblastoma, and colon cancer can induce Cisplatin resistance, CCL-2 in breast cancer can boost tamoxifen resistance. Moreover, the recruitment and

infiltration of M2-TAMs can cause Bevacizumab and sorafenib resistance

for the induced bevacizumab resistance owing to the low
expression of vascular endothelial growth factor recep-
tor and excessive secretion of angiogenic cytokines.”’! In
gastrointestinal stromal tumors, the signaling pathway of
C/EBP may be abnormally activated after imatinib treatment,
leading to the transformation of Ml-like TAMs to tumor-
promoting M2-like TAMs.[”!) The defected macrophages
can also resist targeted therapy (sorafenib) by activating
the pB-catenin/c-JNK/PTMA pathway.”?)  Myeloid lym-
phocytes proliferation and the release of inflammatory
cytokines can be caused by radiation, resulting in M2-like

polarization,!'>2*73-75] EMT,°!) immunosuppression,*4>1->4]

and tumor metastasis.”’ The M2-like TAMs caused by
radiation can promote the repair of damaged tumor tis-
sue using matrix remodeling and neo-angiogenesis.”®””]
Moreover, in endocrine therapy, M2-like TAMs can stim-
ulate the PI3K/Akt/mammalian target of the rapamycin
(mTOR) signaling pathway and produce endocrine resistance
feedback.””7%] Finally, in immunotherapy, Treg cells and
TAMs can serve the weakening of anti-tumor immunity
through the depressing of T cells and secretion of inhibitory
factors!”**°] (Figure 3C).
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3 | TUMORS AND MICROBIOTA

3.1 | Tumors recruit microbiota through
extracellular vehicles

The horizontal transfer of genes occurs when exogenous
genes are introduced into host cells.[®!] In addition, exosomal
miRNA and other EVs derived from plants can shape the gut
microbiota and fungi. After being preferentially taken up in
the gut, the contents in EV's can cause structure and localiza-
tion of bacteria and fungi, resulting in significant morphologi-
cal changes and anti-inflammatory effects.l®>%] Furthermore,
it has been certified that miRNA from host feces can achieve
the gene regulation of gut microbiota.[**) In the TME, tumor
cells can secret more aggressive EVs than nonmalignant
ones.[*”] Some TDEVs are acknowledged as communica-
tion mediators between tumors and microbiota.[*>¢” Most
notable is the interaction between TDEVs and bacteria.l?]
The overproduction of glycan from CRC cells can raise the
migration of tumor-related bacteria like Fusobacterium to
the TME.[*®) EVs from CRC can modulate bacteria in the
gut since they have been found to share some common
proteomics,!”) and the signaling pathway in which the match-
ing sequence participates is notably associated with poor out-
comes of CRC.I*”! This means CRC can transfer malignant
factors to bacteria through EVs. Until now, the mechanisms
by which EV's enter bacteria and interfere with specific target
genes have remained unclear.[*’! Reports state that EVs and
their cargos may enter bacteria by endocytosis or through
surface sensing, extension, and pilus retraction activity.*!)
Moreover, EVs-loaded hypoxia factors in the TME can also
help recruit mycoplasma and chlamydial®®! (Figure 4A).

3.2 | Tumors shield microbiota through
Extracellular vehicles

Viruses like papillomavirus (HPV), hepatitis B virus (HBV),
Epstein-Barr virus (EBV), and Kaposi’s sarcoma herpesvirus
(KSHYV) can lead to cervical carcinoma, hepatocellular car-
cinoma, nasopharyngeal carcinoma, and Kaposi’s sarcoma
to some degree, respectively.[”**] Large amounts of exper-
iments have confirmed that TDEVs may be involved in the
structure or function of various immune cells. Briefly, TDEV's
can drive the apoptosis of CD8" T cells and inhibit their
proliferation; they can also reduce the cytotoxicity of NK
cells and boost the proliferation of Tregs and myeloid-derived
suppressor cells (MDSCs). In another study, macrophages
can internalize EGFR-loaded TDEVs, targeting MEKK2 and
interferon regulatory factor 3 (IRF3), which substantially
suppressed the production of IFN-Band increased the suscep-
tibility to viruses.!®!) Generally, after invading the host, the
microbiota may be eliminated by macrophages, DC, T cells,
B cells, and NK cells. An immunosuppressive niche built by
TDEVs in the TME may help microbiota escape from immune
injury. In these circumstances, the microbiota may remain
alive or aggressive under the cover of barriers from TDEVs.

3.3 | Tumors support replication and
transmission of microbiota through
extracellular vehicles

Beyond that, TDEVs also play a vital role in virus repli-
cation and transmission.[””] Exosomes from hepatitis C
virus (HCV)-associated HCC can carry genetic information
from HCV,[°°) including antisense RNA with replication
potential,®”] HCV nucleoprotein, and non-structural pro-
tein 5A (NS5A).[%%] When transferred to susceptible
cells, HCV can expand its domination.'”’! In EBV-positive
lymphoma, the exosomes secreted by tumor cells contain
EBV-derived miRNAs (e.g., EBV-miRNA-BART1-5p, EBV-
miR-BART3, and EBV-miR-BHRFI-1) and IncRNAs (e.g.,
IncRNA H19).'l Thereafter, the EBV and its unique factors
may be transferred to uninfected recipient cells and exert
hazardous action.['2] Tn Kaposi’s sarcoma, KSHV can be
embodied in EVs from tumor cells; the lipid bilayer structure
is the fundamental constitution of EVs that can protect car-
gos (e.g., DNAs and RNAs) from degradation.!!”!%] These
EVs will ultimately carry KSHV to uninfected cells and
develop an egoistic microenvironment for viral replication
and transmission!?4] (Figure 4B,C).

3.4 | Microbiota facilitates tumor progression
341 | Microbiota induces tumor-associated
inflammatory environment

The intratumor microbiotas never live together peacefully
and may discriminate against each other,'” with some
tumor-promoting microbiotas establishing dominance with
the help (directly or indirectly) of TDEVs. Subsequently, these
microbiotas will evoke more tumor-associated inflammation.
The major bacterial community of lung adenocarcinoma
can enhance the release of pro-inflammatory factors, which
will generate the harmful inflammatory response and malig-
nant proliferation of cells.[°] IL-17 and IL-23 secretions are
observed in familial adenomatous polyposis and CRC, closely
related to inflammation and carcinogenesis.!'’°! In other
gastrointestinal tumors, some types of bacteria (Klebsiella
and Haemophilus) are significantly increased and active in
lipopolysaccharide (LPS) production.'””] The interaction
between LPS and TLRs can stimulate the expression of
pro-inflammatory cytokines, such as NF-xB.['*6 11 Further-
more, LPS-TLR can activate the STAT3-related pathways and
tumor progression by triggering the KRAS mutation. ']
In pancreatic cancer, Malassezia spp. can migrate to the
pancreas and activate mannose-binding lectin (MBL), a kind
of protein, which can recognize and bind to glycans of the
fungal wall and trigger cascade reactions of the comple-
ment system (C3). Later, MBL-C3 induces inflammation and
oncogenic progression.!'*] Apart from these mediators, EVs
derived from microbiota can also accelerate the formation of
a tumor-associated inflammatory environment. They boost
tumor-associated inflammation by either carrying/inducing
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IL-6, IL-8, IL-10, and TNF or participating in the inflamma-
tory process as they promote recruitment and infiltration of
inflammatory cells.""*! For instance, H. pylori can induce the
expression of IL-16, IL-6, IL-8, and IL-17 through cytotoxin-
associated gene product A (CagA) and vacuolating cytotoxin
gene A (VacA) in EVs.'"®) Generally, carcinogenic micro-
biotas survive, replicate, and become dominant in the tumor,
and they take up malignant characteristics from the tumor
and even migrate with tumor cells."") In turn, they initiate
tumor-related inflammation, which serves the progression of
the tumor (Figure 5A).

3.4.2 | Microbiota produces
immunosuppressive effects

In the immune-disordered microenvironment, microbiomes
themselves can also participate in immunosuppressive activ-
ities. EVs secreted by H. pylori can increase cyclooxygenase-2

and restrain T cell responses.[m] In addition, EVs derived
from H. pylori can also increase the expression of immuno-
suppressive cytokines like IL-6 and IL-10 and lead to the
apoptosis of T cells.""] In PDAC, some microbiome sup-
pressed the efficacy of checkpoint-based immunotherapy by
disturbing immune tolerance.!'"” In the PD-1 immunother-
apy of melanoma, the low diversity and high abundance of
Bacteroidales have been demonstrated to be limited in the
capacity of antigen presentation and deleterious for systemic
and anti-tumor immune responses.['>’! In some opportunistic
fungal pathogens, C. tropicalis has been proved to accelerate
the transformation of myeloid cells to MDSCs. MDSCs can
significantly inhibit CD4*" and CD8" T cell responses and
drive tumor progression.[”!! Additionally, innate immunity
may be compromised when parasites invade the hosts. Some
secreted nematode (H. polygyrus) miRNAs delivered by
exosomes could suppress type II innate responses after being
internalized by host cells.'”?] N. caninum EVs could interact
with TLR-2 and activate the mitogen-activated protein kinase
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FIGURE 5 The microbiota transmits malignant feedback to tumors. (A) The microbiota induces a tumor-associated inflammatory environment. The
microbiota in the tumor microenvironment can activate the signaling pathways of NF-xB/MAPK, TLR, STAT3, and C3 cascade reaction by boosting the release
of IL-18, IL-6, IL-8, IL-10, IL-17, IL-22, IL-23, and LPS. (B) The microbiota generates immunosuppressive effects in the tumor microenvironment. In the tumor
microenvironment, the microbiota can cause T cell dysfunction and innate immune repression by generating factors like COX-2, IL-6, IL-10, TLR ligand,
MDSCs, and EVs. (C) The microbiota produces detrimental metabolism in the tumor microenvironment. In microbiota-related metabolism, iron metabolic
disorder, GSH can cause oxidative stress, the production of polyamines can induce T cell inhibition, and the expression of proteases and MMP, the generation
of B-glucuronidase can impede the inactivation of estrogens, consequently increasing the level of estrogen and stimulating the growth of estrogen™ tumors. (D)
The microbiota promotes tumor progression through genetic toxicity and interference. The productions from microbiota like RNS, ROS, CDT, colibactin,
superoxide are inductive factors for DNA strand damage, cycle arrest, point mutation, and gene reprogram. (E) The microbiota promotes tumor progression by
contributing to metastasis and drug resistance. Autophagy pathway activation, TLR4, and MYD88 pathway activation can lead to Gemcitabine resistance;
further, the generation of polyamines and MDSCs can stimulate the tumor metastasis

(MAPK) signaling pathway, thus repressing the host’s innate
immune responses.'”’] In addition, the MAPK signaling
pathway may also play a vital role in both inflammation and
tumorigenesis.['”>'') During the chronic stage of infection,
the EVs-enclosed miRNAs from Schistosoma can tune down

the T cell-related immune responses, which account for both
the long-term existence of Schistosoma and Schistosoma-
related tumor progression.!'”*] Researchers have also con-
firmed that EVs of E hepatica are enriched in some potential
immune-regulatory proteins and miRNAs.?>?°] These
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factors work together to ensure the survival of FE hepatica
through host immunosuppression!'>°! (Figure 5B).

3.4.3 | Microbiota causes detrimental
metabolism

In the human gut, commensal microbiomes are involved in
the absorption and digestion of nutrients (sugar, fat, amino
acid),['””] metabolism of hormones and bile acids, synthe-
sis of vitamins (e.g., vitamin B and vitamin K),[?*°! and
the formation of intestinal physical (mucosal) and chemical
(immune) barriers.[391321 However, in TME, the education
of the TDEVs brings about tremendous diversion in the com-
position and abundance of the microbiota. What follows is
some harmful metabolism, which may stimulate tumor dete-
rioration. Microbiota can participate in host metabolic activi-
ties. Also, they can give tumors feedback with toxic and harm-
ful metabolites.[*33-135] Apart from LPS in tumor-associated
inflammation,!*”) some other harmful metabolism processes
should also be noted. It was found that the toxigenic H. pylori
strain can induce the formation of micronuclei and vacuola-
tion in normal gastric epithelial cells. This is followed by iron
metabolism disorder and glutathione (GSH) loss, prompting
a role for oxidative stress in carcinogenesis.!"**! Polyamines
and the production of some gut bacteria can also be produced
by host cells under the stimulation of certain gut bacteria
(e.g., enterotoxigenic Bacteroides fragilis),!'*'**] which have
been proven to be active in suppressing anti-tumor immu-
nity via the inhibition of IL-2 and activated T cells.!'** They
can also raise the expression of proteases and matrix met-
alloproteinases in the tumor, resulting in an enhanced inva-
sion and migration of tumor cells.*°] The microbiota also
becomes involved in the hormone metabolism of the host.[*°!
Especially in hormone-receptor-positive breast cancer indi-
viduals, B-glucuronidase, a kind of bacterial enzyme that
can impede the binding of glucuronic acid and estrogens,
increases the level of estrogen in the host and promotes tumor
growth.l""142] In a recent study of CRC, the microbiota-
derived metabolite butyrate was shown to be effective in
the hyperproliferation of intestinal epithelial cells and the
development of CRC.!"**] Some other studies have also con-
firmed the detrimental role of hydrogen sulfide, bile acid, and
ethanol metabolism, which could be driven by commensal
microbiotal!®] (Figure 5C).

3.44 | Microbiota brings genetic toxicity
and interference

Genetic toxicity and genetic interference are accumulated
through microbiota feedback. Typically, ROS, reactive nitro-
gen species, and other certain toxins are mediated by the
microbiota, which can induce DNA damage.l"****] Cyto-
lethal distending toxin is a production of gram-negative
bacteria (e.g., E. coli, Helicobacter spp., and S. typhi) and can
be carried by C. jejuni and Helicobacter cinaedi,'*°) which

is associated with gastric, colorectal, and gallbladder cancer
progression.['*”] With this infection, this kind of toxin may be
released, and one of its subunits, called cytolethal distending
toxin B, can be transferred into the nucleus of host cells, exert-
ing DNA damage mediated by DNase activity, as well as cell
swelling and transient G2/M cell cycle arrest. The potential
mechanisms may include the activation of the histone H2AX
phosphorylation, ataxia-telangiectasia mutated-cell cycle
checkpoint kinase 2, and the mTOR signaling pathway.[14145]
Another bacterial toxin called colibactin derived from certain
E. coli strains can alkylate DNA with an unusual electrophilic
cyclopropane, generating an unstable colibactin-DNA adduct,
leading to severe DNA damage and CRC progression.!'**-1>1]
Moreover, some other metabolites (e.g., superoxide radicals
and hydrogen sulfide) from microbiota can also elicit genetic
toxicity. For instance, large quantities of superoxide can be
produced by Enterococcus faecalis, which will bring about
double-strand DNA damage and chromosome instability.!>*]
In EBV-associated lymphoma, the virus can reprogram the
genes of MYC and BCL2LI1 and form a new DNA loop in
which the MYC gene has closer contact with its enhancer,
while BCL2L11 is blocked to contact its enhancer. As a result,
the proliferation of tumor cells is enhanced with apoptosis
inhibited.!"* In CRC, several matching microbial sequences
have been found in the colorectal EV proteome, which
means the microbiota can transfer their genetic fragments
to host cells.”) In the viral field, insertional carcinogenesis
has been universally recognized as a core process of genetic
interference. While recent studies also elaborate that bac-
terial and parasitic DNA may also integrate into the host
genome and become oncogenic. This type of lateral gene
transfer may profoundly contribute to tumor progression!>*!
(Figure 5D).

3.4.5 | Microbiota fosters tumor metastasis
and drug resistance

Apart from the above feedback mechanisms from the micro-
biota to tumors, specific microbiota is also involved in the
metastasis and drug resistance during tumor progression. As
has been noted, some bacteria can produce polyamines,[l37]
and in the TME, tumor cells can increase the uptake of
polyamines from certain bacteria. Resulting in MMP pro-
duction and further acceleration of tumor spread.*’) In
addition, some colonizing microbes in CRC have been found
maintained in distal metastases, illuminating the fact that
the microbiota can metastasize with tumor cells and form
a TME like the primary sites.['®) As mentioned above, C.
tropicalis can promote the formation of MDSCs; further-
more, miR-126a delivered by MDSC exosomes has been
confirmed to be active in promoting lung metastasis.!*°]
Specific microbiota can also engender the resistance of anti-
tumor therapy. In CRC, the autophagy pathway activation
and the chemotherapeutic response inhibition are induced
by E nucleatum, which activates TLR4, and myeloid differ-
entiation factor (MYD)88 signaling pathway and specifically
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downregulates the synthesis of miR-18a and miR-4802
to assist cancer cells in resisting chemotherapy.!"®) The
production of cytidine deaminase (CDDy ) from gammapro-
teobacterial was also responsible for gemcitabine inactivation
in PDAC.I"””) Dramatically, gemcitabine lost effectiveness in
breast cancer-bearing M. hyorhinis.!>®] Tumor metastasis and
drug resistance are nonnegligible factors that account for the
refractoriness of some tumors. In this microenvironment with
complex interplay, more mechanisms remain to be revealed
(Figure 5E).

4 | MACROPHAGES AND MICROBIOTA
4.1 | Macrophages indulge microbiota

411 | Macrophages present impaired
phagocytic capability

Unfortunately, macrophages do not work as the first barrier of
human innate immunity to phagocytize invaders after being
hijacked by TDEVs.[?) TAMs in solid tumors mainly present
the M2 phenotype, which contributes to the formation of the
immunosuppressive microenvironment.[™) M2 is inferior
to Ml in the ability of tumor clearance, especially after being
hijacked by TDEVs. In HCC, the M2 phenotype polarization
is stimulated by the exosomal IncRNA TUC339 derived from
cancer cells, which weakens phagocytosis in macrophages and
reduces pro-inflammatory cytokine secretion in TME.[*’]
Moreover, a research group also provided insight into the
PD-1 expression of TAMs. They observed that whether in
human or mouse cancer models, the PD-1 expression of
TAMs can increase with time or throughout the disease. The
expression of PD-1 in TAMs is negatively correlated with the
phagocytic capacity of tumor cells. Blocking PD-1/PD-LI in
vivo can increase phagocytosis of macrophages, which will
decelerate tumor growth and prolong the survival time of the
mouse tumor model.[%?] In addition to common cytokines
such as IL-4, IL-10, IL-13, CSF-1, and TGF-$, fungal and
helminth infections also drive the process of M2-like TAMs
polarization.['8 Schistosoma infection is closely related to
HCC, CRC, and bladder cancer. A new study showed that
Schistosoma japonicum derived miR-125b carried by EVs can
be taken up by macrophages, which will increase the mRNA
expression of TLR signaling pathway-related molecules. In
addition, this will promote the proliferation of macrophages.
In addition, the host macrophage functions are regulated to
guarantee parasitism.[u’o] Moreover, microorganisms have
some mechanisms to protect them from being eliminated
by macrophages, such as the capsule, microcapsule, Vi anti-
gen, K antigen, fungal spores, coagulase, hyaluronidase,
leucocidin, and hemolysin. Complements play an essential
role in mediating the phagocytosis of macrophages; certain
microbiota can consume complements (e.g., C3) and suppress
phagocytosis by generating some by-products to activate com-
plements but prevent the formation of antimicrobial effects
(Figure 6A).

412 | Macrophages exhibit digestion
and antigen presentation disorders

Recognition and phagocytosis are important functions of
macrophages, while digestion and antigen presentation
play irreplaceable roles in pathogen elimination. It has
been shown that apart from tumor cells, macrophages can
also express PD-1/PD-L1. Over a decade ago, researchers
found that macrophages can express a significantly higher
level of PD-1 under an infectious condition, and the PD-1*
macrophages exhibit worse bacterial clearance than PD-1=/~
macrophages.!'®") In another study, researchers revealed that
nearly all PD-1* macrophages have the characteristics of
M2-like macrophages. Accompanied by tumor progression,
PD-1T M2-like macrophages not only expanded in quantity
but also changed in morphology. An immunohistochemistry
test showed that PD-1" TAMs became swollen and foamy,
and electron microscopy illustrated that the foamy appear-
ance resulted from the accumulation of extensive residual
phagocytic substances and lysosomes in the cytoplasm.!®?! In
the TME, the digestive capacity of macrophages is weak. For
example, in isolated alveolar macrophages, the phagosome-
lysosome fusion is significantly reduced within patients
infected with HIV, and digestion-related organelles are
dysfunctional.'?] In addition, the secretions of TGEF-f,
IL-10, and PGE2 can down-regulate the expression of major
histocompatibility complex II (MHC-II) and CD86 in M2-
TAMs, which will suppress the antigen presentation ability.
Hypoxia is a common phenomenon in the TME, and some
research data have also stated that hypoxia can suppress
MHC-II expression via down-regulation of the forkhead
box O1 in TAMs.l') The specificity of the tumor environ-
ment and intrinsic properties of TAMs determine the low
antigen-presenting function of TAMs, triggering a series of
exemptions in the microbiota. However, certain microbiota
themselves can also regulate antigen-presenting abilities.!'®*]
Mycobacterium tuberculosis (MTB) can inhibit the expression
of MHC II and CD86 in macrophages induced by IFN-y in
a dose-dependent manner.'] The expression of antigen
present mediators, MHC-II or CD86, can be suppressed
by cytokines, hypoxia, parasites, and virus.['°°! Overall, the
microbiota can survive and reproduce in the TME benefited
from the decline of phagocytosis, digestion, and antigen-
presenting functions (Figure 6B,C).

4.2 | Microbiota impacts macrophages
421 | Microbiota promotes the phenotypic
transformation of macrophages

The microorganisms in TME can complete their life cycle and
affect the polarization of M2 in turn. In H. pylori infection,
some studies have shown that Arginase-2 (Arg2) plays a vital
role in promoting the M2-like polarization of macrophages.
H. pylori can also upregulate the level of Ornithine decar-
boxylase via the extracellular regulated protein kinases and
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the MYC signaling pathways, which have the same effect as
Arg2.l'”) Salmonella enterica can escape damage in humans
and mice and proliferate in macrophages by promoting
the polarization of the M2 phenotype.'°*! N. gonorrhoeae
can raise the level of M2-like macrophages by stimulat-
ing IL-10 expression.l'’] Additionally, HBV and HCV are
also involved in M2 polarization via the up-regulation of
IL-10 and the inhibition of STATL!7’] Fungi and parasitic
infections can also stimulate the M2-like phenotypic polar-
ization. For example, PGE2 as a by-product of Candida can
induce M2-like phenotypic polarization.!'”!) Schistosoma can
activate STAT6, PI3K signaling pathway and increase M2
polarization.!"”>'*] Haematobium, Clonorchis sinensis, and
Opisthorchis viverrine cause the promotion of IL-33,[74] T cell
immunoglobulin, mucin domain-3 (TIM—3),[175] and type
IT cystatin expression,!'’®) and the inhibition of STATI via
miR-146a/b, association with HCC, CRC, and bladder cancer
closely.l'”7] Moreover, when the microbial burden in the
organism is eliminated, macrophages show the inclination of
M1 polarization with a significant increase of CD86, MHC-II,
TNFe, and IL6. This also indirectly proves the relationship
between the microbiome and M2.!"” During microbial infec-

tion, M2 polarization is like a double-edged sword. M2-like
macrophages can protect the host by clearing microorgan-
isms, suppressing granuloma, repairing tissue damage caused
by microbial migration, and limiting the early cytotoxic
immune responses. However, M2-TAMs in TME can also
promote tumor progression by enhancing the recruitment and
infiltration of pro-inflammatory macrophages (Figure 7A).

4.2.2 | Microbiota induces the metabolic
alteration of macrophages

Apart from polarization promotion, metabolic changes also
facilitated the malignant progression of tumors. Regula-
tions and feedbacks of metabolism between microbes and
macrophages maintain the energy balance in the TME.
Although microbial invasion and TDEVSs secretion can pro-
mote M2-like polarization, they may compete with tumor
cells for energy via oxidative phosphorylation and aerobic
glycolysis.[”®) Angiogenesis is enhanced by M2 polarization
leading to high hypoxia tolerance of tumor cells. Further-
more, some parasites, like Leishmania donovani, compete
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with macrophages and other host cells for metabolic nutrients
and energy for survival and replication.[”®] Arginase activity
in macrophages may be induced by the microbiota in amino
acid metabolism, thus increasing Arg-1 production; excessive
Arg-1 can accelerate the synthesis of ornithine and then
prompt collagen synthesis and tumor cell growth. Endoge-
nous arginase activity in specific parasites may also help raise
the level of Arg-1in the TME.[15]

On the other hand, Arg-1 seems closely related to lipid
absorption and oxidative metabolism.[*!) Some microbes like
Mycobacterium tuberculosis can escape from immune attack
by living inside macrophages via peroxisome proliferator-
activated receptor-y (PPARs) pathways and PPAR-y expres-
sion. Meanwhile, the PPAR-y can also participate in Arg-1

synthesis, M2-like polarization, and lipid metabolism of
the host cells and provide nutrients for the commensal
microbes.[®?] By activating the STAT6-PPAR-y/3 signaling
pathway, the polarization of Ml-like macrophages may be
inhibited by Some chronic infections (e.g., Brucella, Tox-
oplasma gondii), which produce nutrition through lipid
oxidation metabolism for pathogens.!'*3! Tumor progression
locus 2 also vital in regulating inflammatory responses when
Schistosoma mansoni infection occurs, facilitating lipolysis
and M2 macrophage activation.!'**) In brief, the metabolic
changes in macrophages regulated by microbes also play a sig-
nificant role in tumor progression; the relationship of mutual
symbiosis between microbes and macrophages preserves the
dynamic stability of TME (Figure 7B-D).
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PERSPECTIVES

This accumulation of data strengthens the evidence that
TDEVs can deliver intracellular contents to healthy cells,
notably the transportation of malignant factors that can
strongly support tumor growth, metastasis, drug resistance,
and other processes.!'®>) However, few studies have focused
on the regulation and feedback among tumor cells, TAMs,
and the microbiota. In addition, the exact mechanisms
remain unclear. In this review, a general field of vision on
the cell-to-cell interactions was provided primarily consisting
of three portions: (1) Tumor recruits accelerate the pheno-
typic transformation of macrophages through EVs, and the
defected macrophages promote tumor progression through
malignant feedback. (2) Tumor recruits that transfer malig-
nant characteristics to microbes via EVs, and the tumor also
facilitates the survival, migration, and replication of microbes.
In turn, the microbes generate tumor-promoting feedback to
favor tumor progression. (3) Hijacking effects that lead to the
reciprocal coexistence of macrophages and the microbiota.
Therefore, the components in the TME that can interact with
each other and form a dynamic loop that may contribute
to tumor progression were highlighted. However, there are
undoubtedly many more unknown interplays between tumor
cells and other factors, and more effort is needed to reveal
them.

Tumor therapy based on malignant loop intervention may
be promising; TAMs are an important part of this loop.
Studies have shown that TAMs are not only a unique Ml
or M2-like cell population, but they may also possess both
Mi- and M2-like phenotypes.'®) Therefore, the widely pro-
posed use of TAMs remodeling and repolarization requires
more research support. Currently, the studies based on phago-
cytic checkpoint and phagocytic activation are increasingly
in the spotlight (Table 2). Macrophages may enhance their
phagocytic capability through the phagocytic checkpoint and
phagocytic activation like the axis regulation of CD47-signal
regulatory protein alpha PD-1-PD-L1, or MHCI-leukocyte
immunoglobulin-like receptor B1.!'*®) More tumor cells and
tumor-associated microbiota can be eliminated subsequently.

Not only miRNAs, but TDEVs also contain RNA, DNA,
proteins, and metabolites from tumor cells, which carry
excellent biological information of tumors. They are essen-
tial messengers in the malignant loop that may enter the
local microenvironment or the systemic circulation after
being secreted. This makes them increasingly recognized as
promising circulating biomarkers.!'*”) In addition, there is the
potential to develop EV-targeted antibodies in future studies.

Strands of evidence have uncovered cancer type-specific
signatures of microbiota,['®®) and substantial attention has
already been paid to the microbiota and gastrointestinal
tumors as a result of a much greater abundance of micro-
biota in the gut.'"”) However, microbial tumorigenesis is
not entirely determined by abundance, and the tremendous
biotechnological advances, such as, 16SrRNA, offer us new

insights into the relationship between the microbiota and
other tumors.[”*) Thus, it is believed that the malignant loop
is universal in oncology. Many pathogens are highly related to
tumors and even migrate with tumor cells to para-cancerous
tissue and distal areas.!'"°! On the other hand, some probiotics
contribute to the prevention and treatment of tumors. Some
microbial metabolites, such as butyrate, short-chain fatty
acids, and inosine, can promote the efficacy of chemother-
apeutic drugs by regulating the function of CD8% T cells
in the TME.!"""13] Besides, researchers also proved that
Bifidobacterium could enhance the function and metabolism
of intestinal Treg cells, regulating the disordered microbial
composition, alleviating the intestinal inflammation induced
by checkpoint blockade immunotherapy.l'”*! Consequently,
Breaking the malignant loop among tumor cells, TAMs, and
the microbiota may engender therapeutic benefits in clinical
tumor intervention.
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