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KEY WORDS Abstract Macrophages have a leading position in the tumor microenvironment (TME) which paves the
way to carcinogenesis. Initially, monocytes and macrophages are recruited to the sites where the tumor
develops. Under the guidance of different microenvironmental signals, macrophages would polarize into
two functional phenotypes, named as classically activated macrophages (M1) and alternatively activated
macrophages (M2). Contrary to the anti-tumor effect of M1, M2 exerts anti-inflammatory and tumori-

Tumor-associated
macrophages;

Tumor microenvironment;

Targeted drug delivery;
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Combined therapy; being vital regulators reacting upon TME. This review elaborates on the role of TAMs in tumor progres-
Immunotherapy; sion. Furthermore, prospective macrophage-focused therapeutic strategies, including drugs not only in
Extracellular vesicles; clinical trials but also at primary research stages, are summarized followed by a discussion about their
Nano-drug clinical application values. Nanoparticulate systems with efficient drug delivery and improved antitumor

effect are also summed up in this article.
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1. Introduction

Cancer is the major disease threating human health which ac-
counts for estimated 9.6 million deaths in 2018. Therefore, the
growing burden of cancer pushes forward the development of
various therapies against cancer cells. However, it is generally
believed that cancer cells do not work alone. Cooperating closely
with stromal cells, immune cells, and extracellular matrices, tumor
cells promote chronic inflammation and immunosuppression.
Besides, an angiogenic intratumoral environment that feeds the
tumor comes into being. Human body has its immune operation to
protect us from the internal threats (such as malignant cells) which
was called the tumor immune cycle'. In this cycle, effector T
lymphocytes will infiltrate into tumors and kill them. However,
some essential steps for T cell immunosurveillance are often
impaired in tumorigenesis, resulting in tumor escape”.

For nearly a century, much endeavor has centered around
“immune-enhancing” strategies to combat with cancer, such as
IL-2°, IFNs", CAR-T cells’, and anti-CTLA-4 mAbs®. Scientists
hope that enhanced immunity can eliminate tumors just like kill
invasive viruses or bacteria. But the results are not quite satis-
factory. The weapon for malignant tumors to fight the immune
response is not some powerful reproductive activity like those
pathogenic microorganisms have, but their tricks to cheat our
immune system. Thus, enhancing immunity not only fail to get
objective remission of cancer but also trigger severe immune-
related side effects (irAE)7. With the guard of these tricks, so
called "immune evasion mechanisms", tumor cells will disrupt the
routine immune processes, such as altering the antigen presenta-
tion process, secreting immunosuppressive factors that induce
lymphocyte apoptosis, or activating adverse regulatory path-
ways™’. These immune evasion mechanisms continue to develop
and become more diverse and complex during cancer progression.
How to block them and reactivate our immune system is the
problem required to be solved in tumor immunotherapy.

Tumor escape involves pretty complicated elements in which
the tumor microenvironment (TME) dominates the major part. As
one of the chief members in TME, the role of tumor-associated
macrophage (TAM) cannot be overlooked. As a brand-new target,
more and more researches are focusing on TAMs and trying to
find some breakthroughs about antitumor therapy. Before getting it
to the introduction of novel therapeutic strategies targeting TAMs,
some basic characters of TAMs should be noticed.

We summarize the critical functions of TAMs in tumor devel-
opment as follows. Firstly, TAMs secrete manifold growth factors to
help oncogenesis'”!'; secondly, they are beneficial to produce
several proteolytic enzymes and motor-related proteins to support
the invasion and metastasis of tumors'>'?; thirdly, TAMs encode
multiple gene products to promote angiogenesis'*'?; finally, TAM
is a powerful manufacturer of numerous immunosuppressive mol-
ecules. Besides, the increased TAMs population is associated with
low survival rates in many human malignant neoplasms. Therefore,
TAMs cannot be neglected in tumor development and become a
promising new target for tumor therapy. In recent years, researches
on TAM-targeting therapy have focused on the following aspects:
suppressing the recruitment of macrophages, activating the repo-
larization of the original tumorigenic M2-like into an anti-tumor
MI-like phenotype, and depleting TAMs ',

At present, nanotechnology is the focus of concern in the field
of drug delivery system, especially standing out in targeting

therapy. These drug-loaded systems have the characteristics of
large specific surface area, low immunogenicity, and long cir-
culation time in the blood. The same goes for TAM-targeting
therapy, nano-drugs including nanocapsules'”'®, nanospheres'®,
nanomicelles”’, nanoliposomes®' with biological or physico-
chemical modification have the advantage of more precise
locational drug release and less toxic effects on healthy tissue,
like myelosuppression, gastrointestinal reaction, organ toxicity
and some other common side effects caused by chemotherapy
drugs.

The nanocarrier system relies on the EPR effect (enhanced
permeability and retention effect) to passively target tumor sites>,
which is applicable to most of the solid tumors. Due to vascular
damage and lymphatic system loss in tumor tissues, nanoparticles
pass through the interstitial vascular barrier and remain in the
tumors with the help of pressure difference induced by poor
lymphatic drainage, which requires the particle size to be gener-
ally between 10 and 200 nm™’, and its circulation time to be longer
than 6 h. With the help of a nanocarrier system, TAM-targeting
treatment is realizable and feasible. Therefore, we will sum up
some advanced TAM-targeting immune-nanomedicine applied to
clinical practice, as well as researches in preclinical trials in this
review.

2. The conversion of TAMs from progenitors

Macrophage plays an influential role in the host defense system””,
as one of the determinants in the immune response to pathogens.
Meanwhile, they are the crucial mediators of the inflammatory
process in the human organism®. After released from the bone
marrow or yolk sac, immature mononuclear macrophages enter
the tissues via blood circulation and eventually differentiate into
tissue-resident macrophages%. As is well known, macrophages
often gathers at the injury or infected sites”’ to perform several
functions: 1) producing cytokines and chemokines as the media-
tors to modulate other immune cells; 2) producing growth factors,
angiogenic factors, and proteases to promote tissue repair; 3)
killing pathogens by producing reactive oxygen and nitrogen free
radicals. Also, they can present extrinsic antigens to cytotoxic T
cells'.

The TME is a complex cellular ecosystem, jointly formed by
leukocytes, fibroblasts, and vascular endothelial cells®®, accom-
panying the evolution of cancer cells and backing their conversion
into malignant tumors®. As one of the hallmarks of TME in
tumorigenesis’’, inflammation is mainly contributed by the im-
mune cells together with tumor cells’’. Among all immune cells
being recruited to tumor sites, macrophages are in the majority
and present as a special coordinator of multiple factors in the
whole journey of tumor progression”.

Mononuclear phagocytes generally originate from bone
marrow. After drifting in the circulating bloodstream for hours or
days, peripheral blood mononuclear cells, with the assistance of
the adhesion molecules from selectin family, will adhere to the
vessel wall via specific receptors on endothelial cells. With the
assistance of tumor-secreting chemokines, monocytes migrate
across the vessels through the gap between vascular endothelial
cells, and intrude surrounding tumor tissues where they differen-
tiate into TAMs™. Relevant chemokines include the CXC che-
mokine family (interleukin IL-8), CXC-chemokine ligand
(CXCLI1, CXCL6, and CXCL8), CC-chemokine ligand (CCL2,
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CCL5, and CCL18). Also, there are other recruitment factors like
vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), CX3C and C chemokines, hypoxia-
inducible factor (HIF) and transforming growth factor 8 (TGF-
#) which have also been verified to be promoters of monocyte
efflux®**>. Tt is reported that serum level of CCL2 is higher in
human gastric cancer, breast cancer and lung cancer’®, which
could bind to a specific receptor (CCR2 mainly) highly expressed
in macrophages, promoting their infiltration to tumors.

There are two polarized pathways for macrophages in tis-
sues: the classically activated M1 pathway and the alternatively
activated M2 pathway. Induced by lipopolysaccharide (LPS) or
interferon C in vitro, M1 macrophages secrete nitric oxide,
inflammatory factors, and chemokines, like IL-12, IL-23, MHC-
II and B7 family members like B7-1 (CD80) and B7-2 (CD86),
whose primary function is activating Thl immune response to
exert anti-tumor effect’’*®. The M2 pathway requires two types
of signal molecules: the Th2 cytokine and the inducer of
endogenous or exogenous tumor necrosis factor’”"*’. Cytokines
(IL-4, IL-13), vitamin D3, TGF-6, PGE2, and glucocorticoids
are the main factors to induce M2 type activation®'. Then M2
macrophages will secrete IL-1 chemokine receptor antagonists,
matrix metalloproteinase (MMP), and upregulate the expression
of MHC, restraining immune response and stimulating tumor
invasion, growth and metastasis by secreting IL-10, TGF-g,
etc., preventing T cells from effectively exerting anti-tumor
effects™.

Likewise, TAM can be classified as M1 and M2 type co-
existing in the TME. On account of its plasticity, TAMs can switch
from one type to another depending on the environment they
reside®’. There is no single unique marker for TAMs, though a
combination of markers has been listed. And scientists have
identified selective cell surface markers for M1 type (CDS86,
CDo64, CD16, CD120b, TLR2, and SLAMF7) and M2 type
(CD23, CD163, CD206, CD1a, CD1b, CD93, and CD226) mac-
rophages****. Surprisingly, recent research indicated that TAMs
frequently co-express M1 and M2 type genes in individual cells
which enhanced the difficulty to take them apart’’, which may
provide evidence to the existence of the intermediate state of
TAMs.

3. Promoting tumor progression—the crime committed by
TAMs

What trick dose the tumor play in the human body? The tumor can
effectively incite defection of immune cells into immunosup-
pressive cells. For example, regulatory cells (Tregs) can produce
IL-10, TGF-B and express the negative costimulatory molecules
CTLA-4, PD-1 to inhibit the function of T cells***’. Myeloid-
derived suppressor cells (MDSCs) promote tumor immune
escape through impairing the function of NK cells, DCs, T cells
and inhibiting their proliferation via L-arginine depletion. Beyond
that, MDSCs also interfere with the efficiency of checkpoint
blockade®® °. TAMs inhibit the expression of IL-12 in intra-
tumoral DCs and CD8" T cell-mediated anti-tumor immune re-
sponses by producing high levels of IL-10**"". To sum up, the
immune system is a double-edged sword for cancer patients. On
the one hand, it kills tumor cells and inhibits outgrowth. On the
other hand, it can promote tumor progression and metastasis by

establishing the microenvironment which is conducive to tumor
growth.

The heterogeneity of TAMs depends on the variation of TME
and the type of tumor. M1 macrophage factors, such as interferon-
inducing factors (CCL5, CXCL9, CXCL10, and CXCL16), also
exist in tumors®”. Even in the same neoplasm model, different
phenotypes of TAMs are distributed in different regions™. In the
protumoral TME, with the production of M2-favoring cytokines
and the lack of proinflammatory factors, M2 TAMs are the
dominator which are comprised by various subtypes like M2a,
M2b, M2c, and others™*. IL-4 and IL-13 as the Th2 cytokines can
prejudicially induce macrophage to M2a type. Differentiating to
M2b mostly credits to immune complexes, lipopolysaccharide and
IL-1, while IL-10 and glucocorticoids can elicit the M2c form of
macrophage activation. Different induction factors induce varying
M2 type macrophages with various functions: M2a TAMs inhibit
Thl but activate Th2 immune response, and then consequently
initiate immune response to resist parasites, yet M2b and M2c
both exhibit immunosuppressive effects’™. TAMs play a role in
producing arginase, chitinase family proteins, macrophage
galectin, MMP and promoting vascular endothelial cells secreting
cytokines. IL-10 is highly expressed, but the expression of
immunosuppressive factors like TGF, IL-12, MHC and reactive
nitrogen intermediates is downregulated in TAMs™®. M2 TAMs
promote tumor progression through a variety of pathways, which
will be expounded below in various aspects.

3.1.  Favoring tumor growth

By detecting the biochemical indicators of carcinoma, like MIB-1
in breast cancer, Ki67 in endometrial cancer, and the mitotic index
of renal cell carcinoma, it is verified that TAMs infiltration is
positively correlated with tumor malignancy’’ >°, which is also
proved by co-culture cell model in vitro®. Although normal
macrophages generate cytotoxicity by synthesizing NO through
the iNOS pathway with the substrate L-arginine, this pathway is
blocked in M2 macrophages, substituted by the synthesis of
ornithine and polyamines to promote tumor cell proliferation. And
further studies have shown that TAMs express a variety of cyto-
kines including epidermal growth factor (EGF), TGF-8, PDGF,
and fibroblast growth factor (bEGF)°! to expand the affected area
of cancer.

3.2.  Promoting cancer invasion and metastasis

Data display that metastasis cause 90% of cancer deaths world-
wide®”. Supportive evidences have illustrated that tumor invasion
and metastasis is contributed by the interactions among different
types of interstitial protumoral cells including TAMs®. Subcu-
taneous administration of chlorophosphonate-coated liposomes
has been exploited to deplete monocytes/macrophages in the
hamster model. Scavenging macrophages in peripheral blood and
tumor stroma by sodium clodronate effectively inhibited the
metastasis of HARA-B cells to the bone and muscle®. In the
polyomavirus intermediate T gene (PyMT)-induced mouse breast
cancer model, chloropropionate-mediated TAMs exhaustion
typically reduced lung metastasis®”. Moreover, macrophages al-
ways locate in the rupture sites of the basement membrane and the
infiltration front of malignant tumors.
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ECM degrading enzymes (serine proteases, metalloproteinases,
cathepsins, and many other types of proteases) released by TAMs
would relax the fibrous connective tissue around the neoplasm. As
a result, tumor cells will detach from the solid tumor tissue and get
a free ride on the systemic circulation, therefore generating distant
metastasis. Besides, TAMs release ECM degrading enzymes to
break and deform the collagen fibers tightly surrounding the
cancer cells®. As collagen fibers expand outward, anchors of the
tumor cells wrapped around blood vessels are more likely to
metastasize distantly.

Though being insufficient to simulate the TME in vivo consid-
ering the multifarious factors, an in vitro model established on the
co-culture of macrophages and breast cancer MCF-7 cells or
IGROV-1 ovarian cancer cells is qualified to mimic the mutual ef-
fects between macrophages and cancer cells. As a direct result, c-
Jun N-terminal kinase and nuclear factor kappa B (NF-«B)
signaling pathways are activated in both tumor cell lines®’. As soon
as the activation of the transcription factors, extracellular MMP
inducer and macrophage migration inhibitory factor are accord-
ingly increased, enhancing the production and activity of MMP. The
knockdown of macrophage cathepsin or urokinase-type plasmin-
ogen activator (uPA) reduced the neoplasm invasion in a murine
model of breast cancer®®. The osteopontin (OPN, a secreted
glycoprotein which promotes the activity and invasiveness of can-
cer cells) knockout tumor cells cultured in the condition with
macrophages or its medium can regain the metastatic potential®,
clearly demonstrating that pro-invasive factors like OPN can be
derived from macrophages to help with metastasis. Moreover, the
co-culture of pancreatic cancer cells with M2 TAMs speeds up the
epithelial—mesenchymal transition process’™’!. It has been
certificated that TAMs produce the inflammatory factor TNF-« and
up-regulate the zinc finger protein transcription factor Snail’”
which inhibits the expression of E-cadherin so as to promote
tumor invasion, recurrence, and metastasis.

3.3.  Participating in neovascularization

As an essentials process in solid tumor evolution, angiogenesis is
affected by a variety of regulatory factors. As one of the pivotal
modulators, TAMs population is positively correlated with
microvessel density and the level of VEGF in the carcinoma’”.
TAMs are also regarded as independent prognostic factors
affecting the survival rate. Compared with untreated mice, after
ablation of macrophages by clodronate liposome (Clod-Lip),
angiogenesis can be effectively prevented®, which illustrated that
TAMs are a critical promoter for tumor angiogenesis.

TAMs can secret factors like IL-8, CCL8, bFGF, VEGF, and so
forth, which are involved in angiogenesis. Co-incubation of
macrophages with MDA-MB-231 breast cancer cells increased
expression of angiogenic factors (CXC chemokines and CC che-
mokines)’*. Subsequently, a significant increase of medium-
induced angiogenesis was observed in the chicken chorioallan-
toic membrane. In the in vitro model where HUVECs co-cultured
with macrophages and basal cell carcinoma, the levels of VEGF-A
and bFGF in the supernatant increased with enhancement of
culture medium’. The angiogenic response caused by the im-
plantation of human T47D breast tumorspheres into the back of
nude mice was aggravated. Compared to tumorspheres consisting
only of tumor cells’”, the presence of macrophages in mixed
tumorspheres resulted in the up-regulation of VEGF. Another
crucial angiogenesis regulator is angiopoietin (Ang) whose mRNA

expression can be enhanced by TAMs-derived IL-1 and TNF-« in
colon cancer cells, on this account, promoting angiogenesis’®.

Macrophage chemoattractants, such as endothelial-monocyte
activated polypeptide II (EMAP II), endothelin-2, and VEGF, are
concentrated at the sites of neoplastic hypoxia, ischemia, and
necrosis. It is exactly the reason why a subpopulation of TAMs
accumulate in those areas’’. Hypoxia stimulates TAMs to express
a large number of pro-angiogenic molecules, e.g., VEGF and
MMP-7. Microarray experiments revealed up-regulation of more
than thirty angiogenic protein-coding genes in macrophages, like
CXCLS8, ANG, cyclooxygenase-2, IL-6, IL-7, MMP-1, MMP-9,
VEGF-A, and VEGF-C'".

3.4.  Immunosuppression

Existence of M2 TAMs in tumor tissues is an important contrib-
uting factor for the formation of the immunosuppressive TME.
Classically activated macrophages in the early stage of the tumor
progression could produce NO, which leads to the extensive death
of tumor cells. Nevertheless, as tumors develop, PGE2 and IL-10
secreted by cancer cells will impair M1-mediated immune re-
sponses’”. M2 TAMs do not express tumor-associated antigens
in vitro, nor enhance the anti-cancer effect of T cells and NK
cells®’. The deletion of these biological functions will directly
limit the host’s anti-tumor immunity.

The close relationship between the phenotype of macrophages
and tumor-derived cytokines has been found. Tumor cells
secreting IL-4 and TGF-{ can reduce the IL-12 secreting by
macrophages and limit the proliferation of NK cells and cytotoxic
T cells®'. Necrotic tumor cells releasing intracellular components,
mainly immunosuppressive factors (IL-10, S1P, etc.), are
responsible for the polarization of macrophages to M2 TAMs. As
soon as TAMs turned into the M2-like phenotype, the production
of NO and iNOS would be reduced®>**. Also, MMP expression
induced by TAMs cleaves the Fas ligand between cancer cells so
that the cancer is not only less sensitive to chemotherapeutic drugs
but also hardly lysed by NK cells and T cells. Alterations of these
immune regulatory elements caused by TAMs play a vital role in
immunosuppression.

3.5. The communication between TAMs and other
cells—extracellular vesicles (EVs)

Extracellular vesicle (EV) as an information transmitter among
individual cells is released by all cell types. The studies have turned
their points to TAM-derived EVs from their compatriots derived
from cancer cells. For antitumor therapy, various EVs produced by
TAMs are turned out to be a double-edged sword. MicroRNA (miR)
is a significant regulator of gene expression capsuled in EVs. TAM-
derived EVs containing miR-146a** are involved in the repolari-
zation of M2 to M1 type while miR-19a-3p® and miR-155" are
associated with the polarization of M1 type. Also, TAM-derived
EVs are related with the immunosuppressive microenvironment.
For example, miR-29a-3p and miR-21—5P suppress STAT3 in
CD4% T cells inducing a Treg/Th17 cell imbalance in epithelial
ovarian cancer (EOC) which facilitates the cancer progression®’, as
well as miR-223 that is delivered to EOC cells by TAM-derived
EVs®®. And transferring miR-21—5p and miR-155—5p in colo-
rectal cancer cells promotes the metastasis of cancer cells®. In a
study, Zheng et al.’® have found that apolipoprotein E (ApoE) is a



Table 1  Strategies related to TAM-targeting.
Strategy Passive sensitive Active target Nanomaterial Drug Drug target Cancer Ref.
factor
Inhibiting the = M2pep receptor Gold nanoparticle siRNA VEGF mRNA Lung cancer 96
recruitment of = = Nanoparticle siRNA CX3CL1 Colorectal cancer 97
macrophages mRNA
= = Cationic nanoparticle siCCR2 CCR2 Orthotopic Murine breast 98
cancer
= = = Maraviroc CCRS5 Malignant phyllodes tumor 99
Eliminating TAMs = = Liposome Sodium clodronate = Lung cancer 65
pH = Polymer Anti-IL-10 and anti-IL-10R Galactose Allograft hepatoma murine 100
oligonucleotides model
pH CD206 Nanoparticle Doxorubicin = Triple-negative breast cancer 101
= SR-B1 AND Nanoparticle siCSR1R CSFIR Melanoma tumors 102
M2pep
receptor
Matrix Peptide receptor Nanoparticle PTX = Lung cancer 103
metalloproteinases
Repolarizing TAMs = Legumain Liposome Hydrozinocurcumin STAT3 Breast cancer 104
Hypoxia CD206 Metal oxide nanoparticle MnO2 and hyaluronic TLR Breast cancer 105
acid
= RIG-I-like Lipid calcium phosphate ppp dsRNA BCL2 Pancreatic cancer 106
receptor nanoparticle
= = Cyclodextrin nanoparticle R848-Ad TLR7/8 Murine colon cancer 107
pH CD206 Lipid-coated calcium miRNA 155 = S180 heterotropic tumor 108
phosphonate nanoparticle
High redox CD206 Porous hollow iron oxide 3-methyladenine P13Ky Breast cancer 109
properties nanoparticle

(disulfide bond)

—Not applicable.
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specific protein in M2 TAM-derived exosomes which promotes the
migration of gastric cancer cells by activating PI3K-Akt signaling
pathway. However, opposing views were pointed out by Cianciaruso
et al.”' that the molecular profiles of M2 TAM-derived EVs are
similar to M1 TAMs that present a potency to stimulate the immune
response for they detected several positive regulators of the immune
response including STING and some proteins related to TLR
signaling. Therefore, the effects of TAM-derived EVs need to be
further explored.

4. Treatment strategies targeting TAMs via nanovehicle

There are preclinical and clinical data demonstrating that im-
mune checkpoint inhibitors (ICIs) targeting CTLA-4, PD-1, and
PD-L1 can relieve the tumor restraint of anti-tumor T cell im-
munitygz. In a recent research, a new drug target, SHP2, showed
up to synergize with PD-1 blockade in tumor immunotherapy’”.
As one of the hottest options in immunotherapy’*, ICIs admin-
istration tremendously improves the prognosis of a patient with
advanced cancer. However, the curative effect of ICIs depends on
the T cells activation. Immunosuppressive cells contributing to
the immune evasion will lead to the failure of ICIs. Therefore,
how to inhibit the activity of these immunosuppressive cells is
currently a matter of concern, among which TAM is one of the
typical immunosuppressive cells that occupies a significant part
of tumor mass”. As described above, macrophages differentiate
into TAMs after recruited to tumor sites, promoting tumor pro-
gression in different cancer models, which makes TAMs-
targeting treatment an alternative option in cancer therapy. In
recent years, researches in TAMs-targeting therapy have
concentrated on the following aspects: suppression of macro-
phage recruitment, the repolarization of the M2-like into the M1-
like phenotype, and inhibition of TAM survival. The strategies
related to TAM targeting are summarized in Table 19%°7'% and
we list some clinical trials including agents that target TAMs in
Supporting Information Table S1.
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4.1.  Inhibition of recruitment of mononuclear macrophages

Blocking up the infiltration of macrophages into tumor sites by
modulating chemotactic agents is an underlying strategy. Tumors
and chemoattractants act important parts in the recruitment of
macrophages. Given that CCL2-CCR2 takes an essential role,
many strategies to disrupt the combination of CCL2 and its re-
ceptors have been born. Pharmacological inhibition of CCL2
using Bindarit reduced the recruitment of macrophages and
inhibited the progression of cancer. In murine models, CCL2
blockers (carlumab, CNTOS88) have been proved to successfully
suppress the growth of several cancers''®'''. Sanford et al.''”
applied CCR2 antagonist to block the recruitment of CCR2+
monocytes from the bone marrow to the tumor in a mouse
pancreatic cancer model, resulting in suppression of tumor growth
and metastasis. In addition to CCL2, CCL5 and CXCLI12 also
serve as macrophage chemoattractants which may become
promising targets to select'''. Besides, blocking colony-
stimulating factor one receptor (CSF-1R) is another way to con-
trol the number of macrophages in tumors''* ''®. For example,
PLX3397, a potent tyrosine kinase inhibitor of CSF-1R, has been
confirmed to enhance the immunotherapy by reducing macro-
phage recruitment and activating tumor-infiltrating
lymphocytes''*''7"'? The clinical activity of an inhibitor of
CSF-1R dimerization, RG7155, has been affirmed in patients to
significantly eliminate CSF-1R"CD163" macrophages in diffuse
giant cell tumors'>’. Thus, blocking the mononuclear macro-
phages infiltrating into tumors is proven to be effective in some
oncology researches and a portion of clinical trials.

To sum up, as tumor-derived chemoattractants, such as CCL2,
MIP1«, MIP18, CSF1, CXCL12, SDF-1«, VEGF«, and IL18, etc.
being major factors to recruit macrophages, blocking these path-
ways would be promising to assist antitumor therapy. However, it
is too naive to completely cut off the recruitment of macrophages
to the tumor by controlling one of the numerous chemoattractants.
Researchers should be told that there are many clinical trials for
inhibitors of chemoattractant receptors whose results are not so
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Schematic Illustration of lipid-coated calcium zoledronate nanoparticles (CaZol@) containing conjugated mannose targeting TAMs

and inducing their apoptosis. Reprinted with permission from Ref. 127. Copyright © 2019 American Chemical Society.



2162

Qiyao Yang et al.

satisfactory. In spite of it, once the TAMs invade the tumor, there
are other strategies against them.

4.2.  Eliminating activated TAMs precisely

The TAMs can be cleared by various methods, e.g., directly
inducing their apoptosis by chemical synthesis drugs. Trabectedin
(ET-743) is an anti-tumor drug that depletes TAMs through acti-
vating the exogenous apoptotic pathway via TRAIL receptors in
the soft tissue sarcoma and platinum-sensitive ovarian cancer
recurrence'*'. But for the off-target effects on monocyte/
macrophage-mediated host defense, the drugs that specifically
targeting TAMs are in urgent need'**. Cieslewicz et al.'*® devel-
oped a specific peptide, M2pep which in priority drawn to M2
macrophages as a target, carrying pro-apoptotic peptides to kill
TAMs selectively.

Markers existed on macrophage’s surface can serve as effective
therapeutic target sites as well. For example, the mannose receptor
CD206 is a much representative one'**'**, Nanocarriers modified
with single-stranded peptides with the high affinity of CD206 are
capable of selectively TAMs targeting. As is shown in Fig. 1,
mannose conjugated lipid-coated nanoparticles wrapped with
extracellular pH-sensitive overcoat specifically induced the
apoptosis of TAMs'*. Legumin overexpressed in TAMs, a stress
protein that belongs to the asparagine endopeptidase family, is
also employed as an effective therapeutic target'*”'*®. Another
wildly focused surface receptor is the folate receptor (FR), a
glycoprotein that has a high affinity with folic acid. Initially, it was
found that FR is overexpressed on epithelial-derived cancer cells
and was therefore used to deliver anti-tumor drugs specifically.
Then in an ovarian cancer model, it was found that the internal-
ization of folate-conjugated liposomes in TAMs was ten times as
much as that in tumor cells, and tumor cells accounted for only
50% of total absorption by FR endocytosis'>’, which makes FR a
promising target for TAMs. In exploring new methods for specific
oligonucleotides delivery to TAMs, in particular, CpG, anti-IL-10,
and anti-IL-10R, Huang et al.’” developed a PEG-histidine
modified alginate nanoparticle, using galactosylated cationic
dextran to prepare stable nanochains which relied on the high level
of macrophage galactose-type lectin. These nanoparticles are
capable of binding and protecting oligonucleotides.

Although eliminating TAMs is an attractive way to adopt, it
will bring a big safety issue—how to avoid the damage of cyto-
toxic drugs to normal tissues. In addition to TAMs, many tissue-
resident macrophages in different organs may also have the same
certain receptors. For example, the mannose receptor CD206 is
also expressed on the surface of Kupffer cells in the liver. There is
no doubt that the cytotoxic drugs circulating in blood will deplete
tissue-resident macrophages and greatly affect the microenviron-
ment of normal tissue inducing severe adverse events.

4.3.  Repolarizing TAMs

TAMs are highly malleable, of which classical M1 macrophages
exert anti-tumor activity. Therefore, repolarization of TAMs ap-
pears to be a better means of treating tumors. The key point of
immunotherapy is to inhibit local immunosuppression in the TME
and re-activate the killing-tumor immune defense. Zhen et al.'*
designed a kind of nanocarrier delivering oligonucleotide to
TAMs. A CpG oligonucleotide, known as a kind of immunostimu-
latory agent, was encapsulated in a nanocarrier to facilitate TAMs
uptake. The combination of CpG oligonucleotide, anti-IL-10, and

anti-IL-10 receptor antisense oligonucleotides showed effective
TAMs reprogramming ability in a murine model of liver cancer.
Several studies have demonstrated that TLR activation induces the
repolarization of macrophages from secreting tumor-promoting
cytokines to secreting tumor-killing factors. In tumor-bearing
mice, Seya et al.*! activated TLR3/Toll via Polyl (I:C)-IL-1 re-
ceptor, which rapidly increased the pro-inflammatory cytokines,
thereby accelerating the polarization macrophages. Rolny et al.'*
inhibited tumor growth and metastasis by downregulating
placental growth factor (PIGF), inducing macrophage repolariza-
tion and vascular normalization. Thymosin-«, as an immunomod-
ulator'”, can make TAMs differentiate to dendritic cells that
produce large numbers of cytokines, such as IL-1 and TNF-q,
thereby exerting an anti-tumor immune response. The delivery of
Thymosin-« through nanocarriers is considered to be an effective
approach to boost the immune reaction in cancer patients. Gene
therapy to regulate the polarization of TAMs is also a promising
strategy. It has been reported that miR-155, miR-146, and miR-511
play important roles in regulating TAM activation and function'**.

Some small molecule drugs have been found to function as
repolarization factor  of  TAMs'®. Copper  N-(2-
hydroxyacetophenone) glycine chelate induces the formation of
ROS and triggers p38MARK and ERK1/2 activation pathways,
resulting in the up-regulation of intracellular glutathione and
down-regulation of TGF-@, which then transfer macrophages to
the M1 anti-tumor type'*. Similarly, when inhibit the NK-xB
signaling pathway, a pivotal part in the progression of tumor
inflammation, TAMs would develop into pro-inflammatory cells
with tumor cytotoxicity and high expression of IL-12'°°, 5,6-
Dimethylflavone-4-acetic acid (DMXAA) is a small molecule
flavonoid initially developed as a vascular blocker'*”. With further
research, it reveals a strong influence on the TME of murine
model® % to induce TAMs to secrete inflammatory cytokines
and chemokines, and then stimulate anti-tumor CDS8
responses'°°'*!. Fridlender et al.'** illustrated that both indi-
vidual and combination administration with immunotherapy of
DMXAA could improve the anti-tumor effect. The research pro-
vides a new idea for the combined application of anti-tumor
immunotherapy and macrophage activation. Hydrozinocurcumin
(HC), synthetic curcumin analog with better water solubility,
stability, cell permeability, and bioavailability than curcumin'*® is
a transcriptional signal transducer and a potent inhibitor of acti-
vator 3 (STAT3) phosphorylation'**, which down-regulates a
range of STAT3 downstream targets, inhibits cell proliferation,
reduces colony formation, and inhibits cell migration and inva-
sion, also induces apoptosis. Zhang et al.'® synthesized a
legumain-targeted nanoliposomes carrying HC for the repolari-
zation of TAMs. The results revealed that HC nanoliposomes
effectively transformed the macrophage phenotype into M1 type,
which effectively inhibited tumor growth, angiogenesis, and
metastasis. Mukherjee et al.'*> developed a curcumin mixture
(TriCurin), including curcumin, resveratrol, epicatechin gallate,
for improving the in vivo degradation and low bioavailability of
curcumin to effectively repolarize TAMs into M1 phenotype in
tumor-bearing mice.

The polarization of TAMs mainly depends on specific cyto-
kines in the TME. One way to polarize TAMs towards M1 type is
replenishing Thl cytokines, including LPS, IFN-y and GM-CSF,
or disrupting the M2 pathway. In most of the researches,
directly or indirectly increase of Thl cytokines has obtained
impressive anti-tumor effects. Repolarizing TAMs is the most
reliable strategy among the three above introduced strategies. But
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considering that TAMs polarization is reversible and adjustable, it
nearly cannot entirely prevent M1 macrophages repolarize to M2
type with the progression of the tumor. How to maintain the M1
state of TAMs is a hard problem to solve. Therefore, it may be
worth a try to combine repolarizing TAMs with other TAM tar-
geting strategies.

4.4.  Dual-targeting strategies

Dual targeting treatment is an attractive method with enhanced
therapeutic effect. We summarized some research facts about dual
targeting as follows.

Considering respective defects of every strategy, combined
treatment among those strategies can yet be regarded as an
excellent choice, proved by several researches. For example,
CDA40 agonist treatment can stimulate the repolarization of TAMs
towards a profitable situation for treatment'*’, and so as CSF-1R
inhibitor'*’. Compared with monotherapy, a combination with
CSF-1/CSF-1R inhibition which suppresses the myeloid popula-
tion and CD40 agonist which activate antigen-presenting cells was
confirmed to be more effective on anti-tumor ability'*®. One
article pointed out that eliminating TAMs by CSF-1R inhibitor
will trigger the deposition of MDSCs in the tumor by increasing
CXCL1 which consequently weakens the immune attack. Thus,
scientists combined CSF1R inhibitor with a CXCR2 antagonist to
block granulocyte infiltration of tumors to show strong anti-tumor
effects'®. Another research has shown that PRCI promotes
metastatic outgrowth for its capacity of recruiting M2 TAMs and
Tregs. Combined PRC1 inhibitor with DCIT (anti-CTLA-4 and
anti-PD-1) which is complementary to each other consequently
significantly reduces the TAMs and Tregs, suppresses the neo-
angiogenesis and considerably increases the CD4' and CD8*
cells'™".

Das et al.'” designed a system involving the lipid calcium
phosphate nanoparticles and a short interfering double-stranded
RNA (dsRNA) with 5’ triphosphate end specifically silencing
Bcl2 and then inducing tumor apoptosis. After the combination of
the retinoic acid-inducible gene I (RIG-I)-like receptors and 5
triphosphate dsRNA (ppp dsRNA), type I interferon is generated,
transforming T helper cells response from anti-inflammatory to
pro-inflammatory subtype which assists TAM repolarizing. Sun
et al.'” integrated a kind of drug-loaded carrier and a versatile
polypeptide to develop a novel nanoparticle dual-targeting TME
and cancer cells. The polypeptide is composed of a cell-
penetrating peptide (TAT) and a new tumor-homing peptide
(LinTT1) which can not only target cancer cells and vascular cells
but also has a specific affinity to TAMs. Another team applied a
Ly6C antibody to modify the surface of porous silicon nano-
carriers to realize dual-targeting by means of Ly6C expressed both
in tumor-associated endothelial cells, as well as in macrophages
within the stroma'®'. Taking advantage of the angiopoietin Tie2
receptor’s co-expression on both macrophages and endothelial
cells, Zhang et al.'>® designed a dual-responsive amphiphilic
peptide to decorate the small peptide T4 which inhibited Tie2 and
angiogenesis (Fig. 2). A fusion protein, AS16-Fc consisting of
peptide AS16 and IgG Fc fragment with prolonged circulating
half-life, presented as a magic bullet that hits both VEGFR and
Ang-2 to inhibit the microvessels generation and tumor growth
effectively. Also, AS16-Fc stimulates the repolarization of mac-
rophages and reduces the M2-like macrophages in the TME'>,

A review'™ suggests that there is a piece of strong evidence
that TAMs are related to hypoxia, cancer progression and
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Figure 2  Schematic illustration to demonstrate the progress of
releasing the small peptide T4 from a dual-responsive amphiphilic
peptide and targeting to both macrophage and endothelial cell, which
consequently inhibit tumor angiogenesis. Reprinted with permission
from Ref. 153. Copyright © 2019 American Chemical Society.

enhanced extravasation of macrophages. Researchers have found
that hypoxia can polarize TAMs towards M2 type by upregulating
TGF-6 and M-CSFR which is also the promoter for M2 type
polarization. This condition can be partially reversed by HIF in-
hibitor acriflavine (ACF) which confirmed that overturning the
tumor hypoxia microenvironment is helpful to TAMs repolariza-
tion'>>. Thus, a hypoxia-sensitive drug delivery system simulta-
neously targeting TAMs is worth to develop, which is anticipated
to strengthen the efficacy of chemotherapy and overcome drug
resistance in solid and metastatic tumors.

We have referred before that every single strategy has its de-
ficiencies. Using one means is hardly to get an inspiring anti-
tumor result in clinical treatment. The most key point is to realize
the maximum efficiency of the dual-targeting strategy, which re-
quires scientists in various fields to deeply explore the mecha-
nisms of tumor and TME.

4.5.  The obstructions of TAM-targeting treatment

The obstructions of TAM-targeting treatment mainly displayed at
the quick clearance of nano-drugs, the limitation of the EPR ef-
fect, the drug-reservation in TME and the low specificity of active
delivery.

The vast majority of administered nanomedicines will be
eliminated in blood circulation as a result of metabolism. The
macrophages and neutrophils will recognize the protein combined
to the nanoparticles and activate phagocytosis of relative immune
cells to eliminate nanoparticles from the blood. Besides, the
reticuloendothelial system (RES) in the lung, spleen and bone
marrow has a potent capacity to clear exogenous nanomedications,
as well as the renal elimination of small-size nanoparticle
(<5 nm)"*°. The acknowledged solution at present is modifying
polyethylene glycol (PEG) on the surface of nanoparticles which
constrains the combination of serum albumin and nanoparticles to
prolong the circulation time.

For a long time, the EPR effect has been taken for a theoretical
basis of nanomedicines’ passive delivery. But clinical and pre-
clinical facts verified that the often overstated EPR effect is highly
heterogeneous. Because the tumor itself is a heterogeneous tissue,
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vascular permeability does not exist in every part of a tumor. Thus,
the extravasation of nanomedicines in blood vessels depending on
the EPR effect is not so reliable'°®'>”. Moreover, the EPR effect is
more noticeable in some animal models than human beings. Most
rodent tumors grow much faster, therefore, the new vessels cannot
develop completely and they become more permeable'™®. How-
ever, the EPR effect is still valuable in human drug delivery
research. Though human tumors express high levels of VEGF and
they are well-vascularized, some of the tumors are still leaky'>”.
And to resolve the limitation, scientists found some pharmaco-
logically active agents like tumor necrosis factor-o (TNF-«) and
histamine can improve the extravasation and the penetration of
nanomedicines'®.

TME as the nest of a tumor, its physicochemical property is
much different from the normal internal environment. Thanks to
its physical characteristics (hypoxia and low-pH), TME is exactly
suitable for tumor proliferation, invasion, and angiogenesis.
Moreover, TME can obstacle the nano-drug penetration process
banking on its high interstitial fluid pressure, poor blood perfusion
and high matrix density'®". In practical application, some methods
should be intervened to help nanomedicines to get away with the
reservation of TME. Anti-angiogenic drugs normalizing the tumor
vasculature inhibit the extravasation of blood components and
lower tumor interstitial fluid pressure. Additionally, modulating
tumor hypoxia and reducing the density of tumor matrix are
helpful, e.g., a low dose of a transforming growth factor-8 (TGF-
@) inhibitor can reduce fibrosis in the TME'%%!63,

Active targeting strategy utilizes some specific ligands-
modifying nanoparticle to combine with the overexpressed re-
ceptor on the surface of TAMs with effectively increased cellular
uptake of nanomedicine. Nevertheless, the presence of ligand or
antibody on the nanoparticle cannot change their biodistribution,
targeting ligands increase the possibility of contact of nano-
medicines and target cells to passively increase the cellular up-
take. An overexpressed certain receptor in target cells would also
be presented by other normal cells'®*. Honestly speaking, it’s not
accurately clear that nanoparticles are more endocytosed by
normal cells or target cells. Also, active delivery is under the in-
fluence of tumor heterogeneity and individual difference. Even in
the same patient, cancer will present different properties on
different stages'®. Although the active targeting strategy is still
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imperfect, its creditable achievements in oncotherapy cannot be
ignored.

5. Combination of TAM-targeted therapy and other
treatments

Inhibiting the recruitment of TAMs and eliminating the TAMs
both show the perfect capacity for fighting the tumor. Also,
repolarizing TAMs into M1-like macrophages is an excellent way
to choose. The application of the nanomedicines in targeting-TAM
strategy dramatically improves the therapeutic effect. We have
referred that TAMs in TME present an essential function in
improving tumor development and going against the treatment
effect of other therapeutic strategies. Combined treatment has
been one of the megatrends of neoplastic disease therapy.
Therefore, taking advantage of combined therapy will be likely to
overcome the resistance caused by the TAMs and maximize the
clinical outcome in cancer patients. According to the researches
exhibited in this review, TAM-targeted therapy with checkpoint
blockers is attractive to coordinate with radiotherapy or chemo-
therapy, which may obtain unexpected results.

Coordinating targeting therapy with immune modulation will
trigger intensive anti-tumor responses. A research showed that
erdafitinib and anti-PD-1 combination treatment induced unprec-
edented changes, including a depletion of immunosuppressive
TAMs in the TME'®®. However, the mechanisms of the specific
immune subsets change in the TME remain unclear. Sorafenib, a
multi-kinase receptor inhibitor, assisting with an anti-CTLA-4
antibody in a murine cancer model enhanced the anti-tumor
ability depending on its direct cytotoxicity to tumor cells and
inhibition of MDSCs from expressing immunosuppressive
factors'®”.

Radiation therapy with the advantage of less systemic side
effects compared to chemotherapy, has been applied as one of the
major anti-cancer therapies. However, influenced by acquired
tumor resistance which leads to the relapse and metastasis of
tumor, the efficacy of radiotherapy is limited'®®. It has been shown
that in response to tumor irradiation, CSF-1 will be increasingly
secreted by tumor cells. Subsequent recruitment of immunosup-
pressive macrophages resulted in the TME resistant to immune-
mediated tumor cell killing. The addition of an anti-PD-L1
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Schematic illustration of CINPs for tumorigenesis inhibition by inducting macrophage repolarization and synergizing photothermal
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antibody to the anti-CSF antibody is necessarily required for
tumor inhibition since the expression of PD-L1 on tumor cells
increase following radiation, which impedes the robust and lasting
anti-tumor immunity'®. Although the combination of radio-
therapy and ICI leads to an enhanced antineoplastic effect, chal-
lenges still exist. Radiotherapy associated pro-immune factors and
the radiation-mediated immune suppressors will compete with
each other'’*'”!. A series of factors induced by radiation which
have the potential to be immune regulators to synergize tumor
control with radiotherapy is summarized by Ozpiskin et al'®®.
How to break the balance to incline to the anti-tumor side is a
challenging problem remained to be solved in the future.

Recent studies have revealed that macrophages would limit the
efficacy of chemotherapy in cancer treatment. To solve this
problem, Salvagno et al.'”? used CSF-1R blockade to target TAMs
in breast cancer which stimulated intratumoral type I interferon
signaling, and consequently enhanced the anti-tumor effect of
platinum-based chemotherapeutics. Also, Wanderley and col-
leagues'” provided new and exciting evidence that the TLR4
agonist taxol can restore anti-tumor activities in vivo by reprog-
ramming TAM to an immunocompetent M1-profile, thus contrib-
uting to the anti-tumor effect of taxol in combination with ICIs.

Many other combined treatments are also in studying and show
attractive results. For example, in Fig. 3, CINPs can efficiently
reprogram M2 TAMs to M1-like phenotype. Besides, with high
photothermal effect and cancer cell killing ability, CINPs can be
an underlying candidate in photothermal therapy (PTT) for
tumor'”* to realize the combination of TAM-targeting and PTT
treatment.

We believe that there will be more researches supplying
reference value to the birth of more effective combination treat-
ments in the future. TAM targeting therapy, which acts as a
treatment to disrupt the tumor microenvironment, combining with
the treatment directly killing tumor cells can theoretically and
practically obtain a better anti-tumor effect.

6. Further perspectives

Cancer has been one of the diseases that seriously affect humor
health currently, but the treatments of it still develop slowly. Target
therapy is a quite pop choice for cancer treatment considering its low
toxicity to normal tissue. However, the results of most target ther-
apies are not satisfactory. Recently, EVas a potential drug carrier has
been under exploitation. It possesses multiple advantages over other
traditional drug delivery systems, such as biocompatibility for its
biological origin, direct fusion with targeted cell membrane'”,
hydrophilic shell with anti-phagocytosis markers'’® and intrinsic
cell targeting property. These prominent characters help EVs grab
scientists’ attention in the drug delivery system. There have been
numerous researches about the application of EVs in tumor drug
deliver'”7 "% However, several obstacles need to be resolved
before clinical application, for example the absent simple ap-
proaches of EVs isolation'®', the unsatisfactory drug encapsulation
rate, and the inefficiency of specific targeting of engineered EVs ',
To solve the problem, Piffoux et al.'®* have designed a drug delivery
system by fusing EVs with liposomes which increased the loading
rate as well as retained the targeting efficiency. Sensibility to the
regulation of TME and other cell types by the signal transmitted by
EVs makes EVs a potential drug-carrier in TAM-targeting drug

delivery'®*.

Although thousands of cancer cells targeting drugs have
already been explored, researchers have undervalued TME in
tumor progression, which plays an important role as a “fuel pool”
supporting the metastasis of tumors. TAM is a major participator
in TME which associates with tumor immune escape. According
to the above reasons, blocking TAMs function in tumor develop-
ment has also become one of the therapeutic methods and has
achieved some success in clinical trials.

Increasing the specificity of targeting-treatment is always an
ongoing issue in the field of drug delivery. In the TAM targeting
therapy, the off-target effect is common due to the complex
phenotype of macrophages widely distributed in humor body. An
in-depth study of the differences among these multifarious mac-
rophages is the key to solve the targeted bottleneck problem of
TAM treatment. And exploring the specific characteristics and
effects of macrophages in tumors is necessary to maximize the
efficacy of targeted TAM treatment. Nowadays many studies have
used nanotechnology to improve TAM targeting, but both passive
and active targeting have their limitations. If the biological dif-
ferences between normal macrophages and TAMs can be distin-
guished, it will be a breakthrough in the TAMs targeting therapy.
Multi-sites targeting can reduce the off-target effect to a certain
extent in which internal responsiveness and external responsive-
ness of tumor sites are two major strategies. On the one hand,
making use of a variety of different physiological characteristics
between the TME and normal tissues, like hypoxia, low pH and
high expression of certain enzymes in TME, a series of TME-
sensitive targeted preparations can be designed. On the other hand,
the use of external stimuli, such as the effects of light, heat,
magnetic fields, ultrasound, etc., allows the drugs to be accurately
released at the tumor sites and exert its efficacy. Taking advantage
of the synergy of multiple targeting strategies, once the delivery
system locates at the tumor site, another target strategy will
accurately send them to TAMs. "Logistical” delivery will increase
the specificity of the drug delivery system. Also, the combination
of targeted TAM treatment and other treatments can help to
improve the effectiveness of targeting therapy to a certain extent.
TAM targeting therapy combined with chemotherapy, radio-
therapy, surgery, and immunotherapy have already been explored.
But in combination therapy, we believe that different timing of
TAM-targeting drug administration will result in different thera-
peutic effects based on the important and special role of TAM in
tumor progression. And in different clinical conditions, the three
strategies referred above may exhibit entirely different effects.
How to get the greatest utility of targeting TAM therapy needs
more exploration further. We consider that TAM targeting therapy
still needs to be studied in terms of mechanism, drug delivery, and
other aspects. But once the key research results are obtained, it
will be a powerful weapon in cancer treatment.
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