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ABSTRACT

Macrophages (M®s) are functionally plastic and can rapidly adopt different phenotypes based on the stimuli they
received from their surroundings. For instance, (M®s) can differentiate into pro-inflammatory MI-type secreting
various pro-inflammatory cytokines, e.g., IL-6, IL-12 and TNF-a. This is an essential defensive mechanism
against invading pathogens, but also contributes to tissue destruction. On the other hand, M2-type M®s have
immunosuppressive activity, produces high level of anti-inflammatory cytokine IL-10 and mediates tissue repair.
Their unique plasticity and the balance in between different phenotypes maintain the immune homeostasis in the
lung under healthy conditions. The role of these two forms of M®s are also evident in cancer biology. While tissue
resident M®s those who are of M1 type are exerting the immune challenge to the tumor cells, the M2 type from the
tumor microenvironment (TME) are supporting the growth and progression of cancer cells.

Nanodevices are thought to be an ideal agent targeting macrophages owing to their intrinsic nanoscale property
suitable for phagocytosis. The induction of M®s polarization has been employed in various studies, where
administration of IL-4 could reprogram the endogenous inflammatory macrophages (M1-type) to anti-inflammatory
ones (M2-type), and accelerate resolution of inflammation and lung repair in a STAT6-dependent manner in both
LPS and Pseudomonas aeruginosa bacterial pathogen-induced ALI (Acute Lung Injury) mouse models.
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Introduction

Macrophages are derived from the monocytic lineage precursor
cells that are important for both the innate and adaptive immune
responses. Different M® subtypes play a role in inflammation as
well as in cancer. M1-M®s produces high levels of proinflammatory
cytokines, inducible nitric oxide synthase (iNOS), cyclooxygenase
(COX)-2, and reactive nitrogen species [1] and thereby play a role
in pro-inflammatory immunity. These M1-M®s also take part
in antitumor immunity by promoting and amplifying Thl-type
responses, secreting TNFs, growth inhibitors and anti-angiogenic
factors [2]. M2-type macrophages while possess anti-inflammatory
activity, they can also develop protumor characteristics and
promote tumor metastasis [3,4]. Tumor-associated M®s (TAMs),

or M®s existing in the tumor microenvironment (TME) are mainly
of M2-type which suppress antitumor immunity [5].

Here we will highlight the involvement of nanomaterials in
the polarization of M®s to its beneficiary form to fight against
inflammation and cancer.

Macrophage Polarization
Macrophage Polarization chart in inflammation and cancer are
shown as a schematic diagram in Figure 1.

M®s Polarization in Inflammation: Inflammation in the lungs is
one of the major concerns of health issues. M1 types of M®s play
a central role in the initiation and progression of ALI and/or ARDS
[6-8]. Polarization of M1-M®s to its M2 type and the later one
secrete cytokines such as IL-4 or IL-10, IL-13, VEGFs, and TGFf
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Figure 1: Macrophage Polarization and their Effects in Inflammation (A) and Cancer (B)

and initiate anti-inflammatory responses. Therefore, the effective
control of active polarization of M®s to its M2 type would help to
control the lung injury, such as ALI/ ARDS.

M®s Polarization in Tumor Progression or Inhibition

Tumor associated M®s (TAMs) are mostly M2-type. They
secrete growth factors such as vascular endothelial growth factor
A (VEGF-A) or placental growth factor (PGF) and increase new
blood vessel formation by tumor endothelial cells [9]. TAMs also
secrete matrix metalloproteinase-9 (MMP-9), serine proteases and
cathepsins and degrade the extracellular matrix (ECM), facilitate
tumor invasion and promote metastasis [10,11]. TAMs also enhance
the chemo-resistance of cancer-associated stem cells, which allow
tumor cells to regrow even after successful drug treatments [12].
Recent reports suggest that TAMs can suppress Natural Killer
(NK) and T cell activity within tumors [13,14], which hinder
targeted immune- as well as chemo-therapy of cancer cells. Since
TAMs contribute to many interactions within tumors, TAMs are
considered as a promising target cancer treatment [15].

Nanoparticles (NPs) and M®s Polarization

NPs are very tiny particles (<100 nanometers) made up of latex,
polymers, ceramic particles, metal particles, and carbon particles.
Their surfaces could be hydrophilic or hydrophobic, exhibit
surface charges and specific ligands, which are the reference
factors for their selection to treat various clinical diseases [16].
Various synthetic NPs have been made using liposomes [17,18],
polylactic-co-glycolic acid (PLGA) [19,20], chitosan [21], silica
[22], dextran [23], and metals such as iron oxide or gold [24].
Applications of NPs in Medical science are increasing due to their
physicochemical properties, e.g., size, shape, structure, chemical
composition, morphology, and surface properties, etc.

Anti-Inflammatory Effect of NPs by Polarizing M1- to M2-
M®s (Figure 2)

NPs polarizes M®s from an Ml to an M2 phenotype and
thereby enables nanodrugs to enter the arthritic synovium and
downregulates the pro-inflammatory cytokines, such as, IL-6, IL-
1B, and TNF-a and eventually stop the inflammation in arthritic
rat models [25]. Gold nanoparticles (GNPs) were shown to inhibit
the activation of NF-kB and interferon regulatory factors (IRFs),
and therefore they facilitate the polarization of macrophages
towards the anti-inflammatory M2 phenotype, and contribute to
the reduction of lung inflammation and promotes the resolution
phase during ALI [26].

Dextran-NPs becomes highly efficient and selective in targeting
macrophages is due to the expression of dextran-binding C-type
lectins and scavenger receptors on their surface [27]. Jain et al.
already developed such a therapeutic regimen from those NPs
to transport IL-10 into inflammatory environments to repolarize
macrophages from an M1 to an M2 state, for the treatment of
chronic inflammatory diseases [25].

Polyethylenimine NPs, carrying the gene for CD163 (an M2
macrophage marker) and grafted with a mannose ligand, can target
M1 macrophages and convert it into M2 macrophages, leading to
the rescue from inflammatory disease progression [28].

Anti-Cancer Effect of NPs by Polarizing M2 to M1-M®s
(Figure: 2)

With regard to TAMs targeting, two strategies can be adopted, one,
depletion of TAMs, and second is the reprogramming of TAMs
[29,30]. The first one can be achieved by blocking the recruitment
of circulating inflammatory monocytes to the tumor site. Secondly,
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the inhibition of colony-stimulating factor 1 receptor (CSFIR)
mediated signaling can cause the apoptosis of TAMs [31].

Further, inhibition of the CCL2-CCR2 signaling pathway,
mononuclear cells can be arrested in the bone marrow resulting a
decrease influx of M®s in tumor [32-35]. Antibody against CCR2
and a small molecule CCR2 inhibitor (PF-04136309) were tried in a
preclinical pancreatic cancer mouse model. These inhibitors resulted
reduced recruitment of inflammatory monocytes to the tumors and
reduced tumor growth and metastases [36,37]. Recent research shows
that TAMs block acquired as well as innate immunity [38].

Now-a-days, many researchers have focused on small molecules
and NPs formulations such as Toll-like receptor (TLR) agonists,
cytokines, antibodies, and RNAs, for macrophage repolarization
[39]. Polymeric NPs synthesized with an IL-12 cytokine to promote
the conversion of M2 to M1-type, demonstrate the nanomaterials
as a platform for cancer immunotherapy [40]. TLR agonists are
potential agents to polarize TAMs into M 1-like cells [41]. In 2018,
Rodell et al. showed that R848, an agonist of TLR7 and TLRS,
target TAMSs and shift to an M1 phenotype, and eventually controls
tumor growth [42,43].

Furthermore, mannose carbohydrate can also be employed to target
macrophages. Immune cells express mannose receptors, therefore
mannose become a popular ligand targeting macrophages [44,45].
Zhao et al. synthesized the albumin NPs having dual ligands, one,
a transferrin receptor (TfR)-binding peptide T12, and the second
is the mannose. They showed that this regimen efficiently can

re-educate the protumor M2 to antitumor M1, and can inhibit
the glioma cell proliferation successfully [46]. Most of mannose
as a ligand to target macrophages are now being applied for
macrophage re-polarization.

Interestingly, inhibition of CD40 also leads to IL-12 upregulation,
which can repolarize TAMs into M1 macrophages. Similarly,
inhibition of NF-«kB signaling pathway can switch TAMs into
M1 macrophages and block tumor cell’s growth. Therefore, this
approach has a potential importance in cancer therapy [47].

However, when trying to target TAMs, the infiltration of nano
drugs in the normal macrophages should be avoided. Further,
to promote the retention of nano drugs in the tissues, a special
methods like high interstitial fluid pressure (IFP) which contributes
to NPs accumulation in tumors and restricts their extravasation and
penetration, should be considered [48]. Another strategy is to make
a pH-sensitive NPs. Since, the tumor pH ranges from 6.5 to 6.8
while the pH in healthy tissues is 7.4, NPs for instance, polymers,
including poly(acryl amide) (PAAm), micelles and liposomes can
release drugs through protonation or deprotonation designed to be
pH-sensitive and bypass stably the normal tissues [16,49-53].

NPs Act as a Cargo of other Therapeutic Agents

NPs also can act as a vehicle of drug materials and overcome the
limitations of several therapeutic agents, such as their non-specific
distribution, potential toxicity, lack of targeting capability, poor
solubility in water, stability in the system, and also to cross the
Blood-brain barrier [16]. Chitosan molecules contain free amino
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Blood Stream Specific Targeting Cell Membrane

TheraCour Injection Encapsulated “Nano Velcro Take API Across
Snaking”

Liposomes Infusion Unstable Not Much Success Partial Effect

Cremophore Infusion Unstable None Some Effect?

Cydex Infusion Fall Apart None None

PEGylation Infusion Stable None None

Polydrug Injection Stable None Depends

Polypeptides Infusion/Injection Stable None None

Dendrimers Infusion/Injection Toxic Hard Sphere May Take API
Few Points Across

Table 1: TheraCour Approaches Solves Problems in the Entire Drug Use Chain.

Vehicle TheraCour Dendrimer PLA/PLGA Virus- Nano-shells,
Based Mettalics
No No No No

Nano-Scale Velcro Effect with ~ Yes

Wrap-On

Technology Complexity Simple Complex Medium Complex  Complex

Safety Safe No Medium No Medium

Specific Targeting Yes: Flexible Yes: Limited  No No May be
Wrap-On by Hard Bal

Detection Yes Yes No No May be

Extended Release Yes May be Yes Yes Accumulate

Controlled Release Yes May be Yes No No

Efficacy Improvements Yes, Very Large  Yes No (Slow Yes but May be

Release Only) infectious

Table 2: TheraCour Approach Presents Unique BeneficialL Features by Design Compared to Other Nanomedicine Approaches.
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Figure 4: Graphical Representation of TheraCour Anti-Cancer Mechanism of

Specific Targeting.

acids, therefore can easily form salts in acidic solutions and also
are cationic, making them useful as a antitumor drug carrier in
an acidic TME followed by drug release [21]. Furthermore,
nanomaterials can be enriched with different drugs together and/
or can be combined to carry different medications to overcome
multidrug resistance challenges [16,54].

TheraCour BioPolymer Nanovehicles as an Anticancer Regimen
TheraCour platform polymer is a self-assembling, uniform,
tailorable linear homopolymer that comprises polyethylene
glycol (PEG) within its monomer unit which is heterochemically
functionalized with a specially designed linker unit so that
covalently connected aliphatic chains are suspended from it and
separately site-targeting ligands are also covalently attached to it
[55-57] (Figure 3).

This simple scheme results in a polymer that is like a half-
biological membrane. In aqueous systems, it self-assembles into
micelles with hydrophobic, flexible core region made of the lipid
chains, hydrophilic ligands directing outwards into the aqueous
milieu ready to seek their partners, connected together by the
corona of PEG. Upon binding of the TheraCour polymeric micelle
to a cellular receptor sought out by the ligand, multiple interactions
with cellular receptors can take place resulting in increased avidity,
due to the regular presentation of ligand at each monomer unit. This
forces the corona close to the cell membrane and may initiate lipid
mixing of the flexible pendant interior lipid chains of the micelle
with the flexible lipids of the cell membrane, leading to passive
fusion. Alternatively, receptor-mediated endocytosis can take
place at properly chosen receptors. These processes would result
in site-specified or address-targeted delivery of the encapsulated

drug payload content of the micelle. As encapsulated rather than
covalently immobilized, the drug payload can immediately go to
work and does not have the latency of the need to be released from
the polymer backbone in a covalent system.

The TheraCour approache solves important problems in the entire
drug use chain (Table 1), and has superior features by design to
most other nanomedicine technologies (Table 2) [For Review, 58].

The graphical model of anticancer mechansim of TheraCour
platform technogy are shown in Figure 4. [For Review, 58].

This polymer can effetively encapsulate many types of
chemotherapeutic APIs, target the cancer cell based on the selected
ligand, and thereby result in effective anticancer acitvity. Recently
it was shown that the cell proliferation of two lung cancer cell
lines (A549 and H441), and two breast cancer cell lines (SKBR3
and BT474) is mostly Inhibited by a folate-targeted TheraCour
polymer delivering API (camptothecin, CPT) [58].

Discussion

Macrophages derives from monocytic precursor cells and play an
important role in both innate and adaptive immune functions. They
are also important linkers for adaptive immunity by presenting
antigen and subsequently priming the T lymphocytes [59].

Further, the other significance of macrophages within the immune
system is their heterogeneity and plasticity [60]. Depending on
the exposure, factors like microbial stimuli (LPS) or cytokines
(IL4, IL-10, IFNYy) macrophages could be polarized either to pro-
inflammatory M1-type or to anti-inflammatory M2-type [61].
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Functionally, these macrophage phenotypes are quite different than
each other, especially in expressing the phagocytosis receptors
such as CD16 and mannose receptor and also in their cytokine
and chemokine production. Those make the difference in their
ability to facilitate or suppress inflammation, scavenging debris
and promoting tissue repair [62].

Therefore, a complete understanding of nanomaterials interaction

with distinct polarized macrophage phenotypes, is important

to translate the nanomedicines for clinical purposes. The major
points to be considered are:

* Classically activated M1 macrophages are microbicidal and pro-
inflammatory while alternatively activated M2 macrophages are
predominantly immune modulators and anti-inflammatory [61].

* The differential uptake methods of nanoparticles by M1 and
M2-type macrophages are complex, and involves cytoskeletal
remodeling, membrane fusion and vesicular transport [63-65].

Recently it was reported that the polarization of macrophages
towards the M1 phenotype resulted an increased uptake ability of
non-PEGylated nanoparticles compared to their M2 counterparts
[63]. In contrast, inhibition of CD47-SIRPa by anti-CD47
antibodies produced a higher pro-phagocytosis of cancer cells by
MIl-type as compared to M2-type macrophages [66]. However,
how the M1/M2 polarization system works in the tissue-specific
macrophages such as microglia in the central nervous system to
cause neuro-inflammation remains unknown [67].

In brief, activated macrophage populations possess unique
pro- and anti-inflammatory type that play an important role
in immune regulation as well as in disease pathology. During
strokes, for example, M1 macrophages becomes active and
promote inflammation after ischemic injury, release cytotoxic
cytokines and ultimately neuronal death [68]. In contrast, M2-
like tumor associated macrophages promote immune suppression
and facilitate tumor invasion [2]. Therefore, the understanding of
the mechanism(s) how the nano-materials interact with specific
macrophage phenotypes and the ability to design nano-materials
for selective targeting to those macrophage subpopulations are
crucial parts in designing the nano-medicines. here.

Conclusions and Future Perspectives

* Nanoparticle-based drug delivery systems offer a unique
opportunity to target tumor-associated M2-macrophages, and
inhibit progression of tumor growth and metastasis.

* In general, M2-type macrophages increase tumor growth and
metastasis, suppress immune responses to cancer cells, while
MIl-type macrophages can selectively kill the cancer cells
within the tumor microenvironment.

e However, standardized conditions are needed to measure the
macrophage polarization by nanoparticles.

* Addition of macrophage-targeting moiety to the surface of
a nanoparticle can enhance it’s macrophage polarization
properties.

* Further loading of the Macrophage-polarizing drug in the

nanoparticles may exert a synergistic effects with their
therapeutic ingredients.

e The literature suggests that polymeric nanoparticles and
liposomes can cause M2-type polarization, while other types of
nanoparticles can cause M 1-type polarization.

* A variety of iron oxide nanoparticle treatments induce M1-
type polarization in TAMs and reduce tumor growth in animal
models.
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