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Abstract

Based on statistical data reported in 2020, cancer was responsible for approximately

10 million deaths. Furthermore, 17 million new cases were diagnosed worldwide.

Nanomedicine and immunotherapy have shown satisfactory clinical results among all

scientific and technological alternatives for the treatment of cancer patients.

Immunotherapy-based treatments comprise the consideration of new alternatives to

hinder neoplastic proliferation and to reduce adverse events in the body, thereby

promoting immune destruction of diseased cells. Additionally, nanostructured sys-

tems have been proven to elicit specific immune responses that may enhance anti-

tumor activity. A new generation of nanomedicines, based on biomimetic and

bioinspired systems, has been proposed to target tumors by providing immunomodu-

latory features and by enabling recovery of human immune destruction capacity

against cancer cells. This review provides an overview of the aspects and the mecha-

nisms by which nanomedicines can be used to enhance clinical procedures using the

immune modulatory responses of nanoparticles (NPs) in the host defense system.

We initially outline the cancer statistics for conventional and new treatment

approaches providing a brief description of the human host defense system and basic

principles of NP interactions with monocytes, leukocytes, and dendritic cells for the

modulation of antitumor immune responses. A report on different biomimetic and

bioinspired systems is also presented here and their particularities in cancer treat-

ments are addressed, highlighting their immunomodulatory properties. Finally, we

propose future perspectives regarding this new therapeutic strategy, highlighting the

main challenges for future use in clinical practice.
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1 | AN OVERVIEW OF CANCER
STATISTICS AND CONVENTIONAL
TREATMENTS

Despite the recent advances in clinical treatments, cancer remains

one of the leading causes of death globally, representing a major

public health issue. Incidence and mortality data are usually available

2–4 years after the corresponding period, considering the time

required for data acquisition, compilation, and dissemination.1 In an

attempt to provide an estimate of the contemporary cancer burden,

Global Cancer Observatory (GLOBOCAN) reported 9.9 million

deaths and 19 million new cases in 2020. These data represent
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underestimated numbers due to the absence of high-quality cancer

registries, especially in low- and middle-income countries.2

In adults, lung cancer is the most commonly reported malignancy.

It is responsible for the highest number of casualties in men (14.3%),

followed by prostate cancer (14.1%). In contrast, breast and colorectal

cancers are the most prevalent types reported in women, representing

24.5% and 9.4% of the cases, respectively.2 In children, leukemia and

brain tumors are responsible for 50% of the diagnoses, with neuroblas-

toma, kidney, and Hodgkin lymphoma responsible for the remaining

cases.3 In developed countries, early detection helps in the reduction

of the number of deaths. The highest rate of mortality was registered

in underdeveloped or developing territories due to a lack of availability

of medicines and treatment interruption.2

Conventional treatments for cancer include different options. Sur-

gical removal is the first recommended procedure for treating consid-

erable and localized malignancies.4,5 Since its approval over 60 years

ago, standard treatment recommendations continue to be based on

chemotherapy, which targets rapidly growing and dividing cells, and

radiation therapy, which targets all cells within the localized tumor

microenvironment (TME), both using well-established protocols.6

As an initial or complementary treatment to surgery, conforma-

tional radiotherapy approaches, including intensity-modulated radia-

tion therapy (IMRT) and image-guided radiation therapy (IGRT), aid

the optimization of the dose delivered to the target tissues and frac-

tionation of the total dose of radiation in therapeutic sessions to mini-

mize DNA damage in normal cells.7 However, infliction of injuries to

healthy tissues and discomfort in the irradiated regions may occur as

side effects of subjection to such treatments.8

If surgery and radiotherapy are not recommended, patients should

be administered with cytotoxic molecules (chemotherapeutics) through

local and systemic administration, oral administration, or even alternative

routes.9,10 Conventional drugs used in chemotherapy regimens exhibit

different mechanisms of action, and most can be categorized as (a)

alkylating agents for the inhibition of DNA transcription11; (b) antimetabo-

lites used as an analog of cell compounds for inducing blockade of meta-

bolic pathways in the S phase12; (c) microtubule-targeting agents used for

the destruction or stabilization of the cytoskeleton in the gap of growth

(G) G0/G1 and/or G2/M phases13; (d) topoisomerase inhibitors14; and

(e) anthracyclines.15 Owing to a lack of specificity, chemotherapy includes

the occurrence of common side effects observed during drug administra-

tion, which may change according to the period of exposure, the type of

drug administered, and the concentration of the therapeutic agent in the

body. The destruction of healthy cells results in the occurrence of several

side effects, including dermatological, cardiac, pulmonary, neurological,

hematological (leukopenia, thrombocytopenia, and anemia), gastrointesti-

nal (nausea, vomiting, mucositis, and diarrhea), metabolic changes, allergic

reactions, and anaphylaxis (Figure 1).16

As the incidence rate and mortality of cancer have increased

markedly, substantial efforts to prolong survival, to reduce local recur-

rence, and to minimize the side effects of conventional therapies have

become increasingly dependent on modern robotic surgery, tumor

adjuvant therapy, and other new technologies, among which the appli-

cation of nanomedicines should be highlighted.6

The next generation of cancer treatments is mainly based on the

characterization of molecular features and the identification of a

plethora of effective targets for therapy.17 In the present era, the hall-

marks of cancer, first reported by Weinberg and Hanahan, which are

used to describe and identify remarkable characteristics of malignant

tumor cells, provides evidence that the acquisition of knowledge

based on such biological aspects has important implications for the

realization of successful cancer therapies.18,19 Among such new strat-

egies, the recognition of tumor cell capacity in the immune system

enables the design and development of novel strategies that can

effectively guarantee the success of different immunotherapeutic

strategies.

2 | HOST DEFENSE SYSTEM
AND IMMUNOTHERAPY

The importance of the human immune system in conferring protection

against different pathogens is well established. However, whether

cancer prevention is a primary function of the host immune system

remains debatable.20 It is well established that the immune system

establishes intricate communication with tumor cells over the entire

process of disease development and progression to metastasis. This

complex crosstalk established between immunity and cancer develop-

ment can both result in the inhibition and enhancement of tumor

growth, a phenomenon that has been outlined as an important hall-

mark of cancer.21,22

Immunocompetent cells establish interaction with tumor cells in a

three-phase multistage process referred to as the “3 Es”, namely

elimination (also referred to as immunosurveillance), equilibrium, and

escape.23,24 The concept of cancer immunosurveillance originally stated

that transformed cells frequently develop, but are recognized and elimi-

nated by the immune system before leading to the development of clini-

cally observable diseases.25 However, frequent cases of cancer are

reported even in individuals with a highly functional and robust immune

system. Hence, researchers believe that immunosurveillance is only one

facet of the interaction established between immunocompetent cells

with tumor cells. Indeed, tumors derived from immunocompetent hosts

are less immunogenic than those isolated from immunodeficient

hosts,26,27 indicating that few phenotypical features of tumor cells are

acquired via the interaction established with the immune system.23

The immune system not only performs the recognition of tumor

cells, but also helps modulate tumor cell immunogenicity, establishing an

equilibrium phase with selected “silent” variants. These selected variants

are resistant to immune effectors and retain genes associated with sur-

vival, immune evasion, and the ability to escape to pre-metastatic

niches.28,29 Importantly, such niches comprise limited or absent tissue-

resident memory cells responsible for immunosurveillance.30 Therefore,

cancer cells, with the ability to invade the basement membrane and to

migrate to distant sites, detect a convenient environment for metastasis.

Despite the ability of cancer cells to escape immunosurveillance and spe-

cific immune responses, several immunocompetent cells, including den-

dritic cells (DCs), helper and cytotoxic T lymphocytes, tumor-infiltrating
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macrophages, and natural killer cells, are recruited to mount immune

responses against tumor cells.

DCs are the chief antigen-presenting cells (APCs) that perform

continuous surveillance and recognition of the microenvironment of

tissues and organs where they remain as immature cells (iDCs). iDCs

can capture soluble and particulate antigens31,32 through several sur-

face receptors, such as FcγR,32 mannose receptor (MR),33 DC-SIGN,34

type C lectin receptors (DEC-205),35 as well as toll-like receptors.36

These antigens are then processed and disintegrated into peptides

that are subsequently presented to T lymphocytes in the context of

the major histocompatibility complex (MHC),32,36 inducing their differ-

entiation into T helper type 1 (Th1), T helper type 2 (Th2), T helper

type 17 (Th17), or T helper type 9 (Th9) lymphocytes, which exhibit

different roles in the antitumor response.37

Conventional DCs are identified by the expression of cluster of

differentiation (CD)11c, CD1a, or CD83,32,36 and are subdivided into

CD1c+ (blood DC antigen1+ cells) and CD141+ (blood DC antigen3+)

subsets.38,39 Mature DCs express CD80, CD86, CD40, and chemokine

(C-C motif) receptor 7 (CCR7).40 Importantly, during maturation, the

co-receptors inducible costimulatory ligand (ICOSL), tumor necrosis

factor (TNF) ligand superfamily member 4 (TNFSF4), and TNF ligand

superfamily member 8 ((TNFSF8) as well as receptors for interleukin

(IL)-2, IL-1, IL12, and IL-18 are also found.41 It is important to clarify

that during maturation, DCs lose the ability to capture and process

antigens, but demonstrate increased efficiency at presenting

processed peptides to T lymphocytes, thereby triggering a specific

immune response against cancer cells.32,36,42

In addition to the development of target responses, while CD4+

lymphocytes perform the recognition of tumor antigens processed

and presented by professional APCs to initiate a specific immune

response, CD8+ lymphocytes demonstrate the ability of direct recog-

nition of tumor antigens expressed on the tumor cell surface,

targeting them for cell-mediated cytotoxicity.37 Therefore, CD8+

cytotoxic T lymphocytes (CTL) are classically considered as the main

antitumor effector cells, as they recognize tumor antigens in a

restricted manner and exhibit clonal expansion, with their activation

and evolution into cytolytic antitumor cells, thereby improving the

antitumor status.43,44

The presence of cytotoxic lymphocytes at the tumor site has been

associated with good clinical outcomes during therapy.45 Theoreti-

cally, an efficient antitumor response driven by the immune system is

related to the release of pro-inflammatory cytokines, both by the

APCs and the helper T cells generated by the stimulation of CD4+

lymphocytes. However, the ability of the human host immune system

to resist or eradicate the formation and progression of incipient neo-

plasias, late-stage tumors, and metastasis remains an unresolved issue.

F IGURE 1 Most common side
effects of chemotherapeutics reported
in patients. Adapted with permission
from Ref. 16
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Scientific evidence suggests that the immune system may perform

functions as a significant barrier to tumor formation and progression,

at least in certain types of cancer.18 In fact, cancer cells that may evade

immune destruction by disabling components of the immune system

should be recognized, with an aim to eliminate them.18,20,22,46,47

Understanding these immune inhibitory processes is crucial for

predicting the mechanisms by which cancers escape the normal

immune system.47

Considering the antitumor immunity as a significant barrier to

tumor formation and progression, the immunosuppressive cancer cell

phenotype is recognized as one of the hallmarks of cancer, which

should be addressed to improve novel therapeutic strategies.21

As the above-mentioned approaches necessary for an active

immune response do not occur in an effective manner for cancer cells,

novel therapies are designed with an aim to “re-educate” antitumor

responses using cytokine inhibitors. Blockade of the expression of classi-

cal biomarkers in regulatory cells has been shown to exhibit excellent

results in different cancers, including stomach, neck, kidney, bladder,

esophagus, lung, breast, and aggressive malignant melanoma.48,49 Immu-

notherapeutic drugs, such as ipilimumab, pembrolizumab, talimogene

laherparepvec (T-Vec), and trastuzumab, which are used to block sup-

pressor receptors on lymphocytes (T-linf�ocito-associada citot�oxico 4 -

CTLA-4 and Programmed cell death protein 1 – PD1)48,49 are not indi-

cated for all classes of tumors and do not present the same efficacy in

all patients, thereby highlighting the necessity of the standardization of

individual protocols, which may substantially increase treatment costs.50

Despite the use of immunotherapeutic drugs, another promising strat-

egy is to potentiate the naturally occurring immune response of the

patient, which can be considered together with nanomedicine strategies

in the present era.20

3 | NANOMEDICINE IN CLINICAL
PROCEDURES

The extensive investigation of effective therapeutic regimens in can-

cer treatment has been the focus of renowned research groups world-

wide. Nanomedicine, which is the application of nanotechnology in

diagnosis, prevention, and treatment, represents one of the most

advanced technologies for the treatment of different neoplasia types.

Nanotechnology has been applied in medical and biomedical practices

to improve conventional procedures and to develop novel therapeutic

regimens.51,52 The possibility of modulating the physical and chemical

properties of nanosystems according to the desired application, and

the ability of nanosystems to cross biological barriers and to accumu-

late in tumor tissues, contribute to the evident benefits of their utiliza-

tion as advanced platforms for cancer therapies.51,52 Therefore,

several classes of nanosystems have been extensively studied for anti-

cancer drug delivery, including polymeric nanoparticles (NPs), poly-

meric micelles, liposomes, nanocapsules, dendrimers, inorganic NPs,

nanoemulsions, nanogels, and others, and few have already reached

clinical trial stages (Table 1).51,52 Nanostructured systems loaded

with different anticancer agents have shown promising results.51,52

The possibility of encapsulating different molecules within NPs with

controlled surface chemistry, size, shape, and superficial charge allows

the targeting of cancer cells to reduce undesired activity in healthy tis-

sues. Herein, we highlight the improvements provided by these

nanostructures against cancer cells, emphasizing their immunomodu-

latory capacity in the TME, blood, and lymphoid organs.

Nanostructured systems overcome the lack of specificity and effi-

cacy associated with the usual clinical techniques, improving thera-

peutic procedures in primary and metastatic sites.51 For example,

chemotherapeutics adsorbed or covalently bound to nanomaterials

can reduce drug withdrawal from the cytoplasm by transporter ABC

(ATP-binding cassette).53 NPs inhibit the main mechanisms of cellular

pumps, retaining antineoplastic agents inside cancer cells for exten-

sive periods compared to free drug molecules. Such peculiarity mini-

mizes the low bioavailability of hydrophobic drugs and improves their

delivery with low therapeutic resistance.53,54 Recently, active mole-

cules released from nanostructures were demonstrated to maintain

the minimal effective dose for longer periods in the TME.55–58 In fact,

from an immunological perspective, the use of nanocarriers may help

stimulate antitumor immunity by promoting the activation of DCs,

CTLs, natural killers (NKs) cells, and the depletion of regulatory T cells

(Treg) suppression.59 For example, commercially available nanostruc-

tured systems, such as Abraxane® and Doxil®, when administered, are

internalized by immune-suppressed macrophages that drive their

immune response to an inflammatory profile.60,61 Daily administration

is not necessary for these nanoformulations, as they occur with the

use of their free drug molecules, subsequently reducing cytotoxicity in

white blood cells (WBCs).60,61

Drug delivery nanosystems exhibit fewer side effects, including

leucopenia, thrombocytopenia, anemia, fatigue, peripheral neuropa-

thy, and neutropenia,62 as described for paclitaxel and doxorubicin

(DOX). Based on the improvement provided in terms of therapeutic

efficacy and its immunological aspects, paclitaxel-loaded nanoparticles

(Abraxane®) exhibit not only a slight cytotoxicity in peripheral mono-

cytes in the bloodstream, but also does not induce phenotypic

changes.63,64 Exposure of peripheral blood monocytes to paclitaxel

(PTX)-loaded NPs during their in vitro differentiation to DCs did not

decrease the expression of CD11c, CD209, and MHC-II.64 Addition-

ally, NPs-PTX do not interfere with the stimulatory ability of DCs or

suppress the capacity to stimulate naive T cells, with no phenotypic

and functional changes observed in mature DCs.64

4 | NANOMEDICINES FOR THE
MODULATION OF HUMAN IMMUNE
RESPONSE

The immunomodulatory properties of intravenously administered NPs

have been extensively studied for a wide range of clinical applications.

Their successful investigation in clinical trials should be based on their

immunostimulatory potential, while considering their uptake, presen-

tation of cancer antigens by APCs, and the elicitation of an immune

response (Figure 2).65
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The capture of NPs by WBCs may occur via phagocytosis, endo-

cytosis, or adsorption. Among the APCs, DCs play an important role in

tumor control via the induction of tumor-specific T-cell responses;

therefore, they are an ideal target for the conduction of immunother-

apy mediated by nanomedicine usage.66 As an adjunct therapy,

poly(lactic-co-glycolic acid) (PLGA) NPs with different surface modifi-

cations can be produced to collect and deliver tumor-derived protein

antigens to DCs and macrophages after radiotherapy or chemother-

apy.65 It has also been verified that PLGA NPs may capture

damage-associated molecular patterns (DAMPs), which are defined as

biomolecules that can help initiate and perpetuate a noninfectious

inflammatory response and potentiate immune activity. Particularly,

nanostructured systems perform the adsorption of tumor antigenic

materials to stimulate DC activation and to enhance antineoplastic

immune responses. After capturing nanocarriers loaded with stimula-

tory drugs or tumor antigens, DCs increase the expression of activa-

tion markers to proceed with antigen presentation to naïve

lymphocytes. Antigenic materials are degraded by proteases in endo-

somes and associate with intracellular vesicles carrying MHC class II

for further exposure on the cell surface and for establishing

interaction with CD3+ T lymphocytes.67 Cytosolic antigens are

processed by proteasomes for association with MHC class I in the

endoplasmic reticulum (ER).67,68 When the peptide–MHC complex is

established, MHC-I leaves the ER for localization at the cell surface to

recognize CD8+ T cells.67,69 These processes ensure that fusogenic

nanostructures release extracellular proteins into the cytoplasm,

inhibiting vesicular degradation and enhancing peptide presentation

via MHC class I (Figure 3).70

TABLE 1 Nanoparticles (NPs) in clinical use

NP types Purposes Approved by FDA and/or EMA Indication

Lipid Treatment Abelcet® Fungal infections

Caelyx® Kaposi's sarcoma, ovary, breast, myeloma

Doxil® Ovarian and Breast cancer; myeloma

Marqibo® Lymphoblastic leukemia

MEPACT® Osteosarcoma

Myocet® Breast cancer

Oncaspar® Lymphoblastic leukemia

Onivyde MM-398® Pancreatic cancer

Visudyne® Pathologic myopia, ocular histoplasmosis

VYXEOS CPX-35® Myeloid leukemia

Diagnosis Definity® Cardiovascular ultrasound enhancement

SonoVue® Contrast agent for liver, spleen, and kidney trauma

Protein-based Treatment Abraxane® Lung, breast, and pancreatic cancer

Ontak® T-cell lymphoma

Polymeric Treatment Adynovate® Hemophilia

Cimzia® Crohn's disease and rheumatoid arthritis

Copaxone® Multiple sclerosis

Eligard® Prostate cancer

Krystexxa® Chronic gout

Mircera® Anemia

Neulasta® Neutropenia

Oncaspar® Leukemia

Pegasys® Hepatitis B, hepatitis C

Renagel® Chronic kidney disease

Welchol® Type II diabetes

Metallic Treatment Feraheme® Iron deficiency

Ferinject® Anemia

Hensify® Squamous cell carcinoma

Injectafer® Anemia

Venofer® Anemia

Diagnosis Feridex® Liver lesions (drug withdrawn from the market)

Resovist® Magnetic resonance imaging
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With the exhibition of a series of DC subsets, human skin can be

an attractive and accessible site for antigen-based immunotherapy.

Based on this principle, Boks and co-workers developed a novel ther-

apy using liposomes for the simultaneous delivery of tumor antigens

and adjuvants to human skin–resident DCs, exploring their potential

for intradermally delivered vaccines. The incorporation of Toll-like

receptor 4 (TLR4) monophosphoryl lipid A ligand (MPLA) into lipo-

somes stimulates the skin APCs to instruct tumor-specific CD8+ T cell

responses. Interestingly, this was not observed when free MPLA was

applied.66 Once the antigen is captured, peripheral DCs may migrate

to lymphoid tissues, triggering the activation of T cells. It is important

to highlight that the high levels of the mannose receptor and scaven-

ger receptors on DCs may be more appropriate to target nanostruc-

ture capture and to stimulate immune responses.71

DC-targeted biomaterials, including hydrogels or other antigen

delivery systems, have attracted considerable attention for cancer

immunotherapy.72 Such carriers can help modulate host DC populations

by spatiotemporally controlling biochemical molecules, adjuvants, or

cytokines. For example, a PEGylated polypeptide hydrogel was designed

to encapsulate antigens and a toll-like receptor 3 agonist. The system

could stimulate the DC phenotype during activation and in vitro and

in vivo maturation, increasing antigen presentation to T lymphocytes

and eliciting a response to kill cancer cells.72

In addition to the immune system, macrophages and phagocytic cells

found in the lung (dust cells), liver (Kupffer cells), kidney (mesangial phago-

cytes), brain (microglia), bone (osteoclasts), spleen, among others, can

undergo activation and differentiation as pro-inflammatory and anti-inflam-

matory, referring to classicM1macrophages and alternativeM2-type, both

derived from immature M0 macrophages.73 Tumor-associated macro-

phages (TAMs) usually exhibit the M2 phenotype, providing a favorable

environment for cancer progression and producing suppressive signals for

the amplification of the Th2 cytokine response.74,75

Therefore, new therapeutic strategies that are aimed at re-

education of human TAMs and inhibition of their tumor-promoting

functions have been proposed.76 Nanostructures have been proven

to disturb biological interactions within tumors by modulating TAM

F IGURE 2 New therapeutic
strategies using nanoparticles for the
activation of phagocytic cells and
inhibition of the suppressive profile. The
nanoparticles do not need to reach the
tumor tissues to produce cytotoxic
activity in diseased cells, they can
contribute to modulate an individual's
immune response in tumor

microenvironment. Nanocarriers loaded
with antigenic material and adjuvants can
induce maturation of B lymphocytes,
macrophages, and dendritic cells
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phenotypes, a process known as polarization.77 Commercially avail-

able clodronate liposomes can be used to efficiently inhibit TAMs and

to restore the immune response against liver cancer, colon cancer,

and lymphoma.78–82 Indeed, studies suggest that such NPs increase

the M1/M2 cell ratio by reducing the activity of the transcription fac-

tor, signal transducer and activator of transcription 3 (STAT3).78–82

A series of scientific reports regarding macrophage polarization

suggest that while polymeric NPs and liposomes aid the provision of

M2-like polarization, inorganic nanostructures must provide M1-like

polarization.77 Particularly, gold nanoparticle (AuNP) uptake by human

monocyte-derived macrophages was preferentially driven by the

M2-type and alternatively activated cells according to the clear hierar-

chy M2c > M2 > M2b > M2a > M1.83 Additionally, AuNPs changed

the conformational arrangement (denaturation) of vascular endothelial

growth factor (VEGF) and basic fibroblast growth factor (bFGF),

inhibiting the production of proangiogenic proteins by cancer-

associated fibroblasts (CAFs) in the stroma.84,85 As VEGF expression is

upregulated by cancer and infiltrating cells, cationic AuNPs have been

proposed to inhibit their signaling cascade in vitro in a structure-

dependent manner.84,85 Regarding the angiogenic blood vessels, cat-

ionic liposomes strongly bound to endothelial cells were internalized,

while anionic, neutral, or sterically stabilized neutral liposomes did not

demonstrate cellular uptake. This highlights the cationic nanostructures

that selectively target angiogenic blood vessels in cancer therapy.84,85

In addition to drug carriers for cancer treatment, nanostructures

provide additional mechanisms to constitute synthetic elements of

immune system, like artificial lymph nodes and antigen presenting

cells (aAPCs). In this perspective, NPs boost the immune system activ-

ity by delivering cytokines and ligands for T-cell receptor (TCR),

CTLA-4, and CD28 to lymphocyte receptors.86 Usually, these systems

are not suppressed by external environment in disease sites and can

be used to keep cytotoxic response for longer periods than stimula-

tion by matured APCs (in vitro and in vivo).87,88

The first attempts to create aAPCs used virally transfected mouse

fibroblasts to express co-stimulatory proteins (CD80, intercellular

adhesion molecule 1 [ICAM-1], LFA-3) and peptides of melanoma-

associated antigen recognized by T cells (MART-1) via MHC class I for

suppressing human leukocyte antigen (HLA) A2.1+ cells by osmotic

lysis.87 Similarly, polymeric structures provide cross-presentation in

human immature DCs and antigenic peptide fragments to T cells.88

To date, magnetic beads are available in clinical treatments after

FDA approval to T cell expansion ex vivo. The magnetic resonance

imaging (MRI) aids to monitor superparamagnetic and magnetic aAPCs

to measure toxic effects until total depletion in vivo.89 In mice, most of

the intravenously injected aAPCs were eliminated through urine or

deposited in liver and spleen.90 The subcutaneous administration stimu-

late naive lymphocytes in axillary, inguinal, and cervical lymph nodes.90

Furthermore, oral uptake also delivers NPs through gastrointestinal

organs to lymphatic system, crossing mucosa cells in duodenum, jeju-

num, and ileum to lacteals vessels and mesenteric lymph nodes.91 Para-

magnetic NPs conjugated with anti-HLA-DR and anti-CD28 antibodies,

as well with lymphocyte adhesion molecule integrin (anti-lymphocyte

function-associated antigen [LAF]-1) increased the CD8+ population.92

After measuring the magnetic moment of these particles, it was possible

to observe that conjugation with immunoglobulins distributed them on

cell surface, increasing the activity of CTLs and tumor infiltrating lym-

phocytes (TILs) in the environment of lymphoma.89 Thus, the latter stud-

ies highlight the importance of synthetic biology to replace or make up

the lack of biological functions (Table 2).

5 | MAIN CHALLENGES IN THE USE OF
NANOPARTICLES IN IMMUNOTHERAPY

Before reaching the targeted cells, NPs can produce side effects in

healthy tissues and phenotypic changes in immunocompetent cells,

F IGURE 3 The three main routes
through which nanoparticles are captured
by macrophages and dendritic cells:
phagocytosis, endocytosis, and fusion in
the plasma membrane. Solid nanoparticles
can undergo endocytosis and liposomes
can undergo fusion in antigen-presenting
cell plasma membranes, delivering tumor
antigens into the cytoplasm for future

processing in the endoplasmic reticulum
and fusion with the major
histocompatibility complex in the Golgi
apparatus
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which can impair their clinical applications.93 Therapeutic strategies in

nanomedicines consider that both normal and transformed cells inter-

nalize NPs through passive and active mechanisms, and promising

results may be achieved with the combination of both procedures

(Figure 4).

Owing to the process of angiogenesis, the main mechanism

responsible for the passive accumulation of macromolecules and

nanostructures in the TME is the well-known and so-called permeabil-

ity and retention effect (EPR), which leads to the accumulation of

structures with molecular weights ranging between 10 and 40 kDa.94

NPs are also retained in hypervascularized tissues, such as the lungs,

liver, kidneys, and spleen, ensuring that only a tiny fraction of the

administered nanosystems reach the cancer sites.93 In addition to the

aforementioned aspects, several intrinsic factors may influence their

efficiency, including pre-existing disease conditions and an individual's

genotype.

After administration, WBCs and proteins generated by the

humoral response represent the first barriers that must be overcome

(or managed) by nanomaterials in the body.93,95 Under exposition with

foreign organisms, APCs perform the activation of innate and adaptive

immunological responses that may affect the stability of myelopoiesis

and lymphopoiesis.96 PEGylation or conjugation with biological

targeting components is widely known to aid the preservation of NPs

in the circulatory system.97 However, PEGylation may not be efficient

at preventing inflammatory stimulus and partial clearance of the NPs

before reaching the tumor site.97 Bio-polymers or biocompatible

materials applied at the NP surface result in the reduction of immune

cell recognition. Furthermore, the prolonged half-life in the circulatory

system increases the deposition of plasma components on the protein

corona layer, inducing complement system activation, contact kalli-

krein reaction, and blood coagulation.98

The complement system is activated via three pathways. Notably,

all models require the cleavage of plasma Complement (C)3 (C3) protein

into C3a and C3b. In the classical model, antibodies (Immunoglobulin

G - IgG and Immunoglobulin M - IgM) are deposited on the surface of

foreign invaders.67,99 C1q proteins bind to the Fc region and trigger the

cleavage of C4 and C2 proteins into C4a + C4b and C2a + C2b for the

formation of C3 convertase (C4bC2a).67,99

Alternative activation occurs without the presence of antibodies

at the beginning of the process. In blood, the pre-established C3b

binds to the carboxylic and amino groups present on the particle sur-

face and results in the generation of the C3 convertase after binding

with complement factor B protein.67,99 Another possibility of activa-

tion is dependent on the plasmatic lectin that recognizes mannose

fragments on pathogens and triggers C4 and C2 cleavage to generate

C3 convertase.67,99

TABLE 2 Nanoparticles for immunomodulatory cancer therapies

NP types Cell uptake Immune response References

Polymeric antigen-capturing nanoparticles

(AC-NPs)

Dendritic cells and

macrophages

Expansion of CD8+ T cells, CD4+ T cells. 65

Self-assembled poly(L-valine) hydrogel

conjugated with tumor cell lysates

Dendritic cells Improves antigen delivery in lymph nodes. 72

Melanoma peptides-loaded liposomes Dendritic cells Antigen presentation to CD8+ T cells with

production of pro-inflammatory cytokines.

66

Fusogenic liposomes Ovary cell line Protein cargo released into cellular cytoplasm. 70

Clodronate liposomes Macrophages Alters gut microbiota of colon cancer. 79

Gold nanoparticle Macrophages Nanoparticle preference capture by

M2c > M2 > M2a > M2b > M1.

83

Gold nanoparticle HUVECs cell line Inhibits pro-angiogenic proteins expression. 84

Gold nanoparticle Fibroblasts Activation of quiescence state in fibroblasts. 85

F IGURE 4 Schematic
illustration depicting the
combination of target therapies
and immunomodulatory
techniques for retardation of
cancer cell growth
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After intravenous administration, albumin, immunoglobulin G, and

fibrinogen are the first proteins to establish interaction with NPs in

blood.100 Immunoglobulins represent 40% of the proteins in human

plasma and are considered the main constituent on the biomaterial

surface, stabilizing their dispersion in electrolytes and activating human

defense cells after adsorption of immune regulatory proteins.101–103

Therefore, it is essential to elucidate the activity of blood cascade sys-

tems to avoid the occurrence of nonspecific reactions.104

Nanomaterials may also induce complement activation-related

pseudoallergy (CARPA), a process related to tumor growth in a few

patients undergoing nano-therapies.105 In clinical settings, even after

validation through toxicological studies, few patients presented with

hypersensitivity and severe allergic reactions (anaphylaxis) following

the administration of Doxil (Figure 5).101,106,107 Continuous activation

of the complement system can aggravate the patient's condition.100

Therefore, monitoring of the hemodynamic and hematological condi-

tions is essential to avoid the occurrence of allergic reactions induced

by nanostructures.108 Importantly, complement activation can aid the

recruitment of suppressive immune cells to control the inflammatory

response produced by NPs in the cancer microenvironment, inducing

tumor cell progression in certain neoplasms.109,110

Considering the toxic aspects, several efforts have been engaged

to understand NP opsonization by plasma proteins to modulate aller-

gic reactions and to avoid the occurrence of severe side effects during

treatment.104 NP size, shape, surface charge, surface functionalization,

and concentration in the blood are known to dictate the complement

activity; however, more studies are warranted.111 Ensuring the control

of the complement responses triggered by the amino and hydroxyl

groups present on the nanocomposite surface is a major challenge.112

When NPs are subjected to conjugation with polymers, different

structural conformations may produce distinct complement responses,

even for the same surface composition.109,113 For example, the use of

NPs with a diameter of 250 nm conjugated with dextran helped acti-

vate the complement cascade, while similar results were not observed

for the same NPs with a diameter of 600 nm, indicating the influence

of NP size on the recruited response.114 Polymeric chains may dem-

onstrate thermosensitive and pH-responsive properties and in such

cases, when escape from the blood circulatory system is exhibited by

NPs to infiltrate in tumors, the reduction in pH results in a conforma-

tional change in the polymeric matrix, subsequently exposing or hiding

functional groups for protein adsorption.115

Few studies have confirmed that complement depletion does

not result in the stimulation of the delivery of antigenic materials

from NPs to phagocytic cells and consequently inhibits the adaptive

immune response against pathogens.116 Moreover, studies con-

ducted using animal models demonstrated that adsorption of com-

plement proteins on polyhydroxylated-PPS-NPs (25 nm) increased

the expression of activation markers, CD80, CD86, and CD40 in

immature DCs.116 Particularly, in the case of nanovesicles, their lipid

composition was demonstrated to change the humoral response. The

presence of cholesterol molecules modulates the pseudoallergic reac-

tion of liposomes and PEGylated lipid structures, followed by

the occurrence of intense leukopenia and thrombocytopenia in

mice.108,117

Furthermore, the mechanisms by which adsorbed complement

proteins on NP contribute to modulating humoral immunity and acti-

vation of WBCs warrant further studies to aid the design of versatile

nanoplatforms and to improve their application in cancer therapy.

F IGURE 5 A study on the
hypersensitivity caused by Doxil. (A) Doxil
dispersion was conducted in the plasma
of 20 healthy donors (DO) for 30 min, and
levels of the complement protein (iC3b)
were determined by ELISA (n = 3). The
results were compared with those
obtained from samples without subjection
to treatments (negative control [NC]),
with cobra venom factor considered as a
positive control (PC). (B) The individual
variability of complement response was
classified with stimulation index (SI) as
follows: low (SI ≤2), medium (SI 2–6), and
high (SI ≥6). Adapted with permission
from Ref. 100

COMPARETTI ET AL. 9



6 | NOVEL STRATEGIES TO BOOST
NANOTHERAPEUTIC USE VIA APPLICATION
OF BIOINSPIRED AND BIOMIMETIC
SYSTEMS

As previously described, despite several benefits regarding the ability

of nanostructures to modulate immunological response, these systems

require minor improvements before their clinical applications to over-

come eventual problems that can undermine their safety.

Recent advances in nanoengineering have proposed the design of

bioinspired and biomimetic systems that can ensure NP camouflage,

targeting, and accumulation in the tumor microregion via specific func-

tionalization of NPs with biological elements or even with whole natu-

ral cell membranes, thus providing higher specificity.63,118–122 In this

process, cellular vesicles are separated from organelles by ultracentri-

fugation and adsorbed on the NP surface to incorporate biological

properties into the nanostructures, thereby increasing biocompatibility,

decreasing allergic reaction in vivo, and enhancing their effectiveness

against cancer.123 The resultant nanostructure carries the full array of

cancer cell antigens, thereby offering a robust and innovative platform

that applies to multiple modalities of anticancer therapy. These

engineered biomimetic features are currently under exploration as

advanced drug delivery systems in which natural components are used

for theragnostic purposes, bypassing macrophage uptake and systemic

clearance, improving therapeutic outcomes.124,125

In this section, we describe different biomimetic and bioinspired

systems engineered through the consideration of different cell struc-

tures, covering their immunomodulatory properties concerning cancer

therapy.

6.1 | Cellular plasma membrane-derived NPs

Cell membranes may represent the most basic, structural, and func-

tional units of organisms carrying different biomarkers that can assist

cell recognition and signal transduction, among other functions.126

The isolation of extracellular vesicles (exosomes and microvesicles)

and their conjugation with therapeutic agents have been addressed in

this context.127 Their reconstruction as nanocarriers can help deliver

antineoplastic and immunomodulatory drugs to diseased and healthy

cells, replacing synthetic liposomes or polymeric platforms. Plasma

membranes isolated from cancer cells, erythrocytes, and leukocytes

increase NP functionality in the body, with their immune-stimulatory

capacity complementing traditional therapies.128

6.1.1 | Cancer cell membrane

The deposition of proteins and lipids from the plasma membrane onto

the particle surface aids the development of new nanotherapeutic

approaches for the treatment of chronic diseases, such as cancer,

subsequently ensuring increased applicability of a wide range of solid

NP systems.126 Based on the excellent results observed with the

application of biological vesicles, studies conducted by our group

reported the use of cellular membrane-derived nanoparticles (MNPs)

to enhance the specificity of external source therapies. PEG-coated

gold nanorods incorporated in MNPs derived from lung cancer cell

membranes were loaded with the anticancer drug, β-lapachone, and

were used to provide a specific multifunctional system combining che-

motherapeutic and photothermal cell destruction in a synergic man-

ner.118 In another study, we reported the use of MNPs for conducting

encapsulation of two first-line drugs used in pancreatic cancer treat-

ment.63 The MNPs were isolated from the pancreatic membrane and

incorporated with gemcitabine and paclitaxel to induce apoptosis in

PANC-1 cell lines in vitro. Furthermore, the antigenic material carried

in the nanovesicles activated human monocytes and DCs in the pres-

ence of chemotherapeutic molecules. Such properties can avoid the

evasion of cancer cells from the immune system more safely and

effectively during treatment.126

In fact, biomimetic NPs covered with cancer cell membrane compo-

nents can be used as vaccines to modulate the immune system.129–131

Yang and co-workers developed tumor vaccines for cancer prevention

and treatment by performing coating of R837-containing poly-(D,L-

lactide-co-glycolide) PLGA NPs with mannose-modified tumor cell mem-

branes. The nanovesicles showed enhanced uptake by APCs, such as

DCs, which were stimulated to maturation, triggering antitumor immune

responses, thereby representing an important potential for clinical

translation.132

Lipid NPs synthesized with tumor plasma membranes were used

to deliver a substantial amount of antigenic material to the APCs. In

such cases, macrophages process antigenic proteins and expose them

to T lymphocytes via MHC, triggering anti-tumor responses in periph-

eral lymphoid organs.129,131 The delivery of antigenic material by lipid

NPs stimulates a higher primary and secondary antibody response

than that generated after pure antigen administration.133

Undoubtedly, the use of cell membrane-coated NP technology

provides an excellent nanostructure with immunomodulatory poten-

tial. Murine B16-F10 cell-derived NPs exhibited uptake by immature

leukocytes, improving WBC activation in draining lymph nodes.134

After 6 h of subjection to subcutaneous administration, phagocytes

demonstrated the expression of maturation markers, CD80/CD86,

while Th1 cells secreted a considerable amount of interferon-γ (IFN-γ)

and IL-2. The presence of membrane antigens on the NP surface pro-

moted pro-inflammatory activity in TME and adhesion protein expres-

sion (such as selectin ligands, integrin, and chemokine receptors) in

addition to the targeting of nanocarriers to tumor cells.135–137

6.1.2 | Red blood cell membranes (RBCm)

Erythrocytes, or red blood cells, were the first cell type used to estab-

lish the lipid and protein isolation protocol to fabricate biomimetic

and bioinspired systems. Their abundant “self-markers” such as

proteins, glycan, and sialic acid moieties play a critical role in

suppressing an immune attack.138 After hemolysis, erythrocyte lysates

are subjected to density gradient centrifugation to obtain membrane

10 COMPARETTI ET AL.



components139–141 and used to reduce the immune clearance of the

NPs (Figure 6).119–121 Although proteins derived from the RBCm

inhibit the capture of nanomaterials by phagocytic cells,119 do not

prevent their retention in the liver, lung, and spleen.120 To avoid such

interactions, antibodies and aptamers can be bound to RBCm to

enhance specificity and cell internalization. For example, RBC nan-

ovesicles have been used in fusion with tumor-penetrating peptides

for the treatment of metastatic breast cancer, subsequently promoting

an increased interaction with tumor tissues.119 In another study,

DOX-containing RBCm-PLGA NPs could cross the microvascular

endothelium for glioblastoma treatment. Tumor angiogenesis showed

reduction for a few days after its administration to mice.142 DOX car-

ried by RBCm-NPs has been shown to prevent toxicity in neutrophils,

lymphocytes, and monocytes, and to avoid the reduction of plasma

compounds, such as albumin, bicarbonate, and creatinine, indicating

the absence of organ dysfunction.143

Currently, PLGA-based NPs are the most commonly used poly-

meric structures for designing cell membrane-derived systems. Even

when used at high concentrations, PLGA does not interfere with cell

phenotype and cell viability.144–146 More importantly, RBC-covered

PLGA NPs have been shown to exhibit increased blood circulation

time, showing the importance of both long circulation and tumor pen-

etration for improved therapeutic outcomes.119

Also using the RBCm coating technology, a novel antigenic pep-

tide delivery system involving PLGA-NPs was constructed to target

carbohydrate receptors present on macrophages and DCs. The addi-

tion of mannose was performed to actively target APCs in lymphatic

organs. Using in vivo models, the developed nanostructures inhibited

tumor growth and suppressed tumor metastasis, in addition to effec-

tively enhancing IFN-γ secretion and CD8+ T cell response. The high

accumulation of the nanostructures in the draining lymph nodes

increased the expression of CD86 proteins and the production of

tumor necrosis factor-α (TNF-α) and IL-12 by phagocytic cells and

IFN-y by Th1 cells.

6.1.3 | White blood cell membranes

Under damaged vasculatures, WBCs migrate from the capillaries to

inflamed regions. Neutrophils are professional phagocytic cells that

F IGURE 6 (A) Schematic illustration of nanoparticles loaded with erythrocyte plasma membrane. (B) Size and (C) surface zeta potential of
upconversion nanoparticles (UCNPs), RBC membrane vesicles and UCNPs fused with the RBC membrane. (D) TEM images of UCNPs, and (E,F)
RBC-UCNPs (scale bar = 25 nm) revealed incorporation of the erythrocyte membrane on the nanostructure surface. (G) Polyacrylamide gel
electrophoresis conducted for the detection of plasma proteins in the samples of RBCs and RBC-UCNPs. Adapted from Ref. 114; Copyright 2017
American Chemical Society
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can cross the endothelial cell barrier to reach the acute inflammation

site.147 Therefore, neutrophil plasma membranes have also been iso-

lated and used to design biomimetic nanovesicles providing NP cam-

ouflage for mononuclear phagocyte system clearance, overcoming the

vascular barrier, and localization at the target tissue.148 G~ao et al.149

developed new methodologies based on nitrogen cavitation for the

formation of neutrophil plasma membrane nanovesicles rich in

integrin-β2. Neutrophil nanovesicles replicate the membrane features

of the source cells, which are captured by inflamed microvasculature,

a method that can be applied to a wide range of diseases without

inflammatory conditions.149

Circulating tumor cells (CTCs) comprise organelles that can trigger

the early stages of metastasis, rendering them a valuable target for

preventing the spread of cancer. Knowledge regarding the occurrence

of metastasis also highlights neutrophils as a fundamental cells in the

early stages of their formation. Therefore, Kang et al. designed NM-

NPs by coating the surface of a PLGA polymer with an inflammatory

neutrophil-derived membrane. The biomimetic nanostructure was

loaded with carfilzomib (CFZ) to prevent metastasis and inhibit the

growth of the already formed cancer sites. Granulocytes were previ-

ously co-cultured with LPS to increase inflammatory membrane pro-

teins, preserving L-selectin, CXCR4 (C-X-C chemokine receptor type

4), LFA-1, and β1 integrins to establish interaction with ICAM-1,

vascular cell adhesion molecule-1 (VCAM-1), and CD44 molecules

on CTC surfaces and inflamed endothelial cells.135 After binding,

nanostructures are selectively endocytosed by clathrin and the

caveolae pathway, eliminating cancer cells through the loss of plasma

membrane integrity.135 Furthermore, treatment was found to reduce

the expression of inflammatory cytokines and the number of immune-

suppressive neutrophils, which promoted cytotoxic effects against

inoculated breast cancer cell line (4 T1 cells).135 As a result, the neu-

trophil plasma membrane reduced the size and number of metastatic

nodules in the lungs, impairing the capability of CTC migration

through the circulatory system.135

Similar to the procedure adopted for neutrophil membrane nan-

ovesicles, natural membranes derived from macrophages have been

applied to coat mesoporous silica nanocapsules loaded with DOX for

the treatment of breast cancer. This biomimetic nanostructure effec-

tively integrates tumor-assisted targeting therapy with immunological

aspects. In vivo assays have demonstrated effective accumulation in

tumors and the inhibition of tumor growth. Additionally, the

membrane-coating strategy provided active targeting abilities for rec-

ognition of the tumor endothelium.148

Proteins derived from the leukocyte plasma membrane were

employed as coatings for synthetic phospholipid bilayer NPs, referred

to as leukosomes, which could preferentially target inflamed endothe-

lia both in vitro and in vivo.150 Macrophage membrane-coated lipo-

somes were developed by Cao et al.58 to improve specific metastasis-

targeting capability and to suppress secondary lung tumors resulting

from breast cancer metastasis. The emtansine drug was encapsulated

into pH-sensitive liposomes and coated with macrophage membranes

isolated from a murine monocyte/macrophage cell line (RAW 264.7)

with high expression of α4 and β1 integrins. Biomimetic systems were

used to effectively enhance cellular uptake and the inhibitory effects

on cell viability.58 The use of macrophage cell membrane coating also

inhibited untargeted drug delivery in normal cells and decreased the

retention of NPs in the liver, spleen, and lungs.58,148

Although the use of bioinspired and biomimetic systems has been

described as cellular plasma membrane-derived platforms, we can

highlight the use of a series of covering possibilities using different

organelles that are currently exploited for their immunomodulatory

potential associated with nanosystems for cancer therapy. For exam-

ple, the extracellular vesicles (EVs), which are important mediators of

intercellular communication, have been explored by their immuno-

modulation ability especially given their capability to transfer bioactive

components and to transpose biological barriers.151

Considering the above-mentioned DCs capability to induce both

primary and secondary immune responses, exosomes from DCs have

also been investigated for their immune modulation potential resulting

in clinical trials.152 T lymphocytes elements associated with

nanosystems also deserve attention in this regard.153 The possibilities

within this subject are numerous and considering the availability of

novel nanomaterials undergoing clinical trials, the biomimetic and

bioinspired strategy walks to become the future of nanomaterials.

7 | CONCLUSION AND PERSPECTIVE

Considering increases in the number of individuals affected by cancer

and their particularities, there is an urgent need for the discovery of

successful therapeutic alternatives. Furthermore, based on the molec-

ular differences noted between patients, the next generation of can-

cer treatments is likely to be based on molecular features and the

identification of effective targets that may constitute personalized

medicine in cancer therapy. In this scenario, nanomedicine merits spe-

cial attention. To improve conventional therapies, new treatments are

being developed with aim to abolish the neoplastic ability to evade

host defense mechanisms through nanotechnological tools. For

instance, NPs may improve cancer immunotherapy results, producing

faster innate and adaptive responses compared to conventional treat-

ments. Therefore, to optimize the design of safe formulations,

surface-coating biomimetic technologies allow NPs to travel longer

distances through vascular networks and enable the establishment of

interactions with the immune system without chronic inflammation,

providing interesting features. Thus far, these advanced drug delivery

systems have been recognized as multifunctional platforms that can

trigger immunotherapy responses, thereby emerging as an extremely

promising strategy that remains at initial stages of development,

which also evidently holds remarkable potential.

As a novel bioinspired and biomimetic platform, advanced drug

delivery systems may be effective for delivering multiple tumor antigens

to conduct re-education of pro-inflammatory profiles, by exploiting

intact and natural organelle functions rather than by replicating these

features using synthetic techniques. Although the technique is now

widely discussed, few studies have harnessed applied natural organelles

as nanovesicles for coordinated delivery to the tumor sites without
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evaluating the immunomodulatory aspects provided by these platforms.

Owing to these properties, these bioinspired nanostructures are consid-

ered excellent candidates as next-generation carriers for suppressing

cancer growth and for potentiating the recovery of immunity.

We believe that in the future, the combination of cell biology and

nanotechnology may be used to fabricate chimeric nanostructures

that can help exploit the intrinsic properties of their origin to exert

advanced drug-delivery functions. Nanostructured systems are

expected to increase tumor immunogenicity and to modulate autoim-

mune mechanisms, preventing suppressive effects in the cancer

environment. Importantly, the advantages and disadvantages of

nanomedicine and immunotherapy are complementary. Furthermore,

their combination opens possibilities for the development of new

alternative therapeutic strategies that require a multidisciplinary

understanding of their properties in the body.
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