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Abstract: Cancer is one of the deadliest diseases with a cure far from being found. Despite the extraordinary advances in the therapy approaches, only a few patients respond to treatments. The tumor microenvironment (TME) plays a crucial role in cancer progression by contributing to the chemoresistance. Thus, emerging efforts are being made in nanotechnology research focusing on nanoparticles’ potential role and their application in immune system modulation. Moreover, the omics have contributed to bioengineering and nanotechnology development by elucidating the mechanisms of cancer and specific biomarkers that could be used as new therapeutic targets. Furthermore, the non-coding microRNA as a target for cancer treatment and creation of organoids for the study of new treatments helped for the new therapeutics’ era called personalized medicine. Here we will discuss the role played by TME in tumor initiation and progression we will describe the recent nanotechnology applied to cancer treatment. Specifically, we will describe the potential role of nanoparticles (NPs) and their application in immune system modulation, ultimately leading to circumventing tumor cell proliferation.
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Nomenclature



	ACT
	adoptive T-cell therapy



	ADCs
	antibody–drug conjugates



	ALCL
	anaplastic large-cell lymphoma



	AML
	acute myeloid leukemia



	AnAc
	anacardic acid



	APCs
	antigen-presenting cells



	ATCT
	genetic engineered T cells



	B2M
	beta-2 microglobulin



	BA-TPQ
	7-(benzylamino)-3,4-dihydro-pyrrolo[4,3,2-de]quinolin-8(1H)-one



	BBB
	blood-brain barrier



	BRCA1
	breast cancer 1



	BRCA2
	breast cancer 2



	CA125
	cancer antigen 125



	CA19
	carbohydrate antigen 19



	CAF
	cancer-associated fibroblasts



	CAR-T
	chimeric antigen receptor T cells



	CD226
	cluster of differentiation 226



	CD28
	cluster of differentiation 28



	CICs
	cancer initiating cells



	CNS
	central nervous system



	CRC
	colorectal cancer



	CRISPR
	clustered regularly interspaced short palindromic repeat



	CSF-1
	colony stimulating factor 1



	CSF1R
	colony-stimulating factor 1 receptor



	CTCs
	circulating tumor cells



	ctDNA
	circulating cell-free tumor DNA



	CTLA-4
	cytotoxic T-lymphocyte-associated protein 4



	CCL2
	also known as MCP1 (monocyte chemoattractant protein 1)



	CCL22
	regulatory T cells chemoattractant



	CCL3
	also known as MIP-1-alpha (macrophage inflammatory protein 1-alpha)



	CCL4
	also known as MIP-1β (macrophage inflammatory protein-1β)



	CFS2
	also known as GM-CSF-Granulocyte-macrophage colony-stimulating factor



	CHILP
	helper innate lymphoid precursor



	CILP
	common ILC precursor



	CLP
	common lymphoid progenitor



	CXCL10
	also known as IP-10 (Interferon gamma-induced protein 10)



	CXCL12
	also known as SDF1 (stromal cell-derived factor 1)



	CXCL8
	also known as IL-8 (Interleukin 8)



	CXCL9
	also known as MIG (monokine induced by gamma interferon)



	DCs
	dendritic cells



	DDS
	drug-delivery system



	ddPCR
	droplet digital PCR



	DOX
	doxorubicin



	EAC
	esophageal adenocarcinoma



	ECM
	extracellular matrix



	EGF
	epidermal growth factor



	EGFR
	epidermal growth factor receptor



	EGFR-TKIs
	epidermal growth factor receptor tyrosine kinase inhibitor



	EPR
	enhanced permeability and retention



	ERBB2
	receptor tyrosine-protein kinase erbB-2, also known as CD340 (cluster of differentiation 340)



	ESCC
	esophageal squamous cell carcinoma



	FDA
	US Food and Drug Administration



	FGF
	fibroblast growth factor



	GATA3
	GATA-binding factor 3



	GBM
	glioblastoma



	GM-CSF
	Granulocyte-macrophage colony-stimulating factor



	GPRC5A
	retinoic acid-induced protein 3



	HER2
	human epidermal growth factor receptor 2



	hESCs
	human embryonic stem cells



	HL
	Hodgkin lymphoma



	HLA
	human leukocytes antigen



	HNSCC
	head and neck squamous cell carcinomas



	HPMA
	N-(2-hydroxypropyl) methacrylamide



	HPV
	human-papilloma viruses



	ICB
	immune checkpoints blockade



	IECPN
	Instituto Estadual do Cérebro Paulo Niemeyer



	IFN-γ
	interferon gamma



	IL
	interleukin



	ILCs
	innate lymphoid cells



	IMMU-132
	sacituzumab govitecan



	IP-10
	interferon gamma-induced protein 10



	iPSC
	induced pluripotent stem cell



	ITGA5
	integrin alpha-5



	mAb
	monoclonal antibodies



	MCs
	mast cells



	MDM2
	murine double minute2



	MDS
	myelodysplastic syndromes



	MDSCs
	myeloid-derived suppressor cells



	MHC
	major histocompatibility system complex



	MIG
	monokine induced by gamma interferon



	miRNA
	microRNA



	MLH1
	MutL homolog 1



	MMAE
	monomethyl auristatin



	MMP
	matrix metallopeptidase



	MSH2
	DNA mismatch repair protein 2



	MSH6
	DNA mismatch repair protein 6



	NK
	natural killer cells



	nm
	nanometer



	NME2
	nucleoside diphosphate kinase B



	NO
	nitric oxide



	NPs
	nanoparticles



	NSCLC
	non-small cell lung cancer



	OncomiR
	oncogenic miRNAs



	PD-1
	programmed cell death protein 1



	PD-L1
	programmed cell death protein ligand 1



	PDGFRB
	beta-type platelet-derived growth factor receptor



	PEG
	poly (ethyleneglycol)



	PEG-S-DAGs
	ceramides (PEG-Cer)18 or diacylglycerols



	PMAA
	polymer redox-sensitive poly (methacrylic acid)



	PMS2
	mismatch repair endonuclease 2



	PRAME
	preferentially express antigen of melanoma



	PSA
	prostate-specific antigen



	ROS
	reactive oxygen species



	RT
	radiotherapy



	scFV
	single chain fragment variable



	SDF1
	stromal cell-derived factor 1



	sgRNA
	single-guide RNA



	SHH
	Sonic hedgehog



	siRNA
	small interfering RNA



	SNPs
	single nucleotide polymorphisms



	SRM
	selected reaction monitoring



	TALEN
	transcription activator-like effector nucleases



	TAM
	Tumor-associated macrophages



	TAMCs
	tumor-associated mast cells



	TANs
	tumor associated neutrophils



	TCGA
	The Cancer Genome Atlas Research Network



	TCR-T cells
	T cells expressing a tumor-targeting T-cell receptor



	TECs
	tumor endothelial cells



	TFRC
	transferrin receptor protein 1



	TGFα
	transforming growth factor alfa



	TGF-β
	transforming growth factor beta



	TH
	T helper



	TIGIT
	T cell immunoreceptor with Ig and ITIM domains



	TILs
	tumor-infiltrating lymphocytes



	TMA
	Tissue Microarray Analysis



	TME
	tumor microenvironment



	TNF-α
	tumor necrosis factor alfa



	TP53
	tumor protein p53



	TRAC
	TCR alpha constant



	T-regs
	regulatory T cells



	TSNs
	thermosensitive nanoparticles



	uPA
	Urokinase-type-plasminogen-activator



	UTR
	untranslated region



	VEGF
	vascular endothelial growth factor



	VEGF-A
	vascular endothelial growth factor A



	WT1
	Wilms tumor 1



	ZFDBDs
	zinc finger DNA-binding domains



	ZFN
	zinc-finger nucleases.




1  Introduction

Cancer is a highly aggressive and yet incomprehensible disease, widely distributed worldwide. Thus, many scientists have focused on unraveling the biological mechanisms involved in cancer cell systems, including the development of convenient and efficient biopharmaceuticals.

The TME, composed of stromal, immune cells, blood vessels, and the extracellular matrix, plays a pivotal role in tumor development, progression and metastasis [1]. Moreover, TME influences the drug resistance of tumor cells and, consequently, the patient outcome and recurrence [2]. Hence, efforts are being made to understand and characterize the TME. For instance, cell-type-specific markers have been used to identify ‘normal cells’ in the TME, such as cancer-associated fibroblasts (CAF), and immune-inflammatory cells, including Tumor-associated microglia/macrophages (TAM/M), lymphocytes and neutrophils [1]. All these TME components can manipulate signaling pathways and interactions between transformed and normal cells in an unlimited crosstalk [3]. Thus, many therapeutic strategies have emerged targeting TME. The inhibition of immune checkpoints (i.e., regulators of immune activation) is thought to be a promising therapeutic approach for treating some solid tumors, such as melanoma and lung cancer [4]. However, there is still an unmet need to explain why most cancer patients do not respond to this type of immunotherapy, whereas TME heterogeneity might be responsible [4]. It is already demonstrated that, the TME components have the capacity to alter and even to deregulate signaling pathways and interactions between transformed and normal cells in an uninterrupted cross-talk [5]. Taking this into account, currently inhibition of immune checkpoint (that are regulators of immune activation) pathways is thought to be a promising therapeutic approach for the treatment of some solid tumors, such as melanoma and lung cancer [4]. Nevertheless, most of the cancer patients do not respond to this type of immunotherapy, and the real reasons are still unknown, but the TME composition plays for sure a crucial role [6].

Nanotechnology has been used to overcome cancer treatment failure through drug delivery systems (DDS), including engineered nanoparticles (NPs) to precise target tumor cells [7]. Among all the advantages of using DSS, such as reducing the adverse effects of drugs in undesired cells/tissues, it allows the delivery of therapeutic compounds by passive and active targeting. Most solid tumors present leaky blood vessels or dysfunctional lymphatic drainage allowing the entrance of macromolecules and NPs with larger sizes being retained in tumors, named “Enhanced permeability and retention” (EPR) effect [8]. Passive targeting depends on the EPR effect since the carriers do not possess a specific tissue/cell ligand. EPR-based therapies intend to improve efficacy and sustain tolerability by modulating the biodistribution and pharmacokinetics of the drug [9]. On the other hand, the active targeting is based on the functionalization of NP surfaces with ligands (e.g., monoclonal antibodies mAb or peptides) to specifically recognize tumor receptors by improving their affinity and enhancing the drug delivery and penetration [9,10].

Besides nanotechnology, bioengineering is also applied in immunology. Immunotherapy using the adoptive T-cell transfer (ACT) is based on genetically engineered T cells for fighting cancer. This technology transforms T cells genetically by modulating their receptors and redirecting them for the destruction of specific tumor cells [11]. Different types of immunotherapies can be applied to cancer treatment involving T cells: tumor-infiltrating lymphocytes (TILs), T-cell receptor (TCR-T) T cells and chimeric antigen (CAR-T) cells [12–14]. Nevertheless, identifying specific antigens in tumor cells is crucial for successful immunotherapy using ACT approaches, working as potential therapeutic targets and new biomarkers in cancer, allowing the improvement of immunotherapy approaches and nanomedicine. Several biomolecules have already been discovered as cancer biomarkers, which include proteins, genetic material such as methylated DNAs, DNAs, microRNAs (miRNAs) and RNAs, lipids, oligosaccharides, and metabolites [15]. A vast amount of data identified miRNAs released by tumors into serum, urine, sputum, or other body fluids, which are essential for the diagnosis [16]. Biomarker ‘era’ is the ‘gold standard assay’ for prognostics and diagnostics of cancer, contributing to ‘personalized medicine’. According to each patient’s specific characteristics, tailoring the medical treatment by dividing individuals into subpopulations with distinct susceptibility to a particular disease or their response to a specific treatment is the basis of personalized medicine [17].

This review will exploit the TME role and how nanotechnology can be applied to modulate the immune system to overcome the therapeutic resistance in cancer patients by opening the doors for personalized medicine.

2  Tumor Microenvironment and Its Complexity-Implications in Cancer Progression

2.1 Tumor Microenvironment Crosstalk

Malignant changes in healthy cells are maintained and followed by altered stromal cells, extracellular matrix (ECM) components, immune cells, blood and lymphatic vessels, and CAF [5]. This dynamic and active crosstalk between the subset of cells that compose the TME allows the tumor to establish and proliferate, evading the anti-cancer therapies and the host immune surveillance [5]. Thus, TME can be a target for long-established treatments that enhance the therapeutic outcomes for cancer [18] and unraveling the dynamic crosstalk is a matter of importance. Many growth factors present in TME are secreted by different cells, including fibroblast growth factor (FGF) [19], Sonic hedgehog (SHH) [20], epidermal growth factor (EGF) [21], chemokines (such as CXCL12-also known as SDF1 (stromal cell-derived factor 1) and CCL22 (regulatory T cells chemoattractant) [22] and ECM (such as proteoglycans and glycoproteins) [23]. All of them are not only important for the survival and growth of the malignant cells but also act as a chemoattractant by recruiting other cells into the TME [24]. Indeed, tumor cells hijack endothelial cells to supply nutrients and oxygen and support their progression, providing a portal for tumor metastasis [25]. Endothelial cells secrete tumor stimulating factors, such as IL-6 (interleukin-6), CXCL8 (also known as IL-8), and EGF [2] to promote tumor resistance and invasiveness. On the other hand, CAFs secret high levels of CXCL15 to induce the expression of programmed cell death protein ligand 1 (PD-L1) in tumors creating the immunosuppressive TME [26] (Scheme 1).

[image: images]

Scheme 1: Tumor environment crosstalk (Scheme done by Spohr, TCLS)

The different responses to the treatments and distinct prognoses in cancer patients are due to the distinct types of immune cells present in TME. The innate lymphoid cells (ILCs) are a group of lymphoid cells that do not perform the rearrangement of their antigen receptors [27]. The ILCs are divided into three groups according to the type of cytokine production and the expression of transcription factor. ILC1 expresses the transcriptional factor T-bet and the cytokines IFN-g and TNF; the ILC2 expresses GATA-binding factor 3 (GATA3) and produces the cytokines IL-4, IL-5, IL-9 and, while IL-13 and ILC3 express the retinoic acid receptor-related orphan receptor-γt (RORγt) and the cytokines IL-17A and IL-22 [28]. As part of the innate and adaptive immune response, ILCs can either contribute to tumor regression by inducing T cell priming, for instance, or stimulate tumor evasion by releasing immunosuppressive molecules [29].

Moreover, regulatory T cells (T-regs) have an essential role in immune homeostasis and self-tolerance [30], being part of the adaptive immune response. In cancer, Tregs usually contribute to the development of an immune-suppressive TME by suppressing the anti-tumor immune response, and consequently promoting cancer progression and immune evasion [31]. The main immune-suppressive cytokines secreted by T-regs cells are TGF-β, IL-10, and IL-35 [30]. Nevertheless, in distinct types of cancers, (i.e., gastric and colorectal), T-regs play a protective role by controlling inflammation associated with the neoplastic transformation [32,33]. In this context, it seems reasonable to manipulate Treg numbers and functions to improve a patient’s prognosis [34]. Yet, this approach needs deep investigation since T-reg depletion is involved with autoimmune development.

Another type of lymphoid cell in TME is the gamma delta-T cells (gd-T cells) characterized by unique features resembling innate cells since they recognize conserved non-peptide antigens from stressed cells. They act as adaptive cells by undergoing clonal expansion and developing antigen-specific memory [35]. Differentially from the ILCs, gd-T cells are part of a lymphocyte group able to perform surface rearrangements [36], originating from double negative thymocytes (CD4-/CD8-) [37]. These cells have the peculiar characteristic of acting independently of MHC and migrate to peripheral tissues poor in T and B cells [38]. In TME, those cells are implicated in the early phase of the immune response, by secreting IL-17, CXCL8, CFS2, and transforming growth factor alpha (TGFα), which support the survival of myeloid-derived suppressor cells (MDSCs) and helps the new vessels formation and tumor growth [39]. Besides, gdT-cells can produce pro-inflammatory cytokines such as IFN-gamma, having an anti-tumoral profile [40].

Natural killer cells, the most studied population of ILCs (ILC 1), revealed great importance in anti-tumor immunization by producing TNF-α, IFN-g, perforin, and granzymes in response to IL-12, IL-15, and IL-18 [41]. The ILC3 group cells play a critical role in the inflammatory response and tumorigenesis [42,43]. Some studies demonstrated that ILC3 cells can have a dual role in tumor context [44–47]. On the one hand, ILC3 cells can play a pro-tumorigenic role by inducing angiogenesis, inhibiting apoptosis, and tumor evasion mainly by secreting IL-22. ILC3’s pro-tumorigenic role is dependent on IL-22/IL-22R-AKT signaling pathway inducing pancreatic cancer cell proliferation and invasion [48]. On the other hand, they can have an anti-tumorigenic role by activating and recruiting Tregs, NK cells, and neutrophils to the TME by secreting IFN-g and IL-17 [45,49]. Thus, the anti-tumor role of ILC3 cells depends on the recruitment of immune cells, such as CD8T cells, activated myeloid cells, NKT and NK cells [44]. For instance, the anti-tumor role of ILC3 cells depends on the release of IFN-g and TRAIL in hepatocellular carcinoma [46]. On the other hand, the pro or anti-tumor activities depend on the stage of development and the type of tumor, the complex network of calibrated incoming signals that controls cell-cell interactions in the microenvironment.

The immature myeloid cells (the precursors of the MDSCs and dendritic cells (DCs)) invade the TME and promote tumor immune evasion and angiogenesis [50]. Among all the roles played by MDSCs, in cancer, they are responsible for the switch off the immune response due to the secretion of several factors, such as transforming growth factor-beta (TGF-β), IL-10, and generation of nitric oxide (NO) and reactive oxygen species (ROS) [51]. Indeed, the circulating MDSC levels are correlated with the overall survival, clinical-stage, metastatic burden, vasculogenesis, and tumor evasion [52].

Mast cells (MCs) arise from bone marrow pluripotent stem cells CD34+ and CD117+. In 1878, Paul Ehrlich firstly described the infiltration of presence of MCs in human tumors, and it is well established that they infiltrate in hematological and solid tumors (such as stomach, thyroid, prostate, pancreas, breast cancer and melanoma), being termed tumor-associated mast cells (TAMCs) [53]. Their role of TAMCs in tumor progression is controversial, displaying antitumorigenic or pro-tumorigenic phenotypes as they can exert support tumor cells or inhibit function. For instance, antitumorigenic TAMCs were found in breast and ovarian cancer and the pro-tumorigenic phenotype in gastric and bladder cancer. In breast and ovarian cancer, TAMCs plays an antitumorigenic role, while in gastric and bladder cancer, they play a protumorigenic role [54,55]. TAMCs antitumorigenic behavior colonizes the tumor periphery by playing cytolytic activity against tumor cells [56]. On the other hand, TAMCs with a pro-tumorigenic TAMCs role infiltrate the tumor bulk, contributing to tumor cell proliferation, invasion, angiogenesis, and extravasation of several cytokine-producing cells [57,58].

Besides, tumor cells secrete factors that directly affecting the immune and non-immune stromal cells within TME. These tumor-induced immunological changes are essential for tumor establishment but are even more important for the cancer progression and metastasis [59]. Not only do monocytes and macrophages play crucial roles during tumor development and metastasis, but also neutrophils that are also very abundant innate immune cells in the peripheral blood., However, although the role of neutrophils is still controversial [39,60,61]. Some studies pointed to a pro-metastatic (N2) property of tumor-associated neutrophils (TANs) instead of an anti-metastatic (N1) function [60,62,63]. It was demonstrated that the TGF-β cytokine plays a crucial role in inducing the differentiation of N1-TANs into N2-TANs [64,65]. The pro-metastatic and proangiogenic role of TANs is mainly due to its capacity to secrete several proangiogenic or immunosuppressive molecules, such as VEGF, IL-1β, TGFα, FGF2; enzymes involved in ECM remodeling such as MMP9 and several chemokines (i.e., CXCL1, CCL3, CCL4, CXCL8, CXCL9 and CXCL10) [66]. In obese patients diagnosed with kidney cancer, the increased expression of arginase-1 was involved in T cell suppression [67]. Several evidence showed the presence of inflammatory CD66b+ neutrophils in both TME and peripheral blood in cancer patients and correlate their presence with poor clinical outcome [68,69].

However, the most abundant immune cells in tumors are TAMs [70] and their infiltration is associated with clinical stage, overall survival and recurrence-free survival in different cancers, such as gastric, breast, ovarian, oral, bladder, brain, when a high infiltration of TAMs is associated with a better survival [71–74]. According to the classical classification, TAMs usually observed in tumors display an ‘M2-like’ phenotype, a suppressive behavior promoting tumor progression angiogenesis [6]. However, this oversimplified and widely used nomenclature used, proposed 20 years ago, now refers the “M2-like” phenotype as the cells that have anti-inflammatory characteristics, which produce TGFβ and are activated by IL-13 or IL-4. On the other hand, “M1-like” macrophages are pro-inflammatory and activated by IFN-g, TNFa and Toll-like receptor (TLR) ligands [75,76]. For many years, it was thought that the brain was immune privileged only with the presence of specific immune cells called microglial cells, but recently it was shown that was not entirely true [77,78].

Recently, studies indicated a strong link between both tumor phenotype and genotype, and TME composition, which directly influence the secretion of cytokines (such as IL-6, IL-10 and vascular endothelial growth factor (VEGF)), chemokines (such as CCL4 and CCL2) and humoral factors of the immune system [59]. These recruited immune cells infiltrate into the tumor bulk and secrete cytokines that act paracrinaly into the tumor cells influencing their phenotype and sooner or later their metastasis. TAMs are directly involved in this tumorigenic reprogramming by secreting high levels of colony-stimulating factor 1 (CSF-1), a potent chemoattractant, differentiation and survival factor for macrophages and monocytes [79,80]. Moreover, TAMs potentiate the secretion of protumoral survival factors, proteases and angiogenic growth factors, including VEGF-A, matrix metallopeptidase 9 (MMP-9), EGF and Urokinase-type-plasminogen-activator (uPA) under stimulation of interleukin-4 (IL-4) and IL-13 secreted by T helper 2–polarized CD4+ T cells [81,82].

Moreover, the blood-brain barrier (BBB) may be damaged due to tumor growth which allows the entrance of macrophages and T-cells to the TME [83]. Müller and colleagues showed that this concept is controversial through the analysis of scRNA-seq data of human gliomas. Recently it was demonstrated that in human glioblastomas if there is a higher amount of microglia compared to TAMs, it is related to a better patient prognostic and survival [84], where blood-derived TAMs (macrophages) co-express ‘M1 and M2-like’ phenotypes in human gliomas [85]. This is also present in other cancers such as lung cancer, where 25% of patients present an M2-like TAM phenotype co-expressed with M1-like signatures [86]. On the other hand, it was also recently demonstrated, that high high-grade glioma-associated microglia (HGG-AM) plays an important role in adult glioblastoma progression, by secreting TGF-β1, and exhibiting proliferation and pro-inflammation signatures [87].

Regarding TME complexity and its importance for tumorigenesis, it is crucial to bear in mind that cancer type, stage and location can influence the unique immune scenery and TME of each cancer.

2.2 Tumor Microenvironment as a New Player against Cancer

The evolution of immunotherapies focused on immune checkpoint blockade (ICB) has revolutionized cancer treatments. However, we are still far from having a successful treatment for most cancers. This concept is based on the blockade of immune-suppressive checkpoints, namely T cell immunoreceptor with Ig and ITIM domains (TIGIT), PD-L1, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). On the other hand, it has also been used to activate immune-stimulatory checkpoints, particularly CD28 and CD226 on some effector cells, such as T cells and NK cells [88–90]. Unfortunately, the clinical success of these immunotherapies was quite surprising but disappointing in some cases. In cancer patients with equal diagnosis, different responses to the ICB therapy were observed, raising the importance of the TME role in modulating immune response against tumors [59]. In melanoma, the gut microbiome plays a pivotal role in ICB therapy. Differences in the composition and variety of the patients’ gut microbiome of ICB responders vs. non-responders showed an unquestionably higher relative abundance of specific bacteria, named Ruminococcaceae family, which is correlated with the presence of CD8+ T cells in the TME in responding melanoma patients [91]. Therefore, a deeper analysis of the TME complexity during the tumor diagnosis is crucial to improve the outcome of ICB and develop next-generation immunotherapies. Indeed, some ICBs are in clinical use for several types of cancers (see Table 1).
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TAMs have been suggested as the main target in the therapeutic field by recurring to the immunotherapies using antagonists of checkpoints [6]. Thus, reducing the number of TAMs using blocking colony-stimulating factor 1 receptor (CSF1R), which is crucial for the recruitment, differentiation, and survival of TAMs impairs tumor development and progression.

Moreover, the establishment and progression of primary tumors are directly correlated with the global proportion and phenotype of T cells within the TME [92]. In an early phase of the tumoral process, antitumor T cells cannot govern tumor growth due to the tumor-induced tolerance mechanisms (state of unresponsiveness of the immune system), which induces T cell exhaustion, reversible or irreversible [92]. Studies demonstrated crosstalk between immunosuppressive TME and T cell exhaustion, due to weak interactions of DCs present in the TME [59]. The irreversible T cell exhaustion leads to a non-response to ICB-like anti-PD-1/anti-PD-L1 therapy [93], provoked by the arrangement of chronic exposure to tumor antigen and to immunosuppressive cytokines and different cell types [59].

Among all anti-cancer therapies developed to target the immune or non-immune cells, it is important to consider the quantity, quality, and localization of these cells on TME. Unfortunately, most patients did not present a lasting response to ICB or other immunotherapies; indeed, some do not respond [39]. The heterogeneity of the tumor mass is highly relevant to multiple aspects of immunotherapy efficacy. Besides, most cancer treatments induce mutations and alterations in tumor cells, contributing to their heterogeneity [94]. Thus, there is an enormous necessity to discover new strategies to target the immune system with high efficiency and consequently increase the cancer therapies’ success.

3  Engineered Technologies for Specific Therapy in Cancer

3.1 Adoptive T-Cell Therapy (ACT): CAR-T Cells (Chimeric Antigen Receptor) and TCR-T Cells (T Cells Expressing a Tumor-Targeting T-Cell Receptor)

The fields of genetically engineered T cells is one of the most hopeful applications in the battle against cancer. The manipulation of T-cells in ex vivo and introducing them back to patients to fight the disease is closer to reality than ever. Adoptive T-cell therapy (ACT) is based on the genetic alteration of T cells by modulating their receptors and redirecting them towards specific tumor-associated antigens (TAAs), and consequently killing the tumor cells [11,95].

Two different immunotherapies have been developed for cancer treatment involving T cells: the genetically modified T cell receptor (TCR-T cells) or the chimeric antigen receptor, named CAR-T cells, the only ACT-approved FDA immunotherapy (Fig. 1) [11,95]. Moreover, genetic engineering methods such as ZFN (zinc-finger nucleases), TALEN (transcription activator-like effector nucleases), and CRISPR (clustered regularly interspaced short palindromic repeat)/Cas9 (CRISPR associated nuclease) can be used to modulate TCRs, for instance identifying specific TAAs in tumor cells could be the first step for the success of immunotherapy using TCR-T [96]. However, for efficient activation of T cells antigenic peptides must be presented by the major histocompatibility system complex (MHCI or MHCII) and, consequently, their docking to TCR [11,96].
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Figure 1: Adoptive T-cell therapy (ACT): TCR-T and CAR-T cells. Adoptive T-cell therapy (ACT) is immunotherapy applied to cancer treatment involving T cells that are genetically modified, such as T cell receptors (TCR-T cells) or the chimeric antigen receptor, named CAR-T cells. The T-cells from the patients are isolated and cultured through leukapheresis. Then, the T-cells presenting TCR (endogenous TCR) are activated using artificial dendritic cells (antibodies-coated beads). After their activation, the T-cells are genetically manipulated (inactivation of the endogenous TCR) using different mechanisms. Currently, the genetic modulation of T-cells involves the transcription activator-like effector nucleases (TALENS), Zinc-finger nucleases, and clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 (CRISPR associated nuclease) system to introduce or delete (in the cases of eliminating inhibitory receptors at T-cell surface) a specific sequence. These approaches contribute to T-cell receptor recognition mechanisms by a specific target neoantigen. After cloning the genetically modified T-cells, they are replenished in the patient (Figure done by Matias, D.)

3.2 Advances in Gene Edition

Currently, gene edition machinery allows efficient and relatively simple gene insertion, modification and deletion, to generate ‘universal T cells’ or T cells resistant to exhaustion or to reduce the autoreactivity of redirected T cells [97]. The gene-editing of patient immune cells can be achieved also through the CRISPR/Cas9 system, considered the most flexible and efficient genome editing system and has been largely applied in several cell types and organisms. Unlike ZFNs and TALENs, which use protein domains, CRISPR-Cas9 technology uses a single-guide RNA (sgRNA) for site recognition, depending on simple base pairing between sgRNA and target DNA [98].

Although CRISPR/Cas9 technology has shown great potential for cancer immunotherapy, several challenges exist for its complete transformation into clinical treatment. For instance: 1) choose the optimal nuclease platform and rationally design the sgRNA; 2) decrease the potential off-target effects with enhanced CRISPR-Cas9 specificity, which might be achieved by increasing the specificity of nuclease-mediated cleavage of the target site and restricting the duration of nuclease expression; 3) edited cells must possess better proliferation capability or adaptability than the unedited cells. These obstacles may be partially overcome through in vitro genome editing, and then the edited cells could be reinfused into the patients after being expanded to the appropriate amount [99].

A phase 1 clinical trial reported that CRISPR-Cas9 gene editing (clinicaltrials.gov; trial NCT03399448) was used in three patients with advanced cancer, two with advanced refractory myeloma and one with metastatic sarcoma. The T lymphocytes were collected from patients and CRISPR-Cas9 was used to modify TRAC, TRBC and PDCD1 genes to improve the antitumor immunity. Moreover, a synthetic cancer-specific TCR transgene (NY-ESO-1) was introduced to target tumor cells specifically. Patient biopsies revealed a residual tumor and increased trafficking of T cells to the tumor sites in all three patients [100].

Therefore, ZFN, TALENs and CRISPR-Cas9 have been the main approaches used to genetically engineer T cells, CRISPR-Cas9 being the most exploited to date. Several obstacles must be solved for the using this approach in clinic patients, but the preclinical results and data from early clinical trials are promising.

However, one major concern for the development of CAR-T cells is their alloreactivity and consequently the risk of graft vs. host disease (GvHD) which can be solved by disrupting the expression of the TCR on CAR-T cells by targeting the TCR alpha constant domain (TRAC) [101]. The creation of TCR-negative universal T cells from a third-party donor could benefit patients who cannot obtain enough T cells for gene editing. Among all the factors, GvHD is the main responsible cause for TCR-negative universal T cells recognition of non-self HLA. Thus, eliminating HLA molecules from CAR-T cells by using gene-editing technologies has been suggested as an approach to avoid this rejection [102]. Ultimately, the clinical use of these “universal” CAR-T cells has been reached [101]. In T cell physiology, inhibitory signals induce T cell activation avoiding autoimmunity or uncontrolled inflammation. Increasing expression of these inhibitory molecules, such as PD-1 and CTLA-4 in T cells, allows immune evasion by tumor cells [103]. Thus, therapies that specifically block this inhibitory signal might prevent T cell immunosuppression in solid [23] and hematologic malignancies [104], such as genetic engineering (Fig. 1).

The first human clinical trial using TCR-T therapy was applied to patients with acute myeloid leukemia and myelodysplastic syndromes [105]. The TCR-T cells were prepared with a single-chain fragment variable (scFV) against the Wilms tumor 1 (WT1) antigen due to its high expression on the surface of many malignant cells and, consequently, its potential as a therapeutic target. The AML patients received the transplant of WT1 antigen-stem cell donor-derived T cell clones and displayed immune reactivity to WT1, which allowed the activation of immune response and, consequently, the destruction of the tumor cells [105].

The field of genetic engineering has progressed in the last decade. The role of TALEN editing in clinical trials has been mostly restricted to the creation of universal CAR-T cells. CAR-T cells triggered the attention of many researchers, clinicians, and companies as a successful tool for treating several cancers, specifically for ‘liquid tumors’ such as lymphomas and leukemia’s [11]. This is in contrast to the role of CRISPR-Cas9 editing, which has also been used in the generation of PD-1 knockout autologous lymphocytes for the treatment of different types of solid malignancies, such as non-small cell lung cancer (NCT02793856), renal cell carcinoma (NCT02867332), prostate cancer (NCT02867345), bladder cancer (NCT02863913), hepatocellular carcinoma (NCT04417764), gastrointestinal cancer (NCT04426669) [101] (clinicaltrials.gov accessed date 11/22/2020).

The results of a clinical trial of phase 1 performed in B-cell acute lymphoblastic leukemia patients using CAR-T cells were revealed [106]. In this study, a cohort of 53 patients treated with the chimeric antigen receptor CD19-specific CAR-T cells (named 19–28z CAR-T cells) demonstrated that 83% of the patients presented a complete remission with a median overall survival of 12.9 months [106]. Regarding that, almost all solid tumors share the same expression of antigens as the normal tissues, which can cause side-effects, since the CAR-T cells cannot distinguish which cell is cancerous or normal. Therefore, most studies and clinical trials involving CAR-T therapy have been performed in “liquid tumors” and are required for further studies on their application in solid tumors. Still, in a phase 1 study, the CAR-T cells therapy was applied to breast cancer and glioblastoma patients (NCT01837602 and NCT02209376, respectively). For instance, a human phase I study in 10 patients with EGFRvIII-expressing recurrent glioblastoma (GBM) showed that CAR-T cells that target EGFRvIII could be a valuable tool for GBM treatment. However, the CAR-T-EGFRvIII-treated patients demonstrated an increased immunosuppression microenvironment, which means that CAR-T therapy needs a reformulation to reduce the side effects such as inflammatory molecules [107]. To achieve this goal, a phase 1 study of EGFRvIII-Directed CAR-T cells combined with PD-1 inhibition with glioblastoma patients is currently active (NCT03726515) clinicaltrials.gov accessed date 11/22/2020. Moreover, to improve CAR-T treatment, Choi and colleagues created EGFRvIII CAR-T, and by using CRISPR-Cas9, disrupted the genes of the endogenous T-cell receptor (TRAC), beta-2 microglobulin (B2M) developing allogeneic universal cells and PD-1 (PDCD1), providing an enhanced response in the pre-clinical study [102].

Moreover, the metastatic breast cancer-expressing c-Met patients were submitted to intratumoral injections of mRNA c-Met-CAR-T, specifically targeting c-Met in tumor cells. The patients treated showed good tolerance and no inflammatory response by tumor cells; however, the tumor biopsies showed tumor necrosis areas. A study of phase 1 is ongoing to understand if these CAR-T cells have therapeutic potential for breast cancer patients (NCT03060356) [108].

In other solid tumors, such as melanoma and medulloblastoma, high levels of antigens expressed only by melanoma cells (PRAME) were observed, which means that it is a useful candidate for immunotherapy using TCR-T cells [109]. In fact, downregulation of PRAME has been associated with a reduction of proliferation and induction of apoptosis in leukemic and hepatocellular carcinoma cells [110]. Thus, the introduction of the Cas9 system (an inducible Cas9, iCas9) into α and β chains of TCR-T for targeting PRAME on medulloblastoma cells (iC9-SLL TCR) reduced the toxicity provoked by TCR-T therapy [111] and reduced the tumor growth in vivo. For instance, iC9-SLL TCR started to be used in refractory myeloid neoplasms patients in clinical trial phase 1; however, no results have been reported yet (ClinicalTrials.gov Identifier: NCT02743611).

Despite all the significant breakthroughs in the ACT area, many challenges remain difficult to manipulate. Among all, tumor heterogeneity challenges the identification of immune effector cells with different specifications without considering the time and cost that it takes to perform these therapies. Overall, the possibility of applying personalized therapy to all cancer patients is getting closer and closer to reality.

3.3 Nanomedicine

Cancer is one of the main reasons for death worldwide, and their known molecular alterations have been correlated with uncontrolled incidence and the lack of successful therapies. Those alterations and the strategies to circumvent them will be explored by us here. Nanomedicine has had incredible progress towards therapeutic efficacy in dreaded diseases such as cancer [9]. Nanotechnology is based on science engineering to create and design systems on a nano scale. This technology has been used to fight against cancer as a drug delivery system (DDS) to circumvent conventional drugs’ poor specificity and accuracy in targeting tumor cells [10]. Nanoparticles (NPs) have shown higher tumor accumulation related to non-tumoral tissues, but only a smaller fraction of the total administered formulation is delivered to the intended target site, indeed [7].

NP-based drug-delivery systems can be based on metals, proteins, peptides, biodegradable and biocompatible materials, such as lipid-based nanoparticles (LNPs) and synthetic or natural polymers (e.g., polymersomes) [10,112]. The NPs usually comprised a hydrophilic surface, a target-oriented biocompatible outer layer, and a central hydrophobic core or vice-versa. Many compounds or cargos can be loaded within the NP core, decorated on their surface, entrapped in the layers or conjugated into their chemical structures [7]. Indeed, the current understanding of NPs targeted delivery to tumors is based on a combination of various independent concepts: 1) EPR effect; 2) NP properties and design; 3) increased retention in the circulation due to the Poly (ethylene glycolethyleneglycol) (PEG)ylation process, and 4) ligand-receptor type interactions [113]. LNPs are one of the most biocompatible drug carriers with loading and delivery properties for both hydrophilic and hydrophobic compounds. Since their discovery in the 1960s by Bangham, in vitro studies have indicated that these NPs are taken by cells via endocytosis. With this process, the efficiency of intracellular drug delivery. On the other hand, after the cell’s endocytosis, liposomes are entrapped in the endosome organelle and destined to the lysosome, where the contents are posteriorly degraded by the lysosome’s enzymes, which limit the intracellular concentration of the drug payload [114,115]. There is a range of different kinds, namely the positively-charged liposomes, pH-sensitive liposomes, ligand or peptide grafted liposomes, virosomes, magnetic liposomes, and gold or silver particle-containing liposomes [116]. Among all the nanomedicines developed until now, LNPs have the highest approval rate by FDA and EMA [117–119] (European Medicines Agency).

Among other features of NPs, size is critical for controlling tumor accumulation kinetics and for preventing diffusion back into the systemic vascular bed. For instance, early studies have shown that liposomes (with 90 nm of diameter, approximately) extravasate from cracked tumor vessels but do not diffuse away adequately from the tumor even after a week [120]. Since the accumulation of NPs in tumors is based on blood circulation and extravasation, the lifetime of an NP in the systemic circulation is very important for a strategy taken to increment the fraction of NPs reaching the target. Cationic liposomes, and positively charged NPs interact with the negatively charged serum proteins forming aggregates or protein corona, which change their physicochemical properties (e.g., size, charge and stability). Thus, protein corona plays a crucial role in NPs circulation time promoting off-target sites and their recognition by immune cells [121]. PEGylation has been used extensively to modify the drug’s pharmacokinetics and the NPs. PEGylated NPs have higher systemic circulation times, due to their hydrophilic nature, providing an aqueous shield around the NP surface. Thus, reducing opsonization of NPs, and the subsequent recognition as non-intruders by the macrophages induces an NP blood residence lifetime [122]. However, only about 5% of the applied PEG-NPs remain in the systemic circulation after 12 h, while 80% of the initial dose is removed in a few hours in the spleen and liver, with a lesser extent in the kidneys and lungs [123]. To overcome the poor circulation time, several PEG-LNPs with different lengths of the acyl chain anchor were synthesized, such as ceramides (PEG-Cer)18 or diacylglycerols (PEG-S-DAGs), since the length of the acyl chain increases the PEG time on the NP surface [124]. Moreover, Near-infrared fluorophore-conjugated polyethylene glycols (PEG-ZW800s) with less than 20 kDa and 12 nm, were more efficient in targeting the tumor with less nonspecific uptakes with a higher tumor-to-background ratio (TBR) when compared with larger PEGs (>20 kDa and 13 nm) [125]. Nevertheless, a few limitations have been associated with PEG-LNPs, namely presence of anti-PEG antibodies which may lead to their rapid blood clearance [126], however this is still under discussion.

To further improve the intracellular delivery drug content to the cytosol by escaping the lysosome, pH-sensitive NPs were designed [127]. These NPs quickly become destabilized in the acidic pH environment of the late endosome (pH < 5.5) by enhancing cellular internalization and rapid intracellular drug release in cancer cells [128]. Polymeric NPs (also known as polymersomes) are a very handful tool due to the controlled size and shape, but more importantly, the possibility of functionalizing their surface with peptides or proteins for specific targeting. Recently, it was shown that pH-responsive polymersomes such as PMPC-Poly(2-(diisopropylamine) ethyl methacrylate (PDPA) can be used to specifically target and modulate monocytes through the clusterization of scavenger receptors expressed in inflammatory cells due to the phosphorylcholine group present in their surface [129]. Moreover, other functionalized polymeric NPs have been developed lately (Table 2). For instance, Angiopep-2 decorated polymersomes showed promising efficacy in crossing the BBB through LRP1 mediated transcytosis and specifically target tumor cells [130,131].
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Nevertheless, the industry of NPs is still emerging, and a few NPs are under preclinical or clinical trials due to the improved therapeutic benefit. Liposomal doxorubicin (DoxilTM/CaelyxTM) was the first NP approved by the FDA in 1995. Since then, other NPs have also been approved for clinical use, namely MyocetTM, DaunoXomeTM, DepocytTM, AbraxaneTM, GenexolPMTM and OnivydeTM [9]. The most important NPs currently in clinical trials are summarized in Table 2.

Understanding the interactions of NPs with the immune and inflammatory systems is crucial, especially how the immune and inflammatory cells can recognize and eliminate those NPs, influencing their future design and therapeutic potential [146]. The specific power of the NPs to initiate and modulate the immune responses is due to the inherent capacity to target antigen-presenting cells (APCs) and conduct coordinated signals, leading to an antigen-specific immune response [147]. Regarding the inflammatory system, NPs have been used as a delivery tool for cytokines, such as IL-2 and IFNγ, which would help better control the inflammation usually associated with cancer treatments. Early studies demonstrated that LNPs composed of DSPC, DMPC and DPPC loaded these cytokines increased the therapeutic benefits compared with free formulations in an in vivo animal model of renal cell carcinoma and metastatic sarcoma in lungs [148]. Besides the LNPs, the folate-conjugated polymeric system of polyethyleneimine linked by β-cyclodextrin encapsulated with IL-2 showed similar efficacy when compared with the adenoviral gene therapy for recombinant IL-2 in an in vivo melanoma model [149]. Moreover, biomimetic NPs (leukosomes) loaded with rapamycin (mTOR inhibitor) were described to reduce pro-inflammatory cytokines and decrease MMP activity in the vascular inflammation model [150].

Recently, a dual-NP delivery system, incorporating acid-sensitive hydrazone linker into thermosensitive NPs (TSNs) loaded with doxorubicin (DOX) and IFNγ was exploited to verify the co-delivery potential of chemotherapy and immunotherapy agents against melanoma. This multifunctional TSNs system has a sustained and sensitive drug release, long circulation times and synergistic anti-tumor efficacy against B16F10 melanoma tumor bearing mice by activating CD4+ T cells, cytotoxic T lymphocytes and natural killer cells. Besides, a strong downregulation of immunosuppressive cytokines including IL-10 and TGFβ followed by increased levels of IL1 and TNFα were observed [151]. Overall, and particularly in cancer, NP platforms can help to significantly encourage immunogenicity of tumor antigens through the unification of the antigen and adjuvant transport kinetics by targeting specifically the APCs, which enables more efficient antigen processing and presentation [152]. Polymeric nanocarriers, namely the N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers, can potentiate the delivery of drugs to tumor cells, avoiding the systemic toxicity of conventional chemotherapy. These HPMA-NPs can target inflammation sites and accumulate within innate immune cells, including TAMs by specifically targeting tumor-promoting macrophage activation [153]. Thus, NPs are a potential therapeutic approach either to target cancer cells or to modulate the immune system, ultimately improving the therapeutic response.

Currently, there are sixteen new clinical trials using ABI-009, NP albumin-bound mTOR inhibitor in bladder cancer, malignant perivascular epithelioid cell tumor (PEComa), or pulmonary arterial hypertension [154].

4  New-Engineered Therapeutic Approaches to Destroy Cancer Cells

During the last years, many groups have tested new therapeutic approaches using new biotechnologies for cancer treatment. Here, we will discuss the recent new-engineered discoveries applied to cancer treatment, namely the usage of injectable hydrogel-based drug delivery systems and the antibody–drug conjugates (ADCs).

Among the significant promising applications in the cancer field using biotechnology tools is the hydrogels to deliver locally drugs instead of systemic therapies. One of the major limitations of systemic treatment in cancer patients is related to the drug’s efficacy, lower biocompatibility and high cytotoxicity [155]. Hydrogels have low costs and easy manipulation of their structure, including the biodegradation, the pore size, and the stimuli necessary for the delivery of the biochemical molecules (i.e., pH, temperature) [156,157].

The chemotherapeutic drugs used demonstrated high efficacy in melanoma patients, such as doxorubicin. However, the side effects are extremely aggressive, and so other therapeutic approaches have been applied, namely hydrogels [158]. In vivo studies showed that the subcutaneous injection of DOX-incorporated hydrogel reduced melanoma growth in mice [159]. Hydrogel nanoparticle technology was improved by incorporating Fe3O4 magnetic nanoparticles into alginate (Alg) and gelatin (Gel) hydrogel loaded with DOX. In vitro model with Hela cells, Alg-Gel/Fe3O4 magnetic hydrogel displays a drug release behavior pH-dependent [160].

Hydrogels can be applied in cubical shape as an oral therapeutic approach to treat liver cancer patients. These hydrogels are composed of the polymer redox-sensitive poly (methacrylic acid) (PMAA), which incorporates a potent antineoplastic drug named 7-(benzylamine)−3, 4-dihydro-pyrrolo[4, 3, 2-de]quinolin-8(1H)-one (BA-TPQ) in cubic shape [161]. In vitro studies showed that HepG2 tumor cells were treated with BA-TPQ loaded-hydrogel presents a reduction of E3 ubiquitin-protein ligase Mdm2 MDM2 protein expression and consequently increased levels of tumor suppressor proteins, namely the P53 and P21 [161].

FDA has approved an absorbable hydrogel named SpaceOAR for prostate tumor treatment. A randomized phase III study showed that this hydrogel could reduce the toxicity and increase the quality of life of prostate cancer patients submitted to radiotherapy (RT). Currently, there are seven clinical trials using hydrogel systems for cancer care. For imaging purposes, the TraceIT, a hydrogel polyethylene glycol (PEG) micro-particle covalently bound with iodine, is being used to marker cancer tissues for up to 3 months. This approach will improve tumor visualization by computer tomography, resonance imaging, or ultrasound during surgical procedures [162].

However, the hydrogels are still under investigation regarding their usefulness as a therapeutic approach. Several groups are currently improving their applicability for the successful cancer treatment cancer [163–165].

4.1 Antibody–Drug Conjugates (ADCs)

In recent years, many efforts have been made to discover molecules only expressed by cancer cells which can be used as therapeutic targets to destroy them. In the 90s, the first therapy was approved using a monoclonal antibody (mAb) to treat patients with low-grade B cell lymphoma [166]. This therapy used specific non-human antibodies to target the specific molecules expressed on tumor cells. The failure of this type of therapy was attributed to the presence of immune cells that were detected as intruders and consequently destroyed. This therapy displays many limitations, namely the size of mAbs that limited their efficacy to target all tumor cells and the lower cytotoxic activity [167]. Thus, to attempt the limitations of using mAbs, another approach has been made to improve their efficacy, based on the usage of the mAbs in association with small molecules already used in chemotherapy, known as antibody-drug conjugates (ADCs) [168] (Fig. 2). Among all ADCs properties, the most advantageous is their stability during blood circulation and their ability to be released after internalization. Moreover, these features combined with the capability to deliver a high concentration of chemotherapeutic compounds to the tumor site, contribute to the reduced side effects compared to what is observed in conventional cancer treatments [168]. During the last years, ADC research increased, and many other ways to conjugate the ADC with target molecules to be used in cancer treatment have been discovered [169]. Although many of the ADCs are still in clinical phase studies, few were approved by the FDA, as pointed below. The first ADC approved by FDA was the brentuximab vedotin, also named Adcetris, which consists of conjugation of anti-CD30 antibody with monomethyl auristatin (MMAE) linked by a plasma-stable linker to be used in refractory Hodgkin lymphoma (HL) and systemic anaplastic large-cell lymphoma (ALCL) [137]. The HL and ALCL patients treated with Adcetris presented a therapeutic response of 75% and 86%, respectively, while the complete remissions were 34% for HL and 53% for ALCL-treated patients [137]. Moreover, these ADCs demonstrated high efficacy in reducing the progression of HL by inducing the cycle arrest and apoptosis in the CD30+ tumor cells-released MMAE [170].
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Figure 2: Antibody-drug conjugates (ADCs). The ADCs are composed of antibodies with coupled anti-cancer drugs. They have more stability during blood circulation and better properties to be uptake by the cells. Firstly, the binding of the ACD to the specific receptor in cancer cells induces the endocytosis mechanism, for instance. Therefore, the dissociation of the ADC occurs in the endosome, and then ADC is degraded by the lysosome releasing the anti-tumoral payload drug into the cells (Figure done by Matias, D.)

A new ADC, the sacituzumab govitecan (IMMU-132), composed of antibody-Trop-2, a glycoprotein commonly highly expressed in epithelial tumors, and the topoisomerase inhibitor-SN-38, was described to have high efficacy in the reduction of the progression of the disease of the metastatic non–small-cell lung cancer (NSCLC) patients [171]. These studies are examples of the easy manipulation of ADC, which supports their importance as a therapeutic approach for many cancers, supporting personalized therapy. However, many side-effects induced by the ADCs have been observed in patients after the treatment, namely hepatic disturbances, neutropenia, diarrhea, leukopenia and toxicity in different structures and organs of the body such as skin and endothelial cells [167]. Thus, many efforts are underway to reduce the side effects and increase the outcome and quality of life of patients submitted to ADC treatment.

5  The Biomarkers Era

5.1 The Interface between the Omics and Cancer

As the cure for most cancers is far from being found, developing appropriate and effective biopharmaceuticals is still the focus of intense research. The development and improvement of technologies associated with the science of omics, such as sequencing techniques, allowed the evaluation of pathophysiological patterns in organisms via gene expression, protein, and DNA methylation analysis. This has increased the possibility of identifying potential therapeutic targets, enabling the development of personalized therapies and probably improving early diagnosis for different types of cancers [172]. These techniques also permit the generation of several data related to cellular heterogeneity, which could be associated with different diseases [173]. These data could be used then to enrich different sectors of the omics, and an excellent example of a database focused on this type of information is The Cancer Genome Atlas Research Network (TCGA) (https://cancergenome.nih.gov), which has free access to genomic data related to different types of human cancers.

The omics suffix is associated with the complete analysis of a specific biomolecule, whether a gene, protein, metabolite or lipid, among others [174]. The increase in data production in these sectors has allowed the discovery of countless biomarkers, which are defined as biological signatures capable of quantifying any physiological state or pathological condition of a given disease [173]. Moreover, it has supported our understanding of new biomarkers, making these new tools less invasive for diagnosis as they can be analyzed in blood, saliva, and urine [175,176], see Table 3.
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Genomics has provided a robust amount of information that generates an increased understanding of the biology of cancers as a whole [177]. Although much has already advanced regarding oncogenes, the challenge of the applicability of this knowledge in development of effective therapies remains with respect to cancer treatment [178]. The data generated through genomics allows the analysis of the difference in copy number to be seen and partial deletion or replication of chromosomes, generating various gene expressions. This is usually seen in cases of patients with esophageal squamous cell carcinoma (ESCC) or esophageal adenocarcinoma (EAC), for example, where ERBB2 (Receptor tyrosine-protein kinase erbB-2, also known as CD340 (cluster of differentiation 340)) and VEGFA overexpression is observed and, mutations of these genes could be identified and used in personalized therapy [172]. Moreover, these patients could use inhibitory drugs for these genes, such as trastuzumab and ramucirumab, respectively, palbociclib, that target the cell cycle proteins. Furthermore, ESCC presents a molecular profile similar to the lung and head cancer subtypes, which could generate similar and effective personalized therapy for these cases [172].

Since transcriptomics helps to understand biological processes and how drugs act in different pathways of cellular metabolism, this field of omics has taken a unique approach to oropharyngeal cancers caused by Human-papilloma viruses (HPV), such as head and neck cancers, promoting high analysis of transcripts and genetic and epigenetics events [179,180]. Not only in breast cancer cell lines, but it was also demonstrated that the transcriptomic profile of these cells treated with anacardic acid (AnAc) showed a variation in the number of responsive genes, including the MIR22HG lncRNA [180]. Furthermore, AnAc (a dietary product) was implicated in TNFα inhibition in breast cells, inducing anti-proliferative and pro-apoptotic activities, being, therefore, a potential drug for the treatment and prevention of breast cancer [180].

Another omics-related study is proteomics, which can generate data relating to protein-protein interactions [173]. Hence, with proteomics, it is possible to reveal interferences in cell signaling pathways and in proteins related to biological processes, such as ones from the cytoskeleton, detecting interventions in nucleotide synthesis, signal transduction, and glycolysis [181]. All these data can be used to develop therapies and find biomarkers for different types of cancers [181]. Using proteomic analysis, such as MALDI-TOF and 2D-DIGE approaches, it was demonstrated that combining murine double minute2 (MDM2) (JNJ-26854165) and EGFR inhibitors (gefitinib) synergistically on various ovarian cell lines have therapeutic potential. Proteomic analysis showed that the ovarian cell lines treated with these inhibitors exhibited down-regulation of proteins involved in nucleotide biosynthesis, such as nucleoside diphosphate kinase B (NME2) [181]. Moreover, quantitative proteomic analysis of membrane proteins, from colorectal cancer tissue, with subsequent verification using Tissue Microarray Analysis (TMA) and Selected Reaction Monitoring (SRM), showed substantial differences in several proteins expression, including integrin alpha-5 (ITGA5), beta-type platelet-derived growth factor receptor (PDGFRB), retinoic acid-induced protein 3 (GPRC5A) and transferrin receptor protein 1 (TFRC). In particular, it was demonstrated that high levels of UPF0670 protein C8orf55 (C8orf55) with unknown function, highly expressed in different cancers, such as CRC and breast, suggest their use as a biomarker candidate for cancer in the diagnosis [182].

Epigenomics is based on modifications in gene expression patterns not caused by DNA nucleotide sequence alterations, but by histone modification, chromatin remodeling, DNA methylation, among other mechanisms [174]. Studies demonstrated that epigenetic deregulations are associated with the pathogenesis of several cancers. DNA methylation is the principal epigenetic modification that is powerfully involved in the physiological control of genome expression, and it is a hallmark of cancer [183]. It is important to note that when gene promoter regions are hypomethylated, it can result in the activation of various proto-oncogenes and chromatin restructuring [184].

On the other hand, DNA hypermethylation in cancer usually induces several gene silencing, and it usually is site-specific in CpG islands in gene promoter regions [185]. Recently, Chen and colleagues proposed a glioma classification based on DNA methylated profile as an approach to characterize molecular subtypes or new glioma markers to elucidate the glioma patient subtype [186]. As DNA methylation status is correlated with cancer prognosis, this supports the therapeutic potential of epigenomics [172,185,187,188].

Lipids play pivotal roles in cellular functions, such as proliferation, survival, and death. Comprehensive identification and quantification of all lipids, and the characterization of their interaction with proteins, other lipids and gene expression by lipidomics opens an avenue to discover new tumor biomarkers and targets [189]. Recently, it was possible to identify plasma differences in lipidome profile between different types of lung cancer and a healthy patient [190]. Besides, lung cancer-specific and subtype specific lipidomics are present in the circulation, demonstrating the relevant potential of these targets as biomarkers [190]. The potential of lipids as cancer biomarkers was exploited in patients with high-grade ovary carcinoma. Overall decreases in different classes of lipids, namely ceramide, phosphatidylcholines, lysophosphatidylcholines, sphingomyelins, and triacylglycerol in serum and tumor samples from these patients were identified [191]. Diacylglycerol is upregulated in metastatic osteosarcoma cell lines compared to nonmetastatic and osteoblast cell lines. Besides the potential use of diacylglycerol as a biomarker, it was shown that pharmacological inhibition of this lipid synthesis induced apoptosis and reduced migration on the metastatic osteosarcoma cell lines, highlighting the possibility for new targets for cancer treatment [192].

Metabolomics, unlike other omics, evaluates small molecules (less than 1,500 Dalton) generated by stimuli from an endogenous or exogenous origin [193]. Metabolites from the endogenous origin are naturally produced by cells and those from the exogenous origin are produced after stimulation with drugs and cosmetics [193]. Furthermore, metabolic profiles are a fertile system for defining phenotypes of several diseases, such as cancer, reflecting modifications in the epigenome, genome, proteome, and environment (lifestyle and exposures) [193]. For instance, succinate secretion for cancer cells can polarize macrophages to the M2 profile and promote cancer metastasis [194]. Considering the cellular metabolism in cancer, where high levels of cellular proliferation and metabolic remodeling occur, it is possible to establish a parameter for tumor grade differentiation [195].

5.2 Cancer Biomarkers

Biomarkers are defined as measurable phenotypic parameters that can be used to differentiate the abnormal from normal status or a response to a particular therapeutic intervention [198]. This measurement commonly involves the assessment of genomic alterations or a difference in protein expression in the cell/tissues [199]. Cancer biomarkers are biomolecules applied for medical purposes, such as proteins, lipids, oligosaccharides, metabolites, and genetic material, including methylated DNAs, DNAs, microRNAs (miRNAs), and RNAs. Since cancers are heterogeneous diseases reflected by gene and protein alterations, identifying cancer biomarkers are critical for the success of personalized therapy [200]. DNA-based markers include chromosomal aberrations, single nucleotide polymorphisms (SNPs), changes in DNA copy number, microsatellite instability, and differential promoter-region methylation. The RNA-based biomarkers comprise over-expressed or under-expressed transcripts and regulatory RNAs, for instance, the miRNAs. In contrast, protein markers include cell surface receptors (i.e., CD20), tumor antigens such as prostate-specific antigen (PSA), phosphorylation states, carbohydrates determinants, and peptides released by tumors into serum, urine, sputum, or other body fluids. Since proteins are the main functional units of biological processes, almost all the FDA-approved cancer biomarkers are proteins [201], see Table 4
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Biomarkers can be used in multiple clinical settings for patient evaluation, which include estimating the risk of disease, screening for silent cancers, and differentiating benign from malignant or one type of malignancy from another. Furthermore, it can be used to determine a tumor’s prognosis and recurrence in the absence of further treatment. If a prognostic biomarker indicates aggressive disease, further treatment is required to reduce the chance of recurrence. Besides, biomarkers can be used to predict treatment for patients diagnosed with cancer by helping foretell responses to specific therapeutic regimens and monitoring the disease status [201]. Some ideal properties of biomarkers are: (1) involvement in the process that causes the disease; (2) changes in the biomarker should be highly related to disease alterations; (3) should be capable of performing screening, predisposition, early detection, prognosis and drug response; (4) biomarkers levels should change only in response to successful treatment and (5) reduction in misclassification of exposure or risk factors and disease [202]. The concept of cancer biomarker development has also been evolving with the rapid expansion of omics analysis. Omics research has revealed molecular targets, and therapeutic and diagnostic assays for biomarker development, creating the basis for the so-called ‘Personalized medicine’ [202,203].

The first test recognized for common cancer was reported in 1965 by Dr. Joseph Gold, who found a substance in the blood of patients with colon cancer, typically found in fetal tissues, named carcinoembryonic antigen [204]. Afterward, potential tests were developed for various cancers [205]. Protein markers in clinical use nowadays include CA125 (cancer antigen 125) for ovarian cancer [206], CA19 (carbohydrate antigen 19) for pancreatic cancer [207], and PSA for prostate cancer [208], C3b and CYFRA 21–1 for bladder cancer [209]. However, they have shown limitations regarding their use due to low sensitivity and specificity in the early stages and the inability to distinguish aggressive from indolent tumors [210]. Human epidermal growth factor receptor 2 (HER2) is overexpressed/amplified and predicts the prognosis of response to monoclonal antibodies, including trastuzumab. This biomarker became the second targeted therapy for breast cancer, and companion diagnostics (used to determine the correct therapeutic agent for a patient) that assess levels of HER2 by immunohistochemistry or in situ hybridization have now been approved by the FDA [203]. Since then, several drugs that target EGFR have been approved, including the small molecule inhibitor gefitinib [211].

Impressive advance in personalized treatment due to genomic analysis has revealed that common tumors, namely breast cancer, are, in fact, a mixture of several molecular entities, where targeted drugs that inhibit biochemical pathways have become available. Advances in genomics and the application of genetic testing are now being used very effectively in oncology [212]. Clinical applications of novel genetic tools include sequencing and analysis of germline genomic rearrangements of key cancer genes, including BRCA1 (breast cancer 1), BRCA2 (breast cancer 2), TP53 (tumor protein p53); mismatched repair genes as MLH1 (MutL homolog 1), MSH2 (DNA mismatch repair protein 2), MSH6 (DNA mismatch repair protein 6) and PMS2 (mismatch repair endonuclease 2); KRAS gene mutation in colorectal cancer [213].

Many attempts and successes have been reported using nucleic acid-based methods to diagnose cancer or provide tools for patient follow-up [210]. Several studies have shown that increased levels of DNA fragments are often found in the blood of cancer patients [214], indicating the release of tumor-derived sequences into the plasma and providing a possibility for non-invasive cancer testing.

Besides, human blood samples contain biological materials such as cell-free DNA and RNA, proteins, circulating cells, and vesicles (i.e., exosomes) that can originate from different tissues, including cancer [215]. The ability to detect and characterize circulating cell-free tumor DNA (ctDNA) and circulating tumor cells (CTCs) by liquid biopsy analysis allows the use of repeated blood samples to verify and trace the ctDNA changes during disease progression or cancer treatment, highlighting their potential as blood biomarkers [216]. Although ctDNA analysis can have increased sensitivity and specificity compared to the analysis of other circulating biomarkers, taking a multi-marker approach may offer a more comprehensive insight into a patient’s disease [217].

The emergence of various therapeutic regimens to contain this fatal disease was witnessed [218]. Nevertheless, survival rates for patients with cancers, especially those detected at an advanced stage, remain discouragingly low, as observed in patients with breast, lung, colon, prostate, and ovarian cancers with hidden metastatic colonies in 60% of the cases. At this stage, therapeutic modalities are limited and ineffective. Thereby using sensitive biomarkers could help in early disease detection.

However, cancer is not a stable disease since diverse critical pathways are altered during the tumor progression. Multiple biomarker profiling seems to have a better advantage over a single marker [219]. DNA sequencing improves and becomes more cost-effectively; whole-genome sequencing could be routinely used for early tumor detection by identifying rare germline alterations. By using complex computational analysis and bioinformatics algorithms, it would be possible to integrate different biomarkers that are not restricted to genomic profiles and include transcriptome, methylation, and protein expression [199]. Thus, multiplexing will enable better diagnosis based on a more informative assessment of biomarker panels, providing a better disease prognosis.

6  Future Directions in a Personalized Cancer Therapy-Is This Possible?

6.1 MicroRNA and DNA Sequencing

The human genome is responsible for transcribing less than 2% of proteins, while 70% of the whole human genome encodes a subset of RNAs that cannot translate to proteins, named non-coding RNA [230]. That non-coding RNA, initially named riborégulateurs due to their function in regulating protein synthesis from mRNA, is emerging as a key to understanding of epigenetics regulation [231]. The database (miRBase Sequence Database-Release 22) contains 38589 entries representing hairpin precursor miRNAs, expressing 48885 mature miRNA products (http://www.mirbase.org, accessed on July 25th, 2018).

Several non-coding RNAs have been described and classified according to their size: short RNAs [microRNA (miRNA), small interfering RNA (siRNA), piwi-interacting RNA], with less than 200 nucleotides; and long RNA, comprising more than 200 nucleotides [232]. The miRNAs have been described as a post-transcriptional regulator of gene expression by their ability to attach to the 3´ untranslated region (UTR) of mRNA, leading to RNA degradation and/or translational repression [233]. Indeed, a single miRNA can also target different mRNA regions, as several miRNAs could attach to only one mRNA [234].

It has been described that miRNAs expression is altered in diverse pathological conditions, such as cancer [235]. As a promising non-invasive biomarker, miRNAs are easy to find and quantify in the serum [176]. The miRNA found in cancer patients is described to have a role as oncogenic miRNAs (OncomiR) or tumor suppressors’ miRNAs, depending on the context. For instance, the miRNA-29a/-b-c was reported as a tumor suppressor in lung tumors. However, in breast cancer, it has the opposite performance acting as an oncogene [236]. In bladder cancer, loss of miR-23b is associated with increased migration and invasion [237]. On the other hand, the same miRNA knockdown induces apoptosis and, therefore, a reduction in invasion in the renal cell carcinoma model [238]. The recognition of different functions of miRNAs indicates that in the future, the patient prognosis should be possible by analyzing specific miRNAs variations.

Recently, it was shown that miRNAs expression changes in CD3+ T cells stimulated with anti-CD3 antibodies appear to be a promising immunomodulatory agent for autoimmune diseases and organ transplantation treatment [239]. In breast cancer, miRNAs could modulate chemotherapeutic response increasing drug responsiveness [240]. Besides, treatment with antiangiogenic therapy and chemotherapy also demonstrated different miRNA profiles after the treatment [241]. Emerging evidence demonstrated that miRNAs signature identification could also provide an alternative treatment for cancer therapies.

6.2 Personalized Medicine

Personalized medicine in cancer is based on molecular analysis of cancer cells better to understand cancer physiology to drug response [242]. The differences are comparable to unaffected tissue, skin biopsy, peripheral blood, or public databases to associate the mutation with tumor phenotype and assist in the chemotherapy choice [243].

The new medical advances in CAR-T cell therapy to treat cancer can be used as personalized approaches for patients. CAR-T cells targeting CD19 induced deep molecular remission in patients with refractory and relapsed chronic and acute lymphocytic leukemia [244]. It is believed that it was associated with CAR-T cells’ long-lasting persistence and function [244].

Nevertheless, not only could CAR-T cells be used in personalized medicine in cancer, but thus identification of protein mutation is also an excellent step toward a successful treatment. For instance, the epidermal growth factor receptor (EGFR) is overexpressed in many of NSCLC committed patients. Those patients are usually treated with epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKIs) [245], and identifying EGFR mutations allows the specific targeting and, consequently, the precise treatment approach. The first generation of EGFR-TKIs (G719X/L861Q/S768I), including erlotinib and gefitinib, showed less efficacy and progression-free survival in patients with uncommon EGFR mutation as compared with patients with common mutations [246].

Thus, a full genetic screen of the DNA of cancer patients is necessary before treatment initiation to apply the best therapeutic approach. It is widely described the emergence of cancer drug resistance during the treatments related to new mutations [247]. Droplet digital PCR (ddPCR) is a key approach to following the patient during the treatment. Thus, this approach allows the identification of low-frequency mutation, which can arise during the treatment, supporting an early change if necessary [248]. By following up on the patient’s ctDNA, it could be possible to identify the new mutations before the phenotype resurgence to change the treatment earlier.

6.3 Organoids and iPSCS

New technological advances allowed organoid models to be a powerful tool for personalized therapy. The rudiment principle of organoid formation in vitro began with developing several methodologies, including the culture of parts of tissue, to understand organogenesis [249]. Much progress has been made in this field, and the discovery of the potential of pluripotency of human embryonic stem cells (hESCs) allowed the scientist to culture, in vitro, somatic cell types and differentiate them under defined and specific conditions. Moreover, the manipulation of hESCs provides the creation of different models of diseases, such as organoids [250]. Recently, Marina Simian and Mina J. Bissell described the definition of organoid as “…a unit of function of a given organ that can reproduce, in culture, a biological structure similar in architecture and function to its counterpart in vivo ” [251].

The progress of organoid methodology enables organoid biobanks derived from adult stem cells genetically modified (iPSCs) from healthy subjects and patient-derived tumor cells [252].

The establishment of an organoid biobank with 20 colorectal cancer patients and their equivalent healthy tissue-derived organoids in 2015 allowed for two years later the creation of proteomic and transcriptomic bases [253]. Substantial differences in protein profile between tumor organoids from different patients highlight the possibility of using the organoid model to test several drugs to be applied as personalized medicine. Moreover, the differences between tumor organoid proteins and the matching organoids derived from normal tissue have been exploited [253]. Recently, organoids cultured from endoscopic biopsies of esophageal adenocarcinoma resembled the originating tumor histology, molecular features, and sensitivity to anti-HER2 treatment using trastuzumab [254].

Nevertheless, we must consider the necessity to analyze the proteins from patient tumor biopsies to confirm if the protein profile is preserved on the organoids.

6.4 Tumor Microenvironment and Therapy

Efforts are also being made to modulate TME concerning cancer treatment. CAFs suffer a metabolic reprogramming dictated by the tumor cells [255]. Previous studies have demonstrated that CAFs are associated with a phenomenon named the “reverse Warburg effect” by metabolizing glucose through anaerobic glycolysis and exporting lactate that will be uptaken by oxidative cancer cells to raise their tumorigenic potential [256]. Cancer cells usually induce this phenomenon in response to oxidative stress injuries or hypoxic conditions [257]. Nowadays, this concept proposes that the treatment can prevent the transport and generation of lactate through the inhibition of monocarboxylate transporters and, in turn, combat the cancer cells by arresting them along with a silencing TME [258].

The remodeling of extracellular matrix (ECM) is a hallmark of cancer propitiating the invasion of cancer cells for other tissues [218]. It was recently described the role of metalloproteinase-14 (MMP14) deletion in fibroblasts as a modulator of ECM affecting the melanoma progression through collagen XIV accumulation [259]. The ECM are also involved regulating the exomes implied with immune evasion and TME rearrangement as extensively reviewed by Karampoga et al. [260]. Another critical player in the formation and progression of cancer is the vasculature niche within the TME, having tumor-promoting effects [261]. remodeling It has been shown that tumor endothelial cells are essential to promote resistance to chemotherapy and lymphoma cell invasiveness [262]. Tumor endothelial cells (TECs) create perivascular niches in some types of cancers, such as head and neck squamous cell carcinomas, where most cancer-initiating cells (CICs) are located. For instance, endothelial cells secrete factors that promote CICs self-renewal, proliferation, and survival [263]. Endothelial cells also secrete tumor stimulating factors, such as IL-6, CXCL8, and EGF [2]. The interaction between endothelial cells and bladder cancer cells induces CXC chemokine and CXCR2 pathways culminating with endothelial cell recruitment and cancer progression [264].

Moreover, TECs form blood vessels that supply the tumor’s nutrients and oxygen, support its progression and provide a portal for tumor metastasis [25]. So far, some anti-angiogenic drugs have been developed for targeting the VEGF/VEGF receptor (vascular endothelial growth factor), which are administered with chemotherapeutic drugs in many cancers. However, the side effects provoked by this treatment are unfortunately very severe (intestinal perforations and fatal hemoptysis) [265,266].

7  Concluding Remarks

Here exploited the recent hallmarks concerning cancer treatment, diagnosis and prognosis. Cancer is a deadly disease, and the search for effective therapeutic approaches is further far from being discovered. TME has gained tremendous attention, as pivotal in tumor initiation, progression and metastasis [59]. There is no doubt that many factors can change the features of TME that should be considered when therapy is planned [2].

Future therapies will have to consider the composition of the TME of the patients, detection of cancer biomarkers in body fluids, search for mutations, and test possible therapies using organoid models for ‘Personalized medicine’. Therefore, the identification and validation of robust biomarkers, which refers to tumor characteristics or a body response to it, can be measured and evaluated with the ability to predict sensitivity or resistance to such therapies.

Unfortunately, the role of organoids in drug development is still under discussion. However, it is considered the closest model from the patient and an accurate clinical model compared with 2D culture cells and mice models. Drug screening showed a correlation between organoid drug response and patients, of which 88% predicted the efficacy of a specific drug and 100% the susceptibility to work or not for a specific cancer [267].

Nevertheless, the total number of cured cancer patients is still far from “reality”; the progression of nanomedicine combined with personalized medicine models shows that science is in the right direction to achieve this goal.
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Table 1: ICBs (immune checkpoints blockade) in clinical use

Name (drug)  Where it acts Type of  Clinical trial ~ Outcome of the clinical trial
cancer
Ipilimumab mAb-blocking CTLA4 Solid NCT03422094 Terminated, was a Pilot
Cancer Study that enrolled only
3 participants (Manufacturer
changed focus to cell
therapy)
NCTO03404960 This phase I clinical trial,
still active, but not recruiting
Pembrolizumab mAb-blocking PD-1 Solid NCTO03356470 Completed, was a Pilot
Cancer Study that enrolled only
5 participants
NCTO02918162 Phase II study that finished
in 2021
Nivolumab mADb-blocking PD-1 Solid NCTO03422094 Terminated, was a Pilot
Cancer Study that enrolled only
3 participants (Manufacturer
changed focus to cell
therapy)
NCTO03404960 This phase I clinical trial,
still active, but not recruiting
Atezolizumab  PD-L1-blocking antibody  Solid NCT02935361 This phase I/II trial studies,
cancer and still active, but not recruiting
leukemia
Tremelimumab mAb-blocking CTLA4 Solid NCT03426657 non-randomized Phase II
Cancer clinical trial, still active, but
not recruiting
Durvalumab PD-L1-blocking antibody  Solid NCT03426657 non-randomized Phase I1
(Imfinzi) Cancer clinical trial, still active, but
not recruiting
Avelumab PD-L1-blocking antibody =~ Metastatic NCT03006848 Phase II clinical trial, still
(Bavencio) Colorectal active, but not recruiting
Cancer
PDRO001 anti-programmed death-1 Solid NCTO03365791 Phase II clinical trial. This
(PD-1) IgG4 antibody that  Cancer Phase is completed in 2022
blocks the binding of
Programmed death-ligand 1
(PD-L1) and programmed
death-ligand 2 (PD-L2) to
PD-1
LAGS525 ligand-blocking, humanized Solid NCT03365791 Phase I clinical trial. This
anti-LAG-3 IgG4 antibody Cancer Phase is completed in 2022
which blocks the binding of
the known LAG-3 ligand
MHC class II to LAG-3
M7824 PD-L1-blocking antibody  Solid NCT03436563 Phase Ib/II trial studies, still
Tumors active, but not recruiting
NCT03524170 Phase I trial studies,

completed in 2022
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Table 3: Omics association with cancer

Type of omics  Analysis Example of applicability Main
references
Genomics Difference in copy number, deletion Mutation identification and [172]
or replication of chromossomes overexpression of ERBB2 and

VEGFA genes in ESCC or EAC for
personalized therapy

Transcriptomics Analysis of transcripts and genetic ~ Variation in number of genes [180]
and epigenetic events responsive to AnAc, like MIR22HG
IncRNA for treatment and prevention
of breast cancer

Proteomics Interferences in cell signaling Development of therapies and [181,182]
pathways and interference in biomarkers, quantitative analysis of
nucleotide synthesis, signal membrane proteins such as ITGAS,
transduction and glycolysis PDRGFRB and TRFC in colorectal
cancer for diagnosis
Epigenomics  Modifications in gene patterns Glioma classification based on DNA [196]
caused by histone modification, methylated profile

chromatin remodeling, DNA
methylation and others

Lipidomics Identification and quantification of  Potential use of diacylglycerol as [191,197]
lipids, interactions with proteins, biomarker in osteosarcoma
lipids and gene expression

Metabolomics  Evaluates small molecules generated Potential parameter for tumor grande [194,195]
by endogenous or exogenous stimuli differentiation through succinate
secretion that can promote cancer
metastasis

Abbreviations: ERBB2-Receptor tyrosine-protein kinase erb-2; VEGFA-vascular endothelial growth factor; ESCC—esophageal squamous cell
carcinoma; EAC-esophageal adenocarcinoma; ITGAS—integrin alpha-5; PDGRFB-beta-type platelet-derived growth factor receptor; TFRC—
transferrin receptor protein 1.
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Adoptive T-cell therapy (ACT): TCR-T and CAR-T cells
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Table 4: Biomarkers association with cancer

Biomarker Examples Cancer Application Main references
Protein- CA-125 Ovarian cancer To help in diagnosis, [206,207,220]
based CAIl9 Pancreatic cancer assessment of

Alpha-fetoprotein Liver cancer and responsive to treatment

Bladder tumor antigen  germ tumors Bladder and help to determine

cancer treatment and diagnosis

DNA-based ALK gene NSCLC CRC Help determine [221-225]

rearrangement and Ovarian and breast  treatment and

overexpressionBRAF cancer CRC and prognosis, to inform

gene V600 mutation prostate clinical decision-

BRCAI1/BRCA2 gene making

mutation

HER2 amplification
Circulating tumor cells
(CELLSEARCH) Solid

tumorsGuardant360
RNA-based miR-494—-3p NSCLC Predictive markers of  [220,226-229]
miR-382 Breast cancer drug. Tesponse,
miR-21-5p Prostate cancer predictive markers of
. response to
miR-425-5p immunotherapy,
diagnostic/prognostic
marker

Abbreviations: CA-125—cancer antigen 125; CA19—carbohydrate antigen 19; BRCA1/2-breast cancer 1 and 2, NSCLC—non small cells lung cancer;
CRC—colorectal.
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Table 2: Clinical phases of the most relevant approved nanoparticles

Therapy Therapeutic target/Drug Target Study References
cells phase
Polymeric CRLX101/Camptothecin Renal cancer; Small cell lung  Phase II  [132]
conjugates cancer; ovarian cancer clinical
trials
Polymeric ~ AZD2811/ Non-small cell lung cancer; Phase 1 [133]
nanoparticles AZD1152 hydroxyquinazoline Advanced stages of solid tumors clinical
pyrazol anilide; aurora-B trials
kinase inhibitor)
Polymeric Genexol-PM™/Paclitaxel Breast cancer; non-small cell Approved [134]
micelles lung cancer by FDA
NK105/Paclitaxel Stomach cancer; Breast cancer Phase III  [135]
clinical
trials
Liposomes  Doxil®/Doxorubicin Ovarian cancer; breast cancer;  Approved [136]
karposi’s sarcoma by FDA
DaunoXome®/Daunorubicin  AIDS related kaposi’s sarcoma  Approved [137]
by FDA
Myocet™/Doxorubicin Combined therapy with Approved [138]
cyclophosphamide in metastatic by FDA
breast cancer
Margibo®/Vincristine Acute lymphoblastic leukaemia Approved [139]
by FDA
Onyvide®/Irinotecan Combined therapy with fluoracil Approved [140]
and leucovorin in metastatic by FDA
adenocarcinoma of the pancreas
Stimuvax/Tecemotide Non-small cell lung cancer Phase III  [141]
clinical
trials
ThermoDox/Doxorubicin Hepatocellular carcinoma Phase III  [142]
clinical
trials
Lipoplatin/Cisplatin Non-small cell lung cancer Phase III  [143]
clinical
trials
Aroplatin/Platinum analogue ~ Metastatic colorectal cancer Phase II  [144]
clinical
trials
SPI-077/Cisplatin Lung, head and neck cancer Phase I  [145]
clinical

trials
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