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Abstract

Treatment of cancer has come a long way from the initial “radical surgeries” to the multi-modality 

treatments. For the major part of the last century, cancer was considered as a mono-cellular 

disorder, and treatment strategies were designed according to that hypothesis. However, the 

mortality rate from cancer continued to be high and a comprehensive treatment remained elusive. 

Recent progress in research has demonstrated that tumors are a complex network of neoplastic and 

non-neoplastic cells. The non-neoplastic cells, which are collectively called stroma, assist in tumor 

survival and progression. It has been shown that disrupting the tumor-stromal balance leads to 

significant effects on the tumor survival, and effective treatment can be achieved by targeting one 

or more of the stromal components. In this review, we summarize the roles of various stromal 

components in promoting tumor progression, and discuss innovative nanoparticle-mediated drug 

targeting strategies for stromal depletion and the subsequent effects on the tumors. Perspectives 

and the future directions are also provided.
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1. Introduction

Cancer has long been regarded as an independent and autonomous disease of only neoplastic 

cells, i.e., a disease of a single cell type. The central hypothesis of cancer generation, 

survival and metastasis were linked to genotypic and phenotypic changes only in the 

cancerous cells. Significant knowledge has been gathered ranging from genetic changes in 

the neoplastic cells that promote tumorigenesis and metastasis. Although the “seed and soil” 

hypothesis was presented more than a century ago by Stephen Paget in 18891 emphasizing 
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the tumor microenvironment for tumor progression, until recently the role of non-neoplastic 

cells in the tumor microenvironment has largely been neglected. Owing to many advanced 

studies, it has now been established that tumors are, in fact, a complex network of neoplastic 

and non-neoplastic cells intertwined with each other in a strong symbiotic relationship 

which provides the condition permissive for the growth and progression of malignant cells 

(Figure 1). Cancerous cells modify and recruit non-cancerous cells from local or distant host 

tissue to the tumor microenvironment, and survival of the neoplastic cells are highly 

dependent on the nature and balance of these supporting cells. These non-neoplastic cells 

that constitute the tumor microenvironment facilitate tumor development by providing 

extracellular matrices, cytokines, growth factors, and vascular networks. In addition to the 

cellular component, the extracellular matrix (ECM) and secreted extracellular molecules act 

in autocrine and/or paracrine manners to support and sustain tumor progression. A large part 

of the tumor is made up from these supporting cells. As accumulating research points to the 

importance of these cells for tumor survival, a better understanding of the tumor 

microenvironment and how to manipulate it into one that is less or non-permissive to tumor 

development attracts significant interest.2, 3 Nanotherapeutics have been demonstrated to be 

a promising platform to perform this type of therapy.

This review provides an overview of the cellular and extracellular components that constitute 

the tumor microenvironment, and the nanoparticle strategies used to deliver therapeutics 

aimed at disrupting the tumor microenvironment.

2. Role of tumor microenvironment in tumor initiation and progression

The tumor microenvironment (the non-cancerous components of which are collectively 

called stroma) is primarily moulded by the developing tumor, and both the tumor and stroma 

cells co-evolve to the benefit of the tumor progression. The logistics of the development of 

the stroma, its initiation and recruitment at the tumor site, has not yet been fully understood. 

The stroma consists of a collection of cells, including fibroblasts/myofibroblasts, 

endothelial, vascular, smooth muscle, and immune cells along with the extracellular matrix 

(ECM) and secreted extracellular molecules (Figure 1), which act in autocrine and/or 

paracrine manners to increase the tumor cell survival.

None of the components of stroma are malignant, and in normal tissue, they maintain tissue 

structure and function. However, through intercellular interactions or paracrine secretions 

from cancer cells, stromal cells acquire abnormal phenotypes that support cancer cell growth 

and tumor progression. Additionally, the abnormal interaction between different stroma 

components further drives the cancer stroma phenotype, and may result in permanent 

alterations in cell function of tumor stroma. Tumor growth is stimulated by growth factors 

and chemokines produced by the altered fibroblasts and immune cells in the stroma, which 

in turn recruit more stromal cells, continuing into a vicious cycle. Tumor stroma is also 

found to confer resistance to diverse chemotherapeutic drugs.4–6 Miao et al. has reported 

that repeated treatments with cisplatin loaded DSPE-PEG nanoparticles lead to heightened 

tumor cell resistance and stroma reconstruction due to Wnt16 upregulation.7
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We will discuss the role of the different tumor stromal cells, particularly those that have been 

exploited for cancer therapies, how they contribute to tumor progression and metastasis and 

how nanotherapeutic strategies are being explored to target these cells.

2.1. Tumor associated fibroblasts

Fibroblasts are essential to maintain the integrity of normal epithelial tissues and are the 

primary producers of the non-cellular scaffold - the extracellular matrix (ECM). They also 

produce different collagen subtypes and fibronectin, which maintains the tissue basement 

membrane. Fibroblasts also remodel the overall architecture of tissues by modifying the 

ECM through secretion of different matrix metalloproteinases (MMPs) and various 

proteases.8

During wound repair, fibroblasts become “activated”, with increased proliferation and 

alterations in both phenotype and secretory capacity. They start expressing alpha-smooth 

muscle actin (α-SMA) to migrate into areas of damage and assist in tissue restoration. They 

also secrete increased levels of ECM proteins that eventually build a scaffold. They help to 

recruit immune cells and vascular progenitor cells at the wound site for a faster recovery. 

After tissue recovery, the activated fibroblasts generally transpose into the inactive state or 

undergo apoptosis.

There are lots of similarities between activated fibroblasts and cancer associated fibroblasts 

(CAFs), reported as early as in the 1980s by Dvorak.9 Both types of fibroblasts proliferate 

rapidly and produce a complex ECM, with significant fibrin deposition. Similar to the 

activated fibroblasts, CAFs also overexpress α-SMA and secrete various growth factors. 

However, unlike activated fibroblasts, CAFs do not revert back to their inactivated state, or 

undergo apoptosis. Moreover, CAFs produce many other growth factors like transforming 

growth factor β, hepatocyte growth factor, insulin-like growth factor 1/2, which facilitate 

proliferation and invasion of cancer cells (Figure 2).10 They also secrete chemokines such as 

monocyte chemotactic protein 1 and interleukin 1 to stimulate proliferation of tumor cells.11 

In addition, CAFs produce MMPs, mostly MMP-9 and MMP-2, and other matrix-modifying 

enzymes, including urokinase-type plasminogen activator (uPA), that degrade the ECM and 

support tumor invasion and metastasis.12 Further, CAFs also produce stromal cell-derived 

factor 1 (SDF-1) which stimulates tumor growth directly, acting through its receptor CXCR4 

expressed in many cancer cells.13 SDF-1 signaling can also stimulate angiogenesis by 

recruiting circulating endothelial progenitor cells (EPCs) into the tumor stroma.14 CAFs also 

produce a significant amount of Secreted Protein Acidic and Rich in Cysteine (SPARC). 

SPARC expression in CAFs has been associated with disease progression.15 Functions of 

SPARC include cell–cell de-adhesion, regulation of angiogenesis, and modulation of ECM 

production and composition.16, 17 Overexpression of SPARC suppresses immune cell 

infiltration into tumors.17

2.2. Vascular Endothelial Cells

Angiogenesis is critical for cancer cell growth and survival as it supplies the nutrients and 

oxygen needed for tumor growth.18 Initiation of angiogenesis requires increased matrix 

metalloproteinase (MMP) production leading to degradation of the basement membrane, 
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sprouting of endothelial cells, and regulation of pericyte attachment. Intratumoral hypoxia, 

induced by rapid tumor growth facilitates angiogenesis by promoting production of many 

secreted factors like hypoxia-inducible factors (HIFs), angiopoietin 2, angiopoietin 4, 

placental growth factor, platelet-derived growth factor B, stem cell factor, stromal-derived 

factor 1, and vascular endothelial growth factor (VEGF).19 CAFs play an important role in 

synchronizing the angiogenesis events through the expression of numerous ECM molecules 

and growth factors, including transforming growth factor (TGF)-β, VEGF, and fibroblast 

growth factor (FGF) 2.

These angiogenic vessels are generally formed by one of several mechanisms including 

budding of existing vascular networks, recruitment of vascular progenitor cells to form new 

vascular channels, or vascular mimicry - a process by which tumour cells, without the 

presence of endothelial cells, line up to form a capillary allowing blood transport.20 These 

neo-angiogenic vessels are abnormal; they are non-uniformly distributed and irregularly 

shaped, inappropriately branched and tortuous, often ending blindly. They do not have the 

classic hierarchical arrangement of arterioles, venules, and capillaries and often form arterio-

venous shunts. These vessels are variably fenestrated and leaky which are routes for cancer 

cells to enter circulation to initiate metastasis (Figure 3).

2.3. Tumor-associated immune cells

Since its inception, tumor cells recruit and interact with different immune cells in the stroma. 

The famous tumor immune editing hypothesis emphasizes three stages during this 

interaction, the three Es: elimination, equilibrium and escape. At the very initial stage of 

tumorigenesis, the immune defence mechanism of the host can eliminate a significant 

portion of the pre-cancerous or cancerous cells. Most of the spontaneous pre-cancers are 

thus eradicated even before their initiation. Sometimes the cancer cells evade immune attack 

and stay at a dormant stage for a long time, which is called the equilibrium stage. When 

these dormant cells become significantly mutated, they can escape the immune surveillance 

and proliferate vigorously to form a tumor. Even at the escape stage, tumor stroma is not 

devoid of the immune cells. On the contrary, a very significant part of the tumor stroma is 

composed of different immune cells. Tumor cells and other stromal cells like fibroblasts 

secrete a high amount of immune inhibitory cytokines to keep the tumor microenvironment 

in an immunosuppressive state. The tumor cells in fact use the suppressed immune cells for 

their benefit: cytokines secreted from these immune cells promote angiogenesis, which helps 

tumor cell survival and metastasis.

Tumor associated macrophages (TAMs) constitute a major portion of the immune cells in 

the tumor stroma. In fact, TAMs are among the most abundant non-neoplastic cells in the 

tumor microenvironment.21 Substantial evidence indicates that TAMs, rather than being 

tumoricidal, adopt a pro-tumoral phenotype both in the primary and metastatic sites.22 

TAMs promote many important features of tumor progression including angiogenesis, tumor 

cell invasion, motility, stimulation of tumor cell extravasation as well as suppression of T 

cell responses.23 Normally, macrophages are viewed as proinflammatory, anti-cancerous 

cells which would fight against cancer growth. However, biological functions of 

macrophages are dictated by their phenotypes. Macrophages exhibit activational and 

Roy and Li Page 4

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functional plasticity, and can differentiate into two distinct phenotypes. Macrophages 

activated by bacterial lipopolysaccharide (LPS) and interferon gamma (IFN-γ) are termed 

M1 and are pro-inflammatory in nature. M1 macrophages are phagocytotic and cytotoxic, 

inhibiting tumor progression. On the other hand, macrophages activated by IL-4, IL-10, 

IL-13, M-CSF etc. are called M2 macrophages, which are immunosuppressive in nature. 

During the immune escape stage, cancer cells secrete a host of cytokines and growth factors 

including IL-4, IL-13, colony stimulating factor-1 (CSF1) and GM-CSF.21 These cytokines 

and growth factors maintain an immunosuppressive state in the tumor microenvironment, 

converting the macrophages to the M2 phenotype. The M2 macrophages promote tissue 

repair and produce cytokines that suppress the adaptive immune system, thereby supporting 

tumor progression.24 The M2 macrophages also support angiogenesis in tumors, by 

secreting VEGF and IL-8, which stimulate the proliferation of tumor-associated endothelial 

cells (Figure 4). In addition to secreting cytokines and promoting angiogenesis, TAMs also 

have a role in ECM remodelling by producing MMPs, uPA and uPA receptor, which 

facilitate ECM remodelling in collaboration with CAFs.25 TAMs also express PD-L1 and 

produce chemokine CCL22, which further inhibit T cell proliferation and promote 

trafficking of immunosuppressive T regulatory (Treg) cells to the tumor.26

TAMs are highly immune suppressive in nature and produce a host of immune inhibitory 

cytokines including IL-10, TGF-β, CCL2 etc. This immunosuppressive milieu converts 

cytotoxic T cells to Treg cells. Within the tumor, Treg cells produce TGF-β and IL-10, 

which contribute to an immunosuppressive environment through the inhibition of cytotoxic 

T-cells and natural killer cells.

2.4. Cancer stem cells

Cancer cells differentiate themselves from normal host cells in their astonishing ability of 

multiplying at an extraordinarily high rate. Stem cells are the only type of normal cells that 

can reproduce and self-renew. This similarity in the ability of self-renewal of the normal 

healthy stem cells and the tumor cells propagated the idea of cancer stem cell (CSC). CSCs 

are proposed to be a very small subpopulation of the cancer cells that reproduce and sustain 

the cancer. CSCs can arise from normal tissue resident stem cells through oncogenic 

mutations or may be normal somatic cells that acquire oncogenic mutations, which prevent 

them from entering post-mitotic differentiation states.27 Stem cells can also be recruited 

from the circulation and/or from nearby tissues into the tumor stroma.28 It has been 

proposed that CSCs are mainly responsible for sustaining the tumor growth. Most of the 

tumors are highly heterogeneous and this heterogeneity is believed to arise from the 

differentiation of the stem cells.27 Due to the self-renewal properties, CSCs maintain their 

stem cell characteristics and are able to form tumors when transplanted in another host.29 

They are resistant to conventional chemotherapy and radiation therapy and due to their ease 

of transplantation, CSCs are very likely to be the origin of cancer metastasis.30

2.5. Extracellular matrix

Although long viewed as a stable structure that plays a mainly supportive role in maintaining 

tissue morphology, the tumor extracellular matrix (ECM) is an essential part of tumor 

stroma. The ECM mainly consists of structural proteins (collagen and elastin), specialized 
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proteins (fibrilin, fibronectin, and elastin), and proteoglycans.31 They provide the structural 

scaffold for the cancer cells to propagate. ECM affects cancer progression by directly 

promoting cellular transformation and metastasis. An increase in ECM stiffness up-regulates 

integrin signaling and can thus promote cell survival and proliferation.32, 33 Abnormal ECM 

also indirectly affects cancer cells by influencing the behavior of other stromal cells, 

including endothelial cells, immune cells, and fibroblasts, leading to generation of a 

tumorigenic microenvironment.13, 34–36 Therefore, targeting the tumor ECM may provide 

yet another effective avenue to combat cancer.

3. Regulating the tumor stroma with nanoparticle therapeutics for effective 

treatment

As has been discussed above, tumor stroma plays a critical role for the maintenance and 

progression of tumors. Without an active support from the stromal component, tumor 

progression can be halted or eliminated. Since tumors have long been regarded as a mono-

cellular disorder, almost all of the approved anticancer therapeutics have been designed to 

target the neoplastic cells exclusively. Advanced studies with some of these drugs have 

shown that apart from the tumor cell itself, they also have significant activity against various 

stroma components. Nanoparticle therapeutics have been designed to take advantage of the 

morphological and physiological abnormalities of tumor microenvironment for drug 

targeting, namely the fenestrated and leaky vasculature. Due to the leaky vasculature in the 

tumor vessels, intravenously administered nanoparticles preferentially accumulate in the 

tumor interstitium whereas their penetration through the tight endothelial junctions of 

normal blood vessels is limited. In addition to targeting therapeutics to tumors, most 

nanoparticle drug delivery systems provide enhanced stability and controlled drug release.

3.1. Targeting tumor associated fibroblasts

Fibroblasts are one of the major components of tumor stroma and play a crucial role for 

tumor survival. Several strategies have been adapted for nanoparticle mediated targeting of 

CAFs. Anisamide, a ligand for the sigma receptor overexpressed on the surface of CAFs, 

was coated on the liposomes to enhance receptor mediated endocytosis. Delivery of cisplatin 

in liposomes decorated with anisamide resulted in a significant increase in CAF uptake 

compared to the non-decorated liposomes (from ~ 20% to ~ 30%), leading to a decrease in 

the percentage of CAF cells in the tumor.7 Tumor cells also exhibited higher uptake of the 

targeted liposomes compared to the non-targeted one. The anisamide decorated liposomes 

induced enhanced antitumor efficacy compared to the non-targeted liposomes against a 

stroma rich bladder cancer model, possibly due to increased targeting and activity against 

both the tumor cells and CAFs.

Iron oxide (Fe3O4) nanoparticles (~ 65 nm) have been shown to prevent the expression of α-

SMA and therefore decrease the number of myofibroblastic cells.37 However, due to the pro-

invasive effect of iron oxide, it was not effective as therapy.37 In contrast, polymer-coated 

cerium oxide nanoparticles (size of 3–5 nm) reduced both the expression of α-SMA in the 

stromal cells and the invasion of tumor cells.38
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A cleavable amphiphilic peptide (CAP), which is specifically responsive to fibroblast 

activation protein-α (FAP-α), a protease expressed on the surface of cancer-associated 

fibroblasts, can self-assemble into drug-loaded spherical nanoparticles in the presence of 

hydrophobic chemotherapeutic drugs. The disassembly of these nanoparticles (CAP-NPs) 

upon FAP-α cleavage resulted in rapid and efficient release of the encapsulated drugs 

specifically at the tumor site. Treatment of mice bearing PC3 tumor with DOX loaded CAP-

NPs resulted in significant tumor regression and tumor core penetration of DOX compared 

to un-cleavable amphiphilic peptide loaded DOX NPs.39

Targeted delivery of chemotherapeutics to CAFs also led to significant antitumor activity 

along with reduced metastasis. Ernsting et al. has developed a nanoparticulate system by 

conjugating docetaxel with PEGylated acetyl-carboxymethyl-cellulose, known as Cellax.40 

Cellax has demonstrated major CAF targeted delivery with more than 85% of the NPs 

targeted to the CAFs in an orthotopic breast tumor in mice.41 A significant decrease in CAF 

population was noted with Cellax therapy in multiple tumor models, leading to a significant 

increase in tumor perfusion, a decrease in tumor interstitial fluid pressure and significantly 

enhanced anti-metastatic effect (Figure 5).41, 42 The possible mechanism of CAF targeting 

by Cellax may be through an albumin and SPARC dependent internalization mechanism. 

Hoang et al. have demonstrated that serum albumin efficiently adsorbed onto the Cellax 

particles and significantly higher internalization was noted in SPARC positive cells 

compared to SPARC negative cells (Figure 6).43 As SPARC is overexpressed by CAFs, 

Cellax could be efficiently internalized by SPARC positive CAFs.

3.2. Targeting vascular endothelial cells

Tumor vasculature is one of the most important components of the tumor stroma, supplying 

all the necessary nutrients and oxygen for the survival of the tumor. Tumor growth correlates 

strongly with the extent of angiogenesis.44, 45 Studies in breast cancer patients have showed 

that angiogenesis positively correlates with the degree of metastasis, tumor recurrence and 

mortality rates, thus demonstrating the value of angiogenesis as a prognostic cancer 

marker.46, 47 The vascular endothelial cells are one of the easiest to target among all the 

different components of the tumor stroma due to their high accessibility. Therapeutic 

targeting of tumor vasculatures has several advantages over conventional anticancer therapy. 

Tumor-associated vascular endothelial cells proliferate rapidly and express a variety of 

angiogenic markers, allowing specific vascular-targeted therapies to cause minimal side 

effects to normal vasculatures. Compared with tumor cells, endothelial cells are genetically 

stable, accessible to circulating drugs and share similar phenotypes in most tumors. 

Therefore, antivascular therapies generally develop low drug resistance and can be applied to 

a wide range of solid tumors. Currently a vast number of antivascular agents are in 

development or have been developed for clinical applications, such as bevacizumab, 

sunitinib, sorafenib and combretastatin A4.48

Endothelial cells in tumor blood vessels express unique integrins, proteoglycans and 

proteases that can be targeted to deliver cytotoxic drugs.49 Other targeting ligands used for 

drug delivery to tumor vasculature include antibodies to vascular endothelial growth factor 

receptors which are overexpressed on the vascular endothelium.50 Although it has been 
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demonstrated that NPs with a surface rich in negatively charged polyelectrolytes are 

preferentially taken up by endothelial cells without cell-specific targeting ligands,51 passive 

targeting of the nanotherapeutics to the tumor vasculature was not successful due to the 

constant flow of blood in the lumen.52

As discussed, endothelial cells express a series of angiogenic markers that provide 

opportunities for the design of actively targeted nanoparticles. The most prominent marker 

for tumor endothelial cells are the integrins, especially the αvβ3 subtype, which is 

upregulated in a number of tumors,53–55 and has been widely exploited for targeted drug 

delivery.56 The first integrin-targeted nanoparticle was developed using a cationic 

polymerized lipid that was covalently coupled to a small organic αvβ3 ligand to deliver 

mutant Raf gene to angiogenic blood vessels. This system induced apoptosis in the tumor 

endothelial cells and regression of primary and metastatic tumors.57 Xie et al. synthesized a 

neopentyl derivative of the same ligand which exhibited a superior binding affinity for αvβ3 

integrin. Lipid nanoparticles conjugated with this derivative showed increased and selective 

accumulation in angiogenic tumors.58 A paramagnetic polymerized liposomal nanoparticle 

was developed by attaching the αvβ3 antibody LM609 to the surface of the nanoparticles,59 

and these polymerized nanoparticles showed selective tumor accumulation in the VX2 rabbit 

tumor model.60 Cyclic or linear derivatives of the RGD peptide (Arg-Gly-Asp) are natural 

ligands for integrin and have been widely used for drug targeting.61 Murphy et al. prepared 

cyclic-RGD decorated lipid NPs for the delivery of doxorubicin, which exhibited a 15-fold 

increase in anti-metastatic activity, again revealing the vital role of angiogenesis in tumor 

progression and invasion.62 Many such nanoparticle systems have since been 

developed,63–65 and reviewed elsewhere.61 Tumstatin is another important ligand for αvβ3 

integrin66, and a tumstatin-conjugated iron oxide nanoparticle showed enhanced penetration 

and selective targeting to angiogenic endothelial cells, resulting in significant inhibition of 

tumor neovascularisation.67

Nucleolin, another angiogenic marker, is highly expressed on tumor blood vessels relative to 

normal vasculatures.68 A 31-amino-acid (F3 peptide) as well as a DNA aptamer (AS1411) 

that recognize cell surface nucleolin have been utilized for the development of nucleolin-

targeting nanoparticles.69–72 These nanoparticles effectively eliminated angiogenesis and 

blocked tumor growth.

Vascular endothelial growth factor receptor (VEGFR) is another tumor endothelial marker 

which has been explored for targeted delivery. Different peptides have been identified to 

target VEGFR and applied in nanoparticle conjugation. One such peptide 

(HTMYYHHYQHHL) that binds VEGFR-2 with a high affinity and specificity was 

conjugated to paclitaxel-loaded nanoparticles, contributing to rapid, long-term and targeted 

inhibition of tumor vasculature.73 Polyvinylidene fluoride (PVDF) nanoparticles modified 

with a cyclopeptide (CBO-P11) have shown a high binding affinity with VEGFR-2 and low 

toxicity, and may represent a useful vector for targeting tumor angiogenesis.74

Apart from using VEGFR agonist, native VEGF has also been tested for its ability to target 

endothelial cells. Backer et al. have reported the construction of VEGF conjugated, 
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boronated polyamidoamine dendrimer that can be used to target VEGFR on tumor 

neovasculature.75

Chen et al. have reported that dextran-coated iron-oxide nanoparticles conjugated to 

radiolabeled anti-VEGF monoclonal antibody significantly increased the imaging resolution 

as well as inhibited liver cancer in mice.76

Other than these, many other endothelial receptors and markers have been utilized for 

targeted delivery including CD13,77, 78 CD105,79–81 VE-cadherin82 etc.

3.3. Targeting tumor-associated immune cells

Tumor-associated immune cells are by far the most researched target among the components 

of tumor stroma. Immune cells are designed to eliminate neoplastic cells from the host, but 

due to immune editing by the cancer cells, they in turn help cancer cells survive and 

propagate. They can be reactivated and re-educated to harness their tumoricidal activity. 

Systemic immune activation is not favoured as the activated immune cells are extremely 

potent and can lead to very serious side effects. To stimulate the immune cells specifically in 

the tumor microenvironment, nanoparticle mediated delivery is an attractive strategy. A 

massive body of research has been done on this topic, a comprehensive discussion of which 

is beyond the scope of this review but can be found elsewhere.83–85 Here, we focus on major 

immune cells found in the tumor stroma and the main mechanism to modulate them using 

nanomedicines for effective tumor therapy.

Because macrophages are the most prominent immune component in the tumor stroma and 

are a major contributor for tumor immunosuppression due to their M1 → M2 switch, they 

have been the target of many investigations. Two major approaches have been used to target 

the TAM population: (1) eradicating TAMs in the tumor stroma and (2) re-stimulating TAMs 

to M1 macrophages.

Bisphosphonate (BP) molecules such as clodronate, zolindronic acid (ZOL) and 

pamidronate are effective against TAMs;86 however due to their short half-life and rapid 

uptake by bone, their use for cancer therapy is limited. To increase their half-life and target 

them to TAMs, nanoparticulate delivery has been employed. It has been demonstrated that 

melanoma bearing mice treated with clodronate liposomes were depleted of TAMs, and the 

tumor growth was inhibited.87 PEGylated self-assembled nanoparticles of ZOL were 

developed and shown to reduce TAMs and completely regress PC3 prostate tumor, resulting 

in prolonged overall survival.88, 89 Since M2 macrophages express a high level of mannose 

receptors, TAMs can also be targeted via mannose decorated nanoparticles. Zhu et al., 

developed a sheddable PEG decorated, mannose-modified nanoparticle platform to improve 

TAM targeted delivery. Sheddable PEG was conjugated to mannose decorated PLGA 

nanoparticles via an acid sensitive linker. In a murine melanoma model (B16F10), improved 

accumulation of nanoparticles in TAMs was found with the sheddable PEG decorated 

formulation as compared to nanoparticles conjugated to non-sheddable PEG. PEGylation 

prevents uptake of the nanoparticles during systemic circulation by the circulating 

macrophages and other immune cells. However, as the tumor microenvironment is relatively 

acidic, after tumor accumulation of the nanoparticles by the EPR effect, the acid labile PEG 
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linker was cleaved, releasing PEG and allowing the mannose labeled nanoparticles to be 

internalized by TAMs.90

Re-stimulation of TAMs is generally achieved by using different adjuvants. Toll like receptor 

(TLR) agonists are the front runners as adjuvants for macrophage stimulation.91 Although 

TLRs are mainly involved in innate immunity by sensing pathogenic danger signals, they are 

crucial for induction of adaptive immune responses as they can promote cross-presentation 

in antigen presenting cells (APCs) to activate CD8+ T cells or prime APCs to release 

cytokines that can activate CD4+ T cells.92 Different TLR agonists, including TLR3, TLR4, 

TLR7 or TLR9, have been tested for their efficacy as cancer vaccines.93, 94 CpG 

oligonucleotide is a potent TLR9 agonist, and its negatively charged structure has been used 

to complex with cationic lipids or polymer for tumor delivery.95, 96 It has been shown that 

co-delivery of an immune adjuvant in combination with an antigen can significantly enhance 

the efficiency of cross-presentation and induction of CD8+ T cells.96–98 Co-entrapment of a 

TLR3 agonist poly I:C and an antigen peptide onto gold nanoparticles led to activation of 

antigen-specific CD8+ T cells in vivo.97 When co-delivered, a strong synergy among 

different TLR agonists has also been noted.99 For example, CpG and poly I:C have been co-

loaded into polyester nanoparticles,100 while the TLR4 agonist glucopyranosyl lipid A and 

TLR7 agonist imiquimod have been co-encapsulated into liposomes.101 In both cases, the 

TH1 response was significantly improved by the dual TLR agonist-loaded particles, 

compared with that elicited by a single adjuvant. siRNA mediated inhibition of 

immunosuppressive pathways in tumor residing immune cells have also been observed to 

modulate immune response towards a more immune active state. Co-delivery of CpG and 

siRNA targeting IL-10, the inducer of TH2 and Treg cells, skewed immune responses to the 

TH1 type.102 The combination of a peptide epitope of tyrosine-related protein 2 (Trp2) and a 

CpG-based nanovaccine with siRNA against TGF-β, a cytokine responsible for induction 

and maintenance of immunosuppressive tumor microenvironment, has significantly 

improved the therapeutic efficacy of nanoparticle-based cancer vaccine in a late-stage 

murine melanoma model.103

Some polymeric nanocarriers have been shown to potentiate immune activation themselves 

without any classical immune adjuvant.104 However, these cationic nanoparticles often 

exhibit a high level of uptake by macrophages in the liver and spleen when systemically 

delivered, their selective immunostimulating effect in tumors could be compromised.

In recent times, simultaneous administration of a chemotherapeutic drug and an immune 

activator for the treatment of cancer has attracted significant interest. This combined chemo-

immunotherapeutic approach is argued to be superior to immunotherapy alone due to several 

advantages. First, the chemotherapeutic drug will reduce the tumor burden which will help 

to mount a better immune response as the tumor cells are the major contributor for the 

immune suppression. Second, chemotherapy-induced cell death can enhance cross-priming 

of immune cells by providing them potent cancer specific antigens, thereby increasing the 

antitumor T cell response.105 Third, chemotherapeutic drugs increase the expression of 

MHC molecules on the tumor cells, making them an easier target for cytotoxic T 

lymphocytes.106 Based on these hypotheses, Roy et al. developed a nanoparticle formulation 

to deliver paclitaxel and a TLR-4 agonist (P/SP-LPS, Figure 7).107–109 This nano 
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formulation exhibited significantly better therapeutic efficacy compared to either of the 

components alone. It also converted the immunosupressive tumor microenvironment into an 

immune stimulatory state compared to only minor stimulation with the TLR-4 agonist alone, 

highlighting the potential advantage of combined chemo-immunotherapy.107, 108 However, 

death of the activated immune cells by the cytotoxic activity of paclitaxel is a possible 

drawback of this strategy. To gain full advantage of this approach, an innovative targeting 

strategy is warranted which will deliver a cytotoxic agent specifically to the tumor cells, 

followed by the release of an immune modulator in the tumor microenvironment.

3.4. Targeting cancer stem cells

Cancer stem cells are among the most researched area of cancer today, and due to many 

advanced studies, different cancer stem cell markers have been discovered. Formulation 

scientists have exploited these markers to develop nanoparticle delivery systems targeting 

these specific cells. Aldehyde dehydrogenases (ALDHs) are overexpressed in different types 

of cancers and have been identified as stem cell markers.110, 111 NPs loaded with low-dose 

decitabine, a DNA hypermethylation inhibitor, significantly reduced clonogenic growth and 

ALDH-positive stem-like population in malignant breast cancer.112 Chenna et al 

encapsulated a hedgehog inhibitor (HPI) into nanoparticles composed of PEGylated 

poly(lactic-co-glycolic acid).113 This HPI-incorporated polymeric NP system induced 

increased apoptotic effects in secondary mutational pancreatic cells by suppressing ALDH-

positive CSCs in the orthotopic Pa03C xenograft model.113 Shen et al demonstrated that co-

delivery of cisplatin and a siRNA targeting Notch1 using a micellar nanoparticle system led 

to enhanced anti-proliferation and apoptosis in the cancer stem cell population in an in vitro 
system. This nanoparticle system suppressed tumor growth while reducing the cancer stem 

cell population in a mouse tumor model.114 Treatment with antiangiogenic drug 

bevacizumab along with a camptothecin nanoparticle resulted in enhanced tumor regression, 

delayed tumor recurrence as well as increased depletion of the stem cell population, 

suggesting the importance of angiogenesis for the maintenance of the stem cell niche.115 

Combination therapy with all-trans-retinoic acid and doxorubicin using a nanoparticle made 

with PEG-PLA co-polymer reduced the percentage of cancer stem cells in a synergistic 

manner.116 Hyaluronic acid is a natural ligand for CD44, which has been found to be over-

expressed in cancer stem cells in many solid tumors.117–120. Wang et al. reported that 

treatment with a hyaluronan modified silica fused liposome loaded with 8-hydroxyquinoline 

produced enhanced cytotoxicity against tumor mammospheres which are characterized to be 

enriched with cancer stem cells. In vivo, co-treatment with the hyaluronan modified 8-

hydroxyquinoline loaded liposome and a liposomal docetaxel (unmodified) produced better 

antitumor efficacy compared to both liposomal docetaxel and liposomal 8-hydroxyquinoline 

alone.121 Wang et al. reported that anti-CD44 antibody decorated liposomal NP loaded with 

a suicide gene or doxorubicin selectively targeted the CD44-positive hepatocellular 

carcinoma cells and effectively induce apoptotic cell death.122 Down-regulation of CD44 

expression using a CD44 siRNA has also been shown to be beneficial for tumor reduction. 

Shah et al. synthesized a polypropylenimine (PPI) dendrimer containing paclitaxel and anti-

CD44 siRNA decorated with a synthetic analog of luteinizing hormone-releasing hormone 

(LHRH) peptide as a tumor-targeting moiety. Treatment of metastatic tumors, which 

overexpress CD44 compared to the primary tumor, with this dendrimer led to the 
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suppression of CD44 mRNA and protein, efficient induction of cell death, and effective 

tumor shrinkage.123 Salinomycin, an antibiotic produced by Streptomyces, has been shown 

to be highly effective against cancer stem cells.124 A bioconjugate of salinomycin with a 

polypeptide exhibited increased stem cell elimination in an orthotopic breast cancer 

model.125

4. Perspectives and Future directions

Cancer was regarded as a mono-cellular disorder, and accordingly, the majority of antitumor 

therapies were focused on killing or preventing the growth of these cells only. This approach 

was found to be beneficial in certain types of cancers, but in the majority of the cases, 

recurrence rate remained high. Previously, surgery was believed to be the only curative 

therapy for cancer, and surgeons perform “radical surgery”, removing blood supply, lymph 

nodes and a large part of the adjacent tissues in order to stem out cancerous cells. 

Unfortunately, this approach was found to be futile and most of the patients reported 

recurrence. It was proposed that the tumor cells can be “poisoned to death”, initiating the 

modern era of cancer chemotherapeutics. These cytotoxic drugs exhibit remarkable efficacy 

in shrinking the primary tumor, and in some exceptional cases, total cure. However, a 

fundamental treatment for all types of cancer is still elusive. Advanced research has revealed 

that cancers of different tissues or organs are completely separate disorders and warrant 

different treatment modalities. More recently it has also become apparent that cancer is a 

multi-cellular disease which involves a complex interplay between the tumor cells and the 

stromal cells. These findings refocus the cancer treatment strategy on the nature of the tumor 

microenvironment. Modulation of the tumor microenvironment has been demonstrated to be 

beneficial in a number of studies. The importance of multi-dimensional therapy has also 

attracted significant attention. As cancer is a multi-factorial disorder, a treatment strategy 

which targets more than one causative factor has obvious advantages over a single targeted 

approach. In this regard, it would be highly beneficial to stratify the patients after a tumor 

microenvironment analysis to quantify different stromal components in an individual tumor 

and recommend the most appropriate treatment modality accordingly. This “personalized 

therapy” approach can be beneficial over the conventional therapy as it is now well-known 

that each type of cancer comes with their own individual flavours and the “one size fits all” 

strategy has not been effective. Analyzing the tumor for different biomarkers can also be an 

effective method for selecting an appropriate therapy. In our work with Cellax, SPARC 

expression level in tumors correlated positively with the efficacy of Cellax. Up to now, very 

few therapeutics are available for targeting non-neoplastic cells in the tumor 

microenvironment. As tumor survival is highly dependent on the fine balance between the 

tumor cells and the stromal cells, drugs or delivery systems that can target multiple 

components of stroma may be desirable. There are many specific markers identified on 

different tumor cells, and various targeting ligands have been developed accordingly. 

Nevertheless, specific ligands for tumor stroma targeting have been most successful with the 

RGD ligands for angiogenic vascular endothelial cells. More efforts should be emphasized 

on identifying specific makers in other types of stroma for developing specific drugs or 

delivery methods.
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CSCs are the main propagator for the tumor growth, and most commonly used 

chemotherapeutics have little effect on the CSCs. Including a CSC-depleting agent in a 

tumor-targeted delivery system that can localize the drug to the tumor microenvironment is 

an attractive strategy. Zhou et al. have prepared an HPMA copolymer-cyclopamine 

conjugate nanoparticle to block the hedgehog (Hh) signaling pathway; an important pathway 

involved in stem cell self-renewal.126 In vitro evaluation of these nanoparticles against a 

model CSC cell line demonstrated a selective inhibitory effect on the CSCs relative to the 

bulk cancer cells whereas docetaxel showed cytotoxicity to the bulk cancer cells only. 

Specific pathways and tumor microenvironmental niches in driving self-renewal of CSCs 

should be identified for developing effective drugs against CSCs. More understanding on the 

CSC niche environment and the anatomical location of CSCs within tumors will help design 

a drug targeting strategy for CSC depletion.

It is still not clear whether nanoparticles are capable of localizing in small metastases of 

tumors via the EPR effect, and this question requires sophisticated clinical studies to 

conclude. Developing alternative drug delivery approaches for targeting small metastases 

should be of priority to this field.

Increased understanding of the tumor microenvironment has identified multiple therapeutic 

targets for inhibiting tumor progression and metastasis. We anticipate that new drugs 

inhibiting these key pathways will be developed to modulate tumor microenvironment, 

augmenting the existing anticancer therapies. One successful example is anti-PD-L1 

monoclonal antibody MDX-1105 (PD-L1 or CD274 is a trans-membrane protein 

overexpressed by many tumor cells and plays a major role in immune suppression. PD-L1 

binds with activated T cells and induces apoptosis, thereby inhibiting T-cell-mediated 

immune response. MDX-1105 binds to PD-L1 and inhibits its immune suppressing activity). 

Apart from inhibition of immune suppression, drugs that can specifically modulate the 

activation of fibroblasts and the polarization of macrophages and immune cells are to be 

developed and are expected to provide alternative therapeutics against tumors. Selectivity of 

these drugs is paramount, as these stromal cells share many common characteristics with the 

normal host cells, and any non-specific action may induce significant side effects. Targeting 

CSCs will be a major challenge for tumor microenvironment modulation, as these cells have 

yet to be fully characterized. Increased characterization of these stromal cells will also 

provide critical information for designing innovative strategies for drug delivery to different 

stromal components. It is also expected that robust screening of new drugs and drug delivery 

systems will be required for drug development, and a validated in vitro system capable of 

performing high throughput screening will greatly enhance the progress. For example, tumor 

spheroids share many important characteristics with in-vivo tumors and various stromal 

components can be included and co-cultured with the tumor cells. With the advance of 

tumor biology and breakthroughs in drug development and drug delivery technologies, the 

days of multi-modal therapies targeting the tumor microenvironment for cancer eradication 

is on the horizon.
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Figure 1. 
Components of a tumor stroma. A complex network of neoplastic and non-neoplastic cells 

constitute tumor stroma. A strong symbiotic relationship exists among them which help the 

tumor growth and survival. Just like an organ, tumor has its own support cells, blood vessels, 

residing immune cells and even stem cells that helps its survival and propagation.
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Figure 2. 
Effect of cancer associated fibroblasts (CAF) on tumor and other stromal cells. CAFs can 

promote tumorigenesis directly through multiple mechanisms, including increased 

angiogenesis, proliferation, invasion, and inhibition of tumor cell death. These effects are 

mediated through the expression and secretion of numerous growth factors, cytokines, 

proteases, and extracellular matrix proteins.
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Figure 3. 
Tumor angiogenesis and metastasis. Tumor cells proliferate rapidly and have a high 

metabolic demand. To fulfill their energy requirements, tumor cells and other stromal cells 

produce different angiogenic factors including VEGF, which activates the endothelial cells 

and stimulate proliferation. Tumor stroma also produce a host of proteases and MMPs which 

helps basement membrane remodeling. Following the breakdown of basement membrane, 

proliferating endothelial cells lead to uncontrolled neovascularization. These newly formed 

vessels are irregular and leaky, through which tumor cells escape and metastasize to distant 

organs.
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Figure 4. 
Tumor associated macrophage (TAM) – recruitment, transformation and activity. Due to 

secretion of different factors (CCL-2, M-CSF) from the tumor stroma, monocytes 

accumulate at the tumor microenvironment (TME). Due to the primarily immunosupressive 

nature of TME, these monocytes differentiate into M2 phenotype. M2 macrophages assist 

tumor survival and metastasis as well as downregulates immune response at the TME by 

secretion of different cytokines.
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Figure 5. 
A. Colocalization of Cellax nanoparticles with α-SMA+ CAF cells (green: α-SMA; red: 

Cellax-DiI; blue: DAPI). B-E: Effects of native docetaxel (DTX), nab-paclitaxel (nab-PTX), 

and Cellax on the CAF cells in different orthotopic breast cancer models (4T1 [B, C] and 

MDA-MB-231 [D, E]). Treatment with Cellax lead to marked reduction in the α-SMA+ 

CAF cells in both of the models. Adapted from Ernsting et al., Journal of Controlled 

Release. 2015 and Murakami et al., Cancer Res. 2013.
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Figure 6. 
Proposed mechanism for Cellax intracellular internalization. Cellax adsorbs albumin in 

circulation and accumulated within the tumor interstitium through the leaky vasculature of 

the tumor. SPARC produced in the tumor microenvironment binds to the surface albumin on 

the Cellax nanoparticles and thus traps the particles in the tumor. Cellax is internalized via a 

clathrin-mediated mechanism and finally ends up in the endo-lysosomal compartment, 

where the polymer is broken down and the drug is released. Adapted from Hoang et al., 

Biomaterials. 2015.
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Figure 7. 
Combined chemo-immuno therapy using a nanoparticle coencapsulating a cytotoxic drug 

(paclitaxel) and a TLR4 agonist (P-LPS). The cytotoxic drug kill and debulk the tumor as 

well as produce tumor antigens due to apoptotic tumor cell death. The TLR4 agonist activate 

the macrophages to the M1 subtype which then present the tumor antigens as well as secrete 

cytokines to activate cytotoxic T cells, producing a potent anti-tumor Th1 immune response. 

Adapted from Roy et al., Int J Pharm. 2013.
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