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Abstract

Colorectal cancer (CRC) is the most common digestive malignancy across the
world. Its first-line treatments applied in the routine clinical setting include
surgery, chemotherapy, radiotherapy, targeted therapy, and immunotherapy.
However, resistance to therapy has been identified as the major clinical challenge
that fails the treatment method, leading to recurrence and distant metastasis. An
increasing number of studies have been attempting to explore the underlying
mechanisms of the resistance of CRC cells to different therapies, which can be
summarized into two aspects: (1) The intrinsic characters and adapted alterations
of CRC cells before and during treatment that regulate the drug metabolism, drug
transport, drug target, and the activation of signaling pathways; and (2) the
suppressive features of the tumor microenvironment (TME). To combat the issue
of therapeutic resistance, effective strategies are warranted with a focus on the
restoration of CRC cells’ sensitivity to specific treatments as well as reprogram-
ming impressive TME into stimulatory conditions. To date, nanotechnology
seems promising with scope for improvement of drug mobility, treatment
efficacy, and reduction of systemic toxicity. The instinctive advantages offered by
nanomaterials enable the diversity of loading cargoes to increase drug concen-
tration and targeting specificity, as well as offer a platform for trying the
combination of different treatments to eventually prevent tumor recurrence,
metastasis, and reversion of therapy resistance. The present review intends to
summarize the known mechanisms of CRC resistance to chemotherapy,
radiotherapy, immunotherapy, and targeted therapy, as well as the process of
metastasis. We have also emphasized the recent application of nanomaterials in
combating therapeutic resistance and preventing metastasis either by combining
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with other treatment approaches or alone. In summary, nanomedicine is an emerging technology
with potential for CRC treatment; hence, efforts should be devoted to targeting cancer cells for the
restoration of therapeutic sensitivity as well as reprogramming the TME. It is believed that the
combined strategy will be beneficial to achieve synergistic outcomes contributing to control and
management of CRC in the future.

Key Words: Colorectal cancer; Therapeutic resistance; Nanotechnology; Drug delivery system; Combined
treatment

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Mechanisms of Colorectal cancer (CRC) cell resistance can be attributed to tumoral and environ-
mental factors, the former of which includes gene expression alteration, signaling pathway activation,
metabolic rewiring, and the later refers to complicated adaptions regarding cancer associated fibroblast,
immune cells, hypoxic conditions. Taking efforts to conquer therapeutic resistance is imperative to
improve CRC patients” survival. Nanotechnology possesses distinct advantages to increase specificity of
treatment and realize codelivery of multiple drugs, which facilitates to restore sensitivity to antitumor
therapy, and modulate suppressive tumor microenvironment to stimulatory environment.

Citation: Ren SN, Zhang ZY, Guo RJ, Wang DR, Chen FF, Chen XB, Fang XD. Application of nanotechnology in
reversing therapeutic resistance and controlling metastasis of colorectal cancer. World J Gastroenterol 2023;
29(13): 1911-1941
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INTRODUCTION

Colorectal cancer (CRC) is the most common malignancy of the digestive tract, accounting for the death
of 0.9 million people across the world in 2020 alone[1]. Surgery, chemotherapy, radiotherapy, targeted
therapy, and immunotherapy are among the present first-line strategies applied to treat CRC patients
and control their recurrence. Surgery is accepted as the primary treatment for CRC, especially for early
stage CRC, as it eradiates the local lesions thoroughly in a timely manner[2]. Five-Flurouracil (5-FU)-
and oxaliplatin-based chemotherapy contribute to the control of local recurrence and metastasis of CRC
after surgery. As for advanced CRC, radiotherapy and neoadjuvant chemotherapy are important
modalities that have been reported to contribute to prolonging the patients” survival[3,4]. In addition,
cetuximab and immunocheckpoint inhibitor (ICI)-based therapy can be administrated to EGFR-overex-
pressed CRC or microsatellite instability (MSI)-subtype CRC so as to achieve greater survival benefits[5,
6]. However, despite the availability of comprehensive treatment against CRC, resistance to therapy and
metastasis continue to be reported during or after the treatment, often resulting in relapse or treatment
failure.

Chemotherapy resistance is a common cause of CRC treatment failure, and the intrinsic and acquired
resistance of tumor cells have been implicated as the major causes[7]. Aberrant metabolism and change
in the drug targets have generally been reported to be responsible for the 5-FU resistance of CRC cells
developed during the treatment duration[8,9]. The development of resistance to radiotherapy is usually
related to hypoxia and the adaption of cancer stem cells (CSC) that play a pivotal role in the regulation
of survival and proliferation of CRC[10]. In addition, the tumor microenvironment (TME) is involved in
the revolution and development of tumor cells to resist attacks from drugs and immune cells[11]. Many
efforts have been made toward enhancing the treatment efficacy after resistance is developed, such as
by increasing the drug dosage or combining multiple treatments. However, the improvements in
response and the overall survival rate remain unsatisfactory due to the issues of increased toxicity and
poor tolerance. Consequently, more effective drug-delivery methods and therapeutic strategies are
urgently warranted to overcome the barrier of the suppressive microenvironment as well as to restore
the sensitivity of CRC cells to the prescribed treatment.

Thanks to the unique advantages offered by nanotechnology, it has drawn the great attention of
researchers and clinicians in their quest to conquer the issue of treatment resistance of CRC with its
valuable potential. Drug-delivery systems based on nanomaterials can simultaneously carry a variety of
components and increase the selectivity of the systemic treatment and the local drug concentration
through active and passive targeting effects[12-14]. This approach not only delivers cytotoxic drugs but
also delivers nucleic acid molecules, thereby realizing the combined application of chemotherapy,
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immunotherapy, gene therapy, and other treatments[15-17]. In addition, several nanomaterials possess
anticancer potential or can hence be utilized as radiotherapy sensitizers and they generate a
photothermal or photodynamic effect that can facilitate tumor control[18,19]. When used either intraop-
eratively or postoperatively, nanomaterial-based treatment can be applied to remodel the local microen-
vironment and activate the innate and adaptive immune responses toward controlling tumor growth
and metastasis, which, in turn, generate immune-memory effects called immunomodulation[20-22].
Collectively, nanotechnology is expected to solve the treatment resistance of CRC as a valuable
alteration to realize the effective control of tumor recurrence and metastasis. In this review, we have
illustrated the mechanisms of therapeutic resistance of CRC cells to various treatments, including both
tumoral and environmental factors (Figure 1). Meanwhile, recent advancements in nanotechnology
utilized in CRC treatment aimed at restoring tumor sensitivity and reversing resistance will be further
introduced, along with the challenges and perspectives for nanotechnology-based CRC treatment.

MECHANISMS OF THERAPEUTIC RESISTANCE AND METASTASIS

Chemotherapy resistance

Fluorouracil, oxaliplatin, and irinotecan are the three main reagents used for CRC adjuvant
chemotherapy, which exert antitumor effects through interaction with DNA. However, during the
treatment, tumor cells adapt several mechanisms to evade the attack of the treatment agent. Generally,
the tumoral mechanism of developing resistance can be categorized into 4 aspects: alterations in the
pharmacokinetics and metabolism, transport process, and targets of chemotherapeutics as well as
aberrant activation of oncogenic/bypass signaling (Figure 1).

In the case of pharmacokinetics and drug metabolism, reduced concentrations, decreased activation,
and increased inactivation of drugs in tumor site, all contribute to the adaption of resistance. Efforts
have been focused on investigating the importance of pharmacogenomics on intrinsic and acquired
resistance in CRC. Polymorphism of genes encoding critical enzymes during drug absorption, distri-
bution, metabolism and detoxication, has been identified which will facilitate targeted personalized
therapy, such as UDP-glucuronosyltransferases (UGT1As) and glutathione-S-transferase (GSTs)[23]. The
transformation of capecitabine (CAP) to 5-FU is essential for direct cytotoxicity, which is mediated by
thymine phosphorylase (TP)[24]. According to a past report, tumor cells apply epigenetic alterations to
downregulate the TP expression, which leads to the development of drug resistance to CAP, albeit it can
be reversed by DNA methyltransferase[25]. Similarly, changes in the activity of the key enzymes of 5-FU
and irinotecan were evaluated by CRC cells affecting drug sensitivity[8,9,26,27]. Moreover, the
inactivation of drug metabolites facilitates the development of drug resistance by CRC cells.
Considering that dihydropyrimidine dehydrogenase (DPD) catabolizes 5-FU into an inactive product,
the investigation of CRC patients revealed that a high level of DPD expression was significantly related
to the resistance to 5-FU[28]. Irinotecan and its active form SN38 can be converted into an inactive form
by several enzymes, such as cytochrome P450 (CYP) 3A4 and uridine diphosphate glucuronosyltrans-
ferase 1A, and therapeutic strategies targeting these enzymes have been proposed to effectively reverse
irinotecan resistance[29,30].

Changes in drug transport are another important factor for drug resistance. Membrane transport
pumps can transport chemotherapeutic drugs or molecular targeted drugs out of the cells, thereby
reducing the intracellular concentrations and leading to the development of multidrug resistance
(MDR). Membrane transporters mainly include 2 families: ATP binding cassette (ABC) and solute
carrier transporters. ABC transporters are the most famous and the main membrane transporter for
MDR, executing an important role in CRC resistance to chemotherapy. P-glycoprotein (P-gp) is the first
identified ABC superfamily member, and its upregulated expression has been implicated in the
development of MDR leading to chemotherapy failure in CRC[31,32]. To date, several preclinical studies
have demonstrated that natural inhibitors targeting ABCs or antisense oligonucleotide and ncRNAs
aiming to downregulate the P-gp expression possess the therapeutic potential to reverse the resistance
of CRC cells to oxaliplatin and 5-FU[33-36].

Alterations in the drug targets play a role in mediating the generation of drug resistance.
Thymidylate synthase (TS) is the main target of 5-FU in destroying DNA replication, and its expression
plays a crucial role in the development of CRC resistance to 5-FU[28]. Efforts to interfere with 5-FU-
mediated TS inhibition are expected to disrupt the development of drug resistance. Folic acid (FA)
enhances the cytotoxicity of 5-FU through the inhibition of TS both in vitro and in vivo[37,38].
Topoisomerase 1 (TOP-1) is the main target of irinotecan, and its mutation or downregulation is
responsible for CRC resistance, as reduced TOP-1 binding to DNA also contributes to irinotecan
resistance[27,39]. Past evidence suggests that Y-box binding protein 1 (YB-1) can improve the sensitivity
of irinotecan through its direct interaction with TOP-1 toward promoting intracellular TOP-1 activity
[40].

As for oncogenic/bypass signaling, it has been demonstrated that the sustained activation of Wnt/p-
catenin, JAK/STAT, and TGF- contributes to drug resistance of CRC. Wnt/B-catenin signaling is a
well-known evolutionarily conserved pathway endowing tumor cells with sustained growth and is
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Figure 1 Schematic illustration of mechanisms of colorectal cancer cell resistance to chemotherapy, radiotherapy, immunotherapy,
targeted therapy, and metastasis. ABC: ATP binding cassette; B2M: B2-microglobulin; CAFs: Cancer associated fibroblasts; CIMP: CpG island methylator
phenotype; CIN: Chromosomal instability; CTC: Circulating tumor cell; CYP3A4: Cytochrome P450 3A4; DPD: Dihydropyrimidine dehydrogenase; EGFR: Epidermal
growth factor receptor; EMT: Epithelial-mesenchymal transition; ERBB2: Erb-b2 receptor tyrosine kinase 2; ERK2: Extracellular regulated protein kinases; HGF:
Hepatocyte growth factor; hAMLH1: Human MutL homolog 1; HSP27: Heat shock protein 27; IGF-1R: Insulin-like growth factor 1 receptor; ILC3s: Group 3 innate
lymphoid cells; MAPKAPK2: Mitogen-activated protein; MDSCs: Myeloid-derived suppressive cells; MSI: Microsatellite instability; NETs: Neutrophil extracellular traps;
NF1: Neurofibromin 1; p38MAPK: p38 mitogen-activated protein kinase; PP2A: Protein phosphatase 2A; SLC: Solute carrier; TAP1: Transporter 1; TAP2: Transporter
2; TAMs: Tumor associated macrophages; TME: Tumor microenvironment; TOP-1: Topoisomerase 1; TP: Thymine phosphorylase; TRAP1: TNF receptor associated
protein 1; TS: Thymidylate synthase; UGT1A: Uridine diphosphate glucuronosyltransferase 1A.

responsible for CRC resistance to chemotherapy[41]. The inhibition of the Wnt/B-catenin pathway can
restore the CRC sensitivity to 5-FU, thus exhibiting potential therapeutic potentials[42]. JAK/STAT
signaling has been reported to regulate cell survival, proliferation, apoptosis, and differentiation, which
is associated with CRC cells resistant to chemotherapy and immunotherapy[43-45]. TGF-p signaling also
participates in the development of CRC resistance to chemotherapy through the upregulation of
mesenchymal maker expression and inducement of MEK/ERK activation[46,47]. Targeted therapy
against TGF-p thus presents promising value toward reducing the growth of chemo-resistant CRC cells
and facilitating tumor control[48]. Last but not least, PI3K/ AKT/mTOR pathway is well-accepted to be
involved in tumorigenesis and development of CRC, which also contributes a lot to development of
chemotherapy resistance[49]. Recent study identified miRNAs responsible for 5-FU resistance of CRC

Fishidenge WVJG | https://www.wjgnet.com 1914 April 7,2023 | Volume29 | Issuel3 |



Jaishideng®

Ren SN et al. CRC resistance mechanism and application of nanotechnology

cell lines through regulating activity of PI3K/AKT pathway[50]. Moreover, PI3K/AKT/HIF-1o and
AKT/GSK-3B/5Snail signals also contribute to drug resistance via regulation of glycolysis and stem cell
maintenance, respectively[51,52].

An increasing body of evidence has demonstrated crosstalk between tumor cells and the microenvir-
onment, and the impact of the TME on chemotherapeutic efficacy suggests another mechanism for drug
resistance. For instance, tumor-associated macrophages (TAMs) facilitate tumor growth, metastasis, and
angiogenesis, while suppressing the anticancer immune response, regulating metabolism, and even
influencing the microbiota[53]. Recently, multi-omics research utilized a large sample to reveal
increased infiltration of neutrophils and monocytes in chemotherapy-resistant CRC tissues, which has
been associated with poor outcomes[54]. Meanwhile, another research by Gupta et al[55] investigated
metastatic CRC patients who received neoadjuvant chemotherapy. The results revealed that the TME
was significantly altered after chemotherapy when neoadjuvant chemotherapy increased the levels of T
cells, especially CD8'T cells. Furthermore, bioinformatic studies focused on the prediction of sensitivity
to chemotherapy and other therapies analyzing features of the TME and other pathological conditions
have provided some promising results[56,57].

Epithelial-mesenchymal transition (EMT) also represents another form of interaction between tumor
and microenvironment, especially during development of chemoresistance. Most tumor cells with the
capacity of chemoresistance show a strong mesenchymal phenotype. EMT driven by miRNAs,
oncogenes, protein kinases, and other factors facilitates to generation of drug resistance. Upregulated
expression of DPYD, TYMS, ERCC1, and GSTP1 was associated with EMT, which eventually leads to 5-
FU and oxaliplatin resistance of CRC cells[58,59]. DSTYK, a novel protein kinase, also contributes to
chemoresistance in CRC cells by activating TGF-f induced EMT, and knockout of DSTYK hinders tumor
growth in vivo[60]. Recently, proven by Zhu et al[61], activation of SOX2-B-catenin/Beclinl/autophagy
signaling generated promoting effects on EMT, stemness and chemoresistance in CRC.

In addition to EMT, extracellular vesicles (EVs) are considered as a major pathway for cell-cell
communication via transfer of their cargo, which ranges from proteins, lipids, miRNAs, and circRNAs.
Due to the diversity of EVs cargo, it plays essential regulatory role during chemoresistance[62]. So far,
compelling evidence indicated miRNAs transferred by EVs can be utilized as predictive marker of
chemoresistance, and miR-21 was identified as the most common EV-associated miRNA relating to
chemoresistance in CRC[63]. It was indicated that CRC exosomes are able to activate Wnt/-catenin
pathway through promoting the stabilization and nuclear translocation of p-catenin leading to 5-FU and
oxaliplatin resistance[64]. CircRNA-122 delivered by EVs originated from chemoresistant CRC cells,
played robust promoting effect on glycolysis which reduced drug susceptibility in chemosensitive cells
[65]. In addition to harboring regulatory proteins, miRNAs, and circRNAs, drug efflux pumps (such as
P-gp 1) and even cytotoxic drugs can also be transported by EVs to sequester drugs and negate drug
effect on tumor cells[66-69]. Moreover, EVs generated from TME are also responsible for generation of
chemoresistance of CRC. In a pre-clinical research, cancer-associated fibroblast (CAF)-derived EVs
showed remarkable inhibitory effect on anti-cancer activity of oxaliplatin[70].

Radiotherapy resistance
Radiotherapy is considered another important adjuvant treatment to treat CRC, especially for advanced
rectal cancer (as recommended by the NCCN guideline). However, resistance to radiotherapy is
prevalent, which can be attributed to two main factors: tumor heterogeneity and the complexity of TME.
Tumor heterogeneity is the most important reason for radiotherapy resistance, as supported by the fact
that the equal effect of radiotherapy is not achieved in all tumor subpopulations. Among them, CSCs
have been implicated as the most responsible factor for resistance to several therapies including
radiotherapy[71-73]. Resistance to radiotherapy of CSCs can be categorized as intrinsic and acquired
resistances, the latter of which is the adaptive response caused by radiotherapy itself. Owing to the
distinct quiescent state and the plasticity of CSCs, they can survive stress, chemotherapy, and
radiotherapy, which is referred to as intrinsic resistance[74]. Past studies have demonstrated that the
activation of several signaling pathways contributes to CSC radio resistance, which includes Wnt/p-
catenin, Notch signaling, TGF-B, Hedgehog, and PI3K/AKT/mTOR signaling. Wnt signaling increases
the active levels of B-catenin post-radiation, leading to the development of resistance, which plays a role
in the dedifferentiation of CSCs by regulating the SOX2 expression[75-78]. The Notch pathway can be
activated via radiation and initiation of gene transcription, leading to an increased proportion of cells in
the S phase[78]. The Hedgehog pathway is involved in the reprogramming of CAFs and is also
responsible for the production of a supportive condition for the maintenance of CSCs stemness[79]. In
addition to the alterations of the signaling pathways, tumor cells, especially CSCs, take adaptions of
apoptosis, cell cycle, and EMT to survive radiation[74]. The cell-cycle progression can be blocked or
slowed by irradiation that induces the redistribution of cells in the S phase, thereby contributing to
radio resistance[80]. Researchers have found that the EMT triggered by irradiation may be related to the
intravascular behavior of tumor cells forming the circulating tumor cells (CTCs) that are deemed
responsible for the recurrence and metastasis[81,582].

Currently, a plethora of evidence indicates the significance of TME involved in radio resistance of
solid tumors[74,83,84]. Concerns regarding the TME on radioresistance are based on the observation of
COMMA-D cells, which are rarely tumorigenic and present with several features of normal mammary

WJG | https://www.wjgnet.com 1915 April7,2023 | Volume?29 | Issuel3 |



Ren SN et al. CRC resistance mechanism and application of nanotechnology

Jaishideng®

epithelial cells. In a mouse model, the implantation of unirradiated COMMA-D cells into the mammary
fat pads of irradiated hosts eventually formed large tumors, indicating the pivotal role of the TME in the
determination of the radiotherapy outcome[85]. Generally, the effects of radiotherapy on the TME can
be categorized into 3 forms: Vasculature, stroma, and immune system[84]. Irradiation damages the
vasculature within tumors by causing the dysfunction of endothelial cells. The main consequence of
radiation is hypoxia induced by increased permeability and detachment of the endothelial cells from the
basement membrane as well as apoptosis[86,87]. To date, hypoxia has been recognized as one of the
most critical reasons for radio resistance of tumors, and several strategies have been devised to reverse
this resistance by overcoming the hypoxic environment. Ritter et al[88] reported that exposure to acute
and adaptation to chronic hypoxia alters the balance of Bcl-2 family proteins in favor of anti-apoptotic
family members, thus attenuating the success of radiotherapy[88]. Moreover, exposure to hypoxia can
activate oxygen-sensitive signaling cascades leading to metabolic adaptation and increasing cell death
threshold, which accounts for a worse response to radiotherapy[89].

Regarding the impact on the stroma, radiotherapy induces significant activation of CAFs. The
upregulation of integrin by CAFs participates in radio resistance through the interactions among cancer
cells, stroma cells, and the environment[90,91]. Finally, the immune effect of radiotherapy has been well
studied considering that induction of immunogenic cell death (ICD) after irradiation can, in turn, induce
anticancer response through the release of neoantigens[92]. The resultant change in inflammation can be
caused by the alterations in the cytokine signaling pathways in the TME under hypoxia-created
irradiation, which recruits both immunostimulatory and immunosuppressive cells to locate the tumor
site[93,94]. Moreover, the exhaustion of CD8* T-cell induced by radiotherapy is another radio-resistant
mechanism that is supported by the upregulation of PD-L1 on tumor cells after radiation therapy[95-
97]. In such a case, the final immunomodulation of radiation therapy can be stimulatory or suppressive,
which offers therapeutic challenges to confer the synergistic potential of radiation therapy combined
with immunotherapy[84].

Immunotherapy resistance

Immunotherapy has long been recognized as an effective modality to treat multiple malignancies, albeit
its efficacies on CRC remain confined to only a few subtypes. Generally, resistance to immunotherapy
can be attributed to tumoral and microenvironmental factors. With regard to the tumor factors, it is
well-acknowledged that CRCs with microsatellite stability is characterized by considerably low tumor
mutation burden (TMB) and less immune infiltration when compared with CRCs exhibiting MSI. FDA-
approved immunotherapy suggested certain outcomes in CRC patients with MSI metastatic disease[98,
99]. In addition to MSI, two other pathways have been reported to be responsible for genomic
instability, including chromosomal instability (CIN) and the CpG island methylator phenotype, whose
identification can facilitate the stratification of immunotherapy-sensitive patients. In theory, the
response to ICI is expected in all MSI tumors; however, a certain proportion of patients continues to
experience progression due to several evading mechanisms in real clinical practice. Whether intrinsic or
adaptive, the specific evading mechanism is not fully understood at present, although changes in some
of the signaling pathways and gene expression have been reported[37,100,101].

The main mechanism concerns impaired antigen presentation or altered expression of HLA complex.
Mutations of B2M [p2-microglobulin (B2M), or HLA class I heavy chain] in CRC have been reported to
be significantly associated with the MSI phenotype but not MSS tumors[102,103]. Moreover, CRC
patients with an MSI phenotype and harboring B2M mutations revealed resistance to anti-PD-1 mAb
treatment[104]. B2M-mutant MSI tumors showed higher infiltration of PD-1+ T cells relative to B2M-
wild-type MSI tumors, indicating the loss of HLA-I expression mediated by B2M mutation[105].
Moreover, the mutations of genes involved in the antigen presentation process, such as TAP1 and TAP2,
have been related to the number of TILs in a tumor[106]. Other factors, including mutations in the HLA
peptide-binding area, HLA class I transactivator NLR5, and RFX5, have also been cited as responsible
for the altered function or expression of HLA that results in the development of immunotherapeutic
resistance[101,106,107]. As for the signaling pathway, IFN-y signaling plays an essential role in
immunotherapy. The mutations of JAK1 and JAK2-the downstream kinases of IFN-y signaling-are
associated with an inherent resistant to anti-PD-1 mAb treatment of CRC[45]. Recently, the KRAS-IRF2
axis was illustrated to be responsible for the direct regulate of the CXCL3 expression, which bound to
CXCR?2 on the surface of myeloid-derived suppressive cells (MDSCs) and promotes the migration of
MDSCs to TME, resulting in the development of immunotherapeutic resistance[108].

On the other hand, TME is significantly related to resistance to immunotherapy. Most importantly,
the density, function, and site of immune cells” infiltration in tumors are critical to the efficacy of the
applied immunotherapy[109,110]. In such a situation, immunoscore is recommended for the evaluation
of the immune contexture within a tumor. A score of 0-4 indicates a significant association with the
prognosis of CRC patients[111]. Specifically, the expression of PD-L1 has been associated with a higher
immunoscore[112,113]. Furthermore, researchers have suggested a novel CRC molecular subtyping
system, and four consensus molecular subtypes (CMS) have fully illustrated CRC with distinct
molecular and immune features[114]. According to the CMS subtyping, immunotherapeutic efficacy can
be successfully predicted by different TMB and immunoscore, which is believed to be superior to those
of conventional UICC-TNM staging[106,114-118]. Among the infiltrated immune cells, MDSCs and
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TAMs, which are referred to as immunosuppressive myeloid cells, are the major suppressive factors that
downregulate the antitumor effect of CD8'T cells. Recently, researchers revealed a novel mechanism
responsible for the regulation of MDSCs function through prostaglandin E2 receptor 4 (EP4), and they
developed a selective antagonist TP-16 as a potential target for the enhancement of immunotherapy for
CRC[119]. Furthermore, the microbiota has also been implicated in the development of immunothera-
peutic resistance of CRC[120]. Group 3 innate lymphoid cells (ILC3s) was recently reported to be
associated with the alterations in microbiota in human along with the indications of dysfunctional
adaptive immunity and immunotherapy resistance[121].

Additionally, many studies have linked tumor EMT phenotype with immunosuppression status
through regulating PD-L1 expression, which lead to resistance to therapies. Evidence from a former
study has revealed the link between EMT and CD8'T cell immunosuppression. MiR-200, a cell-
autonomous suppressor of EMT, regulates expression of PD-L1, but suppressed by EMT activator ZEB1
[122]. Snail, a transcription factor of EMT, was shown to promote tumor growth in vivo and confer
resistance against T cell-mediated lysis through the induction of autophagy[123,124].

Targeted therapy resistance

In addition to chemotherapy, radiotherapy, and immunotherapy, specific antibodies and small
inhibitors therapy targeting cancer-associated receptors or signaling pathways represent another
antitumor strategy toward control CRC. There are four main types of targeted therapy applicable in
treating metastatic CRC: Monoclonal antibodies targeting EGFR, inhibitors of VEGF, small chemicals
targeting intracellular kinases of several signaling pathways, and a recently approved small molecular
BRAF inhibitor[125]. Among these, anti-EGFR therapy is widely used to manage KRAS wild-type CRC,
including cetuximab and panizumab, the resistance to which will be mainly illustrated in this
subsection. Reportedly, anti-EGFR therapy has been effective in 50% of CRC patients showing KRAS
wild-type, but only 6% in those showing KRAS-mutant tumor[126,127]. In a clinical setting, patients
usually develop resistance to anti-EGFR therapy after 3-12 mo of initiating the treatment[128,129].
Furthermore, it has been estimated that 80% of mCRC patients develop resistance to anti-EGFR
regimens[130].

The mechanism of resistance to anti-EGFR therapy can be categorized into 2 types: Tumoral and
environmental. Alterations of the EGFR ligands and EGFR significantly contribute to treatment
resistance. The mutation of the EGFR kinase domain (V843 I) and the methylation of R198/R200 have
been correlated with disease progression in patients receiving cetuximab[131]. Sequence changes in the
extracellular domains of EGFR have also been implicated in conferring resistance to anti-EGFR
treatment through the prevention of mAb binding[132-134]. The activation of compensatory feedback
loop signaling, including RAS/RAF/MEK and PI3K/AKT/mTOR pathway, is also known to contribute
to drug resistance[135]. Mutations, amplification, and the loss of genes, as well as aberrant
phosphorylation of these pathways, are all important factors in the primary and secondary resistances
to anti-EGFR therapy[136,137]. For instance, mutation of BRAF has been identified as the major marker
of poor prognosis of mCRC after anti-EGFR treatment[138-140]. As a dominant downstream factor of
EGEFR signaling, mutations and abnormal activation of the PI3K/AKT/mTOR pathway is responsible
for resistance to anti-EGFR[136,141,142]. Genomic stability is not only related to immunotherapy
efficacy but also the development of anti-EGFR resistance. Moreover, it has been reported that hMLH1
deficiency generated resistance to cetuximab through the increased expression of ERBB2 and
downstream PI3K/AKT signaling[143]. On the other hand, EGFR-targeted treatment has been reported
to increase the levels of immune cells’ infiltration and PD-L1 expression, suggesting the potential of
treatment combination with immunotherapy to combat the resistance of CRC[135].

CSCs are considered the predominant reason for treatment resistance. After targeted therapy, CSCs
aberrantly activate the substitute receptor tyrosine kinase, leading to the development of resistance to
anti-EGFR therapy[144]. Moreover, they activate anti-apoptotic signaling to generate resistance to
bevacizumab, such as PP2A, p38MAPK, MAPKAPK2, and Hsp27[145,146]. During an antitumor
treatment, cancer cells takeover metabolic remodeling to sustain survival, which contributes to the
development of resistance to targeted therapy. It has been reported that elevated levels of glycolysis
mediated by TRAP1 is related to resistance to anti-EGFR therapy and that fatty acid metabolism
demonstrated certain anti-apoptotic effect during the cetuximab treatment[147,148]. Furthermore,
autophagy is responsible for developing resistance to the anti-EGFR regiment[149,150].

In terms of the environmental factors, TME plasticity plays a significant role in modulating resistance
to targeted therapy[149]. The dysfunction of immune cells, altered infiltration of CAFs, and
angiogenesis all have an impact on the efficacy of anti-EGFR treatment[151]. Hepatocyte growth factor
(HGF) secreted by CAFs binds MET receptor and activates MAPK and AKT signaling, thereby inducing
resistance of CRC cells to cetuximab[144]. Moreover, Woolston et al[129] applied genomic and
transcriptomic analyses to evaluate primary and secondary resistances of CRC during anti-EGFR
treatment and revealed that NF1 and non-canonical RAS/RAF aberrations are associated with primary
resistance. Importantly, stromal remodeling mediated by CAFs has been indicated as a non-genetic
mechanism of cetuximab resistance[152]. In addition, treatment-induced senescence is believed to exert
a pro-tumorigenic effect, leading to recurrence and progression, which can be attributed to the secretion
of several factors and genetic mutations[153,154].
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To compensate for the prevalent resistance to anti-EGFR regimens, the combined application of other
targeted therapies has been proposed and tested in preclinical and clinical studies. Although several
agent-targeted RAS mutations have been approved in the treatment of CRC[155-157], the resultant
response is not sufficiently long for most patients, and the underlying mechanism included the upregu-
lation of some compensatory signaling events such as the TME modulation and recruitment of CD11b+
Grl+ myeloid cells[158]. Anti-IGF-1R treatment has been recognized as a targeted strategy in the
treatment of mCRC, the resistance to which has also been encountered in clinical studies. The
underlying mechanism can be attributed to the nuclear location of IGF-1R during the treatment, which
leads to the development of resistance to anti-IGF-1R therapy as well as chemotherapy[159]. In a study
of 47 human CRC cell lines, the authors observed a synergistic inhibition effect with the combination of
MEK and PI3K inhibitors, although primary and secondary resistances were observed and the mutation
of ERK2 was recommended as the driver of resistance to the mono- or combined regimens[160].

Since approved by FDA in 2004, Bevacizumab (Avastin) and other VEGF pathway inhibitors have
been utilized for cancer therapy, which improved survival in most cancer patients but some still have
limited or no benefit from them. The primary and acquired resistance can be attributed mainly to
activation of alternative angiogenesis other than VEGF pathway, including angiopoietin (Ang?2),
bombina variegate (Bv8), FGF, etc[161,162]. Additionally, other factors also play important role in
development of anti-VEGF therapy resistance. Inflammation was tested to affect responsiveness to anti-
VEGEF in a mouse model of chemical induced colitis, which revealed Bv8/PROK2 expressed by tumor-
infiltrating neutrophils related to anti-VEGF resistance[163]. Specifically, patients with CD177*
neutrophil infiltration in tumor tissues had poor survival than those with CD177 infiltrates[164].
Besides, HOXB9 and extracellular matrix (ECM) remodeling induced by anti-VEGF were responsible for
development of anti-VEGEF resistance[165,166]. Park et al[167] found that nearly all of the cetuximab-
resistant colorectal cancer cells showed a higher EMT signature, showing increased EMT markers such
as SNAI2.

Metastasis

Metastatic events are the major cause of CRC patients” death, with the liver being the most common site
of metastasis[168-170]. The lung, distant lymphatic nodes, and peritoneum are the secondary metastatic
sites of CRC[168]. In the 1880s, the classic concept of “seed (tumor cells) and soil (specific organs) was
proposed by Paget, which illustrated the basic metastatic mechanism for tumors[171]. To date, several
excellent reviews have detailed the specific intravasation and extravasation procedures of CRC cells
during metastasis[172-176]. For instance, liver metastasis is recognized as multiple factors- and
processes-involved complex biological procedures. First, a certain subtype of CRC cells is endowed with
the invasion capability, and they migrate to the ECM through the EMT, followed by infiltration into the
surrounding tissues, after which they enter and survive in circulation, eventually colonizing and
forming a secondary tumor in distant organs via extravasation[172]. Moreover, a metastatic mouse
model explored by Enquist et al[177] suggested that the direct spread of CRC cells through the blood to
the liver is a possible dissemination route without any prior lymph-node involvement; this information
has the potential to facilitate future drug development targeting metastasis[177,178].

As far as the intrinsic factors are concerned, several molecular mechanisms have been deemed
responsible for CRC metastasis, including non-coding RNAs (ncRNAs), Notch, TGF-B, and exosomes
[172]. Among these, TGF-B is widely accepted as the most important signaling pathway related to
metastasis. It was recently reported that an increased level of TGF-p in the TME promoted T-cell
exclusion and blocked the acquisition of the T,;1-effector phenotype, while the blockage of TGF-p
signaling rendered CRC susceptible to immunotherapy[179]. To induce the EMT process, TGF-p
downregulated the expression of E-cadherin and upregulated the Vimentin expression in CRCs in order
to promote invasion and migration[180]. Consequently, TGF-B signaling may serve as a vulnerable
factor of CRC metastasis that can be exploited for targeted therapy in a clinical setting.

In addition to the EMT process mentioned earlier, recent studies have indicated a cell death process-
dependent pathway for metastasis[181]. Among the several reversible cell death forms (such as
apoptosis, necroptosis, ferroptosis, pyroptosis, and NETosis), the Blebbishield emergency program is
considered a prototype for cell death-driven metastatic pathway[176]. The Blebbishield metastatic-witch
pathway is characterized by the formation of apoptotic blebbing that is reconstructed into blebbishields
and, subsequently, a spheroid state. This fusion structure may release or generate single cancer cells
with the ability of migration, genomic instability, immune evasion, and increased metastasis[176,182-
185]. On the other hand, it is believed that tumor cells must overcome multiple environmental obstacles
during metastasis, and metabolic rewiring is widely adapted to achieve successful colonization in
distant organs[186]. The adaption of pyruvate, lactate, glutamine, and fatty acids metabolism all
contribute a several invasion and migration stages, the circulating stage, and the final colonization step,
which represents a potential target for metastasis prevention and treatment[186-189].

Beyond the intrinsic factors of altered signaling and metabolic adaption, extrinsic conditions also
participate in the regulation of CRC metastasis. Recently, neutrophil extracellular traps (NETs) formed
by decondensed chromatin filaments of neutrophils were implicated in cancer metastasis[174,190].
Clinically, the increased accumulation of neutrophils has been revealed in pre-metastatic organs[191,
192]. Moreover, immunostaining of the CRC tissues demonstrated the existence of NETs in primary and
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related metastatic lymph nodes of CRC[193]. Through in vivo and in vitro assays, NETs were found
distributed at the primary site and over the tumor boundary of CRC, whose levels were increased in
CRC patients[193-196]. The relevance between NETs and CRC progression and prognosis was
illustrated with the assistance of a mouse model and an observational study[197]. Functionally, NETs
promote proliferation and the secondary metastasis of CRC, as well as prepare for the adhesion of CTC
to the liver or the lung epithelial cells[198-202]. It was also reported that the disruption of NET
formation by DNase facilitates the control of CRC metastasis[194,196,199,203,204]. As a pivotal
component of the TME, immune cells were found to be involved in CRC metastasis. TAMs have been
reported to induce the EMT process for the promotion of the metastatic capability of CRC and CTC-
mediated metastasis, which subsequently lead to the production of CCL2 for enhancing macrophage
recruitment[205].

APPLICATION OF NANOTECHNOLOGY IN CONQUERING THERAPEUTIC RESISTANCE
AND METASTASIS

As mentioned earlier, 2 main reasons result in treatment resistance and metastasis of CRC, namely
tumor and environmental factors. Despite the advancements in cancer treatment and the development
and design of several drugs or methods to target metastatic sites or reverse drug resistance, only a few
such approaches have achieved satisfactory clinical outcomes. The rapid advancements in nanotech-
nology have provided new methods and options for the treatment of cancer with unique advantages,
such as an excellent carrying capacity, better permeability, and the realization of multidisciplinary
therapy[206]. In terms of nano delivery methods, compelling reviews have fully illustrated the diversity
of nanomaterials currently utilized for cancer therapy, including organic materials, inorganic materials,
polymers, and exosomes, efc. Exosomes, particularly, have been explored as a potential candidate in
therapeutics delivery owing to their intrinsic targeting property, endogenous functionality, and ability
to cooperate with a host defense mechanism. So far, exosome-based nanotechnology has achieved
marked technological advances and exosome-based nanotheranostic platforms have thus been bloomed
[207]. It has been demonstrated that exosome delivery led to higher drug accumulation in target cancer
cells and improve molecule stability as well as blood circulation time, thus improving the efficiency of
small molecule drugs[208]. Besides, exosomes secreted by different cell types contains a diversity of
proteins which facilitates better recognition of targeted cells and reduce nonspecific distribution[209,
210]. In general, nanotechnology-based strategies have been developed to restore drug sensitivity and
enhance the anti-tumor efficacy. The detailed advancement in accordance with the mechanism of
therapeutic resistance and metastasis, will be discussed in detail in the following section.

Nanotechnology and surgery

Until date, surgery remains the preferred scheme of CRC and the only curative option for malignant
bowel obstruction in some cases. As surgical procedures facilitate thorough and timely removal of the
primary cancer site, the possibility of disease cure is ensured in most cases. However, 2 major challenges
remain, including precise identification of micro-metastatic lesions during the surgery and the
generation of a suppressive immune microenvironment after the surgery. Taking advantage of
fluorescence imaging technology, researchers have developed novel intraoperative imaging methods
that can specifically detect the tumor edge and micro-metastatic sites. For instance, Li ef al[211] designed
a fluorescent probe activated by a CD13/aminopeptidase N (APN), YH-APN, which demonstrated
superior tumor-to-normal (T/N) tissue ratios under different conditions. Moreover, owing to the
superior ability to distinguish metastatic lesions, even those as small as 1 mm in diameter, image-guided
resection, and imaging of metastatic cancer were successfully achieved by spraying YH-APN. Recently,
Wang et al[212] also used an in situ spraying method that enabled precise distinguishing of the tumor
edge under the guidance of fluorescent probes. During surgery, the use of real-time fluorescent imaging
to detect B-glucuronidase (GLU) activity was achieved by DCDNO,, and the outlines of the tumor were
visualized, which guided precise resection of liver cancer.

Regarding the suppressive immune microenvironment, Ji et al[20] designed a biopolymer nanogel
implant that can be placed in the resection cavity of CRC (Figure 2). Owing to its good tissue adhesion
ability and biodegradability, the implant remained in the surgical site and the loaded drugs, including
antibody and resiquimod (R848), were released gradually. In the implant group, the residual tumors
were eradicated after surgery, which helped inhibit distal tumor metastasis and induced immune-
memory effects resisting the re-challenge experiment. Recently, Si et al[21] further improved a nanogel
implant to an in-situ-sprayed gel delivering anti-OX40 antibody, which demonstrated the promising
therapeutic potential of CRC. This improved nanogel modulated the suppressive immune microenvir-
onment by inhibiting the activity of cyclo-oxygenase-2 (COX-2); as a result, the loaded aOX40 was
gradually released for over 20 days, serving as an immune agonistic antibody. The treated mice
displayed resistance to the re-challenge with M38 cells and a remarkable inhibition of the growth of
abdominal metastatic tumors[21].
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Figure 2 Intraoperative implant of biopolymer exhibited therapeutic effect on colorectal cancer growth. A: Schematic illustration of the implant
preparation process; B: Immunoimplant inhibited tumor growth post-surgery; C: Immunoimplant showed survival benefit after tumor re-challenge. Citation: Ji G, Zhang
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Nanotechnology and chemotherapy

The therapeutic strategy of nanomaterials-derived drug delivery system toward overcoming
chemotherapy resistance can be generally summarized into 4 aspects: (1) Increasing the drug concen-
tration, accessibility, and permeability; (2) targeting the key genes of drug metabolism; (3) targeting the
underlying efflux mechanism of the drug; and (4) the delivery of phytochemicals as an alternative.

The commonly applied strategy for overcoming drug resistance is to increase the local drug concen-
tration. Improved cytotoxicity to human CRC cell lines was achieved through the direct delivery of
DOX and 5-FU via oleic acid, which reduced the IC,, values relative to that with the free-drug forms[206,
213]. The codelivery of chemotherapy and targeted therapy by nanomaterials also demonstrated an
improved synergistic effect on the CRC cells. Recently, nanoemulsion loaded with paclitaxel (PTX) and
BEZ235-a PI3K/ AKT/mTOR pathway inhibitor-displayed a greater antitumor effect with remarkably
lower IC;,when compared with free PTX. The combined therapy with nanoemulsion inhibited the
growth of drug-resistant CRC cells either in culture or in vivo (Figure 3)[214]. Furthermore, theranostics
mediated by magnetic resonance imaging (MRI) was applied to combat drug resistance through precise
diagnosis and targeted therapy[215]. The application of the pH-responsive polymer PEALCa nanomi-
celles loaded with PTX and SPIO avoided the uptake by RES, entered human CRC cells, reached the
lysosomes, and released PTX in vitro. The drug uptake efficiency could be visualized by MRI, which
exhibited a relatively more efficient antitumor effect[216]. Further attempts took advantage of the
imaging characteristics of materials to deliver drugs, realize real-time imaging of the drug uptake, as
well as to control tumors simultaneously[217-219]. The decreased permeability of a drug is another
reason for the development of resistance to it. For instance, Bergers et al[186] designed a nanogel loading
5-FU nucleoside floxuridine or other chemical agents, like gemcitabine. Their conjugated nanogel-
chemotherapy system exhibited an improved anticancer effect on drug-resistant Caco-2 cells, with
enhanced permeability across the gastrointestinal barrier.

Targeting mutations or the altered expression of genes involved in drug metabolism also serves as a
promising option to resolve the issue of drug resistance. The upregulated expression of DPD (DPYD)
has been implicated in the development of 5-FU resistance, as it catalyzes 5-FU into an inactive
metabolite[220,221]. With the intension to reverse the resistance to 5-FU of SW480 cells, Chen et al[189]
designed hollow mesoporous silica nanoparticles (HMSN) to deliver 5-FU. When grafted with EGF
targeting to EGFR-overexpressed SW480/ ADR cells, elevated intracellular 5-FU was recorded, which
induced apoptosis and cell-cycle arrest, along with the downregulation of DPYD. In addition, restorage
of sensitivity to 5-FU was achieved with the use of multi-walled carbon nanotubes and several other

nano-based delivery systems with the capability to boost the antitumor efficacy of chemotherapeutics
[222,223].
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Figure 3 Nanoemulsioned Paclitaxel and BEZ235 reduced multidrug resistance of colorectal cancer. A: Morphological changes of cells treated
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Improvement in the biodistribution and pharmacokinetics of cytotoxic drugs is possible through the
adoption of an environmentally responsive nanomaterial-derived delivery system. As reported by
Udofot et al[224], pH-sensitive liposomal nanoparticles entrapping 5-FU modified with an anti-EGFR
antibody (pHLNps-5-FU) exhibited prolonged plasma circulation, while accumulated exposure of
PHLNps-5-FU in a tumor site exhibited enhanced anticancer effect relative to that with a free drug[224].
Au nanoparticles (AuNPs) are used to increase the 5-FU efficacy and decrease the related side effects;
moreover, AuNPs-based nanoformulation has been reported to enhance the cytotoxicity of 5-FU to CRC
cells[225]. Targeting the efflux mechanism to increase the intracellular accumulation of drugs serves as
another effective approach to restoring drug sensitivity. For example, NPs designed with a PLGA core
and an HA polymer shell loading 5-FU and L3-encoding cDNA (plasmid, pL3) were reported to
sensitize CRC cells to 5-FU, as pL3 protein interfered with drug efflux via the P-gp regulation[226].

In addition to the abovementioned efforts, alternative therapies have achieved considerable outcomes
with the use of naturally available phytochemicals, including curcumin, genistein, lycopene, and
resveratrol, among others[227]. Thanks to nanotechnology, novel nanoformulations delivering
phytochemicals have realized more efficiency and reduced side effects, which compensate for poor
absorption, low solubility, and rapid metabolization of these natural drugs. Liposomes have been
applied to enhance the uptake rate of curcumin, and its IC;,is lower than that of oxaliplatin, which can
reduce the expression of angiogenic factors, increase apoptosis, inhibit angiogenesis, and prevent CRC
progression[228]. The simultaneous encapsulation of curcumin and DOX in liposomes have been
reported to increase drug accumulation at the CRC sites, exhibiting a higher inhibitory effect compared
to that with free DOX[229]. Similarly, the establishment of an amphiphilic block copolymer pluronic/
polycaprolactone to encapsulate curcumin demonstrated a better targeting effect on the tumor sites as
well as restored the sensitivity of tumor cells to drugs[230]. Considering its abilities of chemosensit-
ization, antioxidation, and anti-inflammation, resveratrol was loaded into gold nanoparticles (GNPs)
after tagging with radionuclide technitium *m; it was rapidly taken up by CRC cells, displaying
obvious cytotoxicity to tumor cells and excluding normal colon cells[231,232]. In support, other past
studies have confirmed that the combination of resveratrol with 5-FU increases the sensitivity of CRC
cells to 5-FU[233-236].

Hui et al[237] loaded oxaliplatin into exosomes encapsulating PGM5 antisense RNA 1 by electro-
poration. The results suggested a significant inhibition of both CRC cell proliferation in vitro and tumor
growth in vivo[237]. Tran et al[238] encapsulated aspirin into exosomes derived from colorectal cancer
cells and strongly enhanced cytotoxicity of aspirin to cancer cells. Interestingly, this cytotoxic effect was
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more pronounced to parental cells of the exosomes, reminiscent of homing effect.

Nanotechnology and radiotherapy

Radiotherapeutic resistance is developed through multiple mechanisms, as illustrated in Section 2.
Accordingly, strategies for treating radiotherapy resistance can be categorized into 2 aspects: Invest-
igation of newer biomarkers or signatures to predict radiotherapy sensitivity and the modification of the
TME, such as hypoxia. Due to the intrinsic resistance to radiotherapy, it is necessary to establish
methods for the detection and identification of sensitive cases before initiating treatment. Recent studies
have been able to investigate the genetic signatures and normalize clonogenic assays to predict the
radiotherapy response in a more precise and effective manner[239,240]. On the other hand, the
modulation of the TME by nanotechnology has demonstrated an improved radiotherapeutic efficacy
owing to 3 advantages: An improvement of hypoxia by the loaded cargos, the radiosensitization
capacity of some nanomaterials, and the combined application of multiple therapies by using a
nanoplatform.

Hypoxia is believed to be one of the most prevailing mechanisms for the development of radiores-
istance. Methods suggested to restore the tumor oxygen supply before or during radiotherapy include
erythrocyte transfusion, erythropoietin administration, and hyperbaric oxygen (HBO) treatment, among
others. To date, compelling evidence has demonstrated that hypoxia can be successfully overcome with
the use of relevant nanomaterials, as also summarized by several excellent reviews[241-243]. For
instance, some simulated oxygen- or water-soluble components can be employed to improve the effect
of radiotherapy. In one study, the bioreactive albumin MnO, nanoparticles synthesized by nanotech-
nology produced more oxygen in the hypoxic area, which was helpful to improve the radiotherapy
effect[244]. Other strategies adopted so far include the delivery of exogeneous O,to the tumor site, in
situ generations of O,and reduced consumption of O,in a tumor. Moreover, Tang et al[245] developed a
nanoeconomizer to overcome radio resistance by regulating the hypoxic environment within tumors.
This system functions in two ways: First, it releases NO in the acidic microenvironment to protect
endogenous oxygen supply and reduce oxygen consumption; second, the photothermal effect facilitates
the clearing of the residual tumor lesions that are resistant to radiotherapy (Figure 4).

Currently, nanoparticles with high atomic numbers, including metal-based NPs, have drawn much
interest as radiosensitizers[246-248]. The level of GNPs taken up by CAFs in the TME is higher than that
of tumor cells and normal fibroblasts. Therefore, during radiotherapy, GNPs can increase the local
radiation dose and reduce the toxic effect on normal tissues, which improves the overall radiotherapy
effect. Bromma et al[249] compared GNPs uptake by CAFs and DNA damage foci in CAFs to that in
normal fibroblasts and HeLa cells and found that GNPs act as an effective tool in cancer radiotherapy to
improve the overall efficiency. GNPs are commonly used as a radiosensitizer in in vitro experiments,
albeit only a few have been used in clinical experiments due to their redox reactivity. Moreover, Guerra
et al[18] designed an intercomparison of the respective sensitization capacities of GNP and iron oxide
nanoparticles in human glioblastoma cells; they found different sensitization mechanisms, suggesting
metal-based NPs as effective alternations to eliminate radioresistance.

Finally, through functionalization, the nanomaterials-derived system can be developed to realize
disciplinary treatment simultaneously. The combined utilization of radiotherapy and immunotherapy
exhibited great synergistic potential in the treatment of cancers. To overcome hypoxia and an immune
suppressive microenvironment, Li et al[19] constructed a nanoprobe based on quantum dots that
emitted in the near-infrared IIb window. By aggregation of nanoprobes in a tumor site, precision
radiotherapy was realized with only a few side effects, improved ICD-augmented activation of dendritic
cells, and induced robust T cell-mediated antitumor effect. Recently, Guan et al[16] engineered a
nanoplatform combining radiotherapy and immunotherapy and discovered the potential to remodel the
suppressive microenvironment after surgery. They constructed nanomedicine IPI549@HMP-targeted
myeloid cells and catalyzed endogenous H,0O, to O,, thereby reversing hypoxia-related radioresistance,
which increased susceptibility to anti-PD-L1 therapy and eventually resisted tumor rechallenge.

Wang et al[250] developed exosomes from yd-T cells and found that exosomes from yo-T cells can
specifically target the radioresistant CD44"/high CSCs in nasopharyngeal carcinomas. Moreover,
exosomes combined with radiotherapy had a higher therapeutic potency than radiotherapy
monotherapy in vitro and in vivo. Wan et.al found that microRNA-34c-5p (miR-34c) could inhibit
malignant behaviors in nasopharyngeal carcinomas. Exosomes overexpressing miR-34c significantly
increased radiation-induced apoptosis in nasopharyngeal carcinomas[251].

Nanotechnology and gene therapy

Gene therapy represents a novel tool for conquering therapeutic resistance of CRC in a specific and
targeted method, considering that genetic alterations are generally responsible for treatment failure.
Strategies involving gene therapy include gene replacement, gene addition, gene expression modific-
ations at the RNA level, and gene editing at the DNA level[252,253]. The combination of molecular
biological technologies and nanomaterials has significantly promoted the development of gene therapy
for CRC. Pigment epithelium-derived factor (PEDF) protein, a well-accepted tumor suppressor, has
been reported to inhibit tumor proliferation and progression through its anti-angiogenesis and pro-
apoptotic effects. Recently, Bao et al[254] designed a liposome-loading PEDF-DNA decorated with an
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iRGD peptide and demonstrated the reduced metastatic capability of CRC cells and the induction of
apoptosis in vitro, as well as the inhibition of lung metastasis and prolonged survival of the animal
model.

In addition to delivering DNAs encoding functional proteins, gene silencing therapy is commonly
applied in CRC treatment. The methods adopted for gene silencing usually comprise the delivery of
antisense oligonucleotide, miRNA, and siRNA, among which siRNA delivery is believed to offer more
advantages[255-259]. Moreover, CRISPR/Cas9 technology has achieved a better targeting effect relative
to siRNA therapy[260,261]. Recently, Zhao et al[262] constructed a cationic liposome-based nanoparticle
for purpose of delivering miR-139-5p, decorated with epithelial cell adhesion molecule aptamer on the
surface for the targeted treatment of CRC. With the use of cell lines and animal models, the constructed
nanoparticle exhibited a satisfactory uptake and targeting ability, while demonstrating a tumor-growth
suppressive effect.

On the other hand, siRNA delivery has achieved considerable outcomes through silencing of the key
genes related to metastasis and MDR in order to reverse drug resistance of CRC cells[263,264]. To date,
several nanocarriers have been developed to deliver siRNAs, which include liposome, PLGA, and RNA
nanoparticles. Liposome-derived system is the most common platform for delivering siRNAs, which
can protect siRNAs from degradation and kidney clearance while offering the advantages of convenient
manufacturing and biodegradability[263]. However, the utilization of liposomes continues to be
hindered by issues related to toxicity and release, and PLGA polymers were recently proposed as the
preferred agents to realize prolonged release circumventing these obstacles while showcasing better
biodegradability and lower toxicity[264-266]. Thanks to rapid development, nucleic acid nanotech-
nology has gained much attention with its distinct features. Particularly, RNA nanoparticles are widely
being used to deliver multiple drugs, thanks to their low toxicity, negative potential, programmable
features, and the ability to self-assemble and multi-valent capacity[267]. Rychahou et al[268] developed a
multifunctional RNA nanoparticle targeting FA and achieved an excellent target effect to CRC
metastatic cells mediated by FA-receptor mediated endocytosis, which demonstrated no accumulation
in the normal tissues of the targeting organs such as the liver, lymph nodes, and lung. Moreover, the
combination of siRNA delivery with RNA nanoparticles was recently applied in the treatment of lung
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cancer, breast cancer, and prostate cancer, which effectively inhibited the Survivin expression and
slowed the tumor growth in vivo[269].

Taking advantage of the abovementioned nanocarriers, siRNA therapy can target various genes or be
combined with other treatments. Antigen-presentation cells (APCs) and KRAS are well-known
oncogenes responsible for CRC development. Recently, Wan et al[270] designed a nanomedicine based
on the CRISPR/Cas9 technology, which simultaneously targeted APC and KRAS mutation CRCs. A
duplex CRISPR/Cas9 ribonucleoprotein was designed to deliver APC and KRAS sgRNA encapsulated
in a phenylboronic dendrimer decorated with hyaluronic acid (HAPD). The resultant nano-complex was
administered systematically to Balb/c nude mice, which displayed a synergistic targeting effect on APC
and KRAS mutations along with a remarkable reduction in tumor growth. Moreover, the therapeutic
capacity for metastasis was further illustrated by the establishment of the orthotopic CRC mouse model
and the liver and lung metastasis models, whose survival rates were significantly prolonged (Figure 5)
[270]. Intergrin-B1 is one of the key factors involved in CRC metastasis, which is upregulated in CRC
cells resistant to regorafenib[271]. The delivery of siRNA-targeting intergrin-p1 to regorafenib resistant
CRC cells via regorafenib/dimethyldioctadecylammonium bromide (DDAB)-methoxy poly (ethylene
glycol) (mPEG)-poly-e-caprolactone hybrid nanoparticles (HNPs) was found to downregulate the
intergrin-p1 expression and induce apoptosis, thereby successfully enhancing the overall sensitivity to
regorafenib[271]. P-gp is responsible for drug pump leading to decreased drug concentrations in the
cells, which has been proposed as another target of siRNA therapy. The delivery of P-gp siRNA with
lipofectamine achieved an efficient control of CRC cells[272]. In addition, the delivery of siRNA-
silencing TGF family loaded in tripolyphosphate-decorated chitosan nanoparticles inhibited the
formation of liver metastasis of CRCs in vivo[273]. The co-delivery of multiple siRNAs or combination
with other treatments, such as chemotherapy, can thus be considered as an alternative strategy for the
improvement of CRC control[274].

Li et al[275] suggested that miR-3940-5p is significantly downregulated in CRC. They loaded miR-
3940-5p into exosomes derived from MSCs and transfected them into CRC cells. The results showed
significant suppression of EMT and invasion in vitro, and inhibition of tumor growth and metastasis in
vivo. Liu and coworkers evaluated the effect of MSC-derived exosomes transfected with miR-15a on
CRC cells. The results indicated the suppression of CRC cell proliferation and tumorigenesis in vitro and
in vivo[276].

Nanotechnology and immuno- and targeted therapies

Currently, it has been well-accepted that nanotechnology offers distinct advantages in improving the
efficacy of cancer immunotherapy, which is widely used as the platform that enables the combined
utility of immunotherapy with other treatments, along with the reprogramming of the tumor
immunosuppressive microenvironment.

Firstly, it has long been established that targeted and immunotherapy can be combined with other
anticancer treatments to achieve synergistic effects[6,277-279]. The introduction of nanotechnology to
cancer immunotherapy, especially for CRC, is based on the hope of reversing the immunosuppressive
microenvironment, inducting a robust immune response and long-term immune memory effect, as well
as transforming non-responsive T cells into responsive T cells in the TME for MSS or pMMR CRCJ[280].
Ni et al[281], for instance, constructed a bi-adjuvant nanovaccine (banNV) that delivers the tumor
antigen Adpgk, TLR7 agonist R848, and TLR9Y agonist ODNs. The combined administration of banNV
with anti-PD-1 antibody was found to suppress tumor growth in an orthotopic MC38 mouse model,
prolonging the survival rate to 70% on day 48 of treatment. Furthermore, the use of nanomedicine co-
delivering photothermal or photodynamic agents with immunotherapy treatment has bene reported to
achieve a certain improvement in CRC control. Luo et al[282] took advantage of hollow gold nanoshell
encapsulating anti-PD-1 peptide into biodegradable poly (D, L-lactic-co-glycolide) nanoparticles
(AA@PN), as it overcomes the shortcomings of peptides that have a short half-life, poor stability, and
off-target effects. On irradiation by a NIR laser, AA@PN generated photothermal ablation of tumors. In
another study, through PD-1 blocking and photothermal ablation via NIR laser irradiation, perdurable
and enhanced immune response was recorded in the CT26 mouse model that also prolonged the
survival rate[282].

He et al[283] realized the potential of the combined application of chemotherapy, photodynamic
therapy, and ICI therapy through the construction of a nanoscale coordination polymer core-shell
nanoparticles-loading oxaliplatin in the core and photosensitizer in the shell. In CRC mouse models, the
combined administration of nanoparticles and anti-PD-L1 antibody was found to promote the release of
pro-inflammation cytokines and synergistically activate DC and CD8" T cells, which significantly
controlled the local and distant tumor growth, with the primary tumors reducing in size by 2.9% in the
PBS-treated group[283]. In addition, nanotechnology offers an optimal platform for radiotherapy and
ICI therapy. A nanoscale metal-organic framework was established to enable radiotherapy and
checkpoint blockade immunotherapy (indoleamine 2,3-dioxygenase, IDO). The abscopal responses were
generated after irradiation, leading to an enhanced immune response in both CRC and breast cancer
mouse models[284]. Recently, Guan ef al[16] developed a novel therapeutic strategy targeting the
suppressive microenvironment post-surgery by using the nanomedicine IPI549@HMP, which was
composed of a PEGylated HMnO, (HMP) loaded with PI3-kinase y (PI3ky) inhibitor (IPI1549). PI3Ky,
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which is highly expressed on MDSCs, serves as the target molecule for the specific regulatory effect of
IPI549@HMP on myeloid cells. Moreover, this nanomedicine catalyzed H,O, into O, by remodeling the
hypoxia environment after radiation. In this case, the combined use of IPI549@HMP with anti-PD-L1
antibody exhibited a synergistic effect on the elimination of CT26 cells and the suppression of distant
metastasis, which significantly prolonged the survival of IPI549@HMP-treated mice up to 100 d[16]
Figure 6).
( gn thez other hand, nanotechnology also contributes to the modulation of the immunosuppressive
microenvironment, as illustrated by several excellent reviews[285-287]. Targeting APCs augments the
antitumor effect by inducing a more extensive T-cell response. Zhu et al[288] designed self-assembled
interwining DNA-RAN nanocapsules (iDR-NCs) that delivered CpG-coding DNA and STAT3-shRNA.
The nanocapsules activated APCs by TLR9 signaling and relieved the inhibition of the CpG immunos-
timulatory effect by silencing STAT3. In an MC38 mouse model, the nanocapsules generated durable T
cell responses, demonstrating potent synergistic immunostimulation effect[288]. Importantly, high
levels of intratumoral lipopolysaccharide (LPS) are related to a poor response to anti-PD-L1 antibody
treatment. Consequently, Song et al[289] used polymyxin B (PmB) to trap LPS inside the tumor. In
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combination with the TLR4 agonist TAK-242, a remodeled TME was achieved that allowed enhanced
infiltration of the T cells in the tumor. The authors designed engineered LPS-targeting fusion protein,
the coding sequence of which was loaded into a lipid-protamine-DNA (LPD) system. When combined
with an anti-PD-L1 antibody, the nanosystem not only prevented liver metastasis of CT26-FL3 cells but
also remarkably inhibited CT26-FL3 tumor cell growth in the liver[289].

In addition to its contribution to the development of immunotherapeutic agents mentioned earlier,
nanotechnology serves as a promising tool to enhance the efficacy of targeted therapy. For instance,
erlotinib, an orally active inhibitor of EGFR, renders resistance during the treatment of CRC, leading to
treatment failure. In addition, Javadi et al[290] developed a methoxy polyethylene glycol poly
caprolactone loading curcumin and erlotinib. The nanomicelles were administrated in combination and
they decreased the expression of avp3 integrin while increasing the expression of PDK4 in resistant
SW480 cells. Resistance to cetuximab, which is another commonly used anti-EGFR antibody, was found
to be reversed with the use of AuNPs (designed as cetuximab-conjugated AuNPs by Hallal et al[291])
The application of AuNPs loaded with cetuximab demonstrated an improved endocytosis effect and an
enhanced inhibition of the downstream signaling pathway of HT29 cells relative to those with the
application of cetuximab alone, suggesting their potential in reversing resistance to EGFR treatment in
CRC[291].

Naseri et al[292] demonstrated that exosomes derived from CSC-enriched colonospheres (CSCenr-
EXOs) significantly increased the IL-12/IL-10 ratio in supernatants of mature DCs. Furthermore,
CSCenr-EXOs-loaded DCs effectively promoted T-cell proliferation. Hosseini et al[293] loaded exosomes
isolated from CT-26 cell line with miR-34a mimic and found that these exosomes could diminish gene
expressions related to invasion, angiogenesis and immune evasion and induce cytotoxic T cells in vivo.
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Nanotechnology-targeted TME

In addition to targeting the immune environment in TME, CAFs should be considered a critical
therapeutic target for overcoming the resistance of CRCs. Recently, the functions and regulatory
mechanisms of CAFs were reviewed by Kobayashi, who illustrated in detail the clinical implications of
using CAFs as biomarkers and targets for controlling gastrointestinal cancer[294]. The authors further
recommended 6 strategies to target CAFs: Elimination of CAFs by using CAR T cells or vaccination;
reprogramming of cancer-promoting CAFs (pCAFs) into cancer-retarding CAFs (rCAFs); conjugation of
antibodies with cytokines; the administration of modified MSCs; blockade of biochemical signaling;
ECM-targeting therapy by depleting hyaluronic acid (HA) or the inhibition of lysyl oxidase. As far as
CRC is concerned, there has been an increasing interest along with considerable achievement in the
application of fibroblast activation protein-targeted vaccination that increases chemotherapy sensitivity,
as well as reprograming of CAFs with vitamin D[295,296]. Recently, Ji et al[297] designed a novel
cleavable amphiphilic peptide (CAP) targeting FAP-a that can load hydrophobic drugs and release the
cargo in the presence of FAP-o. The designed drug-delivery strategy, called the CAP-NPs, demonstrated
promising specific targeting effects of tumors and achieved therapeutic efficacy for several tumor
models[297]. Collectively, much remains to be done to optimally utilize nanotechnology targeting CAFs
toward reversing CRC therapeutic resistance and controlling distant metastasis.

CONCLUSION

Resistance to therapies and metastasis are the most critical reasons that ultimately result in treatment
failure for CRC patients. The application of nanotechnology in the fields of surgery, chemotherapy,
radiotherapy, targeted therapy, and immunotherapy opens up broad prospects for overcoming drug
resistance and controlling CRC metastasis owing to its unique targeted delivery, integration of multiple
therapies, and synergistic therapeutic effects. For early-stage CRC, the modulation of the post-surgery
microenvironment is worthy of investigation through the simultaneous implantation or spraying with
nanomaterials-derived agents so as to improve the overall survival rate of the patients. As resistance to
cytotoxic drugs is commonly encountered in a clinical setting, the codelivery of functionalized nanoma-
terials and natural phytochemicals is a novel alternative to restore the sensitivity of CRC cells. In
radiotherapy, it is extremely promising to utilize the instinctive radiosensitivity of nanomaterials to
reverse the hypoxic environment and combine it with immunotherapy to improve the overall efficacy of
radiotherapy. In delivering gene therapy, nanotechnology offers distinct advantages that may be further
studied to realize the specific antitumor effects. With the ongoing research on the immunotherapy
mechanism behind CRGC, it is necessary to work toward improving the immunomodulation effect of
nanotechnology so as to convert non-reactive tumors into reactive tumors. In addition to targeting the
immune cells in TME, CAFs can also be considered a promising target by nanotechnology to treat
therapeutic resistance. Generally, treatment should not only target tumoral factors including genetic
alterations, signal activation, or drug metabolites that lead to drug resistance but also pay attention to
modulating the TME so as to eliminate the inhibitory factors and enhance powerful anticancer effects.
Meanwhile, it is imperative to maintain a balance between the complexity of composition and structure
and in the preparation and fabrication of nanoplatforms. Furthermore, better preclinical models are
warranted to reflect the pathogenesis of CRC in order to achieve successful clinical translations of the
emerging and established advancements in nanotechnology.
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