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Abstract

Colorectal cancer (CRC) is among the five most commonly diagnosed cancers
worldwide, constituting 6% of all cancers and the third leading cause of cancer death.
CRC is the third and second most frequent cancer in men and women worldwide,
accounting for 14% and 13% of all cancer incidence rates, respectively. CRC incidence
is decreasing in older populations, but it has been significantly rising worldwide in
adolescents and adults younger than 50 years old.

Significant advances in the screening methods and surgical procedures have been
underlying the reduction of the CRC incidence rate in older populations. However, there
is an urgent demand for the development of alternative effective therapeutic options to
overcome advanced metastatic CRC, while preventing disease recurrence.

This review addresses the immune and CRC biology, summarizing the recent
advances on the immune and/or therapeutic regimens currently in clinical use. We will
focus on the emerging role of nanotechnology in the development of combinational
therapies targeting and thereby regulating the function of the major players in CRC

progression and immune evasion.

Keywords: Colorectal cancer; nanotechnology; immunotherapy; combinational
schemes; tumor immune microenvironment



1. Introduction
Colorectal cancer (CRC), also referred as bowel cancer, occurs when abnormal cells

grow in the colon or rectum [1]. Approximately 96% of CRC are adenocarcinomas that

result from the prolonged and slow growth of precancerous adenomatous polyps or

adenomas, in the inner wall of the colon and rectum [2, 3]. Among those, 10% may

progress to invasive cancer [4, 5]. Once established, those malignant cells can spread

into the colorectum wall and potentially invade blood or lymph vessels, leading to

metastases in distant organs and tissues, such as the liver, lungs, or peritoneum [1].

According to the American Joint Committee on Cancer, CRC can be classified into

five stages (Figure 1) [1, 6].
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Tumor confined to the mucosa (carcinoma in situ), without colon or rectum wall
invasion. These are considered 100% cured after surgical excision.

Tumor formed in the mucosa grows across colon or rectum wall invading submucosa
and muscularis propria without spreading to adjacent tissues. After surgical resection,
patients present a 5-year survival of 90%.

It can be divided into IIA once tumor invades pericolorectal tissues through the
muscularis propria, penetrating the visceral peritoneum surface (11B) and other organs
or structures (lIC). After surgical resection, patients have a 5-year survival rate of
67%, 59% and 37%, among I A-11C stages.

Tumor extended through the colon or rectum walls invading muscularis propria or
submucosa (I11A), visceral peritoneum surface or pericolorectal tissues through
muscularis propria (111B), or other organs or structures with metastases in the regional
lymph nodes (LN; in the range of 1-3 to more than 7, according to sub-stages) and
nearby tissues. Standard treatments include surgical resection followed by adjuvant
chemotherapy.

Patients present distant metastases confined to other body organs, such as liver or
lungs, and a 5-year survival rate of 10%. Although not often curable, stage IV CRC is
treatable. Standard treatments include surgical resection followed by adjuvant
chemotherapy.

Figure 1. CRC stage according to the American Joint Committee on Cancer. Adapted from [1,

6].



A 5-year relative survival rate of 65% was obtained for patients diagnosed from
2006 to 2012 [7, 8]. Even though, these survival rates change according to illness stage,
being 90, 71 or 14% for CRC patients diagnosed with localized (39% of patients),
regional or distant-stage disease, respectively [9].

Despite the recognized advances in the screening methods, surgical procedures and
chemotherapeutic treatments currently available [10, 11], approximately 20% of CRC
patients at the time of the first diagnosis, and 30-50% after the surgical resection of the
primary tumor, are diagnosed with the metastatic disease [12, 13]. These patients with
metastatic CRC present a median survival time lower than 8 months, in the absence of
treatment.

This review summarizes the CRC biology and immunology, focusing on the
immune and stromal cells with major role on the progression of this disease. It presents
also an overview of the therapies approved for the CRC treatment, as well as the
preclinical and clinical data available for the emerging approaches. We focus on the
potential of nanotechnology-based technologies as cutting-edge combinational
platforms to regulate the tumor-immune-stromal microenvironment, and thereby

overcome CRC evasion and proliferation.

1.1.Risk factors and causes of CRC
The discrepant CRC incidence rates worldwide are related to genetic and

environmental factors, in addition to gender, age and ethnicity [14].

Genomic instability of several forms (Table 1) plays a significant role in the
development of sporadic or inherited CRC, by facilitating the acquisition of genetic and
epigenetic mutations in specific oncogenes and/or tumor suppressor genes by normal
epithelial cells, thereby potentiating the colorectal epithelial cell transformation into

adenocarcinoma and metastasis [15-17].

Table 1. Genomic instability forms in CRC [16, 17].

GENOMIC INSTABILITY FORMS ALTERED GENES/PATHWAYS

Chromosomal instability of tumor suppressor genes APC, P53, and SMAD4

MSI

Epigenetic gene silencing induced by aberrant DNA methylation

e . - - MLH1
within certain promotor associated CpG islands

Inactivation of DNA MMR genes MLH1, MSH2, MSH6, and MUTYH

Wnt/APC/p-catenin

Altered signaling pathways MAPK/RAS/BRAF




PI3K/AKT/GSK-34

TGF-/SMAD

NF-xB

Notes: APC: adenomatous polyposis coli; CpG: cytosine-phosphate-guanine; DNA: deoxyribonucleic acid; GSK-3p:
glycogen synthase kinase-33; MAPK: mitogen-activated protein kinase; MLH1: MutL homolog 1; MMR: mismatch-
repair; MSH2: MutS protein homolog 2; MSH6: MutS protein homolog 6; MSI: microsatellite instability; MUTYH:
MutY homolog; NF-xB: nuclear factor kappa B; P53: tumor suppressor protein P53; PI3K: phosphoinositide 3-
kinase; SMAD4: SMAD family member 4 or mothers against decapentaplegic homolog 4; TGF-A: transforming
growth factor-p.

Seven tenths of all CRC are sporadic and usually derive from somatic mutations
and dysfunctional Wnt/f-catenin signaling pathway [17]. But, 5% of CRC cases are a
consequence of characterized hereditary syndromes derived from specific gene
mutations [18].

The most common autosomal dominant inherited syndromes are the Lynch
syndrome or hereditary nonpolyposis CRC (HNPCC), and the classical familial
adenomatous polyposis (FAP). The first is associated with mutations in the genes MLH1
and MSH2, which are involved in the DNA mismatch-repair pathway, while the FAP is
caused by mutations in the tumor suppressor gene APC [19]. HNPCC and FAP are
responsible for 2-4% and less than 1% of all CRC cases, respectively [20, 21]. Although
less clinically defined, MUTYH-associated polyposis (MAP), usually associated with
attenuated FAP and caused by autosomal recessive mutations in the base excision repair
gene MUTYH, seems to promote the development of less adenomas in the large bowel
[19, 22].

About 30% of CRC patients present family CRC history, where the lifestyle risk
factors add to the accumulation of usual genetic alterations over generations [18]. When
compared to people without CRC family history, people with a first-degree relative
present a higher risk of developing this disease [22].

In addition to the hereditary and family CRC history, individuals who have a
personal medical history of adenomatous polyps, chronic inflammatory bowel disease
(ulcerative colitis and Crohn’s disease) characterized by a prolonged inflammation of
the colon and rectal mucosa or full thickness of bowel wall, and type 2 diabetes have
also an increased risk of developing CRC and other intestinal neoplasms than general
individuals [23].

Several behaviors strictly related to sedentary lifestyle, long-term smoking and
alcohol addiction, are known as CRC modifiable risk factors. Physically active or less
sedentary people have a risk of colon cancer (but not rectal cancer) 25% lower than

sedentary people [24]. Independently of the physical activity, obesity increases the risk




in 50% and 20% for colon cancer, and 20% and 10% for rectal cancer, for men and
women respectively, being responsible for nearly a third of CRC and lower survival
likelihood [25].

Formation and growth of polyps have been associated with cigarette smoking [26],
and some mutations caused by tobacco are less effectively repaired in the presence of
alcohol intake [27]. CRC incidence is also strongly influenced by the diet, which has a
large impact on the microbiome environment in the large intestine, and consequently, in
the immune response, inflammation and tumor development [28]. In contrast to the
reduced CRC risk associated with dietary fiber intake (vegetables and fruits) [29], diets

rich in fat, red and processed meat are related with a raised risk [30].

1.2. CRC metastasis: role of tumor immune microenvironment
Metastatic CRC (mCRC) is a prolonged and multifaceted process involving several

cellular and molecular pathways. CRC metastases can be found in the peritoneum [31],
lungs [32], bone [33, 34] and brain [35, 36]. However, liver is usually the most affected
organ in mCRC and often the single site of metastasis. Liver metastases affect 20-25%
of patients at initial diagnosis time and 40% of individuals after primary tumor resection
[37, 38]. High levels of the carcinoembryonic antigen (CEA), associated to several
symptoms, such as nausea, jaundice, weight loss and pain in the right upper quadrant,
may be related to the hepatic metastatic form of CRC [39]. Additionally, in contrast to
lung metastasis that are commonly asymptomatic [32], peritoneal metastasis are
associated to abdominal swelling and distress, nausea, vomiting, weariness and weight
loss [31].

Most of the metastases presented by these mCRC patients cannot be addressed
surgically, being rather treated with chemotherapy, alone or in combination with
biological agents. Even though, a limited success has been achieved by these therapeutic
combinations, which may be explained by the so-called “tumor immune
microenvironment” (TIME) [40].

Similarly to other solid tumors, CRC TIME is a complex network of bidirectional
interactions established between a complete set of stromal and immune cells, along the
extracellular matrix, which can suppress and/or promote tumorigenesis via individual or
collective functions. It has been associated with the multistep process from normal
colonic epithelium to an adenomatous polyp, and ultimately to an invasive colon

carcinoma [41].



The stroma plays an essential role in tumor architecture, providing a physical
support for the functions of residing cells [42, 43]. Stromal cells, such as endothelial
cells (EC) (vascular or lymphatic), pericytes, and cancer-associated fibroblasts (CAF)
have been identified as having an active role in CRC microenvironment (Figure 2) [44].

The immune system itself is also an important contributor to the suppressive TIME.
Despite the ability of the immune system to regulate the tumor biology and inhibit
tumor development, both innate and adaptive immune cells can polarize from their
“tumoricidal” form to their “tumorigenic” one within TIME, further influencing the
growth, proliferation, and infiltration of other immune cells into the site of injury [45].
These cells include mostly the tumor-infiltrating lymphocytes (TIL; T cells, B cells, and
natural killer (NK) cells), tumor-associated macrophages (TAM), mast cells, myeloid-
derived suppressor cells (MDSC), granulocytes (neutrophils, eosinophils and basophils),
and dendritic cells (DC) (Figure 2) [46, 47].
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Figure 2. Set of stromal and immune cells involved in the CRC microenvironment.
Notes: CAF: cancer-associated fibroblasts; CTL: cytotoxic T lymphocytes; DC: dendritic cells; iDC: immature DC;
MDSC: myeloid-derived suppressor cells; NF: normal fibroblasts; NK: natural Killer cells; rDC: regulatory DC; sDC:
stimulatory DC; Treg: regulatory T cells. Adapted from [46].

The major roles of each of the main individual components of the TIME is

described in Table 2.

Table 2. Key players of the CRC TIME and their major role.

CELL TYPE ROLE WITHIN THE TIME REF

CTL promotes the apoptotic death of recognized target cells, by releasing cytotoxins, such as
perforins and granzyme B, or through the engagement of the Fas/Fas-ligand (FasL), which

Cytotoxic T activate different pathways leading to apoptosis and target cell death. CTL also employ | [48,
lymphocytes nonlytic effector mechanisms including the production of IFN-y, a cytokine with several | 49]
(CTL) direct and indirect anti-tumor properties. High density of CTL in the CRC TIME predicts

better patient survival.
T helper CD4" T cells act as helper cells and modulate the activation of CTL. Depending on the | [50,

cells amount and type of cytokines present in the environment, Th cells may differentiate into four | 51]




(Th cells)

main classes: Thl, Th2, Th17 and regulatory T cells (Treg).

Thl cells’ response is associated with the anti-tumor activity through the IFN-y secretion and
the recruitment and activation of macrophages. IFN-y can also remarkably induce the IL-12
production by mature dendritic cells (maDC), which, in turn, triggers the polarization of
more naive T cells into the Thl phenotype, contributing to their own growth and
maintenance. CRC patients displaying high levels of Thl-associated gene expression in
tumor tissues have better prognosis.

Th2 cells favor the tumor growth and may be the predominant subpopulation among the
infiltrating lymphocytes of some tumors. The Th2-type cytokines in the CRC
microenvironment have no prognostic significance for patient survival.

Th17 cells’ role in the TIME is controversial, since they can either promote or prevent cancer
cell growth and metastasis. However, a poor prognosis has been reported for CRC patients
with high expression of the Th17 cluster.

Treg cells suppress the activation, proliferation and effector functions of a wide range of
immune cells, including CD4* and CD8" T cells, NK, B cells and APC. Treg can regulate the
immune response by different mechanisms: i) secretion of immunosuppressive molecules, as
IL-10, and TGF-B; ii) cytolytic functions via a variety of mediators like granzyme B, the
TNF-related apoptosis-inducing ligand (TRAIL) pathway and galectin-1; iii) IL-2
deprivation-mediated apoptosis of effector CD4" T cells. Treg prevent effector T cells
activation through the inhibition of co-stimulatory molecules or suppression of DC
maturation via IL-10/TGF-B signaling. In addition, the accumulation of Treg at TME has
also been associated with faster angiogenesis.

B cell infiltrates have been found in many different tumors, including CRC. These cells may
play both positive and negative roles in tumor immunity. At one hand, B cells were shown to
promote anti-tumor T cell-mediated immune responses, but also presented a highly cytotoxic

activity mediated by the 1gG2b. On the other hand, Regulatory B cells (Breg) are a newly | [52,
B cells designated subset of B cells, identified both in murine and human tumor samples. Breg cells | 53]

have been shown to promote tumor progression by attenuating the anti-tumor immunity via

the suppression of the T cell immune response through the secretion of anti-inflammatory

mediators, such as IL-10, TGF-B and IL-35, and by facilitating the generation of Treg.

NK cells have cytotoxic functions and shape a proinflammatory microenvironment. NK can

recognize the altered expression of tumor cell surface ligands through the activation of

specific receptors. Moreover, the downregulation or lack of MHC class | molecules on tumor
l\!atural cell surfaces promotes NK cell activation and induces their cytotoxic activity through | [54,
killer (NK) granzyme B- and perforin-mediated apoptosis, FasL-associated apoptosis or via TRAIL. | 55]
cells Recently, NK cells have been shown to stimulate the recruitment of conventional DC 1

(cDC1) into the TIME, which is critical for an anti-tumor immunity, but also to prevent

metastasis by controlling tumor architecture.

Activated macrophages are usually classified as M1 (anti-tumorigenic) or M2 (pro-

tumorigenic) TAM. In the TIME, TAM are more likely differentiated into M2-TAM. _M1-

TAM secrete high levels of IL-12 and Thl cell-attracting chemokines, also displaying a
Tumqr- tumoricidal capacity. _M2-TAM down-regulate the MHC class Il expression, promote tumor
associated progression through the secretion of immunosuppressive cytokines, and promotion of Treg [56,
macrophages differentiation, angiogenesis, wound healing and therapeutic resistance via several mediators. 57]
(TAM) A strong infiltration of M2-TAM s associated with poor prognosis, while the infiltration of

M1-TAM stands as an independent prognostic factor. Infiltration of TAM in CRC seems to

be related with a poor outcome.
Myeloid- MDSC exhibit remarkable immunosuppressive and tumorigenic activities. MDSC mediate
derived the suppression of T cell functions through the upregulation of immune suppressive factors,
suppressor such as arginase and nitric oxide synthase isoform (iNOS), and the increased production of | [58]
cells reactive oxygen species (ROS), promotion of Treg functions through the secretion of IL-10
(MDSC) and TGF-B, as well as the regulation of NK cell functions.

Although MC consistently infiltrates tumors, their role as pro- or anti-tumorigenic players is
Mast cells controversial. While some studies have shown a protective role, recent evidences indicate [59]
(MC) that MC enhance blood and lymphatic vessel formation, which results from their

degranulation and release of pro-angiogenic and growth stimulatory factors. In CRC, high




mast cell density has been related to tumor aggressiveness and reduced survival.

TAN are divided into anti-tumor and pro-inflammatory N1 type or tumor-progressive and
immunosuppressive N2 type. TAN are more likely to be polarized to the N2 type within the

Tumor- TIME. N1-TAN anti-tumor effects result from the expression of immunoactive cytokines and
associated chemokines, the generation of oxidative damage caused by ROS and the induction of FasL-
neutrophils associated apoptosis. N2-TAN secrete pro-tumorigenic factors and affect other immune cells [60]
(TAN) in an immunosuppressive manner, for example, by inducing T cell tolerance. However, the
specific role of tumor-infiltrating neutrophils in the local CRC TIME remains to be fully
elucidated.
Their role in TIME remains controversial. However, eosinophils’ CRC infiltration has been
] ) correlated with favorable prognoses. When co-cultured with CRC cells in vitro, eosinophils | [61,
Eosinophils were able to kill tumor cells due to the release of TNF-a, eosinophil cationic protein, | 62]
eosinophil-derived neurotoxin and granzyme A.
Their role in CRC TIME remains unclear. Clinical studies have demonstrated that the
. presence of basophils in tumor-draining LN and tumors of patients with pancreatic ductal | [63,
Basophils adenocarcinoma or chronic myeloid leukemia favored a Th2 environment that is pro-tumoral | 64]
and, therefore, correlated with reduced survival.
Depending on the signals present in the TIME, maDC can be subdivided in stimulatory
(sDC) and regulatory (rDC) DC. Exposure to pro-inflammatory signals generates sDC, thus
Dendritic promoting the stimulation of T cell proliferation and impairment of Treg function. In | [65,
cells (DC) contrast, tolerogenic signals, such as TGF-B, IL-10 and. prostaglandins, generate rDC that | 66]
suppress T cell activation and proliferation, and provide signals that enable Treg
differentiation and expansion.
EC play a key role in the development and function of blood and lymph vessels. In the
. TIME, EC are essential to transport nutrients and oxygen for tumor survival and growth. EC
Endothelial have an irregular shape and size with ruffled margins in the TIME. The tips of some [67,
cells (EC) branched EC may penetrate the vessel lumen creating small intercellular gaps in the wall, 68]
which contribute to the metastatic spread.
Pericytes are cells of mesenchymal origin that provide important support for blood vessel
formation and function. Pericytes are capable of tumor homing and are important cellular
Pericytes components of the TIME. The immunosuppressive phenotype acquired by these cells once in [76(?
the TIME is of great relevance, since they may act in synergy with tumor cells to inhibit local ]
immune response, contributing to tumor angiogenesis, growth, and metastasis.
CAF are involved in cancer progression and metastasis through their ability to enhance
Cancer- tumorigenicity, angiogenesis, and metastatic dissemination of cancer cells.
associated . . _— . L . [71-
fibroblasts The expression of the flbrot_JIast act_lvatlon protein (FAP)-a, Whlc_h |§ not detected in normal 73]
(CAF) fibroblasts, has been associated with an overall poorer prognosis in several cancer types,
including CRC.
ECM anomalies deregulate the behavior of stromal cells, facilitate tumor-associated
Extracellular | angiogenesis and inflammation, and thus lead to the generation of a tumorigenic
matrix microenvironment. ECM can affect the fate of tumor by establishing the direct contact with [74-
(ECM) newly forming cancer cells. In addition, ECM can promote the conversion to malignant 76]
tumor and metastasis by secreting different cytokines.
Notes: APC: antigen presenting cells; Breg: regulatory B cells; CAF: cancer-associated fibroblasts; cDCL1:

conventional type 1 DC; CRC: colorectal cancer; CTL: cytotoxic T lymphocyte; DC: dendritic cell; EC: endothelial
cells; ECM: extracellular matrix; FAP: fibroblast activation protein; FasL: Fas-ligand; IFN: interferon; iNOS: nitric
oxide synthase isoform; 1gG2b: immunoglobulin G2b; IL: interleukin; LN: lymph nodes; maDC: mature DC; MC:
mast cells; MDSC: myeloid-derived suppressor cells; MHC: major histocompatibility complex; NK: natural Killer;
rDC: regulatory DC; ROS: reactive oxygen species; sDC: stimulatory DC; TAM: tumor-associated macrophages;
TAN: tumor-associated neutrophils; TGF: tumor growth factor; Th cells: T helper cells; TIME: tumor immune
microenvironment; TNF: tumor necrosis factor; TRAIL: TNF-related apoptosis-inducing ligand; Treg: T regulatory

cell.




Another important component to take into consideration within the CRC
microenvironment is the inflammation. The activation of this process is a major
contributor to the TIME and subsequent tumorigenesis [46, 47]. Currently, the chronic
inflammation is well recognized as both a tumor initiator and promoter [77].
Additionally, inflammatory cells release several biomolecules, such as cytokines,
chemokines, free radicals, prostaglandins, enzymes, and matrix metalloproteinases
(MMP), that can induce genetic and epigenetic changes, which in turn may lead to
tumor development and progression, resistance to apoptosis and angiogenesis [45, 78].
Moreover, several intracellular signaling pathways are often dysregulated during
chronic inflammation, which leads to abnormal expression of pro-inflammatory genes
involved in malignant transformation [45, 79]. On the other hand, inflamed stroma has
been shown to promote the progression of colonic adenomas to adenocarcinomas in
vivo [80]. However, it has also been observed that tumors that do not progress as a
direct consequence of chronic inflammation (sporadic tumors) are also characterized by

an inflammatory microenvironment [81].

2. Current chemotherapeutic-based established therapies against colorectal cancer
Chemotherapy is one of the major modalities of cancer treatment that uses cytotoxic

drugs to suppress abnormal cell proliferation and induce apoptosis of damaged cancer
cells.

CRC chemotherapy was initiated with the discovery of 5-fluorouracil (5-FU) by
Heidelberger and colleagues in 1957 [82]. The anti-tumor efficacy, as well as the
cytotoxicity of 5-FU administered as an intravenous bolus was demonstrated to be
potentiated by the addition of the reduced folate leucovorin (LV; 5-formyl
tetrahydrofolate [THF]) [83-85]. The topoisomerase I inhibitor irinotecan (IRI) plus the
intravenous bolus 5-FU/LV (IFL regimen) was considered the standard of care in 2000
[86, 87]. However, the undesired toxicity profile of the IFL regimen led to the
development of the IFL infusion or FOLFIRI regimen (IRI plus infusional 5-FU/LV)
[88, 89], especially as a second-line chemotherapy for patients with good status and
organ function [90, 91].

Discovered by Yoshinori Kidani in 1976 [92], oxaliplatin seems to be active in
DNA mismatch repair deficient (dMMR) tumors [83]. The FOLFOX (oxaliplatin plus
infusional 5-FU/LV) regimen can overcome resistance to 5-FU [93]. It was associated

with a significant decrease of several chemotherapy-derived side effects (diarrhea,



nausea, vomiting, dehydration), as well as with an improved overall survival (OS), time
to progression (TTP) and response rate (RR), when compared to the IFL regimen [94,
95]. Moreover, the FOLFOX regimen has been successfully applied as a perioperative
combination chemotherapy (3 months before and after metastasis resection) in patients
with resectable liver metastasis [96, 97]. Similar efficacies in terms of RR, OS, TTP and
progression free survival (PFS) were demonstrated for both FOLFIRI and FOLFOX
regiments, as well as, for FOLFIRI followed by FOLFOX vs. FOLFOX followed by
FOLFIRI [98, 99]. From a safety perspective, FOLFIRI can be associated with
gastrointestinal toxicity and alopecia, while FOLFOX is correlated with polyneuropathy
and hematologic toxicity [90, 98, 99]. As previously reported, FOLFOX and FOLFIRI
regimens demonstrated a greater efficacy in the adjuvant treatment of patients at stage
I11 [100, 101] and stage 1V [102, 103], when compared with the IFL regimen.

The efficacy of capecitabine combined with oxaliplatin (CapeOX) was
demonstrated to be non-inferior to FOLFOX in the first-line treatment of mCRC,
presenting similar activity and safety profiles including PFS and OS [104, 105]. In
contrast, capecitabine plus IRI (CapelRI) presented significantly lower efficacy and
more severe side effects comparing to FOLFIRI [88].

Table 3 summarizes the major findings obtained in clinical studies using the
currently recommended chemotherapeutic strategies against CRC.

Table 3. Summary of the results of clinical trials developed using current CRC
chemotherapeutic.

CYTOTOXIC DRUG(S) BIOLOGICAL EFFECT | REF.
5-FU-based . . N .
adjuvant therapy Improved OS rate of patients within stage Il or high-risk stage Il disease. [106]

Enhanced 5-FU cytotoxicity, RR (18.8-48 vs. 10-12%) and OS (11.7-12 vs.
7.7-10.5 months) for mCRC patients using high/low-dose 5-FU/LV, when | [107-112]
compared to 5-FU alone, in phase I, Il and 111 studies.

High/low-dose 5-
FU/LV

IRI plus intravenous bolus 5-FU/LV (IFL regimen) improved the RR (35-49
IFL regimen vs. 22-31%), PFS (7 vs. 4.3 months) and OS (14.8-17.4 vs. 12.6-14.1 months) [86, 87]

in mCRC patients compared to 5-FU/LV alone.

IFL infusion or Offered as a second-line chemotherapy for patients with good status and organ [88, 89]

FOLFIRI regimen | function; improved PFS and OS. [90, 91]
According to the Intergroup N9741 trial, FOLFOX decreased several
chemotherapy-derived side effects (diarrhea, nausea, vomiting, dehydration) [94, 95]
and an improved OS (19.5 vs. 15 months), TTP (8.7 vs. 6.9 months) and RR '

FOLFOX (45 vs. 31%) compared to IFL regimen.
Improved PFS (9 vs. 6.2 months) and RR (50.7 vs. 22.3%) compared with [113-116]
therapy alone, 5-FU/LV or oxaliplatin.

FOLFIRI & According to the Gruppo Oncologico Dell’Italia Meridionale (DOIM) 9901 [98]

trial, FOLFIRI and FOLFOX regiments induced a similar efficacy in terms of




FOLFOX regimens | RR (31 vs. 34%), OS (14 vs. 15 months) and TTP (7 months).

Similar efficacy of FOLFIRI followed by FOLFOX vs. FOLFOX followed by
FOLFIRI in terms of RR (56% vs. 54%), OS (21.5 vs. 20.6 months) and PFS [99]

(8.6 vs. 8 months), according to the randomized crossover GERCOR study.

Increased toxicities, predominantly severe neutropenia, neurotoxicity, and
diarrhea. However, greater RR (60 vs. 34%), PFS (9.8 vs. 6.9 months) and OS

FOLFOXIRI or (22.6 vs. 16.7 months) for mCRC patients treated with FOLFOXIRI compared [117]
FOLFIRINOX to the FOLFIRI regimen, in a randomized phase |11 study.
Phase 11 trial did not show differences in the efficacy of FOLFOXIRI when [118]

compared to the FOLFIRI regimen.

Similar efficacy to the one induced by 5-FU/LV in mCRC, besides causing | [83, 104,

Capecitabine less myelosuppression and stomatitis. 119]

Notes: FOLFIRI: IRI plus infusional 5-FU/LV; FOLFOX: oxaliplatin plus infusional 5-FU/LV; FOLFOXIRI or
FOLFIRINOX: triplet combination of infusional 5-FU/LV, IRI and oxaliplatin; 5-FU/LV: 5-fluorouracil/leucovorin;
IFL regimen: IRI plus intravenous bolus 5-FU/LV; IRI: irinotecan; LV: leucovorin; mCRC: metastatic colorectal
cancer; OS: overall survival; PFS: progression free survival; RR: response rate; TTP: time to progression.

According to the international guidelines (Table 4), most patients with CRC present
a localized or restricted tumor, which treatment is based on the surgical resection
followed by an adjuvant therapy (chemotherapy or radiotherapy) for high-risk patients
in stage Il or stage 11l [120-125]. In addition, approximately 20-30% of CRC patients
present unresectable metastasis (Table 5), and about 40-50% of previously treated
patients develop recurrent disease, requiring systemic chemotherapy to improve survival
and palliation through the control of tumor size and symptoms (Table 6) [120, 121,
126].

The most used active cytotoxic drugs approved by the US Food and Drug
Administration (FDA) to control tumor growth and to improve life expectancy of CRC
patients include 5-FU, IRI, oxaliplatin, and capecitabine [127]. In two randomized
phase Il trials, the triplet combination of infusional 5-FU/LV, IRl and oxaliplatin
(FOLFIRINOX or FOLFOXIRI) appeared as an interesting option as the first-line
treatment of mMCRC, but remain controversial [117, 118]. On the other hand, the 5-FU
oral prodrug capecitabine was developed to increase 5-FU bioavailability and efficacy
over a prolonged period, as well as, to replace the uncomfortable infusion regimen [83,
104, 119].

Table 4. Adjuvant treatment in nonmetastatic colon cancer according to the National Com-
prehensive Cancer Network® (NCCN®) guidelines® [120].

TNM (DISTANT METASTASIS) PATHOLOGIC STAGING SYSTEM ADJUVANT TREATMENT
T1, NO, MO
T2, NO, MO; Observation

T3, NO, MO (MSI-H or dAMMR)

e  Observation
T3, NO, MO (MSI-L or MSS and no high-risk features) e  Capecitabine or 5-FU/LV




T3, NO, MO at high risk for systemic recurrence
T4, NO, MO

Capecitabine or 5-FU/leucovorin
FOLFOX or CapeOX
Observation

T1-3, N1 (Low-risk stage I11)

CapeOX (3 months)
FOLFOX (3-6 months)
Capecitabine (6 months) or 5-FU (6 months)

T4, N1-2
T Any, N2 (High-risk stage I11)

CapeOX (3-6 months)
FOLFOX (6 months)
Capecitabine (6 months) or 5-FU (6 months)

Notes: CapeOX: capecitabine plus oxaliplatin; dMMR: deficient DNA mismatch repair; FOLFOX: oxaliplatin plus
infusional 5-fluorouracil/leucovorin (5-FU/LV); M: distant metastasis; MSI-H: high microsatellite instability; MSI-L.:
low microsatellite instability; MSS: microsatellite stable; N: regional lymph nodes; T: stage.

Table 5. Primary and adjuvant treatments in unresectable metastatic colon cancer according to
the National Comprehensive Cancer Network® (NCCN®) guidelines® [120].

CONVERSION
UNRESECTABLE METACHRONOUS
PRIMARY TREATMENT TO
METASTASIS
RESECTABLE
FOLFIRI or irinotecan + bevacizumab
(preferred) or ziv-aflibercept or ramucirumab
Previous adjuvant FOLFIRI or irinotecan + cetuximab or Yes: )
FOLFOX/CapeOX within past 12 panitumumab (KRAS/NRAS-wt gene only) Systemic
months Nivolumab or pembrolizumab (dAMMR/MSI- therapy +
H only) biologic
Irinotecan + (cetuximab or panitumumab) + therapy
vemurafenib (BRAF V600E mutation positive) N
- - o:
* Previous adjuvant Systemic
FOLFOX/CapeOX >12 months . therapy
« Previous 5-FU/LV or capecitabine Systemic therapy
* No previous chemotherapy

Notes: CapeOX: capecitabine plus oxaliplatin; dMMR: deficient DNA mismatch repair; FOLFIRI: irinotecan plus
infusional 5-FU/LV; FOLFOX: oxaliplatin plus infusional 5-fluorouracil/leucovorin (5-FU/LV); KRAS: kirsten rat
sarcoma; MSI-H: high microsatellite instability; NRAS: neuroblastoma rat sarcoma; wt: wild-type.

Table 6. Systemic therapy used as continuum of care for advanced or metastatic disease

according to the National Comprehensive Cancer Network® (NCCN®) guidelines® [120].

SYSTEMIC THERAPY

SUBSEQUENT THERAPY

e  FOLFIRI or irinotecan

e  FOLFIRI + bevacizumab (preferred) or
ziv-aflibercept or ramucirumab

e Irinotecan + bevacizumab (preferred) or

e  Regorafenib

Trifluridine + tipiracill

e Irinotecan + cetuximab or panitumumab
(KRAS/NRAS-wt only)

Previous : ! . e Nivolumab or pembrolizumab
oxaliplatin- ziv-aflibercept or ramucirumab (dMMR/MSI-H only)
based e  FOLFIRI + cetuximab or panitumumab
therapy (KRAS/NRAS-wt only) Regorafenib
_ v_vithout e Irinotecan + cetuximab or panitumumab Trifluridine + tipiracil
irinotecan (KRAS/NRAS-wt only) Nivolumab or pembrolizumab

positive)

e Irinotecan + cetuximab or panitumumab +
vemurafenib (BRAF V600E mutation

(dMMR/MSI-H only)

(dIMMR/MSI-H only)

e Nivolumab or pembrolizumab

Subsequent therapy

Notes: dMMR: deficient DNA mismatch repair; FOLFIRI: irinotecan plus infusional 5-fluorouracil/leucovorin (5-
FU/LV); KRAS: kirsten rat sarcoma; MSI-H: high microsatellite instability; NRAS: neuroblastoma rat sarcoma; wt:

wild-type.




Although the great advances in CRC chemotherapy, non-specific drug
biodistribution and adverse side effects on healthy tissues present the main concerns for
patient’s life quality [128].

Depending on the drug pharmacokinetics, dictated by the release and distribution
profiles, absorption rate, metabolism, half-life and excretion, the most suitable
administration route will be selected. The most common are the intravenous and oral
routes of administration [129].

The cytotoxic drugs are indeed used to destroy cancer cells. Even though, normal
cells are also susceptible and are commonly negatively affected. Most frequent side
effects of chemotherapy resultant from that non-specific cytotoxic effect include
fatigue, nausea and vomiting, appetite and hair loss, diarrhea, swelling, rashes and
mouth sores [1]. Immunosuppression through the repression or death of effector
immune cells and bone marrow damage are among the worst consequences of
chemotherapy that increase the probability of infections and compromise self-immunity.
Although most side effects of chemotherapy are temporary and reversible after
treatment terminus, some of them persist for several years. Moreover, cancer cells
acquire mutations that make them resistant to chemotherapeutic drugs [1].

Thus, improved and targeted therapies to protect and direct cytotoxic drugs to the

site of interest are needed to minimize these undesired effects.

3. Modulation of host immune system against colorectal cancer
Immunotherapy has been adopted as a therapeutic approach that harnesses host

immune system to reduce or eliminate tumor cells [130]. Immunotherapy can be divided
in active and passive approaches [131]. A temporary anti-tumor effect is normally
obtained using a passive immunotherapeutic strategy, and therefore constant
administrations are needed due to the nonexistence of immunological memory.
Examples include the monoclonal antibodies directed to a specific target on a cancer
cell, or against a tumor growth-related enzyme or protein, such as the immune
checkpoints or cytokine network, and immune cells engineered ex vivo that are injected
in the patients to induce an immune response [132] (Figure 3). In opposite, the active
immunotherapy relies on the activation of host’s immune system to achieve a specific
destruction of targeted cancer cells. Cytokines and other cell signaling molecules, or
vaccines are examples of non-specific and specific active immunotherapy, respectively,

which once successful will result in an immunological anti-tumor memory [131, 132].
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Figure 3. Examples of different approaches explored to modulate the tumor-immune-stromal
cross-talk towards the induction of host immunity against CRC.

Different immunotherapeutic strategies have been used to cause tumor destruction
in CRC, namely through the increase of effector T cells, the suppression of negative
immune checkpoints, as well as the elimination of cytokines and cells related to tumor
development [132-135].

The following sections cover the major immunotherapeutic approaches currently
used to treat CRC patients, as well as those that are under investigation, namely the T-
cell therapy, immune checkpoint inhibitors and DC-based cancer vaccines. Specific

examples are discussed and summarized in Tables 7 and 8.

3.1.Modulation of T cell function within tumor microenvironment
T lymphocytes have a crucial role as effector cells in the immune response against

tumor cells, as they recognize and generate a cytotoxic response against tumor antigens
[136]. The amplitude and duration of that anti-tumor T-cell response is dependent on

the balance of co-stimulatory and inhibitory signals.

Checkpoint inhibitors
Novel therapies have been developed to inhibit tumor-immune escape, namely the

checkpoint inhibitors. These are blocking antibodies that inhibit the interactions
between immune checkpoint molecules on T cells and its ligands on tumor cells and/or
antigen presenting cells (APC).

Anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and anti-programmed
cell death protein 1 (PD-1) / programmed death ligand 1 (PD-L1) monoclonal



antibodies have been approved for the treatment of metastatic melanoma, advanced
small-cell lung carcinoma, triple negative breast carcinoma and head and neck cancer
[137]. Monoclonal antibodies against the CTLA-4 and PD-1/ PD-L1 immune
checkpoints were approved by the US FDA in 2018 to address the CRC disease (Table
5) [133, 138]. CTLA-4 is a co-inhibitory molecule expressed by T cells instead of the
co-stimulatory CD28. It induces a suppressive signal by binding to its ligand CD80/86
on APC [139]. PD-1 is an immunosuppressive receptor on T cells and it has an
important role on the suppression of antigen-specific T-cell responses through binding
to its receptor PD-L1 [139]. PD-L1 is highly expressed in CRC tumor cells and APC,
and its upregulation is associated with poor prognosis [133]. Specific examples can be
found in Table 7.

Other antibodies have been developed against immune checkpoints, such as mucin-
domain containing-3 (TIM-3) and OX40 [140]. TIM-3 inhibition has an important role
in protecting Thl responses and promoting cell death. Xu et al., 2015 [141] analyzed
peripheral blood samples from CRC patients and verified high levels of circulating
TIM-3"PD-1"CD8" T cells compared to control patient’s blood. They concluded that the
blockage of TIM-3 and the restoration of T-cell responses may be a potential
therapeutic approach for CRC patients. OX40 is a co-stimulatory immune checkpoint of
the tumor necrosis factor (TNF) receptor superfamily member 4 (TNFRSF4) that
promotes effector T-cell expansion. OX40 agonists are able to modulate Treg cells,
promoting anti-tumor CD8" T-cell responses [142]. Petty et al., 2002 [143] showed that
high levels of OX40" lymphocytes are present in primary colon cancers and this

increased expression in tumors significantly correlates with better survival.

Antibodies against cytokine network
Interferon (IFN), interleukins (IL) and granulocyte macrophage colony-stimulating

factor (GM-CSF) are cytokines that have an important role in non-specific
immunotherapy, increasing the immunity of the host against the tumor [136].
Particularly in human CRC, there are high levels of Th17 cell-derived cytokines (IL-17
and I1L-22), Th17 cell-polarizing cytokines (IL-1p, IL-6, 1L-21 and TGF-B) and pro-
inflammatory cytokines (TNF) related to poor clinical outcomes and advanced stage of
disease; and surprisingly low levels of IL-10 and IFN-y [144]. Several agents were
developed to block cytokines determinant in the CRC progression, such as the

etanercept and infliximab (both antibodies against TNF-a), anakinra (recombinant IL-1



receptor antagonist) and canakinumab (IL-1p specific antibody) [144, 145], and those

are currently being evaluated under preclinical and clinical settings (Table 7).

T-cell therapy
Adoptive T-cell therapy is based on the collection of autologous T cells from

patient’s tumors, LN or peripheral blood, to get them activated and expanded in vitro.
After, activated T cells are reintroduced into the patient body to modulate the immune
response. However, this procedure is complex, time consuming and expensive for a
sustainable health care system. In addition, it is often unsuccessful since they need to
overcome the immunosuppressive TIME within the solid mass [133]. To address these
limitations of process, genetic modifications of T cells to express tumor specific T cell
receptor (TCR) genes have been performed. This promising strategy is denominated as
chimeric antigen receptor (CAR) T-cell therapy and it allows an increased specificity
and activation on binding [146]. CAR-T cell therapy has been approved by the
European Medicines Agency (EMA) and FDA for pediatric relapsed or refractory (r/r)
B-cell acute lymphoblastic leukemia (ALL) and r/r diffuse large B-cell lymphoma
(DLBCL) in adult patients (Kymriah® Novartis) in 2018.

Regarding the CRC, adoptive cell therapies have shown some potential by
modifying genetically T cells to express high-affinity receptors for CRC-associated
antigens [138]. Besides the potency demonstrated by the high-affinity engineered T
cells in some studies that used adoptive cell transfer to treat patients with mCRC, these
cellular therapies failed due to the induction of severe autoimmune effects [147, 148].
However, some clinical trials are ongoing (Table 7) in order to overcome these

drawbacks.

Table 7. Summary of the main outcomes of clinical trials focused on the modulation of the
TIME against CRC.

STRATEGY COMPOSITION IMMUNE/BIOLOGICAL EFFECT REF.
. P Promising antibody against CRC since it improves the anti-tumor
Ipilimumab™ (@nti- | jmune response and deplets Treg cells, which has been [140]
CTLA-4antibody) | correfated to poor clinical results in CRC patients.

Immune Tremelimumab® (anti- | In a phase Il study, 47 patients with mCRC were treated for 2.3
checkpoint CTLA-4 antibody) months. Most of patients experienced disease progression. [149]
targeting by | Njjyolumab® (anti-PD- | Nivolumab alone and Nivolumab® combined with Ipilimumab
monoclonal | 1 antibody) alone or in | were  well tolerated in most patients and demonstrated
antibodies combination with encouraging clinical activity and survival of mCRC patients. [150-

Ipilimu_mab® (CTLA-4 | In 2018, US FDA approved the combination of Ipilimumab® | 153]
blocking antlgody), (Yervoy®) and Nivolumab® (Opdivo®) for MSI-H or dMMR
Relatlimab™, or mCRC patients previously treated with standard chemotherapy




Metformin

drugs, supported by phase Il CheckMate-142 trial.
(ClinicalTrials.gov identifier: NCT02060188)

Phase Il trials using Nivolumab® combined with Relatlimab® or
Metformin to treat MSS advanced/refractory CRC patients, are
under recruitment status.

(ClinicalTrials.gov
NCT03800602)

identifiers: NCT03642067 and

Pembrolizumab® (anti-
PD-1 antibody) or in
combination with
Regorafenib®,
Binimetinib and
Bevacizumab, or
Grapiprant (ARY-007)

In a phase Il study, patients with previously-treated locally-
advanced unresectable, MSI-H or dAMMR mCRC were treated
with Pembrolizumab® (MK-3475, Keytruda®) monotherapy,
after previously treated with standard therapies. Study is
ongoing. (ClinicalTrials.gov identifier: NCT02460198)

In 2017, Pembrolizumab (Keytruda®) was approved by the US
FDA for the treatment of patients with MSI-H or dAMMR tumors,
according solely with the presence of a genetic feature in a
tumor, rather than the patient’s cancer type.

Phase I/l studies, where ~mCRC, refractory, or
advanced/progressive MSS CRC patients will be treated with
Pembrolizumab® combined with Regorafenib®, Binimetinib and
Bevacizumab, or Grapiprant (ARY-007), are under recruitment
status.

(ClinicalTrials.gov identifier: ‘NCT03657641, NCT03475004,
and NCT03658772)

[154-
157]

OX-40 (CD134)

High levels of OX-40" tumor-infiltrating lymphocytes found in
primary colon tumors from 15 of 72 patients correlates with
better survival (mean survival high OX-40, 47 months, low OX-
40, 35 months, P _0.05), although this correlation was not stage-
independent. Thirty-one cases had prominent lymphocytic
infiltrates at the invasive margin of the tumor expressing OX-40.
Overall, 50% of primary tumors showed high expression of OX-
40. Nearly all mesenteric lymph nodes expressed OX-40,
whether tumor was present or not. Low levels of OX-40 in the
normal margins of colon.

[143]

High CRC infiltration by OX40*/CD8" cells significantly
associated with an independent, favorable, prognostic marker in
CRC with an overall survival similar to stage | cancers.

Freshly excised CRC with 0X40""/CD8"" infiltration present a
prolonged overall survival, as compared to tumors with
OX40"°"/CD8"", OX40""/CD8"" or

0X40°"/CD8"™" infiltration. Irrespective of TNM stage, CRC
with OX40M"/CD8"" density infiltrates showed an overall
survival similar to that of all stage | CRC.

In contrast, 0X40" and FOXP3" cell infiltration presents a poor
prognostic significance.

[158]

Antibodies
against
cytokine
network
(TNF-a)

Infliximab®

Well tolerance in patients with advanced or metastatic solid
tumors, including CRC, with no dose-limiting toxic effects.
Additionally, no evidence of tumor progression was observed in
any patient.

[159]

T-cell
therapy

CAR T-EGFR cells
(CAR T-cells
transduced with the
anti-EGFR Lentivirus
vector)

Phase I/l study in patients with EGFR positive
advanced/unresectable solid tumors, such as lung cancer and
CRC. Study ongoing with no results posted.

(ClinicalTrials.gov identifier: NCT01869166)

[160]

Multi-target CAR-
T/TCR-T Cell

Phase I/11 study to assess the safety and effectiveness of CAR-
T/TCR-T cells to treat different malignancies patients, including
CRC. One of the ten distinct tumor-specific antibody on CAR-
T/TCR-T cells is the anti-C-met against hepatoma, CRC, ovarian
and renal cancers. Study ongoing with no results posted.

(ClinicalTrials.gov identifier: NCT03638206)

[161]

EGFR-/IL12-CAR T-

Phase I/ll studies of chimeric antigen receptor EGFR (EGFR-

[162,




cells CAR T or EGFR-IL12-CAR T) cells in patients with EGFR- 163]
positive mCRC. Studies ongoing with no results posted.

(ClinicalTrials.gov identifiers: NCT03542799 / NCT03152435)

Adoptive infusion of ex vivo expanded autologous NK cells
against metastatic solid tumors (pancreatic, CRC, lung) or
Autologous NK cells | hematological malignancies (chronic myeloid leukemia and

with bortezomib multiple myeloma) sensitized to NK TRAIL cytotoxicity with | [164]
Bortezomib. Phase | trial ongoing with no results posted.

(ClinicalTrials.gov identifier: NCT00720785)

Notes: CAR T: chimeric antigen receptor T; CRC: colorectal cancer; CTLA-4: cytotoxic T-lymphocyte-associated
protein 4; dMMR: deficient DNA mismatch repair; EGFR: epidermal growth factor receptor; FDA: Food and Drug
Administration; IL: interleukin; mCRC: metastatic colorectal cancer; dMMR: deficient DNA mismatch repair; MSI-
H: high microsatellite instability; MSS: microsatellite stable; NK: natural killer cells; PD-1: programmed cell death
protein 1; TNF-a: tumor necrosis factor-a; Treg: regulatory T cells; US: United States.

3.2.Vaccines

Cancer vaccination is a promising strategy for cancer treatment due to its ability to
induce tumor-specific cytotoxic T Ilymphocytes (CTL) and humoral responses
specifically against tumor-associated antigens (TAA) [146]. The principal aim of
vaccination is to elicit an anti-tumor immune response to eradicate tumor cells and
potentiate ongoing surveillance and thereby avoid tumor recurrence [134]. Different
vaccine strategies based on autologous whole tumors, peptides/proteins, viral vectors
and DC-based vaccines have been explored for CRC treatment in several clinical

studies, summarized in Table 8.

Whole tumor vaccines
Whole tumor vaccines are based on the use of autologous whole tumor cells or cell

lysates (to obtain multiple TAA) mixed with an immune adjuvant. This mixture is then
reinjected into the patients [135]. The use of whole TAA reduce the opportunity to
tumor escape, compared with the use of a single epitope peptide to induce an adaptive
anti-tumor immunity against several TAA [135, 165]. The principal disadvantage of this
approach comes from the difficulty in obtaining an universal vaccine viable to all

patients with a certain cancer [165]. Examples can be found in Table 8.

Peptide vaccines
To overcome the limitations of whole tumor vaccines, many research groups started

to use peptide vaccines since they have the potential to induce a more specific anti-
tumor response by using known antigens that are ideally overexpressed only by tumor
cells [134]. Peptide-based vaccines use whole proteins or fragments of proteins
generated from tumor-specific proteins that are administered to patients with immune

adjuvants.




In CRC, many TAA have been identified and used in vaccination, such as CEA,
mucin-1, squamous cell carcinoma antigen recognized by T cells 3 (SART3), survivin-
2B or p53 [166-169]. CEA is the most common antigen targeted in CRC vaccines

already tested in clinical trials. Some examples are described on Table 8.

Viral vector vaccines
The viral vector vaccines were developed to overcome the reduced efficacy of

peptide-based vaccines. Recombinant lentiviruses, poxviruses, adenoviruses and
retroviruses are the principal viruses with high transfection efficacy and
immunostimulatory activity used in the production of these vaccines [135]. The use of
recombinant virus to express CRC TAA is promising once virus are naturally
immunogenic and could infect DC to induce boost anti-CRC immune responses [134,
136, 170]. Nevertheless, the high production costs and the potential pathogenicity and
mutagenicity of these vectors are the principal disadvantages for their administration
[170].

DC-based vaccines
The use of DC as vaccines has been considered of major relevance for cancer

immunotherapy. DC are professional APC that efficiently activate CD4" and CD8" T
cells through the presentation of endogenous and exogenous immunogenic peptides
[132, 136, 139]. DC-based vaccines use autologous DC (from peripheral blood or bone
marrow) that are loaded with peptides derived from TAA and then injected back into
cancer patients [138]. Once inside the body, DC migrate into the lymphoid tissue and
induce a peptide reactive CTL response [132]. Concerning antigen delivery, DC can be
pulsed with synthetic peptides derived from TAA, tumor cell lysates, tumor RNA or
physically fused with whole tumor cells [134].

In case of CRC patients, CEA peptides and CEA-expression vectors are the most
used in DC-based vaccines [134, 165].

Table 8. Summary of the main outcomes of clinical trials involving different vaccination
strategies against CRC.

STRATEGY COMPOSITION IMMUNE/BIOLOGICAL EFFECT REF.

No significant alteration of the disease-free
OncoVAX (autologous tumor cell interval or OS compared to control group in CRC
vaccine) combined with BCG P group [171]

Whole tumor patients.

vaccines FANG vaccine (autologous whole | Patients with advanced cancer received up to 12
tumor-based product) incorporating a | monthly intradermal injections of FANG vaccine. | [172]
plasmid encoding for GM-CSF and a | Safe immune response correlated to prolonged




bifunctional short hairpin RNAI (bi-
shRNAI) targeting furin convertase.

survival.

Peptide
vaccines

Vaccine with CEA and the adjuvant
GM-CSF

Administration in 24 resected CRC patients
without macroscopic disease for 12 months.
Nontoxic effect able to induce potent and
persistent antigen-specific 1gG and T-cell
responses.

[173]

Survivin-2B peptide vaccine

In a phase | clinical study, it induced no severe
adverse events in 15 patients with advanced or
recurrent CRC. In 6 patients, the tumor marker
levels (CEA and CA19-9) decreased during the
period of vaccination. Slight reduction of the
tumor volume in a minor responder patient. No
changes in three patients while the remaining
eleven patients experienced tumor progression.
Besides these results, this vaccine was safe and
is a potential candidate to increase the immune
and clinical efficacy in HLA-A24" CRC
patients.

[174]

p53-SLP® vaccine

In a phase VIl clinical trial, a safe and
immunogenic = p53-SLP®  vaccine  was
administrated to 10 patients with mCRC. In 6
tested patients, p53-specific T-cell reactivity
persisted at least for six months. The isolated
p53-specific T cells were CD4" T cells producing
Th1 and Th2 cytokines upon stimulation with the
p53 peptide.

[168]

VRP vaccine expressing CEA(6D)
(AVX701)

T cell responses associated to longer survival
predominantly in the stage IV than stage |1l CRC
patients post the same regimen immunization
with AVX701. Greater T cell and antibody
responses were obtained in the stage Il than
stage IV patients, thus reflecting less
immunosuppressive milieu for stage 111 patients.

ClinicalTrials.gov Identifier: NCT01890213

[175]

Viral vector
vaccines

Autologous DC modified with CEA
and MUCL1 (PANVAC) compared
with vaccines based on poxvectors
encoding PANVAC and GM-CSF

Results showed a similar survival for DC and
poxvector vaccines in patients with resected CRC
metastasis.

[167]

Pexa-Vec (JX-594), an oncolytic and
immunotherapeutic vaccinia

In a phase Ib study, 15 patients with refractory
CRC received at least one dose of intravenous
Pexa-Vec and all showed to be safe and effective.
A phase Il studies of Pexa-Vec in combination
with immune checkpoint inhibitors are ongoing in
patients with metastatic CRC (Table 9).

[176]

DC-based
vaccines

Autologous tumor lysate and control
protein (KLH)-pulsed DC-based
vaccine

Autologous tumor-specific T-cell proliferation in
63% of patients subjected to CRC metastasis
resection. CD40L maturation induced CD86 and
CD83 expression on DC but had no effect on
immune responses.

[177]

DC-based vaccine pulsed with HLA-
A*0201- or HLA-A*2402-restricted
CEA peptides

MCRC patients were immunized and did not
show any toxicity or autoimmune reactions. The
number of CEA-specific T cells was stimulated in
70% of tested patients.

[178]

Notes: BCG: Bacillus Calmette Guérin; BLS: bright-light surgery; CD40L: CD40 ligand; CEA: carcinoembryonic
antigen; CRC: colorectal cancer; DC: dendritic cell; FGS: fluorescence-guided surgery; GM-CSF: granulocyte-
macrophage colony-stimulating factor; HLA: human leukocyte antigen; 1gG: Immunoglobulin G; KLH: keyhole
limpet hemocyanin; mCRC: metastatic CRC; MUC1: mucin 1; OS: overall survival, Pexa-Vec: pexastimogene
devacirepvec; RNAI: ribonucleic acid interference; shRNAI: short hairpin RNAI; SLP: synthetic long peptides; Th: T
helper; VRP: alphaviral replicon particle vaccine.



Despite the high number of studies based on cytokines, peptide, viral vectors and
DC-based vaccines, a very small number of immunotherapeutic strategies, such as
nivolumab and pembrolizumab or the combination of ipilimumab with nivolumab, have

been recently approved by FDA for CRC treatment.

4. Combinational approaches for CRC destruction
Approximately 20% of these patients present metastases, especially in the liver and

lungs. Chemotherapy, radiation, targeted therapies and immunotherapeutic strategies
may be given alone or in combination to relieve symptoms and prolong survival in
MCRC cases [179].

4.1.Combination of chemotherapeutic drugs with targeted strategies
Recent evidences point out that chemotherapy is more effective when co-

administered with other targeted therapeutic drugs that work by different molecular
mechanisms within the complex TIME, showing additive or synergistic effects. These
combinatorial approaches increased tumor’s cell death without intolerable side effects
[179]. Targeted therapy is a relatively new area of drug development based on the
molecular understanding of cancer cell progression, invasion and metastasis [83]. Drugs
are designed to target specific molecules with crucial role at different stages of cancer,
such as tumor growth and progression, with significantly less side effects than
chemotherapeutic drugs [179]. This approach aims to direct anti-cancer agents to the
tumor site, avoiding adjacent tissue targeting. Unlike classical cytotoxic agents, these
molecules tend to work in tumors with specific genetic defects, allowing for a
personalized therapeutic approach with stronger response [1]. These agents can either be
small molecule inhibitors or monoclonal antibodies designed to target cell surface
receptors or intracellular enzymes [83, 180].

According to National Comprehensive Cancer Network® (NCCN®) guidelines®
[120], many targeted therapies have been approved by the US FDA and EMA for the
management of mCRC, such as bevacizumab, cetuximab, panitumumab, ziv-aflibercept,
ramucirumab, regorafenib, and vemurafenib.

All these different drugs can be used in different regimens alone or with a variety of
combinations as first-, second- and third-line of treatments, to achieve an enhanced and
effective disease regression (Table 5 and 6) [120, 181].

Anti-VEGF strategies



Several monoclonal antibodies and small molecules have been developed to inhibit
the growth of new tumor blood vessels by targeting the vascular endothelial growth
factor (VEGF).

Bevacizumab is a recombinant humanized antibody that binds circulating VEGF-A.
This targeted antibody improved survival as first- and second-line therapies, increasing
the activity of any active cytotoxic agent [182-184]. It was the first antiangiogenic agent
approved by the US FDA as a first-line treatment for mCRC patients, based on a
randomized phase I1I clinical trial [185, 186]. This trial evaluated the combination of
bevacizumab (Avastin) with standard IFL regimen (Tables 5 and 6). The addition of
bevacizumab to IFL compared to IFL alone significantly improved the RR, PFS, and
OS of mCRC patients [187, 188]. In other three studies, Kabbinavar et al. investigated
the influence of adding bevacizumab to 5-FU/LV-based chemotherapy, which resulted
in a significant improvement of PFS and a better OS [189-191]. In a different study,
Shmiegel et al. evaluated the efficacy of CapeOX and dose-modified CapelRI
(mCapelRI) both plus bevacizumab in mCRC patients, as a first-line treatment [192].
Both combinations, CapeOX-bevacizumab and mCapelRI-bevacizumab, revealed
promising activity with reduced toxic profiles. Moreover, in this study, the combination
with bevacizumab allowed the dose reduction of capecitabine and IRI, with no apparent
loss of efficacy, which is a major step for reducing unfavorable side effects.

Several other studies consistently reported an improvement in the primary endpoint
PFS, but failed in showing significant changes on the OS when bevacizumab was
integrated in first-line treatments [193-196]. In a phase Ill study, Stathopoulos et al.
studied bevacizumab in combination with FOLFIRI. The results showed no significant
differences on OS by adding bevacizumab when compared with chemotherapy alone
[193] (Tables 5 and 6). In another study comparing the efficacy of bevacizumab when
added to first-line oxaliplatin-based chemotherapy, Saltz et al. demonstrated that
bevacizumab significantly improved the primary endpoint PFS, but the OS was not
significantly better [194]. Although in these studies the OS was not improved, a
consistent improvement in the PFS was mostly pronounced in the studies where
bevacizumab was combined with the fluoropyrimidine therapy [195, 196].

Tebbutt et al. analyzed the effect of bevacizumab on capecitabine-based
chemotherapy, as a first-line treatment. The results demonstrated that bevacizumab
improved the PFS, but the secondary endpoint OS was not affected [196]. In a similar

study, Cunningham et al.,, assessed the efficacy of adding bevacizumab plus



capecitabine on elderly patients. Once more, PFS was improved as well as the RR, in
the presence of bevacizumab, with no significant changes on the OS [195]. Based on
these studies, the combination of bevacizumab with fluoropyrimidine therapy became a
first-line treatment of mMCRC patients [194, 195, 197].

Additionally, it was shown that continuing to use bevacizumab as a second-line
treatment after progression in first-lines, it improves both the PFS and OS. In the phase
I11 Eastern Cooperative Oncology Group (ECOG) 3200 clinical trial, it was determined
the effect of bevacizumab on survival of mMCRC patients previously treated with
FOLFOX. The addition of bevacizumab improved the RR, PFS and OS in bevacizumab
naive-patients with mCRC after progression in first-line therapy [198]. Another study,
the ML18147 trial provided evidences of the advantage of adding bevacizumab after
disease progression in first-line treatments [184]. In this study, the efficacy of standard
second-line chemotherapy (FOLFOX, FOLFIRI, CapeOX, or CapelRI) was evaluated
in the presence and absence of bevacizumab, whereas the choice of chemotherapy
regimen depended on the first-line treatment. An improvement in the PFS and OS was
noted in the presence of bevacizumab [184].

All these studies confirmed the advantage of using angiogenesis inhibitors, such as
bevacizumab in mCRC, both as first- and second-line treatments in combination with
standard chemotherapeutic agents. However, this biological agent has specific side
effects, such as hypertension, bleeding, thromboembolic events, and
proteinuria/albuminuria.

Aflibercept (also known as ziv-aflibercept in the US) is another antiangiogenic
agent that has been investigated to treat mCRC in combination with chemotherapy. This
biological agent is a recombinant fusion protein that targets the VEGF-A, VEGF-B, and
the placental growth factor. In the phase 11l VELOUR trial, Cutsem et al. studied the
effect of adding aflibercept to FOLFIRI in mCRC patients previously treated with
oxaliplatin [199]. The addition of aflibercept improved the OS and PFS relative to
placebo plus FOLFIRI; however adverse symptoms were experienced, including the
characteristic anti-VEGF and increased chemotherapy-related adverse effects. In a
subgroup analysis from the VELOUR trial, patients previously treated with oxaliplatin
in first-line treatment, still benefit from adding aflibercept to FOLFIRI in second-line
treatments, including patients with prior bevacizumab treatment [200].

All these studies confirm the real worth of combining antiangiogenic agents with

standard chemotherapeutic regimens for CRC treatment. According to NCCN®



guidelines® (Table 5 and 6) [120], bevacizumab can either be used as first- or second-
line in fluoropyrimidine-based treatment. Aflibercept plus FOLFIRI may be an

alternative to bevacizumab in second-line treatments.

Anti-EGFR strategies
Cetuximab and panitumumab are two antibodies that target the EGFR and inhibit

its dimerization and activation, thus interfering with cancer cell growth. According to
the NCCN® guidelines® [120], these anti-EGFR antibodies are under clinical use in both
early and later stages of the CRC disease. The administration of these antibodies
improved the outcome on MCRC patients either as a monotherapy or in combination
with chemotherapy (Table 5 and 6). They constitute the first therapeutic strategy for
mCRC treatment, especially in patients with specific molecular profiles, such as patients
whose tumors are wild-type (wt) for Kirsten rat sarcoma (KRAS) and neuroblastoma rat
sarcoma (NRAS) [182, 186, 201, 202].

Cetuximab and panitumumab have been used as active single agents in
chemorefractory mCRC patients. In this late stage of treatment, cetuximab enhanced the
survival of patients, compared with best supportive care [203]. Panitumumab improved
the RR and PFS, but did not result in significant survival differences [204]. Both
antibodies were compared in a phase Il clinical study for the treatment of
chemorefractory KRAS-wt patients, and similar clinical activity was obtained for both
antibodies [205]. The BOND clinical trial revealed that the combination of cetuximab
with irinotecan was more effective than cetuximab monotherapy, establishing a crucial
reference treatment for chemorefractory KRAS-wt mCRC patients [206].

Both anti-EGFR antibodies, cetuximab and panitumumab, showed to increase the
activity of cytotoxic agents in the first-line treatment of KRAS-wt patients. Different
studies evidenced that the combination of cetuximab with FOLFIRI increased the PFS,
RR and OS of treated CRC patients, when compared to FOLFIRI alone [207, 208].
Additionally, cetuximab combined with FOLFOX improved RR and PFS of KRAS-wt
CRC patients as first-line treatment [209-212]. However, these results were not
consistently confirmed when using different oxaliplatin-based regimens, as first-line
treatment [213-215]. The PRIME clinical trial showed that the combination of
panitumumab with FOLFOX chemotherapy increased the RR, PFS and OS in KRAS-wt

patients, whereas a detriment was noted in patients with a KRAS mutation [202, 216].



In second-line treatment of MCRC patients, three different clinical trials confirmed
that the addition of the anti-EGFR antibodies improved RR and PFS, but failed to
translate into a prominent survival [217-219]. Accordingly, Sobrero et al. assessed the
effect of adding cetuximab to irinotecan in the survival of mCRC patients, previously
treated with fluoropyrimidine and oxaliplatin [218]; a phase Il clinical trial evaluated
the combination of panitumumab with FOLFIRI to address PFS in KRAS-wt population
[217]; and in Seymour et al., panitumumab was paired with irinotecan in pre-treated
advanced CRC [219].

Overall, these studies demonstrate the value of combining anti-EGFR antibodies
with chemotherapeutic agents in all lines of treatment, particularly to treat refractory
patients in late stages of cancer.

Tyrosine kinase inhibitors
Regorafenib, an antiangiogenic agent, is an orally multi-target tyrosine kinase

inhibitor approved by the US FDA in 2012, for the treatment of patients with mCRC.
Regorafenib significantly improved the survival and PFS in refractory patients
compared to other treatment options, including the cytotoxic drugs 5-FU, IRl and
oxaliplatin, as well as the antibodies bevacizumab and anti-EGFR [182, 220, 221]. A
large phase Il clinical trial evidenced that Regorafenib improved the OS and PFS in
chemotherapy refractory patients, compared to placebo. However, it led to significant
adverse effects, including skin reaction, fatigue, and hypertension [220].

Vemurafenib, a BRAF kinase V600E-mutated form inhibitor, is approved by the
FDA for the treatment of BRAF V600E—mutated, unresectable, or metastatic melanoma
[222]. However, in MCRC patients, vemurafenib has shown to be ineffective alone due
to the EGFR feedback activation [223]. Preclinical studies showed a successful dual
inhibitory effect by blocking EGFR and BRAF V600E together [223, 224]. Although
the combinatorial effect of vemurafenib with cetuximab- or panitumumab-based
therapies have shown to be poorly effective in early clinical trials [225], the addition of
irinotecan to BRAF and EGFR inhibition was suggested to possibly improve the
antitumor activity [226]. The phase Il SWOG S1406 trial, in which 99 patients with
BRAF V600E-mutated mCRC were treated with a combination of irinotecan and
cetuximab, with or without vemurafenib, showed that the introduction of the
vemurafenib improved the PFS (4.3 vs 2.0 months), RR (4% vs 16%), and disease

control rate (22% vs 67%) [227, 228]. However, severe side effects were felt by patients



treated with the vemurafenib/cetuximab/irinotecan treatment. Thus, the
vemurafenib/panitumumab/irinotecan treatment was added as an alternative for BRAF
V600E-mutant mCRC patients to improve safety [229].

4.2.Combinatorial immunotherapeutic strategies

Multi-targeted approaches combining the tumor cell destruction wusing
chemotherapeutic drugs or radiation, with the modulation of immune cells within the
TIME have been explored to rationally devise more efficient tools to overcome highly
aggressive tumors.

Besides being an immunosuppressive treatment, chemotherapy has been shown to
promote immune responses in certain cancers, by eliciting an immunogenic tumor cell
death (ICD) that further enhances the anti-cancer activity [230]. Accordingly, a pilot
study suggested that the combination of chemotherapy and immunotherapy, by treating
stage Ill colon cancer patients with the simultaneous combination of the standard
adjuvant CapeOX-based chemotherapy with the anti-tumor vaccination, keyhole limpet
haemocyanin (KLH) and CEA-pulsed DC, resulted in enhanced anti-cancer immune
responses and therapeutic efficacy [231]. Additionally, the shrinkage of the tumor
obtained after the radiotherapy treatment led to the release of specific TAA following
the destruction of tumor cells, and consequently activating the immune system [232].

Besides the approval of the ipilimumab (Yervoy®) and nivolumab (Opdivo®)
combination for the treatment of MSI-H or AMMR mCRC patients previously treated
with standard chemotherapeutic drugs, broader combinations of multiple immune
modulators are also under evaluation. Some immune effectors enhance tumor killing by
stimulating T cells with greater and specific cytolytic activity, while others are designed
to interfere with immunomodulatory or immunosuppressive mechanisms [233]. Table 9
summarizes several preclinical and clinical studies involving different combinatorial

immunotherapeutic strategies for CRC treatment.

Table 9. Preclinical and clinical studies concerning different combinatorial immunotherapeutic
strategies against CRC.

STRATEGY ‘ COMPOSITION IMMUNE/BIOLOGICAL EFFECT REF.

CLINICAL TRIALS

Chemotherapy (5-

The combination was safe in half of mCRC patients
FU/LV/IRI: IFL or

since serious gastrointestinal (n = 30) and
Chemotherapy & FOLF'R|)+A_‘LV'A_‘C' hematologic (n = 24) adverse effects were 234
Vaccines CEA/BT7.1 vaccine with or | gpneerved. Increased CEA-specific T cells were [234]
without tetanus toxoid detected in 50, 37 and 30% of patients treated with

adjuvant

ALVAC followed by chemotherapy and booster




vaccination (group 1), ALVAC and tetanus toxoid
followed by chemotherapy (group 2), or
chemotherapy alone followed by ALVAC in
patients without disease progression (group 3),
respectively. Systemic chemotherapy did not
change the CEA-specific T-cell responses
following vaccination.

Cr}i?gécgi?ﬁ)y +(L:|FLTAa}nd The _therapy was well tolerated. Increased _pgptide-
A24*IHLA-A2" peptide specific IFN-y production or peptide-specific 19G [235]
) secretion. The median time of PFS was 10.7 weeks.
vaccine
gg??g?;{;ﬁrz%(;%Ié?ézgﬂ‘) 10 .patients had 5T4-specific antibody responses. 1
+MV A-ST 4 vaceine patient had a complete response, 6 had partial [236]
® response, and 5 had stable disease.
(TroVax™)
ﬁrneg?:ggﬁrz% gﬁgp{;ﬁ;‘gﬁ)’ 10 _patients had_5T4-specific antibody responses. 6
+ MVA-ST 4 vaceine patients had either complete response or stable [237]
disease.
(Trovax®)
4 out 7 patients induced functional CEA-specific T-
Chemotherapy (oxaliplatin | cell responses. After oxaliplatin administration, an
and capecitabin) + DC-based | enhanced = non-specific T-cell reactivity was
vaccine with KLH and CEA | observed. KLH-specific T-cell responses were not | [231]
peptides affected by the chemotherapy, and B-cell responses
were diminished.
Chemotherapy
(cyclophosphamide) + 5- No adverse events above grade 3. The number of
HLA-A2402-restricted Treg dropped from baseline after
epitope peptide vaccine cyclophosphamide administration. TAA-specific T- | [238]
(KOC1, TTK, URLC10, cell responses were associated with longer OS.
DEPDC1 and MPHOSPH1)
The median survival time was significantly longer
CT;E;T:@% E&Cégﬁ?d in patients treated with immunotherapy plus [239]
chemotherapy than with chemotherapy alone.
CTL responses were induced against both peptides
Clgjg?/?ﬁ;?pfz(%gt%ned in 8 patients, and against one peptide in 12 patients.
vaccine (RNF43 and 1 patient had no CTL response. The group with [240]
- CTL responses to both antigens presented the
TOMM34 peptides) highest survival.
Clgfg?/?r?ngY?(igt%ned 3 patients had a partial response, 15 patients had
vaccine (RNF43 TOMM34 st'able diseas_e, and 12 patign_ts had [_)r_ogressive
FOXML, MELK, HJURP,’ disease. Patients wh_o exhibited positive CTL [241]
VEGFR-1, and VEGFR-2 responses tc_J all 7 peptides had longer OS compared
- to other patients.
peptides)
An increase in peptide-specific 1gG was observed
Chemotherapy (5-FU in most patients regardless of the dose of TS-1. An
derivate, TS-1) + increased peptide-specific IFN-y production by [242]
personalized peptide vaccine | CTL was more prominent in patients treated with
the highest dose of TS-1.
(cyccl:oh;r?(]) 2:)?::;%6) + Cyclophosphami_dg depleted Treg cells in 2_4 of the
MVA-5T4 vaccine 27 patients receiving the MVA-5T4 vaccine. The [243]
® same patients had higher PFS and OS.
(TroVax™)
Chemotherapy 6 out of 9 patients survived longer than 36 months,
(cyclophosphamide) + whole | and 4 of these 6 without disease recurrence. GM-
tumor vaccine (irradiated, | CSF-producing colon cancer vaccine enhanced the | [244]

allogeneic human colon
cancer cells and GM-CSF-

production of anti-MUC1 antibodies.




producing bystander cells)

Pexa-Vec (JX-594), an
oncolytic and

Phase I/11 studies in refractory and advanced CRC
patients. Study ongoing with no results posted.

Vaccine & immunotherapeutic vaccinia [245,
Immunomodulators + anti-CTLA-4 and anti-PD- | (ClinicalTrials.gov identifier: NCT03206073 and | 246]
L1 antagonist antibodies NCT02977156)
PRECLINICAL STUDIES
Oxaliplatin 3 days before starting the induction
regime of IL-2 achieved efficient elimination of
ch I liver metastasis and improved the protection
emotherapy (oxaliplatin) .
+1L-2 against tumor re-challenge. It was also observed a [247]
shift in the TIME towards a more pro-
immunogenic phenotype, with an increase in the
CD8"/Treg ratio and a reduction in MDSC.
In vivo results showed that IL-7 combined with
Chemotherapy & oxaliplatin inhibited tumor growth in lung and
Cytokines Chemotherapy (oxaliplatin) | abdomen metastasis ~models of colon cancer
+IL-7 (CT26). The combination inhibited the tumor | [248]
growth by immunoregulation, resulting in a higher
number of CD8"T cells and reduced levels of Treg.
50% of mice treated with the combined therapy had
Chemotherapy complete tumor (e_gression and prolo_nged s_urvival.
(cyclophosphamide) + IL-12 Treg were significantly reduced, increasing the [249]
number of active DC and inducing IFN-y-secreting
CD4" T cells.
Mice models were injected at two separate sites — a
primary site that was irradiated and a secondary site
. . outside the radiotherapy field. The combination of
Fractionated ra_d|otherapy+ 9H10 and radiotherapy allowed for an enhanced
monoclonal antibody against | o resnonse at the primary site. A significant | [250]
CTLA-4 (clone 9H10) ponse primary site. A significan
] growth inhibition of the tumor outside the
Radlotherapy& radiotherapy field was observed in mice treated
Immune checkpoint with the combination.
inhibitors
Anti-PD-L1 enhanced the efficiency of irradiation
lonizing irradiation +anti- | through a CTL-dependent mechanism in mice.
PD-L1 antibody (clone Activation of CTL by the combination therapy [251]
10F9G2) mediated the reduction of MDSC in tumors through
the cytotoxic actions of TNF-a.
. An improved tumor-free survival against CEA-
CTLA-4 blockade +anti- | oyhressing tumors compared with mice immunized
CD25 + DC-based vaccine | jth DC-based vaccine alone. The combined [252]
(CEA and HLA-A2) strategy led to an increased secretion of IFN-y and
enhanced HLA-A2-restricted CEA-specific CTL
responses.
DC-based vaccine + 4-1gg | Significant increase on tumor rejection. CD4" T-
(CD137) antibody cell Ie_vels weEe reduced bl_Jt t_u_mor anjugen IFN-y [253]
Vaccine & secreting CD8™ CTL were significantly induced.
Immunomodulators IFN-o. improved cellular cytotoxicity (NK and
IFN-a + poxvirus vaccine CD8" T cells) and antigen presentation. It inhibited
targeting CEA tumor growth, improved survival, and elicited | [254]
CEA-specific CTL responses.
The tumor growth was significantly reduced.
IFN\;;(;EE?}ZSSU;?_;US oLrlceII Marked infiltration of CD4" and CD8" T cells. The
i i blockade of PD-L1 ligand enhanced the Thi-type | [255]
antagonist antibody - . .
anti-tumor immune responses induced by IFN-o.
. .| Higher CTL killing and IFN-y secretion. Surface
IL-15 + anti-PD-L1 and anti- | gyhression of PD-1 on CD8* T cells was reduced,
Immunomodulators CTLA-4 antibodies [256]

as well as IL-10 secretion. Triple combination
induced longer survival rate, compared to mice




treated with IL-15 alone, or combined singularly
with anti-PD-L1 or anti-CTLA-4.

Cyclophosphamide was used to overcome Treg
Cyclophosphamide + MYB | immunosuppression, and anti-PD-1 antibody was
cDNA-vaccine + anti-PD-1 | used to block T-cell exhaustion. This combination [257]
antibody therapy elicited protection when tumor burden was
higher and promoted tumor-specific cell killing.

Chemotherapy &
Vaccine &
Immunomodulators

The growth of distant tumors was inhibited by

Radiotherapy & lonizing radiation + iDC- radiation/vaccine and this effect was significantly
Vaccine & based vaccine + anti-CTLA- | increased by the combination treatment. The [258]
Immunomodulators 4 antibody synergistic effect was related to IFN-y-secreting T

cells and CTL activity.

Notes: ALVAC: canary pox virus; cDNA: complementary DNA; CEA: carcinoembryonic antigen; CIK: cytokine-
induced killer; CTL: cytotoxic T lymphocyte; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; DC: dendritic
cell; DEPDC1: DEP domain containing 1; FOLFIRI: irinotecan plus infusional 5-FU/LV; FOXM1: forkhead box
protein M1; 5-FU/LV: 5-fluorouracil/leucovorin; GM-CSF: granulocyte macrophage colony-stimulating factor;
HJURP: holliday junction recognition protein; HLA: human leukocyte antigen; iDC: immature DC; IFL regimen:
irinotecan plus intravenous bolus 5-FU/LV; IFN: interferon; 1gG: immunoglobulin G; IL: interleukin; KLH: keyhole
limpet hemocyanin; KOCL1: outer chloroplast membrane 1; MDSC: myeloid-derived suppressor cell; MELK:
maternal embryonic leucine zipper kinase; MPHOSPH1: M-phase phosphoprotein 1; MUC1: mucin 1; MVA:
modified vaccinia virus Ankara; NK: natural killer; OS: overall survival; PD-1: programmed cell death protein 1; PD-
L1: programmed death ligand 1; PFS: progression free survival; RNF43: ring finger protein 43; TAA: tumor
associated antigens; Th: T helper; TIME: tumor immune microenvironment; TNF: tumor necrosis factor; TOMM34:
translocase of outer mitochondrial membrane 34; Treg: T regulatory cell; TTK: TTK protein kinase; UFT:
tegafur/uracil; URLC10: up-regulated lung cancer 10; VEGFR: vascular endothelial growth factor receptor.

5. Nanotechnology as a promising strategy for CRC therapy

Nanomedicine comprises the application of nanotechnology to biomedicine and
health sciences to diagnose, prevent and treat diseases, while allowing for a better
understanding of the complexity of disease pathophysiology, yielding more effective
therapies and improving patients’ life quality. In this context and according to the
European Science Foundation (ESF), nanomedicine uses nanoscale functional systems
engineered with distinct materials and shapes, and developed within a controlled size
range, from one to hundreds of nanometers, similar in scale to bioactive molecules and
functional constituents of living cells [259].

Deepening in oncology field, nanomedicines present a great potential for cancer
therapy as powerful miniaturized nanosystems that carry the therapeutic agent to desired
target sites, increasing the therapeutic outcomes [260].

Nanocarriers have been highlighted as favorable platforms for vaccine and drug
delivery due to their ability to i) entrap, encapsulate or embed different types of active
constituents into the same carrier, including cytotoxic agents, chemosensitizers,
antiangiogenic agents, TAA, immunomodulatory and/or immunostimulatory molecules;
ii) protect active constituents from enzymatic degradation in vivo, prolong their
systemic circulation lifetime and release them in a sustained manner avoiding the need

for repeated administrations; iii) modify their surface with biological targeting




multivalent ligands as peptides, proteins or antibodies to provide an effective, selective
and site-specific cargo delivery to target cells, subcellular compartments or body sites;
and iv) arrive at a particular site by overcoming extra and intracellular physiological
barriers in the body, in a size-dependent and surface-dependent manner.

The direct administration through the rectum or the oral route have been explored
to deliver active agents site-specifically to colon and rectum, increasing drug
concentration at the target site and thereby reducing drug-related side effects [261, 262].
Oral delivery is a preferable route to administer biologically active agents compared to
parenteral methods, due to the great expediency of self-medication and less discomfort,
contributing to a better patient compliance [261, 262]. Moreover, oral delivery of
vaccines can induce both mucosal and systemic immunities. Delivery systems allow the
protection of antigens and/or adjuvants from the harsh environment of the
gastrointestinal tract (low pH, presence of digestive enzymes, and the detergent activity
of bile salts) until their delivery to the targeted immune cells. The nanocarriers are
favorably taken up by specialized epithelial cells, called microfold cells (M cells),
present in the follicle-associated epithelium of the Peyer’s patches of the gut associated
lymphoid tissue (GALT). These promote a direct gateway for the induction of localized
immune responses [262, 263], thus fostering the regulation of immune cell function at
the mucosal surfaces.

Nanomedicines thus contribute to overcome adverse reactions related to the off-
target effects, to suppress dose-limiting toxicities and to ensure improvements in
stability, solubility, bioavailability, pharmacokinetics, non-specific biodistribution and
targeting of delivered cargo. This can lead to better therapeutic efficacy, survival and
patient’s quality of life [264, 265].

Over the last few years, several types of delivery systems (Figure 4), such as lipid
nanoparticles (NP) [266, 267], liposomes [268-271], polymeric NP [272-274],
polymeric micelles [275, 276], dendrimers [277], mesoporous silica particles [278,
279], as well as gold [280], silver [281] and magnetic [282] NP, have been explored
among different CRC therapeutic applications including drug [283-287], vaccine [288,
289] and gene delivery [290]. Moreover, some nanomedicines such as CPX-1 liposome
(Phase Il; NCT00361842), Etirinotecan Pegol or NKTR-102 (Phase Il; NCT00598975;
NCTO00856375) and Aroplatin or Liposomal NDDP (Phase I/1l; NCT00081536;
NCTO00057395; NCT00043199) are under clinical evaluation. Also important, the use of
fluorescent NP in image-guided surgery and intraoperative fluorescence imaging has



emerged to provide real-time imaging of tumor site and metastases, taking advantage of
the enhanced permeability and retention (EPR) effect, the increased circulation time,
and the active targeting of nanocarriers [291, 292]. cRGDY -targeted silica NP are under
clinical evaluation for real-time image-guided intraoperative mapping of nodal
metastases (sentinel lymph nodes) directly link to CRC (Phase I; NCT02106598).
Moreover, nanomedicines have also been used as an adjuvant/post-surgical therapy for
CRC. ThermoDox comprises thermally sensitive liposomes encapsulating doxorubicin.
It was clinically tested (Phase 1I; NCT01464593) as an adjuvant/post-surgical therapy
combined with radiofrequency thermal ablation in the treatment of recurrent or
refractory colorectal liver metastases [293]. Even if this study is concluded, the results
are not yet publicly available.

However, despite the promising chemical compositions and morphologies already
developed for different delivery systems, the clinical approval of nanomedicines for
CRC treatment and their translation into routine clinical practice remains limited and
requires a multidisciplinary analysis of clinical, ethical and societal aspects.
Accordingly, Cimzia®, a PEGylated antibody (Certolizumab pegol) against Crohn's
disease is the only nanomedicine in the market approved by the US FDA (UCB
company, 2008) related to gastrointestinal tract diseases [294].

The following sections review the major nanotechnology-based approaches explored
to deliver chemo and immunotherapeutics isolated, as an effort to increase efficacy,
while overcoming severe adverse effects. It will give focus on advanced approaches
currently under investigation for CRC treatment to demonstrate how nanotechnology
can add into the combined delivery of chemotherapeutic agents with other classes of
therapeutics such as, drugs, antivascular agents, small molecule inhibitors, gene

regulators, antibodies, checkpoint inhibitors and radiotherapy.
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Figure 4. Schematic representation of polymeric, lipid, metal and inorganic nanocarriers.
Adapted from [295].

Quantum dots

5.1.Nanosystems for drug delivery
Passive targeting is the most common mechanism reported for the delivery of drugs

to tumors through conventional NP (no surface modification), taking advantage of NP
size and tumor vasculature properties. Due to anatomical and functional defects of
cancer cells and pathophysiological features of blood vessels surrounding the tumors,
such as disorganized, irregular, leaky, dilated and porous shape, enlarged gap junctions
among EC are formed [296]. More specifically, tumors whose volumes reach 2 mm?®
undergo difficulties on nutrients and oxygen intake. To overcome those issues, cancer
cells endorse angiogenesis by increasing vascular mediator levels (e.g. bradykinins,
nitric oxide, VEGF, prostaglandins) to promote the creation of new blood vessels to
meet tumor needs. However, the compromised leaky tumor vasculature, with pore
cutoff size of 100 nm to 2 pum (depending on cancer type) among EC, and negligible
lymphatic drainage, due to high interstitial pressure on tumor core, creates a perfect gap
that promotes the “Enhanced Permeability and Retention (EPR) effect”, which enables
the extravasation through these pores and accumulation of NP (up to 400 nm) within
interstitial solid tumors [297]. Due to the high retention ability of tumor tissues and

reduced lymphatic network when compared to the normal ones, NP accumulate and



remain longer within the tumor site to release in situ the carried active substances, thus
improving their therapeutic efficacy and reducing their exposure to healthy tissues,
overcoming drug side effects and widespread toxicity [298].

However, CRC are poorly vascularized and do not exhibit a considerable vascular
permeability or EPR effect, becoming passive targeting a limited option [299]. Among
the controversial behind the relative input of passive (EPR effect) and active (receptor-
mediated) targeting on the NP accumulation at tumor sites [300], Li and co-workers
showed that the active targeting appeared to contribute three times more than the EPR
effect over time, specifically for the urokinase-type plasminogen activator receptor
(UPAR)-mediated targeting and the human serum albumin (HSA)-mediated EPR effect
[301].

As expected, the nature of the targeting agents and tumor receptors is a critical
variable for both passive or active effects [300]. The active targeting strategy
encompassing the covalent conjugation of targeting moieties onto NP surface has been
developed to promote the selective and efficient delivery of drugs, or other bioactive
molecules to tumor site, thus preventing the contact with undesired sites and thereby
improve the efficacy of NP drug delivery systems as anticancer therapeutics [302]. This
targeting approach comprises the use of ligands, such as peptides, proteins, aptamers,
monoclonal antibodies, antibody fragments, enzymes, carbohydrates, nuclei acids-based
ligands, and small molecules. The ligands ideally are specifically directed to an antigen
or receptor exclusively overexpressed at the tumor cell surface and vasculature, to
enhance NP internalization by tumor cells via receptor-mediated endocytosis [303-305].
These targeting moieties can be conjugated pre- or post-NP synthesis [306, 307]. The

ligands mostly explored as CRC targeting moieties are addressed on Table 10.

Table 10. Targeted CRC molecules and most considered respective targeting moieties.

CRC

EXPRESSION INCRC TARGETING MOIETIES REF.
TARGETS
EGFR 32.8% more expressed in CRC than in normal aEn?FHi:B_ESF’ T(sFi-rOeL’ bl?:]a_lcellu:nnd
tissues and is directly correlated to a b phirégu b, pt qu b’ d [6, 272,
metastatic form of CRC. evacizumab, — cetuxima an 289]
panitumumab antibodies
VEGF VEGF expression is positive in ~50% of CRC

Aflibercept (VEGF-A and -B),

cases and associated with tumor angiogenesis bevacizumab (VEGF-A) [308, 309]

and poor prognosis.

MT1-MMP | Overexpression on EC and CRC cells, and
directly involved in metastasis and | Angiogenic peptide GPLPLR [310, 311]
angiogenesis.

VCAM-1 VCAM-1 is overexpressed on endothelial

CRC cells (57%) and during inflammation. Anti-VCAM mAD [312, 313]

aBs a,Bs is an EC receptor overexpressed in CRC | Proteins  harboring the RGD | [264, 314-




cases, and directly related to EC migration | sequence (von Willebrand factor, 316]
and VEGFR-2 signaling. fibrinogen, fibronectin, vitronectin,
plasminogen, thrombospondin,
prothrombin, MMP-2,  laminin,
osteopontin) and anti-a,Bs-specific
mADb
TR TR overexpressed on metastatic and drug- .
: Transferrin [317]
resistant cells
FRa FRa is overexpressed in CRC, 33-44% more Folic acid
than in normal tissue. [318-320]
CD44 CD44 receptor is overexpressed in most of
receptor CRC cases. Prominent expression of CD44 is | Hyaluronic acid [286, 321]
a hallmark of highly tumorigenic CRC cells.
CEA CEA is the most consistently marker | Humanized anti-CEA mAb (A5B7,
overexpressed in 98.8% of CRC cells. hPR1A3) [322, 323]
i i 1 i 0,
A33 antigen | A33 antigen is expressed in >95% of human Humanized anti-A33 mAb [324]
colon cancers.
DR5 DR5 is significantly up-regulated in CRC
tissues (stages Il and I11), compared to normal | Conatumumab (AMG 655) [325, 326]
pairs.
TAG-72 TAG-72 is more highly expressed in tumor : . i
tissue than in matched normal tissue in 79.0% Humgflizgdy - anti-TAG-72  mAb [327]
(B72.3)
of CRC cases.

Notes: CEA: carcinoembryonic antigen; CRC: colorectal cancer; DR5: death receptor-5; EC: endothelial cell; EGF:
epidermal growth factor; EGFR: epidermal growth factor receptor; FRa.: folate receptor-o;; GPLPLR: Gly-Pro-Leu-
Pro-Leu-Arg; HB-EGF: heparin-binding EGF; mAb: monoclonal antibody; MMP: matrix metalloproteinase; MT1:
membrane type 1; RGD: Arginine-Glycine-Aspartic acid; TAG-72: tumor-associated glycoprotein-72; TGF-au:
transforming growth factor-a;; TR: transferrin receptor; VCAM: vascular cell adhesion molecule; VEGF: vascular
endothelial growth factor.

Clinical studies involving the passive and active drug delivery against CRC are

summarized in Table 11.

Table 11. Clinical studies of passive and active targeted drug delivery systems against CRC.

DRUG DELIVERY ACTIVE MOLECULE TARGETING CLINICAL TRIAL REF.
SYSTEM MOIETIES STAGE
Micellar nanoparticles Cisplatin derivatives NA Phase Ib/11
based on linked via coordination bond L . [328]
PEG/Polyamino acid to the Poly aminoacid _(Clln_lc_aIT.rlaIs.gov
Free Gemcitabine identifiers:
(NC 6004) NCT02240238;
NCT02043288)
Polyethylozaxoline Encapsulated paclitaxel NA Phase |
(PEOX)-based Polymer N [329]
(ClinicalTrials.gov
FID-007 identifiers:
NCT03537690)
NanoLiposome Ce-ceramide  entrapped in NA Phase |
NanoLiposomes . . [330]
(CNL) (ClinicalTrials.gov
identifiers:
NCT02834611)
NanoLiposome Encapsulated Irinotecan NA Phase I/11
331
(PEPO2, MM-398, nal- | Free Trifluridine and (ClinicalTrials.gov (3311
IRI) Tipiracil Hydrochloride identifiers:
NCT03368963)
NanoLiposome Encapsulated Irinotecan NA Phase I1 [332]
(PEP02, MM-398, nal- | Free eucovorin calcium and (ClinicalTrials.gov




IRI) fluorouracil identifiers:
NCTO01375816)
Liposome Encapsulated SN-38 NA Phase I1
333
LE-SN38 (ClinicalTrials.gov [333]
identifiers:
NCT00311610)
Liposome Encapsulated NA Phase Il
irinotecan:floxuridine
CPX-1 (ClinicalTrials.gov [334]
identifiers:
NCT00361842)
Lipid Nanoparticle mMRNA-2752 encoding NA Phase |
Human OX40L, IL-23, and . .
IL-36y (ClinicalTrials.gov [335]
identifiers:
Free Immune Checkpoint NCT03739931)
Blockade
Thermally sensitive | Encapsulated Doxorubicin NA Phase I1
Liposome (Thermodox) A [336]
(ClinicalTrials.gov
identifiers:
NCT01464593)
Antibody-Drug- Conjugated Deruxtecan HER2- Phase I1
Conjugate targetin
)9 9N ClinicalTrials.gov [337]
Trastuzumab Trastuzumab | identifiers:
NCT03384940)
(DS-8201a)
Antibody-Drug- Conjugated emtansine HER2- Phase I1
Conjugate targetin
9 geting (ClinicalTrials.gov [338]
Trastuzumab Trastuzumab | identifiers:
NCT02465060)
(T-DM1)

5.2. Exploring nanotechnology for CRC immunotherapy
Nano-based immunotherapeutic approaches can be rationally developed to

selectively target DC, as well as, to modulate the function of many other populations of
cells within TIME, such as cancer cells, T cells, CAF, TAM, among other stromal cells
[339]. However, the anatomical location of these cells, as well as their particular
functional features must be taken into account while developing these nanotechnology-
based immunotherapies in order to achieve a sustained and robust anticancer effect
[340].

In response to an external attack, a non-specific pro-inflammatory response is
triggered by innate immune cells, such as granulocytes (neutrophils, basophils,
eosinophils, mast cells), phagocytic macrophages, antigen-presenting DC, and cytotoxic
NK cells, to protect the body against harmful stimuli [341]. Among them, DC are

known as the most professional APC in inducing T-cell responses, by bridging the




innate and adaptive immunity. The priming of strong innate and adaptive immune
responses is essentially dependent on the direct recognition of immune stimulators or
danger signals stated as pathogen-associated molecular patterns (PAMP) by a broad
spectrum of pattern recognition receptors (PRR) on innate immune cells [342]. After
PAMP recognition by PRR, several intracellular signal transduction pathways are
activated to promote an immune response through the induction of optimal antigen
processing and presentation, the expression of co-stimulatory molecules (CD80, CD86
and CD40) and the secretion of a wide range of pro-inflammatory molecules, including
chemokines, cytokines (IL-6 and TNF-a), and type-1 IFN [66, 343].

Nanoscale vaccine delivery systems hold a great potential to improve vaccine
efficacy and modulate anti-tumor immune responses in vivo. Even though, an efficient
DC activation and maturation stimuli induced by nanosystems usually requires three
main components: (i) one or several antigens that are recognized by the immune system
and thereby promote a specific anti-tumor adaptive immunity; (ii) one or multiple
adjuvants/immunopotentiators to trigger the activation and maturation of APC and
potentiate antigen-specific responses; and (iii) a carrier to ensure an optimal cargo
delivery [344].

TLR ligands for immunoregulation
Improved cancer immunotherapeutic outcomes thus require the co-delivery of both

TAA and PAMP/adjuvants within a single nanosystem [345]. As shown in Table 12,
there are several PAMP, such as proteins, lipids, lipoproteins, carbohydrates and nucleic
acids, as well as PRR, including the transmembrane (toll-like receptors (TLR), CLR,
mannose and scavenger receptors) and the less explored cytoplasmic proteins, such as
the nucleotide-binding oligomerization domain (NOD), leucine-rich repeat-containing
receptors (NLR), retinoic acid-inducible gene (RIG)-I like receptors (RLR) and the
AIM2 (absent in melanoma 2)-like receptors [346].

Table 12. Human PRR and their natural and synthetic ligands. Adapted from [346, 347].

CELL PRR PAMP SYNTHETIC AGONIST IMMUNE RESPONSE
LOCATION
Cell TLR1&2 | Triacylated Pam3Cys Inflammatory cytokine
membrane lipoproteins production
TLR2 &6 | Diacylated Pam2Cys; MALP-2
lipoproteins; LTA
TLR 4 LPS; HSP MPLA; LPS analogs Type 1- IFN synthesis
TLR5 Flagellin - TNF-a production
TLR 10 Profillin-like proteins




Endosomal TLR 3 dsRNA Poly(I:C); Poly(A:U) Type 1- IFN synthesis
membrane TLR7 &8 | ssRNA Resiquimod (R848); Anti-viral response
Imiquimod (R837);
Gardiquimod; Loxoribine
(Guanosine analogs)
TLR9 CpG DNA motifs; CpG ODN CpG type A/D: IFN-a
DNA; Malaria induction
hemozoin CpG type B/K: IL-12 &
TNF- a induction
Cytosol RIG-I Short dsRNA 5’ppp-dsRNA,; short Type 1- IFN synthesis
(RLR) Poly(I:C)
MDAS5 Long dsRNA Long Poly(l:C)
LGP2 RNA - RIG-I and MDA5 modulator
Cytosol NOD1 DAP DAP analog Inflammatory cytokine
(NLR) production
NOD2 & MDP, DNA, RNA, MDP analog Inflammasome activity
NLRP3 ATP (caspase-1, IL-1B, 1L-18)

Notes: ATP: adenosine triphosphate; CpG ODN: cytosine-guanine rich oligodeoxynucleotide; DAP: diaminopimelic
acid; DNA: deoxyribonucleic acid; HSP: heat shock proteins; IFN: interferon; IL: interleukin; LGP2: laboratory of
genetics and physiology 2; LPS: lipopolysaccharide; LTA: lipoteichoic acid; MALP-2: macrophage-activating
lipoprotein-2; MDAS5: melanoma differentiation-associated gene 5; MDP: muramyl dipeptide; MPLA:
monophosphoryl lipid A; NOD/NLR: nucleotide-binding oligomerization domain (NOD) and leucine-rich repeat-
containing receptors (NLR); Pam2Cys: dipalmitoyl-S-glyceryl cysteine; Pam3Cys: tripalmitoyl-S-glyceryl cysteine;
Poly(A:U): poly(adenylic—uridylic) acid; Poly(I:C): polyribo(inosinic-cytidylic) acid; RIG-I/RLR: retinoic acid-
inducible gene (RIG)-1-like receptors (RLR); ss/dsRNA: single/double stranded ribonucleic acid; TLR: toll-like
receptor; TNF: tumor necrosis factor.

In mammals, TLR are the most studied and best characterized class of PRR
predominantly expressed by DC and another APC. Twelve different TLR were
identified in mice and ten in humans. TLR can be divided into two subfamilies
according to their subcellular localization. Nucleic acid-sensing TLR are expressed
intracellularly on endosomal membranes and comprise the mouse TLR7 and its
homologous human TLR8, TLR3, and TLR9, which bind to single stranded RNA,
double stranded RNA and unmethylated DNA CpG-based oligodeoxynucleotide (CpG
ODN), respectively. The TLR1, 2, 4-6 and TLR10 in humans, and the TLR11 in mice
are expressed on the plasma membrane at the cell surface, and these identify exclusively
bacterial products [348, 349]. Monophosphoryl lipid A (MPLA) (TLR4 ligand) and
imiquimod (TLR7 ligand) are the only TLR agonists approved by FDA for human use
[350, 351]. Over the past decades, CpG (TLR9 agonist) and poly(l:C) (TLR3 agonist)
adjuvants have emerged as important inductors of robust immune responses induced
against cancers, when combined with vaccine formulations [352]. Despite CpG has
been a fairly studied adjuvant for vaccine purposes due to its ability to induce strong
type-1 IFN-dependent T-cell responses in mouse models, the expression of TLR9 is
limited in human pDC, when compared to those levels found in mice, which have

restricted their approval for human use [353]. However, recent clinical studies strongly




support the anti-tumor immune modulatory effect obtained with the intratumoral
administration of CpG in lymphoma and CRC mouse models, as well as, in lymphoma
and melanoma patients [354-358]. These studies are revolutionizing the application of
this TLR agonist for cancer treatment, which can certainly be expanded upon their
delivery by nanosystems, namely those specifically targeting subpopulations of DC.
Since TLR are differently expressed among distinct DC populations, the use of different
TLR agonists will activate different DC. While human mDC are activated by TLR1-6
and TLR8 agonists [359], the pDC in LN are activated by TLR7 and 9 [360]. The
amount of TLR ligands can also be decreased 100 fold when delivered in nanosystems,
overcoming the need for high doses or repeated immunizations and minimizing their

systemic toxicity [361].

The nanotechnology-based carrier
Although some similarities, the design of nanovaccines will certainly differ from

the nanosystems used for drug delivery. While nanovaccines should transport
immunomodulatory adjuvants and antigens to APC to elicit T-cell activation against
tumor cells, drug carries are designed to release their cargo within TIME avoiding APC.
In addition, nanocarriers must promote a continuous, prolonged and sustained release of
antigens and adjuvants to APC (depot effect), avoiding the need for booster doses, thus
overcoming tolerance and T-cell exhaustion, or anergy induced by a continuous T-cell
stimulation [362].

Peripheral LN are the most important organs for vaccine purpose since they
represent the site where APC, especially DC, communicate with T cells to induce
specific anti-tumor adaptive immune responses [363]. Since DC easily internalize
foreign substances, DC passive targeting can be achieved by directing nanovaccines to
DC-rich locals, such as LN and peripheral tissues (skin), by controlling mostly two
different essential parameters, NP size and administration route [364]. Besides the
multiple advantages concerning the use of nanovaccines to target LN and promote a
more efficient recognition and antigen presentation by phagocytic cells when compared
to soluble antigens, many factors must be considered while designing these
immunotherapeutic tools.

The nature and type of the carrier used to deliver TAA and immunoregulators
should be carefully considered. For example, carbon nanotubes, quantum dots, and



superparamagnetic iron oxide were reported as immunogenic and toxic at some extent
for animals [365, 366].

NP physicochemical features, as size, shape, surface charge, hydrophobicity,
rigidity and biodegradability will deeply affect the extension of anti-tumor immune
responses. LN targeting can be attained by two different size-dependent pathways,
which differ in the dependence or independence on cell transportation using larger or
smaller nanocarriers, respectively; however, the optimal NP size to target LN remains a
utopian matter. Several studies have demonstrated that larger carriers (> 500 nm) stay
physically imprisoned in the skin and are efficiently internalized via phagocytosis by
APC, predominantly by monocytes and skin iDC at the dermis, epidermis and to a
lesser extent at the subcutis, being subsequently drained to the LN within 18 h [367]. A
faster pathway and independent on cell transport is attained by smaller nanovaccines (<
100 nm), which travel directly into the lymphatic drainage by interstitial flow reaching
lymphoid organs to interact with LN-resident DC, within 2-3 h after administration
[367, 368]. Although the rapid LN targeting by smaller NP, a compromise between NP
size and retention in LN must be attained to maximize LN trafficking and retention,
since larger-sized NP are retained more efficiently into LN and very small NP can
bypass them [369]. Nano-sized particles ranged 100-500 nm are able to cross efficiently
some physiological barriers (i.e. intestinal tract and pulmonary system path) and follow
both independent or dependent cell-based pathways, endorsing a stronger
immunostimulation by promoting the antigen delivery to both peripheral and LN-
resident iDC [367, 370].

Although size-dependent, most of the nanocarriers administered subcutaneously
and intradermally persist at site of injection making these specific routes the most
commonly used to target DC in peripheral tissues. On the other hand, intraperitoneal
and intranodal administrations can be used to target LN-resident DC [371]. Less size-
dependent, intravenous injection is frequently used to target blood and splenic DC.

Cellular internalization mechanisms are also dependent on NP size. While larger
NP (> 500 nm) are usually internalized via macropinocytosis or phagocytosis, inducing
a predominant humoral immune response, the uptake of smaller NP (20-200 nm) is
mediated via clathrin-dependent endocytosis (size < 200 nm) [372] or via caveolae-
dependent endocytosis (size range 50 — 100 nm) [373], promoting both cellular and

humoral immunities.



Regarding NP surface charge, anionic or neutral NP appear to be desirable. There is
an apparent improved internalization of positively charged NP due to the ionic
interactions established with negatively charged cell membranes. However, NP with a
positively charged surface leads to NP aggregation with serum blood proteins,
particularly when administered intravenously, and subsequent conformational changes
(local fluidity) induced on cell membranes can be responsible for hypersensitivity
reactions, toxicity and cell metabolic destabilization [374, 375]. Neutral or negatively
charged NP are more readily internalized by APC, are usually more biocompatible and
travel at a higher extent to LN due to repulsion of proteins of the interstitial milieu
[376].

To avoid aggregation of hydrophobic NP at the hydrophilic biological medium that
further affects NP internalization and retention by LN, NP surface coating by
conjugating, grafting or adsorbing hydrophilic agents (e.g. non-ionic polymer
poly(ethylene glycol), PEG) should be considered. On the other hand, hydrophilic
coating achieved through “PEGylation” process will also improve bloodstream
circulation half-life in vivo of hydrophobic NP, by especially avoiding their immediate
recognition by reticuloendothelial system as foreign or non-self systems [295, 377].

To reach more effectively and selectively the DC and prevent antigen tolerance
induced by premature antigen presentation on DC surface before reaching the LN, NP
uptake can be mediated by receptor-ligand interactions via NP surface decoration with
anchoring molecules with adhesive properties (e.g. lectins) or specific ligands able to
target DC surface receptors [378]. Notwithstanding, “PEGylation” can stabilize
functional ligands onto NP surface via terminal end of PEG-grafted polymers during the
conjugation process [377]. Some molecules are exclusive of DC, such as the Clec9A
expressed by mouse CD8" DC and plasmacytoid DC (pDC), and the langerin receptor
expressed in mouse splenic CD8" DC [379, 380]. However, most of DC surface targets
are also expressed by other APC, such as macrophages, monocytes and lymphocytes.
Besides being non-specific DC surface receptors, such as f2 integrins (CD11¢/CD18)
[381], C-type lectin receptors (CLR, such as DEC-205 [382], mannose receptor
(CD206) [383-385], and DC-SIGN [386]), and Fc receptors (FcyRI (CD64),
FcyRITa(CD32a), FeyRIITa/b(CD16a/b), and FeyRIIb(CD32b), [381, 387-389]), their
targeting has promoted the induction of specific immune responses. NP surface
conjugation with binding and endocytosis ligands with a terminal sugar, such as

mannose [390, 391], against lectin receptors and DC-specific antibodies anti-CD11c



[392, 393] and anti-CD40 [392, 394-396], have been shown to improve the targeted
delivery to DC in vivo and overall vaccine effectiveness.

Besides LN targeting and cellular internalization, NP intracellular trafficking is also
extremely important for nanovaccines’ efficiency as it impacts antigen processing
pathways and therefore dictates the extension of humoral and cytotoxic immune
responses. As schematized on Figure 5, NP are internalized by DC and usually follow
the endolysosomal pathway, where TAA are complexed with MHC class Il molecules
to be presented to CD4" T cells. Usually the cytokine priming favors a T helper (Th)2
profile, which results in an extensive humoral immune response, with B cell activation
and antibody production against TAA. Furthermore, through the secretion of IL-2, IL-
12 and IFN-y, Thl can also be activated to help enhancing CTL functions [362].
However, the NP escape from the endolysosomal pathway to reach the cytosol is
extremely important in cancer nanovaccination and must be promoted. In this process
termed “cross-presentation”, NP accumulate in the endoplasmic reticulum and TAA
processed by proteasomes are complexed with MHC class | molecules to be presented
to CD8" T cells, inducing directly the activation of CTL and the recruitment of players
from the innate immune system, such as NK cells, granulocytes and macrophages, able
to kill tumor cells [397]. Particularly some DC populations, such as human BDCA3C”
(CD141C) blood myeloid DC (mDC) [398] and murine CD8a/DEC205" DC [399],
present the unique capacity to efficiently cross-present antigens. Cross-presentation can
be promoted by several mechanisms, such as the use of positively charged agents (e.g.
chitosan and cell penetrating peptides) that endorse the pore formation on destabilized
endosomal membranes and consequently antigen endosomal escape.
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Figure 5. A. Schematic representation of the hypothetical intracellular trafficking of the NP
within DC [400]. B. Nanoparticulate cancer vaccines (adapted from [295, 362]).

Preclinical and clinical development of nanotechnology-based immunotherapies



Although the great advantages of using nanotechnology to improve
immunotherapeutic efficiency and safety, the clinical development of NP for
immunotherapy against CRC remains limited. Some in vivo studies have demonstrated a
highly improvement of anti-tumoral immune responses based on antigen-specific CTL
when antigen and adjuvants are delivered by particulate nanovaccines, in contrast to
soluble molecules and other controls [345].

Going deeper with specific examples, the adjuvanticity inherent to NP to act as an
intrinsic “danger signal” [344] was reported to help in the induction of potent immune
responses capable of suppressing colon adenocarcinoma growth and improving animal
survival [169, 288, 401-403]. Luo et al. reported a simple synthetic polymeric based-
nanovaccine (29 nm), generated from the modest physical mixture among antigen and
code-named PC7A NP, able to induce strong cytotoxic T-cell responses [401]. PC7A
NP enabled an efficient delivery of tumor antigen especially to DC at draining LN, an
enhanced antigen cross-presentation via pH-dependent membrane disruption at early
endosomes, as well as the innate cellular immunity stimulation by stimulator of
interferon genes (STING)-type | interferon pathway. Most importantly, this
nanovaccine comprising a cocktail of three tumor neoantigens (Repslpssa, AdpgKrzoam,
Dpagtlyz13) into PC7A NP inhibited tumor growth in MC38 colon cancer mouse
model in contrast to peptides alone. Moreover, a significant improved tumor growth
inhibition and prolonged survival was also reported for melanoma and human papilloma
virus-E6/E7 models [401].

A DC-based nanovaccine was also tested in MC38 tumor model. Mice immunized
with DC loaded with iron oxide-zinc core(ZnO)-shell-binding peptide(RPHRKGGDA)
(ZBP) NP (15 nm) carrying CEA tumor antigen (NP/ZBP-CEA) showed strong
cytotoxic T-cell responses and IFN-y secretion by CD8" T cells, in contrast to control
groups (NP/CEA, ZBP-CEA, CEA, NP or DC only) [402].

Furugaki and co-workers also developed a gene vaccine platform based on polyplex
micelles carrying genes encoding for SART3, adjuvant CD40L, and GM-CSF to test its
efficacy against peritoneal dissemination in subcutaneous CT26 CRC mouse models
[169]. The intraperitoneally administered SART3/CD40L+GM-CSF triplet gene-loaded
nanovaccine was mainly biodistributed within the lymphatic organs (LN and spleen)
and liver. It sub-localized predominantly within DC, and accumulated in macrophages
to a lesser extent, being able to improve significantly the survival of mice holding CT26

peritoneal dissemination, compared to mock controls. In CT26 subcutaneous model, the



triplet DNA nanovaccine also inhibited tumor growth and metastasis. Moreover, long-
term surviving mice that were re-challenged with CT26 tumors, exhibited complete
tumor rejection. This anti-tumoral effect and prolonged survival was especially due to
high stimulation of DC/CTL/NK cell activities in the lymphatic organs, and a
consequent improved infiltration of CD11c¢c* DC and CD4*/CD8a" T cells into tumor
regions, elicited by the triplet DNA nanovaccine in contrast to mock controls. This
triplet DNA nanovaccine thus constitutes a new versatile platform to elicit anti-tumoral
immunity [169].

More recently, new generation adjuvants able to target cytosolic receptors have also
been explored. STING signaling pathway agonists, such as cyclic GMP-AMP
(cGAMP), have been reported as TLR-independent mediators that significantly inhibit
tumor growth, especially in combination with anti-PD-L1 antibody [404]. Moreover,
STING pathway is not restricted to pDC, but can be extended to all APC, such as pDC,
mDC, and macrophages, which are related with strong anti-tumor responses [405]. In
contrast to CpG or poly(l:C) that present long base sequences, small cyclic
dinucleotides as STING agonists present an improved stability and resistance against
conformational changes and enzymatic degradation. However, effective delivery into
the cytosol constitutes a challenge and autoimmune diseases have been reported as
major concerns when working with STING agonists. Goodwin and co-authors [288],
evaluated the therapeutic efficacy of three potent cancer nanovaccines based on
mannose-targeted lipid calcium phosphate (DOPA, CaP, DOTAP, cholesterol, DSPE-
PEG2000, mannose) NP (35 nm) co-encapsulating the colon cancer peptide antigen, p-
AH1-AS5, and each phosphorylated adjuvant, CpG, 2’°3’cGAMP, or 5’pppdsRNA,
respectively, in an orthotopic CRC liver metastasis CT26 FL3 model. In contrast to
unvaccinated controls, and CpG (TLR9 ligand) or 2’°3’cGAMP (STING ligand)
adjuvant nanovaccines, a potent growth inhibition of primary colon tumor and liver
metastasis was obtained when mice were subcutaneously immunized mice with RIG-1
receptor ligand (5’pppdsRNA)-based adjuvant nanovaccine. This potent therapeutic
effect was due to RIG-1 ligand adjuvant effect which helps to break the cancer immune
tolerance by increasing the CTL infiltration within tumor, as well as, decreasing
immunosuppressor cells, such as Treg and MDSC. Here, it is important to highlight that
although the three adjuvant nanovaccines could induce a potent pro-inflammatory
response through IFN-y and antigen-specific CTL production, 5 pppdsRNA-based

adjuvant nanovaccine was the most promising in promoting the recruitment and



infiltration of CTL while maintaining lower populations of immunosuppressive cells
within tumor. Despite the great efficacy of this adjuvant nanovaccine, it is a single part
of a complex process crucial to achieve a full regression of tumor burden. Therefore, the
investigation of a potential synergistic anti-tumor effect of this model adjuvant/vaccine
formulation combined with immune modulating therapies focused on blocking
immunosuppressive factors and cells involved in cancer progression was suggested by
authors to promote a more robust treatment against liver metastatic CRC model [288].
Zhu et al. also reported tumor immunotherapeutic nanovaccines development based on
intertwining DNA-RNA nanocapsules (iDR-NC) used to co-deliver DNA-RNA
adjuvants and tumor-specific neoantigens for a synergistic APC activation in LN,
following a sustained and optimal antigen presentation and the induction of a robust
anti-tumor T-cell response [403]. These polymeric-based nanovaccines (252 nm) were
engineered for cancer immunotherapy by shrinking DNA CpG and Stat3-silencing
shRNA microflowers into iDR-NC using PEG-grafted cationic (glutamic acid-based)
polypeptide (PPT-g-(PEG)g) copolymer and physically loading the hydrophobic MC38-
specific ~ neoantigen ~ Adpgk  generated from a  specific = mutation
(ASMTNRELM—ASMTNMELM) in MC38 tumor. CpG/shRNAStat3-iDR-NC/Adpgk
complexes enhanced higher levels of Adpgk-specific peripheral CD8" CTL when
compared to the free vaccine CpG/Adpgk, induced Adpgk-specific memory CD8* T
cells, and suppressed significantly the tumor progression on MC38 syngeneic colon
adenocarcinoma tumor mouse model. Altogether, these results suggest that the potent
and durable immunity was especially elicited by the strong synergistic
immunostimulatory effects of Stat3 silencing and CpG immunostimulation of iDR-
NC/Adpgk complexes. Particularly in this study, a nanovaccine exploring the
synergistic effect of the co-delivery of immunomodulatory DNA-RNA adjuvants and
neoantigens elicited strong and prolonged anti-tumor immunity allowing tumor growth
inhibition. However, tumors were not regressed by iDR-NC/Adpgk complexes and an
upregulated expression of immune checkpoint inhibitor PD-1 on CD8" T cells was
observed, suggesting that by exploring a synergistic combination of this nanovaccine
with other therapies, such as immune checkpoint inhibitors, anti-tumor cytokines or
chemotherapy can possibly have a great potential by improving iDR-NC/Adpgk
therapeutic efficacy and inducing the complete tumor remission [403].

Optimized nanovaccines alone have been able to efficiently trigger anti-tumor T

cell responses, but these immunotherapeutic strategies fail to maintain the activity and



tumor-infiltration capacity of those T cells. To attain their huge potential, nanovaccines
must be combined with other immune modulators.

Cytokines are also potent enhancers and regulators of innate and adaptive
immunities. Cytokine-based immunotherapy has been reported as highly promising in
inducing immune responses against tumor in several mouse models; however, when
free cytokines are intravenously injected, even with lower doses, limited cytotoxic
effects are observed. To improve the cytokine half-life in vivo, the transduction efficacy
and therapeutic levels of cytokine delivery as well as decrease the concerns about the
toxicity induced by free viral plasmids, non-viral gene carriers were explored to deliver
exogenous DNA for the potential expression of cytokines able to stimulate strong
humoral and cellular immune responses. Exploring anti-tumoral immune responses
against the same CRC mouse model, two different delivery systems were developed to
safely transfect CT26 cancer cells to secrete IL-12 [406] and IL-21 [290]. Liu and co-
authors developed a non-toxic hybrid nanosystem by self-assembly method,
DOTAP/MPEG-PLA-pIL12 (DMP-pIL12) (37.5 nm), able to inhibit tumor growth in
vivo at both subcutaneous or peritoneal model. By increasing the secretion of the anti-
proliferative and angiogenic mediators IL-12, IFN-y, and TNF-a, which promote the
increase of CTL and apoptosis, as well as the inhibition of proliferative and angiogenic
effects within tumor tissue, DMP-pIL12 demonstrated higher anti-tumoral effects than
the other tested groups (DMP-pVax: the vector plasmid, DMP, and NS: normal salt),
being considered a promising system for CRC therapy in a clinical setting [406]. On the
other hand, in the study reported by Tan et al. [290], tumor-bearing mice treated with
chitosan-based dsNKG2D-IL.21 gene NP (200-400 nm) showed reduced tumor sizes
and increased life expectancy. These plasmid NP bridged tumor cell eradication and
lymphocyte infiltration within tumor by targeting tumor cells in vivo through the
NKG2D moiety and activated NK and CD8" T cells through the IL-21 moiety,
simultaneously. Although the therapeutic effect of dSSNKG2D-1L-21 NP had been worse
than the one obtained for the recombinant IL-21, the amounts of activated CD4" and

CD8" T cells within the tumor were higher.

5.3.Combined therapies based on nanotechnology-based approaches
Combinatorial and complementary approaches concerning chemotherapy,
radiotherapy, immunotherapy and TIME modulation, may be the key to modulate

multiple pathways involved in tumorigenesis and dissemination. Therefore, the potential



of CRC therapies may be based on rationally designed combinatorial nanomedicine(s)
that target multiple signaling pathways promoting a better and durable therapeutic
efficacy and thereby attaining the cure, overwhelming disease resistance and severe
toxicity.

Chemotherapy containing nanomedicines have also their place in the TIME
modulation. Indeed, chemotherapy can induce immunogenic cell death (ICD). 5-FU or
Oxaliplatin-induced ICD can lead to CTL infiltration in CRC [407-409].
Nanomedicines could also be used to inhibit tumor infiltrated cells, as it has been shown
in other cancer types against CAF [410, 411] and against immunosuppressive cells
[412]. For example, the anti-PD1 antibodies with Doxorubicin, loaded in synthetic high-
density lipoprotein (sHDL)-like nanodiscs induced a 80% cure on MC38 tumor
growing in the cecum and 3-fold CD8+ lymphocytes increase compared to free DOX
treatment [413].

Combinatorial nanomedicine regimens are emerging as promising solutions due to
their ability to improve the therapeutic efficacy and prevent recurrence through a
synergistic activity, allowing a decrease on dosages of individual active compounds and
toxicity [414]. The ratio of administered agents also determines the clinical outcome of
a combinatorial therapy once it regulates the degree of synergy or antagonism [415].
Because different therapeutic agents present dissimilar cellular uptake and
pharmacokinetic profiles, their entrapment within nanoscale delivery systems able to
keep synergistic cargo ratios through pharmacokinetic control is essential to overcome
the exposure of suboptimal or antagonistic cargo ratios at the tumor and improve the
therapeutic index of combined active agents [415-417]. Ideally, the correct ratio of
multiple therapeutic agents should also be simultaneously delivered using a single
nanoconstruct to decrease manufacturing variability and costs [277, 325, 415, 416, 418-
429]. Alternatively, the delivery of therapeutic agents with different pharmacokinetics,
biodistribution and clearance profiles using different vehicles have also been explored
against CRC [414, 430-433]; however, it can induce more variability [434]. Also,
highly important is the choice of carrier material once it affects the pharmacokinetics
and pharmacodynamics of active cargo.

According to the different studies on combinatorial nanomedicines against CRC
available in the literature and presented on Tables 13 and 14, different nanomaterials,
such as liposomes, solid lipid NP, polymeric NP, polymeric micelles, NP-drug

conjugates, and dendrimers, have been explored. Different active agents (drugs, genes,



antiangiogenic agents, kinase signaling pathway inhibitors, antibodies) against CRC
were entrapped inside a single nanoconstruct among different combinations [277, 415,
416, 418-422, 424, 426]. On the other hand, the combinatorial administration of
individual nanosystems entrapping each one a single drug was also described in the
literature for CRC [414, 430-433]. NP entrapping a single agent were also combined
with other free active agents against CRC [434-438]. Finally, the combination of
chemotherapy using nanosystems and radiotherapeutic treatment was also explored
[439-441]. A few nanomedicine combinations have entered into clinic. We can
highlight liposomal irinotecan approved and marketed under the name of Onivyde® in
association with free 5-FU/LV for locally advanced or metastatic pancreatic
adenocarcinoma, has been tested in phase Il clinical trial for metastatic colorectal
cancer, with comparable results to optimized FOLFIRI-3 treatment [416].

In general, all these combinatorial therapies based on nanotechnology against CRC
attained a better response and improved overall survival compared to single-agent
therapies, in both preclinical and clinical studies, and allow multiple combinatorial

strategies to tackle TIME-related resistances.



Table 13. Examples of clinical combinatorial nanotechnology-based therapeutic

strategies against CRC.

COMPOSITION
OF ASSOCIATION PATIENTS RESULTS REF.
NANOMEDICINE
Liposome Free Oxaliplatin- Regimen active as the optimized FOLFIRI3 and
. pretreated more active than the standard FOLFIRI regimen.
PEP02 (MM- | bevacizumab mCRC  (Phase | Acceptable safety profile and best overall response [435]
398) with IRI and 5-FU/LV I rate
33 advanced 1 patient died c_>f persistent diarrhea; PR qccurred in
solid tumors 12%, PFS lasting > 6 month_s occurred in 36% of
: . ' | patients. Among CRC patients, the calculated | [416]
including 15 | \ejian PFS 5.4 months; 73.3% achieved
CRC (Phase ) median was 5.4 months; 73.3% achieve
disease control and 13.3% had PR.
Liposome Co- In 26 IRI-naive patients: ORR 8%; DCR=0ORR+SD
EglPx-l) W|§2 _encapsulzf\tion gIS:OSA) Median PFS 3.2 months with 35% > 4 months
floxuridine in 1:1 ratio In 33 IRI-refractory patients: 0% responses; DCR
59 CRC (Phase | 38%. Median PFS 1.8 months, with 18% > 4 [442]
1) months PFS.
Safety data: 67% grade 3/4 toxicities. 1 death
treatment related.
CPX-1 appears to be more active than FOLFIRI
used after FOLFOX (Tournigand).
NP—.drug Surger_y, . 32 Rectal | 19% of pathological complete response; 56% of
conjugate Capecitabin 500 -
CRLX101 with | & Cancer  (Phase mogje_rate rgsponse,_zz /o.O-f minimal response. [441]
. 1/11) (ClinicalTrials.gov identifier: NCT02010567)
CPT radiotherapy

Notes: CPT: camptothecin; CRC: colorectal cancer;

DCR: disease control rate; FOLFIRI: IRI plus infusional 5-

FU/LV; FOLFOX: oxaliplatin plus infusional 5-FU/LV; 5-FU/LV: 5-fluorouracil/leucovorin; IRI: irinotecan; mCRC:
metastatic CRC; NP: nanoparticles; ORR: objective response rate; PFS: progression free survival, PR: partial

response; SD: stable disease.

Table 14. Examples of preclinical combinatorial nanotechnology-based therapeutic strategies

against CRC.
DISEASE IN VITRO IN VIVO REF
STRATEGY COMPOSITION ASSOCIATION
MODEL OUTCOMES OUTCOMES
No synergy for
the
combination.
Highest tumor
i growth
Similar | {onibition  for
antiproliferativ .
e effect of Ilposomal _CUR
Colo205 & equimolar with or without
LoVo; quimo’ar oxaliplatin, but
combination .
Subcutaneo higher growth
. . Free compared to | . °.°.. [44
Liposome with CUR N us - inhibition than
Oxaliplatin single CUR. L 3]
xenografts oxaliplatin
. Synergy of .
Associated on female | | alone in
Chemotherap nude mice Ilposomal_ CU.R Colo205
: and oxaliplatin
ies . xenografts.
at a 4:1 molar 0 .
ratio Antlan_glogen_lc
' effect including
the attenuation
of CD31,
VEGF, and IL-
8 expression.
Synergistic
SLN with cholesteryl antiproliferativ
Co- e effect of [41
butyrate, DOX or .. . HT29
PTX administration cholesteryl 8]
butyrate SLN
with free DOX




or PTX.

HCT8/AD
Sesista?l{ug- Better efficacy | Tumor growth
of inhibition;
colon . -
encapsulation improved
tumor & .
Mannosylated Mouse and dual | apoptosis,
Albumin NP with targeting, and | upregulation of
Lo Co- macrophag - - [41
disulfiram/copper . simultaneous intracellular
complex and encapsulation ¢ Raw action on | ROS anti- 7l
. 264.7; > .
regorafenib HCT8/AD gﬁgcer c:}l I; Zﬂglogf§5|§lre_
R macrophages education”  vs.
subcutaneo
us vs. free drug. free drug.
xenograft
Enhanced Improved drug [43
CS-based NP with Co-._ _ HT29 anticancer bioavailability 0,
CUR or 5-FU administration effects vs. bare bare d 431
drugs. vs. bare drugs. ]
Swelling at
colonic pH and | Prolonged
sequential survival time up
. HT29 release pattern | to 45  days
N-succinyl CS NP | subcutaneo | of drugs. | wherein 50% of | [41
with PTX and . -
Gemcitabine encapsulation us Increasgd _ mice treated | 4]
xenograft antiproliferativ | with the
e effect with | combination
the was still alive.
combination.
Synergistic
antiproliferativ
e effect,
Pullulan acetate NP increased by
with PTX; Co- NP [43
CS-based NP with | administration CT26 encapsulation. 2]
all-trans retinoic acid Significant
decrease of
MMP-2
activity.
Synergistic
PCL-CS polymeric antiproliferativ
micelles with | Co- HT29 e activity [41
doxifluridine (5-FU | encapsulation enhanced by 9]
prodrug) and SN38 addition of
SN38.
Strong
synergistic
Non-targeted or HA- | Co- antiproliferativ [42
functionalized, encapsulation at e effects by 0]
PLGA/CS-based NP | different weight | Colon-26 CPT:CUR in a [41
with CPT and CUR ratios of single HA- 5]
CPT:CUR functionalized
NP at ratios 1:1
or4:l.
Improved
synergistic anti-
. tumor effects of
F'\)’(')'I‘;/e('_'gznzﬁf PEC- CT26 DOX-GEG  +
glutamate)  (GEG) | Co- subcutaneo Synergy  for PTX-PLA-PEG [43
. : - us micelles or
with DOX or ETP; administration . free drugs. 3]
. syngeneic DOX-GEG +
Micelles of PLA-b- tumor ETP-GEG
PEG with PTX .
micelles

compared with
single therapy.




Synergy for
blocking tumor

growth VS.
PEG-b-PLA micelles LS180 single
with PTX, 17- | 3-in-1 human encapsulation [42
allylamino-17- Co- colon of PTX. 2]
demethoxygeldanam | encapsulation xenograft Improved
ycin, and rapamycin model further uptake
of dye-
containing
micelles.
Better cell
. uptake of SQ- | Complete
L‘Snlqg T NC with | tumor
i . iSOCA-4  than | regression (by
SQ N.C . with Co- colo_n without; 93%) with the | [42
gemcitabine and lati carcinoma b deli
1SOCA-4 encapsulation xenograft comparable co-delivery. 3]
nude mice cytotoxic and | Overall
model antiproliferativ | tolerance better
Chemotherap e effects than | than free drugs.
y& free drug.
Antivascular/ Higher Improved  anti-
Antiangiogen antiangiogenic P
- . cancer effect,
ic Agents and antitumoral .
Colon-26 micro-vessel
& effects of density
PEG-PLGA NP with Co- HUVEC: PEDF and PTX reduction and | [42
PTX and ~ PEDF encapsulation Colon-26 simultaneously tumor cell | 4]
plasmid gene P encapsulated in .
subcutaneo apoptosis  vs.
the same NP
us tumor - controls
than either of | . .
single  drug- including ~ co-
loaded NP. administration.
Synergy  with
improved
Free BEZ-235 antiproliferativ [43
LDH with 5-FU (PI3K/Akt HCT116 e effect vs. free 6]
inhibitor) BEZ-235 and
LDH-loaded 5-
Chemotherap FU. -
Synergy  with
y & Small AN
Inhibitors _ _ inhibition  of
Hyaluronic acid ERK1 and
cloaked oleic acid ERK2, DNA
NP with JEDG6N ecnoc-a sulation BEEllG & damage [g]z
(ERK inhibitor) and P inducing ~cell
cisplatin death, in
contrast to free
drug cocktail.
Tumor growth
suppression by
Co- co-delivery of
encapsulation HCT116 .
. . with miRNA at | xenogeneic miR-655-3p
NCP with miR-655- . with [42
L the surface and | hepatic A
3p and oxaliplatin S . oxaliplatin, 6]
oxaliplatin metastasis .
- suggesting
prodrug in the | model 2"
additive or
Chemotherap core o
& Gene synergistic
yThera interactions.
by Significantly
Polymeric NP based higher
on cysteine trimethyl cytotoxicity of
CS and Co- hSET1/SN38 [42
carboxymethyl encansulation HT29 NP  compared 8]
dextran, with SN38 P with NP
and hSET1 antisense containing
ODN SN38, free

SN38 or




hSET1.

Co-
encapsulation Synergistic Significant
PLGA-based MLNP with pDNA_at antiproliferativ F“”TOT. grov_vth
- the first | HCT116 inhibition using | [42
with CPT  and external layer, | xenografts | © effect of co- the combination | 9]
PTRAIL Yer, g delivered CPT
and penetrating and bTRAIL therapy VS.
peptide at the P ' monotherapy.
surface
Synergistic
antiproliferativ
Free e effect.
doxycycline to E gene [43
PCL NP with 5-FU activate suicide | SW480 expression 7
gene E (phage sensitizes
©X174) cancer cells to
the  cytotoxic
action of 5-FU.
Significant
changes of
EMT genes
(down-
CS/Carboxymethyl regulation  of
dextran NP with | Co- MMP-9 - and [42
. . . HCT116 vimentin, and
Snail siRNA and | encapsulation lati 7]
DOX up-regulation
of E-cadherin),
apoptosis  cell
death and
migration
inhibition.
PLGA NP with PVA Improved Reduction  in
. . s tumor numbers
and chitosan, Orthotopic, | cytotoxicity
. and of
encapsulating CPT duced by | and . .
! . | co- T inflammation, [44
and siRNA anti- encaf@Mtion oxymethane | migration/invas slight 4]
CD98, embedded P d dextran | ion inhibition | : g
: . . improvement
into a hydrogel for Ifate sodium | vs. single drug
2 : vS.  untargeted
oral administration NP NP
Enhanced
cytotoxic
NP grafted with effects through
. Conatumumab simultaneous [32
PLGA NP wih ORQ death receptor 5 HCT116 drug delivery 5]
antibody and apoptosis
induction with
targeted NP.
Complete
Self-assembled inhibition  of
Panitumumab linked 2;0209_2 & Improved Caco-2 and 5-
to dichloro(1,2- | Co- b cytotoxicity vs. | time reduction | [44
iami lohexane) | encapsulation subcutaneo combination of | of HT29 tumor | 5]
Chemotherap sygminocyclo P us
& Pt(ll)  (NANO-Pt- wenoarafts free drug. growth at day
Y& Pan) 9 35 with good
Antibodies
tolerance.
Induced potent
antitumor
CD8+ T cell
CT26 & responses
L MC38 against
sHDL-mimicking Anti-PD-1 subcutaneo established [41
nanodiscs with DOX immunotherapy | us tumors 3]
(SHDL-DOX) CT26 Complete
orthotopic regression  of
established
tumors in 80 to

88% of mice,




CT26 liver
metastasis
inhibition, and
long-term

survival against
tumor
recurrence
compared with
free DOX or
SHDL-DOX
treatment.

sHDL-mimicking

Combinative
treatment
shows 7/8 mice
with  complete
remission in
curative pattern
vs. 2/8 for the
combined

Vaccine & | nanodiscs with - MC38 therapy with a
. . Anti-PD-1 . : [43
Checkpoint | Adpgk  neoantigen immunothera syngeneic classical 4]
Inhibitor and cholesterol-CpG PY | timor vaccine
ODN (soluble Adpgk,
CpG, and anti-
PD-1) and 0/8
for
monotherapy.
Immunological
memory against
recurrence.
NP coated with
agonistic
antibodies Significant
against 4-1BB delay of tumor
(co-stimulation ) growth and
of effector T lé)/l\(/:iS survival extend
Checkpoint | Immunoswitch iron- | cells) and subcutaneo vs. no treatment | [44
Inhibitors dextran NP antagonistic us and isotype NP. 6]
antibodies enoaraft Complete
against PD-L1 9 remission of
(inhibitory palpable tumors
checkpoint in 5/10 mice.
blockade on
cancer cells)
Reduction  of
PAMAM dendrimer ErC(B:FR anrccj)teicr;
with anti-EGFR and | Co- P [27
b . HT29 expression and
¢-Src specific encapsulation 7]
- enhanced
antisense ODN ST .
antiproliferativ
Gene e effect.
Therapy Inhibition  of
Synergism tumor  growth
PLGA-based NP | Free DAPT (y- | HCT116 and  Notch-1
o - xenograft pathway via a | [43
with siRNA anti- secretase nude  mice miR-144 8]
DCAMKL-1 inhibitor)
model dependent
mechanism. No
synergy.
Increased Increased
s | MG e | e |
Chemo & | PEGylated liposome 5-FU-based SW480; which potently | and 5FU | 2
. PO chemoradiother | HT29 - L - 440,
Radiotherapy | (Promitil) with MMC radiosensitized | combination.
apy mouse irradiated | q 447
xenograft irradiate mprove 1
HT29 (but no | antitumor
SW480). efficacy




compared to
equitoxic doses

of MMC.
CRLX101
combined with
5-FU-based
chemoradiother
HT29 & | Equivalent to | apy showed
NP-drug  conjugate gﬁ(:r?w;)brzzeigther SW480; free CPT in | better [44
CRLX101 with CPT Mouse radiosensitizing | therapeutic 1]
apy xenografts | cells. efficacy than
combinations
with oxaliplatin
replacing
CRLX101.
Gold  nanospheres | In a single
with thiol- | hydrogel, co-
siRNA-DY647, delivery of both Complete
HA1l peptide, and | GNR regression  of
Cg:rr]:o;c TCP-1 peptide | (phototherapy + tﬁ(\:/_cl"G' tumor in 5 mice | [44
Phototherapy (GNS); anti-VEGF) & | or1p mice by the | 8]
Gold nanorods with | GNS combination.

Avastin  Thiol-PEG-
COOH and TCP-1
peptide (GNR)

(phototherapy +
anti-Kras gene
therapy)

Notes: CRC: colorectal cancer; CS: chitosan; CpG ODN: cytosine-guanine rich ODN; CPT: camptothecin; CUR:
curcumin; DNA: deoxyribonucleic acid; DOX: doxorubicine; EGFR: epidermal growth factor receptor; EMT:
epithelial mesenchymal transition; ETP: etoposide; 5-FU: 5-fluorouracil; HA: hyaluronic acid; sHDL: high-density
lipoprotein; IL: interleukin; isoCA-4: isocombretastatin A-4; LDH: layered double hydroxide; miRNA: micro
ribonucleic acid; MLNP: multi-layered polymer NP; MMC: mitomycin-C; MMP: matrix metalloproteinase; NCP:
nanoscale coordinator polymers; ODN: oligodeoxynucleotide; OVA: ovalbumin; PD-1: programmed cell death
protein 1; PEDF: pigment epithelium-derived factor; PEG: poly(ethylene glycol); PLA: poly(lactic acid); PLGA:
poly(lactic-co glycolic) acid; pTRAIL: plasmid encoding TNF related apoptosis inducing ligand; PTX: paclitaxel;
ROS: reactive oxygen species; SLN: solid lipid nanoparticles; SQ-NC: squalene-based nanocomposites; TAM: tumor
associated macrophages; TNF: tumor necrosis factor; VEGF: vascular endothelial growth factor.

Human CRC cell lines: HT29, Caco-2, HCT116, SW480, Colo205, LoVo, Colon-28, LS180, LS174, DLD-1
Murine CRC cell lines: CT26, MC38




Conclusion

CRC prevention and screening programs have greatly contributed for the reduction
of CRC incidence levels and death rates. However, these numbers are not so optimistic
for patients under the 50’s and limited effective therapeutic options are currently
available to stop the progression of the metastatic disease.

Tumorigenesis is a complex and dynamic process that involve different cellular and
non-cellular elements, and their interaction contribute to tumor development,
progression, metastasis and drug resistance. Significant progress has been achieved in
uncovering several key cellular and molecular pathways involved in mCRC. This deep
knowledge is crucial to guide the development of innovative strategies targeting
multiple TIME players that dictate the CRC differentiation, proliferation and cell
dissemination. These combinational therapies enable tumor destruction and overcome
low response rate of responders, also by preventing the premature interruption of the
CRC treatment due to off-target effects.

Nanotechnology holds great promise for the development of chemo-, immuno-, and
combinatorial-based therapies against CRC. However, in addition to improved
manufacturing technologies enabling the synthesis of reproducible systems, it is
fundamental to understand and predict the biological impact that these sophisticated and
complex nano-based immune/therapeutics. Related to that it is the urgent need for the
validation of models in appropriate settings resembling a specific disease stage or
disease evolution conditions. Importantly, those validated models of the disease must
reflect the complex immune-related mechanisms in order to successfully improve the

translation of the most promising emerging combinational therapies into the clinic.
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Highlights

Colorectal cancer (CRC) is within the 5 most commonly diagnosed cancers
worldwide.

Promising clinical development of immune and chemotherapeutic regimens
against CRC.
Nanotechnology can improve CRC combinational chemo-immunotherapies.

Urgent need for the validation of models resembling a specific CRS disease
stage.



