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Medical science has recently advanced to the point where diagnosis and
therapeutics can be carried out with high precision, even at the molecular
level. A new field of “precision medicine” has consequently emerged with
specific clinical implications and challenges that can be well-addressed by
newly developed nanomaterials. Here, a nanoscience approach to precision
medicine is provided, with a focus on cancer therapy, based on a new concept
of “molecularly-defined cancers.” “Next-generation sequencing” is introduced
to identify the oncogene that is responsible for a class of cancers. This new
approach is fundamentally different from all conventional cancer therapies
that rely on diagnosis of the anatomic origins where the tumors are found.

To treat cancers at molecular level, a recently developed “microRNA replace-
ment therapy” is applied, utilizing nanocarriers, in order to regulate the driver
oncogene, which is the core of cancer precision therapeutics. Furthermore,
the outcome of the nanomediated oncogenic regulation has to be accurately

considered, and tailored to the individuals
at the genetic level for optimum medical
intervention.?l The new definitions of
medical theranostics may consequently
facilitate a major overhaul of healthcare
policies and procedures. Recent studies
on gene expression profiling and genomic
sequencing have revealed remarkable
molecular heterogeneity within the dis-
ease. This tumor complexity requires the
genetically characterized patient-derived
xenografts (PDX) for more accurate assess-
ment of drug efficacy. Previous research
has shown tumor heterogeneity resulting
from different genomic landscapes, envi-
ronments, and tissue ecosystem, which
evolve from iterative processes of clonal

assessed by the genetically characterized, patient-derived xenograft models.
Cancer therapy in this fashion is a quintessential example of precision medi-
cine, presenting many challenges to the materials communities with new

issues in structural design, surface functionalization, gene/drug storage and

delivery, cell targeting, and medical imaging.

1. Introduction to Precision Medicine

Precision medicine, as defined by National Institutes of Health
(NIH), is a medical strategy with individually customized
healthcare. Fundamentally different from the conventional
methodology, the precision theranostic procedures are designed,
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expansion, genetic diversification, and
clonal selection within the adaptive tissue
ecosystem.Bl This inherent tumor charac-
teristic is highly individualistic, therefore
demanding precision, personalized, and
specific diagnosis and treatment at all
levels, particularly at genetic level.l

The foundation of precision medicine
in tumor theranostics is identification of
the oncogene that is responsible for a class of common cancers
regardless of anatomical sites.'* These driver genes can now
be identified by advanced genome sequencing techniques.®!
Integrating genomic information with clinical treatments, it
is possible to classify cancers based upon more relevant tumor
molecular characteristics rather than anatomic and histological
criteria.l!l In this fashion, cancers are more precisely defined
and clinically classified by their signature oncogenes for preci-
sion medical treatment of individual patient. With the driver
gene identified from each patient, the tumor can well be sup-
pressed via regulating its target gene by systemic delivery
of noncoding RNAs including “microRNA replacement
therapy,” an emerging strategy that is therapeutically precise
at the genetic level in juxtaposition with conventional medical
intervention.

The limited tumor targeting ability and poor cellular penetra-
tion of noncoding RNAs remains, however, a great challenge
that necessitates a particular delivery system for gene therapy.
Viral vectors have been considered as effective delivery systems,
but their systemic toxicity and immunogenicity post major
concerns in clinical settings.®”) Nonviral vectors, constructed
with nanomaterials, have, therefore, become the promising and
popular delivery systems in biomedical applications.® The cur-
rent critical issues in gene or drug delivery deal with the diffi-
culties in facile and scalable synthesis, inefficient RNA payload,
biological barriers to gene/drug delivery, low cellular uptake,
lysosomal escape, and systemic toxicity.®! To address these
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challenges, a variety of nanocarriers have been designed and
developed, such as cationic lipids, polymeric micelles, polyca-
tion polymer-based carriers, and inorganic nanoparticles, with
specific sizes, shapes, structures, and surface functionalities,
for cancer therapy. Considering the particulate characteristics
of noncoding RNAs, development of safe, stable, and highly
efficient delivery systems for precision medicine has been one
of the main tasks of nanomaterials research.

As described above, “genomics-driven therapy” is the
essence of precision medicine. Tumor theranostics at the
genetic level thus stipulates a fundamentally different assess-
ment methodology for accurately predicting therapeutic effi-
cacy in a clinical setting. In contrast, most of the current pre-
clinical models fail to provide accurate therapeutic evaluation
of cancer therapy. Recent studies show that PDXs are regaining
popularity as preclinical models, especially when genome
sequencing technologies have advanced to the point where the
driver gene can be well identified. PDXs are developed directly
from clinical samples without in vitro manipulation for the
purpose of preserving the molecular heterogeneity and bio-
logical properties of cancer. PDXs are particularly useful, with
integration of high-throughput techniques, to comprehensively
characterize each model at multiple genetic levels, including
mutation status, genetic structural alterations, and global gene
expression patterns. Consequently, large panels of PDXs can
be classified and selected based on genetic characterization
and treated as cancer patient surrogates. Importantly, these
genetic classification criteria in PDXs are highly adaptable to
the representative clinical procedures in patient selection and
targeted drug intervention. For instance, before clinical transla-
tion trials, an avatar of tumor patient with the same genomic
molecular profile and physiology is found initially; PDXs are
then verified to represent the oncogenomics and microenvi-
ronmental features of cancer. There have been an increasing
number of studies on drug screening using the PDX models.
Presently, however, lacking of driver-gene-based animal models
has been the main reason for unsuccessful nanotherapeutics
in clinical trials. Therefore, there is a critical need to develop
more accurate animal models with well-screened oncogenomic
mutation of cancer.

The concept of cancer precision therapy is schematically
depicted in Figure 1. As shown in this figure, the patient is ini-
tially stratified into well-defined risk groups. The PDX panel is
then established by direct implantation of tumor tissue from
a group of cancer patients (for instance, head and neck squa-
mous cell carcinoma: HNSCC) into immune-deficient mice
(see clockwise blue arrows on the right side of Figure 1). To
represent the subtype of a particular driver gene, the animal
models developed must harbor the oncogene amplification
that is selected from the PDX panel upon genetic characteriza-
tion and classification. Accordingly, a type of small noncoding
RNA (for instance microRNA-100) is specifically chosen for
effectively regulating this driver gene (for instance fibroblast
growth factor receptor 3 (FGFR3)). It is essential, as described
above, to design a nanocarrier system capable of delivering the
microRNA to cancer cells in vitro and regulating the driver
gene-amplified PDXs in vivo. Critically, the delivery efficiency
and therapeutic efficacy must be accurately evaluated by PDX
models (see bottom block in the middle).

Adv. Mater. 2018, 1705660

1705660 (2 of 21)

www.advmat.de

Yilong Wang is currently

an Associate Professor at
the Institute for Biomedical
Engineering & Nano Science,
Tongji University School of
Medicine (China). He received
his Ph.D. degree in applied
chemistry from Shanghai
Jiao Tong University in 2009.
Before earning his doctorate,
he studied at University of
Washington in Seattle as an
exchange student under the supervision of Prof. Younan
Xia for one year. His main interest is biodetection using
nanomaterials and devices, focusing on the early detection
or prognosis of cancer and cardiovascular disease.

Zhiyuan Zhang is a
Distinguished Professor at
Shanghai Jiao Tong University.
He is also an academician

of Chinese Academy of
Engineering and the director
of National Research Center
of Clinical Medicine for Oral
Disease and Shanghai Key
Lab of Stomatology. Currently,
his research group is working
in the field of establishment
of personalized drug evaluation systems and development
of novel targeted treatment strategies for head and neck
cancer patients.

Donglu Shi is currently the
Chair of the Materials Science
and Engineering program at
College of Engineering and
Applied Science, University
of Cincinnati. His research
focuses on nanoscience-
based precision medicine,
cancer diagnosis and thera-
peutics, and biomaterials,
which involve the design of
unique material structures
that not only interface with biological systems but also
offer new biochemical-physical properties at the nanoscale
for fundamental studies.

The design of the nanodelivery systems considers com-
prehensive parameters that are required for miRNA-based
prognosis, synergistic RNA therapy, and biological barriers.
The integration of the programmable nanosystems is accom-
plished by developing a variety of nanocarriers such as noble
metallic, liposome, and polymeric nanoparticles (Figure 1).
The physiochemical properties of the nanosystems include
carrier sizes, particle surface functionalities, and their tumoral
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microenvironment adaptation, all required and optimized
in order to achieve synergistic delivery of noncoding RNAs,
multiplex RNA detection, and prognosis (Figure 1). With
novel nanostructure designs, the “one size fits all” nanocar-
riers will be replaced by their programmable counterparts that
are specifically tailored to personalized-medical intervention
for most predictable, accurate, and efficient cancer therapeu-
tics. The concepts and principles shown in Figure 1 can be
well extended and applied to other types of cancer precision
therapy.

2. Organization of the Review

Considering the wide range of “Precision Medicine,” we
will focus on molecularly defined cancers and their nano-
therapeutics via noncoding RNAs delivery. The gene delivery
strategy is achieved by tailor-designed nanocarriers in the frame
work of precision medicine. The so-called PDX is introduced
as an effective assessment for accurate clinical predictability in
targeted drug screening. The critical issues in nanomaterials
selection and design for molecularly defined cancer theranos-
tics are addressed by recent advancements in nano and medical
technologies. Also discussed are the important roles of nano-
materials in gene delivery, oncogene regulation, PDX assess-
ment of medical intervention, current challenges, and future
opportunities.

The major steps of cancer precision therapy are summarized
as follows: (1) identification of the oncogene that is geneti-
cally responsible for a class of common cancers; (2) efficient

www.advmat.de

RNA therapeutic efficacy via PDX that can address the issue of
tumor heterogeneity.

Seven sections are presented here, respectively dealing
with different critical issues involved in oncogene character-
ization, cancer diagnosis and therapeutics, and developing
novel nanocarriers for cancer precision therapy. In Sec-
tion 3, we introduce the basic concept of cancer precision
medicine. In Section 3.1, we first provide an introduction
to next-generation sequencing in a tutorial fashion for tech-
nical nonspecialists. This will give a baseline for precision
medicine from the viewpoint of molecularly defined cancer,
a new approach to personalized treatment. Molecularly
defined cancers will be described in detail in Section 3.2
based on the current findings in medical science. Section
3.3 gives the definitions and descriptions of cancer precision
therapy. The significance of new cancer classification will be
emphasized in the highlight of genome sequencing technol-
ogies. The strength of noncoding RNAs delivery including
microRNA replacement therapy will be introduced in Sec-
tion 3.4. Patient-derived xenograft will be discussed with
historical development and future aspects in Sections 3.5
and 3.6.

In Section 4, nanocarrier design for precision medi-
cine is reviewed with regard to the most recent develop-
ments. In this section, criteria of nanocarriers for sys-
temic delivery are described for cancer precision therapy.
In Section 5, we discuss the important role of PDX model
in evaluation of nanodelivery efficiency. Tumor prognosis
via multiplexing microRNA nanodetection is introduced
in Section 6. We finally conclude on all aspects of nano-

nanodelivery of noncoding RNAs that targets and regulates  materials development for precision cancer therapy in
the oncogenetic expression; and (3) accurate assessment of  Section 7.
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Figure 1. Schematic diagram showing the concept of nanomaterial-based cancer precision therapy.
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3. Cancer Precision Medicine

3.1. Next-Generation Sequencing

Next-generation sequencing (NGS) is a general term that
implies genomic sequencing, proteomic sequencing, epige-
netic sequencing, and targeted sequencing.! It is particularly
useful to acquire whole cancer genome with reasonable cost.
Correlations between genomic sequencing (RNA sequence and
transcriptional level, genetic mutation, DNA methylation, pro-
tein function and level) and clinical investigation (biological
behavior, sensitivity/resistance to drugs, ending point) will
enable identification of potential biomarkers for cancer preci-
sion therapy. In precision medicine, both validation of the bio-
markers and stratification of patients are critically important
in making the clinical treatment strategies. NGS has already
entered “Omics Era” with miniaturized laboratory facilities
allowing for testing thousands of molecules at a time.'% With
NGS, the Cancer Genome Atlas and the Cancer Genome Pro-
ject have been established, based on genome sequencing and
bioinformatics, to catalogue genetic mutations responsible
for cancer, and to develop the landscape of cancer genome
including point mutations, copy number variation, and translo-
cations. Furthermore, potential driver genes and chromosomal
structural rearrangements can also be identified via sequencing.
These genomic events may affect a variety of cellular processes
from cell signaling to metabolism to gene expression.'!l The
clinical significance of NGS spans in all aspects of precision
medicine that include diagnostics, prognostics, prevention, and
treatability.'”) NGS plays an important role in finding potential
biomarkers for predicting drug effects and stratifying patients
into well-defined risk groups. By correlating NGS outcome to
drug efficacy for a patient, predictors of therapeutics can be
determined.!*l Upon validation of preclinical models, these bio-
markers provide a highly valuable reference for physicians to
make clinical decisions on prescribed therapy. There have been
an increasing number of clinics that rely on NGS data for more
precise diagnosis and therapeutics of cancer. Consequently,
stratification for tumor patient based on the molecular charac-
teristics is gradually emerging in clinical practice.

3.2. Molecularly Defined Cancer

Traditional classification of cancer is based on the tumor
anatomic origins and the clinicopathologic characteristics,
according to which the therapeutic strategies may be developed.
However, distinct genetic variants cause heterogeneous clin-
ical outcome and drug response may be heterogeneous even
for those with similar histologic features and tumor stages,
therefore resulting in poor predictability in drug response and
prognosis of the patients.'*!%] Recent studies have shown that
genetic aberrations of FGFR3, due to amplification, mutation,
or FGFR3-TACC3 fusion, can function as an oncogenic driver
in various types of malignancies including urothelial carci-
noma, multiple myeloma, cervical carcinoma, and HNSCC.[1617]
These key findings have inspired the medical communities to
consider a new cancer classification based on molecular charac-
teristics of cancer as a preselective condition for precision and
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personalized treatment. The convergence of genetics, bioinfor-
matics, and targeted therapeutics has all been rapidly expanding
the scope of precision medicine by refining this new classifica-
tion of cancer. Cancer classification in this fashion is therapeu-
tically more relevantly based on molecular biology rather than
traditional anatomic and histological criteria. Meanwhile, the
currently advancing high-throughput technologies have enabled
global gene expression and genomic and epigenomic analyses,
presenting a new outlook of oncology.'®! Tumor heterogeneity
has now been well observed in terms of genetic features and
pathological characteristics, therefore demanding entirely dif
ferent clinical prognosis and therapeutic strategies. As such,
a new classification of cancer is emerging and technologically
dependent on the advanced genome sequencing. Following this
new classification, tumor treatment can be precision-targeted at
an oncogenic mutation (driver gene) via various genetic regu-
latory strategies, for instance microRNA replacement therapy.
However, other oncogenic mutations can exist that may not
selectively respond to a particular therapeutic treatment or
gene-regulation. Nonetheless, a single driver gene can be
majorly responsible for prognosis of the tumor. Suppression of
cancer can, therefore, be achieved by up- or down-regulating a
single driver gene. This tumor behavior is sometimes described
as “oncogene addiction” that provides a clinical base for cancer
precision gene therapy.

The concept of new classification of cancer is schematically
shown in Figure 2. As shown in Figure 2A, cancers arise due
to acquisition of somatic alterations in their genomes that alter
the function of key cancer genes, termed as the driver gene.
But the tumors generated from different organs may share the
same driver mutation and respond to the same therapy. For
example, breast cancer (with HER2 alternation), gastric cancer,
and colorectal cancer (or EGFR mutation) may all be found in
non-small-cell lung cancer and head and neck cancer, sharing
the same driver gene. A chosen microRNA (for instance,
microRNA-100) can therapeutically be used to down-regulate
this driver gene, delivered by nanocarriers. Multiomics can be
applied in this process including genome, proteome, transcrip-
tome, epigenome, and microbiome, as shown in Figure 2B, and
combined into a set of omes in order to find the biomarkers
efficiently. This will consequently lead to a coherent matching
of genomic—oncologic relationship, as shown in Figure 2C.

3.3. Cancer Precision Therapy

A key problem in current cancer therapy is lacking of preclinical
models that can reliably predict clinical activity of drugs in cancer
patients, mainly due to tumor heterogeneity and genetic diversity.
The conventional cancer therapeutics such as chemoradiotherapy
is not based on the classification of cancer genetic alterations.
Although cancer cell lines are originally derived from patient
tumors, in vitro manipulation and genetic transformations will
make the cell culture phenotypically homogeneous. In traditional
cancer therapy, as shown in Figure 3, patients are often grouped
according to the following: the anatomic regions where the
tumors are found; the classification of malignant tumors (TNM
classification, where “I” stands for the primary tumor site, “N”
stands for the regional lymph node involvement, and “M” stands
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Figure 2. Schematic diagram showing molecular classification of cancer patients via NGS.

for the presence or otherwise of distant metastatic spread); histo-
logical grade; risk profiles, and clinical features. The therapeutic
strategy normally follows a generalized protocol without consid-
eration of tumor heterogeneity and genetic profiles. This type
of conventional approach is often described as “one-size-fits-all”
medicine, that may result in adverse effects for some patients.!'”!
Precision medicine is targeted at an individual's genetic pro-
file, also known as N = 1 (Figure 3). At the individual level, a
specific genetic abnormality, or a driver gene can be identified,
through genome sequencing, that is responsible for different
cancers such as breast, lung, ovarian, colon, and some other can-
cers. With this approach, tumor diagnosis is taken to the next
level with gene-mapping analyses, based on which the patients
are categorized with specific driver genes. In this way, the treat-
ment can be therapeutically applied more precisely by classifying
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individuals into subpopulations who respond to a specific treat-
ment differently. The so-called “personalized treatment” is able
to provide more reliable prognosis of the diseases that the indi-
vidual patients may develop. It must be noted, however, not all
oncogenes can be targeted and regulated by known microRNA
and treatment options. Therefore, “precision medicine” is only a
relative term, whose science is still involving. Furthermore, only
part of the genomic landscape may be revealed from the molec-
ular characteristics via immunohistochemistry (IHC), fluores-
cence in situ hybridization (FISH), and Sanger’s method.

3.4. Noncoding RNA-Based Therapy

Noncoding RNAs are a class of varied RNA molecules that are
not translated into proteins, and they play important roles in
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Figure 3. Schematic diagram showing the differences between the conventional medicine and precision medicine.

Adv. Mater. 2018, 1705660

1705660 (5 of 21)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Lung l )
cancer y
MIR-135b S
Liver
cancer ‘TN
miR-21 Iy
miR-145
Colorectal
cancer
miR-221
miR-222
Bladder
cancer

miR-21

www.advmat.de

n Breast
miR-21 cancer
ST miR-451a
miR-183
~ -1 Cervical
cancer

~9- Endometrial

.:.: m’ o
005teosarcoma
-

Figure 4. Schematic diagram showing different microRNA (miR) replacement therapies for various types of cancers.

tumorigenesis and progression. Among different noncoding
RNAs, microRNA has been found to be a potential target.
MicroRNAs are small, noncoding single-stranded RNAs that
can regulate gene expressions via suppressing of their trans-
lation and stability.2%) In most of cancers, specific microRNA
expressions can be up- or down-regulated, and dysregulation
of some microRNAs has been found to be responsible for ini-
tiation, growth, and metastasis of cancer.?!-2%l Although more
than 99% of the approved drugs can target proteins for cancer
treatment, a great many of proteins are found “undruggable.”
Regulating of microRNAs offers an effective alternative for tar-
geted, precision medicine via specific manipulation of almost
every protein population, including the “undruggable” pro-
teins.2l This unique gene regulation has shown promise for
clinical therapy of several malignant diseases.?*! A recent study
has shown that stratified glioblastoma, with the microRNA
expression profiles, is divided into five clinically and genetically
distinctive glioblastoma subclasses,?”! providing a clinical base
for treatment strategy according to the state of microRNA in
tumor tissue. Furthermore, circulating microRNAs are seen
as new biomarkers in diagnosis, prognosis, and treatment
of cancer, therefore able to not only serve as a noninvasive
acquisition of tumor bioinformation but also as targets for
drugs in cancer treatment.

Down-regulating of the amplified or overexpressed oncogenic
microRNA in cancer is one of the emerging therapeutic strate-
gies.?®] MicroRNAs are considered significant therapeutic tar-
gets for cancer therapy. They do not act alone, but exhibit their
functions by forming RNA-induced silencing complex.l?”-28
Miravirsen is the first anti-microRNA ASO, approved by FDA,
and primarily used to deal with HCV infection, and tested suc-
cessful in Phase II clinical trial. Small molecule inhibitors of
microRNAs (SMIR) may be well delivered but rather difficult
to degrade in vivo. SMIR can inhibit tumorigenic activity in cell
lines and animal models. It can therefore enhance the effects of
anticancer drugs compared to single drug application by inhab-
iting specific microRNA biogenesis. Another strategy is through
reintroducing the tumor-suppressor microRNA into the tumor
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cells. Although alteration of microRNAs is diverse in different
cancers, its expression is globally suppressed in tumor cells
compared to healthy cells. Inhibition of specific microRNA may
also enhance cellular transformation and tumorigenesis.?’]
The concept of microRNA replacement therapy is schemati-
cally shown in Figure 4. As shown in this figure, various cancers
correspond to specific microRNAs. The first microRNA mimic
was identified as MRX34 (microRNA-34) in the clinical test and
developed by Mirnarx Therapeutic, Inc. (www.mirnarx.com).
MicroRNA-34 is found to be a down-regulated tumor suppressor
for numerous cancers. It can regulate more than 20 onco-
genes, therefore, capable of treating multiple cancers. Synthetic
microRNA-34 may exert as a potential therapy by transferring into
cancers.?l The major problem in microRNA-targeted therapy is,
however, lacking of efficient delivery vehicles for transporting
adequate microRNAs into cytoplasm without degradation.

3.5. Patient-Derived Xenograft in Precision Medicine

Drug attrition rates for cancer inhibition are much higher
than other therapeutic areas. Only 5% of agents with anti-
cancer activity in preclinical studies are licensed after demon-
strating sufficient efficacy in phase III testing.2% Analyses of
attrition rate during 2011-2012 show that the medicine for
oncology takes the highest proportion (nearly one third) of fail-
ures, among which the common objections are efficiency and
safety.3! The major problem attributes to lacking of preclinical
models capable of recapitulating the heterogeneity of tumors
in patients.’?l Preclinical models are important to provide an
avatar of patient in clinical trials for predicting the drug effi-
ciency. Drug efficiency assessments have shown significant
changes of tumor cells in the wake of the culture process,
including gain and loss of genetic information, alteration in
growth and invasion properties, and loss of specific cell popu-
lations.*®l These results indicate incapability of the cell lines
in recapitulating heterogeneity and microenvironment of the
tumor in patients.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Patient-derived xenograft is a renewed
tumor transplant model in immunodeficient
mice, with the grafts being directly derived
from fresh human tumors. The concept of the
PDX model was developed in 1969 by Jergen
Rygaard and Carl O. Povlsen via subcutaneous
injection of colon tumors into the immuno-
compromised mice. The resulting tumor in
nude mice was found to grow much rapidly
than the control mice, that marked the first
usage of immunodeficient mice for tumor
culturing.*¥ Later, human tumor xenograft
models were used to study the effects of radia-
tion therapy and cytotoxic agent applied to
patients, with successful correlations between
the models and clinical findings.’>’] The
advantages of the PDX model have gradually
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been recognized as the accurate preclinical
models in precision medicine. Using PDX,
the xenograft can resemble the histopathology
of the donator tumor and grow in the presence
of an integrated stroma and tumor vasculature
after several passages. No major changes exist
between the donator tumors and their relating
PDX model, except the gene-related stromal
compartment and immune function.*’]

PDX has been used to validate efficiency of the new anti-
cancer therapeutics and the effects of new drug combinations.
With current sequencing techniques, PDX is not only used as
a model to passively verify the drug effectiveness but also an
avatar of patients to predict prognosis, direct the therapeutic
strategy, and instigate biological characteristics of tumor. In
recent years, many trials have proved PDX a powerful model
to advance cancer treatment in various ways. Many successfully
correlated retrospective clinical findings to PDX data and led to
high predictability on clinical outcomes. For example, cetuximab
is an amonoclonal antibody of EFGR and approved by FDA on
metastasized colorectal cancer and squamous cell carcinoma of
the head and neck. Recent studies on cetuximab showed sim-
ilar response rate in the PDX model of colorectal cancer and
clinical findings.®! The same results were found in other drugs
such as bevacizumab and PARP inhibitor.**! Furthermore, pre-
dictive markers were also found in the PDX models of colon
cancer, with 84% (16/19) of the resistant tumors having acti-
vated mutations in KRAS, BRAF, and NRAS, among which
KRAS mutation is 57% (11/19).B% In clinical trials, patients
with a colorectal tumor bearing mutated KRAS did not benefit
from cetuximab.*" Except mutations of KRAS, BRAF, NRAS,
and PIK3CA (another protein in the downstream of KRAS),
only a small proportion of cetuximab-resistant colorectal tumor
showed quadruple-negative. In the quadruple-negative samples,
HER2-amplification may not only be the negative predictor of
cetuximab but also the positive predictor of the Pertuzumab.*!!
In recent years, more of the PDX models have been designed in
clinical trials for improved validation of the predictive genetic
biomarkers, and relevant hypotheses in human clinical trial.

Despite significant progress, current PDX development
is costly and time consuming with limited model numbers.
Bruna and co-workers addressed this issue by combining PDX
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with short-term cultures of PDX-derived tumor cells (PDTCs).
PDX/PDTC has proved to be a significant and viable platform
for high-throughput drug screening.*!

A novel therapeutic approach has been proposed, that com-
bines with PDX models, patient-derived cells (PDCs), and NGS,
to improve drug selection, search for biomarkers, and identify
drug-resistance mechanisms. As shown in Figure 5a—c, PDXs
and PDCs are established in the initial stage. Each patient is cor-
related to several PDXs and PDCs via their own tumor tissues.
Upon drug screening, substantial numbers of PDXs and PDCs
profiles are established (Figure 5d—f). High-throughput drug
screening is then applied to PDCs that determines the tumor-
sensitivity to potentially efficient drugs (Figure 5g). Selected
drugs are correlated to the corresponding PDXs for optimization
of drug efficiency in vivo. Once the optimized agent is selected,
it will be incorporated into the therapeutic strategy for a par-
ticular patient in the so-called “personalized treatment.” NGS
will be applied on tumor tissues, xenografts, and PDCs before
and after therapy. The genome sequencing profiles will be sub-
sequently correlated to the clinical outcome in order to identify
the potential biomarkers. Moreover, coclinical trials can also be
carried out. In contrast to the drug selection process above, the
potential drugs previously selected are applied to the patients
and PDXs simultaneously in order to assess drug response in
a real-time manner. In this way, the resistance mechanism and
predictive biomarkers can be identified in the coclinical trial.

3.6. PDX with Well-Defined Driver Gene

Upon generating the PDX model, molecular stratification is the
first step toward cancer precision medicine.*3] PDX is not only
a tissue bank to expand the sample volume but also a platform
for mining biological information. As mentioned above, tumors

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

such as breast cancer, liver cancer, and lung cancer have already
been molecularly defined in several reports. To model hetero-
geneity of different tumors, genetic annotation of PDX must be
carried out using high-throughput sequencing. Having collected
all bioinformation (genetic mutation, protein function, the level
of mRNA, methylation of the DNA sites, and so on) from the
PDX generated, models are categorized based on existing cri-
teria on human or genomic information. A model is accordingly
selected for a particular targeted pathway. The selected model is
used to search for a specific group of models for the best match
of targets in large-scale screening. Upon administration of thera-
peutics, correlating genetic information with model outcome will
enable identification of the predictive biomarkers for a specific
drug or gene. This is also achieved by finding the genetic gap
between the drug-resistant and drug-effective samples. Further-
more, the distinguished mutation can be investigated via evalua-
tion of the molecular characteristics in response to the drug and
downstream molecular activation. These results will provide the
underlying mechanism for a specific drug resistance.

4. Nanomaterials for Cancer Precision Therapy

There have been many challenges in precision medicine that
cannot be easily addressed by current medical methodologies,
for instance, the targeted gene delivery. In the past decade,
nanomaterials and nanotechnology have shown promise in
meeting some of the key requirements in medical diagnosis
and therapy, including cell targeting, medical imaging, drug/
gene delivery, and a variety of therapeutic means based on
chemical and physical properties at nanoscale such as mag-
netic hyperthermia and photothermal therapies. Although
critical issues are yet to be fully addressed for these novel mate-
rials, a new era has begun in medical history that diagnosis and
therapeutics can be well advanced via tailor-designed nanocar-
riers and their surface modifications.** In particular, special
functionalities of these particulate carrier systems have been
engineered capable of intelligent triggering of drug release,
efficient gene delivery, sensitive biosensing, super-resolution
nanoimaging, signal nanotransduction, and biological nano-
analytes. In the so-called nanomedicine, one of the major
focuses lies in cancer diagnosis and therapeutics using unique
nanostructures tailored to the specific biomedical and clinical
applications.** In contrast to conventional materials such as
bulk, single crystals, and thin films, nanoparticles are charac-
terized with much smaller scales (=10 nm), large surface areas,
new structures, and properties associated with nanoscale, and
a wide range of functionality, manipulability, and biomimic
ability. As such, it allows for a great freedom in structural archi-
tecture, tunable properties, microenvironmental interactivity,
nano-biointerfacial functions, and even the potential for devel-
oping nanorobots for special tasks at the cellular level, thereby
exhibiting a promising future in both fundamental science
research and clinical applications.

Cancer precision therapy has well utilized the unique nano-
properties and prompted generational development of various
nanoparticles. In retrospect, the first generation (1G) nano-
materials are mainly composed of single, nonfunctionalized,
and as-synthesized basic nanoparticles such as SiO,, Fe;Oy,
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ZnO, and quantum dots with limited properties and applica-
tions. To deal with the complex medical issues, nanoparticles
must be functionalized with different moieties for diagnosis
and therapeutics in a clinical setting, that include anticancer
drugs, biological molecules, florescent dyes, tumor-specific
ligands, and genetic entities. These components must be well
assembled at nanoscale to function independently or coopera-
tively for the most efficient medical theranostics. As such, the
term: “multifunctional nanosystem” has emerged as the rep-
resentative second generation (2G) nanoparticles. Some sys-
tems at molecular level may be built with particular structures
such as a tube or ring that can be driven by molecular inter-
actions, which are sensitive to pH, light, electrical field, and
“switched on—off” with structural reversal. A “microbivore” is
an imaginative nanomachine which could function as an arti-
ficial white blood cell, or phagocyte. These future self-driven
nanodevices may be classified as the third generation (3G)
nanomaterials.

4.1. Nanocarriers for Noncoding RNA Delivery

Among all nanomaterials developed so far, we focus on those
specially designed for precision medicine, more specifically,
cancer precision therapy. The critical issues involved in cancer
therapy deal with long circulating time of the nanocarriers, effi-
cient targeting to the tumor tissue and cancer cells, high cell
uptake and fast endosomal escape, large cargo loading and con-
trolled release, and minimum toxicity via thorough body clear-
ance.’% A biological body may be regarded as a complicated
closed system with a set of variable physiological parameters
and microenvironment. Medical therapeutics applied to such a
system will require “smart” nanocarriers with the “intelligence”
level that is scaled to design complexity depending upon the
specific strategies in precision tumor therapy.

Figure 6 shows a variety of nanomaterials that are com-
monly applied in medical theranostics, such as the inorganic
and polymeric nanoparticles. One of the main tasks in nan-
odesign is to equip carriers with functionalities for overcoming
the so-called “biological barriers” to which the carriers will
first encounter in the blood stream. The typical biological bar-
riers, as shown in Figure 6, include the mononuclear phago-
cyte system, intratumoral pressure at the extracellular matrix,
and tumor cell membrane penetration that can sufficiently
reduce the effects of the nanocarriers with payloads of drug
and genes. Once delivered, these nanocarriers will have to
be adaptive to the physiological environment for survival and
efficient deployment of therapeutics. Upon interaction with
serum and stroma in blood and tissue, some physiochemical
properties of the nanocarriers will be altered and weakened,
leading to invalidation of some biological effects. The “smart”
nanosystems refer to a class of nanocarriers which can harness
physiological cues for tumor cell targeting and desired release
behaviors, such as activated cellular uptake or stimuli-respon-
sive drug release.’1-¢ The difference between the “smart” and
“nonsmart” materials, as shown in Figure 6, is defined by its
response to the biological barriers in vivo. The structure, size,
and surface functionalization of the smart nanosystems all
play important roles in overcoming these biological barriers, as
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Figure 6. Schematic diagram showing various designs of “smart” nanosystems considering the in vivo biological barriers in cancer therapy.

indicated in this figure. Some of the typical “smart” nanosys-
tems are introduced in the following sections.

The current advances in genomics and oncology have
allowed for more personalized cancer therapy in a data-driven
manner. Recently, new strategies of microRNA-directed cellular
regulation by RNA interference (RNAi) utilizing exogenous trig-
gers have emerged, including small interfering RNA (siRNA) or
antisense oligomers.”’~%% The potential to regulate the expres-
sion of any cancer-relevant protein with comparatively high
selectivity enables RNA-based therapeutics as a more effective
and safe treatment in juxtaposition to traditional approaches.
Clinical translation of this method depends, however, heavily on
the design and development of the systemic delivery of nano-
carriers.’I*4 Major considerations include the following: (1)
In vitro data may not be reliable for carrier optimization espe-
cially when it is isolated from the cancer microenvironment in
vivo; (2) the biological effects of the nanocarriers on the physi-
ochemical features must be evaluated when interacting with
living cells or protein in blood, and (3) precision therapy is only
valid upon unambiguous therapeutic target at the gene or pro-
tein level. Combined therapy, utilizing the synergistic effects of
nanocarriers with a variety of gene/drug payloads, has been an
emerging strategy for improved antitumor efficacy. For instance,
codelivery of gene/drug or gene/gene has been extensively
investigated based on the synergistic properties of nano-
therapeutics.[®®) Among them, the tailor-designed hierarchical
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inorganic—organic composites are capable of efficient loading
of two different cargos with intelligent sequential releases on
targets.

4.2. Criteria of Nanocarriers for Systemic Delivery

For precision medicine, criteria must be first developed for
nanocarriers in systemic delivery, based on all aspects of biolog-
ical effects and basic medical requirements.l®®”) Cancer gene
therapy is accomplished by inhibition of oncogenic microRNA
or replacement of tumor suppressor microRNA, a unique and
effective strategy to restore cellular homeostasis.[®®®%1 Oncogen-
esis, in part, has been associated with dysregulated expression
of various microRNAs,”%73 which exhibits some differences
from small interfering RNA (siRNA) therapeutics.”#”° The
nanodelivery of nucleotides has shown significant advan-
tages compared to administration of pure nucleotides. With
nanodelivery, the stability of nucleotides is enhanced with more
resistance to degrading enzymes and improved transfection of
the therapeutic molecules into the cells. The delivery of nano-
carriers can be further enhanced with optimized particle size
and surface functionalization, characterized by specific tumor
(cell) targeting, and self-triggered sequential responsive gene
release. Despite extensive studies on various nanocarriers, a
few focused on cancer precision therapy using the PDX models.
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4.2.1. Nanocarrier Size

Among all nanocarrier design parameters, the hydrodynamic
size is the most important one that strongly affects transfection
efficiency, endocytosis, and toxicology of gene nanovectors in
vitro or in vivo.”%78 The guidelines for the hydrodynamic size
consider the route of administration and biological barriers for
in vivo gene delivery. The nanovector size is also critical in vitro
for cell internalization and transportation inside the cancer
cells. Regardless of chemical composition, an ideal size may
assume a considerable range for gene delivery, particularly in
overcoming certain biological barriers. For passive targeting
of tumor via the enhanced permeability and retention (EPR)
effect, macromolecules larger than 40 kDa may leak out from
tumor vessels and accumulate in tumor tissues depending on
the tumor type and the newly formed blood vessels.””) The
therapeutic effect can be dramatically influenced by the carrier
size, therefore, critically controlled through different synthesis
methods, among which, the template-assisted method has been
widely employed in developing hollow or yolk—shell structured
inorganic nanovectors.®% A bioinspired templating method has
been recently reported for preparation of lipid-bilayer vesicles
with monodispersed sub-100-nm diameter.[®!] In this approach,
liposome self-assembly is nucleated and confined inside the
rigid DNA nanotemplates. Using this method, homogeneous
liposomes can be synthesized with four distinctive sizes.

To generate programmable lipid-like vehicle, the structural
DNA ring can be constructed as a template. Figure 7 shows
the scheme for generating size-controlled vesicles by nanotem-
plating. The physiochemical properties of the liposomes are
tuned through DNA-strand hybridization. A DNA-origami
ring (red in Figure 7) is initially prepared to carry multiple
single-stranded extensions (empty handles). The antihandles

www.advmat.de

are prepared by chemical conjugation of liposome precursor,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamineN-[4-(p-maleim-
idophenyl)butyramide], to oligonucleotides with a complementary
sequence to handles. Extra lipid and detergent are supplied to
form liposome by hybridization of the empty handles and the
lapidated antihandles (the green curl with orange head, as shown
in Figure 7). The chemical structure of the lipidated antihandle is
shown at the bottom of Figure 7. The desired product (liposomes,
with their sizes determined by the DNA template) is purified
via isopycnic centrifugation. At the final stage, the vesicles (the
gray bubbles as shown in Figure 7) are released from the DNA
ring template. The liposomes prepared in this fashion exhibit
improved homogeneity compared to those by traditional methods
such as extrusion.

Via size control, one is able to evaluate the size-related bio-
logical effects including circulation, internalization, retention,
and overall antitumor efficiency resulting from a series of
siRNA carriers with different diameters.®? A typical example
of size-related antitumor efficiency is shown in Figure 8. A
series of cationic micellar nanoparticles (MNPs) with differ-
ence sizes of 40, 90, 130, and 180 nm are synthesized with
similar physiochemical features and siRNA binding effica-
cies. As can be seen in this figure, suppression of MDAMB-
231 cells is consistently correlated to different sizes denoted
as MNP-(40, 90, 130, 180)/siRNA, among which MNP-180/
siRNA (the largest size: 180 nm) exhibits the strongest intra-
cellular green fluorescence signals in the cytoplasm compared
to those treated with other sizes. As can also be seen in this
figure, the MNPs of 90 nm (MNP-90/siRNA) show the most
significant antitumor efficacy in the MDA-MB-231 xenograft
murine model. This is attributable to the highest siRNA reten-
tion and best gene silencing efficacy following intravenous
injection. These results suggest a size balance between

Vesicles prep: by

Vesicles prep: by

(@ supply lipid
@ Remove detergent
(@ Purify product

Figure 7. Scheme for generating size-controlled vesicles by nanotemplating. Reproduced with permission.l"l Copyright 2016, Macmillan Publishers
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Figure 8. Therapeutic efficiencies achieved via nanocarriers with different sizes. Reproduced with permission.®2 Copyright 2015, Wiley-VCH.

retention of therapeutics within the plasma for treatment
effectiveness and renal clearance for reduced long-term tox-
icity. Ideally, the nanovector size should be kept in a suit-
able range: small sizes in general facilitate long-term blood
circulation, while considerable dimensions promote a
high concentration of therapeutics at the tumor site due to
pronounced EPR effect.

Figure 9A shows in situ nanoparticle size conversion
(from small to large) via polyanion/PEI complexes, indicating
excellent antitumor effect with negligible damage in major
organs.®¥ Dissociation of nanocarriers is therefore desired for
more sensitive response to microenvironmental changes.®
Wang and co-workers developed a nanovector that can disso-
ciate upon arriving at the tumor site due to their pH-sensitive
features.[® Figure 9B,C are schematic diagrams, respectively,
showing the pH-sensitive cluster nanobombs and related bio-
logical effects. To balance between the biological barriers related
to the EPR effect and intratumoral pressure, the nanostructures
can respond, in size, to different tumor microenvironment;
starting with an initial size of =80 nm at neutral pH, then a
dramatic size transition as pH reaches =6.5-7.0. As shown in
Figure 9C, upon reducing to a dimension less than the den-
drimer building block (10 nm), the loaded Pt drug is efficiently
delivered into tumor tissue and cells. Wong et al. proposed a
concept of multistage nanoparticle system with tumor-microen-
vironment-responsive characteristics, in order to compromise
the requirement of tumor cell targeting.®® A customizable
multistage delivery vector was also developed, composed with
biodegradable porous silicon, capable of encapsulating a variety
of drug-loaded nanoparticles for enhanced tumor delivery.#’]
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These bioinspired-delivery strategies have recently been fur-
ther modified to include shape- and size-shifting nanoparticles
based on DNA hairpin ligands, known as the “smart” nanoma-
terials that are adaptive to their local microenvironment.888
Size-variable nanocarriers can modulate surface charges due to
protonation of amino groups, triggered by acidic tumor extra-
cellular environment. These smart nanocarriers are particularly
useful for targeting and effective specific gene silencing in
vivo.’ Recently, Chen et al. prepared the shell-stacked nano-
particles with size and surface charge dual-transformable prop-
erties for enhanced tumor penetration and cancer cell uptake in
deep tumor tissue.’!!

4.2.2. Surface Functionalization

One of the key features of nanoparticles is the surface func-
tional groups conjugated for both structural architecture
and medical theranostics. The nanovectors must be surface-
functionalized for conjugation of various theranostic moie-
ties in order to carry out required tasks including prolonged
in vivo circulation time, precision recognition of tumor sites
or tumor cells, reduced cytotoxicity, enhanced gene transfec-
tion, and improved biocompatibility. Artificial and natural
polymers are often used to functionalize the nanoparticles
for multiple functionalities. These include polyethylene
glycol (PEG),I? chitosan, polyethyleneimine (PEI), cyclodex-
trin, zwitterionic polymer,®¥ and etc.”*%] Some polymeric
surface-functionalization can enable enhanced tumor cell
targeting such as poly(glutamic acid) (PGA) and hyaluromic
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Figure 9. A) pH-triggered size increasing gene carrier for efficient tumor accumulation. Reproduced with permission.® Copyright 2017, American
Chemical Society. B) Schematic illustration of the pH-sensitive cluster nanobombs and C) their corresponding biological effects. Reproduced with

permission.® Copyright 2016, American Chemical Society.

acid (HA). The CD44 receptor-overexpressed cell lines were
reported to be well-targeted through HA receptor-mediated
endocytosis. This approach can be used to treat diseases in
tissues with HA receptors, such as liver and kidney cancers.
Layer-by-layer-assembled, cysteamine-modified gold nanopar-
ticles/siRNA/PEI/HA complex shows enhanced target-spe-
cific intracellular delivery (Figure 10A). Without an inorganic
core, siRNA/PEI-HA complex can efficiently target tumor
cells (Figure 10B).°! Pronounced tumor cell uptake has
also been found with PGA receptor-mediated endocytosis.[1%!
Polymers can be assembled with multiple layers that facili-
tate gene transfection of nanocarriers in the presence of
serum.[1% Biocompatibility, a key requirement in nanomedi-
cine, also requires surface-functionalization with bioinspired,
synthetic polymers.

Adv. Mater. 2018, 1705660

1705660 (12 of 21)

Extracellular vesicles such as exosomes, are rather small
with diameters of 30-100 nm, but representing an important
tumor microenvironment. Communications within the tumor
or between the tumor and stroma significantly influence tumor
progression and interfere with treatment responses. Malignant
cells rely on paracrine signaling, initiated from adjacent stromal
cells, to resist anticancer therapies. Tumor-derived exosomes,
related to tumor proliferation, angiogenesis, invasion, and
premetastasis can be used for exosome-based cancer diagnosis
and antitumor therapy.l'%-1% Some investigations have been
carried out on the endogenous identity of exosomes and inter-
action of cancer cells with gene-loaded exosomes.['’] Exosomes
play crucial roles in protection and transport of endogenous
biomolecules of microRNA as antitumor therapeutics.[t06-108]
Tasciotti and co-workers isolated cell membranes from
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Figure 10. A) Schematic diagram showing the preparation of layer-by-layer assembled, cysteamine-modified gold nanoparticles/siRNA/PEI-HA com-
plex and its enhanced delivery efficiency. Reproduced with permission.*l Copyright 2011, American Chemical Society. B) Schematic representation of
siRNA/PEI-HA complex and its improved tumor targeting ability. Reproduced with permission.l*®l Copyright 2009, American Chemical Society.

leukocytes via particle coating to reduce opsonization and subse-
quent uptake by the mononuclear phagocyte system (MPS).[1%)
Figure 11 shows a schematic diagram of the leuko-like vector
and different interacting behaviors with a human umbilical
vein endothelial cells (HUVECs) endothelial monolayer. The
surface of (3-aminopropyl)triethoxysilane-modified porous sil-
icon particles is coated with leukocyte-derived cell membranes
through electrostatic and hydrophobic interactions (Figure 11A).
Figure 11B,C, respectively, show the transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
images of bare vector surface morphology, while Figure 11D,E
is the TEM and SEM images of the vector with single layer of
lamellar vesicles coating.’%l Stem cell membrane-coated nano-
gels can effectively reduce immune system clearance, therefore

A

increasing the tumor targeting ability and antitumor therapeutic
efficacy of doxorubicin-loaded gelatin nanogels in mice.''% As
is well known, virus RNA carrier exhibits high transfection effi-
ciency, but at the cost of strong immunogenicity. Virus-like nano-
particles have therefore been developed as gene and drug carriers
from different plant protein or Hepatitis B core protein.['11-114]

4.2.3. Overcoming Biological Barriers

Tumor targeting is well known for enhanced antitumor effi-
cacy and reduced toxicity. One of the main requirements for
cancer precision therapy is tumor cell targeting and internali-
zation of the microRNA-nanocarrier complex. Some of the key
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Figure 11. A) Schematic illustration of the leuko-like vector. B) TEM and C) SEM images of the bare vector. D) TEM and E) SEM images of the single
layer of lamellar-vesicle-coated vector. Reproduced with permission.l'%l Copyright 2013, Macmillan Publishers Limited.
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issues deal with elimination, trapping, and destabilization of
the nanocarriers, known as “biological barriers.”''”] Nanocar-
riers can serve as a precision transport system that delivers the
cargo to a specific target in vivo.l''® Although heterogeneity
of the biological barriers exists from patient to patient, and
from lesion to lesion, some general principles apply for nano-
carrier designs.''”) The typical barriers include clearance by
MPS, hemorheological/blood vessel flow limitations, pressure
gradients at the tumor stroma, cellular internalization, escape
from endosomal and lysosomal compartments, and drug efflux
pumps. Several studies have shown that the EPR effect-medi-
ated passive tumor targeting is effective in overcoming some
biological barriers for certain types of tumors.''3 Special nano-
carriers need to be developed for specific tumor models at a
given angiogenic phase.'8-1201 Depending on the method of
administration, nanocarriers must adapt to the different bio-
logical barriers in vivo. Nanocarriers are normally I.V. injected
in the blood stream, and likely encounter barriers such as
MPS in liver, tumor tissue, cancer cells boundary, subcel-
lular organelle, and drug resistance related protein. To escape
from phagocytic clearance, the conventional method relies on
PEGylated-surface functionalization. In addition to optimiza-
tion of the carrier physiochemical properties, such as size and
surface functionalization, biomimicing is another effective
strategy. For instance, blood brain barrier (BBB) is a major
obstruct to drug delivery for brain tumor therapy. Recently,
neutrophil-carrying liposome has been used to deliver chem-
odrug to brain tumors via penetration of BBB by increased
inflammatory factors at the tumor site.!?!l The biomimic-
membrane-modified nanocarriers show well improved bio-
compatibility and low immunogenicity.

4.2.4. Hierarchical Structure and Ordered Functional Moieties

Significant progress has been made on targeted antitumor
therapy via controlled assembly of nanosystems with syn-
ergistic bioeffects.l'?27124 The current effort on synergistic
delivery has gradually shifted from random diffuse of drug/
gene from carriers to more orderly controlled release by unique
nanostructural architecture and multifunctional moieties. For
“smart” gene delivery with high temporal-spatial precision,
various bioinspired strategies have been developed for physi-
ological and environment responsive targeted gene delivery.['’]
To deal with chemodrug resistance of tumor cells, exten-
sive studies have been focused on the development of RNA/
drug codelivery nanosystems.['?-13% Some nanosystems are
designed with physiological-condition-triggered self-assembly
or disassembly abilities. Among them, gold nanoparticles have
been widely studied for its unique thermos physical proper-
ties.311321 Zhang and co-workers developed the thermosensi-
tive-polymer-modified gold nanoshell composite nanoparticles
as a gene/drug nanocarrier. MicroRNA inhibitor and chem-
odrug can be carried separately within the polymer surface
and gold nanoshell. In this way, the cargos can be released in
a sequential order for enhanced therapeutic efficacy, specially
designed to overcome drug resistant. The drug release is con-
trolled through dissolving the gold nanoshell by photothermal
heating (Figure 12).1*3 The lipid-layer-coated mesoporous
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silica can also sequentially release two drugs, in order, by a
time-dependent diffusion process.'3 Paulmurugan and co-
workers synthesized antisense-miR-21 and antisense-miR-10b
loaded PLGA-b-PEG polymer nanoparticles and performed a
targeted codelivery of antisense-microRNAs to triple negative
breast cancer through sustained release. The subsequent syn-
chronous blocking of target microRNAs by two cargoes with
different bioactivities prove to be an efficient strategy for tar-
geting metastasis and antiapoptosis in the treatment of meta-
static cancer.l'*]

Among these well-designed polymeric gene
nanocarriers,!'3¢137] the versatile and hierarchical surface func-
tionalization of inorganic nanoparticles, with synergetic effects
of cargos, show high potential for efficient gene delivery.[8%138l
Some typical examples include codelivery of two cargoes
aiming at clear cancer therapeutic target, in which the bioeffect
of one cargo is the trigger for the other. Furthermore, codelivery
of two genes requires coloading of siRNA and microRNA in
one nanovector.'3140 The strength of two different noncoding
RNAs, codelivered for cancer therapy, lies in the synergetic
effect from specifically silencing expression of cancer-related
genes and/or regulation of the pathway for cancer development
and progression.

4.3. Nanocarriers for Cancer Precision Therapy

In precision gene therapy, delivery of therapeutics via nano-
carrier design is crucial especially when aiming at a spe-
cific epigenetic alteration.'*!l Personalized genomics data is
essential for customized gene delivery and effective pharma-
cokinetics. Precision medicine therefore demands complex
medical protocols, advanced genome sequencing analysis,
and ultimately the selection and design of nanocarriers. The
advanced nanomaterials and nanotechnology, development
of gene sequencing technology, emerging biomarkers, and
targeted therapeutics against dysregulated epigenomes in
cancer cells will have to be all combined for realization of
precision medicine, especially in a clinical setting.['*?] Several
microRNA overexpressions associated with some cancer types
have been discovered recently, such as microRNA-155014%] and
microRNA-211 which can be used as the therapeutic targets
in cancer precision therapy.

4.3.1. Emerging Biomarkers for RNAs Nanotherapeutics

Using new genomic sequencing technologies, such as NGS,
more information on genomics from clinical patients with dif-
ferent anatomic features have become readily available, which
is extremely valuable in clinical treatment of cancer.!'#>140l
The “omics” technologies have been utilized to investigate
the signaling pathways and biological networks, and identify
the pathway mechanisms. However, the large amount of data
generated makes it difficult to distinguish between the causa-
tive mechanisms.!'*’l For example, recent deep sequencing of
HNSCC genomic landscape reveals a multiplicity and diver-
sity of genetic alterations in malignancy.*¥1%! Among them,
the PI3K/mTOR pathway is reported to be most frequently
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Figure 12. Schematic illustration of the sequential and synergistic codelivery vectors. Reproduced with permission.'*} Copyright 2016, Elsevier.

activated, and plays a central role in cancer initiation and
progression. In this way, targeting of mTOR may present a
possibility of precision therapeutics for HNSCC.[" Clinical
trials have shown encouraging results that mTOR inhibition
exerted potent antitumor activity in the HNSCC systems.[>%
Patients with lung adenocarcinoma showed pronounced
responses to agents that target mutant BRAF in melanomas
or mutant ALK. These findings indicate a genomic—oncologic
relationship via driver gene regulation leading to subsequent
cancer suppression, which is a quintessential example of pre-
cision medicine." It should be noted that activating muta-
tions in EGFR and ALK fusions are typically not present in
lung squamous cell carcinoma (SQCC).['2 While molecularly
targeted agents are now available for lung adenocarcinoma,
no effective counterparts have yet been developed specifi-
cally for lung SQCCs. Studies on therapeutic targets for lung
SQCC show that 96% (171 out of 178) of tumors contain one
or more mutations in tyrosine kinases. These observations
provide possibilities for targetable gene or pathway alteration
in lung SQCC.I">3 Correlations have been developed between
clinical findings and molecular characteristics in breast cancer
(divided into four types, luminal A, luminal B, HER2- type,
and triple negative), glioblastoma multiforme (divided into
three types, categorized by EGFR, NF1, and PDGFRA/IDH]1),
and colorectal cancer (divided into four types, CCS1-4 divided
by a group of molecular characteristics).'>*1>%! Although the
subtypes are not divided precisely according to the driver
gene, they give much better predictability in prognosis and
drug response to therapy compared to traditional cancer
classification.
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4.3.2. Targeted Noncoding RNAs Nanotherapeutics

The main cancer therapeutic modalities include surgery, radiation,
and chemotherapy. As is well known, these conventional treat-
ments not only pose high risks of high morbidity and mortality
but also serious systemic toxicities. With individual genomic infor-
mation on oncogene mutation of the stratified patient, novel drug-
gable targets for noncoding RNAs therapeutic interventions in
various human malignancies present overwhelming advantages.
Recently, the driver-gene-based precision therapy is fast emerging
utilizing the “-omics” technologies. Some advanced delivery
nanosystems, such as liposome nanoparticles, have been devel-
oped with improved biocompatibility and delivery efficiency.'>®!
Huang and co-workers developed LPH nanoparticles (liposome-
polycation-hyaluronic acid) for delivering siRNA and/or miRNA
with a single formulation capable of simultaneously targeting sev-
eral oncogenic pathways including c-Myc/MDM2/VEGF in lung
metastasis. Tumor-specific scFv was conjugated onto the surface
of nanoparticles for enhanced cancer cells targeting. Their results
showed successful inhibition of c-Myc, MDM2, and VEGF protein
expressions leading to significant suppression of B16F10 meta-
static tumor growth.® With the similar nanoparticle formula-
tion, Wang and co-workers used cyclic arginine-glycine-aspartic
(RGD) peptide-modified LPH nanoparticles to deliver anti-
miRNA antisense oligonucleotides for down-regulating the target
microRNA in human umbilical vein endothelial cells.'>”] Pan and
co-workers!*® developed cationic lipid nanoparticles to deliver
premicroRNA-107 as an anticancer therapeutics in HNSCC. They
found pre-miR-107 well delivered into HNSCC cells by greater
than 80 000-fold compared to free pre-miR-107. Previous in vitro
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and in vivo experiments have also shown effective suppression of
tumorigenesis of HNSCC by RNA nanotherapeutics as a result of
specific targets: protein kinase Ce (PKCe), cyclin-dependent kinase
6 (CDK®6), and hypoxia-inducible factor 1- (HIF1-f).

5. PDX Model for Evaluation of Nanocarriers
Delivery Efficiency

There has been an increasing need to apply PDXs as preclinical
models in cancer precision therapy. These models are devel-
oped without in vitro manipulation therefore preserving the
molecular heterogeneity of cancer. Furthermore, the advanced
high-throughput techniques enable characterization of each
PDX in terms of mutation status, genetic structural alterations,
and global gene expression patterns. PDXs can be classified
and applied as viable cancer patient surrogates. Considering
cancer molecular heterogeneity and microenvironment, recent
research has been increasingly focused on evaluation of thera-
peutic effects based on the PDX animal models.[1>*-164]

In RNA therapy, the tumor animal model is a particularly
important factor which can be easily overlooked. Cell-derived xen-
ograft has been extensively used to evaluate the therapeutic effects
of systemic RNA delivery. Yang and co-workers!!®! established an
orthotopic human pancreatic cancer PDX model in SCID and
nude mice to study the induction of tumor cell death by the thera-
nostic nanoparticles carrying a chemotherapy drug doxorubicin,
targeted at insulin-like growth factor 1 receptor (IGF1R). The
research has, for the first time, applied the PDX models to eval-
uate the therapeutic outcome according to the oncogene instead
of anatomic organs, and therefore paved a new path in cancer
precision therapy through oncogenically defined patient.

A proof-of-concept study on microRNA replacement preci-
sion therapy has also been recently reported via development
of nanodelivery, targeting at FGFR3 oncogenic alteration using
the PDX model.l'% The strategy of this work has provided a
rationale for precision medicine, as described as follows: (1)
Identification of the oncogene for FGFR3-driven tumors by
genome sequencing; (2) design of a nanovector delivery system
for in vivo microRNA delivery via a facile and reproducible pro-
cess; (3) efficient microRNA delivery predominately targeting
at FGFR3, and (4) down-regulation of the FGFR3 pathway by
microRNA with PDX assessment in vivo.

For gene delivery in this comprehensive study, a nanovector
is developed with microchannels hierarchically functionalized
with ternary polymers for high microRNA payload.['*”] For bio-
compatibility and colloidal stability, the spherical nanovector is
further functionalized with the negatively charged polyacrylic
acid molecules.'®”] This uniquely designed nanosystem has
effectively delivered microRNA to the tumor site and down-
regulated the driver gene for patients harboring FGFR3 aberra-
tions, presenting a classic example of cancer precision therapy.

6. Multiplexing MicroRNA Nanodetection
for Tumor Prognosis

The level of intracellular microRNA in gene therapy is one of
the most critical indicators not only for microRNA replacement
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therapy but also for down-regulation of endogenous microRNA
by antisense oligomers. Multiplexed detection of microRNA
can provide complementary information for clinical decision-
making and evaluation of therapeutic outcome. Many method-
ologies have been developed for multiplex or single microRNA
detection based on various mechanisms,!'® including dye-
quencher cyclic enzymatic amplification method,!'*! microflu-
idic-paper-based analytical devices,'””) donor-acceptor Férster
resonance energy transfer (FRET),'Y FISH fluorescence
imaging,[1%0172173] cascade hybridization reaction,!'’# and solid-
state biosensors.[”>17¢] Most of these methods are developed
for early diagnosis or prognosis of diseases according to their
sensitivity, specificity, type of tissue or cellular samples. Prior
to the emergence of nanotechnology, the conventional
methods for microRNA detection include reverse transcription
polymerase chain reaction,'””l Northern blotting,'”® and
microarray technologies.'””! Due to limited microRNA in
total RNA samples and the vulnerability to degradation, these
conventional methods have intrinsic limitations in detection
sensitivity and specificity, especially for multiple analyses.
Nanomaterials have been utilized for highly sensitive and
specific microRNA detection. Quantum dots and graphene
oxide have widely been used in the donor-acceptor Forster
resonance energy transfer method.'71180-182 The detection
selectivity of these methods is, however, heavily dependent on
the ratio of signal amplification to background fluorescence.
Surface-enhanced Raman scattering (SERS)-based sandwich
hybridization assay has been investigated for target RNA
to form hybrid with the nanoprobe RNA.!'83] Upon specific
RNA-DNA hybridization, monoclonal antibody conjugated
Au nanoparticles with high affinity to RNA have displayed a
signal amplification effect based on surface plasmon resonance
enhanced light scattering.['®! The log of odds (LOD) can be as
high as 60 x 107> M when using microRNA-122 as the model.
The high detection sensitivity can even be realized with signifi-
cant background of nontarget RNAs. In quantum dot-labeled
strip biosensor, LOD of microRNA-21 detection of cell extrac-
tion sample can reach as high as 100 x 10~ m, by an addition
of target-recycled nonenzymatic amplification procedure.['®]
The photoflorescence decay is related to the distance between
the dye Tb and quantum dot nanoparticle, another critical
parameter for specific detection of microRNA strand.[8¢]
However, few studies have so far been carried out on in
situ microRNA detection for prognosis of cancer treatment
by noncoding RNA delivery. Considering the inconsistencies
between the spiking samples and RNA extraction efficiency
from different labs, the quantitative detection of microRNA
in living cells deserves rigorous investigation with advanced
nanotechnologies. With the cascade hybridization of RNA
strand, microRNA-21 in living HeLa cells have been directly
imaged by a method using two programmable nucleic acid
sequences, labeled with either a donor or an acceptor fluo-
rophore dye.'’ A unique design of hairpin stem has been
developed with the controlled loop lengths of nucleic acid
sequence. Hairpin stem internal mismatch is intended for
compromising the stability of the hybridization product in
physiological environment. The difference between hairpin
stem approach and other microRNA detection is that the
former does not require any purification of target during the
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process, a critically important advantage for diagnostics or
prognostics of cancer.['¥7]

MicroRNA detection in living cells can also be achieved
by using a sensitive method based on biodegradable MnO,
nanosheet-mediated signal amplification.l'®] The tumor redox-
sensitive MnO, nanosheet has been used to carry and quench
the dye-labeled hairpin probes. Upon target cancer cell endo-
cytosis, the two-dye labeled probes are released from MnO,
carriers, triggering cascaded assembly of two hairpins, and
subsequently outputting significantly enhanced FRET signal.
These hybrid microRNA detection nanoprobes show promise
in real-time monitoring of the prognosis of noncoding RNA
therapy with an extremely high sensitivity. Hybrid graphene
oxide gold nanoparticles exhibit 1 x 107> m LOD in the sur-
face plasmon resonance (SPR) process, particularly useful for
microRNA detection. A sandwich-like DNA hybridization can
target specific DNA molecules. Au films, covalently functional-
ized with thiolated DNA nanoprobes, and modified Au probes,
linked on the grapheme oxide sheets, have been the recently
developed microRNA sensors.['¥! The GO-Au-SPR biosensor
does not require any use of special capture probe, which is an
expensive kit with toxic chemicals.

7. Summary

One of key contributions of nanotechnology to cancer preci-
sion therapy is the ability to deliver noncoding RNAs that can
target and regulate specific oncogenes, responsible for a class
of cancers. Nanodelivery of noncoding RNAs has proved to be
a powerful therapeutic strategy for “oncogene-driven” cancer
patients. This approach is clinically viable and adaptable to
other types of molecularly defined cancers for personalized
treatment. In cancer therapy, the PDX model is becoming
widely recognized, and used as the avatar of cancer that pre-
serves the genetic characteristics and microenvironment of the
patient. The “intelligent” carriers have been tailor-designed for
all aspects of precision medicine based on a variety of poly-
meric, inorganic, and bioinspired nanomaterials. The inter-
disciplinary collaborations between medical and materials
researchers have been the key to the current success in jointly
dealing with complex issues in cancer precision therapy. With
further progresses in nanotechnology, the therapeutic carriers
will be able to target the tumor tissue and cells in vivo in a pre-
cision and microenvironment responsive fashion. Today, more
versatile nanocarriers are being designed and developed tai-
loring to the specific, personalized, customized cancer therapy
in a clinical setting.

In addition to the PDX mouse models, large biobanks
will be built with relevant patient information on a variety of
tumor types for systematic drug screening. With the advances
in precision medicine, the human tissue models will also be
developed for cancer research, with elimination of the long-
standing cultural reliance on animal models.'®" Furthermore,
tumor organoids is another consideration as preclinical cancer
models.’1192 3D organoids reflect the natural state of organs
more precisely in juxtaposition to the traditional cell culture
models.’ Without standard PDX animal models, the effica-
cies of different delivery systems may not be accurately and
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comprehensively assessed and compared. It is, therefore,
urgent to develop biobanks with more complete patient medical
information and computational tools. More “intelligent” nano-
carriers will have to be designed capable of dealing with com-
plex biological and genetic systems.

Medical science has been traditionally relying upon three
major fields, namely, anatomy, physiology and biochemistry.
Nanomedicine is probably the most important emerging field
since the dawn of nanotechnology. It is the new discovery of a
variety of unique nanomaterials that makes medical diagnosis
and therapeutics possible at the cellular and genetic levels.
Based on tailor-designed nanocarriers, the drug and gene
delivery can now be spatially and temporally controlled, deliv-
ered, and released in a highly intelligent and precision fashion
with minimum toxicity. Consequently, medical science has
entered upon a new era especially when more accurate thera-
nostic tools become available. Combined with advanced nano-
materials and biotechnologies, medical science will soon reach
a new level of precision theranostics in a clinical setting.
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