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Editorial on the Research Topic

Circulating molecular biomarkers: next-generation tools for monitoring
minimal residual disease in cancer patients

Traditional cancer diagnosis relies on tissue biopsy, blood testing, and medical imaging,
in which by the detection time, tumor size has reached several millimeters in size, and
metastatic spread may have already begun. Plus, there is no accurate and timely way to
monitor treatment response following surgery or drug treatment. Taking these
shortcomings into account, new reliable tumor-specific biomarkers/tools that allow non-
invasive early cancer detection, patient stratification for therapy, and monitoring of anti-
cancer therapeutic regimens are highly demanded. The discovery of circulatory materials,
including circulating tumor cells (CTCs), exosomes, cell-free DNA, and apoptotic bodies,
and advances made in the fabrication of ultrasensitive biosensors that can capture and
interrogate these rare yet valuable materials in different bodily fluids, plus advances in
sequencing (NGS) methods and systems biology approaches have paved the path for the
emergence of liquid biopsy and introduction of next-generation prognostic and diagnostic
tools more powerful than traditional methods for better prediction and stratification and
decision making for cancer patients at any stage from early detection to minimal residual
disease monitoring (MRD) (1, 2).

In this Research Topic, several papers have reviewed the current status of circulating
materials in cancer. Such that, Yi et al. shed light on the clinical use of exosomes as novel
biomarkers for cancer diagnosis by focusing on exosome biogenesis, exogenous factors
involved in exosome releasing from tumor cells, especially autophagy, hypoxia and
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pharmacology, and exosomal molecular cargoes as potential
biomarkers in liquid biopsy for cancer diagnosis. From a
different point of view, Nonaka reviewed the pontifical of
chemically and genetically engineered exosomes for targeted
therapy purposes and as next-generation therapeutics to
overcome drug resistance. As current MRD assays are based on
targeting somatic mutations, Johnston et al. emphasized the
current state of both genetic and epigenetic liquid biopsies for
MRD detection. Compared to genetic alterations, epigenetic
changes are more frequent and universal in cancer, and cfDNA
is enriched with epigenetic modifications, including DNA
methylation alterations and fragmentation patterns. Finally, the
authors discuss the emerging paradigm of genetic and epigenetic
assays for monitoring treatment response, detecting the
recurrence of disease, and informing adjuvant therapy.

Circulating proteins represent a major resource of MRD and
disease monitoring. However, the scope of peptide-based
circulating biomarkers is limited as they only contain one-fourth
of the entire proteome. To surmount this, Tanuwidjaya et al.
highlighted the importance of the Soluble Human Leukocyte
Antigen (HLA) that presents peptides from the entire proteome
on the cell surface. The authors reviewed the currently available
tools to detect and quantify sHLA circulating biomarkers and
further discussed these biomarkers’ challenges and future
perspectives in a clinical setting.

In the sense of targeted drug delivery platforms for
MRD, Mahmudi et al. highlighted the role of specific nanoparticle
design formats and deciphered the role of tumor microenvironment
penetrating chitosan nanoparticles to eliminate cancer relapse and
MRD. This review focuses on the many advantages of chitosan as a
suitable drug delivery system when combined with other
biomaterials, to form hybrid and multitasking chitosan-based
systems for numerous applications, in particular post-surgery
implants (immunovaccines) and biosensors of tumor-derived
circulating materials, as well as multimodal systems, to eliminate
bulk tumors as well as lingering tumor cells to treat MRD and
recurrent cancer.

In a research article, Sampathi et al. reported NanoporeMinION
sequencing of clonal B cell-specific rearrangement of the (IGH)
locus in ¢fDNA in 5 pediatric B-ALL patient samples as a biomarker
for acute lymphoblastic leukemia (ALL) and MRD and its spread
into the central nervous system (CNS). As a simple, rapid, and
inexpensive assay, Nanopore IGH detection could monitor cell-free
DNA for clinical diagnoses of MRD and CNS disease, even when
diagnostic cell-count thresholds for MRD were not physically met.

Mi et al. reported a case of post-surgery and chemoradiotherapy
laryngeal carcinoma patient with a high ratio of aneuploid
circulating tumor endothelial cells (CTECs) to CTCs> 5 with
rapid de novo development into pancreatic carcinomas. SE-iFISH
detected a substantial amount of 107 non-hematological aneuploid
circulating rare cells, including 14 CTCs (CD31-/CD45-) and 93
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CTECs (CD31+/CD45-) five months before plasma increasing of
CA19-9 and ten months prior to imaging-assisted diagnosis of de
novo pancreatic cancer. Thus co-detection of aneuploid CD31-
CTCs and CD31+ CTECs and the ratio CTECs to CTCs may
help in the real-time evaluation of therapeutic efficacy, longitudinal
monitoring of MDR, MRD, and reliable predicting post-therapy
occurrence or distant metastatic recurrence of malignancy.

As an additional biomarker, Zha et al. reported the significance
of FCGR3A as a new biomarker with potential predictive value for
prostate cancer (PCa) using bioinformatics analysis. PPI and
KEGG, as two bioinformatics tools, revealed the target gene
cluster of FCGR3A, HAVCR2, CCR7, and CD28 with a high
expression of FCGR3A and HAVCR2 in PCa tissue microarray
(P<0.01). These two genes also showed a significant difference in
BCR-free survival of FCGR3A and HAVCR2 as revealed by Kaplan-
Meier analysis. Finally, TCGA clinical data analysis found that the
expression of FCGR3A had a striking correlation with PCa
clinicopathological features and tumor stage.

Wang et al. investigated the role of folate receptor-positive CTC
count, lymphocyte count (LC), and derived neutrophil-to-
lymphocyte ratio (ANLR) for diagnosing lung cancer relapse.
Results from the clinicopathological features, routine blood tests,
and CTC counts of the 69 patients indicated that a higher FR+-CTC
count predicted a worse disease-or progression-free survival (DFS/
PFS) in patients with lung cancer. Likewise, a retrospective study by
Zhang et al. investigated the application of postoperative ctDNA for
monitoring tumor recurrence in patients with non-small cell lung
cancer (NSCLC) who underwent radical surgery operation followed
by adjuvant therapy. Defining a positive molecular residue disease
(MRD) as having at least one true shared mutation in both plasma
and tissue samples from the same patient indicated that a lower
recurrence-free survival (RFS) was accompanied by positive
postoperatively ctDNA and MRD presence was a strong predictor
of disease recurrence. The ctDNA-based MRD was a strong
prognostic of RFS higher than all other clinicopathological
variables and even the traditional TNM staging.

Circulatory materials and liquid biopsy are newly emerged
discoveries with multiple FDA-approved tests. As such, Clonoseq
explores clonally expanded VDJ sequences in blood and bone
marrow-derived gDNA samples to identify and detect as few as
one leukemic blast per million cells in blood cancer patients, with
a sensitivity of 6.77x1077 (3, 4). Also, in 2020, FoundationOne’s
Liquid CDx cfDNA was introduced to detect cfDNA with specific
mutations in solid tumors (5). Also, in ALL, cfDNA assays can
detect bone marrow relapse 30 days earlier than the standard flow
cytometry-based methods. Altogether, these data pinpoint the
critical role of circulating materials in the future of diagnostic
tools for cancer monitoring and control of MRD. Liquid biopsy
and novel biomarker discovery are expected to become the
forefront of the next-coming diagnostic toolkits and pave the
way for realizing personalized medicine. However, the high cost
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is the limiting factor for the broad applicability of these tests,
given their high sensitivity, specificity, and diagnostic value
compared to traditional sample biopsy coupled with NGS,
biosensing devices, and systems biology approaches yet
continue to reveal and offer new opportunities by introducing
novel biomarkers to predict and win the game in the battle of
cancer as well as other diseases.
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Exosomes are a heterogeneous subset of extracellular vesicles (EVs) that
biogenesis from endosomes. Besides, exosomes contain a variety of
molecular cargoes including proteins, lipids and nucleic acids, which play a
key role in the mechanism of exosome formation. Meanwhile, exosomes are
involved with physiological and pathological conditions. The molecular profile
of exosomes reflects the type and pathophysiological status of the originating
cells so could potentially be exploited for diagnostic of cancer. This review aims
to describe important molecular cargoes involved in exosome biogenesis. In
addition, we highlight exogenous factors, especially autophagy, hypoxia and
pharmacology, that regulate the release of exosomes and their corresponding
cargoes. Particularly, we also emphasize exosome molecular cargoes as
potential biomarkers in liquid biopsy for diagnosis of cancer.

KEYWORDS

exosomes, extracellular vesicles (EVs), biogenesis, exogenous factors, release,
molecular cargoes, diagnostics, biomarkers

Introduction

Extracellular vesicles (EVs) are secreted from almost all cell types (1), and widely
distributed in various body fluids, such as urine (2), blood (3), milk (4), saliva (5),
cerebrospinal fluid (6), amniotic fluid (7) and semen (8), can transmit information
between cells and participate in many physiological and pathological processes. It is
known that the extraction and isolation of exosomes from different body fluids are
mainly achieved by ultracentrifugation, ultrafiltration, sedimentation, density gradient
centrifugation, immune-capture, precipitation and commercial reagents(Table 1).
Exosomes are bi-layered lipid vesicles produced by the endosomal pathway, a subset of
EVs with a diameter of 30-150nm (36, 37). However, due to the limitations of the
isolation method, we usually define the particles less than 200nm in diameter are
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TABLE 1 Methods for isolation of exosomes from different biological sample types.

Sample types Isolation methods

Urine UC,UF,DGC,SEC,PC,PEG,IC,MF,CRG
Blood UC,UF,DGC,SEC,PC,PEG,IC,MF,CRG
Milk UC,UF, DGC,SEC,PC,CRG

Saliva UC, UF, DGC,SEC,PC,CRG
Cerebrospinal fluid UC,UF,SEC, PC,CRG

Amniotic fluid UC,UF,CRG

Semen UC, UF,PC,PEG,CRG

Types of cargo References
Proteins, MiRNAs, Lipids (9-12)
Proteins, MiRNAs, Lipids (13-17)
Proteins,RNAs,MiRNAs,Lipids (18-21)
Proteins, MiRNAs (22-25)
Proteins, MiRNAs (26-30)
Proteins, MiRNAs, (31, 32)
Proteins, MiRNAs (33-35)

UG, ultracentrifugation; UF, ultrafiltration; DGC, density gradient centrifugation; PC, precipitation PEG, polyethylene glycol precipitation; IC, immuno-capture; MF, microfluidics; SEC,

size-exclusion chromatography; CRG, Commercial reagents.

exosomes. Therefore, the International Society of Extracellular
Vesicle (ISEV) statement in the Minimum Information on
Extracellular Vesicle Research 2018 (MISEV2018)
recommends the use of “EVs” as a general term (36). In this
review, EVs mainly refer to exosomes without
special instructions.

Exosomes are present in biological fluids as a form of
intercellular communication to transport proteins, lipids,
nucleic acids, and metabolites to the pericellular environment
(38, 39). Exosome biogenesis are tightly regulated, possibly by
interactions with different effectors (40, 41), which mainly
involved with ESCRT-dependent and ESCRT-independent

mechanisms (42). Exosome biogenesis begins in the endocytic
pathway, where the plasma membrane invagination packages
cell membrane proteins and some extracellular components
together to form the early endosomes (EEs) (43, 44). After
that, EEs exchange substances with other organelles, or further
mature into late endosomes (LEs), and the late endosomal
membrane invaginate to form multiple vesicles (MVBs)
containing luminal vesicles (ILVs). Next, MVBs bind to
lysosomes or autophagosomes for degradation, or they are
transported to the plasma membrane through the cytoskeleton
and microtubule network, which then efflux to form exosomes
(Figure 1A) (45-47). Interestingly, exosomal cargo molecules
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(Figure 1B) (proteins, lipids, and nucleic acids) regulate the
whole process (42, 45, 48, 49). For example, tetraspanin proteins
(e. g: CD9, CD63, CD81, CD82), major histocompatibility
complex (MHC) molecules, heat shock proteins (HSPs),
endosomal sorting complex (ESCRT) proteins (e. g. Alix,
TSG101), Rab proteins, actin, soluble N-acetamide sensitive
factor attachment proteins (SNAREs) are the major
participating proteins (50-53). Similarly, lipid components
such as ceramide, cholesterol, phosphatidic acid,
phosphatidylinositol 3-phosphate, phosphatidylinositol-3, 5-
diphosphate, and sphingosine 1-phosphate are also involved in
the process (54-57). A summary of the molecular cargoes
associated with exosome biogenesis process is presented
in Table 2.

Initial studies suggested that exosomes were some waste
materials excreted by cells in order to maintain homeostasis
(138). Recent reports suggest that exosomes are capable of
material transport and information transfer between cells,
thereby mediating many physiological and pathological
processes (51, 72, 139, 140). Furthermore, these small vesicles
are involved in immunomodulation and intercellular

TABLE 2 The Role of Related Molecular Cargoes in Exosome Formation.

10.3389/fonc.2022.966981

communication (141), and mediate the disease progression of
cancer (142), cardiovascular disease (143-145), metabolic
disease (146), degenerative change (147) and autoimmunity
(148). It is currently believed that the key to exosomes
biological functions lies in their molecular cargoes, including
proteins, lipids, and nucleic acids. For example,
phosphatidylinositol glycan-1 (GPCI1) is a cell surface
proteoglycan rich in cancer cell-derived exosomes, and Melo
et al. (120) identified that GPC1 has the potential for early
detection of pancreatic cancer lesions to promote the possibility
of curative surgical treatment (120) found that CRC cell-derived
exosomal HSPC111 protein promotes pre-metastatic niche
formation and CRC liver metastases (CRLM) via
reprogramming lipid metabolism in cancer-associated
fibroblasts (CAFs), which implicate HSPC111 may be a
potential therapeutic target for preventing CRLM (149). In
addition, phosphatidylserine, cholesterol and ceramide are also
play key roles in exosome formation, which affect cargo sorting,
signaling and exosomes structure (150, 151). MicroRNAs
(miRNAs) are one of the most abundant RNA species in
exosomes, and miRNAs play roles in various biological

Molecular Cargo Types Process Involved The Role Played in Exosome Formation References
Proteins
Tetraspanin proteins (e. g., CD9, CD63, Exosome biogenesis, the Mediating the budding of ILVs and interacting with cholesterol to (58-61)
CD81, CD82) targeting and release of induce membrane curvature and the fusion of MVBs with the plasma
exosomes cargo membrane
Major histocompatibility composite (MHC)  Exosome biogenesis and Mediating the budding of the ILVs (62, 63)
molecules (e. g., class MHC I and class MHC  antigen presentation
1)
Heat shock proteins (Hsps) (e. g. HSP90 and ~ Exosome release and signaling  Induced membrane deformation and the fusion of MVBs with the (64, 65)
HSP70) plasma membrane
ESCRT proteins (e. g., Alix, TSG101) Exosome biogenesis Interaction with the s yndecans-syntenin-Alix complex promotes the (66-68)
budding of ILVs
Rab proteins (e. g., Rabl1, Rab35, Rab27A, Exosome biogenesis and release Involved in vesicle budding, transport, and fusion (69-71)
and Rab27B)
actin Exosome release Participating in the transport process of MVBs (72, 73)
SNARE proteins Exosome release Induced fusion of MVBs with the plasma membrane (74, 75)
Lipids
ceramide Exosome biogenesis and cargo ~ Negative curvature of the induced membrane (76, 77)
sorting
cholesterol Exosome biogenesis, transport, MVBs are induced to fuse with the plasma membrane, interact with (78-80)
and release ORPI1L and control endosome movement along microtubules
sphingomyelin Exosome biogenesis and Negative curvature of the induced membrane (77, 81)
signaling
PA Exosome biogenesis Induced the negative curvature of the membrane, interacting with (82, 83)
syntenin to recruit syndecan, CD63, and ALIX at the budding site
Phosphatidylinositol 3-phosphate Cargo sorting Interaction with HRS proteins sorted cargo into endosomes and binding (84, 85)
with ESCRT-0 in the membrane to recruit ESCRT-I, -II and-III
Phosphatidylinositol-3, Exosome release Fusion with lysosomes regulates MVBs with lysosomal degradation (86)
5-diphosphate
1-Sphingosine phosphate Cargo sorting Interactions with the inhibitory G protein-coupled S1P receptors in the (87)
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processes such as exocytosis and exosome-mediated cellular
communication (73, 152). For example, Fu et al. (153) found
that exosomes content miR-98-5p inhibits the progression of
pancreatic ductal adenocarcinoma(PDAC) by targeting MAPK
signaling (153). In addition, microarray profiles identified that
miR-106a-5p and miR-19b-3p were remarkably overexpressed
in the serum exosomes of patients with gastric cancer(GC).
Notably, integrating the two miRNAs could identify GC patients
among healthy volunteers with a 0.814 area under the curve
(AUC) value, which was higher than that obtained using CEA or
AFP (154). Of note, the parental information of these exosomes
may differ significantly between healthy people and patients,
making some molecular cargoes in exosomes potentially as
specific biomarkers of cancer. Importantly, the ability to
selectively control the release of exosomes in pathological
situations without compromising their role as essential
components in physiological situations would make exosomes
have promising clinical applications in disease diagnosis,
treatment and prognosis. In this review, we conclude the role
of exosomes molecular cargoes in their biogenesis. We also
underline the potential mechanisms by which autophagy,
hypoxia and pharmacology exogenous factors affect exosome
release. And summarize the key roles of exosome molecular
cargoes play in cancer diagnosis. Furthermore, we discuss the
challenges and potential applications of exosomes research.

Exogenous factors modulate
exosome release

The biogenesis of exosomes is influenced by a variety of
extrinsic factors in addition to the molecular correlation of the
above-mentioned cargoes. A greater understanding of the
underlying mechanisms that influence exosome release factors
could provide new targets for disease diagnosis and treatment.
The potential mechanisms by which autophagy, hypoxia, and
pharmacological factors affect exosome release are
presented below.

Autophagy modulates exosome release

Autophagy is a process that causes the degradation of
cellular material at the lysosome. Autophagosomes can fuse
with MVBs or directly with lysosomes to degrade cargoes
(155). It was found that autophagy-related proteins, such as
ATG5 and ATGI6LI, affects exosome release process. For
example, Abdulrahma et al. reported that when the autophagy
protein ATG5 was knocked down, it greatly promoted the
release of prion protein (PRNP) exosomes (156). Recently,
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Zheng et al. demonstrated that sulforaphane inhibits
autophagy and induces exosome release via regulating mTOR/
TEF3 (157). In addition, Guo et al. showed that ATG16L1 and
ATGS5 autophagy proteins protected MVBs from lysosomal
degradation and thus facilitated the fusion of MVBs with the
plasma membrane to facilitate exosome release. Conversely,
silencing of ATG16L1 and ATG5 decreased exosome release,
probably due to the ability of ATGS5 to separate ATP6VIE] from
V1V0-ATPase, thereby inhibiting MVBs acidification and
facilitating exosome release (158). Crucially, Keller et al.
identified that ATG proteins promoted exosome release
through a lysosomal non-dependent pathway, i.e. secretory
autophagy, which in turn excreted bacterial toxin receptors
from the membrane surface in the form of exosomes, assisting
host cells to resist toxin damage and enhancing the antimicrobial
response of the organism (159). These studies all suggest that
autophagy may play a specific role to affect exosome release.

Hypoxia modulates exosome release

Hypoxia may affect exosome release through hypoxia-
inducible factors (HIF), Rab-GTPases, NF-xB and four
transmembrane protein signaling pathways, but the specific
mechanisms involved remains unclear (160). Hypoxia-
inducible factor (HIF) is a major component of the hypoxia-
related signaling pathway that directly or indirectly regulates the
process of exosome release. Recently, it has been reported that
HIF mediates endocytosis mainly by increasing the expression of
glucose transporter protein (GLUT-1), transferrin receptor and
epidermal growth factor receptor (EGFR), which in turn induces
exosome release (161). It was found that the increased release of
exosomes from rat proximal renal tubular cells (RPTC) (162)
and breast cancer cells (163) in hypoxic environment was mainly
mediated by HIF-1o. In particular, hypoxia can cause glycolysis
and lactate accumulation. Ban et al. demonstrated that exosome
markers such as CD9, CD63, and HSP70 expression increased
under acidic conditions and were more conducive to exosome
release, whereas exosomal proteins and exosomal RNA were not
detected in alkaline environments and exosome release was
reduced (164). Wang et al. demonstrated that hypoxia
increased the number of exosomes released from colorectal
cancer cells compared to hyperoxic conditions (165). On the
other hand, hypoxia not only alters exosome size, sorting
mechanisms and exosome uptake and binding capacity in the
tumor microenvironment, but also impacts exosome-mediated
tumor biological functions (166). Interestingly, different hypoxic
conditions, such as duration and severity of hypoxia, can have
dramatically variable impacts on the amount and content of
exosomes released by different cell types (167)
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Pharmacology modulates
exosome release

Nowadays, utilizing exosome as nanomaterials for drug
delivery is of great interest to researchers. Notably, drugs may
have a dramatic impact on drug repositioning and as potential
novel anticancer agents by affecting certain molecules in the
exosome release process. However, there are no drugs available
to control the production of harmful exosomes in tumor cells
(168). PH and Ca2+ are required for exosome release. Amiloride
is a drug that inhibits Na +/H + exchange pump and Na +/Ca 2+
channels, and Savina et al. demonstrated that it reduced exosome
release (169). Importantly, amiloride inhibits ceramide formation
by indirectly inhibiting acid sphingomyelinase (aSMase), which in
turn inhibits exosome release (170). Similarly, promethazine, a
tricyclic antidepressant, has been found to reduce exosome release
through inhibition of aSMase activity in the prostate cancer cell
line PC3 by Kosgodage et al. (171). Metformin is the first-line drug
for the treatment of type 2 diabetes, which increases insulin
sensitivity and reduces fat synthesis (172). Recently, Liao et al.
have demonstrated that metformin promotes the fusion of MVBs
with the plasma membrane through autophagy and thus increased
exosome release from mesenchymal stem cells (MSCs), which
improved their therapeutic effect on senescent cells (173). In
addition, metformin may promote exosome release to regulate
stress by increasing the production of reactive oxygen species in
tumor cells (174). Gao al.demonstrated that all-trans retinoic acid
suppressed GES-1 cell proliferation induced by exosomes from
patients with precancerous lesions by arresting the cell cycle in S-
phase (175). Therefore, these drugs may act by acting on certain
molecules released from exosomes, promoting exosome release
may be a protective method against drug stress conditions to
eliminate cellular damage.

Ticagrelor is a purinergic drug, it has been widely used in
patients with acute coronary syndrome (ACS) and myocardial
infarction (176). Existing studies have reported that ticagrelor
enhanced the release of cell-derived exosomes from the anti-
hypoxic cardiac group by increasing cell proliferation in vitro
(177). In addition, extracellular vesicles derived from
cardiomyocytes pretreated with ticagrelor have a protective
effect on hyperglycemic cardiomyocytes by attenuating
oxidative and endoplasmic reticulum stress (178). Recently,
Kulshreshtha et al. confirmed that simvastatin, a HMG CoA
inhibitor, mediates exosome release by altering MVBs transport
and that its mediated reduction in monocyte-derived exosome
secretion is protective in vitro model of atherosclerosis (179).
Likewise, exosomes derived from mesenchymal stem cells
(MSCs) pretreated with atorvastatin (ATV) dramatically
enhanced the efficacy of treatment of acute myocardial
infarction (AMI), possibly by enhancing endothelial cell
function through paracrine mechanisms (180). It was also
found that extracellular vesicles of cannabis with high
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cannabidiol (CBD) content induce anticancer signaling in
human hepatocellular carcinoma (181).

Notably, Zhang et al. reported that neutral sphingomyelinase
inhibitor (Manumycin A) and ketoconazole had no effect on
exosomes released from normal cells, but affected exosomes
released from tumor cells, which is crucial for disease treatment
(182). It remains to be further investigated whether this can be
mediated by the influence of proto-oncogenes and/or oncogenes
in the tumor cells or by other factors. Considering that most of
the experiments were performed on tumors, it remains to be
further explored how these drugs affect the cancer phenotype by
influencing the exosome release process and thus the cancer
phenotype. Furthermore, we need to be aware that drugs have
certain side effects. In the future, there is also need to focus on
what doses of these drugs should be used to reach specific sites of
cancer in a particular way to inhibit or promote exosome release
as a form of cancer treatment.

In addition, other factors such as food compounds (183,
184), temperature (185, 186), radiotherapy (187) and
chemotherapy (188, 189)affect intercellular communication
mechanisms by mediating exosome release process, which
allows exosomes to perform different functions and then
contributes to the diagnosis and treatment of diseases.

Exosome molecular cargoes
are used as disease
diagnostic biomarkers

Exosome components indicate the biological state of the
initiating cells and reflect the health status of the organs.
Recently, more and more studies have shown that EVs
contents can be applied in the diagnosis of various diseases
(13,190-193). This section summarizes the biomarkers that may
become clinically common diseases in several major classes of
molecular cargoes.

Exosomal nucleic acids

Exosomal mRNAs

Messenger RNA (mRNA) is a single-stranded ribonucleic
acid that carries genetic information and can guide protein
synthesis. mRNA is not only an important exosome cargo, but
also acts as a functional modulator in cancer cell-derived
exosome processes (194). In order to study the diagnostic
performance of circulating exosomal messenger RNA
(emRNA) and tissue mRNA in prostate cancer (PCa) patients,
Ji et al. (195) demonstrated circulating emRNA is more
advantageous as a diagnostic biomarker in PCa patients.
Recipient operating characteristic curve (ROC) analysis
indicated that the AUC value of circulating emRNA in PCa
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screening and diagnosis was 0.948 and 0.851 respectively.
Furthermore, the six molecules in emRNA including CDC42,
1L32, MAX, NCF2, PDGFA and SRSF2 were upregulated in the
screening and diagnosis of PCa patients compared to healthy
controls (195). Similarly, Shephard et al. (88) said that serum-
derived EV-mRNA has great potential for the differential
diagnosis of prostate cancer. Among these, increased serum-
derived EV-mRNA CTGF molecule or decreased EV-mRNA
CAV1 molecule were closely associated with the rate of disease
progression, and the AUC values of CTGF and CAV1 were
0.8600 and 0.8100 respectively. However, serum PSA could not
predict disease progression, suggesting that EV-mRNA CTGF
and CAV1 are superior to PSA in predicting disease progression
(88). Another study proved that mRNA index of membrane
matrix type 1 metalloproteinase (MT1-MMP) was significantly
up-regulated in gastric cancer (GC) patients, with an AUC of
0.788, sensitivity of 63.9% and specificity of 87.1%, while the
AUC value of serum CEA was only 0.655. Meanwhile, the
combined exosomes diagnosis of mRNA(MT1-MMP) and
CEA (AUC=0.821) was significantly better than the detection
of mRNA (MT1-MMP) or CEA separately in identifying GC
patients. In addition, it has been shown that exosomal epithelial
growth factor receptor (EGFR) mRNA may be a potential
predictor of glioblastoma (196). Serum exosome mRNA(MT1-
MMP) was significantly associated with tumor differentiation,
depth of invasion, lymphatic metastasis, distal metastasis and
TNM stage (89). In brief, these studies show that exosomal
mRNAs may have the potential to act as cancer biomarkers, but
their specificity for the disease should be further investigated.

Exosomal miRNAs

MiRNA is a class of small endogenous noncoding RNA
composed of 18-24 nucleotides, and the miRNA that delivered to
the recipient cells can regulate various gene expression by
preventing translation and inducing mRNA degradation (197).
In addition, Exosomal miRNAs are more stable than free
miRNAs as they are protected from degradation owing to
RNase activity in biofluids (198). Recent studies have revealed
that exosomal miRNAs may serve as potential biomarkers in
certain cancers. For example, Yang et al. (104) found that
exosomal miR-423-5p level was highly expressed in gastric
cancer (GC) patients serum, and the AUC values of exosomal
miR-423-5p, serum CEA and CA-199 were 0.763, 0.596 and
0.607 respectively (104). Notably, the combined detection of
miRNAs can improve diagnostic accuracy. Huang et al. (199)
found that six miRNAs were significantly higher expressed in
serum exosomes of GC patients, whose AUC values were 0.627
(miR-10b-5p), 0.652 (miR-132-3p), 0.637 (miR-185-5p), 0.683
(miR-195-5p), 0.637 (miR-20a-3p) and 0.652 (miR-296-5p). At
the same time, the AUC of the combined detection of the six
miRNAs was 0.703, significantly improved the diagnostic
accuracy of GC patients (199). Another study showed that the
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AUC values of serum exosomal miR-19b-3p and miR-106a-5p
were 0.813 and 0.806 respectively. The AUC of their combined
diagnosis was 0.826 (154). Similarly, in urinary exosomes from
patients with renal clear cell carcinoma (ccRCC), different
combinations of miRNAs, including miR-126-3p + miR-449a,
miR-126-3p + miR-34b-5p, miR-126-3p + miR-486-5p, miR-25-
3p + miR-34b-5p, miR-34b-5p, miR-2 b-5p-34 b-5p and miR-
150-5 p + miR-126-3p have been reported to be potential
diagnostic biomarkers in ccRCC patients. The sensitivities of
these six combinations were 60.6%, 67.3%, 52.9%, 73.1%, 74%,
and 61.5% respectively. Accordingly, specificities were 100%,
82.8%, 95.8%, 79.3%, 72.4%, and 82.8%, respectively.
Furthermore, the targets of these miRNAs may be related to
cell cycle regulation, tumorigenesis and angiogenesis (200).
Muramatsu-Maekawa et al. (201) stated that miRNA-4525 in
serum EVs is significantly higher expression in patients with
advanced renal cell carcinoma (RCC) (201). Initially, serum
exosomal miR-17-5p and miR-21 levels were considered as
potential biomarkers for the differentiation of primary
adenocarcinoma (PC). The mean levels of miR-17-5p and
miR-21 were significantly higher in PC patients than in
healthy controls (HPs) and non-PC groups, and the AUC
values for miR-17-5p and miR-21 were 0.887 and 0.897
respectively, and the sensitivity and specificity of miR-17-5p
were 72.7% and 92.6%, and 95.5% and 81.5% for miR-21
respectively (93). Subsequently, serum exosomal miRNAs
(including miR-1246, miR-4644, miR-3976, and miR-4306)
were also proposed as potential diagnostic biomarkers for
pancreatic cancer (202). Notably, Manterola et al. (203) found
that serum exosomal miR-320 and miR-574-3p were
significantly higher expression in patients with glioblastoma
multiforme (GBM) as compared with healthy controls, and
ROC curve analysis indicated AUC for exosomal miR-320 and
miR-574-3p of 0.720 and 0.738 respectively (203). In conclusion,
exosomal miRNAs may be regarded as potential biomarkers
of diseases.

Exosomal IncRNAs

In addition to miRNAs, exosomal IncRNAs are also
attractive as potential diagnostic biomarkers. Long noncoding
RNA (IncRNA) exists in the nucleus or cytoplasm, and they can
interact with DNA, RNA, or proteins (204). Several studies have
shown that exosomal IncRNAs may have the potential to act as
biomarkers for cancer diagnosis. For example, plasma
expression of IncUEGCI was significantly higher in gastric
cancer (GC) patients of stage I or II, and plasma exosomal
IncUEGC1 (AUC =0.8760) was significantly superior to serum
CEA (AUC = 0.6614). This suggests that exosomal IncUEGC1
may be a highly potential sensitive biomarker in early gastric
cancer diagnosis (107). In addition, serum exosomal IncRNA
HOTTIP was found to be a potential diagnostic index for gastric
cancer patients. The ROC curve indicated that HOTTIP had
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high diagnostic value with an AUC value of 0.827 and higher
diagnostic power than CEA, CA19-9 and CA72-4 (AUC values
of 0.653, 0.685 and 0.639, respectively). It’s important that
HOTTIP expression level was significantly correlated with the
depth of invasion and TNM stage in gastric cancer (108).
Another study confirmed that circulating exosomal long
noncoding RNA-GC1 (IncRNA-GC1) expression could
distinguish early gastric cancer patients and healthy controls,
and ROC curve indicated that better exosomal IncRNA-GCl
(AUC=0.9033) compared to serum CEA, CA72-4 and CA19-9
(AUC values of 0.5987,0.6816 and 0.6482, respectively) (109). In
addition, LINC00152 was also significantly elevated in the
plasma exosomes of gastric cancer patients. Elevated exosomal
LINCO00152 was considered as a potential diagnostic indicator of
gastric cancer with an AUC value of 0.657 (205). Similarly, Xiao
et al. (110) demonstrated that IncRNA CCAT1 was significantly
higher in serum EVs in gastric cancer patients than in healthy
controls, chronic gastritis or dysplasia, with EVs IncRNA
CCAT1 having an AUC of 0.890, sensitivity of 79.6%,
specificity of 92.6%, while EVs IncRNA CCATI1 and embryo
antibody combinations of 0.910 of 80.5% and 92.6% respectively.
Moreover, EVs IncRNA CCAT1 may promote gastric cancer
cells proliferation, migration and invasion through c-Myc or
Bmi-1 upmodulation (110).

Exosomal circRNAs

Circular RNA (circRNA) is a class of noncoding RNA, mainly
produced by pre-mRNA splicing. In contrast to miRNA, circRNA
is abnormally stable, conserved and has cells or tissue-specific
expression pattern (206). Exosomal circRNAs are anti-
degradative, and its secretion into the extracellular environment
can be used for many biological applications. Importantly, exosomal
circRNAs may serve as novel diagnostic biomarkers. For example,
Shao et al. (115) found that the expression of plasma exosomal
hsa_circ_0065149 was significantly reduced in gastric cancer
patients compared with healthy cohort, suggesting that reduced
hsa_circ_0065149 is a potential diagnostic biomarker for gastric
cancer (AUC=0.640) (115). Similarly, Xie et al. (116) found
significant higher serum circSHKBP1 level in gastric cancer
patients with a sharp decrease in exosomal circSHKBP1 after
surgical resection of the tumor (116). A previous study in plasma
EVs from breast cancer patients proved that nine circRNAs
(including hsa_circ_0002190, hsa_circ_0007177,
hsa_circ_0000642, hsa_circ_0001439, hsa_circ_0001417,
hsa_circ_0005552, hsa_circ_0001073, hsa_circ_0000267
and hsa_circ_04004) combinations display maximum AUC
values, and the AUC is 0.83 (207). In cholangiocarcinoma, circ-
0000284 was significantly elevated in cholangiocarcinoma cell lines,
its tissues and plasma exosomes, and higher expression of circ-
0000284 promoted the migration, invasion and proliferation
capacity of cholangiocarcinoma cells in vitro and in vivo (208).
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Therefore, the exosomal circ-0000284 could be used as a potential
metastatic diagnostic biomarker. Circulating exosomal hsa-circ-
0004771 was significantly upregulated in colorectal cancer (CRC)
patients and AUC values of hsa-circ-0004771 were 0.59, 0.86 and
0.88 in differentiating between intercancer, stage I/II and CRC
patients and healthy controls respectively, suggesting that hsa-circ-
0004771 could serve as a new potential diagnostic biomarker for
CRC patients (209). Moreover, exosomal circRNAs in serum and
urine have the potential to act as diagnostic biomarker for
idiopathic membranous nephropathy (IMN) (210). In short, these
studies suggest that exosomal circRNAs have the possibility of act as
biomarkers for disease diagnosis. However, whether its expression
levels are specific for different disease and tumor subtypes remains
to be further investigated.

Exosomal proteins

In addition to nucleic acids, exosomal proteins have been
found to act as potential biomarkers for diseases. Because
exosomes contain multiple protein molecules that reflect the
characteristics of its parental cells (211). Exosomal proteins have
been found in different body fluids (including serum, plasma,
urine, saliva and cerebrospinal fluid) and may have the potential
to serve as biomarkers for cancer diagnosis. For example, the cell
surface proteoglycan Glypican-1 (GPCl), a member of the
heparan sulfate proteoglycan family, is a widespread cell
surface protein (212). It has been suggested that GPCI-
positive exosomal was highly expressed in the serum of
pancreatic cancer patients, and the diagnostic power of the
exosomal protein GPC1 (AUC = 1.0) was significantly better
than CA19-9 (AUC =0.739) in distinguishing pancreatic cancer
patients from healthy controls. CA19-9 serum levels cannot
distinguish patients with intraductal papillary mucinous
tumors (PCPL) from healthy controls, while GPCl-positive
serum exosomal had 100% sensitivity and specificity in all
stages of pancreatic cancer (e. g.: cancer in situ, stage I, and
stage II-IV) (120). Similarly, the exosomal protein GPCl
expression was significantly increased in both plasma and
tissue samples of colorectal cancer (CRC) patients, and both
normalized after surgical treatment (213). Another study
indicated that the downregulation of serum exosomal
Gastrokine 1 (GKN1) protein may be a valid diagnostic
biomarker in gastric cancer patients (129).

Recently, the proteomic analysis of extracellular vesicles and
granules (EVP) from 426 human samples derived from tissue
explants (TE), plasma and other body fluids by Hoshino et al.
(214). They confirmed that CD63 and flotillins were
heterogeneous in plasma and tissue EVP. And Leucine-rich
repeat protein 26 (LRRC26), ATP-dependent translocase
ABCB1 (ABCBL1), Bile salt export pump (ABCB11), Adhesion
G protein-coupled receptor G6 (ADGRG6), Desmosomes-1

frontiersin.org


https://doi.org/10.3389/fonc.2022.966981
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yi et al.

(DSC1), Desmoglein-1 (DSG1), Keratin and Plasminogen-like
protein B (PLGLB1) were present only in plasma-derived EVP in
patients with pancreatic cancer (PaCa), absent or extremely low
expression in tumor tissue (TT) and adjacent normal tissue (AT)
-derived EVP. This suggests that these proteins have the
potential to act as characteristic tumor-associated EVP
proteins. In addition, they said that EVP proteins can
distinguish between cancer in the early stages of pancreatic
cancer (PaCa) and lung adenocarcinoma (Luca) patients (214).
It is interesting that, by proteomic analysis of Sun et al. (215),
Annexin family members (Annexin Al, A2, A3, A5, A6, All),
Nitrogen permease regulator 2-like protein(NPRL2),
Carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAMI1), Mucin 1(MUCI1), Prominin-1 (PROMI),
Histone H4 (HIST1H4A) and Tumor necrosis factor alpha-
induced protein 3 (TNFAIP3) were associated with lung cancer,
which is helpful in lung cancer diagnosis (215). The expression
levels of plasma exosomal Tim-3 and Galectin-9 protein
molecules were significantly increased in non-small-cell lung
cancer (NSCLC) patients, as compared with healthy controls. It’s
important that exosomal Tim-3 and Galectin-9 expression levels
were positively correlated with clinicopathological features such
as patient age, tumor size, distant metastasis and cancer stage.
Moreover, exosomal Tim-3 is also associated with lymph node
metastasis. Therefore, exosomal Tim-3 and Galectin-9 may serve
as potential biomarkers for the clinical application of NSCLC
(216). All of these findings suggest that exosomal proteins have
the potential to serve as biomarkers for disease diagnosis. In the
future, we still need to focus on the expression levels of specific

proteins in a certain disease.

Exosomal lipids

Lipid molecules in exosomes are mainly used to maintain
their external morphology. It has been reported that lipid
molecules in EVs can not only protect nucleic acids and
protein contents from harmful stimuli in the extracellular
environment, but also exert bioactive functions to participate
in tumor biological processes as signaling molecules (217, 218).
It has been shown that lipid molecules in exosomes can also be
used as potential biomarkers in cancer patients (136, 219-222).
Among them, the expression levels of phosphatidylcholine(PC),
phosphatidylethanolamine (PE),phosphatidylinositol(PI),
sphingomyelin(SM),ceramide(Cer) and cholesterol are various
in difference diseases (150, 223-225).

Previously, Skotland et al. (223) pointed out that urinary
exosomal lipid molecules (such as phosphoresterdylserine and
lactoceramide) have potential as biomarkers in prostate cancer
(134). Subsequently, Brzozowski et al. (226) performed lipid
analysis in exosomes released from non-tumorigenic (RWPEL),
tumorigenic (NB26) and metastatic (PC-3) prostate cell lines, and
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they found significant differences in lipid species abundance in cells of
these three different prostate species. The abundance of
Diacylglycerol (DG) and Triacylglycerol (TG) species were reduced
in both the NB26 and PC-3 cell lines EV's as compared to the EVs in
the RWPEI1 cell line. However, in contrast to EVs in the RWPE1 cell
line, EVs in the NB2 and PC-3 cell lines were rich in
glycerophospholipids, while Cer and SM species do not differ
much among the three cell lines (226). In addition, Exosomal lipid
components have been detected in Hepatocellular Carcinoma
(HepG2/C3a and Huh7 cells) (227), Melanoma (B16-F10 cells)
(228), Glioblastoma (U87 cells) (229)and Pancreatic cancer (AsPC-
1 cells) (230). Recently, Glover et al. (135) stated that the content of
exosomal lipid molecules such as glycerophospholipids, glycerolips,
and sterols is reduced in the urine of patients with hereditary-
trypsinaemia (135). Overexpression of exosomal lipid molecules
such as acid sphingolipase in the cerebrospinal fluid of multiple
sclerosis(MS) patients is strongly associated with disease severity,
creating new opportunities for the diagnosis and treatment of the
disease (137). Furthermore, sphingomyelin, derived from EVs in
tumor cells, promotes endothelial cell migration and angiogenesis
during tumor growth and metastasis (231). To sum up, this suggests
that the great potential of EVs lipid molecules for cancer
diagnostic biomarkers.

Summarizing the role of exosomal
molecular cargoes in cancer diagnhosis

In conclusion, exosomal nucleic acids, proteins and lipid
molecular cargoes in different body fluids have broad application
prospects as cancer diagnostic biomarkers (Table 3). Previous
researches have shown that exosomal molecular cargoes are
differentially expressed in body fluids, and exosomal molecular
cargoes with higher AUC values may effectively distinguish
cancer patients from healthy individuals (232-234). It is worth
noting that the combined detection of multiple potential
exosome molecular cargoes may provide a rapid, reliable and
non-invasive aid to the diagnosis of diseases. In addition, that
exosomes used as diagnostic biomarkers also requires
consideration of all preanalytical variables associated with
sample collection, such as whole blood (or other biofluid)
treatment, hemolysis interference, and other contaminant
interference (235). In the future, we should also focus on
large-scale preparation and standardized protocols for
exosomes analysis, and need advanced techniques to minimize
contaminants in the samples as well.

Conclusion

In this review, we illustrate that exosomal molecular cargoes
participate in exosome biogenesis, which is a complex process
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TABLE 3 Exosomal molecular cargoes are used as biomarkers for disease diagnosis.

10.3389/fonc.2022.966981

Potential Expression Diseases Source Isolation  AUC Clinical Significance References
Molecular Cargoes
mRNAs
CTGF T Prostate cancer ~ Serum ucC 0.8600 Early diagnosis & Prognostic (88)
monitoring
CAV1 l Prostate cancer ~ Serum ucC 0.8100 Early diagnosis & Prognostic (88)
monitoring
THBSI1 1 Prostate cancer ~ Serum ucC 0.8200 Early diagnosis (88)
TIMP2 l Prostate cancer ~ Serum ucC 0.8000 Early diagnosis (88)
MT1-MMP 1 Gastric cancer Serum CRG 0.7880 Diagnosis, Treatment, and (89)
Prognosis
hnRNPH1 1 Hepatocellular ~ Serum CRG 0.8650 Early diagnosis & Prognostic (90)
carcinoma monitoring
miRNAs
miR-141 1 Prostate cancer ~ Serum PC 0.8694 Early diagnosis 91)
miR-196a-5p 1 Prostate cancer  Urine ucC 0.7300 Early diagnosis (92)
miR-501-3p | Prostate cancer ~ Urine ucC 0.6900 Early diagnosis (92)
miR-196a 1 Prostate cancer  Urine ucC 0.9200 Early diagnosis (92)
miR-17-5p 1 Pancreatic Serum ucC 0.8870 Early diagnosis & Prognostic (93)
cancer monitoring
miR-196a 1 Pancreatic Plasma ucC 0.8100 Early diagnosis & Prognostic (94)
cancer monitoring
miR-1246 1 Pancreatic Saliva CRG 0.8140 Early diagnosis (95)
cancer
miR-4644 1 Pancreatic Saliva CRG 0.7630 Early diagnosis (95)
cancer
miR-101 1 Ovarian cancer  Serum PC — Early diagnosis & Treatment (96)
assessment
miR-224 T Hepatocellular ~ Serum PC 0.9100 Early diagnosis & Prognostic 97)
carcinoma monitoring
miR-92b 1 Hepatocellular ~ Serum PC 0.9250 Early diagnosis of recurrence after (98)
carcinoma living donor liver transplantation
(LD LT)
miR-122 1 Hepatocellular ~ Serum PC 0.9900 Early diagnosis (99)
carcinoma
miR-92b 1 Colorectal Plasma ucC 0.7930 Early diagnosis (100)
cancer
miR-122 1 Colorectal Serum PC 0.8900 Early diagnosis & Prognostic (101)
cancer monitoring
miR-520c-3p ) Nonsmall-cell Serum UC., PC 0.8190 Early diagnosis (102)
lung cancer
miR-1274b 1 Nonsmall-cell Serum UC, PC 0.7880 Early diagnosis (102)
lung cancer
miR-15a-5p 1 Endometrial Plasma PC 0.8130 Early diagnosis (103)
carcinoma
miR-423-5p 1 Gastric cancer Serum PC 0.7630 Early diagnosis & Prognostic (104)
monitoring
miR-15b-3p 1 Gastric cancer  Serum ucC 0.8200 Early diagnosis & Prognostic (105)
monitoring
miR-4732-5p 1 Epithelial Plasma CRG 0.8890 Early diagnosis (106)
Ovarian cancer
IncRNAs
IncRNA-UEGC1 T Gastric cancer Plasma ucC 0.8760 Early diagnosis (107)
IncRNA-HOTTIP T Gastric cancer  Serum ucC 0.8270 Early diagnosis & Prognostic (108)
monitoring
(Continued)
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TABLE 3 Continued

10.3389/fonc.2022.966981

Potential Expression Diseases Source Isolation  AUC Clinical Significance References
Molecular Cargoes
IncRNA-GC1 1 Gastric cancer  Serum ucC 0.9033 Early diagnosis (109)
IncRNA-CCAT 1 1 Gastric cancer Serum UC, CRG  0.8900 Early diagnosis (110)
IncRNA-UCA1 T Bladder cancer  Serum CRG 0.7530 Early diagnosis (111)
IncRNA - PTENP1 1 Bladder cancer  Plasma CRG 0.7430 Early diagnosis & Prognostic (112)
monitoring
IncRNA - TERC 1 Bladder cancer ~ Urine ucC 0.8360 Early diagnosis & Prognostic (112)
monitoring
IncRNA -LINC00635 T Hepatocellular ~ Serum CRG 0.7500 Early diagnosis & Prognostic (113)
carcinoma monitoring
IncRNA -HOTAIR 1 Glioblastoma Serum CRG 0.9130 Early diagnosis & Prognostic (114)
monitoring
circRNAs
hsa_circ_0065149 l Gastric cancer  Plasma CRG 0.6400 Early diagnosis & Prognostic (115)
monitoring
circSSHKBP1 T Gastric cancer Serum PC — Early diagnosis & Prognostic (116)
monitoring
circ-KIAA1244 l Gastric cancer ~ Plasma CRG 0.7481 Early diagnosis (117)
circSATB2 1 Lung cancer Serum ucC 0.6600 Early diagnosis (118)
circLPAR1 | Colorectal Plasma CRG 0.8580 Early diagnosis (119)
cancer
Proteins
glypican-1 1 Pancreatic Serum ucC 1.0000 Early diagnosis (120)
cancer
Survivin 1 Prostate cancer ~ Plasma ucC — Early diagnosis & Prognostic (121)
monitoring
EphrinA2 1 Prostate cancer ~ Serum ucC 0.7666 Early diagnosis (122)
MAGE 3/6 T Ovarian cancer  Plasma ucC — Early diagnosis & Treatment (123)
assessment
Epcam-CD63 t Colorectal Plasma ucC 0.9600 Early diagnosis & Prognostic (124)
cancer monitoring
TRIM3 1 Gastric cancer Serum PC — Early diagnosis (125)
MUC1 ) Nonsmall-cell Plasma CRG 0.6850 Early diagnosis (126)
lung cancer
Del-1 T Breast cancer Plasma ELISA 0.9610 Early diagnosis (127)
(CD63*
capture)
Fibronectin T Breast cancer Plasma ELISA 0.7700 Early diagnosis (128)
(CD63*
capture)
GKN1 | Gastric cancer  Serum ucC 1.0000 Early diagnosis & Treatment (129)
assessment
CP T Renal cell Urine ucC 1.0000 Early diagnosis (130)
carcinoma
PODXL 1 Renal cell Urine ucC 1.0000 Early diagnosis (130)
carcinoma
EpCAM T Metastatic Plasma ucC 0.9709 Early diagnosis (131)
breast cancer
PD-L1 1 Nonsmall-cell Serum ucC 0.9700 Early diagnosis (132)
lung cancer
CD24 T Ovarian cancer ~ Plasma ucC 1.0000 Early diagnosis (133)
EpCAM 1 Ovarian cancer  Plasma ucC 1.0000 Early diagnosis (133)
FRou | Ovarian cancer ~ Plasma ucC 0.9950 Early diagnosis (133)
(Continued)
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TABLE 3 Continued

Potential Expression Diseases Source

Molecular Cargoes

Lipids

Phosphatidylserine (PS) 18:1/ T Prostate cancer  Urine

18:1 and lactose ceramide

(d18:1/16:0)

Glycerophospholipids, l Hereditary Urine

glycerolips and sterols alpha-
tryptophanemia

PC (P-14:0/22:2) 1 Pancreatic Serum
cancer

Acid sphingomyelinase ) Multiple Cerebrospinal
sclerosis fluid

10.3389/fonc.2022.966981

Isolation  AUC Clinical Significance References
ucC 0.9890 (In Early diagnosis (134)
combination)
ucC - Early diagnosis (135)
PC - Early diagnosis & Prognostic (136)
monitoring
ucC 0.7700 Early diagnosis & Treatment (137)

assessment

1, increased; |, decreased; —, unrevealed; UC, ultracentrifugation; PC, precipitation; CRG, Commercial reagents.

that may vary in cargoes or cellular origin. In addition, the
regulation of exosome biogenesis processes involves the
coordination of many different molecular cargoes and
signaling mechanisms, mainly dominated by ESCRT-
dependent, lipid raft and tetraspanin protein mechanisms, and
Rab proteins further assists cargo sorting and exosome release.
Notably, this cargo molecules interact with each other to mainly
mediate exosome biogenesis by regulating the negative curvature
of the cell membrane (236). So far, ESCRT and ceramide
pathways are established for exosome biogenesis.

Furthermore, exosomes and their molecular cargoes are
elaborated as effective tools for the diagnosis of cancer.
Although tissue biopsy is still the gold standard for tumor
diagnosis, but it is invasive. An ideal diagnostic approach for
cancer should accurately detect tumor-specific biomarkers using
non-invasive techniques at the pre-metastatic stage (237). Most of
the current molecules used as tumor diagnostic biomarkers are
based on detecting the higher expression molecules above the
threshold in healthy individuals. For instance, PSA and CEA serve
as diagnostic biomarkers for prostate cancer and gastrointestinal
cancer respectively, and these biomarkers are significantly elevated
only at tumor progression state (238). Since exosomes are present
in most body fluids and their stability properties, and the
molecular cargoes carried by exosomes reflects the genetic or
signaling changes in the cancer cells of origin. If it would be
detected earlier as biomarkers, so as to achieve a means of treating
the disease, it would make exosomes potentially replace invasive
biopsies as cancer diagnostic biomarkers of important clinical
significance (239, 240).

Understanding the process of exosome biogenesis is an
important part of the research and physiological significance
of exosomes function, especially for disease diagnosis, treatment,
and prognosis. Controlling exosome generation in pathological
states may serve as a therapeutic opportunity to reduce
tumorigenesis. However, it is still challenging to investigate the
whole mechanism of exosome biogenesis. Because the exosome
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formation pathway may be different according to different cell
types, some specific molecules will participate in multiple
processes, leading to the exact mechanism of action of many
molecules is not clear, for which their heterogeneity may be a
disadvantage of their use as biomarkers. It is worth noting that
most studies in the field of exosomes are conducted in vitro, and
the laboratory culture conditions or technical methods also affect
the biological characteristics of exosomes (241). Therefore,
special attention should also be paid to the methods of
exosomes extraction used in each study. How to promote the
yield and purity of exosomes is a top priority, which has been a
bottleneck limiting their translational applications. Recent
studies have shown that appropriate combinations of several
methods for extracting and purifying exosomes can effectively
improve the above problems, and how to integrate them for
optimum results remains to be further investigated. More work
needs to be done in the future to elucidate the role of exosomes
in diseases progression, with particular attention to the precise
mechanisms by which exosome biogenesis pathways influence
cellular function. The questions will be raised such as, will
different biogenesis pathways produce vesicles with different or
similar functions? Will there be any correlation between vesicles
produced by this biogenesis pathways? This will be useful for
treatments involving the pathological mechanisms of
exosomes. Understanding the physiological effects and how
they can be induced into pathological factors is crucial when
developing new therapeutic strategies.
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Case report: Post-therapeutic
laryngeal carcinoma patient
possessing a high ratio of
aneuploid CTECs to CTCs
rapidly developed de novo
malignancy in pancreas

Jiaoping Mi", Fang Yang?, Jiani Liu®, Mingyang Liu®,
Alexander Y. Lin“, Daisy Dandan Wang*,
Peter Ping Lin* and Qi Zeng*

tDepartment of Otolaryngology-Head and Neck Surgery, The Fifth Affiliated Hospital of Sun Yat-
Sen University, Zhuhai, China, ?Cancer Center, The Fifth Affiliated Hospital of Sun Yat-Sen
University, Zhuhai, China, 3State Key Laboratory of Molecular Oncology, National Cancer Center/
National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China, *Department of Oncology, Cytelligen,
San Diego, CA, United States

Effectively evaluating therapeutic efficacy, detecting minimal residual disease
(MRD) after therapy completion, and predicting early occurrence of
malignancy in cancer patients remain as unmet imperative clinical demands.
This article presents a case of a laryngeal carcinoma patient who had a surgical
resection and complete post-operative chemoradiotherapy in combination
with the targeted therapy, then rapidly developed pancreatic adenocarcinoma.
Detected by SE-iFISH, the patient had a substantial amount of 107 non-
hematological aneuploid circulating rare cells including 14 circulating tumor
cells (CTCs, CD317/CD457) and 93 circulating tumor endothelial cells (CTECs,
CD31*/CD457) with a high ratio of CTECs/CTCs > 5 upon finishing post-
surgical combination regimens. Positive detection of those aneuploid non-
hematological circulating rare cells was five months prior to subsequent
plasma CA19-9 increasing and ten months before the de novo pancreatic
cancer was diagnosed by medical imaging modalities. Besides previously
reported clinical utilities of co-detection of aneuploid CD31" CTCs and
CD31" CTECs in real-time evaluation of therapeutic efficacy, longitudinal
monitoring of emerging treatment resistance and adequate detection of
MRD, a large cohort study is necessary to further investigate whether, and
how, a high ratio of MRD CTECs to CTCs may function as an appropriate index
forecasting either occurrence or metastatic distant recurrence of malignancy
in post-therapeutic cancer patients.

KEYWORDS

MRD, prediction of cancer occurrence, liquid biopsy, aneuploid CTCs and CTECs,
SE-iFISH
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Introduction

Effectively evaluating therapeutic efficacy and predicting
cancer patients possessing a high risk of malignancy remain
highly challenging. Current clinical strategies to detect cancer
occurrence mainly rely on medical imaging modalities,
including computed tomography (CT) to show the location,
anatomic shape, and size of a lesion; magnetic resonance
imaging (MRI) that uses strong magnets to create cross-
section images inside the body; and positron emission
tomography (PET) to identify an increased glucose
consumption spot of neoplasm. However, the hurdle of
conventional clinical imaging is its limitation to detect only
visible-sized tumors. Medical imaging detection of invisible
minimal residual disease (MRD), which are a small number of
cancer cells remaining in the body after treatment (1), has not
yet been achieved.

The association of quantified circulating tumor cells (CTCs)
with cancer occurrence has been reported elsewhere (2-5).
Recent CTC studies have indicated that phenotypic and
karyotypic variations in highly heterogeneous CTCs constantly
occur throughout tumor progression and therapy (6).
Conventional EpCAM and cytokeratin-dependent CTC
enumeration alone is no longer sufficient to corelate the full
spectrum of CTC characteristics with distinct clinical
utilities (7).

Neoangiogenesis, a hallmark of cancers, is essential for
tumorigenesis, progression, and cancer metastasis (8). A
majority of endothelial cells (ECs) in tumor vasculatures are
tumor endothelial cells (TECs), showing aneuploidy of
chromosomes and phenotypic expression of CD31 (platelet
endothelial cell adhesion molecule-1, PECAM-1) (9). TECs are
predominately derived from the endothelialization of cancer
cells and cancerization of ECs in the hypoxic tumor
microenvironment (TME) (10). Contribution of diverse
subpopulations of TECs to tumor progression (11), patients’
survival, VEGF blockade, and regulating immune surveillance
has recently been described (12). Similar to CTCs, TECs also
shed from tumor vasculatures into peripheral blood and turn
into CD31" aneuploid circulating TECs, known as CTECs (10,
13, 14). The clinical significance of CTECs, particularly PD-L1*
(15), the stemness marker CD44" (16), and EpCAM*/Vimentin*
CTECs (17), in multiple types of cancers has been recently
addressed (18-20). CTCs and CTECs are a unique pair of
cellular circulating tumor biomarkers and have cross-talk and
functional interplay in cancer patients (6, 10).

A novel strategy integrating subtraction enrichment (SE)
and immunostaining-fluorescence in situ hybridization (SE-
iFISH) has recently been reported to effectively co-detect and
molecularly characterize aneuploid CTCs and CTECs (6, 13, 21).
In contrast to conventional CTC detection methods, the
EpCAM-independent subtraction enrichment (SE) strategy is
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able to enrich heterogeneously sized non-hematologic
circulating rare cells, regardless of cell surface protein
expression, followed by a comprehensive in situ phenotypic
and karyotypic molecular characterization as well as
categorization of enriched circulating rare cells (13, 21-23).

In this report, we present a case showing that a post-surgical
laryngocarcinoma patient, after receiving a complete
chemoradiotherapy, still showed a large quantity of CTCs and
CTECs with a substantially high ratio of CTECs/CTCs > 5.
Positive detection of CTCs and CTECs occurred ten months
prior to the diagnosed pancreatic cancer. This case highlights
potential unique clinical utilities of the co-detection of aneuploid
CD31" CTCs and CD31" CTECs for adequate evaluation of
treatment outcome, detection of MRD, as well as prediction of
early occurrence of new primary lesion in post-therapeutic
cancer patients.

Case presentation

As depicted in Figures 1A, B, a 57-year-old male was
diagnosed with a primary hypolarynx squamous cell
carcinoma (T2N1MO, stage III with a microinvasion) in July
2018 (t1). The patient was immediately subjected to a surgical
resection to remove the malignant lesion. No abnormality was
observed by abdominal color Doppler ultrasonography. From
August 2018 (t2), the subject started receiving the intensity-
modulated radiation therapy (IMRT, 60Gy/28F), concurrently
in combination with three cycles of nedaplatin chemotherapy
(140 mg) and six cycles of nimotuzumab targeted therapy.

Instead of longitudinal detection along with therapy process
(15, 17, 22), co-detection of MRD aneuploid CD31" CTCs and
CD31" CTECs was performed according to the protocol (13) at
the end of combination regimens (t3, September 2018) in this
case to evaluate surgery outcome and the therapeutic efficacy of
the complete combination regimens. Comprehensive
quantification and molecular characterization of aneuploid
CTCs and CTECs were revealed in Figure 2A. A large quantity
of 107 non-hematological circulating aneuploid rare cells
including 14 CTCs and 93 CTECs were detected, with a high
ratio of CTECs/CTCs > 5. Among 14 CD31" CTCs, four were
small sized cells (4/14 = 28.6%). A majority of CTCs were
multiploid in chr8 (> pentasomy 8, 57.1%). Out of 93 CD31"*
CTECs, most were large cells (89/93 = 95.7%). The predominant
karyotype of CTECs was multiploidy. Large multiploid cells
constitute the main population of detected CTECs ( CTECs™*"",
80/93 = 86%). Representative images of CTCs and CTECs
detected in this patient are demonstrated in Figure 2B.

In February 2019 (t4), as depicted in Figures 1Ca, b, the
follow-up examination showed an increased cancer antigen 19-9
(CA19-9) (161.42 U/ml, reference range: 0-37 U/ml) and
carcinoembryonic antigen (CEA) (6.71 ng/ml, reference range:
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FIGURE 1

Longitudinal progression of the cancer patient. (A) Timeline of diagnosis and treatment of the patient at different time intervals is illustrated. The
primary laryngocarcinoma is diagnosed at t1, followed by detection of CTCs and CTECs at t3. A new malignant lesion in the pancreas is
confirmed at t5. Detection of CTCs and CTECs at the end of therapy could effectively evaluate therapeutic efficacy, detect MRD, and predict
early occurrence of malignancy. (B) Description of each time point from t1 to t10. (C) Continuous monitoring of CA19-9 and CEA. The patient
has the highest concentration of CA19-9 at t5. The cut-off values of CA19-9 (37 U/ml) and CEA (5 ng/ml) are indicated by red and blue line,
respectively. (D—G) Medical imaging. (Da, b) Abdominal CT scan shows no abnormality in pancreas. (Ea—d) Epigastric MRI, CE-MRI, MRCP and
DWI indicate the metastatic pancreatic head carcinoma. (Ea) A space-occupying lesion in pancreas T2WI (red arrows). (Eb) An increase contrast
signal in a space-occupying lesion in pancreas T1WI (red arrow). (Ec) A strong signal in a space-occupying lesion in pancreas TIWI by DWI (red
arrow). (Ed) ADC imaging shows decrease signal in a space-occupying lesion in pancreas TIWI (red arrow). (F, G) A pancreatic space-occupying
lesion with enhanced glycometabolism shown by PET-CT (red and white arrows)

0-5 ng/ml) for the first time. However, the cervical MRI scan
showed no laryngeal cancer recurrence. Additional abdominal
color Doppler ultrasonography, abdominal CT scan
(Figures 1Da, b), epigastric contrast enhanced (CE) MRI, and
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magnetic resonance cholangiopancreatography (MRCP) all
showed no abnormality in pancreas and other visceral organs.
The patient was diagnosed with a de novo pancreatic
adenocarcinoma in July 2019 (t5). As illustrated in
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Comprehensive quantification and molecular characterization of aneuploid CTCs and CTECs
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FIGURE 2

Detection and molecular characterization of aneuploid CD31™ CTCs and CD31" CTECs performed by SE-iFISH. (A) Quantitative analysis of the
detected CTCs and CTECs. Among 14 CTCs, 10 of them are large cells (10/14 = 71.4%), remaining 4 CTCs are in small cell size (28.6%). Different
degrees of aneuploidy harbored by CTCs are trisomy 8 (35.7%), tetrasomy 8 (7.1%), and multisomy 8 (>pentasomy 8, 57.1%), respectively. Most of
detected 93 CTECs are large cells (89/93 = 95.7%), and the rest are small CTECs (4/93 = 4.3%). Degrees of aneuploidy in CTECs are 9.7% for
triploidy, 4.3% for tetraploidy and 86% for multiploidy. n/c, not counted. (B) Representative images of the detected CTCs and CTECs. Ba, a large
CTC with multiploid chr8 (CD317/CD45", >5 mm WBC size, CTC™"). Bb, a small CTC with trisomy 8 (<5 mm WBC, s<CTC"). Bc, a large
tetraploid CTEC (CD31%/CD45°, | CTEC*"?) is indicated by a white arrow; a diploid CD45" WBC is indicated by a red arrow. Bd, a small tetraploid

CTEC (sCTEC™"?). Bars=5 um

Figures 1Ea-d, epigastric MRI scan, CE-MRI, MRCP, and
diffusion-weighted imaging (DWI) indicated the pancreatic head
carcinoma. PET-CT in Figures 1F, G showed a pancreatic space-
occupying lesion with enhanced glycometabolism.

The patient was subjected to four cycles of FOLFIRINOX
chemotherapy in July, followed by palliative resection of the
pancreatic lesion in September 2019 (t6) (Histopathology:
moderately-to-poorly differentiated adenocarcinoma, 3*2*1
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cm). The subject afterwards received seven cycles of
FOLFIRINOX adjuvant chemotherapy. A follow-up
examination of abdominal CT and MRI scan in March 2020
(t7) showed no additional tumor metastasis. The hepatic
metastasis was diagnosed in July 2020 (t8). Following three
cycles of Gem plus Taxotere (GT) chemotherapy, tumor
progression was observed by abdominal MRI scan in August
2020 (t9). The patient was subjected to four cycles of
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FOLFIRINOX chemotherapy and subsequent combination
therapy, whereas no progress was made on progression of the
pancreatic cancer. The patient died in March 2021 (t10).

Discussion

Liquid biopsy detection of circulating tumor biomarkers,
including circulating tumor DNA (ctDNA) and CTCs, has served
as a non-invasive approach applied in diagnosis and treatment of
cancers, as well as detection of therapy-resistant MRD (24). ctDNA
is composed of small DNA fragments secreted from tumor cells or
the breakdown product of necrotic carcinoma cells including CTCs
(25). Compared to the non-negligible drawbacks of the non-
specificity of small fragment ctDNA due to its very low amount
in blood (26), detection of viable and bioactive CTCs which possess
aneuploidy (6, 27), cancer stemness (28), and epithelial-to-
mesenchymal transition (EMT) (29) allows for real-time
providing valuable clinical information more relevant to
metastasis and therapeutic efficacy alongside the cancer treatment.

Aneuploidy is the hallmark of malignant neoplastic cells (6,
10, 27). The degree of aneuploidy is proportional to the grade of
malignancy of carcinoma cells: the higher the degree of
aneuploidy, the higher the malignancy grade, and the poorer
the prognosis in cancer patients (30, 31). Moreover, aneuploidy
was also reported to correlate with chemo- and targeted therapy
resistance (22, 32). In addition to aneuploidy, recent studies on
CTC morphology indicated that CTCs in small cell size (<5 um
white blood cell) were relevant to gastric and lung cancer
patients’ hepatic metastasis (33, 34), adverse prognosis (35),
and post-surgical occurrence in hepatocellular carcinoma
(HCC) patients (36). Unlike large cell CTCs, single cell DNA
sequencing (scDNA-seq) analyses revealed that small cell sized
CTCs exhibited a different therapy-resistance mechanism (33).
Contrary to conventional CTC enumeration methods biased
towards only EpCAM and CK-double positive neoplastic cells,
which may bring a nonnegligible false negative detection due to
intrinsic highly heterogeneities of cancer cells, SE-iFISH applied
in this case allows to effectively co-detect, comprehensively
characterize and subcategorize CTCs and CTECs into diverse
subtypes based upon the degree of aneuploidy, tumor marker
expression and cell morphology (cell size and cluster) (13, 21).
Each subtype of CTCs and CTECs possess distinct clinical
significance in terms of cancer metastasis, risk stratification,
guiding targeted therapy, susceptibility or resistance to
therapeutic agents, etc. (15, 17, 22, 23).

The present case showed that, after resection of the primary
lesion and receiving a complete six cycles of chemoradiotherapy
plus nimotuzumab, the patient still had a substantial amount of 107
CD45" aneuploid circulating rare cells including 14 CTCs and 93
CTECs. Among those cells, 28.6% CTCs were in small cell size and
86% of CTECs as well as 57.1% CTCs had a high degree of chr8
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aneuploidy (>pentasomy 8). Comparing to an average of less than
2.8 + 3.6 CTECs (Mean + SD) per 6.5 ml blood in healthy donors
(13), a large quantity of CTECs and CTCs detected in this patient
after receiving a complete post-surgical chemoradiotherapy
retrospectively suggested that the efficacy of the applied
combination regimens was not as effective as expected.

It has been reported that CTCs do not exhibit the same
chemosensitivity as the primary tumor cells in breast cancer
patients (37). During a selective multistep metastasizing process,
metastatic CTCs might be derived from only a few subclones of
neoplastic cells in the primary lesion consisting of multiclonal
carcinoma cells, followed by further hematogenous spreading
selection in peripheral circulation. Eventually, survived CTCs and
CTECs, which may have profound differences compared to primary
tumor cells, participate in the formation of distant metastatic
lesion(s). This may explain why CTCs and CTECs exhibit a
different pattern of chemosensitivity to that of the primary tumor
(38), indicating the necessity of active monitoring and
characterization of CTCs and CTECs alongside and after
treatment as for an adequate assessment of therapy effectiveness.

In addition to evaluation of therapeutic efficacy, the impact of
CTCs on occurrence of malignancy was reported by others (2-5). In
the current report, because squamous cell laryngeal carcinoma and
the subsequent pancreatic adenocarcinoma histopathologically
differ from each other, the pancreatic cancer was most likely the
de novo malignancy following therapy. Post-therapeutically
detected 107 aneuploid CTCs and CTECs were likely a mixture
of laryngocarcinoma’s MRD (24), neoplastic cells from the
subsequent de novo pancreatic cancer at the very early stage, and
the new clones of dormant tumor cells awakened by the stress (39),
all were resistant or insensitive to the applied combination
regimens. CTCs were found as an effective indicator able to,
despite invisible malignant lesions (40), independently predict
early occurrence of pancreatic cancer (41) and melanoma in
cancer patients (4). In non-small cell lung cancer (NSCLC)
patients, CTCs positively detected one month after radial
resection significantly correlated with an inferior prognosis and a
high risk of early malignancy occurrence (7). As described in this
report, two months after surgery, the patient showed the existence
of abundant CTCs and CTECs upon finishing complete post-
surgical combination therapy and, at the time, no abnormal
blood test result or abnormal medical image scanning was
observed. As depicted in Figure 1, positive detection of CTCs and
CTECs (t3, August 2019) occurred five months prior to
increasement of CA19-9 and CEA (t4, February 2019), and ten
months prior to the diagnosed pancreatic cancer (t5, July 2019).
Currently, most studies were performed to enumerate CTCs alone
either at baseline or after surgery with regards to predicting cancer
occurrence or recurrence, whereas the detection time point reported
in this article is critical, indicating that detection of aneuploid CTCs
and CTECs in a patient following receiving complete therapeutic
regimens warrants an adequate evaluation of the finished
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treatments’ efficacy and an effective stratification of patient’s
occurrence risk.

CTECs, harboring dual properties of both cancerous
malignancy and endothelial vascularization ability, are
predominately derived from the endothelialization of cancer cells
either in vivo or in vitro (10, 42, 43), the process that enables
carcinoma cells to express CD31 on their surface. CTECs, the
CD31" cancer cells in essence and referred to as a “wolf in sheep’s
clothing” (10, 44), integrate multiple properties of epithelium,
endothelium, mesenchyme, aneuploidy, malignancy, and motility.
Thus, they are expected to play a vital role in tumorigenesis,
neovascularization, disease progression, and cancer metastasis
(10). We realized a large quantity and a high ratio of CTECs to
CTCs > 5 in this case, and proposed for the first time that the large
numbers and high ratio of CTECs/CTCs may associate with or
impact cancers’ rapid occurrence.

Following recent progress in the innovation and clinical
validation of tumor marker-iFISH, such as CA19-9/CEA/PD-
L1/HER2-iFISH (10, 20), and the novel iFISH (NC) to
distinguish and co-detect viable and necrotic aneuploid CD31"
CTCs as well as CD31" CTECs (45), longitudinal monitoring of
CTCs and CTECs with the updated six-channel multi-tumor
marker-iFISH throughout combination regimens will help
illustrate whether and how CTCs and CTECs expressing
tumor markers have a mutual effect on tumor progression
alongside treatment (15, 17, 22), thus allowing for a better
assessment of therapy outcome and a more effective
forecasting strategy of cancer relapse.

Conclusions

Co-detection of aneuploid CD31” CTCs and CD31* CTECs
in patients at the end of complete therapy cycles may provide a
unique dual cellular evaluation and prediction approach, in
terms of effectively evaluating therapeutic efficacy in post-
therapeutic cancer patients, stratifying malignancy risk, and
appropriately guiding systemic adjuvant therapy to target
adequate subjects. A large amount and a high ratio of
aneuploid CTECs to CTCs following a complete treatment
indicate both the existence of therapy-resistant MRD and
higher risk of cancer occurrence or metastatic distant
recurrence. An effective therapeutic regimen, therefore, should
be able to eradicate the targeted non-hematological aneuploid
circulating rare cells in an effort to reduce the risk of post-
therapeutic cancer occurrence or relapse (37).
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FCGR3A: A new biomarker with
potential prognostic value for
prostate cancer
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Yan Wang?, Shengbang Yang*®, Yongding Wu?,
Huijing Tan?, Funneng Jiang® and Weide Zhong™*

*School of Medicine, Jinan University, Guangzhou, China, ?The Second Affiliated Hospital of
Bengbu Medical College, Bengbu, China, *Department of Urology, Guangdong Key Laboratory of
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Medicine, South China University of Technology, Guangzhou, China, “College of The First Clinical
Medicine, Guangzhou University of Chinese Medicine, Guangzhou, China, *School of Medicine,
Guizhou University, Guiyang, China

To screen target gene cluster by bioinformatics analysis and verify them by in
vitro experiment and clinicopathological correlation analysis. We try to find a
new biomarker with prognostic value for prostate cancer (PCa). 42 candidate
marker genes were constructed by protein protein interaction (PPI) network
and enriched by KEGG pathway to find out the gene cluster we are interested
in. Prognostic model was established to preliminarily analyze the prognostic
value of this gene cluster in PCa, and Cox risk regression was used for
comparative analysis. Immunohistochemistry was used to detect the
expression of each gene in clinical tissue microarray. Finally, we analyzed the
correlation between each gene and their clinicopathological features of PCa
combined with TCGA clinical data. Based on the analysis of PPl and KEGG, we
found the target gene cluster (FCGR3A, HAVCR2, CCR7 and CD28). Prognostic
model analysis showed that this gene cluster had the ability to predict
biochemical recurrence, and the survival rate and ROC analysis showed
favorable prediction effect. Univariate Cox regression analysis showed that
the risk scores of Gleason score (GS), T stage, N stage and PSA were
significantly different (P<0.05), and the risk ratio of high expression was 2.30
times that of low expression (P=0.004). However, it was not statistically
significant in multivariate Cox regression analysis (P>0.05). The results of
tissue microarray showed that FCGR3A and HAVCR2 were highly expressed
in PCa (P<0.01), while the expression of CCR7 and CD28 had no significant
difference (P>0.05). Kaplan-Meier analysis showed that there was significant
difference in BCR free survival of FCGR3A and HAVCR2 (FCGR3A, P=0.010;
HAVCR2, P=0.018), while the expression of CCR7 and CD28 had no significant
difference on the survival and prognosis of PCa patients (P>0.05). TCGA clinical
data analysis found that the expression of FCGR3A had a unique correlation
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with the clinicopathological features of PCa, which was closely related to the
tumor stage. The expression of FCGR3A is related to BCR free survival of PCa
patients. Therefore, FCGR3A is a new biomarker with potential prognostic value

of PCa.

KEYWORDS

prostate cancer, prognosis, FCGR3A, tumor microenvironment, bioinformatics analysis

Introduction

Prostate cancer (PCa) is a malignant tumor and is the second
most fatal cancer for men (1). Due to an aging population, the
morbidity of PCa is increasing (2). As the early symptoms of PCa
are not obvious, most PCa patients are in the terminal stage
when they are examined and then with short survival period (3,
4). Although the current clinical treatment, including
enzalutamide and abiraterone therapy, can significantly
improve the overall survival rate of PCa patients, is not ideal
for PCa patients with terminal stage (5-7). Prostate specific
antigen (PSA) is a biomarker of PCa, but its detection results are
easily affected by drugs, inflammation and benign prostate
lesions, especially lack of specificity and sensitivity in the early
diagnosis and prediction of recurrence of PCa (8, 9). Therefore,
it is necessary to study the progression of PCa and identify the
operative prognosis biomarkers.

Tumor microenvironment (TME) is composed of different
cell subsets, including tumor cells, blood vessels, immune cells,
stromal cells and other ingredients (10). PCa is highly
heterogeneous in TME, so the morbidity of terminal or
metastatic PCa (especially bone metastasis) has increased over
the last years (11-13). However, whether the changes of cell
subsets in TME are related to tumor prognosis has aroused our
intense concern. In a recent study (14), Researchers obtained
36424 cells from 13 prostate tumor tissues and performed single
cell transcriptome sequencing on these cells and found that
multiple progression-related transcriptome programs were
activated in TME and 42 marker genes (ACTA2, PECAMI,
VWEF, ENG, CMA1, MS4A2, TPSABI1, TPSB2, AR, KRT19,
KRT18, KRTS8, TP63, KRT14, KRT5, LYZ, FCGR3A, CSFI1R,
CD68, CD163, CD14, UCHL1, HAVCR2, PDCDI1, CTLA4,
CD8A, SELL, PTPRC, CD4, BTLA, IL2RA, IL7R, CCR7,
CD28, CD27, SLAMFI1, DPP4, CD7, CD2, CD3G, CD3E and
CD3D) were identified in multiple cell subpopulations including
T cells, monocytes, endothelial cells and fibroblasts. We
concluded that these genes are mainly related to cell
communication, antigen presentation process and immune cell
receptor signaling pathway. And some of them have been
predicted to have favorable prognostic value in PCa, such as
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VWE, AR and CSFIR (15-18). The above 42 marker genes are
selected as candidate genes for bioinformatics analysis and we
attempt to discover a new biomarker with potential prognostic
value of PCa.

FCGR3A (Fc fragment of IgG receptor Illa), a transmembrane
glycoprotein, is expressed on natural killer cells and inhibits the
growth of liver tumor cells. FCGR3A gene is associated with the
risk of lesions in several oncological diseases, for example,
FCGR3A gene polymorphisms are positively associated with
the risk of lesions in colorectal cancer, and genetic variants of
FCGR3A are associated with drug resistance in rheumatoid
arthritis (19, 20). FCGR3A has been shown to be involved in
multiple immune cell infiltration and DNA mismatch
repair genes, while drug sensitivity analysis showed that
higher FCGR3A expression predicted lower IC50 (half
maximal inhibitory concentration) values for the majority of
drugs (21), however, the prognostic value of FCGR3A expression
in prostate tumors and its correlation with immune infiltration
are unclear.

In recent decades, the advancement of bioinformatics has
enabled researchers to more comprehensively investigate its
biological mechanisms and more effectively identify key
therapeutic and prognostic molecules. In this study, we
performed a series of comprehensive bioinformatics analyses
of tumor-associated genes. Our study aims to provide new
therapeutic targets for prostate cancer and help to understand
the underlying immune mechanism of prostate cancer. At the
same time, through the analysis of various cancer-related genes,
we can understand the development correlation of various
diseases and provide a basis for combined treatment.

Materials and methods
PPl network construction

Protein-protein interaction database, String (https://cn.string-
db.org/), was used to calculate and analyze the interaction

relationship between 42 candidate genes. Cytoscape software
(V3.8.2) was used to visualize the gene interaction network.
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KEGG pathway enrichment analysis

KEGG rest API (https://www.kegg.jp/kegg/rest/keggapi.html)
was used for the latest gene annotation as background. Then, 42
candidate genes were mapped into the background set, and R
software package, clusterProfiler (Version 3.14.3), was used for
enrichment analysis to obtain gene enrichment results. Set the
minimum gene set as 5 and the maximum gene set as 5,000,
P<0.05 and FDR<0.1 was considered statistically significant.

Prognostic model construction

PCa data used in this study downloaded from the public
database TCGA (https://xenabrowser.net/). The downloaded
data type is count, and Deseq2 is used to standardize the data.
The clinical information of PCa sample downloaded from
cBioPortal (http://www.cbioportal.org/). We constructed
prognostic models for the target gene cluster (FCGR3A,
HAVCR2, CCR7 and CD28). Prognostic model predicts the
prognosis of patients according to the level of risk score by
calculating it in each sample. The expression data used in this
analysis downloaded from TCGA’s PRAD dataset (PRAD had
427 samples with both RNA SEQ data and BCR data).

The samples of PRAD were divided into training set (214
samples) and test set (213 samples) according to 1:1. First, the
risk score of the training set samples was sorted from small to
large, and the samples were divided into low-risk group (n=107)
and high-risk group (n=107) according to the median of 2.5734.
Then, the risk score of the test set samples was sorted from small
to large, and the samples were divided into low-risk group
(n=117) and high-risk group (n=96) according to the same
threshold value as the training set. Finally, integrated the
training set and test set samples. The GGlpot2 package of R
language was used to make the risk score, survival state and
characteristic gene expression diagram. The survminer package
was used to make survival curve. The survival ROC package was
used to make time-dependent curve. The survival package was
used to do univariate Cox regression analysis. The glmnet
package was used to do Lasso regression analysis.

Patients and tissue samples

Tissue microarray (Cat No: DC-PRO01026; TMA, n=80)
was purchased from Avilabio Biotechnology Company (Shaanxi
Province, China), including 10 prostate samples from healthy
individuals and 70 prostate samples from patients with primary
PCa, and with information on pathological grade, Gleason grade,
Gleason score, TNM and clinical stage. Patients treated with
chemotherapy or radiotherapy before the surgery were excluded
from this study. In order to quantify the mRNA expression of
FCGR3A, havcr2, CCR7 and CD28, clinical information and

Frontiers in Oncology

35

10.3389/fonc.2022.1014888

gene expression data of 427 PCa patients were collected from
TCGA database.

Immunohistochemistry analysis

Paraffin sections were dewaxed by xylene, soaked in 100%,
95%, 70% ethanol and distilled water for 5 min successively, and
then washed with PBS solution. Sections were added with EDTA
buffer for microwave antigen repair. Endogenous peroxidase was
blocked by incubation in 3% hydrogen peroxide solution at 24°C
for 10 min. Antigen was blocked with 5%BSA and incubated at
24°C for 20 min. After sealing, the sections were incubated at 4°
C overnight with anti-FCGR3A (rabbit monoclonal antibody,
1:50, ET7109-97, HuaBio), anti-HAVCR2 (mouse monoclonal
antibody, 1:800, EM1701-18, HuaBio), anti-CCR7 (rabbit
monoclonal antibody, 1:200, ab253187, Abcam) and anti-
CD28 (rabbit polyclonal antibody, bs-1297R, Bioss) antibodies.
Then, 150 pl secondary antibody was added for incubation,
followed by DAB color rendering and hematoxylin redyeing.
The positive cell rate and the degree of staining were scored by
scanning imaging. Positive cell rate score: 0%-10%, 1 point; 10%-
50%, 2 points; 50%-75%, 3 points; 75%-100%, 4 points. Staining
degree score: no positive staining, 0 point; canary yellow, 1 point;
brownish yellow, 2 points; tan, 3 points. The immune risk score
(IRS) is the product of the above two scores.

Statistical analysis

Statistical analyzes were performed using SPSS 22.0 software.
Continuous variables were expressed as mean + SD. Kaplan-
meier method was used to analyze the relationship between the
expression of FCGR3A, HAVCR2, CCR7 and CD28 and the
survival period of PCa patients. Pearson’s chi-squared tests and
Fisher’s exact test were used to analyze the association of
FCGR3A, HAVCR2, CCR7 and CD28 mRNA expression with
clinico-pathological features. Student’s T-tests were used to
analyze the association of FCGR3A, HAVCR2, CCR7 and
CD28 protein expression with clinico-pathological features.
Univariate analysis comparisons and multivariate survival
comparisons were performed using Cox proportional hazard
regression models. Differences were statistically significant
when P<0.05.

Results

Identify target gene cluster: FCGR3A,
HAVCRZ2, CCR7 and CD28

We constructed PPI networks for 42 candidate genes, and
found that FCGR3A, HAVCR2, CCR7 and CD28 interacted
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with each other (Figure 1A), which aroused our curiosity. KEGG
pathway enrichment analysis of this gene cluster showed that
FCGR3A was mainly enriched in Staphylococcus aureus
infection process; CCR7 was mainly enriched in cytokine-
cytokine receptor interaction; CD28 was mainly enriched in
Hematopoietic cell lineage, T cell receptor signaling pathway,
cell adhesion molecules and primary immunodeficiency process
(Figure 1B). Therefore, we speculate that this gene cluster may be
involved in the occurrence and development of PCa. Then,
whether this gene cluster can be used as an independent
prognostic factor for PCa patients, we will verify our suppose
through bioinformatics and in vitro experiments.

/R

N\
////
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Z .

FIGURE 1

PPI network construction and KEGG pathway enrichment analysis. (A) Protein-protein interaction network for 42 candidate marker genes in
String database. (B) The top 10 pathways of KEGG pathway enrichment analysis.

10.3389/fonc.2022.1014888

Target gene cluster is an independent
prognostic factor for the survival
of PCa patients

We analyzed the relationship between the expression of
target gene cluster and the survival of PCa patients by using
the TCGA database. After constructing the 4-gene model, we
calculated the risk score according to the model of each patient
in the cohort and drawn the distribution map. The results
showed that the risk of death of high-risk patients (n=96) was
significantly higher than that of patients with low risk scores
(n=117), and our model could better distinguish the distribution
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of 4 genes expression in the cohort of low-risk and high-risk PCa
patients, among which FCGR3A was the best and CCR7 and
CD28 were the worst (Figure 2A). Kaplan-meier analysis of
survival rate showed that patients with high score had a worse
prognosis than those with low score (P=0.0012) (Figure 2B).
ROC analysis showed that the model could effectively predict 5-
year survival of PCa patients, and AUC values at 1, 2, 3,4 and 5
years were 0.677, 0.6024, 0.6516, 0.6887 and 0.7048 respectively
(Figure 2C). Therefore, the target gene cluster have the ability to
predict biochemical recurrence of patients and can be used as
independent prognostic factors for the survival of PCa patients.
To further identify whether the expression of target gene
cluster can be an independent prognostic factor for PCa patients,
we investigated the association between clinical characteristics
and risk score. Univariate Cox regression analysis showed that
there were significant differences in risk score between tumor
and Gleason Score, T stage, N stage and PSA (P<0.05), and the
risk ratio of high expression was 2.30 times higher than low
expression (P=0.004) (Table 1). Multivariate analysis showed
that although there were significant differences in risk score
between tumor, T stage and PSA (P<0.05), there was no
statistical significance in the difference of risk ratio between
high expression and low expression (P>0.05) (Table 1). We
hypothesized that this might be caused by the poor distribution
of CCR7 and CD28 in the cohort of low-risk and high-risk PCa
patients. Subsequently, we verified our suppose by survival
analysis of each gene and clinical tissue microarray testing.

10.3389/fonc.2022.1014888

TABLE 1 Prognostic value of 4 target genes expression for BCR free
survival by Cox proportional hazards model.

Variable BCR free survival

HR (95%CI) p
Univariate analysis
Age (<60 or >60) 1.10 (0.64-1.90) 0.720
Gleason score (<8 or >8) 2.70 (1.50-4.60) <0.001%%*
Tumor Stage (T1-T2 or T3-T4) 5.20 (2.00-13.00) <0.001**
Lymph node stage (NO or N1) 2.00 (1.10-3.50) 0.025%

Distant metastasis (M0 or M1) 0.00 (0.00-2.00) 1.000

PSA (<2 or >2) 9.00 (5.00-16.00) <0.001+
Risk score (Low risk or High risk) 2.30 (1.30-4.20) 0.004**
Multivariate analysis

Gleason score (<8 or >8) 1.19 (0.66-2.13) 0.568
Tumor Stage (T1-T2 or T3-T4) 3.52 (1.31-9.46) 0.013*
Lymph node stage (NO or N1) 1.25 (0.68-2.29) 0.474
PSA (<2 or >2) 7.19 (3.96-13.04) <0.001+
Risk score (Low risk or High risk) 1.63 (0.90-2.92) 0.105

»means the difference is significant at the 0.05 level ,** means the difference is significant
at the 0.01 level , *** means the difference is significant at the 0.01 level.

High expression of FCGR3A and HAVCR2
has a poor prognosis for PCa patients

We used TCGA database to analyze the relationship between
the expression of 4 target genes and the survival of PCa patients.
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The genes expression was divided into high-expression group
and low-expression group with median as the boundary. The
blue curve (n=211) and the orange curve (n=212) represent the
survival of PCa patients with low and high gene expression
respectively. Kaplan-meier analysis showed that the BCR free
survival of FCGR3A and HAVCR2 was significantly different
(FCGR3A, P=0.010; HAVCR2, P=0.018) (Figures 3A, B),
indicating that the high expression of FCGR3A and HAVCR2
had a poor prognosis for PCa patients. In addition, the
expression of CCR7 and CD28 had no significance for the
survival and prognosis of PCa patients (P>0.05) (Figures 3C,
D), indicating that CCR7 and CD28 had no prognostic value.

High expression of FCGR3A and HAVCR2
in PCa tissues

We further verified the role of the expression of 4 target
genes in the prostate of PCa patients by immunohistochemistry.
Immunostaining results showed that FCGR3A, CCR7 and CD28
proteins were all expressed in the cytoplasm and membrane,
while HAVCR?2 protein was mainly expressed in the cytoplasm
and membrane and a small amount in the nucleus (Figure 4A).
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Based on immune response score (IRS=0-4, low expression;
IRS=4-12, high expression), we found that FCGR3A and
HAVCR2 proteins were up-regulated in prostate tissues of
PCa patients compared with normal tissues (P<0.01), while the
expression of CCR7 and CD28 proteins were not significantly
different between them (P>0.05) (Figure 4B). In addition, we
found that the expression of FCGR3A and HAVCR?2 proteins
was gradually up-regulated with the increase of Gleason score
(GS) grade in tissue samples of different tumor development
stages (GS=4+4, high; GS=3+4, medium; GS=2+2, low), among
which the expression of FCGR3A was most significantly up-
regulated, while the expression of CCR7 and CD28 proteins
showed no significant difference (Figure 4C).

Expression of FCGR3A is uniquely
correlated with the clinicopathological
features of PCa

Tables 2-5 summarizes the correlation between the
expression of 4 target genes and the different clinicopathological
features of PCa patients. In TMA, IRS<4 was considered as low
expression, and IR>4 was considered as high expression. In
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BCR free survival analysis of 4 target genes. (A) BCR free survival curve of FCGR3A in TCGA-PRAD dataset (P=0.0104). (B) BCR free survival
curve of HAVCR2 in TCGA-PRAD dataset (P=0.0180). (C) BCR free survival curve of CCR7 in TCGA-PRAD dataset (P=0.2864) (D). BCR free

survival curve of CCR7 in TCGA-PRAD dataset (P=0.6035).
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Immunohistochemical staining for 4 target genes expression in PCa and normal prostate tissue samples. (A) Full view of the
immunohistochemistry staining for 4 target genes expression. (B) (no significance, ns P>0.05) Immune risk score (IRS) of 4 target genes in PCa
and normal prostate tissue samples (Cancer vs. Non-Cancer, **P<0.01). (C) 4 target genes expression in PCa tissue samples with different tumor
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TCGA, 427 PCa samples were divided into low-expression group
(n=213, 49.88%) and high-expression group (n=213, 50.12%). We
were surprised to find that FCGR3A expression was inconsistent
with clinicopathological features in age and GS, while consistent
with clinicopathological features in tumor stage (TMA, P=0.030;
TCGA, P=0.006). TMA and TCGA results showed that FCGR3A
was highly expressed in tumor T2 stage (which was consistent
with the result of tissue microarray), but showed the opposite
result in tumor T3 stage. And the expression of HAVCR2, CCR7
and CD28 had poor correlation with the clinicopathological
features of PCa in age, GS and tumor stage.

Discussion

PCa is considered to be a multi-stage progressive disease,
which generally develops from prostatic intraepithelial tumor to
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hormone dependent invasive adenocarcinoma in situ, and finally
to hormone independent metastatic tumor. Radical treatments,
such as radical prostatectomy, radiotherapy and cryotherapy, are
always adopted for the early PCa. And for the advanced PCa,
androgen deprivation therapy (ADT) is the main treatment for it,
but most patients will gradually develop castration resistant PCa
(CRPC). When the tumor infiltrates out of the prostate capsule,
the treatment effect and prognosis become worse. At this time, the
standard treatment is radiotherapy, followed by chemotherapy
and enzalutamide, but some patients are prone to drug resistance
(22). Docetaxel is the first drug approved by FDA to treat CRPC
after ADT failure, which can significantly improve the survival
rate of advanced PCa (23). Although enzalutamide and
chemotherapeutic drugs can prolong the survival time of PCa
patients, they will produce side effects such as drug resistance, and
ultimately cannot curb tumor growth and metastasis. TME is
filled with a large number of cancerous cells and stromal cells. The
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TABLE 2 Correlation of FCGR3A expression with clinicopathological features in PCa patients.

Clinical features

10.3389/fonc.2022.1014888

TCGA

Case Low, n (%) High, n (%) P Case Low, n (%) High, n (%) P
Tissue
Cancer 70 32 (45.71) 38 (54.29) 0.397 427 213 (49.88) 214 (50.12) -
Non-cancer 10 6 (60.00) 4 (40.00) - 0 - - -
Age (years)
<60 14 7 (50.00) 7 (50.00) 0.837 190 105 (55.26) 85 (44.74) 0.047*
>60 66 31 (46.97) 35 (53.03) - 237 108 (45.57) 129 (54.43) -
Gleason score
<8 46 22 (47.83) 24 (52.17) 0.623 300 171 (57.00) 129 (43.00) <0.001*+*
>8 24 10 (41.67) 14 (58.33) - 127 42 (33.07) 85 (66.93) -
Serum PSA levels (ng/ml)
<2 - - - - 378 196 (51.85) 182 (48.15) 0.003**
>2 - - - - 35 9 (25.71) 26 (74.29) -
Pathological grade
pT1-pT2 4 3 (75.00) 1 (25.00) 0.213 - - - -
pT3 65 28 (43.08) 37 (56.92) - - - - -
Tumor stage
T1 0 - - - 153 92 (60.13) 61 (39.87) 0.006**
T2 42 16 (38.10) 26 (61.90) 0.030* 155 75 (48.39) 80 (51.61) -
T3 14 10 (71.43) 4 (28.57) - 48 16 (33.33) 32 (66.67) -
T4 0 - - - 1 0 (0.00) 1 (100.00) -
Lymph nodemetastasis
NO 56 26 (46.43) 30 (53.57) - 303 155 (51.16) 148 (48.84) <0.001***
N1 0 - - - 69 20 (28.99) 49 (71.01) -
Distant metastasis
Mo 56 26 (46.43) 30 (53.57) - 401 200 (49.88) 201 (50.12) 0.568
M1 0 - - - 3 1(33.33) 2 (66.67) -
smeans the difference is significant at the 0.05 level ,** means the difference is significant at the 0.01 level, *** means the difference is significant at the 0.01 level.
TABLE 3 Correlation of HAVCR2 expression with clinicopathological features in PCa patients.
Clinical features TCGA

Case Low, n (%) High, n (%) P Case Low, n (%) High, n (%) p
Tissue
Cancer 70 6 (8.57) 64 (91.43) 0.260 427 213 (49.88) 214 (50.12) -
Non-cancer 10 2 (20.00) 8 (80.00) - 0 - - -
Age (years)
<60 14 2 (14.29) 12 (85.71) 0.556 190 107 (56.32) 83 (43.68) 0.017*
>60 66 6 (9.09) 60 (90.91) - 237 106 (44.73) 131 (55.27) -
Gleason score
<8 46 3 (6.52) 43 (93.48) 0.396 300 172 (57.33) 128 (42.67) <0.001***
>8 24 3 (12.50) 21 (87.50) - 127 41 (32.28) 86 (67.72) -
Serum PSA levels (ng/ml)
< - - - - 378 194 (51.32) 184 (48.68) 0.010%*
>2 - - - - 35 10 (28.57) 25 (71.43) -
Pathological grade

(Continued)
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TABLE 3 Continued

Clinical features

pT1-pT2

pT3

Tumor stage

T1

T2

T3

T4

Lymph nodemetastasis
No

N1

Distant metastasis
Mo

M1

Case

65

42
14

56

56

TMA

Low, n (%) High, n (%)

0 (0.00) 4 (100.00)
6(9.23) 59 (90.77)
4(9.52) 38 (90.48)
1(7.14) 13 (92.86)
5 (8.93) 51 (91.07)
5 (8.93) 51 (91.07)

0.525

Case

153
155
48

303
69

401

10.3389/fonc.2022.1014888

TCGA

Low, n (%) High, n (%)

88 (57.52) 61 (42.48)
74 (47.74) 80 (52.26)
22 (45.83) 32 (54.17)
0 (0.00) 1 (100.00)
154 (50.83) 149 (49.17)
21 (30.43) 48 (69.57)
199 (49.63) 202 (50.37)
1(33.33) 2 (66.67)

sxmeans the difference is significant at the 0.05 level ,** means the difference is significant at the 0.01 level, *** means the difference is significant at the 0.01 level.

TABLE 4 Correlation of CCR7 expression with clinicopathological features in PCa patients.

Clinical features

Tissue

Cancer
Non-cancer

Age (years)

<60

>60

Gleason score

<8

>8

Serum PSA levels (ng/ml)
<2

>2

Pathological grade
pT1-pT2

pT3

Tumor stage

T1

T2

T3

T4

Lymph nodemetastasis
No

N1

Distant metastasis
Mo

M1

Case

46
24

56

56

TMA

Low, n (%) High, n (%)

31 (44.29) 39 (55.71)
5 (50.00) 5 (50.00)
7 (50.00) 7 (50.00)
29 (43.94) 37 (56.06)
21 (45.65) 25 (54.35)
10 (41.67) 14 (58.33)
2 (50.00) 2 (50.00)
29 (44.62) 36 (55.38)
17 (40.48) 25 (59.52)
8 (57.14) 6 (42.86)
25 (44.64) 31 (55.36)
25 (44.64) 31 (55.36)

*means the difference is significant at the 0.05 level.
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P

0.734

0.679

0.750

0.834

41

Case

427

190

237

300
127

378
35

303
69

401

TCGA

Low, n (%) High, n (%)

213 (49.88) 214 (50.12)
84 (44.21) 106 (55.79)
129 (54.43) 108 (45.57)
150 (50.00) 150 (50.00)
63 (49.61) 64 (50.39)
190 (50.26) 188 (49.74)
14 (40.00) 21 (60.00)
81 (52.94) 72 (47.06)
69 (44.52) 86 (55.48)
27 (56.25) 21 (43.75)
0 (0.00) 1 (100.00)
147 (48.51) 156 (51.49)
30 (43.48) 39 (56.52)
196 (48.88) 205 (51.12)
2 (66.67) 1(33.33)

P

0.002**

0.574

0.036*

0.941

0.245

0.450

0.539
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TABLE 5 Correlation of CD28 expression with clinicopathological features in PCa patients.

Clinical features TMA

Case Low, n (%) High, n (%)
Tissue
Cancer 70 35 (50.00) 35 (50.00)
Non-cancer 10 4 (40.00) 6 (60.00)
Age (years)
<60 14 9 (64.29) 5(35.71)
>60 66 30 (45.45) 36 (54.55)
Gleason score
<8 46 25 (54.35) 21 (45.65)
>8 24 10 (41.67) 14 (58.33)
Serum PSA levels (ng/ml)
<2 - - -
>2 - - -
Pathological grade
pT1-pT2 4 1 (25.00) 3 (75.00)
pT3 65 33 (50.77) 32 (49.23)
Tumor stage
T1 0 - -
T2 42 23 (54.76) 19 (45.24)
T3 14 10 (71.43) 4 (28.57)
T4 0 - -
Lymph nodemetastasis
NO 56 33 (58.93) 23 (41.07)
N1 0 - -
Distant metastasis
Mo 56 33 (58.93) 23 (41.07)
M1 0 - -

sxmeans the difference is significant at the 0.05 level.

latter are usually composed of inflammatory cells, smooth muscle
cells, adipocytes, fibroblasts, neuroendocrine cells, endothelial
cells and microvessels, with cytokines, growth factors, low pH,
hypoxia and various extracellular matrices (24). Many studies
have found that (25-27), TME played an important role in the
physiological regulation of inducing tumor acquired drug
resistance and resisting apoptosis.

FCGRs is the receptor for the Fc segment of immunoglobulin
(IgG), which can be divided into three types: FCGRI (CD64),
FCGRII (CD32) and FCGRIII (CD16). The gene encoding FCGRs
has polymorphism and is involved in the stimulation of many
biological functions, such as phagocytosis, cell lysis and
inflammatory cascade reactions (28-30). FCGR3A (CD16), a
member of FCGRs family, is mainly expressed on the surface of
natural killer (NK) cell membrane and is a transmembrane
receptor, which plays a role of bridge for immune cells to
directly kill target cells (31). HAVCR2 (Tim3), a member of
Tim3 family, is expressed on the membrane of various immune
cells as a transmembrane protein (32). HAVCR2 not only acts on
differentiated and mature T lymphocytes, but also plays an
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TCGA
P Case Low, n (%) High, n (%) P
0.554 427 213 (49.88) 214 (50.12) -
- 0 - - -
0.200 190 98 (51.58) 92 (48.42) 0.530
- 237 115 (48.52) 122 (51.48) -
0.314 300 156 (52.00) 144 (48.00) 0.179
- 127 57 (44.88) 70 (55.12) -
- 378 193 (51.06) 185 (48.94) 0.026*
- 35 11 (31.43) 24 (68.57) -
0.317 - - - -
- 153 88 (57.52) 65 (42.48) 0.138
0.272 155 76 (49.03) 79 (50.97) -
- 48 20 (41.67) 28 (58.33) -
- 1 0 (0.00) 1 (100.00) -
- 303 148 (48.84) 155 (51.16) 0.215
- 69 28 (40.58) 41 (59.42) -
- 401 199 (49.63) 202 (50.37) 0.574
- 3 1(33.33) 2 (66.67) -

immunomodulatory role in a variety of innate immune cells
(33). Studies had found that HAVCR2 was highly expressed in
NK cells in TME, and hepatocellular carcinoma cells could lead to
dysfunction of NK cell population by inhibiting PI3K/Akt/
mTORCI signaling pathway mediated by HAVCR2 (34).
Therefore, FCGR3A and HAVCR2 are highly expressed in
various cancer models and are likely to participate in the
immune process of NK cells. However, the roles of FCGR3A
and HAVCR?2 in PCa are rarely reported. We first analyzed the
PPI network construction of 42 candidate genes, and found that
FCGR3A and HAVCR? interacted with each other, and they were
closely related to CCR7 and CD28. As we konw, B7/CD28 is a
classic costimulatory signaling pathway, and activation of this
pathway can lead to activation of CD8" and CD28" T cells (35).
However, most tumor cells can inhibit the activation of T cells by
down-regulating which the expression of CD28 to achieve
immune escape in TME (36). TME is also filled with a large
number of inflammatory and chemotactic factors, which can
activate tumor cells and promote their metastasis. It was found
that TNF-o in TME could promote PCa metastasis and diffusion
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from lymph nodes by activating the CCL21/CCR? signaling axis
(37). Therefore, CCR7 and CD28 also play an important roles of
immune regulation in TME.

During the occurrence and development of PCa, the
relationship between FCGR3A, HAVCR2, CCR7 and CD28
was still unclear, which requires preliminary research. After
incorporating this gene cluster into the prognostic model, we
found that this gene cluster had the ability to predict the
biochemical recurrence of PCa patients. Cox regression
analysis showed that the risk ratio of high expression of these
genes was 2.30 times higher than that of low expression in
single-factor analysis, but there was no statistical significance in
the multivariate analysis. We hypothesized that this might be
due to the uneven expression of individual genes in the tissues of
PCa patients. Subsequently, proof of our hypothesis by survival
analysis and clinical tissue microarray assays. The results showed
that the survival rate and prognosis of PCa patients were lower,
and the high expression of FCGR3A and HAVCR?2 proteins in
PCa tissues increased gradually with the increase of GS when
FCGR3A and HAVCR2 were overexpressed. These results were
consistent with the findings of FCGR3A and HAVCR2 in other
immunological or cancer diseases (38-41). These results suggest
that the expression of FCGR3A and HAVCR?2 is correlated with
the degree of malignancy in PCa patients, and the high
expression of FCGR3A and HAVCR?2 has a poor prognosis for
PCa patients. Finally, we compared the correlation between the
expression of 4 target genes and different clinicopathological
features of PCa patients. The results showed that the expression
of FCGR3A had a unique correlation with the
clinicopathological features of PCa. This is similar to FCGR3A
in other tumor models, for example, the level of natural killing
activity in peripheral blood mononuclear cells of patients with
bladder cancer is correlated with the clinical evolution and
pathological stage of the disease (42).

FCGR3A is the target of many drugs such as rituximab and
its expression in prostate cancer cells is positively correlated with
other markers (43). Long-term use of some common drugs leads
to mutations in FCGR3A and related genes, which produces
resistance to the disease, such as non-small cell lung cancer (44,
45). Different new disease targets, FCGR3A as an important
marker gene for a variety of diseases, on the one hand, can
promote the development of new uses of old drugs faster, on the
other hand, through the analysis of the interaction between
FCGR3A and other cancer markers, find out the dominant gene,
which is conducive to the combined treatment of a variety of
diseases. FCGR3A has developed resistance to some drugs, so it
will be more difficult to develop new drugs.

In conclusion, FCGR3A is a biomarker with potential
prognostic value for PCa, which can predict the survival of
PCa patients and provide a new basis for rational administration
in clinical of PCa patients.With the development of new
technologies, FCGR3A is expected to become a new
breakthrough point for potent drugs.
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Chitosan and its derivatives are among biomaterials with numerous medical
applications, especially in cancer. Chitosan is amenable to forming
innumerable shapes such as micelles, niosomes, hydrogels, nanoparticles,
and scaffolds, among others. Chitosan derivatives can also bring
unprecedented potential to cross numerous biological barriers. Combined
with other biomaterials, hybrid and multitasking chitosan-based systems can
be realized for many applications. These include controlled drug release,
targeted drug delivery, post-surgery implants (immunovaccines),
theranostics, biosensing of tumor-derived circulating materials, multimodal
systems, and combination therapy platforms with the potential to eliminate
bulk tumors as well as lingering tumor cells to treat minimal residual disease
(MRD) and recurrent cancer. We first introduce different formats, derivatives,
and properties of chitosan. Next, given the barriers to therapeutic efficacy in
solid tumors, we review advanced formulations of chitosan modules as
efficient drug delivery systems to overcome tumor heterogeneity, multi-drug
resistance, MRD, and metastasis. Finally, we discuss chitosan NPs for clinical
translation and treatment of recurrent cancer and their future perspective.

KEYWORDS

chitosan, tumor heterogeneity, tumor microenvironment, recurrent cancer, drug
delivery, minimal residual disease
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1 Introduction

Despite all advancements in drug delivery strategies
developed for targeting solid tumors, efficacy is still
suboptimal due to numerous biological barriers, including
endothelial, cell membrane, organelle membrane, and the
nanoparticle’s ability for on-target/off-target recognition,
penetration, localization, concentration, and homogenous
distribution. Most of these bottlenecks for successful NP
delivery originate from the nature of the solid tumor
microenvironment (TME), including the ability of immune
editing, hypoxia, cancer stem cells (CSCs), extracellular matrix
(ECM) components, and heterogeneity, among others (1, 2).
TME leverages inherent resistance mechanisms such as hypoxia
and pH gradients and acquired resistance mechanisms such as
clonal evolution and heterogeneity after surgery or
chemotherapy. These mechanisms promote a rare population
of resistant tumor cells with properties of cancer stem-like cells
(CSLS), which survive therapy and promote tumorigenesis,
relapse, and metastasis (3, 4).

We often use natural products to develop drugs, scaffolds,
and nanodrug delivery systems (NDDS) for biomedical
applications and human clinical trials. Chitosan (CS) is the
second most abundant polysaccharide after cellulose. CS is a
biocompatible and biodegradable long copolymer of
glucosamine and N-acetyl glucosamine as it breaks down into
harmless and readily absorbed amino sugars (5). Alkaline
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deacetylation of chitin polysaccharides—ranging from 70% to
85%—produces CS with an average molecular weight of 3.8 to
500 kDa, and can be digested by lysozyme. CS is the only
polysaccharide with a positive charge due to amine groups (5).

CS is widely studied for NDDS because of its
biocompatibility, low cost, nontoxicity, low immunogenicity,
and biodegradability. An added advantage of CS is
functionalizability with multiple moieties and other polymers.
Therefore, we can build multitasking platforms, including
hybrid, theranostics, and multimodal systems for efficient
cancer treatment (6, 7). Also, CS’s poor solubility in aqueous
solutions above pH 6 promoted the development of various CS
derivatives with improved solubility over a broad pH range. As
each derivative is functionalized with a specific moiety such as
carboxyl, fluorinated, quaternized, glycosylated, methyl, and
others, this modification has far broadened the many
applications. The broad application has made a CS the
biomaterial of choice for numerous purposes, especially for
efficient drug delivery by crossing a variety of biological
barriers and on-demand drug release to overcome the
heterogeneous nature of solid tumors, with the capability to
avoid cancer relapse by targeting residual tumor cells lingering
after therapy/surgery (8).

In this review, we aim to highlight the potential of CS and its
derivatives as a promising biomaterial to meet numerous
biomedical demands, with a particular emphasis on its
capability to build advanced enabling NDDS platforms to
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cross multiple biological barriers, including blood, membrane,
and TME-related obstacles and for the treatment of minimal
residual disease (MRD) and recurrent cancer. To this end, we
first looked into chitosan’s inherent properties and its different
derivatives. Then, we discussed other formats and implications
of CS-derived NDDS for targeting and eliminating recurrence.
Finally, we included an overview of the clinical translation of CS
NPs for the treatment of recurrent cancer.

2 Chitosan: Inherent properties

Chitosan is a linear polysaccharide derived by the
deacetylation of the N-acetyl glucosamine units of chitin, a
natural polymer from crustacean shells, through hydrolysis at
high temperatures under alkaline conditions. Chitosan is
abundant in nature and possesses inherent properties that
render it appealing to use as a drug delivery system. We will
highlight the critical features of chitosan in the following section.

2.1 Antibacterial

Chitosan-based biomaterials possess superior antimicrobial
and antifungal activity against clinically important antibiotic-
resistant pathogens, such as E. coli and MERS. As a cationic
agent, chitosan binds to negatively charged bacteria membrane
and increases membrane permeability, resulting in leakage of
intracellular components and, finally, cell death (9, 10). Notably,
unlike tested antibiotics used in human and veterinary medicine,
there was no observation for developing resistant mutants in
serial passage assays over a long period of more than 15
days (11).

2.2 Biocompatibility, biodegradability,
and pH responsiveness

pH changes can degrade chitosan NPs. Meanwhile,
functionalization can increase CS stability. In this line, the pH
responsiveness of CS allows for the formulation of biodegradable
yet controlled and sustained release of cargoes. Thus,
biodegradable static forms are synthesized through physical
ionic gelation of CS using a polyanionic agent such as TPP
(12). Meanwhile, a dynamic or non-biodegradable form of CS
generated through chemical cross-linking allows for repeated
and regenerative potential with controlled swelling and
shrinkage performance of hydrogel in response to biochemical
changes in their environment. The latter feature can be highly
appreciated for tissue regeneration and treatment of chronic
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disease and can be formulated for systemic or local (drug depot)
purposes (9).

2.3 Drug reservoir and controlled
release/local treatment

Chitosan can be used as an efficient drug reservoir for the
codelivery of various hydrophilic and hydrophobic cargoes.
Complexation with nucleic acids such as miRNA, siRNA,
plasmid DNA, and CpG ODN can be achieved by simple
electrostatic adsorption (10). CS DDSs can accommodate
different types of cargoes loaded, including natural, synthetic,
and semi-synthetic vesicular particles such as niosomes,
liposomes, and different cell types (CAR T cells, stem cells,
dendrimers, gold NPs, photosensitizer agents, chemotherapeutic
drugs, small-molecule drugs, and therapeutic antibodies/
vaccines, among others) (13). Chitosan-based NPs are shown
to offer controlled drug release upon the inherent pH
responsiveness of CS or in response to internal (expression of
specific marker) or external stimulators (NIR) (14, 15).

2.4 Multifunctionalization capability

Due to the presence of functional groups, including hydroxyl
and amine, Cs modification is possible through chemical cross-
linking with other hydrophilic/hydrophobic polymers, such as
polyethylene glycol (PEG), polysaccharides, sugars, short
peptides, antibodies, and other functional groups (16). The
purpose of functionalization varies from PEGylation to
improve CS NP stability, ligand moiety for targeted drug
delivery (17), labeling with imaging agents (18), synthesis of
self-assembled vesicular NPS (19), affording stimuli-responsive
sol-gel transition (20), generating different derivatives of CS (21),
to advanced hybrid and composite versions. At the same time,
CS can be modified with different functional moieties to afford
theranostics (imaging and therapy) (8).

2.5 Targeted therapy

A specific derivative of chitosan named oligosaccharide
chitosan (OCS) can act as an analog of hyaluronic acid (HA),
with binding specificity to CD44 ligands. Accordingly, as a
targeting moiety, NP decorated with OCS is developed for
CD44"-overexpressing cells (22). Also, chitosan is shown to
have an affinity for the MUC1 mucin adhesion molecule
(CD227), a cell membrane glycoprotein, which is
overexpressed in cancer cells such as glioma (23).
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2.6 Transfecting agent: Gene delivery
and endosomal escape

As the only positively charged polysaccharide due to the
presence of amine groups in its structure, Cs DDSs possess
several main advantages for gene therapy: (i) as to be complexed
with negatively charged nucleic acids such as siRNA, shRNA,
CRISPR-Cas9 mediated gene therapy, miRNA, CpG
oligonucleotide adjuvants, and avoid their nuclease
degradation; (ii) it acts as a transfecting agent, enabling cell-
membrane adsorption and internalization of nucleic acid
payloads; and (iii) it can withstand the proton sponge effect to
escape the lysosome inside the target cells (tumor cells). Many
advanced CS-based gene therapy approaches are designed to
target and modulate a specific gene expression, silence oncogene
gene expression, or upregulate a tumor suppressor gene
expression (Figure 1). A review on chitosan-based gene
delivery can be found in Ref (10).

Furthermore, transfecting ability and stability can be
enhanced by the fabrication of CS-gold nanoparticles
(AuNPs), as AuNPs are shown to be selectively internalized by
tumor cells. Not to forget the effect of size and zeta potential in
NP cellular uptake, the degree of PEGylation as a common NP
stabilization and functionalization method to avoid “protein
corona” formation can affect both size and charge of CS-based
formulation as a transfecting agent. In this line, 5% PEG2000
Cs-AuNP displayed comparable transfecting potential to
Lipofectamine 3000 with 75% gene knockdown. Using ELISA,
the highest degree of protein c-MYC expression was achieved for
Cs—AuNP with 2% PEG400 (~147 nm, —44.5 mV, 95%), >5%
PEG400 (~154 nm, —33 mV, 90.5%), Cs—AuNP (~144 nm, -35
mV, 86.5%), 2% PEG2000 (~164 nm, —-25.8 mV, 79.7%), and 5%
PEG2000 (~171 nm, —25.5 mV, 75%) in a breast cancer cell
model. This observation that PEGylation positively improved
uptake of gold-CS nano complexes was irrespective of NP size
and enabled efficient siRNA delivery compared to non-pegylated
control (27). Among CS derivatives, N-acylated chitosan and
chitosan oligosaccharide (CSO) are tested as plasmid DNA
carriers complexed with AuNPs in cell culture (HEK-293).
The transfection efficacy was validated by measurement of B-
galactosidase activity and green fluorescence protein expression
recorded at 27%, 33%, and 60% for chitosan, acylated chitosan,
and CSO, with a TEM size of ~3.4, 4.6, and 7.3-15.6 nm,
respectively, and positively charged zeta between 40 and 55
mV before complexation with plasmid DNA (28).

Other factors impacting siRNA delivery and its
biodistribution involve chitosan molecular weight (~10 kDa
for stability and knockdown), deacetylation degree and amine-
to-phosphate (N:P) ratio, and increased surface charge (29).
Taking advantage of pH-activated endolysosomal escape and
drug release potential of chitosan, precise targeting of POLR2A
using RNA interference (RNAIi) is adopted as a therapeutic
strategy for augmented cytosolic delivery of POLR2A siRNA
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for the treatment of human triple-negative breast cancer
(TNBC) (30).

In a dual delivery system, folate-Cs-PEG nanoparticles were
employed to encapsulate pRNA dimers, which simultaneously
carry siRNA and aptamer, to selectively deliver it near or into
target cells via aptamer-mediated endocytosis or proper particle
size. Higher accumulation of siRNA in the tumor site, stronger
tumor inhibition, and longer circulating time were also observed
with CNPPs compared to other formulations in vitro and in vivo.
Furthermore, pRNA hexamers can be designed to
simultaneously carry six different substances (31).

The oral route is ideal for drug delivery as it is simple and
allows multiple dosing if its bioavailability is not affected by
gastrointestinal (GI) environments and nonspecific biological
trafficking. Inspired by the enterohepatic recycling of bile acids,
taurocholic acid (TCA) was coated on the surface of oral NPs to
quarantine siRNA protection from GI degradation and facilitate
colorectal liver metastases (CLM) targeting through the
enterohepatic recycling process. An orally redox-responsive
AuNP-thiolated siRNA-glycol Cs-taurocholic acid nanoparticle
(AR-GT NPs) was developed in which Akt2 siRNA composed of
dual padlocked nonviral vectors is conjugated with AuNPs and
then covered by bifunctional glycol Cs-taurocholic acid through
a charge-to-charge interaction. Three NPs were produced with
different 50 and 100 AR : GT ratio complexation as AR-chitosan,
AR-GT50, and AR-GT100 with mean diameters of 59 + 10, 100
+ 3, and 115 + 2 nm, respectively, with zeta potential values of
AR-GT50 and ARGT100 of 29 + 1 and 4 + 1 mV. Among these,
AR-GT100 was the most promising platform. It could selectively
deliver siRNA to suppress AKT signaling, facilitate active
transport through enterocytes, and enhance selective
accumulation and inhibition of colorectal liver metastases
(Figure 1A) (24). Another interesting study targeted 17q23
amplicon using a systemically delivered RNA-laden chitosan-
based NPs capable of codelivery of GSK2830371 (WIPL
inhibitor), and antagomiR21 is reported to overcome the
resistance to anti-HER2 therapy in the HER2+ breast cancer
model. The core-shell NP with a diameter of 115 + 9.7 nm was
synthesized by a double-emulsion water-in-oil-in-water method,
in which anti-miR21 inhibitor and pluronic F127 (PF127)-CG-
CO2 were encapsulated in the inner water phase making an NP
core. The shell structure contained hydrophobic GSK2830371
together with poly(d,l-lactide-co-glycolide) (PLGA) and 1,2-
dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) dissolved in
the oil phase. CS modification with the guanidine group (CG-
CO,) formed chitosan-guanidine (CG) that reversibly reacts
with carbon to produce carbon dioxide gas affording the
nanobomb effect. More specifically, endocytosis-mediated
uptake of the nanoparticles could generate CO, to break open
endo/lysosomes. This formulation protected antagomiR21
serum nuclease degradation up to 36 h and resulted in more
than 95% tumor growth inhibition with significant efficacy on
Her-resistant primary and metastatic tumors (Figure 1B) (25).
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FIGURE 1

Chitosan NPs afford effective gene therapy and endo/lysosomal escape. (A) Bioinspired glycol chitosan NPs for Gl passing and endosomal
escape delivery of oral siRNA for successful treatment of CLM. (a) Synthesis and characterization of AR-GT NPs. (b) Ex vivo fluorescence images
of major organs of the AR-coated chitosan and glycol chitosan (GC)-coated NPs in treated animals for 30 min. (c) In vivo mechanism of AR-
GT100 transport, which is designed to occur through transcytosis, inspired from enterocytic-mediated recycling of amphipathic fatty acid
bilirubin, with specific accumulation in the ileum. For chitosan, this occurs through tight junctions. (d) Therapeutic efficacy in a CLM cancer
mouse model after oral delivery of AR-chitosan and AR-GT100 (25 or 100 pg/kg) and CLM lung antimetastatic potential. Reprinted with
permission from (24), Copyright (2017), American Chemical Society. (B) Chitosan NPs for precisely targeting POLR2A as a therapeutic strategy
for human triple-negative breast cancer. (a) Scheme for NP synthesis. (b) TEM images showing pH-responsive NPs and nanobomb effect that
occur under low pH 5.0-6.0 endolysosomes, leading to NP enlargement and cracking. At the same time, spherical core—shell NPs are intact
under pH 7.4. (c) Endosomal escape of Dextran-Rhodamine (Dex-Rho) NPs. In early hours, the red color largely overlapped with LysoTracker
green fluorescence. After 6 h, this overlap is minimum, indicating successful endosomal escape of core-shell chitosan-loaded anti-Mir21 due to
the nanobomb effect. Reprinted from (25) Under Creative commons Attribution License 4.0, Copyright (2018) Springer Nature. (C) pH-
responsive chitosan-based nanocomplex for efficient CRISPR/Cas9 gene-chemo synergistic HCC therapy. (a) Schematics of preparation and
characterizations of CLPV NPs. (b) (i) Working principle of CLPV NPs for precise targeting of VEGFR2 and downstream tumorigenic pathways IL-
6/IL-8-NF-xB p65; (ii) T7E1 analysis of the VEGFR2 sgRNA sites on tumor tissues. (c) (i) Plasmid profile of recombinant sgVEGFR2/Cas9 (VC); (ii)
AFM image of 238.2-nm CLPV NPs; (iii) agarose gel electrophoresis analysis for VC stability on NPs. (d) /In vivo biodistribution studies using
injected free cy5.5 and cy5.5-loaded CLPV NPs recorded at different time points from the major organs and tumor tissues. Reprinted with
permission from (26), Copyright (2018) Elsevier.
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The clustered regularly interspaced short palindromic repeat
(CRISPR)-associated Cas9 nuclease system (CRISPR/Cas9) has
become a powerful tool for genome editing and gene knockout
with better targeting effect than siRNA; however, its targeted
delivery is challenging. To this, a B-galactose-carrying
lactobionic acid (LA) functionalized pH-responsive chitosan-
based nanocomplex is designed for combined gene
chemotherapy by codelivery of sgVEGFR2/Cas9 plasmid and
paclitaxel for hepatocellular carcinoma (HCC) therapy. LA was
used to specifically deliver spherical CLPV NPs to
asialoglycoprotein receptors (ASGPR) overexpressing HepG2
cells. Genome editing efficiency was 38.6% and 33.4% in
difficult-to-transfect HepG2 cells in vitro and in tumor tissues
in vivo, respectively, with more than 60% reduction in VEGFR2
protein expression and 70% tumor growth suppression in mice
(Figure 1C) (26).

2.7 Immune-adjuvant

Chitosan deacetylation (DAc) of <17% and its high
molecular weight and specific derivatives (N,N,N-trimethyl
chitosan) are shown to elicit better immune-activating
potential (32, 33).

Immune-adjuvants can increase vaccine efficacy by
modeling the quality (type of immune response) and the host
immune response quantity (rate and magnitude). Conventional
adjuvants such as cytokines, toll-like receptor (TLR) agonist
(CpG ODN), and aluminum salt stimulate the immune system.
A good adjuvant, though, should be applicable for both systemic
and local administration, safe, effective, low-cost, and capable of
crossing physiological (mucosal/blood) barriers and immune
targeting, all of which can be provided by chitosan (33). For
example, a catalytic mucosal adjuvant strategy for an influenza
WIV nasal vaccine based on CS functionalized iron oxide
nanozyme (CS-IONzyme) is developed. CS modification not
only increases antigen adhesion to nasal mucosa by 30-fold
compared to HIN1 WIV alone; it also increased catalase-like
activity of iron NPs for reactive oxygen species (ROS)-dependent
dendritic cell (DC) maturation. This enhanced HIN1 WIV-
loaded DCs migration into the draining lymph nodes for antigen
presentation, resulting in 8.9-fold increase of IgA-mucosal
adaptive immunity in mice and a 100% protection against
influenza, compared to 30% protection by HIN1 WIV
alone (34).

2.8 Mucoadhesion
Chitosan is shown to possess mucoadhesive properties, as it
shows an affinity for the MUCI adhesion molecule (CD227), a

cell membrane glycoprotein, overexpressed by tumor cells. This
property of chitosan is used for targeted oral delivery, as well as
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packaging and guiding of other small NPs, such as niosome-
encapsulated paclitaxel conjugated with BODIPY 564/570.
Accordingly, thermo-sensitive cross-linked chitosan hydrogel
as a double package nanodelivery system was adopted for
local, sustained, and timely burst release of niosomes upon
targeting MUC1 mucin surface antigen overexpressing tumor
cells (Figure 2C) (23). Also, chitosan-encapsulated niosomes are
used for enhanced oral delivery of atorvastatin to hyperlipidemic
mice. Chitosan encapsulation resulted in lower NP size, with
96.9 nm compared with 143.2 nm for unencapsulated
niosomes (35).

2.9 Multitasking performance:
Multimodal systems, theranostics, and
combination therapy

Besides surface functionalization, chitosan NPs can afford
simultaneous delivery of various payloads to form
multifunctional NPs including theranostics (therapeutic and
imaging agent) and multimodal or combination therapy
employing more than one drug/strategy for a synergistic effect
to overcome multidrug resistance (MDR).

2.9.1 Multimodal/combination systems for
reversing MDR

As an example of multimodal system, CS NPs are used for
encapsulating both photothermal (IR780) and photodynamic
[5-aminolevulinic acid (5-ALA)] reagents for photothermally
enhanced photodynamic therapy (5-ALA&IR780@CS NPs) for
oral delivery and local treatment of CT-26 colon tumors in mice
(Figure 3A) (36). Moreover, as a local delivery platform (tumor
skin-inserted), microneedle (MN) array is attempted for cancer
chemo- and photothermal combination therapy, in which
micromolding and electrospraying techniques were used to
produce layer-by-layer MN patches with polyvinylpyrrolidone
(PVP) as the base of the needle. CS-DOX as an internal layer and
polyvinyl alcohol (PVA) gold-silica nanorods (AuMSS) as
external layers were deposited on the surface of the PVP MNs
through the electrospraying procedure. MNs promoted the
sequential delivery of doxorubicin and AuMSS in response to
pH (chitosan) and photothermal stimuli (Figure 3B) (37).

Moreover, multifunctional chitosan NPs involving DOX-
loaded chitosan-capped gold nanoparticles (CS-GNPs) are used
for chemo-radiotherapy of MCF-7 breast cancer cells (39).
Likewise, targeted cetuximab chitosan nanoparticles (Cet-CTS
NPs) are used to deliver Quercetin (QUE) and paclitaxel (PTX)
using an ionic cross-linking method. This formulation
significantly decreased tumor growth in PTX-resistant
xenografts (40). Given the highly promising results achieved
with glycol chitosan (GC) for resistant cancer therapy, one study
reported GC NP encapsulation of both chemotherapeutics
(DOX) and siRNA (BCL-2) to achieve maximal efficacy to
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overcome MDR (41). Likewise, self-assembly of chitosan/
vitamin E conjugate into micelle is used to entrap oxaliplatin
(OXPt) to overcome conventional OXPt-mediated drug
resistance/nephrotoxicity in breast cancer (42). Also, folic
acid-functionalized chitosan nanocarrier is developed for
codelivery of DOX and oleanolic acid (OA), to form a
copolymer with self-assembly into 180-nm NPs in water.
These pH-responsive FA-CS-g-OA@DOX NPs exhibit
apoptosis-enhancing and antiproliferative capacities on MDR
breast tumors in vivo, by sensitizing MDA-MB-231 cancer cells
to DOX and mitigating DOX toxicity to healthy tissues (43).
Furthermore, chemosensitizing NPs based on amphiphilic
oligosaccharide CS-DOX-indomethacin conjugate are used for
surmounting the efflux of cellular uptaken DOX via MDR-
associated protein (MRP) in a lung tumor-xenografted mouse
model (44).

2.9.2 Theranostics (imaging-guided therapy)

Palladium, as a near-infrared plasmonic material alternative
to gold NPs, was used for photo-based imaging and therapy
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owing to its near-infrared (NIR) heat generation potential for
photothermal therapy (PTT) and generation of satisfactory
photoacoustic signals for ultrasound imaging (45). The RGD
peptide-functionalized oligosaccharide chitosan was coated on
the surface of palladium nanoparticles (Pd@COS-RGD) to make
biocompatible NPs acting as theranostics. Similar work adopted
DOX-loaded hollow mesoporous silica nanoparticles (HMSNs)
coated with chitosan-copper sulfide nanodots (HMSNs-CS-
DOX@CuS),
platform by merging chemotherapy and PTT into a single

a theranostic, multimodal, and combination

formulation. CuS dots are used to plug HMSN pores to avoid
burst release of DOX into the systemic circulation, unless S-S
bonds connecting the CuS dots to the HMSNs are selectively
cleaved under the reducing microenvironment of the tumor,
permitting targeted drug release. This system was capable of
combinatorial chemotherapy and PTT, and multimodal
thermal/photoacoustic imaging due to the incorporation of
CuS nanodots for efficiently targeted tumor imaging and
therapy (Figure 3C) (38). Also, self-assembly of amphipathic
photosensitizer tetraphenyl chlorin (TPC)-chitosan (PS-CS)

frontiersin.org


https://doi.org/10.3389/fonc.2022.1054029
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mahmudi et al.

conjugate polymers into micellar nanoparticles in aqueous
buffers are used for delivery of lipophilic drugs mertansine
(MRT) or cabazitaxel (CBZ) for chemotherapy and PDT
therapy of ferroptosis-resistant MCF-7 cells, with potential to
be utilized as contrast agents (46).

3 Chitosan derivatives: Synthesis
procedure

Despite the superior physicochemical as well as biological
features of chitosan, the most significant drawback of this semi-
synthetic biopolymer is the lack of solubility at pH values above
its pKa (pH ~5.5-6.5), owing to the formation of interchain and
intrachain hydrogen bonding between the hydroxyl and amine
functionalities (16). The most important strategy for
circumvention of this problem is chemical modification of
chitosan through its hydroxyl or amine side groups. In this
context, the popular methods used are N-substitution, O-
substitution, N,O-substitution, chelation of metals, dendrimer
attaching, fluorination, oxidation (e.g., with 2,2,6,6-tetramethyl-
1-piperidinyloxy; TEMPO), depolymerization of chitosan to
afford chitooligosaccharides (COS) via acid chitosanolysis,
sulfonation, and polymer grafting (5). These modifications
significantly improve its mechanical and thermal stability,
acidic pH tolerance, and hydrophilicity, and can be used for
controlling the interactions between chitosan and other
elements, including drugs, metal ions, and organic
compounds. The N- and O-substitution approaches are the
most commonly used strategies toward chitosan derivatives (47).

In N-substitution, the amino group (-NH,) of chitosan reacts
with various reactive reagents to afford chitosan derivatives. The
most important approaches for the N-substitution of chitosan are
quaternization, N-alkylation, and N-arylation with aldehydes
through “Schiff-Base” reaction followed by the reduction of the
formed imine group to the more stable amine group, epoxy, and
reactive halide derivatives, and N-acylation with anhydride and
acid halides (Figure 4) (45, 48).

O-substitution of chitosan is another efficient approach for
improving the physicochemical properties of chitosan that regularly
requires the protection/deprotection of its amino groups owing to
the higher reactivity of amino groups than those of the hydroxyl
groups. The most commonly used approaches toward O-
substituted chitosan are illustrated in Figure 5 (48, 49).

Amidation with coupling catalysts [e.g., N-(3-dimethylaminopropyl-
N-ethylcar-bodiimide) hydrochloride (EDC)/N-hydroxysuccinimide
(NHS)] is another important approach for functionalization of
chitosan using its amino group. This approach can be used for
fluorination as well as conjugation of bioactive small molecules or
macromolecules (e.g., folic acid and RGD peptide) (50). Finally,
polymer grafting can be considered an efficient strategy for modified
chitosan with tunable physicochemical and biological properties.
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This polymerization technique is one of the most
exploited approaches toward chitosan graft copolymers. The
grafting process can be achieved through ceric-initiated and
Fenton’s free radical graft copolymerization that is used for
vinyl monomer grafting, cyclic monomer grafting via ring-
opening copolymerization, post-grafting via various coupling
agents (e.g., click chemistry, EDC/NHS, and nucleophilic
reactions), and reversible deactivation radical
polymerization (RDRP; also famous as controlled or
“living” radical polymerization) approach (51). The RDRP
technique is categorized as atom transfer radical
polymerization (ATRP), nitroxide-mediated polymerization
(NMP), and reversible addition-fragmentation chain transfer
(RAFT) polymerization that allows the synthesis of well-
defined macromolecular architectures with relatively low
dispersity (52-54).

4 Chitosan derivatives: Formats and
features

Herein, we aim to overview different formats and applications
of most important chitosan derivatives for cancer therapy.

4.1 Glycol chitosan: Targeting tumor
heterogeneity and lymph node trafficking

GC is a chitosan derivative with much better solubility as it is
conjugated with hydrophilic ethylene glycol branches. This
modification renders GC soluble in neutral/acidic pH, while
the amine groups of GC remain unaffected for further
modification/functionalization. The molecular weight of GC
(20 to 250 kDa) and the degree of deacetylation (60% to
82.7%) affect GC’s physicochemical and biological properties.
Among Cs derivatives, GC is a well-known nanoparticle for
cancer therapy, particularly for cancer heterogeneity (5).
Moreover, cationic particles are known to promote trafficking
and retention of therapeutic payloads in lymph nodes. For
example, a dendrimer-based icluster nanobomb is shown to
specifically inhibit lymph node metastasis, after size changes in
the primary tumor site (~100 nm to ~5 nm) wherein resultant
small NPs promoted particle intravasation into tumor
lymphatics and migration into LNs, and complete tumor
remission in 4 out of the 10 mice for 110 days (55).
Meanwhile, GC-based theranostics, such as glycol-chitosan-
coated gold nanoparticles (GC-AuNPs), are employed for a
photoacoustic contrast agent imaging of lymph nodes without
the need for targeting moiety/surface modification and are
capable of tumor antigen delivery to macrophages to present
the model ovalbumin (OVA) epitope at targeted lymph nodes
for cancer immunotherapy (56).
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Chitosan-based multitasking drug delivery systems for treatment of MDR cancer. (A) Chitosan-based multimodal system for PTT-enhanced PDT
therapy. Reprinted with permission from (36), Copyright (2020) Elsevier. (B) Chitosan MN patches for combined chemo-PTT cancer therapy.
Reprinted with permission from (37), Copyright (2020) Elsevier. (C) Chitosan-based theranostics for thermal-photoacoustic (PA) imaging-guided
tumor chemo-PTT therapy. (a) Schematic of NP working design. (b) Electron microscopy images: (A) TEM and (B) SEM images of HMSNs. TEM
image of (C) CuS nanodots (D) and HMSNs-CS-DOX@CuS. Red arrows indicate the CuS nanodots on the HMSN surfaces. Reprinted with
permission from (38), Copyright (2021) Elsevier.
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4.2 Fluorinated chitosan: Mucoadhesion/
forming stealth NPs

As an additional modification, fluorination of functional
drug delivery system materials can result in satisfactory
performances such as improved stability, resisting protein
adsorption, and enhancing cell membrane permeability. In this
regard, fluorinated chitosan is used for enhanced transmucosal
delivery of different cargoes such as catalase or chemotherapy
agents (57, 58). Fluorination can form stealth NPs to avoid
protein corona, reduce RES capture, and improve drug
accumulation in tumor sites (59).

4.3 Oligosaccharide chitosan: Anticancer
and cell-specific targeting

CSOs, which are obtained from chitosan degradation,
possess some interesting molecular weight-dependent
biological properties, especially anticancer activity (60). CSO
has a low molecular weight, is water-soluble, and acts as a
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specific HA analog. CSO-decorated NPs can be used for
CD44-overexpressing cancer tumor cells, such as TNBC
cells (22).

4.4 Carboxylated chitosan:
Functionalization, pH responsiveness,
drug release, and endo/lysosomal escape

Chitosan possesses a positive charge; however, sometimes a
negative charge is desirable to achieve additional features. Such
carboxylated chitosan is used to improve the efficacy of
mesoporous silica nanoparticles for targeted drug delivery of
HER2-overexpressing breast cancer. This involved chitosan-
coated, DOX-loaded anti-EGFR/HER2 aptamer-mesoporous
silica nanoparticle (MSN) bioconjugates. Partially carboxylated
chitosan as coating imparted pH responsiveness and greater
DOX release in a shorter time, endo/lysosomal escape ability to
MOSN delivery for cytosolic delivery of DOX, and conjugation
targeting agents (aptamer) for active targeting (61). Also,
genistein (C;sH;00s), a soy isoflavone and superparamagnetic
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Fe;0, decorated with bio-compatible carboxymethylated
chitosan, is used to target acute leukemia lymphoma (62).

4.5 Quaternized: Antimicrobial and tissue
regeneration

Though the antimicrobial activity of chitosan is affected by
pH, molecular weight, and the presence of interfering substances
like lipids and proteins, CS modification such as succinoylated,
hydrophobic, sulfonated, sulfonamidated, and in particular
quaternary can enhance its antimicrobial performance (30).
Quaternized chitosan (QCS), is a water-soluble chitosan
derivative with good biocompatibility and enhanced
antibacterial effects. Due to the presence of positively charged
cations in its amino and quaternary amine groups, QCS possesses
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strong tissue adhesive properties and can induce tissue repair,
hemostasis, and regeneration. In addition, quaternized aminated
chitosan (Q-AmCs) derivative is used for the efficient
encapsulation and slow release of the therapeutic drugs (21).

4.6 Cathecholic CS: Wet adhesion and
hemostatic

Inspired by the super adhesion performance of mussel to
rocks owing to the specific amino acid content of its adhesive
proteins Mfp-3 and Mfp-5, namely, catecholic amino acid (3,4-
dihy-droxyphenylalanine, DOPA) and L-lysine (63), catechol
groups are used in the fabrication of Cs possessing super
adhesion potential under wet conditions, such as surgical
trauma and internal bleeding.
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4.7 Sulfated: Angiogenesis inhibitor

Chitosan sulfate inhibits angiogenesis via blocking the
VEGF/VEGFR2 pathway and suppresses tumor growth in
vivo. Heparinoid chitosan sulfate inhibits neovascularization
much higher than heparin control (63.8% vs. 30.7%) and
possesses anticoagulant activity in vivo (64).

4.8 Amphiphilic: Self-assembled NPs

Chitosan-based drug delivery systems can be prepared using
different methods such as chemical or ionic gelation, mini-
emulsion, spray-drying, and coacervation/precipitation methods.
An alternative to these is self-assembly, a spontaneous process for
easy making of organized structures with particular functions,
achieved by amphiphilic chitosan derivates (19).

For example, anisamide-conjugated N-octyl-N,O-maleoyl-O-
phosphoryl chitosan (a-OMPC) amphiphilic micelles featuring
pH-responsive release and high affinity to sigma-1 receptor-
overexpressed tumors are developed for paclitaxel (PTX)
delivery. Maleoyl functionalization of chitosan has several
advantages: (i) improved chitosan solubility in organic system,
(i) endo/lysosomal pH-responsive drug release due to conversion
from phosphate/carboxylate to hydrophobic phosphoric acid/
carboxylic acid, (iii) and providing o,f3-unsaturated ketone
double bond for anisamide conjugation, to afford chitosan a
high affinity to bind sigma-1 receptor overexpressed on the
surface of prostate cancer (PCa) cells (Figure 2B) (66).

Pluronic is an amphiphilic tri-block copolymer composed of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO)
and can form micelles for delivery of both hydrophobic and
hydrophilic drugs within the hydrophilic PEO and hydrophobic
PPO blocks forming the corona and the core of the micelles,
respectively. To overcome the instability of polymeric micelles
made of pluronic®F127 (PF), the pluronic-chitosan copolymer
is exploited. Aptamer-modified pluronic®F127 and chitosan are
used to enhance PTX loading capacity and increase micelle
stability (86.22 + 1.45 nm) (67). Likewise, owing to the
temperature-responsive potential of pluronic, the poloxamer
407-chitosan copolymer is used to develop thermoresponsive
hydrogels as drug depots and single-shot vaccines capable of
synchronous and sustained release of lactic-co-glycolic acid
(PLGA) nanoparticles loaded with antigen and adjuvants. This
chitosan hydrogel vaccine induced strong, long-lasting, humoral
cellular responses in the murine melanoma model (68).

5 Types of chitosan nanoparticles

Chitosan and its derivatives can be formulated into different
types of NDDSs; the most popular forms include hydrogel,
vesicles, nanoparticles, and composite/hybrid ones (Figure 2).
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Through ionic or chemical gelation, CSO can form 3D cross-
linked/entangled hydrophilic networks, known as hydrogels.
Under their LCST, hydrogel can adopt state transition from
gelation (gel) to solution (sol) and vice versa. Another
classification is based on the hydrogel route of administration,
to be used as drug depot (injectable/sprayed hydrogel), systemic
delivery (nanogel with size <200 nm), or microgel (bulk gel),
which comes in different forms such as fiber, cryogel, sponge,
film, patch, and glue with the application as wound dressing or
scaffold. The sol-gel transition capability is important for the
formulation of injectable hydrogels, upon injection into the
tissue site, where gelation and local entrapping of cargo occur.
Thus, it serves as a drug depot for long-lasting release. Chitosan
can also be cross-linked with hydrophobic moieties, to form
amphipathic copolymers that can self-assemble into vesicular
particles such as micelles and liposomes. Also, CS NPs alone or
complexed with other materials/NPs (e.g., chitosan-dendrimer)
and polysaccharides (e.g., chitosan-alginate) form composite or
hybrid NPs. This capability further extends and advances CS
application into a single all-in-one robust platform with
multitasking potential for imaging, therapeutic, and prevention
of recurrent disease in a controlled manner.

6 Tumor-penetrating chitosan NPs
cross biological and
microenvironmental barriers

Considering the solid TME, various physiological barriers
exist in the way CS NPs advance toward the tumor parenchyma.
In this section, we aim to introduce these critical barriers and
formats of CS-based drug delivery systems that take advantage of
CS inherent properties to build effective therapeutics to fight
recurrent cancer and MRD.

6.1 Blood barrier

The first barrier for systemically injected CS NPs is the
formation of a protein corona, which results in the clearance of
NP by the phagocytic system and diminished circulation time of
NP. This barrier can be tackled by using protein corona repelling
approaches, using dysponins such as PEGylation, BSA coating,
protein corona formation, and cell-derived camouflaged
membranes. Concerning CS, mucoadhesive properties and its
cationic charge act as a double sword: it affords adsorption-
mediated cross-linking through cell membrane; in the same way,
it could also possess high fouling properties to bind with serum-
abundant proteins such as albumin, complement proteins,
immunoglobulins, and, thus, phagocytosis (69). Meanwhile, as
discussed before, the fluorinated form of CS can possess
repelling properties and act as stealth coating (59). A recent
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paper detailed these strategies implemented to increase the
stability of systemically administered chitosan nanoparticles.
Besides PEG, different coating materials, using
polysaccharides, chitosan derivatives, stealth chitosan, and
zwitterionic chitosan plus their advantages and disadvantages
are also discussed (69).

6.2 Membrane/stroma barriers

After the protein corona is tackled, NP must cross biological
barriers to penetrate tumor cells. These include crossing the
vascular wall (intravasation), then dense ECM and stroma cells
(convection) and finally tumor cell membrane (internalization).
The first one, vascular wall, is for systemically injected NPs,
while the rest are common between locally and systemically
injected NPs, as for CS-based DDSs. These barriers can be
targeted using active/passive targeting, multi-stage acting NPs,
nanosweepers, and Trojan systems discussed in the next section.

6.2.1 Ligand and ligand-independent delivery
Unlike what has been accepted for a long time, that
enhanced permeation and retention (EPR) is the main inactive
route for targeted delivery of NPs to solid tumors, recent meta-
analysis data contradicted this fact as it indicated that only a
mean of 1.48% of the injected dose (%ID) of NPs is delivered to
cancer cells (70). Vascular permeability determines NP
localization in tumor lesions. A higher NP accumulation,
besides EPR, needs an active targeting by using ligand-
decorated NPs to enjoy the transcytosis mechanism to
promote both intravasation and internalization of NPs.
Different ligands can be used to achieve this; however, a
ligand of choice is the one that is expressed abundantly by both
tumor and tumor-associated endothelial cells, enabling a DDSs
to tackle several barriers using a single targeting moiety, here,
vascular wall and tumor cell membrane internalization (71).
Examples include NGR, which targets CD13 expressed by both
tumor and endothelial cells (72). Likewise, the cell-penetrating
peptide iRGD containing the CendR sequence can first target
integrin receptor to cross the blood-brain barrier and then
provides the second moiety to bind Neuropilin-1 (NRP-1) and
Neuropilin-2 (NRP-2) for crossing the brain-tumor barrier (73).
Lactoferrin receptor (LfR) is another example with dual
expression on tumor and endothelial cells for glioma therapy
(71). Chitosan micelles incorporating Telmisartan can
sequentially target overexpressed angiotensin II type I receptor
(AT,R) on CAFs and tumor cells (74). Bispecific antibodies can
also provide dual-targeting ability of NPs using a single
formulation (75). Other approaches employ a single receptor
either for tumor cell or endothelial cells targeting combined with
stimuli responsiveness behavior (multi-stage NPs), or
polyplexes/cationic particles [such as chitosan, dendrimer, and
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polyethyleneimine (PEI)], cationic cell-penetrating peptides
(CPP), and cationic lipids to afford adsorption-
mediated internalization.

As both OCS and HA show affinity to selectively bind CD44-
expressing cells, self-cross-linkable chitosan-HA dialdehyde
nanoparticles are used for CD44-targeted siRNA delivery to
target oncogene Bcl2 for bladder cancer therapy (76). Likewise,
the HA-CS nanocomposite can be used for the generation of
polyionic nano-complexes, which affords CD44-mediated active
delivery of both positively charged (DOX) and negatively
charged (mir-34-a) cargoes for the treatment of MDA-MB-231
breast cancer cells (77).

Besides affording ligand-mediated endocytosis, cyclic RGD
(cRGD) can possess antiangiogenic and antimetastatic potential
by inhibiting avB3 integrin receptors (78). For one, cRGD-
decorated chitosan NPs are used for encapsulating
chemotherapeutic drug raloxifene, while free amines of
chitosan afforded NP stability under low pH of TME and
realized active targeted delivery to selectively suppress
angiogenesis and tumor growth in breast cancer (79).

In another formulation, targeted delivery is afforded using
ligand-based delivery coupled with microenvironment-
responsive properties. A chitosan-based cascade—responsive
nanoplatform is developed for TNBC therapy involving dual
pH/thermosensitive poly(N-vinylcaprolactam) (PNVCL)-CS
copolymer modified with the CPP (CPP-CS-co-PNVCL NPs)
and loaded with DOX. Core-shell self-assembly of amphipathic
200-nm NPs with DOX entrapped in the hydrophobic core
occurs due to amphiphilic block copolymers. Upon systemic
injection, NPs are intact while reaching the tumor site, and the
bond between CPP and CS is degraded by matrix
metalloproteinase enzymes. In vivo experiments employing a
TNB xenograft mouse model demonstrated a significant
reduction in tumor volume and life span, with no obvious
systemic toxicity (Figure 6A) (15).

On the other hand, as discussed earlier, Cs, particularly its
fluorinated derivative (FC), can be used for enhanced
mucoadhesion of NPs and deep tumor cell penetration by
coupling FC to sonosensitizer-conjugated catalase post-
intravesical instillation. FC but not CS can open tight bladder
epithelium junctions by reversible modulating transepithelial
electrical resistance (TEER) (57). Likewise, FC is coupled to
copper selenide nanoparticles for NIR-triggered (Figure 6B) (80)
as well as photo-activated H2 generation using a catalyst [FeFe]
TPP for hydrogen-chemotherapy (gemcitabin) of bladder
cancer (58).

6.2.2 Charge/size-shifting NPs

As discussed before, chitosan and its derivatives, as a cationic
biomaterial with mucoadhesive potential, afford a ligand-
independent yet active delivery platform to cross and transport
across cellular membranes and successive endocytosis.
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Chitosan NPs affords crossing stroma and biological membranes. (A) EPR and CPP-mediated active targeting. Reprinted from (15) under
Creative Commons Attribution License 4.0, Copyright (2019) Springer Nature. (B) FC affords superior mucoadhesion potential to cross epithelial
barriers of bladder cancer. Reprinted with permission from (80), Copyright (2021) Wiley-VCH GmbH. (C) Multi-stage acting CS NPs. Reprinted
with permission from (81), Copyright (2019) American Chemical Society. (D) Stroma cell depletion afforded by chitosan-modified CAF inhibitor.
Reprinted with permission from (74), Copyright (2018) Elsevier. (E) Chitosan nanosweeper for ECM drilling. Reprinted with permission from (82),
Copyright (2018) Elsevier. (F) Chitosan-clocked NPs with RBC membrane as Trojan system. Reprinted from (83), Copyright (2017) American
Chemical Society.
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Nonetheless, positive charge is a problem for protein corona
formation, and thus, a microenvironment-responsive multi-
stage acting NPs are desirable with the capacity for charge/
size-shifting. For example, surface-charge-switchable chitosan
nanoclusters (CMGCC) as synergistic theranostic are fabricated
for T1-weighted magnetic resonance imaging and intracellular
antioxidant glutathione (GSH) depletion-enhanced PDT.
CMGCC contains chlorin-e6-conjugated GC polymeric
micelles incorporating catalase-stabilized MnO, nanoparticles.
In this system, GC polymers with pH-sensitive surface charge
switchability from neutral (pH 7.4) to positive (pH 6.5) could
improve the PS accumulation within the tumor region. At the
same time, the combined work of CAT and MnO, could
effectively consume H,0, and GSH to reoxygenate the
hypoxic tumor via catalyzing endogenous hydrogen peroxide
to O, and 'O,, respectively; meanwhile generated Mn?** serves
as a contrast agent. Thus, a charge-reversal activity that only
occurs under the low pH of TME restores the positive charge of
GC for PS accumulation and subsequent enhanced PDT efficacy
toward subcutaneous Hela tumors (84).

In another preparation, core—shell hybrid MSNs-CS/CMC
NPs composed of mesoporous silica nanoparticles (MSNs)
stabilized by positively charged OCS and negatively charged
carboxymethyl chitosan with pH-triggered charge-reversal
potential are used for effective intracellular delivery of DOX.
The pH-triggered charge-reversal CS/CMC bilayer was key to
NP internalization, endosomal escape, and DOX release. The
surface charge of DOX@MSNs-CS/CMC was reversed from —16
(pH 7.4 in blood) to 11 mV (pH 6.5 in TME) and 15 mV (pH 5.5
in endosome). Thus, the reversible protonation-deprotonation
strategy using CS derivatives provides an alternative ligand-
independent platform for efficient drug delivery in breast cancer
therapy (Figure 6C) (81).

Another form of multi-stage acting NPs is those that use an
ECM-biodegradable coating such as gelatin to be degraded by
matrix metalloprotease or hyaluronidase two abundantly
expressed enzymes in TME. This strategy is specifically useful as
the transport of polycationic NPs such as chitosan can be
hindered due to the presence HA, which tends to form cationic/
anionic complexes. Thus, HA coating protects the cationic core,
and after degradation, in the second stage, the positive charge of
the core element, e.g., chitosan, can be revealed to promote cellular
uptake. Detailed examples of change-shifting NPs as a category of
multi-stage acting NPs are reviewed in Refs (85, 86).

6.2.3 Nanosweepers

Dense stroma and ECM as seen for fibrotic/desmoplastic
tumors such as breast, HCC, and pancreatic ductal
adenocarcinoma (PDAC) can dramatically diminish NP
convection. They may result in heterogeneous accumulation of
NPs within solid tumors. Thus, strategies are required to afford deep
NP penetration by ECM normalization or stroma cell targeting. The
main targets are collagen, HA, and cancer-associated fibroblasts
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(CAFs) as the main constituents and contributors to the formation
of dense ECM in desmoplastic tumors (87).

As one strategy, ECM-degrading enzymes, such as
collagenase, can be decorated on the surface of NPs, acting
as sweepers, as they digest ECM components along their way.
Collagen I depletion is another strategy reported by inhibitors
of collagen synthesis, such as lysyl oxidase or collagen-
degrading enzymes, e.g., collagenase (88). Also, losartan is
shown to improve oxygen distribution in tumor tissues by
collagen depletion, allowing for deep percolation of
paclitaxel-encapsulated liposomes (89). MSN conjugated
with pineapple-derived peptidase papain family, bromelain
(Br), can drill through ECM and enable the uptake of the
particles by endothelial, macrophage, and cancer cell lines
(90). Such lactobionic acid-modified bromelain-immobilized
chitosan nanoparticles are used for enhanced active targeting
and drug penetration respectively in tumor tissues
(Figure 6E) (82).

ECM loosening is attempted by reprogramming stroma cells
involved in collagen synthesis, particularly CAFs. Several
strategies such as ultrasound (US) treatment, sonodynamic
therapy (SDT) with tens of centimeters of depth penetration in
soft tissue (57), hyperbaric oxygen, or PTT can also afford deep
tumor penetration by modulating tumor permeability and ECM
remodeling. In this line, deep tissue penetration of nanoparticles
using US treatment improves EPR-based passive targeting
efficiency of nanoparticles in vitro and in vivo. For one, pulsed
high-intensity focused ultrasound (pHIFU) NPs are utilized to
temporally improve blood perfusion, extravasation, and tissue
penetration of fluorescent dye-labeled GC nanoparticles (FCNPs)
in femoral tissue of mice by 5.7-, 8-, and 9.3-fold compared to that
of non-treated ones (0 W pHIFU) (91). Hyperbaric oxygen
therapy is also used for reversing hypoxia and elimination of
CSCs by modulating depleted excessive ECM, such as collagen
and fibronectin, and thus normalized tumor blood vessels both
structurally and functionally and was effective in enhancing the
efficacy of commercialized nanomedicines, Doxil and Abraxane,
against TNBC and PDAC as stroma-rich solid tumors (92). As an
example of dual-targeting ligands, chitosan micelles are
formulated, which can target both tumor and most abundant
stroma cells, CAFs, that localize near blood vessels within “finger-
like” collagen-rich stroma, and lead to restrained drug transport.
As mentioned before, biologically inspired Telmisartan grafting
glycolipid micelles (Tel-CSOSA) can specifically eliminate CAFs
and tumor cells. Uniform and deeper penetration of injected Tel-
CSOSA/DOX NPs was achievable due to CAF apoptosis, which
eliminates “finger-like” ECM, enforces subsequent tumor cell
targeting, and renders tumor cells more vulnerable to
chemotherapeutics (Figure 6D) (74).

6.2.4 Trojan system

An additional strategy to help transport DDSs across
biological membranes and stroma is biomimetics inspired by
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the ancient “Trojan horse”, which aims to smuggle cargoes as
close to the tumor nucleus as possible. This can be achieved
using bacteria, macrophages, and stem cells that show inherent
tumor homing tropism toward a hypoxic microenvironment
through chemokine gradient, or using biomimetic/
camouflaged NPs that adopt cell membranes of other types
of cells including immune cells, tumor cells, red blood cells,
platelets, exosomes (86), and MSCs. This way, NP coated or
encapsulated within cells/cell membranes cannot be recognized
by immune cells in the circulation; meanwhile, deep
intratumor penetration can be afforded through hypoxia/
chemotaxis gradients that drive trafficking of Trojan NPs
towards solid tumors.

Chitosan, as a cationic polysaccharide, can bind with the
glycoprotein receptors such as mannose receptors, Dectin 1
receptors, and TLR2 and TLR4 expressed in blood cells,
monocytes, macrophages, and DCs. This, in turn, results in the
endocytic uptake of chitosan-based DDSs by these cells. During
recruitment to a diseased site, differentiation of monocytes to
macrophage occurs. With this in mind, chitosan NP packaging in
the blood is attempted by Ly-6C™ monocytes, which took up
COSA micelles. Furthermore, the micelles in macrophages can be
exocytosed and subsequently taken up by cancer cells (93).

Also, in the light of antitumor activity of tumor necrosis
factor oo (TNF-0) and given the fact that macrophages can
produce TNF-a. in response to lipopolysaccharide (LPS), time-
controlled expression of TNF as a transmembrane-expressed
coating was induced to produce macrophage-tethered TNF-o to
coat chitosan NPs. This biodegradable biomimetic module was
effective against MCF-7, Hela, and MDA spheroids in vitro (94).
Finally, RBC membrane-coated pH-responsive chitosan nanogel
is used for combinatorial cancer chemoimmunotherapy.
Nanogels were formulated with hydroxypropyl-B-cyclodextrin
acrylate for paclitaxel loading and two opposite charged chitosan
derivatives, namely, amphoteric methacrylamide N-
carboxyethyl chitosan (CECm) and positively charged
methacrylamide N-(2-hydroxy)propyl-3-trimethylammonium
chitosan chloride (HTCCm), to precisely control the pH-
responsive capability. Furthermore, biomimetic coating with
erythrocyte membrane achieved “nanosponge” property and
enhanced adsorption (through an IL-2-like agonist
glycoprotein on RBC membrane), protection, and delivery of
IL-2. Upon localization in tumor site by EPR, nanogel swelling
exposed PTX-loaded HP-f3-CD-A for low-dose sustained release
of PTX, and induced calreticulin (CRT) exposure on tumor cells,
along with DC stimulation and maturation, which finally
activated immunosurveillance. After losing the inner core
support, the membrane could be disintegrated to constantly
release IL-2 into the TME for stimulating cytotoxic T
lymphocytes (CTLs) and natural killer (NK) cells
(Figure 6F) (83).
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6.3 Microenvironmental barriers

6.3.1 Hypoxia (deep-seated tumor cells)

As a solid tumor grows up to a few millimeters in volume, its
demand for oxygen and nutrients relies on neovascularization to
provide blood supply. However, the high metabolic activity of
tumor cells forces them to adopt a chaotic, unstructured,
malfunctioning vascular system and anaerobic glycolysis (95).
As a result, the TME is acidic, and there exists a gradient and
heterogeneous concentration of oxygen levels within different
parts of tumor layers, with a hypoxic/necrotic core and well-
perfused proliferative cells at the tumor periphery (4). Hypoxic
cells are characterized by upregulated expression of hypoxia-
inducible factor (HIF-1a) residing in the deep regions within the
tumor, rendering them inaccessible to therapeutic drugs. Also,
heterogeneity concerning different pH values, oxygen, ATP,
enzymes, tumor-specific receptor expression, etc., results in the
uneven distribution of drugs/nanoparticles and, thus, their
suboptimal efficacy towards cancer cells (3, 96). Among TME
hallmarks, the role of hypoxia in cancer evolution and
adaptation is well regarded. Hypoxia promotes ROS-induced
genomic instability, alters DNA repair pathways, inhibits
apoptosis, and promotes autophagy, tumor metabolism,
angiogenesis, and the emergence of CSCs through promoting
epithelial-mesenchymal transition (EMT) and
immunosuppression. More importantly, a vicious cycle of
hypoxia is responsible for the selection of new and more
invasive and resistant clones that fail the efficacy of currently
practicing anticancer regimes, resulting in recurrent cancer (97).

There are three general anticancer strategies based on tumor
hypoxia: (i) harnessing it for the development of bioresponsive
(hypoxia-responsive) nanomedicines; (ii) alleviating the hypoxia
using vascular normalization agents (antiangiogenic therapy) or
increasing oxygen level externally [oxygen delivery using
hemoglobin (98) or perfluorocarbon] or internally [using
oxygen generators called enzymes, which employ MnO, (99)
and catalase (CAT) (100) to generate O, from H,O, present
abundantly in TME]; and, finally, (iii) oxygen depletion or
starvation therapy, which aims to kill tumor cells by
exacerbation of hypoxia and oxygen/nutrient depletion, as
practiced by vascular infarction/disruption therapy using
vascular disrupting agents or delivery of thrombosis-inducing
agents such as coagulase fusion proteins (101, 102) or thrombin
delivery (103) using a nanorobot to the tumor site to induce
thrombosis selectively in tumor blood vessels. Oxygen depletion
itself can be achieved externally by PDT and radiotherapy, which
consumes intratumoral O, to generate ROS or endogenously by
inherent oxygen-consuming materials such as magnesium
silicide (Mg,Si) (104), perfluorotributylamine (PFTBA) (105),
or glucose oxidase (GOx) (106). Mostly, for a better efficacy, the
combination of these approaches together (107) or with other
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approaches such as chemotherapy (99), radiotherapy, SDT
(100), immunotherapy, and PDT (108) is desired. This can be
well-achieved using CS as a carrier that can combine several
tasks into one platform to overcome hypoxia-posed tumor drug
resistance arising from deep-seated lingering tumor cells.

In one study, thermo-triggered in situ forming chitosan
hydrogel is reported that is loaded with sonosensitizer meso-
tetra(4-carboxyphenyl)porphine (TCPP) conjugated with
catalase (CAT). The system is capable of body temperature-
triggered gelation upon injection of CS-beta-glycerol phosphate
disodium (GP) precursor solution into the tumor for entrapping
TCPP-CAT. Then, ROS generation and deep tumor penetration
can be achieved under ultrasonic treatment to effectively
generate ROS as oxygen is sustainably supplied by catalase
activity that decomposes endogenous H,O, into molecular
oxygen. Improving tumor oxygenation itself boosts the efficacy
of repeating SDT to effectively eradicate solid tumors upon a
single-dose injection (Figure 7A) (100).

What first appears as a problem later becomes part of the
solution itself. As for hypoxia, the development of hypoxia-
responsive DDSs can be envisioned using (i) hypoxia-trophic
carriers such as anaerobic bacteria and stem cells, (ii) hypoxia/
redox (nitroreductase enzymes)-responsive NPs using reducible
cross-linking agents such azobenzene derivatives, and (iii)
hypoxia-activated prodrugs (HAPs), which exclusively activate
in response to oxygen degree (hypoxia/anoxia) in TME upon
losing one or two electrons by activity of tumor nitroreductases
to form the active drug. The significance of hypoxia
responsiveness potential can be a blessing to targeted therapy
of hard-to-treat tumors such as TNBC, where lack of a tumor-
specific marker is a major concern.

Given that the outer proliferative tumor region is normoxic
and that the optimal activity of several HAPs, such as TH302, is
dependent on the extreme level of hypoxia, hypoxia aggravation
by oxygen-depleting methods as described above can further
improve HAPs activity. Concerning CS, an interesting oxygen-
depleting self-activated nanovesicle is constructed by assembling a
bilirubin (BR)-chitosan conjugate to form TH-302@BRCS NPS.
BR-CS consumes O,, and in the presence of intratumoral-
abundant H,0,, it can be oxidized into hydrophilic biliverdin
(BV)-CS. In this transformation, nanovesicles disassemble to
release and activate the prodrug. The inherent oxygen-
consuming potential of BR-CS aggravates hypoxia for greatly
enhanced HAPs-based therapy; meanwhile, BV-chitosan can be
used as a photothermal agent due to its wide absorbance from
visible light to the NIR region (Figure 7B) (109).

Similar to HAPs, TME-responsive nanocarrier systems
based on hypoxia can be developed for theranostic application
and allow activation of therapeutic moiety only upon
localization in hypoxic tumor regions. For one, a glycol CS
NPS is conjugated through a ROS-sensitive thioketal (TK) linker
to a photosensitizer (PS) pheophorbide. The amphiphilic GC-
TK-PNA conjugates self-assemble into self-quenching NPs.
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Upon reaching the ROS-rich hypoxic core, the TK bond is
reduced and allows the NPS to release the PS in a photoactive
form to generate potent phototoxic effects upon NIR irradiation,
causing a significant reduction in the tumor volume with
desirable antitumor potential (112).

Other formulations exploited a targeting moiety to cross the
outer proliferative layer and then deliver hypoxia-activated
nanoparticles into deep-seated tumor cells. GC cross-linked
with hypoxia linker, 4-nitrobenzyl chloroformate, and
decorated with folic acid (FA) can specifically release drugs
under hypoxic conditions. This formulation resulted in
significant growth inhibition of A549 tumor-bearing athymic
nude mice upon a single injection (20 mg/kg) (113).

Hypoxia responsiveness is also harnessed for boosted cancer
immunotherapy. Hypoxia-responsive Ce6 photosensitizer/
adjuvant CpG codelivery system, based on glycol CS-Azo
linker [4,4, PEG mesoporous silica nanoparticle (CAGE)], is
developed. Under hypoxia conditions, PEG is cleaved and
promotes the release of CpG/glycol CS complexes. The
combined work of PDT, which induces ROS and releases
tumor-associated antigens (TAAs) with CpG adjutant, enables
immunomodulation by recruiting DCs and their maturation by
boosting antigen presentation. Twenty-four hours after i.v.
injection of NPs to the B16.F1-bearing mouse allograft model,
a significant and long-lasting tumor growth inhibition plus a
100% survival rate for 28 days was observed in the CAGE/CpG
group (Figure 7C) (110).

CREKA peptide-functionalized CS NPs are employed for
combined chemotherapy with tumor-infarction therapy and
chemotherapy via the codelivery of DOX and thrombin to tumor
and tumor blood vessels overexpressing fibrin-fibronectin. Systemic
administration of the CS NPs into mice bearing B16-F10
melanomas resulted in 80% complete remission for more than
45.0 days after treatment cessation (Figure 7D) (111).

6.3.2 Immunosuppression

Crosstalk of tumor cells with various cells in the TME can
inhibit host immune surveillance, resulting in tumor immune
escape and tumor progression. Immune escape as a key feature of
TME is shown to regulate the fate of infiltrating immune cells into
the tumor. A typical example is tumor-associated macrophages
(TAM), which are shifted from antitumor type M1 macrophages
into pro-tumor M2 macrophages, which are related to tumor
chemoresistance (3). Other mechanisms involve the secretion of
immunosuppressive cytokines and host immune system
dysfunction, such as excessive existence of regulatory T cells
(Tregs), T-cell anergy, antigen deletion, and resistance to
apoptosis. Thus, strategies to reshape immunosuppressive TME
to immunostimulatory may hold promise (114) to improve the
efficacy of anticancer regimes, especially cancer immunotherapy.
However, direct administration of “bare” immunomodulators
such as adjuvants, peptides, nucleic acids, antigens, or cytokines
brings off-target toxicity and unsatisfactory efficacy due to
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FIGURE 7

Advanced chitosan-based NPS target tumor hypoxia and result in complete tumor remission. (A) Hypoxia alleviation strategy. Schematics of
thermo-triggered in situ chitosan gel formation for repeated and enhanced SDT after a single injection. Reprinted with permission from (100),
Copyright (2020) Wiley-VCH GmbH. (B) Hypoxia depletion therapy coupled with hypoxia-activated prodrugs (HAPs). Reprinted with permission
from (109), Copyright (2021) Elsevier. (C) Hypoxia-responsive immunomodulation of DCs for boosted PDT coupled immunotherapy.

(a) Schematic design of NPs, (b) working principle. (c, d) TEM images of CAGE without and with CpG ODN. (e) The efficacy of antitumor effects
in vivo. Reprinted with permission from (110), Copyright (2019) American Chemical Society. (D) Combination of tumor infarction therapy with
chemotherapy for tumor starvation therapy. (a) Schematic design of NPs and (b) their working principle. Reprinted with permission from (111),
Copyright (2021) Springer Nature.
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suboptimal pharmacokinetics. Hopefully, chitosan-made NPs not
only serve as natural immunoadjuvants, but also serve as a depot
for antigen enrichment, allow for controlled as well as stepwise
immumodualtion by controlled release of antigens, and carry
immunotherapeutics such as DCs, cytokines, and other immuno
adjunats to realize enhanced antitumor immune responses with
reduced toxicity and side effects (115).

Functionalized chitosan platforms for immunotherapy
involve nanogel, hydrogel, micelles, MNs (116), nanoparticles,
and nanosheets with the delivery of DNA, RNA-based adjuvants
as TLR agonists [e.g., CpG oligodeoxynucleotides (ODN)] (117),
peptide adjuvants, as well as CAR T cell and antibody (e.g.,
checkpoint inhibitors) to enhance cancer immunotherapy (118).
Equally, CS NPs are also used for the safe delivery and
preservation of NK cells. That is, to avoid the toxic effects of
cryoprotective agents, chitosan nanoparticle-mediated
intracellular uptake of NK cells is replaced with
dimethylsulfoxide (DMSO) to retain the potent antitumor
functions of NK cells. This is the first case that delivers
biocompatible nanoparticles to NK cells and shows clinical
potential in manufacturing “off the shelf” safer allogeneic
adoptive immunotherapies (Figure 8A) (119).

To circumvent challenges related to DC-based vaccination
including multiple injections and elaborate ex vivo
manipulation, CS NP is formed through ionic complexation as
the next generation of vaccines. These NPs were used for
delivery of OVA as a model antigen and polyinosinic-
polycytidylic acid sodium salt (poly I:C) as an adjuvant to
target TLR3 in endosomes. After injection, in vivo intracellular
delivery of antigens to the DCs, and DC maturation, along with
activation of antigen-specific cytotoxic CD8+ T cells,
significantly greater antitumor efficacy in EG.7 and TC-1
tumor-bearing mice compared to the control was finally
achieved (122). In another study, immunostimulatory
chitosan/y-PGA nanoparticle-based immunotherapy is
harnessed as an adjuvant to radiotherapy in breast cancer to
overcome the immunosuppressive nature, induce antitumor
immunity, and control lung metastases in the 4T1 orthotopic
breast tumor mouse model (Figure 8B) (120).

The implication of hydrogel and nanogel forms as
intratumoral drug depots or post-surgery implants with
immune activation potential will be discussed in the MRD
section. However, an additional appealing hydrogel-based
platform for immunotherapy is skin-implanted/inserted
chitosan-based MN array/patches, which are capable of
simultaneous sampling, injection, and sustained release of
adjunct/immunostimulant agents, and given the flexibility and
stretchability as wearable devices, there is no concern for their
displacing or deformation upon body movement (7, 123).

For one, a needle-free injection MN array is developed with
PVP on the top layer and fast-dissolving (3 min) chitosan NPs
coloaded with OVA and CpG as an adjuvant to evoke systemic
immune responses in mice (Figure 8C) (121). Likewise, sodium
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hyaluronate (SH) as tip and chitosan as needle base afforded
long-term immunization using a single-shot intradermal
immunization. Biodegradable chitosan base remained in the
derm and afforded long-term OVA release for 4 weeks, while
fast-dissolving SH acted as the promising dose by rapid releasing
of encapsulated OVA, resulting in enhanced cytotoxic immunity
as well as higher and more durable antibody response (124).
An additional immune-based strategy aims to reshape/
reprogram immunosuppressive TME and tumor-promoting
stroma into an immune-activated state, for example, by
reprogramming protumor TAM-2 into antitumor TAM-1 (3), or
targeting CAFs as attempted by dual targeting of CAFs and tumor
cells through angiotensin II type I receptor (AT,R) overexpressed
on both CAFs and tumor cells using pathological inspired micelles
(74). Additional biomaterial-based strategies that aim to reshape
immunosuppressive TME in a spatiotemporal manner for
enhanced cancer immunotherapy are reviewed in Ref (125).

6.3.3 Cancer stem cells

CSCs are rare subpopulations of cancer cells that are highly
tumorigenic and causative of cancer relapse and metastasis
owing to their high capability of initiating and/or reinitiating
tumor regrowth. Hostile TME conditions such as hypoxia and
external assaults such as chemotherapy treatment can promote
stemness and stem cell plasticity. CSCs are hard to treat and
develop drug resistance owing to their specific characteristics,
including clonal evolution and heterogeneity, dormancy,
enhanced DNA repair, overexpressed drug efflux pumps, and
overexpression of antiapoptotic proteins (1, 126).

Up to now, CSC targeting and studying using 3D modeling
systems remain an untraceable challenge as tumor cells tend to
switch from EMT to MET, losing and gaining stemness
behaviors. In addition, high-throughput screening of 16,000
compounds identified only ~0.2% compounds with selective
toxicity for breast CSCs (127). This call for advanced strategies is
effective not only against tumor bulk but also for the elimination
of residual cells, including CSCs and CSLCs.

Generally, CSC targeting approaches are based on several
strategies: (i) hypoxia reduction as attempted by hyperbaric
oxygen therapy to improve oxygenation and enable deep
penetration of commercialized nanomedicine for CSC
eradication (Figure 9A) (92), (ii) CSC targeting by CSC-
specific markers decorated with NPs (e.g., CD44 marker) (17),
(iii) CSC “differentiation” strategy, using reprogramming
factors/agents) (131) or “defanging” CSCs through
nanoparticle surface engineering (Figure 9B) (128), and (iv)
“cocktail” therapy (132) with the combination of multiple drugs
(Figure 9D) (130), or multimodal systems combining different
strategies (e.g., chemotherapy and PDT for enhanced ROS
generation) (129) (Figure 9C).

Chitosan has been used for CSC targeting, and chitosan-
based scaffolds (membrane) were also used as promising
biomimetics for the CSC niche to study their behavior.
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Cultured colon and HCC cells on chitosan membranes can CSCs (134). Rather than using CSC markers, CS, owing to pH
develop stemness properties with increased cell motility, responsiveness and inherent property to target CD44" CSCs, but
quiescent population, drug resistance, self-renewal capacity, not CD44" normal stem cells, was decorated on the surface of
and the expression levels of stemness and CSC marker genes, pluronic F127 consisting of hydrophilic PEG and the more
such as OCT4, NANOG, CD133, CD44, and EpCAM (133). hydrophobic polypropylene glycol (PPG). After systemic
Also, single-cell mass cytometry revealed that DOX therapy injection of developed 20-nm nanoparticles, they accumulated
of MDA-MB-231 cells increases stemness properties of their in the tumor through the EPR effect and afforded endolysosomal
spheroids partially via avB3 integrin overexpression. An RGD- pH-dependent DOX delivery six times more efficient than DOX
modified CS NP promoted chemotherapy efficacy against these delivery alone to eliminate tumor-reinitiating CSLCs in 3D
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from (119) under Creative Commons Attribution License 4.0, Copyright (2020) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Integration
of chitosan Ch/y-PGA NPs with radiotherapy boost immune response and elicit antimetastatic potential. Reprinted with permission from (120),
Copyright (2020) Elsevier. (C) Chitosan NP-loaded MN patch for systemic vaccination in mice. (@) Schematics of synthesis of CS—-OVA-CpG
NPs; (b) TEM; (c) macroscopic and SEM images; (d) dissolution kinetics, insertion, and biocompatibility in BALB/c mouse skins; and (e) rat skin.
Reproduced with permission from (121), Copyright (2020) Royal Society of Chemistry.
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mammospheres and reduced the size of tumors in an orthotopic
xenograft tumor model with no evident systemic toxicity (17).
Likely, another formulation consisting of HA-decorated thermal
and pH-responsive nanoparticles of pluronic F127, PLGA, and
CS is attempted for targeted codelivery of DOX and irinotecan to
eliminate CSLCs where HA is used for active targeting of CD44+
CSCs to reduce their drug resistance due to dormancy, F127 for
thermal responsiveness, and chitosan for acidic pH-triggered
drug release; DOX and irinotecan-loaded NPs were used to
inhibit the activity of topoisomerases II (DOX) and I
(irinotecan), respectively, to fight CSC drug resistance
associated with their enhanced DNA repair and antiapoptosis,
while minimizing drug efflux from CSCs due to drug
nanoformulation. This resulted in targeting and efficient breast
CSC eradication both in vitro and in vivo with up to ~500 times
of enhancement compared to two drugs without
nanoformulation (Figure 9C) (130). Moreover, core-shell
nanoparticle formation is achieved by self-assembly of genipin
cross-linked pluronic F127-chitosan nanoparticles (GNPs) and
the efficient encapsulation of DOX combined with cryoablation
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therapy. DOX release can be triggered by thermal and pH
stimuli upon deposition of a cryogenic agent at the target
tumor site, allowing for synergistic effects and chitosan-
mediated CSC-like targeting of chemoresistant mammary
tumors (Figure 9D) (129).

6.3.4 Circulating materials: CTCs and
exosomes

TME-derived circulating materials, including cell-free DNA
(cf-DNA), circulating tumor cells (CTCs), and exosomes, are key
contributors to MRD and occult metastasis. Though they can
serve as invaluable biomarkers for early cancer detection and
metastasis status, capturing (detection) and analysis of these rare
and heterogeneous elements from trace biological samples in
clinics are a challenge (3). Hopefully, properties of chitosan such
as inherent affinity for epithelial cell adhesion and ease of
functionalization with CTC-specific markers such as anti-
epithelial cell adhesion molecule (anti-EpCAM) antibody
inspired the devising of chitosan-based trapping systems with
the capability to be integrated with microfluidic chip to bring
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extraordinary potentials with simplicity, high purity, sensitivity,
and viability (nondestructive release), and in a label-free
fashion (135).

In one preparation, a simple and fast method for isolation of
circulating exosomes is reported, which integrates chitosan
electrostatic adsorption, micro-patterned substrates, and
microfluidic shuttle flow control to enable the capture/release
of circulating exosomes from trace clinical blood samples (10 pl)
with more than 90% purity and above 84% high RNA recovery
ratio within 15 min, outperforming traditional
ultracentrifugation methods (Figure 10) (135). Likewise, a
fibrous mat using HA-functionalized electrospun CS nanofiber
(CNF) is generated and embedded in a microfluidic chip to
enable the specific capture and release of CD44-overexpressing
CTCs. Modification of electrospun CNFs with zwitterion
carboxyl betaine acrylamide (CBAA) elicits hemocompatibility
and an excellent antifouling property, and can capture A549
human lung cancer cells with an efficiency of 91% at a flow rate
of 1.0 ml/h and their non-invasive efficient release (90%) upon
the addition of glutathione for 40 min. In tested clinical blood
samples, the presence of MRD in 5 of 5 breast cancer patients
and 9 of 10 non-small-cell lung cancer patients was detected
with high sensitivity down to single cell to 18 CTCs per milliliter
of blood (136). Similar work is also attempted using anti-
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EpCAM antibody functionalized hydrogel-chitosan nanofiber
with a capture yield of 79.9% in artificial blood samples (137).

7 Tumor-penetrating chitosan NPs
for the treatment of minimal
residual disease

Chitosan NPs afford crossing numerous biological barriers;
an important application is the treatment of relapsed tumors and
metastasis. The latter category involves injectable irregular
wound-filing hydrogels employed for treatment of post-
surgery recurrence and wound tissue reconstitution post-
surgery. To achieve this, hydrogels are injected either into or
in the vicinity of the tumor without the invasive procedure of
tumor surgery, which triggers bleeding and metastasis.

7.1 Intratumoral injectable hydrogel

Serving as a long-lasting drug depot, direct hydrogel
injection into the tumor site as preformed nanoparticles or in
situ forming hydrogels is ideal for local treatment of chronic
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diseases such as inflammation and cancer, with preferential,
controlled, and on-demand capacity for drug release. To this, a
highly efficient chimeric antigen receptor T lymphocyte (CAR
T) delivery is developed for local immunotherapy of recurrent
cancer. In this line, injectable thermosensitive CS-PEG hydrogel
is used for loading ganglioside GD2-specific CAR T cells and
their long preservation to express a recombinant immune-
enhancing cytokine, interleukin-15, as a self-growth factor
support for promoting T-cell proliferation, activation, and
survival. CAR T cells can preserve vision as they improve
antitumor effects to control retinoblastoma, with 60%
complete remission and being tumor-free up to day 70 in mice
(138). Also, CS hydrogel serves as a drug depot for the delivery of
gold clustered liposomal DOX. CH-HG-GLDOX can be directly
injected into tumor tissue without a surgical procedure and
release DOX upon NIR irradiation. Furthermore, CH-HG-
GLpox and poly(D,L-lactide-co-glycolic acid) nanoparticle-
based vaccines increased cytotoxic CD8+ T-cell immunity,
leading to enhanced synergistic chemotherapy and
immunotherapy efficacy (Figure 11) (139).

In another case, an injectable and photo-responsive drug
delivery antibacterial hydrogel (CP@Au@DC_AC50) is reported
for uveal melanoma (UM) treatment. Mechanical strength and
PTT are afforded due to the incorporation of gold nanorods and
resulted in thermosensitive gel-sol transformation to release the
gene-targeted drug DC_AC50 on demand in response to low-
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density NIR light. This multifunctional therapeutic platform
affords NIR light-triggered gene-targeted therapy/PTT/
antibacterial potential in the orthotopic model of UM as
intraocular tumors (Figure 2A) (65). Electrospun nanofibers
composed of QCS, polyvinyl alcohol (PVA), and curcumin are
fabricated with excellent anticancer activity against recurrent
4T1 breast cancer cells and antimicrobial performance against
Staphylococcus aureus and Escherichia coli bacteria (140).

7.2 Post-surgery injectable/implanting
hydrogel

After tumor resection, chitosan-based precursors can be
injected into the wound to form a hydrogel. Implants or
surgical glues can also be used; however, unlike in situ forming
gels, they cannot fill irregular wounds (141). Sol-gel transition
can be triggered by internal (e.g., temperature) or external (e.g.,
light) triggers that allow in situ gelation and thus entrapping of
various cargoes and their long-term retention for a sustained
release. At the same time, localized yet augmented therapeutic
effects with off-target systemic effects can be envisioned (9).
Furthermore, controlled specific cargo release from gel in
response to TME changes, such as pH, hypoxia, specific gene/
protein expression changes, or externally induced by light
(ultrasound waves using SDT, PTT, and PDT), can be realized,
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which all rely on ROS generation to eliminate residual tumor
cells (63, 141-143).

Nanocomposite made of CS has wound healing,
antimicrobial, adhesive, and tissue regenerating potentials. The
multi-functionality of advanced CS hydrogels/fibers combined
with other approaches such as chemotherapy and particularly
immunotherapy (e.g., anti-PDL antibody) allows for synergistic
therapy to effectively detect and kill residual/regenerating tumor
cells (141) (142).

Bioinspired hydrogels are another advanced and highly
promising tool for clinical translation (123). In this line,
inspired by catechol groups found in marine Mussel foot
protein, bioinspired adhesive chitosan can be fabricated to
enable additional functionality, which is capability for tight
wet adhesion if it is meant to be used in surgical trauma.
Another consideration is anti-inflammatory and antimicrobial
potentials, as adhesive hydrogels are prone to bacterial infection
while surgery wound trauma itself triggers the inflammatory
condition and, thus, tumor recurrence (63, 142).

As an example of injectable CS-based hydrogels, the
fabrication of a novel magnetic hydrogel is reported, which
incorporates very low amounts (0.6 mg ml™' compared to SPIO-
magnetic hydrogels) of ferromagnetic vortex-domain iron oxide
(FVIOs) grafted on the surface of GC and then mixed with DT-
PEG solution, which forms coupling-uncoupling imine bonds
between CS chains, affording dynamic hydrogel. FVIO-
functionalized hydrogel (F-MH) possesses functional
adaptability to TME as it imparts sufficient heating capacity,
rapid sol (25°C)-gel (37°C) transformation (~400 s gelation
time), self-conformal ability to seep into and conform to small
gaps of the wounded area, self-healing, biodegradation, heating
potential, and pH-responsive controlled release of DOX to
effectively prevent breast cancer recurrence in vivo
(Figure 12A) (141).

In another study, CS hydrogel composed of black phosphate
nanosheets (BPNSs) and in situ grown copper nanoparticles
(CuNPs) was developed. As an injectable gel, CS@BPNSs@
CuNPs form a quick spongy-like state when the temperature is
raised to 37°C and possess a 24.98% blood clotting index, a 91%
antimicrobial effect against E. coli and S. aureus through ROS
generation, and 10% tumor recurrence. Combined with aPD-L1-
based immunotherapy, or PTT, this biodegradable injectable in
situ forming hydrogel is promising for postoperative trauma and
combating multiple primary tumors, including subcutaneous
lung tumor and second primary HCC model and ectopic in situ
glioblastoma model (Figure 12B) (142). Likewise, an injectable
biocompatible thiolated chitosan (CSSH) hydrogel is fabricated,
composed of DOX-loaded thiolated halloysite nanotubes
(HNTs) with good mechanical properties. Further CSSH
cross-linking permits gel formation of DOX@CSSH/HNTs-SH.
This hydrogel allows pH responsiveness DOX release to inhibit
the recurrence and repair the defected tissue after tumor
resection (Figure 12C) (20). Mussel-inspired catecholic-Fe**

Frontiers in Oncology

68

10.3389/fonc.2022.1054029

chitosan-gallic acid (CSG) hydrogel is formulated to well-fill
the tumor-resected cavity with considerable anti-inflammatory
and wet-adhesion ability, surgical trauma healing, photothermal
agent (catechol-Fe’" moiety), and subsequent prevention of local
tumor recurrence benefiting from the combined work of
photothermal therapy (rising tumor Tm to ~46°C) and
chemotherapy (pH and NIR-induced DOX release) in the 4T1
breast cancer model in mice (Figure 12D) (63).

Hydrogel implants are used to control MRD. Local delivery
of lentinan, a stemness-depleting agent, is afforded by fabrication
of a sponge-like LNT/chitosan composite to be implanted and
used for sustained local drug delivery and long-term tumor
relapse inhibition of postoperative breast cancer in vitro and in
vivo (145). Likewise, cisplatin-loaded hyaluronate-chitosan
placed as intrapleural polymeric films containing cisplatin
inhibited the local recurrence of malignant pleural
mesothelioma in a rat tumor model (146). Finally, 3D printed
intelligent poly(lactic-co-glycolic acid), gelatin, and chitosan
implant loaded with anticancer drugs 5-FU and DOX is
prepared. This intelligent scaffold (IS) renders hemostatic
function and accelerates the wound closure. IS allows on-
demand drug release in response to pH, can adsorb residual
cells (e.g., CTCs), and prevents recurrence and distal metastasis
of skin-implanted MDA-MB-231 breast cancer with 80%
survival rate in mice. The in vivo antitumor ability of the IS
was observed for up to 30 days with good antitumor activity in
the absence of lung metastases compared to controls
(Figure 12E) (144).

8 Chitosan in the clinic: Concluding
remarks and future perspective

Natural products and nature-inspired biomaterials are
appealing for biomedical uses. Among the clinic’s biomaterials
and delivery systems are vesicular particles, mostly liposomal
and polymeric (pegylated) forms as FDA-approved nanodrugs.
We also recently proposed the bioinspired hydrogel-based
products as next-generation biomaterials with a high chance
for translation into the clinic (123). Concerning chitosan, as a
natural (semi-natural) product, the many inherent properties
besides its simplicity, functionality, and full addressability to be
combined with other materials to make multifunctional systems
can extend its potential for numerous applications for drug
delivery, having different forms such as nanogels, nanofibers,
hydrogels, vesicular particles for codelivery of hydrophobic and
hydrophilic drugs, and multimodal and important biochips to be
used for interrogation of circulating materials in plasma samples
of cancer patients, enabling personalized medicine.

With tumor heterogeneity as the main hurdle for efficient
nanodrug delivery and TME-derived numerous biological
barriers, chitosan-based drug formulations have shown
promising results. Most lycol forms of chitosan are best for
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Post-surgery chitosan injectable gels/implanted scaffolds for treating recurrent cancer and MRD. (A) Magnetic hydrogel for the treatment of
breast cancer metastasis. (a) Schematics of design (top) and transformation mechanism (bottom) of GC-ferrofluids to form a magnetic hydrogel.
(b) TEM and (c) SEM images of porous magnetic hydrogels. Reprinted from (141) with permission, Copyright (2019) WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (B) Injectable biodegradable hydrogel for multiple tumor and recurrent cancer therapy. (a) Schematic for the degradable
process of the CS@QCUNPs@BPNSs hydrogel. (b) TEM image (c) and efficacy of CUNPs@BPNSs for complete tumor remission in the lung cancer
recurrence model. Reprinted from (142) with permission, Copyright (2021) Elsevier. (C) Thermosensitive injectable halloysite-chitosan hydrogels
as drug carriers for inhibition of breast cancer recurrence and tissue reconstruction. (a) Synthesis procedure for thiolated halloysite nanotubes
(HNT) for DOX loading and hydrogel formation by cross-linking with chitosan through SS bonds and electrostatic interactions. Reprinted from
(20) with permission, Copyright (2021) Elsevier. (D) Anti-inflammatory and antibacterial catecholic chitosan hydrogel for rapid surgical trauma
healing and subsequent prevention of breast tumor recurrence. (a) Synthesis route of CSG/Fe**/DOX hydrogel by Fe™* chelation of chitosan
(CS)-gallic acid (GA) and DOX loading. (b) hemostatic potential in a model of rat liver bleeding, (c) typical bloody filter papers. (d) pH/NIR-
responsive DOX (e) Effective 4T1 tumor recurrence of the CSG/Fe3+/DOX hydrogel. Reprinted from (63) with permission. Copyright (2020)
Elsevier. (E) 3D printed intelligent scaffold (IS) stops bleeding and adsorbs CTC after surgery to prevent recurrence and distal metastasis of breast
cancer. (a) Electro-hydrodynamic jet 3D printing process of drug-loaded chitosan—gelatin (CG) scaffold, (b) macroscopic, (c) microscopic,

(d) SEM images of implanted IS after 30 days, (e) potential of IS for wound healing and closure compared to gauze (control) and PLGA-DOX-
5FU (PD5) scaffold, (f) potential of IS for recurrent cancer and inhibiting breast cancer lung metastatic activity. From (144), Copyright (2020)

Under Creative Commons Attribution License 4.0. ivyspring.

targeting tumor heterogeneity, particularly lymph node metastasis
targeting, with host immune cell evoking antimetastasis potential.
Further combining different chitosan derivatives, each possessing
a specific function into a single formulation, can uncouple
unprecedented features to tackle tumor heterogeneity and cross
several barriers at once. For example, mucoadhesion using
fluorinated chitosan coating may lead to development of oral
vaccines for transepithelial transport and cloak NPs for longer
circulation. At the same time, oligosaccharide forms can provide
stem-cell-like population targeting. Advances in chitosan
platforms as implantable trapping devices for capturing and
releasing CTCs through their adhesive potentials to epithelial
cells are another appealing potential as a label-free diagnostic and
prognostic method.

The main applications of chitosan are cosmetic, dietary
supplement, teeth implant, drug excipient, wound healing
dressing, and drug delivery. The FDA approves chitosan for
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wound dressings and drug and gene delivery in humans (13).
There are a total of 117 records on clinicaltrials.gov using
“chitosan”, 13 records for “chitosan” and “wound healing”,
and only six clinical trials searched using “chitosan” and
“cancer” as keywords (Table 1). The first two clinical trials
were for chitosan used as an anticancer agent by reducing
levels of AGE and as a pain killer. Concerning chitosan-based
cell culture models, a recent project is recruiting lung cancer
patients to evaluate the correlation of the cell detachment ratio
on pH-responsive chitosan with the overall survival as a
diagnostic and prognostic indicator by flow cytometry analysis
of tumor (stem-like) cell-specific markers expressed by isolated
cells. Acting as an adhesive barrier, Mediclore®, a mixed solid of
poloxamer, gelatin, and chitosan, is undergoing tests for its
safety and antiadhesive effect for post-axillary dissection
surgery in breast cancer patients. The mean difference in range
of motion (ROM) and pain will be compared among patients
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TABLE 1 Chitosan clinical trials for advanced recurrent cancer therapy.

Title

Study of chitosan for pharmacologic manipulation of AGE (advanced glycation end products)

levels in prostate cancer patients

Comparison of oral morphine versus nasal ketamine spray with chitosan in cancer pain

outpatients

Evaluation of the cell detachment ratio on pH-responsive chitosan as a prognostic factor in lung

cancer

Antiadhesive effect and safety of a mixed solid of poloxamer, gelatin, and chitosan (Mediclore

after axillary dissection for breast cancer

A randomized clinical trial evaluating the use of the laser-assisted immunotherapy (LIT/

inCVAX) in advanced breast cancer

Intratumoral injection of IP-001 following thermal ablation in patients with advanced solid

tumors

undergoing standard treatment for surgery and those in whom
Mediclore® was injected into the surgery site and closed with a
suture. In another project taking 58 weeks, local photothermal
laser-based immunotherapy as a trigger for total antigen release
from whole cells was combined with 1% immunostimulant
glycated chitosan (GC) injection (1 ml injection in and around
laser-irradiated tumor site) as an adjutant, for the activation of
APCs to take up tumor antigens and activate and forward
patient’s tumor-specific systemic immune response, for
residual/metastatic remaining tumor(s). This also involved
low-dose cyclophosphamide, and the outcome was based on
overall response rate and overall survival. Likewise, a similar
ongoing project initiated in 2019 also aims to treat advanced
solid tumors using photothermal ablation immediately followed
by intratumoral injection of IP-001 (1% N-dihydro-galacto-
chitosan, Immunophotonics Inc.) to turn “cold” into “hot”
tumors by heat-mediated tumor antigen-releasing and IP-001-
triggering systemic tumor-specific immune response to
eliminate residual primary and metastatic tumor cells far from
the treated area (also known as abscopal eftect).

Together, these experiments show the potentials of chitosan
for solid tumor therapy in the context of relapse and resistance.
Only chitosan or its derivatives were potent; thus, there is still
room to make important discoveries using various
nanoformulations in the preclinical setting to be tested in the
clinic. Among those, we envision that bioinspired
multifunctional formulations, especially hydrogel-based
formulations, are amenable as drug depots to afford long-term
and pH-responsive drug release for the elimination of residual
tumor cells, wound healing after tumor resection, and
multimodal theranostics in an imaging-guided “hunting and
killing approach” of primary and remaining tumors.
Additionally, chitosan formulations can also be prepared for
systemic injections and treatment of hematological cancers.
Further improvement in chitosan derivatives, synthesis

Frontiers in Oncology

70

10.3389/fonc.2022.1054029

Condition Country Phase NCT Date
number
Prostate cancer ~ United Phase 1- NCT03712371 2019-
States 2 2021
Cancer pain Switzerland Phase 3~ NCT02591017 2015-
2018
Lung cancer Taiwan Unknown NCT04218188 2020-
ongoing
®)  Breast cancer Korea Phase 3 NCT02967146 2017-
ongoing
Breast cancer Peru Phase 3 NCT03202446 2017-
2018
Advanced solid ~ Switzerland Phase 1- NCT03993678 2019-
tumors 2 ongoing

approaches, molecular characteristics, rational modification/
functionalization, control over molecular weight and the
degree of modification, and incorporation of multi-stimuli-
responsive moieties enables the translation of the full potential
of chitosan to clinical products.
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Nanopore sequencing of clonal
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lymphoblastic leukemia
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Background: Acute Lymphoblastic Leukemia (ALL) is the most common pediatric
cancer, and patients with relapsed ALL have a poor prognosis. Detection of ALL blasts
remaining at the end of treatment, or minimal residual disease (MRD), and spread of
ALL into the central nervous system (CNS) have prognosticimportance in ALL. Current
methods to detect MRD and CNS disease in ALL rely on the presence of ALL blasts in
patient samples. Cell-free DNA, or small fragments of DNA released by cancer cells
into patient biofluids, has emerged as a robust and sensitive biomarker to assess
cancer burden, although cfDNA analysis has not previously been applied to ALL.

Methods: We present a simple and rapid workflow based on NanoporeMinlON
sequencing of PCR amplified B cell-specific rearrangement of the (IGH) locus
in cfDNA from B-ALL patient samples. A cohort of 5 pediatric B-ALL patient
samples was chosen for the study based on the MRD and CNS disease status.

Results: Quantitation of IGH-variable sequences in cfDNA allowed us to detect
clonal heterogeneity and track the response of individual B-ALL clones
throughout treatment. cfDNA was detected in patient biofluids with clinical
diagnoses of MRD and CNS disease, and leukemic clones could be detected
even when diagnostic cell-count thresholds for MRD were not met. These data
suggest that cfDNA assays may be useful in detecting the presence of ALL in the
patient, even when blasts are not physically present in the biofluid sample.

Conclusions: The Nanopore IGH detection workflow to monitor cell-free DNA
is a simple, rapid, and inexpensive assay that may ultimately serve as a valuable
complement to traditional clinical diagnostic approaches for ALL.

KEYWORDS

B-cell acute lymphoblastic leukemia (B-ALL), central nervous system (CNS) disease,
clonality, minimal residual disease (MRD), relapse, VDJ rearrangement
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Introduction

Acute Lymphoblastic Leukemia (ALL) is the most common
pediatric malignancy. Despite cure rates approaching 90%,
relapsed ALL remains the second leading cause of cancer-
related death in the pediatric population. Clinicians measure
response to chemotherapy after the first round of treatment by
assessing the number of leukemic blasts remaining after the first
round of treatment. The presence or absence of minimal residual
disease (MRD), or more than 0.01% of leukemic blasts
remaining at the end of induction and consolidation
chemotherapy, remains the most powerful prognostic
indicator of patient outcome (1-4). The central nervous
system (CNS) is also an important site of involvement in ALL
and is a common site for ALL relapse (5, 6). The prevalence of
CNS disease in ALL is high enough that every ALL patient
receives prophylactic treatment involving multiple doses of
intrathecal chemotherapy, which can have adverse and long-
term side effects in pediatric patients. Better stratification of
patients based on risk status and potential for relapse or CNS
disease will rely on more precise diagnostics.

Current methods to diagnose MRD and CNS disease in ALL
rely on detecting blasts in patient samples using flow cytometry
or microscopy. Developing more sensitive assays that depend on
the molecular detection of leukemic blasts via next-generation
sequencing (NGS) has proven difficult since ALL has one of the
lowest mutational burdens of any cancer (7, 8). This lack of
common mutations precludes the design of targeted, cancer-
specific sequencing probes commonly used in NGS assays for
other types of cancers. Recently, Adaptive Biotechnologies
developed the ClonoSEQ assay, an NGS assay that sequences
VD] rearrangements within B cell receptors instead of cancer-
specific mutations (9, 10). This strategy is ideal for lymphocytic
leukemias, as every T and B cell undergoes VDJ recombination
to generate functional B and T cell receptors; the specific
sequence of the rearrangement in the receptor is unique to an
individual B or T cell. ALL results from the abnormal expansion
of typically 1-5 B or T cell clones, each of which will have a
unique VDJ sequence (11, 12). ClonoSEQ uses NGS methods to
sequence the genomic DNA of cells isolated from patient blood
and bone marrow samples to identify clonally expanded VDJ
sequences and detect as few as one leukemic blast per million
cells. ClonoSEQ has been implemented in Europe for MRD
detection in B-cell lymphoid malignancies and is FDA-approved
and in clinical trials in the US (13-15).

The major limitation of the ClonoSEQ method is its reliance
on the collection of genomic DNA from leukemia cells within
the patient sample. A significant concern for any cell-based assay
is the accurate detection of CNS disease in ALL. Animal models
showed that ALL cells often become embedded in the CNS tissue
or attached to spinal nerves (16, 17). Approximately 85% of
patients that succumbed to their disease had ALL blasts present
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in the brain or spinal cord at autopsy (18). However, only 11% of
patients are clinically diagnosed as CNS disease positive, based
on the detection of lymphoblasts in their cerebrospinal fluid
(CSEF) (5, 6). These findings highlight a critical need to develop
more sensitive assays to complement cell-based pathology, flow
cytometry, and ClonoSEQ assays, especially pertaining to ALL
spread into the CNS.

Cell-free DNA as a cancer biomarker is transforming how
patients are diagnosed and monitored for cancer progression.
Cell-free DNA is constitutively released by cancer cells and is
found free-floating in patient biofluids (19, 20). Tumor-specific
cfDNA increases as tumors grow. The half-life of cfDNA is only
15-120 minutes, making it a valuable and proven biomarker for
detecting cancer development in healthy individuals and
monitoring tumor response to treatment in cancer patients
(21). In 2020, FoundationOne’s Liquid CDx cfDNA test was
FDA-approved to detect EGFR, BRCA1/2, ALK, ATM, and
PIK3CA mutations in ¢fDNA in ovarian, breast, prostate, and
lung cancers to stratify patients into treatment regimens (22).
Detection of tumor-specific VDJ rearrangements in cfDNA is
used to monitor lymphoid lymphoma progression (23-25), and
emerging evidence in myeloid malignancies suggests that cfDNA
monitoring will be a useful diagnostic tool for leukemia patients
as well. For example, in Acute Myelogenous Leukemia, cfDNA
assays detected bone marrow relapse 30 days earlier than the
standard flow cytometry-based methods (26). Finally, emerging
evidence suggests that cfDNA may be more beneficial than cell-
based assays in monitoring CNS tumors. For example, in
leptomeningeal carcinomatosis, cancer-derived cfDNA was
detectable in cases where microscopy did not reveal malignant
cells in the CSF, and cfDNA fluctuated over time, correlating
with CNS tumor burden (27). A comprehensive examination of
several types of CNS malignancies showed that cfDNA isolated
from the CSF was much more reliable than genomic DNA
isolated from cells within the CSF in identifying tumor-
associated mutations (28). These data suggest that cfDNA can
identify CNS-associated cancers much more accurately than
assays that rely on the presence of cancer cells within the CSF.
To our knowledge, cfDNA has not been used to examine MRD
status or CNS disease in ALL.

Our study outlines a method for isolation and detection of
leukemia-derived ¢fDNA in the peripheral blood and CNS of
pediatric B-ALL patients. We developed a simple and
inexpensive workflow based on Nanopore MinION sequencing
of PCR amplified VDJ rearrangements in cfDNA, which allowed
us to analyze as little as 25 picograms of cfDNA per patient
biofluid sample (Figure 1). We found that ¢fDNA can provide a
more accurate assessment of B-ALL heterogeneity, as cfDNA
sequencing could detect clones not present in the genomic DNA
of bone marrow biopsy samples. Plasma cfDNA samples were
used to monitor the response of specific clones to treatment and
identified B-ALL clones present in MRD. Additionally, our
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Nanopore cfDNA sequencing workflow could detect B-ALL
associated cfDNA in the CSF of patients that had been
clinically diagnosed with CNS disease and in some patients
diagnosed as CNS-negative. The clearance of CNS-associated
clones was confirmed by the loss of ¢fDNA in the patient’s CSF
sample. Our data demonstrate the utility of cfDNA in assessing
B-ALL heterogeneity and in monitoring B-ALL progression. The
low cost and ease of use make the MinION cfDNA workflow
ideal for cfDNA analysis in research settings, and the specificity
and sensitivity of the assay in detecting MRD and CNS disease
suggest that cfDNA may ultimately be a valuable complement to
current cell-based clinical assays.

Materials and methods

Isolation and cryopreservation of
mononuclear cells from bone
marrow aspirate

Bone marrow aspirate was collected in Streck tubes (Streck,
Cat # 218962) at the University of Kentucky’s Pediatric
Oncology clinic. Samples were diluted with an equal volume of
room temperature 2% fetal bovine serum (FBS) in 1X PBS. The
sample was slowly added to a 50mL Sepmate tube (Stem Cell
Technologies, Cat # 85450) containing 15mL of Ficoll-Paque
density gradient medium (Millipore Sigma, Cat # GE17-5446-
52) and centrifuged at 2800rpm for 10 min. The top layer
containing the mononuclear cells was poured into a new 50mL
conical tube. The volume was brought up to 50mL with RPMI
supplemented with 10% FBS and spun for 15 mins at 1,400 rpm
at 4°C. Media was aspirated, cells were resuspended in 1mL
RPMI, then counted with a hemocytometer. An additional 49
mL of complete RPMI was added to the cells, and cells were
centrifuged for additional 10 mins at 1,400 rpm at 4°C for the
second wash. The media was removed, and the cells were
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resuspended in 1ml of freezing medium (90% FBS + 10%
DMSO) per 107 cells and added to a cryovial. Vials were
placed in a CoolCell (Corning, Cat # 432003), cooled at -1°C/
minute at -80°C then moved to liquid nitrogen for long-
term storage.

Isolation of genomic DNA from banked
mononuclear cells

Vials of banked mononuclear cells from patient bone
marrow aspirate were warmed to 37°C and transferred to a
sterile 15 mL conical tube. Pre-warmed, 25% fetal bovine serum
(FBS) in Iscove’s Modified Dulbecco’s Media (IMDM) was
added dropwise to the cells at a rate of approximately 2-3
seconds/ml for 10 mL. Cells were centrifuged at 1,000 rpm for
10 minutes, and the supernatant was gently aspirated. The
addition of media, centrifugation, and removal of supernatant
was repeated. Cells were then washed once in 1X PBS. gDNA
was isolated using the Zymo Quick-gDNA Miniprep Kit (Zymo,
Cat # D3025), using the manufacturer’s instructions.

Isolation of cfDNA from Plasma and
Cerebrospinal Fluid

Patient blood and CSF samples were collected into cell-free
DNA collection tubes (Streck, Cat # 218962). Samples were stored
at room temperature and processed within two weeks of collection.
Blood samples were centrifuged at room temperature for 10
minutes at 1,600xg. After the initial spin, the plasma was
removed, being careful not to disturb the bufty coat layer,
transferred into a clean 1.5 mL Eppendorf tube, and centrifuged
for 10 mins at 16,000xg at room temperature. The supernatant
containing the cfDNA was carefully removed so as not to disturb
the cell pellet and placed in a fresh tube. cfDNA from the plasma
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was isolated using the Qiagen QIAmp MinFElute ccfDNA Midi Kit
(Qiagen, Cat # 55284) as per the manufacturer’s instructions,
except that the final elution occurs with nuclease-free water pre-
warmed at 56°C for an enhanced yield of DNA from the column.
cfDNA was isolated from CSF samples using the Zymo Research
Quick-cfDNA Serum and Plasma Kit (Zymo, Cat # D4076)
according to the manufacturer’s instructions except with the
following modifications: i) after adding proteinase K, the samples
were incubated at 55°C for 1hr and ii) final elution step was carried
out in 35 pl of nuclease-free water pre-warmed at 56°C. cfDNA
samples were quantified using a Qubit Fluorometer using the high-
sensitivity dsSDNA quantification kit (Thermofisher Scientific, Cat #
Q32851) according to the manufacturer’s instructions and stored
at -20°C.

PCR amplification of IGH regions in
genomic and cell-free DNA

The IdentiClone IGH Gene Clonality gel detection kit (In
vivoscribe, 91010020) was used to amplify the immunoglobulin
heavy chain (IGH) region of genomic and cfDNA. The PCR was
performed using the primer master mix labeled Tube A (In
vivoscribe, Cat # 21010010CE) according to the manufacturer’s
directions, with 0.5ng of genomic DNA or cfDNA as input.
Tonsil DNA (IVS-0000 polyclonal control, Cat # 40920010,
supplied in the kit) was used as a negative control as well as
for limit of DNA input detection. Amplitaq Gold Taq
Polymerase (ThermoFisher Scientific, Cat # N8080240) was
used for PCR amplification at 0.2ul per 50ul reaction, and
PCR was run for 40 cycles with the cycling parameters of 95°C
for 7 minutes of initial denaturation; 40 cycles of 95°C for 45 sec;
60°C for 45 sec; 72°C for 90 sec and final extension of 72°C for
10min. A portion (5pl) of the PCR reaction was run on agarose
gel electrophoresis to confirm the amplification before
proceeding with the library preparation.

Library preparation for
MinlON sequencing

Following the IGH clonality, PCR samples were measured on
Qubit, and 50 ng of each sample was used as input for the library
prep for the MinION sequencing. The PCR Barcoding Kit
(Oxford, SQK-PBK004) was used for the library generation
according to the manufacturer’s protocol with the following
modifications: i) since an amplicon was used as starting material,
the initial fragmentation step of the protocol was omitted, ii)
half-reaction volumes were used throughout the library
generation procedure to conserve materials. Libraries were
loaded onto the MinION Nanopore sequencer (Oxford) and
were run until all barcodes had a minimum of 4000 reads, which
averaged about 1-2 hours.
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Illumina MiSeq analysis

IGH variable region was amplified from plasma cfDNA
using the Invivoscribe kit as described above. The PCR
reaction was size-selected using Ampure bead purification
(Beckman Coulter, Cat # A63880) and eluted in nuclease-free
water. The eluted DNA was sent to Genewiz for targeted
amplicon-based sequencing under their “Amplicon EZ”
category. Standard Illumina adapters were used in the library
prep, and the final amplicon libraries were run on the Illumina
MiSeq sequencing system. The merged Fastq files were then
analyzed similarly to the files from the MinION, described
below, to assess the IGH variable region clonal rearrangements
and their abundance.

MinlON analysis pipeline to identify IGH
rearrangements

Sequencing reads were base-called and demultiplexed using
the MinKNOW software package and built-in basecaller. Reads
with a quality score of > 7 were used to generate fastq files and
for all downstream analyses. Fastq output files were
concatenated into a single file per sample. Merged fastq files
from MinION and those generated by MiSeq were then
processed using the Galaxy server and available tools. Reads
were mapped to hg38 using Minimap2 to generate BAM
alignment files. Alignment files were then used as input for
Feature Counts along with a gft reference file of the IGH locus on
Chromosome 14. The output text file of how many reads
mapped to each feature in the gff reference file was used for
data analysis and graph creation. Read counts for each feature
were normalized as a percentage of total reads for each patient.
Major IGHV clones were identified in the diagnosis sample as
those features that contained reads equal to or greater than 5% of
the total reads for that sample. The select major clones were
tracked through subsequent time points in each patient. All
graphs were generated using Prism GraphPad

Results
Characteristics of B-ALL patients

Pediatric B-cell acute lymphoblastic leukemia (B-ALL)
patients were admitted to the UK Healthcare Kentucky
Children’s Hospital at initial diagnosis of B-ALL and enrolled
for sample collection. We retrospectively chose samples for use
in this study based on CNS disease and MRD status after initial
therapy. Our cohort consisted of five patients, out of which one
patient (AAL-008) was MRD-positive at the end of induction.
Patient AAL-004 had a few leukemic blasts noted but was MRD-
negative as blast counts did not reach the threshold for a clinical
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MRD diagnosis. Patients AAL-009, 010, and 012 were MRD-
negative at the end of induction, and patients AAL-008 and 010
were positive for CNS disease at the time of diagnosis. Table 1
summarizes the complete characteristics of these patients.
Genomic DNA was isolated from the bone marrow aspirate
collected from each B-ALL patient at diagnosis. Cell-free DNA
was isolated from plasma and cerebrospinal fluid (CSF) samples
collected throughout treatment.

Identification of B cell clones via
Nanopore sequencing of the recombined
IGH gene

B cells recombine more than 85 gene segments in the
immunoglobulin heavy chain (IGH) locus as part of their
normal maturation. This locus is also enriched for single
nucleotide variants, which further enhances the diversity of the
sequence IGH region between individual B cells. Sequencing the
IGH region in genomic DNA has been used to trace B cell
lineages and track B-cell malignancies (29-31). We developed a
novel experimental workflow that combines PCR amplification
of the IGH region with the third-generation Oxford Nanopore
MinION sequencer (ONT) (32) to detect B-ALL patient-specific
IGH clonal rearrangements. We focused on analyses of the
unique patient-specific variable region rearrangements (IGHV)
and tracked these clones throughout the treatment. Ultimately,
this method can be applied to genomic DNA isolated from blasts
in patient samples or cfDNA collected from patient biofluids. In
the first step, we used a commercially available PCR kit to
amplify the IGH sequence between the conserved framework
region 1 (FR1) and the conserved Joining (J) region, which
allows for a complete representation of all variable regions
within the IGH gene (referred to hereafter as IGHV) (33). PCR
products were subjected to library preparation to add adapters
and barcodes that allow for multiplexing, and then samples were
run through the benchtop MinION Nanopore sequencer. We
used a simple pipeline comprised of freely available software to
analyze the output files: i) MinKNOW, which operates the
sequencer and automatically performs simultaneous

TABLE 1 Patient characteristics.
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sequencing, demultiplexing, and barcode trimming using the
built-in Guppy toolkit, ii) Minimap2 to map the merged fastq
files to create BAM alignment files, and iii) Featurecounts to
determine how many reads align with the IGHV region. We have
provided step-by-step instructions for analysis using these tools
in the Supplemental Methods. From sample collection to data
analysis, the entire process takes approximately 6 hours, with
most of that time hands-off, costs less than $30 per sample, and
can be carried out by users with basic computer skills.

Limit of input DNA detection on
Nanopore workflow

The recommended amount of input DNA for IGH PCR is 2
ng (34). As our ultimate goal was to adapt our workflow toward
the detection of cfDNA, we determined the lowest level of input
DNA that could be used in IGH PCR and Nanopore sequencing.
We tested our workflow on 0.01 - 0.10 ng of genomic DNA
isolated from healthy tonsils, which are enriched in B cells. The
human IGH locus region is located on the long arm of
Chromosome 14 (Chrl4, Figure 2A), and we used the
Nanopore generated reads that mapped to this locus over
other locations as a readout of PCR specificity and sensitivity.
Libraries of IGH PCR reactions from all DNA concentrations
tested had reads that mapped to chromosome 14. Predictably,
mapping frequency to Chrl4 decreased with decreasing input
DNA amount; however, we did observe reduced mapping in
total mapped reads after we lowered DNA input to 0.025ng
(Figure 2B). When we distributed mapped reads across all
chromosomes, it became evident that non-specific mapping
increased inversely with template amount. The signal-to-noise
was indistinguishable at concentrations below 0.025ng, as reads
mapping to Chr14 dropped below the levels of mapping to other
chromosomes (Figure 2C). Nevertheless, even with the lowest
input DNA amount, we could detect reads mapping to the
identical IGHV clones identified with the highest DNA input
amount (Figure 2D), suggesting that sensitivity with Nanopore
sequencing can be maintained even when specificity decreases.
This aspect of Nanopore sequencing is essential when working

Subject Blast Count at WBC Count at Number of Days to Clear EOI MRD CNS Number of Days

ID Diagnosis (*10°/L) Diagnosis (*10°/L) Circulating Blasts Status Disease to Clear CSF
Status

ALL-004 0.57 3.33 9 Negative* Negative N/A

ALL-008 1.53 4.79 9 Positive Positive 8

ALL-009 14.92 19.38 11 Negative Negative N/A

ALL-010 1.58 6.32 13 Negative Positive 9

ALL-012 23.88 31.84 11 Negative Negative N/A

*Negative MRD at the threshold of one blast per 10,000 cells by flow cytometry, but a few leukemic cells noted.
WBC, white blood cell; EOI, end of induction; MRD, minimal residual disease; CNS, central nervous system; CSF, cerebrospinal fluid.
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The MinlON sequencing workflow can reliably detect IGHV reads in as little as 25 picograms of DNA. (A) Schematic of chromosome 14. The red
box denotes the region containing the IGHV sequence to which all MinION reads were aligned. (B) The IGHV region was PCR amplified from
the indicated input amount of normal tonsil DNA. Approximately 4,000 reads were obtained from the resulting libraries using nanopore MinlON
sequencing. The red dashed line shows the percent of all reads mapped to the human genome, and the bars denote the percentage of those
mapped to the IGHV sequence. (C) The percent of all reads mapped from the samples in (B) are plotted across all chromosomes. (D) Alignment
plots to a selected IGHV, V4-34, show accurate reads alignment when the input DNA is as little as 0.025ng, or a threshold of 20 reads mapped
to IGHV over other location.
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with patient samples after the treatment regimen to detect MRD
when the genetic material obtained may be too low to quantify
by standard means.

cfDNA from patient biofluids as input for
Nanopore sequencing workflow

cfDNA is emerging as a robust prognostic biomarker that can
assess tumor heterogeneity and tumor burden (35). Additionally,
cfDNA is localized to patient biofluids (36), so sample collection is
less invasive than tumor or tissue biopsy. cfDNA has not previously
been assessed in the B-ALL disease setting. We assessed the
Bioanalyzer traces of cfDNA samples isolated from the plasma of
patients AAL-004 and AAL-010, and they matched the expected
cfDNA sizes of ~150 base pairs (37, 38) (Supplemental Figure 1).
We applied PCR and Nanopore sequencing of IGH to both the
genomic DNA (gDNA) isolated from bone marrow aspirate and
cfDNA isolated from the plasma at diagnosis. Only sequences that
had an 80% or greater match to the IGH region of Chrl4 were
considered B-cell “clones” and included for further analyses. Clones
that comprised > 5% of the total mapped reads were considered
significant clones in the sample (Supplemental Table 1). We
reasoned that a > 5% representation of a particular IGHV
sequence in the sample would most likely be due to clonal
expansion of the B-ALL. However, our methods record
sequencing data from all clones. If a rare clone emerges as a
dominant driver of B-ALL progression at later stages, we can
retrospectively trace this clone in banked patient samples.
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Clone distribution is consistent
regardless of the sequencing platform

We used the same cfDNA PCR reaction from the plasma of
two patients, AAL-004 and AAL-010, to determine if Nanopore
sequencing is comparable to Illumina MiSeq analysis, a routinely
used NGS platform for MRD monitoring. Both platforms
detected similar clone identity and clonal abundance across
treatment time points (Figure 3). These data indicate that the
Nanopore sequencing workflow can assess the IGH clonal
repertoire in B-ALL and identify clones in ¢fDNA, but with a
faster turn-around time lower cost than Illumina.

Nanopore sequencing of IGH from
cfDNA monitors therapeutic response

The half-life of cfDNA is 1-2 hours (39-41), making it an
excellent biomarker for assessing leukemia burden and
analyzing the response of individual clones to therapy. We
analyzed the gDNA from bone marrow biopsy and the cfDNA
from plasma collected from patients at diagnosis to identify the
expanded clones comprising the B-ALL, as described above.
These clones were then tracked in subsequent plasma cfDNA
samples to assess the changes in clonal distribution throughout
treatment. cfDNA samples were taken ~ 1 week into induction
chemotherapy (denoted as Early-I in Figure 4), ~2 weeks into
induction therapy (denoted Mid-I), and at the end of induction
chemotherapy (denoted EOI). In some cases, we collected

B

AAL-010 plasma cfDNA
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Comparison of clone distribution between Illumina and Nanopore MinlON sequencing platforms. IGHV PCR of select time points from patients
AAL-004 (A) and AAL-010 (B) was divided and sequenced with MinlON (nanopore) or MiSeq (lllumina). V-region clones comprising more than
5% of the total clones in the sample taken at diagnosis were tracked across the two later time points and normalized to the total number of
reads aligned to Chrl4 per sample. Clone distribution across different time points within each patient is uniform regardless of the sequencing
platform. Dx: sample taken at B-ALL diagnosis, post-tx: sample taken post-treatment.

Frontiers in Oncology

81

frontiersin.org


https://doi.org/10.3389/fonc.2022.958673
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sampathi et al.

10.3389/fonc.2022.958673

A B
AAL-010 plasma cfDNA AAL-012 plasma cfDNA
20- mm IGHv4-34 100 40- 100
B IGHV5-51 [ IGHV3-30
Bl IGHV4-39
2} [ IGHV4-28 (/]
LT L o] | L
§ 1 B IGHV3-43 75 8 30 Bl IGHV3-7 75
b 3 IGHV3-7 = 3 IGHV2-5
@ © B IGHV3-33
N N 204 150
© ©
£ £
S N T
104 H .............. = .
. 0 T T — T
gDNA Dx Early-l  Mid-I EOI gDNA Dx Early-l  Mid-I EOI
MRD Negative MRD Negative
Cc D
AAL-004 plasma cfDNA AAL-008 plasma cfDNA
40- ~100 0.8- ~100
I IGHV3-74 B IGHV146 [ IGHV5-51
[ IGHV3-43 [ IGHV3-30 B IGHV3-74
G 307 75 € 06- B IGHV3-16 IGHV3-33 L75
3 3
o 4
kel el
& 204 e 150 8 044
i) E 5
£ g
O  _ feeeen ]
Z 10+ 125 Z 024
0 T L = T ’ T 0.0 T
gDNA Dx Mid-I EOI EOC gDNA  Dx  Early-l Mid-l EOI  EOC
MRD Small Percent Reads Mapped MRD Positive
to IGHV
FIGURE 4

IGHV sequencing of cfDNA can define B-ALL heterogeneity and track clonal response throughout treatment. cfDNA was extracted from plasma
samples of four patients, IGHV regions were PCR amplified, and resultant libraries were sequenced using MinlON. Data were analyzed using
Galaxy. Clones present in the genomic DNA (gDNA) and cell-free DNA plasma samples at diagnosis (Dx) that comprised at least 5% of total
reads were tracked across treatment timepoints. Clone abundance is normalized to total mapped reads per library and shown on the left axis.
The percentage of reads aligned to the IGHV region on Chrl14 (red dashed line) is a relative indicator of leukocyte abundance at each timepoint/
sample and is shown on the right axis. Patients in (A, B) were clinically diagnosed as MRD negative via flow cytometry. Patient (C) was MRD
negative but had blasts present in the sample that did not reach the clinical cut-off of one blast per 10,000 cell thresholds for MRD diagnosis.

Patient (D) was diagnosed as MRD positive.

cfDNA at the end of consolidation (EOC) therapy, which can
occur several months after diagnosis.

Two patients, AAL-010 and AAL-012, were clinically
diagnosed as MRD negative at the end of induction therapy.
At their initial disease diagnosis, both patients had heterogenous
B-ALL, with 5 distinct IGHV sequences present as > 5% of the
total mapped reads. Interestingly, in patient AAL-010 we
observed a clonal population (IGHV4-34) that expanded at the
onset of induction therapy (Figure 4A Early-I) and was
eliminated by the end of induction, indicating clonal response
to therapy. All identified clones were eliminated after treatment,
consistent with this patient’s clinical diagnosis of MRD-free
(Figure 4A). However, we did detect reads mapping to chrl4
within the cfDNA sample taken at the end of induction therapy,
(red dashed line, Figure 4A), although none of these new clones
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mapped to any of the ALL clones present at diagnosis. This spike
might be attributed to a clonal expansion of a B cell caused by an
illness or other antibody response in the patient.

AAL-012 had a clone, IGHV4-39, not present in the
diagnosis gDNA bone marrow biopsy sample but identified in
the diagnosis cfDNA plasma sample (Figure 4B). Because every
B-ALL clone release cfDNA into the plasma, ¢fDNA may
ultimately be more accurate in detecting the actual clonal
composition of the B-ALL than the bone marrow biopsy,
which can only detect clones present at the site of biopsy.
Additionally, early into both patient AAL-10’s and AAL-012’s
treatment, we observed a sharp increase in cfDNA associated
with these clones, which likely indicates leukemia cell death and
release of DNA into the blood and may indicate a good response

to treatment.
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Two additional patients, AAL-004 and AAL-008, had blasts
present in their clinical samples at the end of induction therapy.
Patient AAL-004 was not diagnosed with MRD, as the blast
count fell below the one blast per 10,000 cell thresholds for
clinical MRD. Patient AAL-008 was MRD positive. In both
patients, we detected heterogenous B-ALL comprised of several
distinct IGHV sequences in the gDNA from bone marrow biopsy
and the plasma cfDNA isolated at diagnosis. Patient AAL-004
appeared to clear their clones during induction therapy, as we
could not detect reads linked with chr14 in the cfDNA samples.
However, we observed clone IGHV3-74, a major clone present at
diagnosis, re-emerge in ¢fDNA samples collected at the end of
consolidation therapy (Figure 4C). Patient AAL-008
unfortunately never cleared the clones detected in the biopsy
gDNA and cfDNA sample at diagnosis. Interestingly, we
observed that some clones (IGHV3-30, IGHV3-33, IGHV3-74),
which were equally distributed amongst the other clones at
diagnosis, became enriched at later treatment stages
(Figure 4D). Although reads from clone IGHV3-30 and
IGHV3-33 drop off during the end of induction (EOI), clone
IGHV3-74, remains unresponsive. Together, these data highlight
the utility of cfDNA analysis as a method to track B-ALL
patient-specific clonal dynamics during treatment. This
workflow may be useful in identifying patients whose B-ALL
does not respond well to therapy, such as patient AAL-008,
which may allow them to be stratified into a high-risk category
early into their treatment for better disease management.
Additionally, cfDNA can be used as a non-invasive method to
routinely assess patients for clone re-emergence after treatment
via simple blood draw.

cfDNA can be detected in the CSF of B-
ALL patients using the MinlON
sequencing workflow

Approximately 4% of B-ALL patients will have infiltration of
ALL blasts into their CNS at diagnosis, and 30-40% of the
patients will have pronounced CNS disease at relapse (5). CNS
infiltration is a significant adverse prognostic indicator in B-
ALL, but the only way to diagnose it is to detect blasts in the CSF
sample. However, B-ALL cells can be embedded in the brain or
associated with spinal neurons and not be freely floating and
detectable in the CSF (5, 42, 43), meaning patients might have
CNS disease but present clinically as negative for CNS
infiltration. For this reason, every ALL patient is given
intrathecal chemotherapy. We reasoned that since cfDNA is
released by B-ALL cells into patient biofluids, it might be
detectable in CSF samples even if the blasts themselves are
not. We applied our MinION sequencing workflow to cfDNA
isolated from CSF samples taken from patients diagnosed as
CNS positive (AAL-008 and 010) and CNS negative (AAL-009
and 012). We detected IGHV reads in the cfDNA from CNS
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positive B-ALL patients (Figures 5A, B), and these clones were
cleared by the end of induction therapy. Interestingly, we
detected very low levels of IGHV sequence in the diagnosis
CSF cfDNA sample from patient AAL-009 (Figure 5C), even
though this patient was diagnosed as CNS negative. Finally,
patient AAL-012 was diagnosed as CNS negative. However, we
observed an IGHV clone IGHV3-21 in the cfDNA from the CSF
of this patient at diagnosis that significantly expanded by the end
of induction (Figure 5D). CSF is not drawn from patients after
induction therapy when their initial diagnosis is CNS negative,
so we could not follow up on the IGHV in the cfDNA in later
CSF samples of AAL-012. However, their plasma cfDNA
remained clear of IGHV reads throughout consolidation.
Finally, across all patients, we observed that some of the IGHV
reads in the cfDNA from the plasma were also present in the
cfDNA in the CSF, indicating B-ALL clones were present at both
locations. In other instances, clones were exclusively present in
one location, suggesting that cfDNA analysis may be useful in
research focused on ALL homing to the CNS.

Discussion

Despite advancements in the treatment of Acute
Lymphoblastic Leukemia, relapsed leukemia remains the
second leading cause of death in pediatric cancer patients (44).
The current methods of MRD monitoring in patients’ post-
chemotherapy have room for improvement. For example, cell-
based quantification via flow cytometry has poor resolution.
ClonoSeq NGS analysis is costly, can take days to weeks to return
results, and is not yet used to detect CNS disease in B-ALL (9, 45,
46). Early detection of MRD, better biomarkers to monitor
treatment response in real-time, and a non-invasive, routine
screening method to identify ALL recurrence could improve
patient disease management. cfDNA analysis has emerged as a
robust, minimally invasive prognostic biomarker that correlates
well with the tumor heterogeneity and tumor burden. In this
study we present a workflow for analyzing cfDNA in the blood
and CSF of ALL patients, which, as far as we know, has
previously not been applied to B-ALL. Our study demonstrates
the utility of MinION-based Nanopore sequencing of IGH
rearrangement from the cfDNA to quickly visualize B-ALL
clonal heterogeneity and track clonal response to treatment
from patient biofluids. Towards this end, our workflow is very
amenable in terms of small input material for PCR, quick
turnaround time, and is very cost-effective. Workflows from
other NGS platforms routinely used for ¢fDNA or MRD
detection, such as Illumina, require specialized instruments,
batch runs, long wait/turnaround times, and complex pipelines
for data analysis. The MinION sequencing device is inexpensive,
and the data analysis we describe is an easy-to-use pipeline that
utilizes freely available tools such as Nanopipe, Galaxy, and IGV
genome browser. These features make the MinION sequencing

frontiersin.org


https://doi.org/10.3389/fonc.2022.958673
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sampathi et al.

10.3389/fonc.2022.958673

AAL-008 CSF cfDNA AAL-010 CSF cfDNA
- 100 5- . ~100
80 3 IGHV3-30 B IGHV3-7 = :g‘:\\g 30
Bl IGHV3-66 g = -
g o0, SRS Sews s g4 = ovs |
® g B IGHV3-53
& X 3] B IGHV3-66
E 404 ) E 3 IGHV3-74 |50
E £ 2]
S s [
Z 20+ 25 z ] 25
0 .......... “l T T O T T T T
gDNA Dx Early-I Mid-I EOI gDNA Dx Early-I EOI
Positive Positive
C D
AAL-009 CSF cfDNA AAL-012 CSF cfDNA
0.08+ 100 8- r100
[ IGHV3-30-3 B 1GHV348
. = 1032 . = iove21
T0.06 75 T 61 +75
3 B IGHV3-66 3 =
I 4
3 3
20.04- |50 S 4 50
© ©
£ E
9] o
T Y72 R— | 25 S-S T | 25
00 T T C T T T
gDNA Dx EOI gDNA Dx EOI
Negative Negative
............ Percent Reads Mapped
to IGHV
FIGURE 5

IGHV sequencing can detect cfDNA in the cerebrospinal fluid of B-ALL patients. cfDNA was extracted from CSF samples of four patients, IGHV
regions were PCR amplified, and resultant libraries were sequenced using MinlON. Data were analyzed using Galaxy. Clones in the genomic
DNA (gDNA) of bone marrow biopsy and cell-free DNA (Dx) CSF samples at diagnosis that comprised at least 5% of total reads were tracked
across all timepoints. Clone abundance is normalized to total mapped reads per library, shown on the left axis. The percentage of reads aligned
to the IGHV region on Chrl4 (red dashed line) is a relative indicator of leukocyte abundance at each timepoint/sample and is shown on the right
axis. Patients in (A) and (B) were clinically diagnosed as CNS positive by flow cytometry, indicating infiltration of B-ALL cells into the CNS.
Patients (C) and (D) were diagnosed as CNS negative, although IGHV reads from cfDNA were detectable in the CNS sample.

for the detection of c¢fDNA a promising platform in the
clinical setting.

With a limit of detection as low as 25 picograms of DNA,
this workflow is an ideal alternative for cell-based assays
requiring genomic DNA from clinical samples limited in
material (Figure 2). Our workflow identified similar clonal
heterogeneity and abundance compared to routinely used and
more expensive NGS platforms such as Illumina Miseq,
indicating the robustness of our assay (Figure 3).

Nanopore sequencing revealed interesting B-ALL clonal
dynamics from our patient cohort that had a clinical diagnosis
of either MRD positive (ALL-008) or negative (AAL-010 and
AAL-012) and MRD small (AAL-004). All the patients showed
heterogenous B-ALL in that several distinct IGHV sequences
were present. We were able to track the response of these
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individual clones throughout the treatment and identified
clones that were either responded to or survived
chemotherapy. In a research setting, these data could be
combined with other NGS methods, such as single-cell
RNAseq, and may provide new insights into mechanisms of
chemotherapy resistance. Interestingly, analysis of cfDNA from
plasma samples at patient diagnosis identified IGHV sequences
and B-ALL clones that were not present in the cell-based analysis
of the genomic DNA collected from the bone marrow biopsy
sample (Figure 4). These data reiterate the ability of cfDNA to
act as a biomarker that can capture the full extent of
heterogeneity and clonal dynamics within a patient’s leukemia.
Although, we were able to detect multiple IGHV clones in each
of the B-ALL patients, we realize our analysis may not
completely capture the extent of IGHV-D-] rearrangements.
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Since the hg38 reference genome does not include IGH
recombinations, mapping of the shorter, IGH joining (J) or
diversity (D), regions will be less accurate because they exist up
hundreds of kilobases away from the variable regions (V). Thus,
we focused on the longer IGHV regions since they would be the
most likely to capture clonal heterogeneity. For a more
quantitative analysis of possible rearrangements of IGHV
clones with different J and D regions the raw read data from
MinION can be used in other freely available VDJ analysis
software such as IMGT/V-Quest (47, 48) or VDJServer (49).

Because ALLs have a low mutational burden, cell-based
clonal analyses like ClonoSEQ are the only NGS methods
available for sensitive detection of MRD. ClonoSEQ is
currently completed only at the end of the induction
chemotherapy. Longitudinal Nanopore analysis of cfDNA with
every blood draw could provide a valuable complement to
ClonoSEQ, allowing for a more complete assessment of ALL
responses throughout a patient’s treatment. For example, a
caveat of our assay and ClonoSEQ is that it cannot distinguish
between B-ALL and normal B cell expansion due to an antibody
response, such as during an infection. We detected reads
mapping to chr 14 in patient AAL-010 at EOI (Figure 4A).
None of these reads mapped to any clones identified at diagnosis,
suggesting an antibody response that presents during transient
infection rather than B-ALL recurrence. Since we can run our
workflow on the next blood sample from the patient, we can
easily confirm whether this expansion was indeed an immune
response or a cause for clinical concern.

Another important use of our workflow is the detection of
CNS positive disease in B-ALL. Blasts can spread into the CNS
during B-ALL development, and the CNS is a common site for
ALL relapse (50). Outcomes in B-ALL patients with CNS positive
disease are lower than those without evidence of CNS positivity.
Patients typically have 16-20 lumbar punctures (LP) with
administration of intrathecal chemotherapy. With each lumbar
puncture (LP) CSF is assayed by cell count and cytospin to
surveille for evidence of CNS relapse. Cytospin analysis requires
a pathologist review a concentrated CSF prep under microscopy,
manually enumerating the quantity of each cell type, which is an
arduous process. A primary clinical concern is that current
diagnostic methodologies may not be sensitive enough to detect
CNS disease in ALL, as blasts may be embedded with CNS tissue
and not present in CSF samples (43, 51). Interestingly, we detected
cfDNA in the CSF of one patient diagnosed as CNS negative,
meaning cells were not detected by flow cytometry of the CSF
sample. This finding attests to the potential sensitivity of our
cfDNA workflow in monitoring CNS disease. Two of our patients
(AAL-008 and AAL-010) were diagnosed with CNS disease.
Nanopore sequencing allowed us to identify which clones
spread into the CNS versus those that remained in the blood.
The absence of further ¢fDNA reads in CSF samples after the
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initial doses of intrathecal chemotherapy suggested that those
clones were cleared from the CNS (Figure 5). CSF is removed
from patients each time they receive intrathecal chemotherapy to
prevent increased CSF volume when the treatment is injected.
Instead of discarding this fluid, cfDNA analysis could provide
valuable insights into CNS disease status and clonal response.

Although our conclusions are based on a very small sample
study, the observed data on IGHV sequencing of cfDNA and
MRD status suggests a possible correlation. Similarly, IGHV
sequencing showed obvious contrasts between CNS-positive and
CNS-negative patients. A future study with 20 to 30 patients will
be sufficient for proof of concept to show that cfDNA assays may
be useful in detecting the presence of ALL in patients when blasts
are not in the biofluid sample.

In summary, our study demonstrates the utility of a Nanopore
sequencing workflow as a simple, rapid, and low-cost method to
visualize B-ALL patient-specific IGHV clonal heterogeneity and
track these clones throughout treatment. We found that
quantitation of IGHV reads from cfDNA samples provided
insights into B-ALL heterogeneity in our patient cohort. The
workflow could be scaled up for quickly and efficiently assessing
the dynamics of B-ALL clones in response to treatment in large
patient datasets, particularly in Consortia studying B-ALL. Similar
Nanopore sequencing strategies could also be developed and applied
to detect tumor-associated mutations in cfDNA in any cancer type.
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Targeted therapies have significantly improved survival rates and quality of life
for many cancer patients. However, on- and off-target side toxicities in normal
tissues, and precocious activation of the immune response remain significant
issues that limit the efficacy of molecular targeted agents. Extracellular vesicles
(EVs) hold great promise as the mediators of next-generation therapeutic
payloads. Derived from cellular membranes, EVs can be engineered to carry
specific therapeutic agents in a targeted manner to tumor cells. This review
highlights the progress in our understanding of basic EV biology, and discusses
how EVs are being chemically and genetically modified for use in clinical and
preclinical studies.

KEYWORDS

extracellular vesicle, exosome, engineered EV, drug delivery, cancer

Introduction

Budding from the membranes of prokaryotic and eukaryotic cells, extracellular
vesicles (EVs) act as intercellular messengers (1). They carry information in the form of
proteins, lipids, RNA, and DNA to cells in the local environment and at distant sites, and
retain many of the features of their parental cell of origin. Such information imprinting
means that EVs can regulate processes during normal homeostasis; conversely,
deregulation of EV function can translate to pathology in EV-targeted cells. This is
exemplified by EV-dependent perturbations of the immune response, organ
development, reproduction, and vasculogenesis (2, 3). EVs can also modulate the
tumor microenvironment, leading to either enhanced or reduced tumorigenesis (4, 5).
By understanding the fundamental biological processes that govern EV behavior, we will
be able to exploit EV's to use them as conduits of anticancer therapeutics. By definition
EVs are biocompatible, and researchers in the field are now fine-tuning EVs via chemical
and genetic strategies to transform them into drug delivery systems (6). The pros and
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cons of EVs in the context of cancer therapy is the main focus of
this review. We draw upon examples from basic and
translational research to highlight the advantages and
limitations of EV use in the preclinical and clinical settings.
Our aim is to provide a conceptual framework to spur on novel
research approaches in the EV field, with the ultimate aim of
improving survival rates in cancer patients.

Biochemical properties of EVs

EV secretion has been observed in virtually all kingdoms of
life. EV biogenesis and cargo loading are tightly linked processes,
and these steps are strictly regulated to ensure that the
subsequent interaction with target cells produces the desired
biological effects (7). Cargos as diverse as proteins, lipids, nucleic
acids, cytokines and even organelles provide an information-rich
payload that can be exploited to achieve downstream cellular
effects (3). Indeed, the ExoCarta database contains 9,690
proteins, 3,300 mRNAs, and 1,010 different types of lipids that
have been identified in exosomes, which underscores the
complexity and heterogeneity of these nanostructures (8).
Specific examples of select cargos are discussed below.

Small non-coding RNAs have been found within EVs, and
may control molecular events in recipient cells by regulating the
activity of target mRNAs, for example (9). These RNA cargos
could be exploited as potential non-invasive biomarkers for
multiple disorders such as those that affect the immune system
(10). EV has been isolated from most cell types and body fluids,
including saliva. Saliva diagnostics is a rapidly expanding field
and the non-invasive saliva testing could greatly facilitate the
early diagnosis of many diseases, including cancers (11, 12).

The lipid composition of EVs is very similar to that of their
parental cells; this provides an ideal physical barrier to protect
internal cargo from premature degradation. In addition to
providing EV integrity, the large amounts of sphingomyelin
and cholesterol prevent EV cargos from degradation by both
nucleases and proteases (13). Such lipids also act as physiological
buffers that ensure the pH and osmotic balance within EVs is
maintained (14, 15). These properties could be exploited to
effectively increase the amount of drug that is delivered to a
particular tumor.

A suite of fatty acids in EV's provide the building blocks for
the generation of signaling intermediates that regulate multiple
physiological processes (16). Consistent with the coordinated
regulation of EV biogenesis and function, the EVs also contain
the enzymes required for conversion of fatty acids into bioactive
products such as esterified fatty acids and eicosanoids (17).
These features underlie the ability of EVs to regulate
inflammatory processes involved in chronic tissue remodeling,
cancer, asthma, rheumatoid arthritis and autoimmune
disorders (18).
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Strategies to functionalize EVs

Despite their advantageous small size and ability to cross the
blood brain barrier, natural EVs require further optimization
before they can be used for drug delivery. Major limitations
include the lack of target cell specificity and an inability to store
sufficient payload quantities. Great strides have been made with
regard to improving the loading of heterogenous cargo (19). EV
membranes can be decorated with a wide variety of molecules
that increase target cell specificity and/or reduce the likelihood of
EV destruction by host macrophages during immune
surveillance (20, 21). Genetic and non-genetic manipulation
can lead to a release of modified EVs by introducing targeting
moieties such as bispecific antibody, single-domain antibody
(nanobody), single-chain variable fragment (scFv), affibody, or
targeting peptide that can bind to molecules on target
cells (Figure 1).

Genetic manipulation of parental cells

Cellular nanoporation (CNP) is the method of choice for
delivery of nucleic acids, including large mRNAs, to EVs (19).
The mRNAs may encode tumor suppressor genes that comprise
a therapeutic payload, or may encode fusion proteins that have a
tumor cell-targeting domain and a bioactive domain. Portions of
naturally occurring EV membrane proteins are often used in
these fusion constructs; the N-terminus of Lamp2b and CD47
are two common examples. Peptides containing the Arg-Gly-
Asp (RGD) integrin recognition motif have been fused to
Lamp2b to increase the tumor homing capability of EVs
(Figure 1). This has been used successfully to deliver the
chemotherapeutic, doxorubicin, to tumor cells (22). In a
similar approach, CDX and CREKA, two other tumor-
targeting peptides, have been fused to CD47 to facilitate
delivery of mRNA encoding the tumor suppressor, PTEN, to
glioblastoma cells (19).

The single-chain transmembrane glycoprotein PDGFR has
been exploited for breast cancer immunotherapy by Cheng et al.,
who designed nanoscale controllers termed synthetic
multivalent antibody retargeted exosomes (SMART-Ex) (23).
Using the PDGFR transmembrane domain as an anchor, single-
chain variable fragments (scFv) that recognize either CD3,
EGFR, or HER2 have been introduced to EV membranes (23,
24) (Figure 1). The CD8 transmembrane region has also been
used to generate chimeric antigen receptor (CAR)-expressing
EVs that target either EGFR or HER2; the CAR-EVs promoted
tumor regression and did not elicit significant toxicity (25).

Interestingly, EV-type structures from non-mammalian
organisms are also being evaluated for their potential as drug
carriers. A case in point are bacterial outer membrane vesicles
that have been engineered to express a HER2-specific antibody
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fused to the transmembrane region of the bacteria pore-forming
protein, cytolysin A (26).

Modification of EV membranes

The therapeutic efficacy of EVs can be increased by
bioconjugation of nanobodies or bispecific antibodies that bind to
specific molecules and receptors on target cells. The ExoMAb
approach exemplifies this strategy of engineering EVs to express
non-natural antigens (27). Briefly, lactadherin contains a C1C2
domain which binds phosphatidylserine moieties in EV
membranes. This provides the basis for decorating the EV
membrane with exogenous proteins that are fused to C1C2
domain. This has been used to express tumor antigens at high-
levels on EV membranes surface antigens, which could be exploited
to generate tumor-specific antibodies. Anti-EGFR nanobodies have
also been conjugated to glycosylphosphatidylinositol (GPI) anchor
signal peptides or to the lactadherin C1C2 domain. This approach
led to a remarkable improvement in selective cargo delivery to
EGFR-positive cells (Figure 1) (28, 29).

Circulating EVs play a continuous ‘cat and mouse’ game
with patrolling macrophages, which can phagocytose EVs upon
recognition. This clearly reduces the effective half-life of EVs in
the body. CD47 (mentioned above) can again be exploited here:
by binding to signal regulatory protein alpha (SIRPa) on the
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surface of macrophages, CD47 sets up a ‘don’t eat me’ signal (21,
30). Thus, CD47-decorated EVs have longer circulatory half-
lives and are more likely to reach their target cancer cells to
deliver a therapeutic payload (Figure 2). An extremely
innovative approach builds on this by combining CD47-loaded
red blood cell (RBC) membranes with membranes from cancer
cells themselves (31). Since CD47 is overexpressed on the surface
of RBC, chimeric EVs derived from RBC-MCF7 hybrid
membrane protect EVs from phagocytosis. These hybrid EVs
have a longer half-life, but also exploit antigens from the cancer
cell membranes to re-target the original cancer cells (31). This
has demonstrable therapeutic efficacy, as DOX-loaded hybrid
EVs were able to induce tumor regression in a preclinical
mouse model.

The EV membrane surface can be chemically or
enzymatically modified to either increase EV half-life, or to
alter its targeting selectivity. For example, polyethylene glycol
(PEG) conjugation to the surface of EVs increases their half-life
(32) (Figure 2). PEG can also be used as a ‘recognition signal’ for
bispecific antibodies. Proof-of-concept is provided with a study
using a PEG/EGFR bispecific antibody that increased specific
targeting of PEG-loaded EVs to EGFR-positive tumors (33)
(Figure 1). One can see here that PEG’s effects on EV half-life
and antibody targeting is a powerful combination. Altering the
surface glycan composition of EVs via enzymatic removal of
sialic acid moieties also changes their biodistribution (34);
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Strategies for improving therapeutic efficacy of EVs. PEG, polyethylene glycol; NIR, near infrared; AuNR, gold nanorod; DOX, doxorubicin; PTX,

paclitaxel.

this could ultimately be exploited to achieve tumor-specific
targeting of EVs (Figure 2).

Transferrin receptors are highly enriched on the surface of
reticulocyte-derived EVs. This can be exploited to enrich and
purify EVs during production, or to facilitate EV-dependent drug
delivery. For example, transferrin-conjugated superparamagnetic
iron oxide nanoparticles (SPIONs) have been used for targeted
delivery of chemotherapeutic drugs (35) (Figure 1).

Fusion to liposomes or micelles offers an alternative to
chemical modification of EV membranes. For example, fusion
of EVs to liposomes using the freeze-thaw method increases the
cellular uptake of these hybrid EVs (36). Micelles have been used
to deliver PEG-conjugated EGFR single-chain Fab fragment
(scFab) to EVs, thereby expanding the spectrum of
therapeutics amenable to an EV approach (33).

Loading of exogenous molecules
into EVs

Encapsulation of chemotherapeutic agents and safe delivery
to the target tumor are the common challenges in EV-mediated
cancer chemotherapy (Figure 2). Drugs such as nucleic acids can
be loaded via passive methods, such as combining drugs with the
lipid bilayer after incubation, or conjugating drugs to the EV
surface. Alternatively, for drugs with high molecular weight (i.e.
DOX, PTX, AuNR), active methods of loading such as
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mechanical or chemical opening of the EV membrane via
sonication, electroporation, saponin treatment or freeze-thaw
cycles can be employed (37). The active methods create
temporary pores through which therapeutic payloads can
enter. However, this is not without risk: the internal
composition of EVs and their cargos can be compromised,
which may reduce efficacy (32). Ultimately, the success of both
the passive and active methods is determined by the source of
EVs, the specific drug involved, and the experimental
design (38).

For the evaluation of EVs in clinical trials, drug loading must
be achieved using a robust protocol, and at an industrial scale to
meet demands (39). These prerequisites have presented
challenges, because EVs lack the intracellular structures of
whole cells, and therefore are not amenable to approaches

such as conventional transfection.

Sources of EVs

In this section, we describe the wide variety of systems from
which EVs can be sourced. As will become evident, the precise
choice of system will depend on the downstream application. We
also provide several examples of the application of EVs to
cancer therapy.

Despite their substantial contribution to cancer treatment,

chemotherapeutic agents are prone to rapid clearance, are poorly
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biocompatible, and sufter from low intra-tumoral delivery; they
also induce systemic side effects and their efficacy is
compromised by the onset of drug resistance (40). To
overcome these challenges, various types of nanoscale delivery
vehicles have been developed. These vehicles are associated with
efficient drug delivery and tumor-specific targeting ability, and
many have been evaluated in human clinical oncology
trials (Table 1).

Tumor-derived EVs (TEX)

Tumor-derived EVs (TEX) preferentially home to and target
the tumor cells from which they were derived (50) (Table 2). For
example, accumulation of DOX in HT1080 xenografts was
higher when the drug was delivered by HT1080-derived TEX
rather than by those obtained from HeLa cells. Successful
inhibition of tumor growth in other preclinical models using
TEX carrying a chemotherapeutic payload has been

TABLE 1 Clinical trials for EV applications in human cancers.

10.3389/fonc.2022.1070479

independently confirmed (46). Furthermore, TEX have been
used to deliver DOX-loaded porous silicon nanoparticles
(PSiNPs) in mouse models of hepatocarcinoma, melanoma,
and breast cancer (54). In each of these situations, beneficial
attributes of EVs were observed. These included enhanced
accumulation of drugs within tumors, more efficient
extravasation and tissue penetration and striking anti-
tumor activities.

Glioma is a devastating malignant brain tumor with a high
mortality rate due to low penetration and efficacy of the available
chemotherapeutics. TEX are already having an impact in this
tumor type. For example, TEX-mediated delivery of IMV-001
(an antisense oligonucleotide against the transmembrane
receptor, IGF1R) to patients with recurrent malignant glioma
was more effective than other delivery methods due as it was
associated with an increased number of tumor-infiltrating
lymphocytes and enhanced anti-tumor immunity (57, 58). In
glioblastoma, co-delivery of TEX with o-galactosylceramide
enhanced the efficacy of a dendritic cell vaccine, likely due to

Phase Period Location N EV source EV cargo Condition Outcome Clinical trial number and/or
Reference
1 NA -2002 USA 13 DEX MAGE tumor NSCLC 2 stable diseases (41)
antigen
I 2001 - 2004 France 15 DEX MAGE tumor Melanoma 2 stable, 1 minor, (42)
antigen 1 partial, 1 mixed responses
1 2006 - 2007  China 40 Malignant GM-CSF Colorectal cancer 1 stable disease, (43)
ascites 1 minor response
1 NA - 2008  France 15 DEX NKG2D ligand  Melanoma 2 tumor regressions (44)
I 2011 - USA 35% Plant Curcumin Colon cancer NA NCT01294072
recruiting
1 2018 - USA 28* MSC KRAS G12D Pancreas cancer NA NCT03608631
recruiting siRNA
I 2022 - USA 30* HEK293 STAT6 ASO Hepatocellular NA NCT05375604
recruiting carcinoma,
gastric cancer,
colorectal cancer
I 2010 - 2013  France 26 IFNg+ DEX MAGE tumor  NSCLC 7 stable diseases CSET 2008/1437
antigen over 4 months IDRCB 2008-A1171-54
(45)
I 2010 - 2015  France 41 DEX MAGE tumor ~ NSCLC Progression free survival NCT01159288
antigen over 4 months
I 2013 - 2014 China 30* TEX MTX, Cisplatin, Malignant pleural NA NCT01854866
PTX effusion, (46)
malignant ascites
I 2016 - 2019  China 90* TEX MTX Malignant pleural NA NCT02657460
effusion
NA 2013 - 2015 China 6 TEX Cisplatin End stage lung 3 improved pleural (47)
cancer effusions
NA 2015 - 2018  China 20 TEX MTX Cholangiocarcinoma 5 reliefs in biliary ChiCTR-OIB-15007589
obstruction (48)
NA 2015 - 2019  China 62 TEX MTX Malignant pleural Decrease in MPE ChiCTR-ICR-15006304
effusion (49)

DEX, dendritic cell-derived EVs; MAGE, melanoma-associated antigen; NSCLC, non-small cell lung cancer; GM-CSF, granulocyte-macrophage colony-stimulating factor; ASO, antisense
oligonucleotide; IFNg, interferon gamma; MTX, methotrexate; PTX, paclitaxel; NA, not applicable. *Estimated enrollment.
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TABLE 2 Applications of TEX in murine tumor models.

EV source

Rat C6 glioma cell line
Mouse J774A.1
Mouse Hepal-6,

EV cargo

Tumor peptide
DOX, c-Met binding peptide
HMGNI adjuvant

Murine tumor model

Glioma
Breast cancer

Hepatocellular

10.3389/fonc.2022.1070479

4T1, Panc02 carcinoma
Mouse H22 DOX-loaded porous Hepatocarcinoma,
silicon nanoparticles melanoma,
breast cancer
Mouse H22, MTX, Cisplatin, PTX Hepatocarcinoma,
human A2780 ovarian cancer
Human HT1080, HeLa DOX Fibrosarcoma
Human MCF-7 V,C QDs, TAT peptide, Breast cancer
PEG, RGD
Hybrid RBC and MCF-7  DOX Breast cancer
cell membranes
Human MDA-MB-231 PTX, CuB Breast cancer

Result Reference
Inhibited tumor growth (51)
Inhibited tumor growth (52)
Inhibited tumor growth (53)
Inhibited tumor growth (54)
Inhibited tumor growth (46)
Inhibited tumor growth (50)
NIR laser irradiation almost completely killed tumor cells (55)
Inhibited tumor growth (31)
Inhibited tumor growth (56)

and lung metastasis

DOX, doxorubicin; c-Met, mesenchymal-epithelial transition factor; HMGN1, high mobility group nucleosome-binding protein 1; MTX, methotrexate; PTX, paclitaxel; V,C QDs,

vanadium carbide quantum dots; TAT, transactivator of transcription of human immunodeficiency virus; PEG, polyethylene glycol; RGD, Arg-Gly-Asp peptide; NIR, near infrared; RBC,

red blood cell; CuB, cucurbitacin B.

its stimulation of immunomodulatory factor release into the
tumor microenvironment (51).

In the liver cancer setting, administration of functionalized
TEX loaded with an adjuvant, high mobility group nucleosome-
binding protein 1 (HMGN1), reduced tumor size and potentiated
immunogenicity in a mouse model of hepatocellular carcinoma
(53) (Table 2). Furthermore, treatment of end-stage extrahepatic
cholangiocarcinoma patients with malignant biliary obstruction
with MTX-loaded TEX was efficacious and relieved biliary
obstruction (48).

Pleural effusions and ascites are abnormal fluid collections
within the thoracic and peritoneal cavity, respectively. They are
frequent in terminal stage malignancies, and require aspiration
and paracentesis to manage disease conditions. TEX may be
particularly suited to drug delivery for pleural effusions. For
example, A549 tumor cell-derived EVs loaded with
methotrexate (MTX) induced neutrophil recruitment in the
effusion fluid and improved primary malignant pleural
effusion (MPE) in non-small cell lung cancer patients (49).
Additionally, two clinical trials have been conducted in
patients with MPE to explore the anti-tumor effects of
methotrexate- or cisplatin-loaded TEX (NCT01854866,
NCT02657460) (Table 1). End-stage lung cancer patients with
metastatic malignant pleural effusion (MPE) and resistance to
cisplatin were treated with cisplatin-loaded TEX (47). This led to
a 95% reduction in the number of tumor cells in the malignant
fluids, and was associated with increased survival rate without
significant side effects.

In addition to tumor cells themselves, TEX are also present
in ascites. These ascites-derived TEX can also be exploited for
cancer treatment, as exemplified in a clinical trial (43) (Table 1).
This study demonstrated that treatment of advanced colorectal
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cancer with TEX from malignant ascites plus GM-CSF induced a
specific anti-tumor T cell response.

Mesenchymal stem cell-derived
EVs (STEX)

Mesenchymal stem cell (MSC)-derived EVs (STEX) arise
from different tissues in normal and disease conditions and have
beneficial effects in wound healing (59), myocardial infarction
(60), acute kidney injury (61), hepatic injury (62), neonatal lung
injury (63) and optic nerve injury (64). STEX may be particularly
suitable for therapeutic applications due to their excellent safety
profile, low immunogenicity, and their ability to cross biological
barriers (65). They have been used to successfully deliver both
chemical and genetic payloads, as we discuss below.

Human umbilical cord STEX enhance drug-induced
apoptosis of leukemic cells in vitro (66) and increase their
sensitivity to the anticancer drug imatinib through caspase
activation (67). STEX can also deliver genetic cargos. For
example, STEX-mediated delivery of miR-379 significantly
suppressed breast cancer growth in vivo by decreasing
cyclooxygenase (COX)-2 expression (68) (Table 3).
Furthermore, an ongoing phase I clinical trial in KRAS
G12D-mutant pancreatic cancer is evaluating the optimal
dose and adverse effects of STEX loaded with KRAS G12D
siRNA (NCT03608631) (Table 1).

Adipose tissue-derived mesenchymal stromal cells (AD-
MSCs) are one of the most studied STEX sources because they
are easier to obtain and harvest through subcutaneous
lipoaspiration; this is much less painful and less ethically
sensitive than collecting bone marrow or embryonic stem
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TABLE 3 Applications of MSC- and HEK293-derived EVs in murine tumor models.

EV source EV cargo Murine tumor model Result Reference
Mouse MSCs TNFa, SPION Melanoma Inhibited tumor growth (69)
Rat AD-MSCs b-catenin Hepatocellular Inhibited tumor growth (70)
carcinoma
Mouse AD-MSCs miR-16-5p Breast cancer Inhibited tumor growth (71)
Human AD-MSCs miR-101 Osteosarcoma Inhibited lung metastasis (72)
Human BM-MSCs GRP78 siRNA Hepatocellular Inhibited tumor growth (73)
carcinoma and metastasis
Human BM-MSCs miR-379 Breast cancer Inhibited tumor growth (68)
Human HEK293 ASO-STAT6 Colorectal cancer, hepatocellular carcinoma Inhibited tumor growth (74)
Human HEK293T BCR-ABL siRNA, Chronic myeloid Inhibited CML (75)
Imatinib, LAMP2B-IL3 leukemia
Human HEK293T PSMA, EGEFR, or Folate Prostate, breast, Inhibited tumor growth (76)
aptamer; Survivin siRNA colorectal cancer
Human HEK293T DOX, lipHA Breast cancer Inhibited tumor growth (77)
Human HEK293T miR-21-sponge Glioma Inhibited tumor growth (78)
Human HEK293T miR-21 inhibitor, 5-FU, Colorectal cancer Inhibited tumor growth (79)

LAMP2-HER? affibody

SPION, superparamagnetic iron oxide nanoparticle; GRP78, glucose regulatory protein 78; ASO-STATS, antisense oligonucleotide targeting STAT6; BCR-ABL, fusion gene of breakpoint
cluster region BCR and tyrosine-protein kinase ABL1; LAMP2B-IL3, fusion protein of LAMP2B and interleukin 3; CML, chronic myeloid leukemia; PSMA, prostate-specific membrane
antigen; EGFR, epidermal growth factor receptor; lipHA, lipidomimetic chains-grafted hyaluronic acid; LAMP2-HER?2 affibody, fusion protein of LAMP2 and anti-HER2 (human

epidermal growth factor receptor 2) affibody.

cells (80, 81). In the first animal study of its kind, Ko et al.
found that AD-MSC-derived EVs significantly increased the
number of circulating NKT cells and inhibited HCC tumor
growth (70). Following demonstrations that AD-MSCs have
anti-tumor effects in bladder cancer (82), prostate cancer (83)
and breast cancer (71) via induction of apoptosis, there has
been a surge of interest in the use of AD-MSCs for cancer
therapy. This is highlighted by the finding that delivery of miR-
101 by AD-MSC-derived EVs downregulated BCL6 and
inhibited the metastasis of osteosarcoma to the lungs in a
preclinical mouse model (72) (Table 3).

Bone marrow-derived STEX carrying GRP78 siRNA
enhanced sorafenib sensitivity in an HCC xenograft mouse
model (73) (Table 3). Moreover, miR-125b-loaded EVs
derived from AD-MSCs specifically reduced HCC cell
proliferation in vitro by activation of the p53 tumor
suppressor (84). STEX are currently under investigation in
clinical trials beyond cancer, including those focused on
neurological and cardiovascular diseases, and SARS-CoV-2 (85).

HEK293-derived EVs (HEX)

HEK293T cells have been widely used as EV producer cells
due to their inherent rapid proliferation, high EV yield, and ease
of genetic manipulation (86-90). HEK293-derived EVs (HEX)
have been used to deliver gene therapies including miRNA for
breast cancer (91) and both chemotherapeutics and therapeutic
protein constructs in a schwannoma model (92). Notably, HEX
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are more readily taken up by human neural stem cells when
compared to mature neurons, suggesting that they might be used
to modulate undifferentiated neurons in future therapeutic
applications (93).

Administration of HEX loaded with a miR-21 sponge
construct (which prevents miR-21 binding to its natural
target) significantly reduced tumor burden in a C6 glioma rat
model (78) (Table 3). Since miR-21 is overexpressed in glioma,
we infer that miR-21 sponge-loaded EVs will reduce the
proliferation and malignant metastatic behavior of tumor cells
in patients. Additionally, HEX loaded with an antisense
oligonucleotide (ASO) targeting STAT6 selectively silenced
expression of this transcription factor in colorectal cancer and
HCC mouse models; combined with anti-PD1 immunotherapy,
this led to greater than 90% inhibition of tumor growth (74)
(Table 3). With the same strategy, an ongoing phase I
clinical trial is evaluating the pharmacokinetics and
pharmacodynamics of exoASO-STAT6 (CDK-004) in
advanced HCC, colorectal cancer, and liver metastases from
gastric cancer (NCT05375604) (Table 1).

Dendritic cell-derived EVs (DEX)

Cancer vaccines are used to boost the endogenous human
immune response to cancer through enhanced recognition of
tumor cell-related antigens. Adding to the therapeutic arsenal in
this area are dendritic cell-derived EVs (DEX), which express
MHC-I- and MHC-II-bound antigen peptides as well as other
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adhesion molecules (94). Pioneering work demonstrated that
EVs derived from tumor peptide-pulsed bone marrow dendritic
cells (BMDC) could prime cytotoxic T cells and thereby facilitate
tumor growth inhibition in syngeneic tumor mouse models
(95) (Table 4).

DEX can activate CD4+ T cells by inducing Thl and Th2
immune responses, irrespective of the maturity of the DCs (102).
However, large and small DEX constructs differ in their capacity
to induce a T cell response, favoring cytokine secretion by Th2
and Thl cell subtypes, respectively. A Phase II clinical trial
evaluating DEX loaded with tumor antigen in patients with
unresectable non-small cell lung cancer has recently been
completed. The trial revealed activation of both innate and
adaptive immunity, and over 4 months of progression-free
survival in 32% of patients (NCT01159288) (45) (Table I).
Another Phase I trial in this cancer type showed that DEX
therapy was well-tolerated and elicited only minor adverse
effects (41).

NK cell-derived EVs (NEX)

NK cell-derived EVs (NEX) can carry cargo such as
cytotoxic proteins, miRNAs, and cytokines that employ
multiple mechanisms to kill tumor cells (103). They also
exhibit immunomodulatory activity by stimulating other
immune cells. Prior studies have demonstrated that NEX
contain not only FasL and perforin but also TNFa; these
molecules can all trigger melanoma cell death (96, 104)
(Table 4). NEX exposed to neuroblastoma cells can ‘teach’
naive NK cells to recognize and kill these cancer cells, thereby
overcoming immune resistance (97). Moreover, tumor cell
growth is blocked by NEX containing the tumor suppressor
miR-186, and these NEX also derepress TGFP1-dependent
inhibition of NK cells (98). These findings suggest that, in

10.3389/fonc.2022.1070479

addition to their role as drug carriers, NEX can act as
immunotherapeutic agents.

Macrophage-derived EVs (MEX)

Macrophages can be categorized into anti-tumor MI and
protumor M2 subtypes, and reprogramming between these
phenotypes has been exploited for anticancer therapy (74).
Macrophage-derived EVs (MEX) derived from the Ml
macrophage cell line, RAW264.7, accumulate at the tumor site
and promote M2-to-M1 macrophage reprogramming (100). MEX
loaded with DOX also induced apoptosis and suppressed the growth
of xenografts in a murine model of breast cancer (101) (Table 4).

Plant-derived EVs (PEX)

Fruits and vegetables have been used historically as
medicines to treat numerous diseases. Following the discovery
of plant-derived EVs (PEX), which can be isolated by extracting
apoptotic vesicles from leaf, sunflower seeds, and roots (105), it
was a natural progression to investigate whether they could be
harnessed for therapeutic benefit (106). The choice of a specific
PEX is determined by the type of health-promoting molecule
that is enriched within each plant; this selection must match the
disease to be treated. Specific examples follow below.

The consumption of grapes may reduce the impact of risk
factors associated with multiple diseases, including cancer (107).
This has been attributed to the presence of anti-inflammatory
flavonoids (107), phenolic acids and polyphenols that exert anti-
cancer activity by scavenging reactive oxygen species (108). It is
therefore not surprising that PEX from grapes and grapefruit
exhibit anti-inflammatory properties (109, 110) and can reduce
colitis in murine models (109, 111).

TABLE 4 Applications of DC-, NK-, and macrophage-derived EVs in murine tumor models.

EV source EV cargo Murine tumor model Result Reference

Mouse BMDCs Tumor peptide Mastocytoma, Inhibited tumor growth (95)
mammary adenocarcinoma

Mouse imDCs DOX, Lamp2b-RGD Breast cancer Inhibited tumor growth (22)

Human NK92-MI FasL, perforin, TNFa Melanoma Inhibited tumor growth (96)

Human NK cells NKG2D, NKp44, NKp30 Neuroblastoma Inhibited tumor growth 97)

from healthy donor

Human NK cells miR-186 Neuroblastoma Inhibited tumor growth (98)

from healthy donor

Mouse RAW264.7 PTX Lung cancer Inhibited tumor growth (99)

and lung metastasis

Mouse RAW264.7 LFA-1 Colorectal Inhibited tumor growth (100)
cancer

Mouse RAW264.7 DOX Breast cancer Inhibited tumor growth (101)

BMDC, bone marrow-derived dendritic cell; imDC, mouse immature dendritic cell; RAW264.7, mouse macrophage cell line; Lamp2b-RGD, fusion protein of Lamp2b and Arg-Gly-Asp

peptide; LFA-1, lymphocyte function-associated antigen 1.
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Ginger contains gingerol, which has powerful antioxidant
and anti-inflammatory properties (112); together with other
compounds in ginger root, this may explain the ability of
extracts from this plant to inhibit oxidative stress, arthritis,
inflammation, and various types of infection (113). Ginger
may also decrease the risk of cancer and diabetes (112, 114).
As highlighted for grapes, ginger PEX are also able to attenuate
inflammation (115) and reduce the pathologies associated with
colitis (116).

Although their anti-inflammatory effects are well
established, the evaluation of PEX as cancer therapeutics is
still in the early stages. However, initial results are
encouraging. For example, PEX from citrus lemons suppressed
chronic myeloid leukemia xenograft growth by inducing TRAIL-
mediated cell death (117) (Table 5). Additionally, an ongoing
phase I clinical trial (NCT01294072) is evaluating whether PEX
can be used to deliver curcumin (a constituent of the spice,
turmeric) to perturb tumor cell metabolism and modulate the
immune response in colon cancer patients (Table 1). There is a
strong underlying preclinical evidence for this, because
curcumin was reported to suppress colon cancer in a murine
xenograft model by inhibiting Wnt/B-catenin signaling (122). A
separate in vitro study showed that curcumin significantly
arrested the growth of human colon cancer cells (123). These
promising early data provide the rationale for further study of
the therapeutic effects of PEX in diverse diseases.

Application of EVs in cancer therapy

Following the discussion of the sources of EVs above, we now
present several examples of how EVs are being used to complement
and enhance current anti-cancer approaches. It should become
apparent from this discussion that the targeting potential of EVs, as
well as some of their innate abilities to penetrate cell membranes,
offers great promise in the realm of cancer therapy.

10.3389/fonc.2022.1070479

Tumor-specific targeting

A major obstacle to effective cancer chemotherapy is a lack
of tumor-specific targeting, which is associated with toxicity in
normal tissues. Superparamagnetic iron oxide nanoparticles
(SPIONs) have great potential utility as magnetic
nanoplatforms for targeted drug delivery (124), as they can be
directed to the required tissue area through the use of external
magnets. SPIONs conjugated with transferrin can readily be
attached to EVs, which express high surface levels of the
transferrin receptor (125). The SPION-decorated EVs can be
loaded with a chemotherapeutic agent and then directed to the
tumor site using magnets. This has been elegantly demonstrated
by Zhang et al., who observed DOX-dependent tumor regression
and increased survival in a preclinical model using this approach
(120). The SPION approach has also been used to enhance the
cytotoxic effect of the pro-apoptotic cytokine, TNFa, in
melanoma cells (69).

An alternative to SPIONs with regard to tumor-specific
targeting is the use of aptamers. Aptamers are short single-
stranded DNA or RNA that can bind to a specific target
molecule (126). Aptamers can be used for therapeutic
purposes in the same way as monoclonal antibodies. For
example, EVs loaded with siRNA against the anti-apoptotic
molecule, survivin, have been specifically delivered to prostate
cancer cells in vivo using prostate-specific membrane antigen
(PSMA) aptamers (76) (Table 3). In a similar manner, EGFR
aptamer-conjugated EVs loaded with survivin siRNA inhibited
tumor growth in an orthotopic breast cancer mouse model (76).
We believe that the aptamer approach could readily be exploited
to treat other cancer types. For example, the interleukin-3
receptor (IL3R) is overexpressed on chronic myeloid leukemia
(CML) cells, but is absent or expressed at low levels on normal
hematopoietic stem cells. This suggests that IL3R could serve as a
receptor target for EV-based cancer drug delivery systems
(127-129).

TABLE 5 Applications of plant-derived and other EVs in murine tumor models.

EV source EV cargo Murine tumor model Result Reference

Grapefruit Stat3 inhibitor JSI-124 Brain cancer Inhibited tumor growth (118)

Citrus limon TRAIL-stimulating Chronic myeloid Inhibited CML (117)
factor leukemia

Mouse whole blood Photosensitizer PpIX Breast cancer 630 nm He-Ne laser irradiation inhibited tumor (119)
fused with NLS peptide growth

Human neutrophils from healthy DOX, SPION Colorectal Inhibited tumor growth (120)

donor cancer

Human BJ foreskin KRAS G12D siRNA

fibroblast

Human H9 ES cell line PTX, RGD Brain cancer

PpIX, Protoporphyrin IX; NLS, nuclear localization signal.
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Inhibited metastasis (21)

Inhibited tumor growth (121)
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Overcoming drug resistance

Following several rounds of chemotherapy, the onset of drug
resistance leads to reduced survival. Several lines of evidence
suggest that EVs may offer breakthroughs in this challenging
area. For example, HEX modified with lipidomimetic chain-
grafted hyaluronic acid can efficiently deliver DOX and reverse
multi-drug resistance in breast cancer cells (77) (Table 3). In a 5-
FU-resistant HER2-positive colorectal cancer mouse model, co-
delivery of an miR-21 inhibitor using EVs decorated with a
LAMP2-HER2 affibody fusion significantly enhanced
cytotoxicity and restored 5-FU sensitivity (79). Multidrug-
resistant Madin-Darby canine kidney cells can be re-sensitized
to paclitaxel when the drug is delivered via EVs (99). Finally,
HEX loaded with imatinib and siRNA to the driver oncogene,
BCR-ABL, have been used to re-sensitize CML xenografts to
imatinib in a preclinical model (75).

Hard-to-treat tumors

Primary brain tumors and tumors that metastasize to the
brain are difficult to treat due to poor drug penetrance across the
blood brain barrier (BBB). EVs may offer a natural solution to
this problem because they are nanosized membrane vesicles that
can easily pass through the BBB. The combination of BBB
penetration and tumor cell-selective targeting using EVs has
been compellingly demonstrated in glioma. Specifically, EVs
decorated with RGERPPR, a peptide ligand for neuropilin-1
which is highly expressed on glioma cells but not other neuronal
cells (130, 131), were able to target glioma cells in an orthotopic
mouse model (132). Another example of EV success in brain
tumors is the selective targeting of glioblastoma cells, which
overexpress integrin aVP3 receptors (133). EVs loaded with
paclitaxel (PTX) and conjugated with RGD peptides which have
high affinity for atVB3 receptors were able to target orthotopic
glioblastomas and prolong survival in a mouse model (121).

Triple negative breast cancer (TNBC) has the worst
prognosis of all breast cancers, primarily because it lacks
estrogen and progesterone receptors, and has extremely low
levels of HER2 (134, 135). However, TNBC cells express high
levels of the c-Met tyrosine kinase oncogene, which is associated
with poor prognosis and drug resistance (136, 137), and could be
targeted by EVs. Proof-of-concept has been demonstrated via
the delivery of DOX to TNBC xenografts using MEX coated with
the c-Met binding peptide, CBP (52, 138).

Enhancing other therapeutic modalities

EVs can be used in combination with cutting edge drug
delivery and activation technologies, such as photothermal and
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photodynamic therapies. Gold nanorods (AuNRs) have unique
properties that make them attractive for applications in
bioimaging, drug delivery, and photothermal therapy in cancer
(139). Irradiating AuNRs with near-infrared light (NIR)
produces a moderate temperature rise in the target region that
leads to selective damage in tumor tissues (Figure 2). Since NIR
lasers can be manipulated precisely, this activation mechanism
provides an ideal and versatile platform to simultaneously
deliver heat and anticancer drugs with control over the
exposure area, time, and dosage. An alternative photothermal
agent is the vanadium carbide quantum dot (V,C QD). This
compound has higher photothermal conversion efficiency
than AuNRs, and V,C QD-loaded EVs have superior
biocompatibility and long circulation times combined with
advanced antitumor activity (55) (Table 2).

Photodynamic therapy (PDT) requires light and a
photosensitizing chemical substance that produces an oxygen
radical to elicit cell death (140). EVs conjugated with the
photosensitizer protoporphyrin IX (PpIX) and nuclear
localization signal (NLS) peptide have good biocompatibility
and the ability to target the nucleus. This subcellular targeting
strategy and the cytotoxic reactive oxygen species generated by
the photosensitizer enhances the efficacy of PDT, opening a new
window for cancer therapy (119).

Conclusion and future perspective

There is great demand for safe, efficient, and versatile drug
delivery systems for cancer therapy. Engineered EVs hold great
promise in this regard, given their ability to specifically target
and efficiently transfer therapeutic agents into cancer cells.
However, more evaluation is required to produce and
incorporate engineered EVs into clinically relevant systems,
weighing the potential risks and benefits of this new approach.
While the use of allogenic EV's appears feasible, the selection of
parental cells, assessment of immunologic and oncogenic effects,
and risk of viral contamination need to be carefully considered.

Successful clinical translation of EVs depends on the
availability of reliable methods for large-scale production,
isolation, and characterization to minimize lot-to-lot variations
in drug-loaded EVs (141). A potential solution to many of these
challenges is the use of EV mimics or artificial EV generated by
chemical or genetic modification. Fusion of drug-loaded
liposomes with EVs can enhance drug loading and targeting
abilities (142), while customized production of EVs by
exogenously implanted cells offers a new route for the
production of engineered EVs in vivo (143). Although further
studies are required to develop safer, more efficient, and cost-
effective methods for generating engineered EVs for practical
applications in oncology, the future is decidedly bright for this
next-generation cancer therapy.
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Using circulating molecular biomarkers to screen for cancer and other
debilitating disorders in a high-throughput and low-cost fashion is becoming
increasingly attractive in medicine. One major limitation of investigating protein
biomarkers in body fluids is that only one-fourth of the entire proteome can be
routinely detected in these fluids. In contrast, Human Leukocyte Antigen (HLA)
presents peptides from the entire proteome on the cell surface. While peptide-
HLA complexes are predominantly membrane-bound, a fraction of HLA
molecules is released into body fluids which is referred to as soluble HLAs
(sHLAs). As such peptides bound by sHLA molecules represent the entire
proteome of their cells/tissues of origin and more importantly, recent
advances in mass spectrometry-based technologies have allowed for
accurate determination of these peptides. In this perspective, we discuss the
current understanding of sHLA-peptide complexes in the context of cancer,
and their potential as a novel, relatively untapped repertoire for cancer
biomarkers. We also review the currently available tools to detect and
quantify these circulating biomarkers, and we discuss the challenges and
future perspectives of implementing sHLA biomarkers in a clinical setting.

KEYWORDS

cancer biomarkers, liquid biopsy, immunopeptidomics, mass spectrometry, soluble
HLA, HLA peptidome

Introduction

The pursuit of cancer biomarker discovery serves the purpose of identifying,
characterizing, and monitoring specific molecules (or entire cells) in patients, allowing
for early detection of cancer and/or its differentiation from non-cancerous tissue. There
are three main types of biomarkers: 1) diagnostic, 2) prognostic and 3) predictive
biomarkers (1). A diagnostic biomarker refers to a marker that allows for the detection
and identification of a particular type of cancer. In contrast, a prognostic biomarker offers
information on the likelihood of survival as well as on potential future disease
progression, while a predictive biomarker informs clinicians and physicians about
appropriate and suitable therapeutic treatments (1). Irrespective of the type of
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biomarker, an ideal marker should be capable of reproducibly
and robustly discriminating healthy individuals from patients
(or subsequently the progress of diseases). In addition, it should
be easy and inexpensive to assay with the possibility of high-
throughput screening (2). Various types of biomarkers including
cancer biomarkers have been extensively reviewed (1, 3), and the
discovery and utilities of some of the most well-known cancer
biomarkers have been discussed in great detail elsewhere (4).

Molecular profiling techniques to identify or screen
biomarkers are typically initiated by acquiring tumor samples
from patients using invasive surgeries, often referred to as tissue
biopsies. Moreover, repeated surgeries are often required to
observe the development of a specific tumor over time,
especially in the case of metastasis (5). The cost of these
surgeries in combination with the risk of conducting repeated
invasive procedures on the same patient has created a pressing
need for alternative methods to identify and screen biomarkers.
One attractive solution is the use of liquid biopsies, which refers
to a collection of techniques developed to detect, quantify and
characterize circulating tumor cells (6) and/or cancer-related
molecules in various, easily accessible body fluids. Measurement
and analysis of biomarkers in such liquid biopsies allow for the
prediction of cancer pathogenic processes via tumor-specific
alterations in cancer (7-9).

Body fluids are fluids produced by the body for 1) normal
bodily functions (e.g. blood), 2) as waste products (e.g. urine), or
3) in disease pathology (e.g. malignant pleural effusion, which
results in the accumulation of exudative fluid in the lungs due to
pathology-induced fluid imbalances) (10). The most commonly
studied body fluid for human biomarker discovery is blood,
which is readily accessible and contains circulating molecules
from all over the body, including proteins and other
biomolecules originating from the tumor(s). As such, blood -
and its processed derivatives plasma and serum - are an
attractive source for biomarker discovery translational
research. Blood, however, contains a huge dynamic range of
protein concentrations (13 orders of magnitude) with over half
of the total protein mass made up of albumin (11). These highly
abundant proteins complicate the detection of cancer-associated
proteins, which are expected to be low in abundance. As of 2021,
a total of 5,877 plasma proteins have been cataloged through the
Human Plasma Proteome Project (HPPP) (12). This number,
however, represents only one-fourth of the approximately
20,000 proteins characterized and annotated in the human
proteome (13). Therefore characterizing protein biomarkers
from blood will likely not provide a comprehensive view of the
entire proteome expressed in tumors. Research on biomarker
discovery is not only limited to blood. Cancer-associated
proteins can also be present in other body fluids such as
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pleural effusion (14), saliva (15) and urine (16). For instance,
soluble mesothelin-related peptide, which is an FDA-approved
biomarker for clinical use in mesothelioma, has a high
abundance in malignant pleural effusion (14). However, in
contrast to blood, which contains proteins from all body
organs, these body fluids predominantly contain proteins that
are only released locally.

One additional major limitation of using proteins present in
any body fluid as a source for biomarkers is that the array of
proteins, which are present in these fluids, originated mostly
from secreted and membrane-bound proteins. These two classes
of proteins only represent around 35% of the whole proteome
(17, 18). More importantly, only ~6% of known cancer-
associated proteins are confirmed or predicted as secretory
proteins and thus, cannot be detected in the intact form in
body fluids (Supplementary Table S1) (19). As such, there is a
clear need for alternative approaches if we want to use body
fluids as a means to identify tumor-specific protein biomarkers.

Human Leukocyte Antigen (HLA) is a protein-product of
the Major Histocompatibility Complex (MHC) gene in Humans
and presents peptides on the cell surface for T cell recognition.
The cargo of peptides bound to HLA proteins is termed the
immunopeptidome (20). The immunopeptidome plays an
essential role in immunomodulation as presented peptides
may belong to either self or non-self (21). There are two main
classes of HLA: 1) HLA class I (HLA-I) and 2) HLA class II
(HLA-II). HLA-Is are expressed in the majority of nucleated
cells and present peptides (typically between 8 to 12 amino acids
long) from inside the cell, which are produced from proteasomal
degradation (22). HLA-II molecules bind longer peptides
(between 13 to 20 amino acids) and are expressed mostly by
antigen presenting cells (APCs) (23). The peptide cargoes of
HLA-II peptides are mostly of extracellular origin. As such, the
collective immunopeptidome of HLA-I and HLA-II is not
limited to secretory proteins, but rather represents snapshots
of entire cellular proteomes including their surroundings.

Both HLA-I and HLA-II are predominantly membrane-
bound (often termed mHLA), but intriguingly, a fraction of
HLA molecules is released into body fluids where they are
referred to as soluble HLAs (sHLAs) (24). In this review we
discuss the potential to exploit the sHLA immunopeptidome of
various body fluids as a novel, innovative and relatively
untapped repertoire to identify circulating biomarkers derived
from the entire cancer proteome. First, we broadly discuss the
potential for sHLA immunopeptidome to be used as a source of
cancer biomarkers including various concrete examples, and
then we discuss our vision of analyzing these biomarkers at low
cost in a high throughput manner in the context of translational
clinical screening.
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Sourcing biomarkers from
soluble HLA: Current evidence
and examples

The presence of HLA proteins in human plasma was first
discovered by van Rood and colleagues in 1970 (25). Three
soluble forms of HLA proteins have been discovered so far (26):
1) A ~35 kDa version corresponding to the extracellular domain
of an mHLA molecule (27); 2) A ~39 kDa version originating
from an alternative splicing event (28); and 3) the fully shed ~44
kDa mHLA molecule (24). There is increasing evidence linking
the abundance of sHLA protein in serum to disease progression
and immune evasion in cancer, particularly in protection from
immune recognition and inhibition of destruction of the
microenvironment (29). Additional studies have examined a
potential link between sHLA levels and malignancy. While the
majority of these studies agreed that elevated sHLA levels
correlate with poorer prognosis, a few studies suggest
otherwise (24, 30). It has to be noted however that these

10.3389/fonc.2022.1069635

observations differ depending on the cancer type, and could
therefore be explained by different immune reactions toward
various cancer types. Regardless of the abundance of sHLA,
several studies confirm their presence in different body fluids
(Table 1) (31, 32, 34, 35, 37-42). Interestingly, peptides bound to
these SHLA are derived from intra- and extracellular proteins
expressed in the cell of origin. As such, the sHLA
immunopeptidome acts as a reservoir of all proteins expressed
in a cell including peptides derived from cancer-specific proteins
in tumors (45).

This notion of exploring the sHLA immunopeptidome in the
context of cancer biomarkers was initiated by Bassani-Sternberg
and colleagues slightly more than a decade ago (33). In the
seminal study comparing HLA immunopeptidomes in human
plasma to hematological cancer cell lines, they aptly recognized
that the sHLA complexes (consisting of the sHLA molecule
themselves and their peptide ligands) remain stable in
circulation for two days. More importantly, the peptide
cargoes of the sHLAs were highly similar to those carried by
their mHLA counterparts. These observations opened up the

TABLE 1 Summary of various body fluid in which presence of HLA has been validated via proteomics studies.

Body fluid Origin of proteins  No. of proteins detected in the  Coverage for Evidence of the presence of HLA in
body fluid tumor- this body fluid
associated
antigen5
Amniotic Maternal blood 3025* <3% (90/3025) (31)
fluid
Aqueous Eyes 1888** <3% (50/1888) (32)
humor
Blood Whole body organs 5877** <3% (157/5877) (33)
Cerebrospinal Brain 4364* <3% (122/4364) (34)
fluid
Milk Whole body organs 2457* <3% (67/2457) (35)
Pleural Lungs 1519* 4% (62/1519) (36)
effusion
Saliva Oral cavity, whole body 2758* 3.3% (92/2758) (37)
organs
Seminal fluid Male reproductive organs 4084* 3.6% (145/4084) (38)
Sweat Skin, whole body organs 1244 3.1% (39/1244) (39)
Synovial fluid Joints, whole body organs 1637* 3.6% (59/1637) (40)
Tears Eyes 1882* 3.4% (64/1882) (41)
Urine Urinary organs, 7330* <3% (196/7330) (42)
reproductive organs
*taken from Human Body Fluid Proteome database (43).
**taken from the latest available MS-based proteomics study with compiled database from all existing aqueous humor proteomics studies (44).
***taken from the latest Human Plasma Proteome Project-associated study article (12).
*data compiled in the Supplementary Table S1.
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possibility of characterizing all proteins present in a tumor cell
by studying peptides presented by sHLA complexes in
body fluids.

At present, only a handful of studies exist describing sHLA
immunopeptidomes, and many of those studies are centered
around sHLA-I peptides isolated from blood (33, 46-48). The
above-mentioned study by Bassani-Stenberg (33) identified a
number of peptides derived from cancer-testis antigens (CTA)
and tumor-associated antigens (TAA) in the blood of patients
with hematological malignancies. More recent studies observed
that sHLA complexes containing peptides derived from
validated CTAs (macrophage inhibitory factor (49, 50) & NY-
ESO-1 (51)) can be detected in the blood of breast cancer
patients (52).

In 2016, Ritz and colleagues (46) conducted validation
studies on the methodology for the current mHLA
immunopeptidome extraction from cell lines. Once validated,
the method was then implemented on the sera of melanoma
patients and healthy individuals to assess its effectiveness in
extracting sSHLA immunopeptides. Their investigation identified
a total of 22 peptides derived from validated melanoma-
associated antigens (53), 15 of which were exclusively found in
serum. Just one year later, the same laboratory successfully
improved their sHLA peptidome characterization from a few
hundred peptides in their original study (46) to about 2,000
peptides by adding an additional purification step (47). This
number was further increased again to 26,841 peptides in 2019
(48), demonstrating a tremendous improvement in method
development. In this study, Shraibman et al. managed to
validate that the expression of potential biomarkers derived
from plasma sHLA in glioblastoma patients change pre- vs
post-surgical interventions, whilst most of the peptides remain
constant during the same period of time (48).

In a more recent report, Khazan-Kost and colleagues
discovered the potential of sHLA as a valuable source of
biomarkers for lung cancers in pleural effusion (54). His work
attempts to expand from the 2002 study in which Amirghofran
and colleagues validated the presence of sHLA-I in malignant
pleural effusion (36), to provide a comparison between
malignant vs benign pleural effusions. Analysis of both the
soluble and membrane HLA immunopeptidome resulted in
the identification of a total of 32,970 unique HLA peptides
derived from 11,305 proteins from both benign and malignant
effusion with clear distinctions between them (19,294 and 1,784
peptides have been exclusively identified in the malignant and
benign effusion, respectively). More importantly, unique sets of
peptides derived from TAAs specific to lung adenocarcinoma
were observed exclusively in pleural effusion and not in
corresponding individual’s plasma samples. The protein used
as an example in the study, anaplastic lymphoma kinase (ALK),
is not yet validated and classified as a CTA/TAA at present (55),
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but this protein has a potential to be a localized biomarker for
lung cancer. Finally, while the study predominantly focused on
pleural effusion, it also validated that the sHLA
immunopeptidome can serve as a valuable source of TAAs as
evidenced by the identification of several known TAAs (SAGEL,
PBK and ODEFE2) in both pleural effusion and plasma samples of
lung cancer patients.

The investigation of the sHLA-II immunopeptidome proved
to be much more challenging than the HLA-I counterpart. At
present, there is little progress on the identification and
characterization of the peptide cargo of sHLA-II molecules
(56). Combined with the lower abundance of sHLA-II in
blood it is not surprising that only ~200 peptides have been
identified from 3 mL of human plasma from healthy individuals
(56). There are currently no HLA-II peptidome studies of cancer
patients yet, either from blood nor any other body fluid.

Analysis of sHLA immunopeptides by
using immunopeptidomics

Immunopeptidomics is the method of choice for the
identification and quantification of sHLA-bound peptides and
the pipeline is summarized in Figure 1. In brief, the body fluid of
interest is collected from the patient via a minimally invasive
procedure, and sHLA-peptide complexes are enriched via
immunoaffinity purification (IP) using HLA-specific
antibodies. Peptides are eluted from the sHLA protein by
acidification and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). The data is then analyzed
against a human proteome reference database and/or a
personalized database in the case of a proteogenomics
approach (57). The peptides’ source proteins are then typically
mapped against the cancer testis antigen database (58).

Recent advances of the immunopeptidomic pipeline have
resulted in significantly increased peptide identifications (IDs) as
well as data accuracy and quality. This was predominantly
accomplished by mitigating issues that have been plaguing
earlier HLA peptidome studies. For example, earlier studies
heavily relied on the extraction of mHLA-bound peptides
directly from intact cancer cell lines using mild acid elution
(MAE), which is highly prone to contamination (59). The
implementation of antibody-based IP enrichments of HLA-
peptide complexes after cell lysis resulted in a 6-fold increase
in peptide numbers compared to the earlier MAE approach (60).
Similarly, significant advances in the sensitivity, selectivity and
speed of mass spectrometric instrumentation have led in the past
10 years to an increase in peptide IDs that can be identified from
decreasing amounts of starting material (61). Just a decade ago,
10" cells were required to identify approximately 3,000 peptides
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conditions. The peptides are analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and various software packages are
used to search the data against a human proteome database to obtain peptide sequence information. State-of-the-art bioinformatic analyses

are employed to shortlist potential biomarkers.

(62). A similar number of peptides was identified with 100-fold
less starting material (10% cells) just a few years later (63) and
most recently, with as little as 107 cells (64). In the context of
liquid biopsy analysis, current approaches have resulted in the
identification of >20,000 peptides from human plasma derived
from approximately 8,000 source proteins (48). Comparable
numbers (32,970 peptides, derived from 11,305 source
proteins) have also been identified in pleural effusion (54).

The classical MS acquisition method used for such studies is
data-dependent acquisition (DDA) mass spectrometry, where
abundant peptide sequences are obtained by searching the
acquired mass spectra against existing protein databases (65,
66). However, such approaches usually suffer from a lack of
reproducibility, and lower abundant peptide species are typically
neglected. As a consequence, (DDA) mass spectrometry is
increasingly replaced by the arguably superior data-
independent acquisition (DIA) mass spectrometry, in which all
peptides irrespective of their abundance are fragmented in the
mass spectrometer (67-70). More recently, attempts to
incorporate quantitative aspects into the historically purely
qualitative field have gained traction, utilizing both label-free
(71, 72) and label-based (73, 74) quantification approaches.

Challenges and future perspectives

In previous studies, similar sHLA peptidomes were observed
for individuals sharing the HLA allotypes. Indeed, it is important
to recognize that the HLA region is the most polymorphic region
in the human genome (22, 75) and that HLA allo- and
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haplotypes determine the sHLA immunopeptidome (33). As a
consequence, an analysis of two different populations has a high
possibility of yielding two different sHLA immunopeptidomes.
Because of the polymorphism of the HLA gene, the discovery of
universal HLA-bound peptides biomarker is challenging.
However, precision biomarkers (based on HLA types) would
be an option. Another possibility is studying peptides present by
non-classical HLAs, such as HLA-E and G, which are
less polymorphic.

In order for biomarkers to be implemented in the clinical
settings, they have to undergo a thorough validation study against
a large cohort of samples from both cancer patients and healthy
donors. This poses a significant technical challenge on the
throughput capabilities of existing immunopeptidomics
workflows, as emphasized by the Human Immunopeptidome
Project (HIPP) (69). Many approaches have been attempted to
overcome this challenge ranging from the use of multiplexing
assays (73, 74) to establishing a 96-well format workflow
applicable to both cell lines and tumor tissues (64). A promising
recent study by Zhang and colleagues successfully incorporated
the use of an automated liquid handling instrument (Assay MAP
Bravo platform; Agilent Technologies) (76), which resulted in an
overall improvement in speed, sensitivity, and also reproducibility.
This automation has indeed created a standardized high-
throughput workflow that eliminates human error and might
pave the trend for future studies.

Another important challenge that has been plaguing
immunopeptidomic studies is the amount of starting material
needed. Considering the low abundance of sHLA-peptide
complexes in body fluids, approximately 3-5 mL of plasma
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(33, 56) and at least 10 mL of pleural effusion (54) are required
for each analysis. In fact, some TAA-derived peptides are only
found in a higher volume of starting material (54), posing a risk
of losing valuable biomarkers when working with a lower
volume. While the implementation of IP enrichments has
allowed for significant improvement in peptide recovery, it
comes with its limitation for reliable clinical biomarker
screening. Varying quantities of peptides (from as low as
17.5% (77) up to 99% (78)) have been observed to be lost in
the process, possibly due to the varying IP conditions employed
in the literature (64). Therefore, the development of a
standardized protocol for this method is paramount.

Lastly, all the current studies on sHLA immunopeptidomes
used conventional proteome databases and only considered
intact (not biologically modified) sequences which are present
in the human reference proteome (79). However, recent studies
suggest the high prevalence of post-translationally modified
peptides (such as phosphorylated, deamidated and glycosylated
peptides) as well as proteasomally spliced epitopes in the
immunopeptidome (80-83). On the other hand, the rise of
proteogenomic studies, which combine genomic and
proteomic approaches, will accelerate the expansion of current
databases with novel and variant peptide species (84-86). Taken
together, these breakthroughs have created and will create
superior approaches to investigate HLA immunopeptidomes at
an unprecedented level, further elevating its potential as a
repertoire for cancer biomarkers.

Conclusion

In summary, sHLA immunopeptidomes are a viable source
of cancer biomarkers. sHLA complexes are present in most body
fluids (31, 32, 34, 35, 37-42) and their peptide cargo contains
many validated CTAs and TAAs (33, 46-48, 54). These peptides
have the potential to be used as diagnostic, prognostic and/or
predictive biomarkers for different cancer immunotherapy
strategies such as immune checkpoint inhibitors, cancer
vaccines and T-cell therapies. Continuous improvements in
mass spectrometric instrumentation, bioinformatics and
sample preparation over the past decade have allowed for
more robust and comprehensive sHLA immunopeptidomics
(57, 76, 77, 87, 88). However, we have to be acutely aware that
there are currently very limited studies on liquid biopsy samples
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Folate receptor-positive
circulating tumor cell count,
lymphocyte count and derived
neutrophil-to- lymphocyte ratio
for diagnosing lung

cancer relapse

Huanrong Wang, Lei Liu, Jiagin Yan, Wang Ma, Yabing Du*
and Tengfei Zhang*

Department of Oncology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China

The folate receptor-positive circulating tumor cell (FR*-CTC) count can be used to
improve the diagnosis rate of lung cancer. The lymphocyte count (LC) and derived
neutrophil-to-lymphocyte ratio (dNLR) are involved in inflammatory processes.
Whether the FR*-CTC count combined with the dNLR or LC is helpful for
diagnosing lung cancer recurrence is not clear. Sixty-eight patients who were
initially diagnosed with lung cancer and received first-line treatment were
included. The clinicopathological characteristics, routine blood examination
results and CTC examination results of the patients were collected. The role of
the complete blood count and FR*-CTC count in lung cancer treatment response
and prognosis was analyzed. The FR*-CTC count after treatment was significantly
correlated with the T stage (p=0.005). Multivariate analysis showed that the
pathological type and FR*-CTC count were independent predictors of disease-
or progression-free survival (DFS/PFS) in patients with lung cancer (p=0.010 and
p=0.030, respectively). The FR*-CTC count, LC and dNLR predicted the
recurrence of lung cancer (sensitivity and specificity of the FR*-CTC count,
69.2% and 71.4%; the LC, 50.0% and 88.5%; and the dNLR, 50.0% and 88.1%,
respectively). The FR*-CTC count combined with the LC or dNLR improved the
diagnostic rate of lung cancer recurrence (sensitivity and specificity of the FR*-
CTC count plus the LC, 53.8% and 90.5%, and the FR*-CTC count plus the dNLR,
73.1% and 73.8%, respectively). When these three indicators were combined to
predict lung cancer recurrence, the AUC value was 0.817. The FR*-CTC count
combined with the dNLR and/or LC after treatment can improve the diagnostic
rate of lung cancer recurrence. A higher FR*-CTC count predicts worse DFS/PFS in
patients with lung cancer.

KEYWORDS

folate receptor-positive circulating tumor cell, lymphopenia, derived neutrophil-to-
lymphocyte ratio, lung cancer, relapse, prognosis, first-line treatment
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Introduction

Lung cancer has the highest mortality rate of all cancers,
according to the latest statistics from the American Cancer Society
(1). According to the pathological type, lung cancer is divided into
small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC), including lung squamous cell carcinoma (LUSC) and
lung adenocarcinoma (LUAD). Although SCLC is sensitive to
platinum-based chemotherapy agents, it has the highest mortality
rate because of its recurrence and progression in a short time (2).
Low-dose computed tomography (CT) is the primary means to screen
lung cancer at present. In a multicenter study, low-dose CT screening
for lung cancer reduced mortality by 20% compared with X-rays
during follow-up (3). One study reported that circulating tumor cells
(CTCs) were found in the peripheral blood of five patients with
chronic obstructive pulmonary disease, and all five CTC-positive
patients developed lung cancer during follow-up. The CTC count
can be used to detect lung cancer one to four years earlier than chest
CT (4). In addition, some studies have shown that identifying tyrosine
kinase inhibitor resistance in NSCLC is significantly delayed, with a
median lag time of 113 days (range, 45-169 days), based on CT
compared with the CTC count (5).

CTCs are released into peripheral blood from primary tumors or
during metastasis, and many studies have shown that the CTC count
can be used to assist in the diagnosis of breast, gastric, and lung
cancers (6-8). Initially, CTCs are epithelial types, but blood is not an
ideal place for epithelial cells, so they enter an epithelial-mesenchymal
cell change stage; notably, most detection methods cannot detect
CTCs that develop this change (9). Folate receptor (FR) mediates
folate transport into cells (10). Studies have shown that tumor cells
need to absorb a large amount of folic acid for DNA synthesis in the
process of proliferation. Hence, FR is highly expressed in most human
tumor cells, such as lung cancer, endometrial cancer, and ovarian
cancer cells (11-13). By injecting a tumor-specific fluorescent ligand
recognition FR in vivo, CTCs can be counted by multiphoton
fluorescence imaging of surface vessels, and the presence of CTCs
can be detected a few weeks before metastatic lesions are observed by
other methods (14). Thus, scientists can detect CTCs that undergo
epithelial-mesenchymal transition using the ligand-targeted
polymerase chain reaction method, which has been approved by the
China Food and Drug Administration to detect the number of
CTCs (15).

Inflammation is considered to be the main driver of
tumorigenesis and progression. The inflammatory cells related to
tumor progression are mainly neutrophils (NEs), macrophages and
myeloid-derived suppressor cells (16-18). Myelopoiesis in the tumor
is associated with defects in myeloid cell differentiation, resulting in
the accumulation of immature myeloid cells such as myeloid-derived
suppressor cells and NEs in the circulation (16). Lymphocytes are one
of the important components of the immune system and are
indispensable in the antitumor immune response. A study has
shown that a low lymphocyte count (LC) induced by radiation
therapy reduces survival in patients with stage IIT lung cancer (19).
In addition, platelets (PLTs) are involved in the development of
inflammation; most patients with tumors have higher PLT levels than
patients without tumors (20). The neutrophil-to-lymphocyte ratio
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(NLR) and platelet-to-lymphocyte ratio (PLR) are important in the
diagnosis and prognosis of lung cancer and other tumors, such as liver
In addition, the derived
neutrophil-to-lymphocyte ratio (ANLR) is an essential factor in

cancer and ovarian cancer (21, 22).

predicting the effect of immunotherapy in NSCLC patients (23).
Investigators have demonstrated that the dNLR is associated with
the prognosis of metastatic NSCLC, and these results were not
affected by treatment plans (24). Thus, we speculated that the folate
receptor-positive circulating tumor cell (FR*-CTC) count combined
with other serological markers, such as the LC, NLR, PLR, and dNLR,
during first-line therapy in patients with lung cancer have the
potential to be used as biomarkers to predict patient recurrence or
progression. Moreover, these indicators are routinely measured in
clinical practice. Compared with high invasive and inaccessible
markers, it’s more significant to explore these regular hematological
tests for tumor diagnosis and prognosis.

Patients and methods
Patient recruitment and data collection

In this retrospective study, we enrolled patients who had just been
diagnosed with lung cancer and treated between July 2018 and
September 2021. We collected their clinicopathological
characteristics, including age, sex, pathological type, treatment
regimen, and maximum tumor diameter. TNM staging was
determined based on the American Joint Committee on Cancer
guidelines. Hematological parameters included NE, leukocyte,
lymphocyte, PLT and FR"-CTC counts. The study followed the
guidelines of the Declaration of Helsinki. The study protocol was
approved by the Ethics Committee of the First Affiliated Hospital of
Zhengzhou University (2002-KY-2021-002).

Assessments

The inclusion criteria included the following: patients with lung
cancer diagnosed by cytology and pathology; patients who had not
received any antineoplastic therapy; and complete blood count and
FR*-CTC count were tested on admission and during treatment.
Patients who received treatment only once or had incomplete follow-
up data were excluded. Imaging was performed according to RECIST
1.1 to assess stable disease (SD) and progressive disease (PD).
Assessments were performed every 1-2 months for the first year of
lung cancer ascertainment and every 3-6 months thereafter.
Progression-free survival (PES) referred to the time from
randomization to the first occurrence of disease progression or
death from any cause. Disease-free survival (DFS) corresponded to
the length of time after the operation during which a patient survives
with no signs of disease. The follow-up time was up to July 2, 2022.

In this study, the posttreatment hematological indicators of the 68
patients were assessed. For patients who only received surgical
treatment and targeted therapy, the indicators were collected within
3 months after treatment, and for patients treated with chemotherapy,
indicators were collected at the end of two courses of treatment. The
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FR'-CTC number was detected with the CytoploRare Human Lung
Cancer Circulating Tumor Cell Assay Kit (Geno). There are two steps
in FR*-CTC detection: enrichment by immunomagnetic beads and
ligand-targeted polymerase chain reaction to detect and quantify FR"-
CTCs (25). The FR*-CTC count was specified as the number of FR"-
CTCs detected in a 3 mL blood sample. Because of the heterogeneity
of tumors and individual differences in patients, we used a receiver
operating characteristic (ROC) curve to find the best optimal value
(9.75 FU/3 mlL, area under the curve (AUC)=0.744) associated with
progression between a high FR*-CTC count and a low FR*-CTC count.
The NLR was defined as the neutrophil count/lymphocyte count, the
PLR was defined as the platelet count/lymphocyte group count, and the
dNLR was defined as the absolute neutrophil count/white blood cell
count-absolute neutrophil count.

Statistical analysis

The FR*-CTC count and other categorical variables were
compared with Pearson’s chi-square test. An ROC curve was
utilized to analyze the AUC and the corresponding 95% confidence
interval (CI), sensitivity, and specificity for each diagnostic variable.
The log-rank hazard regression model was used for univariate
analysis, and the Kaplan—Meier method was used to draw survival

TABLE 1 Clinical and pathological characteristics of the 68 patients.

10.3389/fonc.2022.1097816

curves. Cox’s proportional hazards regression model was used for
multivariate analysis to calculate hazard ratios (HRs) and 95% Cls.
Figures in the article were drawn with PRISM 8. P<0.05 was
considered statistically significant.

Results
Patient characteristics

Sixty-eight patients (35 males and 33 females) who met the criteria
were included in our research. The average age at initiation of treatment
was 58, with a maximum of 83 and a minimum of 32. We chose the
maximum diameter of the tumor to record tumor size. The average
tumor size was 2.79 cm, with a minimum of 0.63 cm and a maximum of
7.20 cm. Pathological types included LUAD (n=54), LUSC (n=7) and
SCLC (n=7). All patients were initially diagnosed with lung cancer and
received first-line treatment in the hospital. Sixteen people received
surgical treatment. Fifteen people received chemotherapy with platinum-
based single- or double-drug therapy. Three received targeted therapy
with oral tyrosine kinase inhibitors. Thirty-four people received two or
more combination treatments. By the end of follow-up, 26 patients had
disease recurrence or progression. The clinicopathological characteristics
of all patients are shown in Table 1.

Characteristics Total (N=68)
Age (average, range), years 58 (32, 83)
Sex (male/female) 35/33
Pathologic

LASC 7

LUSC 54

SCLC 7

Tumor size (average, range), cm

2.79(0.63, 7.20)

LC (average, range), x10°/L

1.5(0.49, 3.05)

NE (average, range), x10°/L
PLT (average, range), x10°/L
NLR (average, range)

PLR (average, range)

dNLR (average, range)

5.34(1.65, 10.67)
251 (88, 462)
4.01(0.74, 14.28)
183.1(76.0, 578.5)

2.20(0.49, 5.08)

Treatment

Surgical only 16
Chemotherapy only 15
Targeted therapy only 3
Combined treatment 34
State of treatment (relapse/no relapse) 26/42
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Association between the FR*-CTC count
and clinical characteristics

We analyzed the correlation between the posttreatment FR*-CTC
count and the clinicopathological characteristics of patients. As
mentioned, we used 9.75 FU/3 mL as a cutoff value to classify high
and low FR'-CTC counts. For other clinical characteristics, the
average value was used as the dividing line. The FR"-CTC count of
patients in the T3 and T4 stages was significantly higher than that of
patients in the T1 and T2 stages (p=0.005). In addition, the CTC value
of patients treated with systemic therapy was significantly higher than
that of patients treated with surgery (p=0.019). However, other
indicators were not significantly different from the FR*-CTC
count (Table 2).

TABLE 2 Correlation between the FR*-CTC count and clinical characteristics.

10.3389/fonc.2022.1097816

Survival analysis

To study the factors affecting the DFS/PFS of lung cancer patients
in depth, we included indicators such as sex, age, pathological type,
tumor size, TNM stage, treatment regimen and FR™-CTC count, NE
count, LC, PLT count, dNLR, PLR, and NLR after treatment.
Univariate analysis showed that pathological type, T classification,
clinical stage, treatment regimen, FR*-CTC count, LC, dNLR, and
NLR were factors influencing PFS (Table 3).

Next, we performed survival analysis of different groups stratified
by the first-line treatment regimen and pathological classification. For
patients in the surgery group, the median disease-free survival
(mDFS) of patients with a low FR*-CTC count was significantly
longer than that of patients with a high FR"™-CTC count (p=0.046,

Characteristics CTC expression level Characteristics CTC expression level X2
Low (n=38) High(n=30) Low (n=38) High(n=30)
Age(years) 1.36 0.243 Clinical stage 3.51 0.061
<58 18(47.4%) 10(33.3%) I 20(52.6%) 9(30.0%)
>58 20(52.6%) 20(66.7%) +I+IV 18(47.4%) 21(70.0%)
Sex 0.5 0.481 PLT (x10°/L) 1.56 0.211
Male 21(55.2%) 14(46.6%) <251 21(55.3%) 12(40.0%)
Female 17(44.8%) 16(53.4%) 2251 17(44.7%) 18(60.0%)
Tumor size(cm) 0.68 0.411 NE(x10°/L) 0.002 0.965
<2.79 19(50.0%) 18(60.0%) <5.34 23(60.5%) 18(60.0%)
>2.79 19(50.0%) 12(40.0%) >534 15(39.5%) 12(40.0%)
Pathologic type 3.76 0.053 NLR 0.14 0.712
NSCLC 37(97.4%) 24(80.0%) <4.01 25(65.8%) 21(70.0%)
SCLC 1(2.6%) 6(20.0%) >4.01 13(34.2%) 9(30.0%)
Treatment 5.46 0.019 PLR 1.09 0.297
Surgery 13(34.2%) 3(10.0%) <183.1 25(65.8%) 16(53.3%)
Systemic therapy 25(65.8%) 27(90.0%) >183.1 13(34.2%) 14(46.7%)
T classification 7.84 0.005 dNLR 1.19 0.276
T1+T2 33(86.8%) 17(56.7%) <2.2 24(63.2%) 15(50.0%)
T3+T4 5(13.2%) 13(43.3%) >2.2 14(36.8%) 15(50.0%)
N classification 1.73 0.189 LC(x10°/L) 0.19 0.666
NO 25(65.8%) 15(50.0%) <L5 17(44.7%) 15(50.0%)
N1+N2+N3 13(34.2%) 15(50.0%) >15 21(55.3%) 15(50.0%)
Metastasis tatus 0.66 0.416
Yes 31(81.6%) 22(73.3%)
No 7(18.4%) 8(26.7%)

Values in bold mean p<0.05.
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TABLE 3 Univariate and multivariate analyses of disease- or progression-free survival (N = 68, 26 progression events).

DFS/PFS

Univariate Analysis Multivariate Analysis
Characteristic HR 95% CI P HR 95% CI P
Male (vs. female) 0.570 0.258-1.259 0.164 0.362 0.122-1.073 0.067
Age (per year) 2.267 0.952-5.397 0.064 0.784 0.214-2.872 0.713
SCLC (vs. NSCLC) 12.482 4.440-35.095 0.000 5.516 1.510-20.140 0.010
Tumor size(cm) 1.596 0.734-3.470 0.238
>2.79(vs. <2.79)
T3+T4 (vs. T1+T2) 2.695 1.231-5.899 0.013 0.612 0.142-2.645 0.511
Lymph node metastatic 1.937 0.893-4.201 0.094 0.816 0.228-2.918 0.755
yes (vs. no)
Metastasis yes (vs. no) 1.040 0.416-2.597 0.933
Clinical stage others (vs. I) 3.014 1.202-7.554 0.019 3.070 0.457-20.634 0.249
Systemic therapy (vs. surgery) 8.476 1.147-62.611 0.036 2.986 0.351-25.417 0.317
NE(x10°/L) 0.616 0.231-1.641 0.333
>6.65 (vs. <6.65)
LC(x10°/L) 0.206 0.062-0.686 0.010 0.383 0.101-1.455 0.159
>1.72 (vs. <1.72)
PLT(x10°/L) 2.192 0.656-7.314 0.202
=190 (vs. <190)
dNLR>2.46 5.105 2.235-11.661 <0.001 1.852 0.672-5.100 0.233
(vs. <2.46)
PLR>171.5 2.149 0.972-4.751 0.059 1.965 0.673-5.738 0.217
(vs. <171.5)
NLR>1.93 4.388 1.035-18.609 0.045 2.220 0.420-11.725 0.348
(vs. <1.93)
FR*-CTC(Fu/3ml) 3.861 1.674-8.908 0.002 3.039 1.111-8.310 0.030
29.75(vs. <9.75)

Values in bold mean p<0.05.

Figure 1A, Table 4A). According to the cutoff value of the ROC curve,
the LC and dNLR were used to divide patients into high and low
groups, and we found that there was no significant difference in DFS
between the two groups. For the systemic treatment group, we found
that the median progression-free survival (mPFS) of patients with a
low FR"-CTC count was significantly longer than that of patients with
a high FR"-CTC count (23.53 months vs. 12.03 months, p=0.003,
Figure 1A, Table 4A). Patients with a high LC were more likely than
those with a low LC to experience a significantly prolonged mPFS
(not reach (NR) vs. 14.8 months, p=0.029, Figure 1B, Table 4A).
Patients with low dNLR values had a significantly longer mPFS than
patients with high dNLR values (23.53 months vs. 8.033 months,
p<0.001, Figure 1C, Table 4A). There was no significant difference in
the prognosis of high NLR and low NLR in different treatment groups
(Supplementary Figure 1). In addition, we divided patients into two
groups according to NSCLC and SCLC. For the NSCLC group, the
mDFS/mPFS of those with a low FR"-CTC count was significantly
longer than that of patients with a high FR™-CTC count (NR vs. 20.1
months, p=0.014, Figure 2A, Table 4B). Patients with a low LC had a
significantly shorter mDFS/mPFS than patients with a high LC (20.10
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months vs. NR, p=0.029, Figure 2B, Table 4B), and patients with low
dNLR values had a significantly longer mDFS/mPFS than patients
with high dNLR values (NR vs. 13.9 months, p<0.001, Figure 2C,
Table 4B). For the SCLC group, there was no significant difference in
mPFS based on different blood markers (Figure 2, Table 4B).
According to the results of univariate analysis, variables with p<0.2
were included in multivariate analysis. We found that the FR™-CTC count
and pathological type were independent predictors of DFS/PES (Table 3).

ROC analysis of the FR*-CTC count, LC and
dNLR and the diagnostic yield of joint
diagnostic models

Next, we investigated whether the FR*-CTC count, NE count, LC,
PLT count, dNLR, PLR and NLR could predict recurrence or progression
after first-line treatment of lung cancer. According to our analysis, the
optimal cutoff value of the FR*-CTC count for differentiating disease
recurrence from disease stabilization was 9.75 FU/3 mL, with a sensitivity
of 69.2% and a specificity of 71.4% (AUC=0.744). Similarly, the LC and
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FIGURE 1
(A) Kaplan—Meier curves for survival probability according to the FR™-CTC count between surgery and systemic therapy. (B) Kaplan—Meier curves for
survival probability according to the LC between surgery and systemic therapy. (C) Kaplan—Meier curves for survival probability according to the dNLR
between surgery and systemic therapy. *P < 0.05, **P < 0.01, ***P < 0.001

dNLR significantly differentiated disease recurrence (sensitivity=50.0%,
specificity=88.5%, AUC= 0.674 and sensitivity=50.0%,
specificity=88.1%, AUC=0.675, respectively; Figure 3, Table 5).
Interestingly, by combining the FR"-CTC count with the LC or
dNLR, we found that the combined AUC was more significant than the
AUC of either one alone (sensitivity and specificity of the FR*-CTC
count plus LC, 53.8% and 90.5%, AUC=0.759, Figure 4A, Table 5;
sensitivity and specificity of the FR"™-CTC count plus the dNLR, 73.1%
and 73.8%, AUC=0.762, Figure 4B, Table 5). When these three
indicators were combined to diagnose lung cancer recurrence, the
AUC value was higher than when any two were combined
(sensitivity=73.1%, specificity= 78.6%, AUC=0.817, Figure 4C,
Table 5). The above results indicated that the FR*™-CTC count
combined with the LC and/or dNLR could improve the diagnosis
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rate of relapse in lung cancer. To present the overall predictive effect of
the data, we divided all patients into two categories: relapse and no
relapse. The confusion matrix for each hematological marker for
predicting lung cancer relapse in patients is shown in Figure 5.

We found that the NE count, PLT count, PLR and NLR were not
very useful for diagnosing lung cancer recurrence, so we do not show
them here (Supplementary Figure 2).

Discussion

Although oncological research on lung cancer has been
progressing yearly, recurrence or progression during treatment is
still the most direct cause of lung cancer treatment failure. Over the
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(A) Kaplan—Meier curves for survival probability according to the FR*-CTC count between NSCLC and SCLC. (B) Kaplan—Meier curves for survival probability
according to the LC between NSCLC and SCLC. (C) Kaplan—Meier curves for survival probability according to the dNLR between NSCLC and SCLC. *P <
0.05, **P < 0.01, ***P < 0.001.

past 20 years, researchers have demonstrated that CTCs play an
essential role in the diagnosis and prognosis of malignant tumors (26,
27). However, the search for an efficient method to isolate and detect
CTCs remains controversial, and oncologists are just beginning to
understand how the information obtained from CTC detection and
analysis can be used in patient care. In this study, we designed a
diagnosis-treat-relapse model to investigate the significance of CTCs
and other hematological markers for diagnosing lung cancer
recurrence. We aimed to use these clinical hematological markers
to detect lung cancer recurrence and adjust the treatment plan in time
to bring the greatest clinical benefit to the patients.
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Researchers have reported that the FR™-CTC count can predict
prognosis in breast cancer, gastrointestinal tumors, melanoma and
prostate cancer (6, 28-31). A prospective, single-center clinical study
showed that a lower FR"-CTC count could be a predictor of first-line
chemotherapy in SCLC patients (HR=0.656, p=0.049) (15).
Hiltermann et al. found that the CTC count after the first cycle of
chemotherapy predicted overall survival (HR=5.7, p=0.004) (32). All
of the above findings suggest that the CTC count has important value
in lung cancer predictions. In this study, we demonstrated a
significant correlation between CTC levels and T stage. Patients
with a high T stage had higher FR*-CTC count after treatment
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TABLE 4A Survival probability according to the FR*-CTC count, LC and dNLR between surgery and systemic therapy.

Median (months) p

FR'-CTC(FU/3ml) surgery R oo
<9.75 vs. 29.75 systemic therapy 23.53vs.12.03 0.003
LC(x10°/L) surgery R -
<1.72 vs.21.72 systemic therapy 14.8vs. NR 0.029
dNLR surgery NR 0.097
<2.46 vs.22.46 systemic therapy 23.53vs.8.033 <0.001

TABLE 4B Survival probability according to the FR+-CTC count, LC and dNLR between NSCLC and SCLC.

Median (months) p

than those with a low T stage, indicating that similar to T stage, CTC
levels may negatively affect patient survival. In addition, since patients
with early-stage lung cancer received surgical treatment, while
patients with advanced lung cancer received systemic treatment,
patients treated with surgery had significantly lower CTCs than
patients treated with systemic treatment.

Early recurrence in patients with resectable NSCLC ranges from
10-19% (33, 34). Although imaging tests have been used as the
standard for tumor response assessment, they can only be used to
detect space-occupying lesions and not minimal residual disease.
A study of 26 early-stage lung cancer patients showed that after
standard surgical treatment, the descending slope and daily decline in
CTCs in recurrent lung cancer patients were lower than those in

FR*-CTC(FU/3ml) NSCLC NRvs.20.1 0.014
<975 vs. 29.75 SCLC 8.033v5.5.067 0.569
LCx10°7L) NSCLC 20.1vs.NR 0.029
<1.72 vs.21.72 SCLC 6.133vs.- B
ANIR NSCLC NRvs.13.9 <0.001
<246 vs.22.46 SCLC 6.467v5.6.133 0.338

nonrecurring patients (35). We found that patients with systemic
treatment and high FR"-CTC values had the fastest decline in the
survival curve and the worst prognosis. In addition, we also found
that within 22 months after treatment, the mortality rate of patients
with early-stage lung cancer with high postoperative FR*-CTC was
even higher than that of patients with advanced lung cancer with low
FR*-CTC. The survival curves of the low LC group and high dNLR
group of advanced lung cancer decreased rapidly, and the prognosis
was poor. Among the patients with a higher dNLR after systemic
treatment, the last patient developed progression by the end of follow-
up, and PFS was 20.1 months. This finding suggests that patients with
higher FR*-CTC count after treatment may have occult metastases
and that systemic therapy is necessary for better disease control.

1.0 ;
0.8
S 0.6
x=
[72]
g 0.4 FR*-CTC =
e _— - (AUC=0.744)
0.2 —— dNLR (AUC=0.675)
) — LC (AUC=0.674)
0.0 I 1 I 1 1
00 02 04 06 08 1.0
1-specificity
FIGURE 3
ROC curves of the FR*-CTC count, dNLR, and LC in the diagnosis of lung cancer recurrence.
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FIGURE 4

(A) ROC curve of the FR*-CTC count plus LC in the diagnosis of lung cancer recurrence. (B) ROC curve of the FR*-CTC count plus dNLR in the
diagnosis of lung cancer recurrence. (C) ROC curve of the FR*-CTC count combined with the LC and dNLR in the diagnosis of lung cancer recurrence.

Investigators have previously reported that the FR*-CTC count
can be used to diagnose stage I LUAD and LUSC patients with
sensitivities of 66.7% and 69.2%, respectively (25). A recent study
showed that in SCLC patients, a lower lymphocyte count was
associated with worse overall survival (17.4 vs. 15.7 months,
p=0.029) (36). A study of 211 patients who received first-line
pembrolizumab treatment demonstrated that a dNLR < 2.6
significantly prolonged patients’ mPFS (10.4 vs. 3.4 months, p<
0.001) (37). To investigate the diagnostic value of the FR*-CTC
count, dNLR, LC, PLR and NLR in recurrence, we performed ROC
curve analysis of individual and combined indicators. We found that
the FR*™-CTC count, dNLR and LC could be used as indicators for
diagnosing lung cancer recurrence. In addition, when the FR™-CTC
count was combined with the dNLR and/or LC, it had a larger AUC
than the indicators alone. This demonstrates that the combination of

TABLE 5 The diagnostic efficiency of models in patients with lung cancer.

Diagnostic Group AUC 95% Cl

FR'-CTC 0.744 0.625-0.863
LC 0.674 0.540-0.807
dNLR 0.675 0.540-0.811
FR'-CTC + LC 0.759 0.638-0.881
FR'-CTC + dNLR 0.762 0.645-0.879
FR'-CTC + LC +dNLR 0.817 0.715-0.919
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the FR™-CTC count and dNLR and/or LC can improve the diagnosis
rate at the time of recurrence of lung cancer.

Our study supports the evidence proposed by Chen et al. (38). This is
the first study to use the FR*-CTC count combined with the dNLR and/
or LC to diagnose relapse rates after first-line therapy for lung cancer.

There are several limitations in this study. The research data were
mainly entered manually, although no clinicopathological, hematological
or survival data were missing. In addition, we established a cutoff value for
the FR™-CTC count based on our previous results rather than using a
positive/negative threshold for the FR™-CTC count (8.7 FU/3 mL positive)
(39). However, this count was verified as appropriate for diagnosing
patients who relapsed during treatment. Furthermore, because the FR*-
CTC examination was not included in the routine examination of lung
cancer patients, the number of SCLC patients included in this study was
relatively small, and most of them had high FR*-CTC counts. The impact

Sensitivity (%) Specificity (%) p
69.2 714 0.001
50.0 88.5 0.017
50.0 88.1 0.016
53.8 90.5 <0.001
73.1 73.8 <0.001
73.1 78.6 <0.001
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(A) Confusion matrix for predicting lung cancer relapse in patients based on the FR*-CTC count. (B) Confusion matrix for predicting lung cancer relapse
in patients based on the LC. (C) Confusion matrix for predicting lung cancer relapse in patients based on the dNLR. (D) Confusion matrix of the FR*-CTC
count combined with the LC to predict lung cancer relapse in patients. (E) Confusion matrix of the FR*-CTC count combined with the dNLR to predict

lung cancer relapse in patients. (F) Confusion matrix of the FR*-CTC count combined with the LC and dNLR to predict lung cancer relapse in patients. O:

relapse; 1: no relapse.

of FR"-CTC count on the survival rate of SCLC patients may not have been
fully analyzed. However, SCLC patients with a higher FR"-CTC count had
afaster decline in the survival curve and a lower survival rate, which is also
consistent with clinical significance.

In conclusion, the FR*-CTC count, dNLR and LC are useful
biomarkers. A high posttreatment FR*-CTC count, dNLR and LC are
indicators that predict whether a patient will progress, and the combined
indicators had a better prediction effect. In addition, a higher FR*-CTC
count was significantly associated with shorter patient survival.
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Liquid biopsy assays for minimal residual disease (MRD) are used to monitor and
inform oncological treatment and predict the risk of relapse in cancer patients.
To-date, most MRD assay development has focused on targeting somatic
mutations. However, epigenetic changes are more frequent and universal than
genetic alterations in cancer and circulating tumor DNA (ctDNA) retains much of
these changes. Here, we review the epigenetic signals that can be used to detect
MRD, including DNA methylation alterations and fragmentation patterns that
differentiate ctDNA from noncancerous circulating cell-free DNA (ccfDNA). We
then summarize the current state of MRD monitoring; highlight the advantages
of epigenetics over genetics-based approaches; and discuss the emerging
paradigm of assaying both genetic and epigenetic targets to monitor
treatment response, detect disease recurrence, and inform adjuvant therapy.
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1 Introduction

Minimal residual disease (MRD) refers to a small number of cancer cells remaining in a
patient’s body after oncological treatment with curative intent. MRD does not cause clinical
symptoms and is not detectable by traditional methods such as imaging (e.g., CT, MRI,
PET, ultrasound, X-ray, etc.) or abnormal blood serum protein levels. MRD assays must be
sensitive enough to detect as little as 1 cancerous cell in a background of 1 million
noncancerous cells. This extreme sensitivity makes MRD assay development complex, but
overcoming this barrier imbues MRD assays with the potential for much earlier detection
of cancer recurrence than traditional methods, and thus earlier intervention with adjuvant
chemotherapy or second and third-line treatments.

Detection of MRD indicates the failure of treatment to eliminate all cancerous cells
which implies greater probability of future disease recurrence. Monitoring MRD signals
during the remission period allows early detection of disease progression (1). Assaying for
MRD, therefore, offers a means to monitor, predict, and detect cancer recurrence, as well as
stratify patients for adjuvant therapy and predict their response to treatment (Figures 1A-
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C) (2, 3). However, with the lack of a solid tumor to sample,
traditional biopsy methods cannot be applied to MRD assays.
Instead, MRD detection must make use of circulating tumor-
derived entities such as circulating tumor cells (CTCs),
extracellular vesicles, and circulating tumor DNA (ctDNA). These
circulating molecules and cells shed by tumors are a rich source of
information on cancer biology, featuring much of the genetic and
epigenetic abnormalities that drive tumorigenesis and treatment
response (Figure 1D) (4, 5). Such assays can be used to match
patients to effective treatments by detecting clinically actionable
variations (e.g., drug resistance) within the detected cancer cells and
their molecular products, thus avoiding invasive procedures and the
morbidities of ineffectual therapies. These novel diagnostic assays
have utility in predicting both MRD and cancer recurrence. A
positive MRD test after surgery can inform the decision for: (i)
further surgery with curative intent; (i) adjuvant chemotherapy;
and/or (iii) increased surveillance, including imaging such as an
FGD-PET scan. Whereas positive recurrence indicated by a
quantitatively increasing signal over time can inform the decision
for: (i) increased surveillance; and (ii) a switch to secondary/tertiary
therapy based on the clonal evolution of the tumor burden, as
determined by the assayed biomarkers being tracked (i.e.,
somatic mutations).

2 Epigenetics in oncology

2.1 DNA methylation

DNA methylation is a covalent modification of the DNA strand
that, in mammals, occurs almost exclusively within the sequence
context of cytosine followed by guanosine (CpG) dinucleotides. The
genomic acquisition of DNA methylation is an essential
developmental process with diverse roles including repressive
associations at gene promoters and mobile genetic elements or,
conversely, increased transcriptional activity when found within
gene bodies [reviewed in Greenberg & Bourc’his (6)]. Genome wide
deregulation of DNA methylation is a universal feature of cancer
development, typified by global loss of methylation (particularly in
repetitive sequences) (7) and localized foci of hypermethylation (8).
While genetic alterations have proved useful in liquid biopsy and
cancer management (including early cancer detection, prognosis,
monitoring therapeutic response and detecting MRD), epigenetic
alterations occur more frequently in cancer development and are
typically more universal across tumors than specific somatic
mutations (9-13). Aberrant DNA methylation is an early event in
carcinogenesis that can both drive and be driven by tumor biology/
treatments, is associated with a diverse range of biological impact,
and can be targeted by liquid biopsies to detect specific cancers
(Figure 1E) (14). Moreover, DNA methylation profiling in cancer
has demonstrated an epigenetic role in hormone receptor signaling
and response to endocrine therapy (15), prognosis (16, 17),
metastasis (18), response to chemotherapy (19), and key aspects
of tumor biology (20).

Most DNA methylation-based liquid biopsies target cancer-
specific aberrations that separate cancer from its normal tissue
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counterpart. However, within healthy tissues DNA methylation
exhibits highly cell type specific patterns across the genome (21).
This untapped layer of epigenomic information provides a unique
signature that can be targeted without the need for detectable
cancer-specific aberrations. Despite the significant alteration of
the epigenome during carcinogenesis, the underlying tissue-
specific methylation patterns linked to cellular identity are still
detectable (22). Applications of this approach have focused on the
identification of tumor type, particularly in cases of cancer of
unknown primary (23). However, the presence of circulating cell-
free DNA (ccfDNA) originating from a source other than
haemopoietic cells, blood vessel endothelial cells, or liver
hepatocytes is exceeding rare in healthy individuals and thus
indicative of pathology on its own (21, 24). Therefore, tissue-
specific biomarkers could potentially be used in MRD assays to
detect signals that span molecular subtypes of tumors that share a
tissue of origin. Importantly, these targets are also unlikely to
diminish due to tumor adaptation in response to treatment. To
this point, recent academic research has begun to focus on
exploiting tissue specificity along with ccfDNA originating outside
the cancer. The process of cancer growth is highly disruptive to the
organ/tissue in which it occurs. This results in elevated levels of cell
death in the surrounding “healthy” tissues due to increased stresses
causing inflammation and/or deformation of normal tissue
structures (25-27). Further development of these methods is
required before clinical application extends beyond the research
domain; however, such novel approaches show significant promise
in the management of advanced/recurrent disease.

2.2 Fragmentomics

The term “fragmentomics” describes the study of ccfDNA
fragmentation patterns and the use of these patterns to decern
biologically relevant information such as nucleosome positioning.
Although few assays to-date utilize ccfDNA fragmentation patterns,
numerous properties of ctDNA compared to healthy ccfDNA instill
fragmentomics with the potential for use in oncological assays
(Figure 1F). These properties include: (i) region-specific
differences in ctDNA fragments lengths (28); (ii) shorter ctDNA
fragment length distributions (29); (iii) fragment end sequence
alterations in ctDNA (30); and (iv) altered nucleosome
positioning in cancer (31). The most notable applications of
fragmentomics so far reside around ctDNA fragment lengths.
Mouliere et al. (29) demonstrated that selecting shorter ccfDNA
fragments (between 90-150) greatly enriches for ctDNA and
improves detection of clinically actionable mutations and copy
number alterations. This enrichment technique should be a key
consideration in MRD design going forward, given the extreme
sensitivity required by assays to detect MRD. Beyond enrichment,
Cristiano et al. (28) accurately discriminated 215 healthy individuals
from 208 cancer patients (AUC = 0.94) using a machine learning
model trained on ccfDNA fragment size and coverage across the
genome, thus demonstrating the potential for region-specific
ctDNA fragment lengths to be used as cancer biomarkers. Delfi
Diagnostics is currently pursuing commercialization of this
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FIGURE 1

Minimal residual disease (MRD) epigenetic assays and their use across a cancer patient journey. (A) Establishing the molecular targets for MRD assays can
be performed prior to treatment initiation. A decline in the level of the assayed biomarker suggests efficacious treatment and reduced tumor burden.

(B) The continued presence of a tumor biomarker after curative intent treatment, accompanied by no visible signs of a tumor, indicates the presence of
MRD. (C) Tracking with an MRD assay over time is useful for early detection of cancer recurrence, as the level of the assayed biomarker will increase as a
tumor remerges. (D) Liquid biopsies can be performed on a variety of bodily fluids including blood, urine, saliva, lymph, and cerebrospinal fluid.
Circulating tumor DNA (ctDNA) contains epigenetic alterations that can separate it from the cancer's normal tissue counterpart and circulating cell-free
DNA (ccfDNA) derived from noncancerous sources. Cancer-specific epigenetic alterations include: (E) aberrant DNA methylation, and (F) altered
fragmentomic signals (i.e., changes in ctDNA fragment lengths, end sequences, and nucleosome-associated genomic positioning).

technology with a focus on lung cancer and is in the process of
recruiting 15,000 individuals for their CASCADE-LUNG clinical
validation study.

As for nucleosome positioning, ccfDNA fragmentation patterns
downstream of transcription start sites have been shown to reflect
differential nucleosome positioning between expressed and
unexpressed genes (32). These ccfDNA read depth coverage
patterns match with gene expression signatures of hematopoietic
cells (33). Similarly, ccfDNA-derived nucleosome spacing
footprints around DNase I hypersensitive sites (e.g., occupied
transcription factor binding sites) match most strongly with
hematopoietic cell lines (31). These results are consistent with
ccfDNA methylation analyses, which show that ccfDNA from
healthy donors originates from white blood cells (55%),
erythrocyte progenitors (30%), vascular endothelial cells (10%)
and liver hepatocytes (1%) (21). In cancer, high levels of ctDNA
can create a nucleosome footprint that diverges from these healthy
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sources and instead corresponds to a cancer’s tissue of origin. For
example, ccfDNA-derived nucleosome spacing has been used to
infer the tissues of origin of late-stage tumors (31) and ccfDNA
coverage patterns have been used to accurately classify expression
levels of genes with somatic copy number gains in metastatic cancer
patients (33). These findings demonstrate the potential for ctDNA
fragmentation signatures to be used as cancer biomarkers.
Moreover, nucleosome positioning is cell-type specific (34, 35),
and nucleosome linker DNA lengths are up to 7 base pairs shorter
in transcriptionally active chromatin versus inactive genes/
compartments (31, 36). We envisage regions of the genome that
are active in noncancerous ccfDNA contributing tissues and
inactive in a tumor’s tissue of origin, and vice versa. Such regions
should possess a subset of nucleosome positions that are out-of-
phase between these two sources due to differences in nucleosome
spacing, thus producing a subpopulation of ctDNA fragments
positioned at the breakpoints of “healthy” ccfDNA. In which case,
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future MRD assays could potentially exploit tissue-specific
nucleosome positioning to identify an underlying cancer signal at
low ctDNA concentrations.

Going forward, the most sensitive and universal MRD assays
will likely combine these epigenomic approaches. Until recently, the
combination of DNA methylation and fragmentomics in a single
assay was not possible due DNA methylation detection relying on
bisulfite conversion (37). Bisulfite conversion causes DNA damage
that erodes the fragmentomic signals embedded within ccfDNA
fragments. However, the recent advent of enzymatic methylation
conversion technology allows highly accurate methylation detection
to be performed without this damage and the resulting loss of
fragmentomic signals (38). Therefore, it is now possible to use next-
generation methylation sequencing to detect both DNA
methylation and fragmentomic biomarkers. At the very least, this
means ctDNA sized-based enrichment can now be used to improve
the detection sensitivity of DNA methylation-based MRD assays.
However, enzymatic conversion also means differentially
methylated regions, region-specific fragment length changes, and
nucleosome positioning biomarkers can now all be incorporated
into a single hybridization capture-seq panel.

3 MRD assays: Products
on-market, clinical trials, and
emerging technologies

The marketplace for MRD liquid biopsy assays is new, but
several MRD diagnostic tests have now received early regulatory
approvals (Table 1). In 2021, the Natera Signatera test for MRD was
granted Breakthrough Device Designation (BDD) status by the
FDA for an intended use in Stage I-IV colorectal cancer. This
approach uses whole-exome sequencing of primary tumors along
with matched normal blood samples to prepare bespoke
personalized multiplex PCR assays. In total, 16 patient-specific
somatic variants are selected to track using next-generation
sequencing (NGS) (39, 40). The Inivata RaDaR test for residual
disease and recurrence has received a Conformité Européenne (CE)
mark for use in Europe and was granted FDA BDD status in 2021
(41, 42). Again, exome-sequencing informs the design of a
secondary somatic mutation PCR panel and tracks up to 48
mutations in blood using NGS. These two-staged approaches are
stated by their respective companies to take between 2 and 4 weeks
for assay design and up to 1 week turnaround on subsequent blood
draws. Finally, the FoundationOne Tracker test was awarded BDD
status in 2022 and combines Foundation Medicine’s patient-specific
NGS tumor profiling with the multiplex PCR design of Natera (43).
This test is used to detect and track MRD, assess a patient’s response
to therapy, and monitor for relapse following curative
intent therapy.

While there are only a few somatic mutation-based MRD panels
in the marketplace, there are a host currently in development and
undergoing clinic trials. For example, Strata Oncology are also
exploring a two-staged tumor-informed panel design in their
Sentinel trial for cancer recurrence (44). Burning Rock Biotech
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has developed brPROPHET, a personalized capture panel-based
approach for MRD detection and are currently working with
BeiGene to progress this assay to clinical studies (45). Foresight
Diagnostics (46) claims that Phased Variant Enrichment &
Detection Sequencing (PhasED-seq), where two or more
mutations occur on the same strand of DNA, offers more
sensitivity for MRD. The company intends to develop a CLIA
validated assay and market the assay as a lab-development test
(LDT). Exact Sciences is running the 750 patient CORRECT-MRD
II study to validate their MRD and recurrence test for stage II and
III colorectal cancer. This is based on the Target Digital Sequencing
(TARDIS) approach that Exact Sciences licensed from The
Translational Genomics Research Institute (47).

Notably, genetic mutations are not broadly shared across
cancers and the two-stage solutions to this shortcoming are
limited by tumor heterogeneity and the volume of a tissue biopsy.
That is, because only a subset of a tumor is sequenced there is still a
high probability that mutations will be missed. However, a multi-
omics approach can augment this shortcoming. The greater
frequency and universality of epigenetic changes makes them
more sensitive and universal markers for evidence of cancer after
curative intent treatment, and somatic mutation testing highlights
actionable variants that can inform subsequent treatment. This
promise of MRD assays that incorporate epigenetics with somatic
mutation testing is being realized. Guardant Health has combined
somatic mutations, DNA methylation and fragmentomics into their
LUNAR panel, which they have progressed into clinical trials for
both primary detection and MRD of early-stage colorectal
cancer (48).

Multiple companies are also progressing purely epigenetic-
based MRD panel approaches. MethylGene is undertaking a
clinical trial on multiple myeloma patients that will utilize DNA
methylation sequencing of ctDNA for MRD detection (49). While
GRAIL has concentrated on bringing the DNA methylation-based
Galleri test to market for early detection of cancer, in 2021 the
company also formed a deal with Amgen, AstraZeneca, and Bristol
Myers Squibb to evaluate its technology for the detection of MRD
and early recurrences (50). This expansion of use case by GRAIL
points to the versatility of ultra-sensitive liquid biopsy assays. Fast
turnaround and inexpensive serial epigenetic tests can identity
MRD and recurrence early. A positive result provides the
evidence to undertake imaging and to order large NGS panels to
study clonal evolution of the tumor and indicate modes
of treatment.

While most product development for MRD is concentrated
around sequencing large panels of markers, simple DNA
methylation-based PCR tests can also be highly efficacious.
Colvera, developed by Clinical Genomics, is available as an LDT
in the USA and has Medicare coverage for MRD and recurrence
monitoring of colorectal cancer. This methylated ctDNA test
detected 66.0% of recurrence, significantly higher than the 31.9%
sensitivity of carcinoembryonic antigen (CAE), the current
standard of care (51), and also has potential for identifying MRD
due to treatment failure (52). Another PCR test is Bladder EpiCheck
offered by Nucleix. This multiplex DNA methylation-based PCR
assay is for monitoring of tumor recurrence in conjunction with
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TABLE 1 Tests for mininmal residual disease currently avaliable or in development.

10.3389/fonc.2023.1103797

Test/Company = Technology/method Clinical Applications = Development Citations
Stage/Regulatory
Approval
Signatera Somatic mutation detection in ctDNA using multiplex-PCR NGS assays MRD and recurrence in: BDD status (USA) (39, 40)
Company: Personalised targets from whole-exome sequencing of primary tumors - Colorectal cancer (Stage
Natera 1-1V)
- Epithelial ovarian cancer
(Stage I-1V)
RaDaR Somatic mutation detection in ctDNA using multiplex-PCR NGS assays MRD and recurrence in: CE mark (Europe) (41, 42)
Company: Personalised targets from whole-exome sequencing of primary tumors - Breast cancer BDD status (USA)
Inivata
FoundationOne Somatic mutation detection in ctDNA using bespoke multiplex-PCR NGS MRD, treatment response BDD status (USA) (43)
Tracker assays and recurrence in:
Company: Personalised targets from whole-exome sequencing of primary tumors - Colorectal cancer
Foundation - Bladder cancer
Medicine
Sentinel Trail Somatic mutation detection in ctDNA using bespoke multiplex-PCR NGS Treatment response and Clinical Trial (44)
Company: assays recurrence in: (NCT05082701)
Strata Oncology Personalised targets from whole-exome sequencing of primary tumors - Stage 1-3 solid tumors
brPROPHET Somatic mutation detection in ctDNA using bespoke hybridzation capture = MRD and recurrence in: Ungoing clinical (45)
Company: poanels and NGS. - Colorectal cancer studies
Burning Rock Personalised targets from whole-exome sequencing of primary tumors
Biotech
PhasED-seq Detection of phased varients (PVs), where two or more mutations on the MRD and recurrence in: Developing as LDT (46)
Company: same sequenced fragment of ctDNA - B-cell lymphomas
Foresight PV panel assembled from whole-genome sequences of 2,538 tumors
Diagnostics
CORRECT-MRD Highly sensitive variaent detection using targeted linear pre-amplification MRD and recurrence in: Clinical Trial (47)
I of ccfDNA, UMI ligation, then somatic mutation detection using bespoke - Colorectal cancer (NCT05210283)
Company: multiplex-PCR NGS assays. (Stage II & III)
Exact Sciences Personalised targets from whole-genome sequencing of primary tumors.
ECLIPSE Somatic mutation, DNA methylation and fragmentomic profiling of Early detection, MRD and | Clinical Trial (48)
Company: ccfDNA. recurrence in: (NCT04136002)
Guardant Health 500 kB hybridization capture panel (LUNAR) for cancer detection using - Colorectal cancer
NGS.
ctDNA ctDNA methylation sequencing MRD and recurrence in: Clinical Trial (49)
Methylation - Multiple myeloma (NCT05578625)
Sequencing for
Myeloma
Company:
MethylGene Tech
Targeted ctDNA targeted methylation detection MRD and recurrence In development (50)
methylation
platform
Company:
GRAIL
Colvera real-time PCR test for detecing DNA methylation of BCAT1 and IKZF1 MRD and recurrence in: Currently offered as an | (51, 52)
Company: genes - Colorectal cancer LDT
Clinical Genomics
Bladder EpiCheck Multiplex DNA methylation-based PCR assay Tumor recurrence in: CE mark (Europe) (53, 54)
Company: - Bladder cancer
Nucleix
ColonAiQ Six-plex methylation PCR test MRD, treatment response Clinical Trial (55)
Company: and recurrence in: (NCT05444491)
Singlera Genomics - Colorectal cancer Clinical Trial
(NCT05536089)
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cystoscopy in patients previously diagnosed with bladder cancer
(53, 54). Also in development, Singlera Genomics is recruiting
colorectal cancer patients to run clinical trials on their ColonAiQ
six-plex methylation PCR test for MRD and cancer recurrence (55).

Interestingly, a simple well-designed PCR test can have
adequate diagnostic power when compared to a large NGS panel.
This is illustrated when comparing the rates of primary detection of
colorectal cancer across the GRAIL-sponsored circulating cell-free
genome atlas (CCGA) (27) study (Trial identifiers: NCT02889978
and NCT03085888) and Colvera trial data (56) (Trial identifier:
ACTRN12611000318987). Both are large prospective observational
studies and both report similar rates of detection across the four
cancer stages, despite the GRAIL technology sequencing the entire
ccfDNA repertoire and the Clinical Genomics test being only a two-
gene PCR assay. This suggests the liquid biopsy detection of cancer,
including MRD detection, may be primarily limited by the presence
of any ctDNA in the peripheral blood, not the features nor breadth
of the detection technology.

4 Conclusion

Liquid biopsy is a powerful, multifaceted, and minimally
invasive method for MRD detection and hence for monitoring
therapeutic response, disease recurrence, or patient resistance to
therapy. Although a relatively new field, liquid biopsy assays are
showing promising results when compared to current standards of
care. Two-staged somatic mutation approaches, where tumor
sequencing informs MRD assay targets, allow clinicians to track
actionable mutations and monitor for signs of treatment resistance.
However, the time required to establish theses assays does not fit
well with the patient journey, as clinicians need to know sooner
than 5-6 weeks whether a patient is not responding to treatment.
Therefore, epigenetic-based MRD assays are preferable at treatment
onset, as epigenetic changes are typically more widespread and
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Purpose: To evaluate whether postoperative circulating tumor DNA (ctDNA) in
plasma of patients with non-small cell lung cancer (NSCLC) can be used as a
biomarker for early detection of molecular residual disease (MRD) and prediction
of postoperative recurrence.

Methods: This study subjects were evaluated patients with surgical resected non-
small cell lung cancer. Al eligible patients underwent radical surgery operation
followed by adjuvant therapy. Tumor tissue samples collected during operation were
used to detect tumor mutation genes, and blood samples collected from peripheral
veins after operation were used to collect ctDNA. Molecular residue disease (MRD)
positive was defined as at least 1 true shared mutation identified in both the tumor
sample and a plasma sample from the same patient was.

Results: Positive postoperatively ctDNA was associated with lower recurrence-free
survival (RFS).The presence of MRD was a strong predictor of disease recurrence.
The relative contribution of ctDNA-based MRD to the prediction of RFS is higher
than all other clinicopathological variables, even higher than traditional TNM staging.
In addition, MRD-positive patients who received adjuvant therapy had improved RFS
compared to those who did not, the RFS of MRD-negative patients receiving
adjuvant therapy was lower than that of patients not receiving adjuvant therapy.

Conclusions: Post-operative ctDNA analysis is an effective method for
recurrence risk stratification of NSCLC, which is beneficial to the management
of patients with NSCLC.
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1 Introduction

Lung cancer is one of the most common malignancies in the
world. According to the epidemiological statistics, lung cancer has
ranked sixth among the top 20 major causes of death in the world,
and is the malignant tumor with the highest morbidity and
mortality among males (1-3). Only about 25% of all patients with
non-small cell lung cancer (NSCLC) survived more than five years.
The 5-year survival rate for patients with NSCLC was about 25%.
The ratio was decreased to less than 6% for metastatic NSCLC even
after cytotoxic chemotherapy (4). Up to now, the prognosis of
NSCLC is mainly evaluated based on clinicopathological
parameters such as TNM stage, pathological subtype and tumor
differentiation degree (5). The 2020 edition of the National
Comprehensive Cancer Network Guidelines (NCCN)
recommends adjuvant chemotherapy after radical surgery for the
patients with stage IB-IIIA NSCLC who have high risk for
recurrence (6).

However, a significant proportion of patients with low risk of
recurrence based on these prognostic indicators experienced tumor
recurrence, while some patients with high risk of recurrence still
remained recurrence-free after long-time follow-up. At the same
time, the outcome of some patients with high recurrence risk was
not improved by adjuvant therapy (7). Clinicians urgently need a
more effective method to identify patients at high risk of tumor
recurrence and who are likely to benefit from adjuvant therapy.

In recent years, liquid biopsy has been introduced into clinical
practice as a valuable tool for early diagnosis of recurrence and
metastasis of non-small cell lung cancer (NSCLC) (8-12).
Circulating tumor DNA (ctDNA) mainly comes from the small
fragments of DNA released by apoptotic or necrotic tumor cells in
tumor tissues into the blood system and the DNA released by the
lysis of circulating tumor cells or micrometastases in the blood (13).
Plasma ctDNA analysis can increase the chance of identifying
targeted mutations, and is considered as an alternative to tissue
biopsy. It has been widely used for early diagnosis, prognostic
stratification, disease monitoring and treatment response
assessment in different cancer types (14-16). Liquid biopsy
techniques based on plasma ctDNA analysis can monitor and
track personalized disease-related markers at the molecular level,
and can be used to detect molecular residual desease (MRD) after
treatment (10, 17, 18). In the TRACERx study, Addosh et al (19)
found that ctDNA test after surgery could detect tumor recurrence
or metastasis earlier than imaging. Recent trials using personalized
mutation detection or CAPP-seq have also demonstrated the
potential of ctDNA for MRD detection and early recurrence
prediction, especially in post-surgical patients awaiting adjuvant
therapy (20, 21). These studies were helpful to evaluate the
prognostic value of post-operative ctDNA status in NSCLC. In
addition, previous studies mainly focused on detecting MRD after
the completion of adjuvant therapy. Few reports have discussed
about whether the MRD detection based on the definition of post-
operative ctDNA status could guide post-operative adjuvant
therapy for NSCLC patients. Also, the utility of dynamic changes
in serial ctDNA to predict the risk of relapse during disease
surveillance has not been well characterized.
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This study collected tumor pathological diagnosis information,
post-operative plasma ctDNA detection results, post-operative
adjuvant therapy and recurrence status of 73 patients with
NSCLC who received radical surgery. The role of MRD detection
based on post-operative plasma ctDNA in the prediction of
recurrence and metastasis was retrospectively analyzed. It is
expected that this study could provide some guidance on
personalized treatment according to the molecular characteristics
of NSCLC patients.

2 Materials and methods
2.1 Patients and samples

We enrolled 108 stage I-III NSCLC patients to evaluate the
clinical utility of serial ctDNA monitoring from May 2016 to
October 2021. Thirty-five patients were excluded due to
pathologic diagnosis of stage IV or double/multiple primary lung
cancer, the remaining 73 patients were included in the study.
According to the latest version of the National Comprehensive
Cancer Network (NCCN) guidelines and the patient’s pathologic
diagnosis, all patients eligible for postoperative adjuvant therapy are
recommended for postoperative adjuvant therapy: (1) For
absolutely resected level II to III NSCLC, 4 cycles of adjuvant
chemotherapy after operation are recommended; (2) Adjuvant
chemotherapy is suggested for sufferers in level IB with high-risk
factor after operation. Chest computed tomography (CT)
examination was performed at the first, third, sixth, and twelfth
months of the first year after discharge, and at least once a
year thereafter.

The primary cancer tissues of 73 patients obtained during the
operation were pathologically diagnosed in the Department of
Pathology, the Second Hospital of Dalian Medical University.
10 ml of whole blood was collected for separation plasma samples
in these patients after radical lung cancer surgery and adjuvant
therapy. All patients eligible for postoperative adjuvant therapy are
recommended for postoperative adjuvant therapy. Chest computed
tomography (CT) examination was performed at the first, third,
sixth, and twelfth months of the first year after discharge, and at
least once a year thereafter. Patients with multiple primary foci,
prior malignancy, and incomplete clinicopathological data were
excluded from the study. One patient was lost to follow-up, so they
were not included in monitoring the efficacy of postoperative
adjuvant therapy. The study was approved by the Ethics Review
Committee of the Second Hospital of Dalian Medical University,
and each patient signed an informed consent.

2.2 DNA extraction and targeted next
generation sequencing

Genomic DNA from FFPE samples and white blood cells were
extracted using the QTAamp DNA FFPE Tissue Kit (Qiagen). Plasma
was extracted from about 10 ml whole blood in EDTA coated tubes
within 2 h of blood withdrawing, and circulating cell free DNA
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(cfDNA) was extracted using the QIAamp Circulating Nucleic Acid
Kit (QIAGEN). Genomic DNA from white blood cells was extracted
using DNeasy Blood & Tissue Kit (Qiagen,Germany) and used as
normal control. All DNA concentration and purity were qualified by
Nanodrop2000 (Thermo Fisher Scientific). All DNA samples were
also quantified by Qubit 3.0 using the dsDNA HS Assay Kit (Life
Technologies) according to the manufacturer’s protocol.

Sequencing libraries were constructed using KAPA Hyper
Prep kit (KAPA Biosystems) with an optimized manufacturer s
instructions. In brief, cfDNA or DNA was experienced with
endrepairing, A-tailing, adapter ligation and size selection using
Agencourt AMPure XP beads (Beckman Coulter). Libraries were
then subjected to PCR amplification and purification before
targeted enrichment. The size distribution of libraries was
measured by Agilent Technologies 2100 Bioanalyzer (Agilent
Technologies). The enriched libraries were sequenced on
Mlumina Hiseq 4000 NGS platforms to cover mean depths of at
least 1,000, 3,000, and 100, for FFPE, cfDNA, and blood,
respectively (22).

Single nucleotide variants (SNVs) and short insertions/
deletions (indels) were identified using VarScan2 2.3.9 (23) with
minimum variant allele frequency threshold set at 0.01 and p-value
threshold for calling variants set at 0.05 to generate Variant Call
Format (VCF) files. All SNVs/indels were annotated with
ANNOVAR, and each SNV/indel was manually checked with the
Integrative Genomics Viewer (IGV). Copy number variations
(CNVs) were identified using ADTEx 1.0.4 (24).

For each patient, 1 true variant detected in the tumor tissue was
measured for its presence in the plasma. At least 1 true shared
mutation identified in both the tumor sample and a plasma sample
from the same patient was defined as positive for ctDNA. ctDNA
levels were quantifiedas the fraction of mutant alleles x100.

2.3 Statistical analysis

The primary outcome looked at was recurrence-free survival
(RFS), defined as the period between the patient’s surgery operation
and the first confirmation of local or distant tumor recurrence, or
death from any cause. The data were analyzed by SPSS 25.0
software. The chi-square test was used to assess the association of
clinical characteristics and overall recurrence between postoperative
ctDNA positive and negative subgroups, and the independent
sample T test was used to compare quantitative data. Kaplan-
meier analysis was used to investigate the relationship between
progression-free survival (PFS) and postoperative plasma ctDNA
status, TNM stage, tumor pathological type, degree of
differentiation, and adjuvant therapy.

Cox regression analysis of statistically significant variables was
used to analyze the correlation between tumor recurrence,
progression-free survival (RFS) and postoperative plasma ctDNA
status, TNM stage, tumor pathological type, degree of
differentiation, and adjuvant therapy. Thus, the application value
of postoperative plasma ctDNA status in the evaluation of
prognosis of patients with NSCLC was obtained. P value < 0.05
was defined as statistically significant difference.
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3 Results
3.1 Patient characteristics

The clinicopathological features of the enrolled 73 patients were
shown in Table 1. The mean age of patients at diagnosis was 59
years (range: 47-84 years). Among all the patients, 35.6% were male,
64.4% were female, 95.9% were pathological type of lung
adenocarcinoma, 30 patients (41.1%) had disease stage IB or
above, and 21 patients (28.8%) had ctDNA detected in
postoperative blood samples. Thirty-one patients (42.5%) received
adjuvant therapy. All patients were followed for 4 to 67 months,
with a median of 29 months. At the last follow-up, 21 patients
(28.8%) had relapsed, and 51 patients (69.9%) had not relapsed or
metasasized, except one patient who was lost to follow-up. The
median pretreatment ctDNA level was 0 (range 0-38.2), and the
median ctDNA level ctDNA after chemotherapy was 0 (range
0-31.6).

3.2 Prognostic value of the post-operative
ctDNA

Univariate and multivariate analysis were performed to evaluate
the relationship between RFS and clinicopathological variables
(Table 2). The result showed that only pTNM stage and adjuvant
therapy were correlated with RFS (P<0.05). We further evaluated
the relationship between postoperative ctDNA status and tumor
recurrence/metastasis in NSCLC. Data analysis showed that 71.4%
(15 of 21) of patients who were postoperative ctDNA-positive
experienced recurrence compared with those who were ctDNA-
negative (6 of 52, 11.5%) (Table 2). We get the same results as
before, post-operative ctDNA-based MRD status is a strong
predictor of NSCLC recurrence. The postoperative ctDNA status
was significantly correlated with RFS (Table 2). The ctDNA-positive
patients had significantly worse RFS (HR 8.84, 95% CI 3.41-22.90;
P<0.001) (Figure 1A). After adjusting for clinicopathological risk
factors, postoperative ctDNA status remained an independent risk
factor for RFS (HR 7.757, 95%CI 2.787-21.592; P <0.01) (Table 2).
Survival curves showed that positive MRD was correlated with RFS
in both stage TA (HR 39.49, 95%CI 4.72-330.75; P=0.001)
(Figure 1B)and stage IB-III patients (HR 3.21, 95%CI 1.06-9.71;
P=0.039) (Figure 1C).

In current clinical practice, patients with stage IB-III NSCLC
based on clinicopathological factors are usually advised to receive
adjuvant therapies after radical surgery, but only a small percentage
of patients benefit from adjuvant therapies (6, 25, 26) . In this study,
we explored the possibility that ctDNA-based MRD testing could
help select eligible NSCLC patients for adjuvant therapy. One
patient was excluded in the adjuvant therapy analysis because of
loss of follow-up. First, we stratified the patients according to
traditional TNM staging. Recurrence was detected in 43 of stage
IA patients (16.27%) and of stage IB-III patients (45.16%),
respectively. Of the 43 stage IA patients, 3 who received post-
operative adjuvant therapy (ADT) did not experience recurrence,
while 7 (18%) of those who did not receive ADT. Recurrence was
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TABLE 1 Patient clinicopathological characteristics.

Characteristics All patients (N = 73)

Gender (%)

Male ‘ 26 (35.6)

Female ‘ 47 (64.4)
Age (years)

Median (range) ‘ 59 (37-84)
Smoking status (%)

Yes 14 (19.2)

No 59 (80.8)
Hypertension (%)

Yes 19 (26)

No 54 (74)
Diabetes (%)

Yes 10 (13.7)

No 63 (86.3)
Histology (%)

Adenocarcinoma 70 (95.9)

Squamous cell carcinoma 3(4.1)
Differentiation (%)

Microinvasive 5(6.8)

High 5(6.8)

Moderately 43 (58.9)

Low 17 (23.3)

Mucous 3 (4.1)
pTMN stage (%)

1A 43 (58.9)

B 9 (12.3)

1A 1(1.4)

1B 8 (11.0)

IIA 11 (15.1)

1B 1(1.4)
T stage (%)

Tl 52 (71.2)

T2 19 (26.0)

T3 1(1.4)

T4 1(1.4)
N stage (%)

NO 53 (72.6)

N1 7(9.6)

(Continued)
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TABLE 1 Continued

Characteristics All patients (N = 73)
N2 13 (17.8)

ctDNA, pretreatment

Median (range) 0 (0-38.2)
ctDNA after chemotherapy

Median (range) 0 (0-31.6)
Adjuvant therapy (%)

Yes 31 (42.5)

No 41 (56.2)
ctDNA Status,after chemotherapy (%)

ctDNA Positive 13 (17.8)

ctDNA Negative 56 (76.7)

Undeteced 4 (5.5)
Recurrence (%)

Yes 21 (28.8)

No 51 (69.9)

detected in 30 of stage IB-III patients (46.67%) respectively. Of the
30 stage IB-III patients who received ADT (28 patients), 14(50%)
experienced tumor recurrence/metastasis, while 2 patients who did
not receive ADT remained disease-free (Table 3).

When the effect of ADT on tumor recurrence/metastasis was
analyzed in terms of post-operative ctDNA status, 9 (75%) of the 12
patients who were post-operative ctDNA-positive in the stage IB-III
patients experienced recurrence. Among the patients with post-
operative ctDNA-negative, recurrence was observed in 5 of 19
patients (26.3%) who received ADT (Table 3), compared with
only 1 of 33 patients who did not receive adjuvant therapy.

For the patients who were post-operative ctDNA-positive,
adjuvant therapy could significantly improve RFS (mean RES:
18.5 months vs. 12.3 months; HR 0.63, 95% CI 0.22-1.81;
P=0.394) (Figure 1D). In contrast, in the post-operative ctDNA-
negative patients, those receiving adjuvant therapy had significantly
shorter RFS (mean RFS 32.2 months versus 64.8 months; HR 0.09,
95% CI 0.01-0.77; P=0.028) (Figure 1E). However, when stratified
the patients according to traditional TNM staging, there was no
significant difference in PFS of both stage IA (P=0.48) and IB-III
(P=0.21) patients who received ADT and those who did not. After
adjustment for other clinicopathological variables, adjuvant therapy
bring significant benefit to RFS in the MRD-negative population.

4 Discussion

There are correlations between plasma ctDNA and tumor
burden, metabolism, proliferative indices, lymphovascular
invasion, and the risk of disease recurrence/progression in
patients with non-small cell lung cancer (NSCLC) (25). It is
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TABLE 2 Recurrence-free survival (RFS) analysis of clinicopathological variables and postoperative ctDNA status in NSCLC patients.

Univariate analysis

Multivariate analysis

Variaies 95% Cl P value HR 95% Cl P value
Postoperative ctDNA (n = 72)

ctDNA status (Positive vs. Negative) 8.765 3.385 - 22.698 < 0.001 7.757 2.787 - 21.592 < 0.001
Age 1.041 0.988 - 1.097 0.131

Gender (Female vs. Male) 0.764 0.322 - 1.816 0.543

Smoking status(Yes vs. No) 1.653 0.641 - 4.265 0.299

Hypertension (Yes vs. No) 0.902 0.330 - 2.463 0.840

Diabetes (Yes vs. No) 0.930 0.273 - 3.160 0.907

Histology(Adenocarcinoma vs. Squamous cell carcinoma) 0.698 0.093 - 5.226 0.726

PTMN stage (IA vs. IB-III) 2.767 1.116 - 6.865 0.023 1.047 0.073 - 14.972 0.973
Adjuvant therapy (Yes vs. No) 2.859 1.151 - 7.100 0.024 1.313 0.092 - 18.775 0.841

possible to use ctDNA profiling to quantify MRD, a disease state
associated with medically occult residual disease that can be
detected using ctDNA, and inferior disease-free survival (DFS)
(26). Plasma ctDNA monitoring has become a new method for
prognosis prediction and post-operative monitoring of NSCLC. At
present, various methods have been developed for ctDNA detection
in solid tumors (3, 21, 27). However, it is difficult to determine the
proportion of ctDNA by direct ¢fDNA quantification. Indirect
quantification is based on the sequencing of ¢fDNA and the
abundance of tumor-specific mutations carried in cfDNA (28).
One study of 230 lung cancer patients found a positive
correlation between postoperative ctDNA and late recurrence
rates (27). Based on plasma samples, researchers determined the
correlation between ctDNA status and postoperative RES of
patients using ctDNA quantified by highest mutation allele
fraction (MAF), ctDNA status has a greater effect on RFS than
any one or combination of clinicopathologic risk factors. In this
prospective cohort study, we examined 73 NSCLC patients treated
with surgical resection with adjuvant therapy to evaluate the utility
of ctDNA in disease monitoring and treatment determination.
Several previous studies have shown that positive plasma
ctDNA after surgical resection is associated with poor prognosis
in lung cancer patients (20, 25, 29, 30). ctDNA serves as a robust
biomarker for postsurgical and post-adjuvant chemotherapy risk
stratification and early detection of recurrence in NSCLC (31).
According to Wu, the prognostic value of MRD detection in
patients with NSCLC after definitive surgery was confirmed,
especially in those with longitudinal undetectable MRD (32),
subgroup analysis suggested that adjuvant therapy may be
unnecessary for patients with undetectable MRD. During surgery,
ctDNA analysis can detect recurrence and MRD risk stratification
of NSCLC. Adjuvant treatment is an independent factor in
recurrence-free survival in MRD-positive population (33),
Investigators confirmed MRD is a strong predictor for disease
relapse, and whether receiving adjuvant therapies is an
independent factor for RFS in the MRD-positive population. In
this retrospective study, we examined 73 NSCLC patients
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undergoing radical surgical resection to assess the utility of
ctDNA in disease surveillance and treatment determination. In
our study, there were several situations: 4 patients who were
ctDNA-negative 1-3 days after surgery, but their lessions recurred
during subsequent monitoring. Among these 4 patients, one died of
acute renal failure in 1 year after surgery, and 2 patients had ctDNA
detected in blood tests after recurrence. One patient with brain
metastasis did not detect ctDNA at any time point before and after
recurrence, or even during the entire post-operative monitoring
period. That could be explained by the fact that the blood brain
barrier may deter ctDNA from brain lesions releasing into the
circulation (31). Another reason for the negative ctDNA test may be
the heterogeneity of the primary tumor, as the mutated gene
sequence of the recurrent tumor may not be included in the
sequencing region of the tumor biopsy and the range of test
sequences used in this study.

The majority of patients in our study cohort were in stage I
(58.9%). In contrast, most of the previous studies mainly enrolled
patients with stage IB and the above stages (26, 34). Our cohort may
more closely reflect the real-world distribution of NSCLC patients
undergoing radical surgical treatment (32, 35). Currently, tumor
recurrence is monitored mainly by imaging techniques. However,
some studies have demonstrated the value of longitudinal ctDNA
analysis to predict recurrence earlier than imaing (36-38). Our results
suggest that post-operative ctDNA-positive is a strong predictor of
NSCLC recurrence, and patients with post-operative positive MRD are
more likely to relapse than patients with negative MRD. Multivariate
Cox analysis also showed that MRD status was an independent factor
of RES. These results suggest that post-operative MRD status can be a
powerful indicator of patient prognosis stratification.

In this study, most patients in stage IB and II-III received ADT,
while most patients in stage IA did not. Therefore, it is acceptable
that adjuvant therapy is associated with shorter RES across the
entire cohort (average ADT PFS 27.3 months vs. average non-ADT
PES 55.7 months). However, in subgroup analysis, two subgroups
showed opposite trends: for MRD-positive patients, ADT is
favorable to longer RFS, while for MRD-negative patients who
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FIGURE 1
Kaplan—Meier curve in patients stratified by postsurgical ctDNA status. (A) Kaplan-Meier curve displaying RFS stratified by ctDNA-based MRD status.
(B) Kaplan-Meier curve comparing RFS stratified of MRD-positive and MRD-negative subsets in TNM stage |A patients. (C) Kaplan-Meier curve
comparing RFS stratified of MRD-positive and MRD-negative subsets in TNM stage IB-IIl patients. (D) Kaplan-Meier analysis comparing RFS between
MRD-positive patients receiving adjuvant therapies and not receiving adjuvant therapy. (E) Kaplan-Meier analysis comparing RFS between MRD-
negative patients receiving adjuvant therapies and not receiving adjuvant therapy.

received ADT had shorter RFS. The results held true when the To sum up, the key findings of this study includes: (1) ctDNA can
analysis was further limited to a subgroup of stage IB-III patients. ~ be used as a biomarker for the prognosis of NSCLC after radical
These results clearly indicate that MRD testing can be a powerful  surgery; (2) Early prediction of tumor recurrence can be made by
tool in screening patients for ADT. ctDNA-based MRD detection after NSCLC surgery; (3) MRD
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TABLE 3 Relationship between postoperative ctDNA-based MRD and tumor recurrence and adjuvant therapy.

MRD
Tumor recurrence/metastasis positive negative
Yes (%) 15 6 21 (29.2)
No (%) 5 46 51 (70.8)
20 (27.8) 52 (72.2)
Adjuvant therapy
Yes (%) 12 19 31 (43.1)
No (%) 8 33 41 (56.9)
20 (27.8) 52 (72.2)

positive patients will benefit from adjuvant therapy, while adjuvant
therapy is not beneficial or even harmful to MRD-negative patients.
These findings suggested that ctDNA quantification is a more
sensitive monitoring technique than traditional imaging.

There are still some limitations to our study. First, our study is
limited by a modest sample size and an absence of validation
cohorts. However, the results of our study are consistent with
those of others that have shown the potential clinical use of
ctDNA analysis as a prognostic predictor. Future studies are still
needed to further validate whether ctDNA detection can be adopted
in routine clinical care. Secondly, the adoption of negative results
needs further verification. Multiple factors may lead to false
negative results of ctDNA. Thirdly, Some patients failed to
complete the blood test in time for some reasons, resulting in
missing genetic test results before and after recurrence.

In conclusion, in this retrospective study, we demonstrate that
post-operative ctDNA testing can effectively detect MRD and identify
NSCLC patients at high risk of recurrence. Adjuvant therapy based
on MRD grouping can achieve greater survival benefit for patients
with NSCLC. Our findings reveal the potential clinical use of
postoperative ctDNA-based MRD testing in NSCLC patients.
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