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Abstract There is a profound need in oncology to detect

cancer earlier, guide individualized therapies, and better

monitor progress during treatment. Currently, some of this

information can be achieved through solid tissue biopsy and

imaging. However, these techniques are limited because of the

invasiveness of the procedure and the size of the tumor. A

liquid biopsy can overcome these barriers as its non-invasive

nature allows samples to be collected over time. Liquid biop-

sies may also allow earlier detection than traditional imaging.

Liquid biopsies include the analysis of circulating tumor cells

(CTCs), cell-free nucleic acid (cfNA), or extracellular vesicles

obtained from a variety of biofluids, such as peripheral blood.

In this review,wediscuss different liquidbiopsy types andhow

they fit into the current regulatory landscape.

Key Points

Description of current liquid biopsy types.

Advantages and disadvantages of liquid biopsies

over solid tumor biopsies.

Current regulatory landscape for the use of liquid

biopsies in clinical assays.

1 Introduction to Liquid Biopsies

The current standard of care for cancer diagnostics is

usually an evaluation of biopsied tissue (i.e., tumor) under

a microscope by a highly trained pathologist. In most cases,

there are additional protein and nucleic acid (NA) markers

that can help aide a pathologist in diagnosis and in deter-

mining the best treatment regimen. This is especially true

because newer cancer therapies are focused on targeting

and interfering with specific mechanisms that block the

growth and spread of cancer. Unfortunately biopsies can be

challenging to access, expensive, and painful for patients

[1]. These factors make serial collection nearly impossible

despite the information it might provide, such as resistance

to a cancer therapy. Finally, the heterogeneity of solid

tumors is a major issue when sampling tissue biopsies as

results may vary between sites even though they are within

the same tumor tissue [2, 3]. Given the importance of the

information a biopsy can supply, there is a critical need for

a surrogate that can provide the same information while

overcoming the current limitations.

The great hope of liquid biopsies in precision medicine

is that they can augment traditional biopsies because they

are non-invasive tests that can evaluate tumoral material.

This material includes circulating tumor cells (CTCs) and

fragments of NAs, either freely circulating or encapsulated

in extracellular vesicles (EVs). CTCs were the first liquid

biopsy, originally recognized in 1869 [4]. However, their

clinical utility was only recognized in 1994 when Immu-

nicon, later known as Veridex, built a platform to isolate

and detect them. Sensitivity and specificity issues have

meant that other liquid biopsies have lagged behind CTCs,

but this is rapidly changing. Similar to CTCs, cell-free NA

(cfNA) was first described in 1948, but their clinical
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importance has only recently been highlighted [5]. cfNA is

either shed or released from tumors or CTCs circulating in

a variety of biofluids, including peripheral blood, urine

[6, 7], amniotic fluid [8], and cerebrospinal fluid

[9–11]. Finally, although EVs are a recent arrival on the

liquid biopsy scene, their importance is rapidly increasing

because of their perceived ability to add yet another

important perspective to cancer diagnostics. EVs are

membranous vesicles encapsulating NAs and proteins that

are also either released or shed into a variety of biofluids.

Liquid biopsies therefore have enormous diagnostic and

treatment implications in oncology as an integral part of

precision medicine (Fig. 1).

In this review, we discuss the advantages and disad-

vantages of liquid biopsies, focusing on oncology appli-

cations. We also describe the different types of liquid

biopsies and the current companies developing assays. We

then discuss the differences between FDA-approved and

laboratory-developed tests (LDTs) specifically as they

relate to liquid biopsies. We also highlight current regu-

latory discussions concerning liquid biopsies. Finally, we

conclude with a brief discussion on the future of liquid

biopsies and what is required for them to become a part of

the clinical paradigm.

2 Advantages/Disadvantages of Liquid Biopsies

It has been well documented that tumors develop hetero-

geneity over time as well as spatially within a single tumor.

Spatial heterogeneity exists because of the pressure of the

tumor microenvironment, including hypoxia, immune

infiltrations, nutrients, and drug exposure. Tumors also

express heterogeneity over time and have been shown to

evolve after replication errors and selective pressure from

treatments [3] (Fig. 1). Therefore, initial solid tumor

biopsies performed before treatment may bear little

resemblance to the patient’s current solid tumor or tumor

status. Conversely, liquid biopsies are believed to better

reflect tumor heterogeneity as they contain cells or NAs

shed into circulation from a potentially wide range of

regions of the primary and metastatic tumor sites. A few

clinical correlations of liquid biopsies have already been

established, but more are needed [12, 13].

A variety of factors currently limit the ability to obtain

solid tumor biopsy samples over the course of treatment.

Liquid biopsies are less invasive and more cost effective

than traditional tumor biopsies, so they are better suited for

obtaining frequent biopsies and information over time. This

information can help detect resistance to therapies (thereby

redirecting the treatment strategy) or disease reoccurrence

earlier than traditional biopsies or imaging methods.

Finally, liquid biopsies could also be used for early cancer

detection, could provide invaluable information on cancer

subtyping and prognosis, and could predict treatment

responsiveness [1].

Although the advantages of using liquid biopsies are

many, limitations continue to hinder their widespread use.

One of the main challenges of utilizing CTCs, cfNA, or

EVs is the ability to distinguish between tumor-derived

biomarkers from those from other tissue sources. Although

downstream analysis methods such as next-generation

sequencing (NGS) have a low limit of detection, there are

limitations when the yield of NA material is extremely low.
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Selective or semi-selective amplification of DNA and RNA

is often performed to enhance analytical sensitivity, which

can introduce biases, resulting in false-positive and false-

negative findings. Sophisticated software and highly

trained personnel are often required to perform data anal-

ysis because of the large amounts of data acquired, back-

ground noise, and algorithms used for analysis.

Additionally, there are no standards for the amount of

CTCs, cfNA, or EVs that must be analyzed to adequately

represent tumor heterogeneity.

3 Circulating Tumor Cells

CTCs are cells that have been shed from a primary or

metastatic tumor and are potentially capable of forming

metastases. Metastases are responsible for 90 % of cancer-

related deaths [14]. The metastatic process is accomplished

when a CTC successfully carries out a series of processes.

First, the CTC must detach from the primary tumor and

intravasate into the bloodstream. Once in circulation, the

CTC must survive attacks from immune cells and shear

stress to extravasate into microvessels of a distant tissue

[15]. It must then adapt and survive in the new microen-

vironment of the distant tissue and colonize to form a

metastatic lesion [14]. CTCs have been found in the

bloodstream of patients with early-stage and metastatic

cancer as single cells or cell clusters. CTC enumeration has

been shown to be associated with progression-free and

overall survival and response to therapy [13, 16] in breast,

colon, and prostate cancer [17–19]. However, at this time,

no molecular biomarkers extracted from CTCs have been

shown to have clinical utility.

CellSearch, characterized in 2004, is the only FDA-

cleared method to enumerate CTCs [13], but many other

methods have been developed or are in development [20].

Enrichment and isolation can be based on immunopheno-

typic properties, most commonly on expression of epithe-

lial cell-adhesion molecule (EpCAM). In addition to

CellSearch, several other EpCAM-based enrichment

methods are commercially available. One example is the

AdnaTest (Qiagen), which is based on immunomagnetic

enrichment of EpCAM, cancer antigen (CA)-15-3, and

human epidermal growth factor receptor (HER)-2 receptors

[21]. Enrichment can also be based on other physical

properties of CTCs, including density, size, deformability,

or electrical properties. For example, RareCell has a

commercially available device called the ISET that isolates

CTCs based on size using a microfluidic device [22].

Methods to detect CTCs are based on immunophenotypic

identification of cytokeratin, enzymatic methods, and

reverse transcriptase quantitative polymerase chain reac-

tion (RT-qPCR) [23–25]. Other post-isolation analysis of

NA from single CTCs has been performed to determine

quantity and sequencing to find genetic alterations [26].

There are several limitations to using CTCs clinically,

including their rarity and the need for highly specialized

equipment to isolate them. Additionally, heterogeneity of

CTC surface protein expression is an obstacle, as several

methods isolate CTCs based on the expression of these

proteins, such as the epithelial marker EpCAM. Therefore,

these methods will not detect any CTC undergoing an

epithelial to mesenchymal transition (EMT) [27]. In fact,

close to 40 % of patients with metastatic breast cancer have

no detectable epithelial CTCs [28, 29]. Many researchers

are developing methods to capture CTCs that do not

express EpCAM. One such group using a tumor antigen-

independent method has reported an ability to sort up to

107 cells using deterministic lateral displacement, inertial

focusing, and magnetophoresis on a microfluidic chip,

known as the CTC-iChip [30]. Other groups are using

EMT-based markers in addition to EpCAM to capture

CTCs. One such company, On-Q-ity (Waltham, MA, USA)

reports[70 % capture efficiency of an EpCAM-negative

cell line with their OnQChip [31]. A more comprehensive

review of non-epCAM-based approaches for cell enrich-

ment and isolation was published earlier this year [32].

Overall, CTCs hold promise as a surrogate for tradi-

tional biopsies, although many limitations remain. Because

not all CTCs express epithelial markers, much effort is

being put into developing methods able to detect mes-

enchymal as well as epithelial CTCs [32]. Many assays for

predictive biomarkers have been explored, including RT-

PCR, fluorescence in situ hybridization (FISH), and

sequencing. While some have demonstrated success in

early clinical exploratory studies, more comprehensive

validation and standardization will be necessary before

they can be used in the clinic. A commercially successful

CTC technology will be a cost-effective and reproducible

method with proven clinical utility.

4 Cell-Free Nucleic Acids

cfNAs circulating in blood were first described in 1948 [5].

However, it took another 56 years and the detection of

NRAS gene fragments in the blood of cancer patients to

capture scientists’ attention [33, 34]. Since then, cfNA

levels have been found to be higher in diseased than in

healthy patients [35]. Additionally, other studies have

detected tumor-related genetic and epigenetic alterations,

such as in PIK3CA, TP53, and KRAS, that drive cancer

development [1, 36, 37]. Progress towards the use of cfNA

in liquid biopsies has lagged until recently because of

technological limitations in the analytical sensitivity of

downstream detection schemes and the ability to
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differentiate between physiological and pathological states

[38–40]. As these hurdles are overcome, the ability to

easily access and process cfNA throughout the course of a

disease is quickly making it the leading type of liquid

biopsy. Further, like other forms of liquid biopsy, cfNA has

the potential to examine heterogeneity because it over-

comes sample biasing by serving as a pool of material from

several tumor sites [41]. In this review, we mainly discuss

cfNA in terms of DNA, as this currently provides more

examples [34, 42].

The release of cfNA into biofluid involves multiple

potential mechanisms that are not yet fully understood.

The main mechanism proposed is passive release during

apoptotic or necrotic events within the tumor microen-

vironment or from CTCs, with macrophages or other

scavenger cells being unable to clean up all the cell

debris [43]. Additionally, these same scavenger cells can

release the digested NA back into its external environ-

ment. The second hypothesized mechanism is active

secretion of individual cfNA fragments or incorporation

into protein or lipid complexes [42, 44]. The average

amount of DNA cfNA in healthy donors and cancer

patients is approximately 30 ng [35] and 180 ng

[43, 45–47] per ml of blood, respectively. The reported

DNA cfNA half-life varies from 15 minutes to several

hours [35], with yields influenced by clearance, degra-

dation, and other physiological filtering events [48].

cfNA release has also been found to dramatically

decrease after tumor removal and to increase again if

metastasis occurs [49].

As with all liquid biopsies, standardization of assays

remains a huge hurdle because blood processing (time,

blood tube, plasma vs. serum, etc.) and cfNA extraction

technologies are not agreed upon. While extraction of

cfNA directly from biofluid would help provide stan-

dardization, there is currently no commercially available

option [50]. Therefore, several groups have tested various

commercial spin columns [51]. Results have revealed the

extraction methods were highly dependent on fragment

size. More traditional methods such as phenol-chloro-

form extraction, salting out, and PAGE (polyacry-

lamide gel electrophoresis) isolation have the advantage

of extracting a broader range of fragment sizes. More

recently, others have introduced cfNA extraction kits that

isolate a broader range of cfNA fragments and have lar-

ger starting volumes: NucleoSpin� (Macherey-Nagel),

EpiQuik (EpiGentek), and QIAamp� (Qiagen). Others

have reported data to suggest that the QIAamp� is

superior in terms of cfNA yield and reproducibility [52].

Finally, several groups have been utilizing dielec-

trophoretic devices to rapidly isolate and detect DNA

fragment sizes directly from whole blood [53] with the

goal of eliminating an extraction step.

Several companies have developed assays utilizing

cfNA in oncology and prenatal applications. The majority

of these post-enrichment cfNA detection and analysis

strategies rely on newer and more sensitive techniques,

such as digital PCR and NGS; however, at the time of

writing, none of these applications have been FDA

approved. Leading companies include Foundation Medi-

cine, Qiagen, Genomic Health, Guardant Health, GRAIL,

Myriad Genetics, Personal Genome Diagnostics, Seque-

nom, and Trovagene. The only FDA-approved cfNA test is

the BRACAnalysis CDx� developed by Myriad Genetics

as a companion diagnostic for use with LynparzaTM (ola-

parib), a poly ADP ribose polymerase (PARP) inhibitor.

Qiagen’s Therascreen EGFR Plasma RGQ and Roche’s

cobas� EGFR Mutation Test v2 have also received the

European CE mark for in vitro diagnostics (IVD) [12, 54].

While technology is rapidly enabling cfNA for use as a

liquid biopsy, large-scale studies to prove clinical utility

are still needed.

5 Extracellular Vesicles

EVs are membranous lipid structures released to the

external environment by both healthy and non-healthy

cells. EVs encapsulate proteins and NAs specific to their

cellular origin and function in intercellular communication,

cellular remodeling, immune regulation, and microenvi-

ronment modulation [55]. As EVs can migrate from

anatomical compartments to biofluids (i.e., blood, urine,

cerebral spinal fluid), there is a growing interest in ana-

lyzing them as a type of liquid biopsy for disease diagnosis

and treatment monitoring [56]. Additionally, NAs entrap-

ped in EVs appear to remain more stable because they are

protected from ubiquitous RNases [57]. Finally, EVs are

also being explored as delivery vehicles for targeted ther-

apies [58].

As the use of EVs is still in its infancy, much debate

surrounds their origin and nomenclature because of unan-

swered questions regarding their biogenesis [55, 59].

Current consensus classifies EVs into three categories

based on their size, cell origin, and secretion mechanisms.

In brief, exosomes (\100 nm) are the most commonly

studied and originate from intracellular vesicles that fuse

with and are secreted from the plasma membrane.

Microvesicles (100–2000 nm) directly bud from the cell

plasma membrane. Apoptotic bodies (50–5000 nm) are

released from cells undergoing apoptosis and vary greatly

in size [9, 60]. Finally, large oncosomes (1–10 lm) derived

from tumor cells are thought to potentially constitute a

fourth category [61]. In the future, EV-isolation methods

that better separate individual types will bring more

specificity to the definition of EVs.
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The gold standard for EV isolation is differential ultra-

centrifugation to concentrate and partially purify EVs. The

addition of density gradients helps to improve EV purifi-

cation by better removing protein aggregates, lipoproteins,

and other contaminants. Because of the increasing interest

in EVs, commercially available kits that are easy to use and

do not require specialized equipment (i.e., ultracentrifuge)

are being developed and marketed. These kits are based on

the physical properties of EVs, including affinity, size

exclusion, and precipitation [9]. Affinity methods to isolate

EVs are based on specific membrane markers or physio-

chemical characteristics (Immunobeads and ELISA-plates,

Hansa BioMed; Dynabeads, ThermoFisher Scientific;

exoEasy, Qiagen) [62]. Isolated EV yields by affinity

methods are often lower than other methods but result in a

highly purified EV population with few contaminants [63].

Size exclusion separates EVs based on their size and pas-

sage through a physical barrier such as a filter or chro-

matography resin (qEV, Izon Sciences; ExoMir,

Biooscientific). Finally, several kits precipitate EVs (ex.

ExoQuickTM, System Bioscience [64], Total Exosome

Isolation Kit, ThermoFisher Scientific, Exo-Prep, Hansa

BioMed; mirCURY, Exiqon). Exo-spin by cell guidance

systems isolates EVs with a combination of precipitation

and size exclusion.

Characterization of isolated EVs is based on optical and

non-optical methods to assess size, concentration, and

surface marker composition [65]. Electron microscopy,

atomic force microscopy, nanoparticle tracking analysis

(NTA), resistive pulse sensing (RPS), and dynamic light

scattering (DLS) are used to determine size distribution [9].

NTA, RPS, and DLS are also used to determine concen-

tration. NTA uses an optical-based method to measure EV

mean velocity that can be inserted into the Stokes–Einstein

equation to determine EV size [66, 67]. RPS relies on

separate EVs causing a change in an ionic current passed

through a nanopore embedded in a membrane [68–70].

Flow cytometry, western blots, and ELISAs are used to

detect surface proteins [71, 72]. Markers used for EV

identification include tetraspanins (CD9, CD63, CD81,

CD82), major histocompatibility complex (MHC) mole-

cules, milk-fat globule-EGF-factor VIII (MFGE8 or lac-

tadherin), transport protein Rab-5b, cytosolic proteins

(Tsg101, Alix), and cytoskeletal proteins (actin, tubulin)

[9].

Most clinical assays currently in development use mass

spectrophotometry to measure protein expression, but NA-

based endpoints are rapidly increasing as their cost

decreases and sensitivity improves (i.e., digital PCR and

NGS). Exosome Sciences, in collaboration with their

majority shareholder, Aetholon Medical, is focused on

diagnosing chronic traumatic encephalopathy (CTE) by

detection of the exosomal tau protein. A clinical trial, the

DETECT study, is ongoing at the Boston University CTE

Center. Exosome Diagnostics is the first to offer tests

to patients utilizing EV material and has established col-

laboration and distribution agreements with Eli Lily and

Qiagen. Exosome Diagnostics isolates EVs using an

affinity membrane and uses RNA for biomarker identifi-

cation. In early 2016, they launched ExoDxTM Lung

(anaplastic lymphoma kinase [ALK]), an LDT, to detect

EML-4-ALK fusions to guide ALK-inhibitory therapy, and

they plan to launch their second LDT in 2016 (ExoIntel-

liScoreTM Prostate uses urine samples to predict the

aggressiveness of prostate cancer to assist in determining

the best treatment course). Their final LDT release in 2016

will be a solid tumor mutation-detection panel, which will

be available as a clinical development tool for pharma-

ceutical companies. While several isolation kits for EVs

have been developed, none are standardized, and large

multicenter clinical trial data to support their use are

lacking.

6 Regulatory of Liquid Biopsies

As defined by the FDA, ‘‘A laboratory developed test (LDT)

is a type of in vitro diagnostic (IVD) test that is designed,

manufactured, and used within a single laboratory’’. LDTs

can be used to measure or detect a variety of different

analytes (proteins, NAs, and chemical substances) and vary

in complexity [73]. A Clinical Laboratory Improvement

Amendment (CLIA) license, governed by the Center for

Medicare and Medicaid Services (CMS), is required to

perform laboratory testing, including LDTs [74]. CLIA is

also overseen by two other federal agencies, the FDA and

the Center for Disease Control (CDC), each with different

roles, to ensure the quality of laboratory testing [75]. Cur-

rently, to perform an LDT, CLIA requires performance

specifications for accuracy, precision, analytical sensitivity,

analytical specificity, reportable range of test results, refer-

ence intervals, and any other performance characteristics

deemed important to the test. Quality systems such as pro-

ficiency testing must also be implemented to ensure accu-

rate, reliable, and timely results [76]. However, under CLIA,

accreditors do not evaluate LDT validation prior to mar-

keting or assess clinical validity. This is in contrast to the

FDA, which assesses clinical validity prior to patient testing.

Additionally, the FDA requires controls to ensure appro-

priate design, manufacture, and safety/effectiveness of the

device [77]. These agency regulations are important to the

development of liquid biopsies, because they will govern

how quickly the tools will be available for clinical use.

In 1976, the FDA was given the power to regulate

medical devices through the Medical Device Amendment

[78]. However, at the time, they chose not to enforce
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regulatory requirements for LDTs as they were relatively

simple tests, confined to single local labs, and often used

for rare diseases. However, as technology advances and

business models change, LDTs have increased in preva-

lence and some see them as more complex than ever

intended. Therefore, the FDA has become concerned that

patient safety is in jeopardy as appropriate controls and

evidence for clinical utility is lacking. This has led to draft

legislation released in August 2014 that allows the FDA to

have more oversight for both pre-market and post-market

review of LDTs. This legislation seeks to further define

LDTs as a type of IVD device and thus require them to be

classified based on risk. Each classification will require

different regulations to be met and at different times upon

legislature approval [73]. These classifications include low,

moderate, and high risk and require different regulations

that will be phased in over 9 years. It is important to note

that, under this draft legislation, LDTs used in forensics,

histocompatibility, stem cell, or tissue transplantation

would be exempt from notification and other requirements.

Additionally, LDTs tend to pose little risk for rare disease

or unmet needs and would also be exempt [79].

While the release of the FDA draft LDT legislation has

met with strong objections, it has started an important

conversation about improving current LDT regulations,

with several influential groups releasing their own leg-

islative proposals to congress. Concerns include whether

LDTs are medical devices and that LDT risk categories are

not currently well defined. Additionally, several groups are

concerned with the financial burden to laboratories to

achieve pre-market approval, which can rely on current

literature but might also require clinical trials to prove

clinical utility. This would set up a model that would

provide no incentive for laboratories to develop LDTs,

which could stifle innovation and thus limit patient care.

The College of American Pathologists (CAP), Association

for Molecular Pathology (AMP), and Diagnostic Test

Working Group (DTWG) [80] have all issued proposals

with suggestions for new legislation regarding LDT regu-

lation. All groups agree that patient safety should always

be the main concern. However, if regulation is too strin-

gent, the burden of cost and time could hamper the very

innovation and advances that could improve patient

outcomes.

7 Future and Conclusions

Liquid biopsies hold great promise as a surrogate for or

alongside traditional solid tumor biopsies to provide

patients with an improved level of precision care. This is

because liquid biopsies are cost effective, are non-invasive,

and allow patient monitoring throughout treatment.

Additionally, liquid biopsies act as a pool of material,

allowing us to better assess heterogeneity across primary

and metastatic tumors and giving clinicians a more com-

plete picture of molecular changes over time. Finally, liq-

uid biopsies provide invaluable information for cancer

subtyping, prognosis, determining the optimal treatment

strategy, detecting recurrence, and predicting responsive-

ness to drugs [1].

The issue of FDA oversight is important because current

draft legislation would likely classify liquid biopsies as

high-risk LDTs based on their claims and intended use.

While new legislation is clearly needed to ensure patient

safety, a balance must be struck so as not to limit the great

promise offered by liquid biopsies. Burdensome extra

regulations could slow down innovation and adoption, and

increased regulatory costs would decrease financial incen-

tives to develop liquid biopsy LDTs. This could be an

enormous hurdle in the advancement of patient care, as

liquid biopsies are seen as the next leap forward in preci-

sion medicine. At this point, the FDA has continued to

exercise its authority over LDTs, including LDTs for liquid

biopsies. The outcome remains to be seen, as the debate

continues and is critical to the development of liquid

biopsies in patient testing.
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