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Abstract

Early diagnosis of cancer can significantly improve treatment and survival outcomes. Imaging and tissue biopsy are
the gold standard diagnostic approaches but are costly, invasive, and often unable to detect early-stage tumors.
The past decade has marked an acceleration in the discovery and development of liquid biopsy tests for aiding in
the detection of various types of tumor markers in non-tissue samples, such as blood. Liquid biopsy markers
include circulating tumor cells, as well as tumor cell fragments, nucleic acids, and proteins. Liquid biopsy may be
useful in screening patients considered to be at high risk of developing cancer, for refining diagnosis when
combined with other test results, and for early detection of recurrence. Advances in big data analytics, informatics,
and artificial intelligence will make it possible to combine patient history, clinical data, and liquid biopsy marker
profiles to achieve more accurate and earlier diagnosis. In this review, we summarize the current use of liquid
biopsy in cancer care, including the development of multi-analyte panels to improve diagnostic accuracy and detect
several cancer types in a single assay. We highlight recent advances for potential future applications of liquid
biopsy to aid in the diagnosis of early-stage lung cancer. We also discuss the opportunities and challenges of
integrating liquid biopsy into current algorithms for cancer screening and diagnosis.
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INTRODUCTION

Cancer is the leading cause of death worldwide, second only to cardiovascular diseases; the lifetime risk of
developing cancer is nearly 40% and accounts for approximately 20% of deaths in the United States"!. Most
cancer diagnoses continue to be made at advanced stages and are associated with poor prognoses; this is in
part due to a lack of effective cancer screening programs. As early-stage cancer treatments are generally
more effective and less invasive, the diagnosis of cancer at earlier stages would significantly improve
treatment and survival outcomes for many patients®.

Gold standard diagnostic testing for solid tumors involves imaging combined with pathology-based
assessments of biopsied tissues and other biological samples from or near the suspected malignant lesions.
Tumor tissue presence and stage of progression are evaluated based on a combination of morphological and
histological markers in the biopsied tissues. However, tissue biopsy is invasive and associated with
significant co-morbidities, including potential infection, pain, and bleeding. While diagnostic imaging is less
invasive, it is costly and the ability to detect early-stage tumors is limited. Some imaging modalities also
involve exposure to radiation, which limits their utility for a serial follow-up to detect recurrence. To
address these issues, the past decade has marked an acceleration in the discovery and development of
minimally invasive tests for tumor markers in easily collected patient samples, such as blood, which would
require only routine venipuncture or fingerstick.

The term “liquid biopsy” refers to the sampling and analysis of any non-solid biological materials sourced
from patients (e.g., blood, urine, saliva)"”. Similar to tissue biopsy, the goal of liquid biopsy is to gather
information about a potential lesion or a tumor that will inform a patient’s clinical care journey [Figure 1].

A particular advantage of liquid biopsy may be to aid in the earlier detection of cancers, prior to the
development of tumors and/or lesions large enough to detect by imaging or tissue biopsy. Liquid biopsy
may also help inform differential diagnosis through molecular phenotyping of tumors and allow for the
earlier detection of recurrent disease. In this review, we summarize the current use of liquid biopsy to detect
various types of tumor markers and their potential application in the early diagnosis of cancer. We highlight
the use of protein-based tumor markers in combination with other markers [e.g., circulating tumor cells
(CTCs), cell-free circulating tumor DNA (ctDNA)] into multi-analyte panels, as well as the integration of
liquid biopsy into comprehensive algorithms for cancer screening and diagnosis. The current advancement
of big data analytics, informatics, and artificial intelligence can be used to combine clinical data and liquid
biopsy results for more accurate diagnosis and tumor profiling**. Finally, we discuss recent advances in the
application of liquid biopsy in the oncology field.

LIQUID BIOPSY FOR CANCER DIAGNOSIS

Types of cancer biomarkers utilized in liquid biopsy

Liquid biopsies can be used to test for various types of diagnostic, prognostic, or predictive tumor markers,
including CTCs and tumor cell fragments released into a patient’s circulation, ctDNA, and tumor cell
proteins and secreted factors [Figure 2]'*. Recent liquid biopsy research efforts have focused extensively on
the early detection of CTCs and on nucleic acid interrogations, including deep sequencing of ctDNA"’\. For
the last three decades, a large body of work has also identified various circulating protein-based tumor-
associated biomarkers and their utility in liquid biopsy for noninvasive cancer screening and aiding in
diagnosis [Table 1]. These markers can help identify patients who are likely to have a malignancy and
require further diagnostic workup. Recent research has also described the potential use of liquid biopsy to
detect protein markers within extracellular vesicles derived from breast cancer cells” and keratins as
candidate protein biomarkers®..
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Table 1. Clinical indications for circulating protein-based tumor markers in blood-based liquid biopsies™’***”

Clinical .

S . Protein tumor marker examples

indication

Differential * ProGRP is indicative of small cell lung cancer phenotype
diagnosis * SCCA is indicative of NSCLC squamous cell carcinoma phenotype
Prognosis and « AFP association and progression of HCC

staging « Free and total PSA for prostate cancer

Cancer monitoring < CEA for monitoring colorectal, gastric, breast, lung, prostate, pancreatic, and ovarian carcinomas
« CA 72-4 for monitoring upper Gl and mucinous ovarian cancers

Treatment « CEA and Cyfra 21-1 signature predictive of improved survival in advanced NSCLC patients on linifanib treatment in an
prediction exploratory study

AFP: Alpha-fetoprotein; CA: cancer antigen; CEA: carcinoembryonic antigen; Gl: gastrointestinal; HCC: hepatocellular carcinoma; NSCLC: non-
small cell lung cancer; ProGRP: pro-gastrin-releasing peptide; PSA: prostate-specific antigen; SCCA: squamous cell carcinoma antigen.
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Figure 1. Clinical indications for liquid biopsy of tumor markers throughout the patient journey.

Improving cancer diagnosis with liquid biopsy multi-analyte panels

Historically, protein-based tumor markers such as carcinoembryonic antigen (CEA), carbohydrate antigen
19-9 (CA 19-9), and cancer antigen 125 (CA 125) have been used to monitor cancer progression or
recurrence in previously diagnosed patients. While these protein biomarkers may be useful for follow-up of
patients with known diseases, none have been approved for screening or to aid in diagnosis, in part because
of their low clinical sensitivity or specificity"”'”. A recent trend to combat this limitation is to combine
several tumor markers, which may include CTCs, proteins, and nucleic acid-based markers such as ctDNA
or methylated DNA, into multi-analyte panels that provide a more accurate composite result or risk score
[Table 2]. While individual tumor marker panel results alone are not sufficient for providing a definitive
diagnosis, they can be included in algorithms with other factors to provide an initial assessment of the
likelihood of malignancy and identify patients who need more extensive follow-up with more intensive
diagnostic procedures.

The combination of multiple markers can increase diagnostic accuracy by reducing the number of false
positives and false negatives">'?. Several studies have shown that the clinical sensitivity and specificity of
CTC and ctDNA tests can be considerably improved when coupled with protein-based markers for several
types of tumors. In a recent proof-of-concept study presented at the 2021 American Association for Cancer
Research (AACR) Conference on Pancreatic Cancer, Hsu et al. reported that an assay for both cell-free
DNA methylation and CA 19-9 protein in plasma samples had significantly greater sensitivity and
specificity for detecting pancreatic ductal adenocarcinoma than either marker alone, even for stage II
disease'”. Another recent study demonstrated the performance of a liquid biopsy assay that detects ctDNA
methylation and protein-based biomarkers for diagnosis and prognosis in patients with hepatocellular
carcinoma (HCC)"". A liquid biopsy assay for liver cancer that combines two ctDNA methylation markers
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Table 2. Examples of multi-analyte tumor marker tests to aid in early detection of cancers (approved or under clinical development)

Test indication & clinical

utility Test description References

Multi-analyte panels of nucleic acid-based markers

Multicancer early detection test CancerSEEK is in clinical development. It detects 8 common cancers at early stages. CancerSEEK utilizes multiplexed PCR ctDNA test for mutations with protein Lennon et al.,

(CancerSEEK) biomarker tests to aid in detecting tumors, including 5 types for which there is currently no clinically available screening test. Clinical Investigators & Thrive 2020"
Corporation have received FDA breakthrough device designation Cohenetal.,
201912
Galleri multicancer early This NGS-based test measures ctDNA methylation patterns to aid in detection of many solid tumors. Clinical investigators & Grail Corporation have FDA Liu et ﬂl'j
detection test breakthrough device designation 2020"°
Epi proColon test for aiding in Real-time PCR test detects methylated cytosines in the SEPTIN9 gene for detection of CRC. Epigenomics Corporation’s test was FDA-approved in 2016 and isin  Lamb et al.,
early detection of CRC clinical use 201714%
Cologuard test for early Identifies DNA mutations and altered methylation in stool (FIT), associated with the possibility of colon cancer or precancer. Cologuard was FDA-approved for  Imperiale et al.,
detection of CRC clinical use in 2015 201419
Bluestar test for detection of Detects 5-hydroxymethylcytosine alterations in cell-free DNA of genes involved in pancreatic cancer Guler et al.,
pancreatic cancer 2020""

Multi-analyte panels that include protein-based markers

EarlyCDT-Lung test for aiding in  The EarlyCDT-Lung test from Oncoimmune Holdings detects 7 autoantibodies and was approved in the EU in 2018 Macdonald et al.,
early detection of lung cancer 2017°"
Freenome multi-omic test for Freenome's in-research multi-analyte test measures a combination of cell-free nucleic acids and plasma protein-based markers to more accurately detect CRC ~ Kleif et al.,
early detection of CRC 20204
Wan et al.,
20719141
Liquid biopsy for detection of Two independent groups are developing assays that combine ctDNA methylation signatures and protein-based markers AFP and DCP Cai et al,, 2021
early-stage HCC Guoetal.,
20211

Incorporation of protein-based markers into clinical algorithms

Emerging algorithms for early ASAP, Random Forest, and GALAD algorithms are in clinical development that combine patient factors such as age and sex with biomarkers including AFP, Hemken et al.,

detection of HCC DCP, PIVKA-II, and AFP-L3 2019%%
Yangetal.,
2019153
Yangetal.,
20195

AFP: Alpha-fetoprotein; AFP-L3: lens culinaris agglutinin-reactive AFP; CRC: colorectal cancer; ctDNA: cell-free circulating tumor DNA; DCP: des-gamma-carboxyprothrombin; EU: European Union; FDA: US Food &
Drug Administration; FIT: fecal immunochemical test; HCC: hepatocellular carcinoma; NGS: next-generation sequencing; PCR: polymerase chain reaction; PIVKA-II: protein induced by vitamin K absence-II.

and two protein-based markers [alpha-fetoprotein (AFP) and des-gamma-carboxyprothrombin (DCP)] had a sensitivity of 96.6% for HCC and 86.2% for
intrahepatic cholangiocarcinoma (ICC) and high sensitivity for detecting early-stage HCC!”\.
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Figure 2. Tumor protein biomarkers of various cancer types. AFP: Alpha-fetoprotein; B2M: beta 2-microglobulin; B-hCG: beta-human
chorionic gonadotropin; CA: cancer antigen; CA 19-9: carbohydrate antigen 19-9; CEA: carcinoembryonic antigen; Cyfra 21-1:
cytokeratin 19 fragments; HE4: human epididymis secretory protein 4; Ig: immunoglobulin; LG2m: laminin y2 monomer; NMP22:
nuclear matrix protein-22; NSE: neuron-specific enolase; PIVKA-II: protein induced by vitamin K absence-Il; ProGRP: pro-gastrin-
releasing peptide; PSA: prostate-specific antigen; SCCA: squamous cell carcinoma antigen; Tg: thyroglobulin.

The combination of multiple biomarkers into a screening panel also has implications for detecting multiple
cancer types simultaneously. A test combining ctDNA with CEA for colorectal cancer (CRC) and pancreatic
carcinoma, ctDNA with prostate-specific antigen (PSA), prostate-specific antigen for prostate cancer, and
ctDNA with microsatellite alterations for lung cancer, holds promise for significantly earlier diagnosis of all
three cancer types"*". Cohen et al. recently described the combination of blood tests for KRAS gene
mutations with eight protein-based tumor markers with clear thresholds"”. The resulting multi-analyte test-
CancerSEEK-was superior to any single marker test for early detection of ovarian, liver, stomach, pancreas,
and esophageal cancer. They also found that the addition of protein biomarkers to KRAS enhanced the

ability to identify the tissue site of origin of early-stage tumors.

INCLUSION OF LIQUID BIOPSY IN DIAGNOSTIC ALGORITHMS

Liquid biopsy for cancer biomarkers can be integrated into existing diagnostic algorithms that consider
patient history, clinical factors, and radiologic or imaging results. For example, assays for the protein-based
tumor marker PSA and other kallikreins have been combined with other clinical information such as digital
rectal examination (DRE) results for prostate cancer screening in high-risk populations™. A patient who is
considered high-risk based on initial clinical tests such as DRE, demographic factors [e.g., age, sex, body
mass index (BMI)], or family history (e.g., genetic markers) may be a candidate for a liquid biopsy test.
Patients with a positive test result would likely continue on to additional testing, for example, imaging or
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tissue biopsy; those with negative results may proceed to watchful waiting with follow-up testing. Another
example of a clinically approved algorithm is the risk of malignancy algorithm (ROMA), which utilizes
menopausal status and tumor marker concentrations [ovarian tumor markers CA 125 and human
epididymis secretory protein 4 (HE4)] to assess malignancy risk in women with pelvic masses and identify
those at high risk who should be referred for additional testing to make a definitive diagnosis. The
integration of liquid biopsy into diagnostic algorithms may not only help reduce unnecessary imaging, but
also shift the point at which a diagnostic decision can be made by identifying patients with cancer at earlier
stages, with better prognoses, and quickly providing them with further testing or treatment.

Liquid biopsy could also be used to confirm or refine an initial imaging-based diagnosis. Taking lung cancer
as an example, low-dose computed tomography (LDCT) is a highly sensitive imaging test for detecting
cancer but has a high false positive rate (poor clinical specificity). Adding liquid biopsy to imaging results
could provide additional information to help distinguish between early-stage lung cancer and benign
nodules in high-risk patients with indeterminate pulmonary nodules identified by imaging.

The addition of liquid biopsy to diagnostic algorithms is expected to improve clinical decision making;
however, several challenges need to be considered before blood-based cancer biomarkers can be
incorporated into care. For example, a positive liquid biopsy result may not provide information about the
location of the primary lesion, requiring patients to undergo additional testing. A positive liquid biopsy
result may indicate the presence of cancer before a lesion is visible on imaging; conversely, patients with a
negative result may be directed to watchful waiting. All of these scenarios can create significant concern and
worry for patients and clinicians. Diagnostic algorithms, particularly the plan for follow-up assessment after
liquid biopsy results, need to perform well in terms of accurately identifying the primary lesion or
eliminating patients without disease after further workup"”..

Leveraging big data to integrate liquid biopsy into cancer care

The inclusion of liquid biopsy into cancer diagnostic algorithms will require advanced methods that can
integrate various types of data, including results from liquid biopsies, radiomic data, other immunoassays
and clinical chemistry assays, demographic information, and family history. These data may be collected at
a single point in time or serially, or by different providers along the care pathway, adding to the complexity
of data integration and analysis. Advances in digital health, defined as the convergence of digital
technologies with healthcare, may accelerate the translation of complex cancer diagnostic algorithms to
patient care by consolidating various types of patient data to inform clinical decision making.

APPLICATION OF LIQUID BIOPSY TO POPULATION CANCER SCREENING

In many countries, including Japan, China, and Korea, tumor marker panels are now routinely offered by
clinics, along with other preventative health assessments, at annual “wellness checks” to help with early
identification of cancer™. This application of liquid biopsy to cancer screening in the general population
raises concerns about the frequency of false-positive results, which can lead to unnecessary further testing or
invasive procedures”. The clinical utility of liquid biopsy for cancer screening could be improved through
the application of machine learning-based approaches to optimize the interpretation of multi-analyte

25,26

screening results”**?. The current literature lacks objective published data supporting the effectiveness or
potential economic impact of including multi-analyte cancer biomarker panels in wellness checks; more
studies are needed to determine the best way to integrate liquid biopsy into general health screening

programs.
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USE OF LIQUID BIOPSY TO DETECT CANCER RECURRENCE

Early clinical studies have demonstrated that liquid biopsy can detect molecular residual disease as well as
recurrent disease that is not yet evident by imaging. The protein markers CEA, CA 19-9, CA 125, and CA
15-3 are used to monitor progression or postoperative recurrence for several cancer types”*. As in
screening, liquid biopsy could be used to monitor patients following surgery or other local-regional therapy
to detect residual disease prior to imaging. Patients with a positive liquid biopsy test may then be referred to
advanced imaging with sensitive modalities such as positron emission tomography/computed tomography
(PET/CT) to localize residual or metastatic disease. Large clinical studies are needed to determine if serial
monitoring using liquid biopsy can replace routine imaging surveillance in patients without evidence of
molecular residual disease.

APPLICATION OF LIQUID BIOPSY IN LUNG CANCER

Lung cancer is the deadliest cancer worldwide, accounting for almost 20% of cancer-related fatalities. Lung
tumors are typically asymptomatic in their early stages and are often diagnosed at later stages with poorer
prognoses, resulting in low treatment success. Considering that the 5-year survival for patients with stage IA
lung cancer is greater than 70%, advances in early detection are crucial to enable timely curative surgery".
LDCT is currently used for lung cancer screening in patients considered to be at high risk based on various
factors and family history. The feasibility of LDCT-based screening is limited by cost and availability,
however, making liquid biopsy an exciting possible alternative or complementary approach to detect early-

stage lung cancer.

Higher levels of ctDNA have been shown to correlate with worse prognosis for lung cancer™ . ctDNA
levels are also associated with tumor volume as measured with CT and PET/CT"¥ and may help distinguish
between residual disease and treatment-related changes, as well as provide earlier treatment response
assessment compared with radiographic approaches!
of combining noninvasive biomarker tests for risk stratification with LDCT to improve the cost-benefit
ratio of screening and possibly reduce mortality. MicroRNAs (miRNAs) are small non-coding RNAs that
have been associated with a variety of physiological processes and diseases including cancer. A recent

34,35

I Several studies are currently investigating the value

analysis of 84 patients with lung cancer identified in large LDCT screening cohorts” utilized a miRNA
signature classifier (MSC) risk profile to stratify patients according to their survival. The MSC risk profile
was able to refine prognosis within specific clinicopathological groups: 20 out of 24 (83%) patients who died
were classified as high-risk based on the MSC test, as were 63% of stage II-IV patients. Conversely, patients
classified as having low or intermediate risk by the MSC test had mostly stage I disease (71%) with better
survival rates. MSC testing could be integrated into patient care algorithms prior to LDCT to reduce
unnecessary imaging in those found to be at low risk.

RECENT ADVANCES IN LIQUID BIOPSY OF CANCER BIOMARKERS

The potential benefits of liquid biopsy for cancer screening and aiding in cancer diagnosis have led to the
development of several new multi-analyte tests that can detect multiple cancers simultaneously"**.

CancerSEEK, as previously mentioned, detects a combination of 16 ctDNA mutations and 8 protein
markers associated with various types of cancer in blood specimens. The diagnostic accuracy of
CancerSEEK was assessed in a large study of more than 10,000 women with no history of cancer®. Women
with positive tests underwent PET imaging to confirm the diagnosis and localize the tumor if possible.
CancerSEEK detected 26 of 96 incident cancers during the 12-month study; of these, 15 also had a positive
PET result. Nine women underwent surgery based on the combined results of the blood test and imaging
results. The test detected cancers in 10 different organs, many of which have no available screening test. In

22 patients who developed lung cancer, 9 were detected by the blood test, and 3 were detected by LDCT.
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The study authors concluded that CancerSEEK and liquid biopsy, combined with imaging, hold promise for
screening and detection of early-stage cancer, but require further optimization to improve the positive
predictive value.

Another liquid biopsy assay, Galleri from GRAIL, measures methylated ctDNA markers in more than 50
types of cancer. A recent study of almost 6700 individuals with and without cancer reported 67% sensitivity
for detecting a set of 12 cancer types with the highest mortality in the US and 44% sensitivity for detecting
all cancer types'“”. The utility of the assay as a screening tool is currently being tested in the SUMMIT study
of 13,000 adults with no known cancer diagnosis (NCT03934866).

Freenome has developed a multi-omic blood test of ctDNA methylation markers for early detection of
CRC"". The test detects DNA methylation signatures of both tumor-related and immune-related genes. In a
recent multi-site study including 122 patients with advanced adenomas and 420 controls, the test had a 41%
sensitivity, higher than blood tests for mSEPT9 or stool-based markers, and 90% specificity*”. The
prospective Prevention of Colorectal Cancer Through Multiomics Blood Testing (PREEMPT CRC) study is
currently enrolling individuals at “average risk” for CRC to validate the ctDNA-based liquid biopsy test
(NCT04369053). Freenome is also investigating blood-based assays of ctDNA to detect changes in
transcription factors associated with tumorigenesis'*”.

CONCLUSION

The role of liquid biopsy of circulating tumor markers in the early diagnosis of cancer will continue to
evolve. Improving technology and decreasing costs could allow liquid biopsy to serve as a highly sensitive
and specific tool for aiding in earlier diagnosis of cancer in the near future. Liquid biopsy could one day be
used for general population screening and surveillance through preventive health or “wellness checks.”
Incorporation of multi-analyte panels into preventive health screening may detect multiple cancer
biomarkers simultaneously and move a patient to further workup faster. Screening protocols will need to
consider the best ways to incorporate liquid biopsy to benefit patient care, including whether to target
specific patient populations or cancer types, how and when results are integrated with other clinical
information, and how often testing is needed to benefit patient care*. Further studies are needed to not
only clinically validate liquid biopsy panels but also understand barriers to their widespread
implementation, such as cost, resource use, and feasibility.
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